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A B S T R A C T   

A new method for improving the efficiency of oxyfuel gasification in biomass energy with carbon capture and 
storage (BECCS) cycles using carbon dioxide recycled from exhaust gases is described and modelled. Thermo-
dynamic simulations in ASPEN Plus show this process can increase the indicated efficiency of a representative 
cycle by up to 10.3 % in part by reducing the oxygen requirements for the gasification reaction. Details of syngas 
production, process cold gas efficiency (CGE), and resulting system temperatures reveal the thermodynamic 
mechanisms contributing to the observed trends in overall cycle energy efficiency. Exhaust recycling is also 
shown to have a practical limit beyond which the syngas fuel becomes highly diluted, resulting in low com-
bustion and exhaust temperatures which negatively influence the gasification process. For the system presented 
here, CO2-enhanced oxy–gasification is thermodynamically limited to oxygen equivalence ratios above λ = 0.13 
and equilibrium temperatures above 576 ◦C. This thermodynamically limited case produced an indicated system 
efficiency of 26.9 % based on supplied biomass lower heating value (LHV). Further simulations using both ideal 
cycles and detailed numerical models highlight the influence of several operational settings on the thermody-
namic conditions of the gasification process. Principally, the coupling between exhaust temperatures, allo-
thermal heat, and syngas quality are shown to govern the performance of the gasification reactions.   

1. Introduction 

According to IPCC (Intergovernmental Panel on Climate Change) 
modelling from 2020 [1], carbon budgets that limit global average 
temperature rise to 2 ◦C are estimated to be 1150 GtCO2(eq) while those 
that further restrict the warming effect to 1.5 ◦C are only 500 GtCO2(eq). 
All Illustrative Mitigation Pathways (IMPs) in this report that propose 
techno-economic scenarios to achieve the warming targets above pre-
dict the need for carbon dioxide removal (CDR) technologies that 
actively reduce the amount of CO2 in the atmosphere and store it 
indefinitely. Among the CDRs considered by the IPCC, bioenergy with 
carbon capture and storage (BECCS) is likely to contribute the highest 
cumulative share of CO2 removed at an estimated 464 GtCO2 by the year 
2100, although this may be as high as 842 GtCO2 in some IMPs. While 
other CDR technologies are also considered in these studies, they are not 
anticipated to have the same impact as BECCS over this timeframe. 

Afforestation and other land use changes (AFOLU) will likely contribute 
330 GtCO2 removed while direct air capture (DACCS) may only provide 
109 GtCO2 of removal, if any, and enhanced weathering is unlikely to 
feature at all. [1, p. 367] The principal advantage that makes BECCS the 
anticipated CDR to lead negative emission efforts is that it generates a 
useful by-product in the form of mechanical power which can easily be 
converted into electricity. Additionally, the output power is a net-zero- 
carbon source of energy which can offset demand for fossil fuels, thus 
serving a double benefit in achieving net-zero emissions. In contrast, 
DACCS requires an energy input to drive the process to capture carbon 
while AFLOU techniques require land areas to reduce or forgo otherwise 
productive uses to build-up and maintain a biogenic stock of carbon [2]. 
Although some proposed BECCS technologies would produce fuels for 
the transportation sector rather than mechanical or electrical power 
directly [3,4], only CO2 sequestered during the production process 
constitutes a CDR pathway since any carbon contained in manufactured 
fuels is likely to return to the atmosphere when that fuel is consumed. 
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This work maintains focus on the former case of BECCS for power 
production. 

In general terms, BECCS systems provide a CDR pathway comprising 
three main processes; the natural fixation of atmospheric CO2 into a 
biomass feedstock through photosynthesis, the conversion of the 
biomass feedstock into useful energy, and finally the capture and 
sequestration of CO2 emitted from the conversion step in long-term 
geologic storage [5]. While all BECCS systems rely on photosynthesis 
to absorb CO2 from the atmosphere and geological formations to ulti-
mately sequester the CO2, several different technologies are capable of 
converting the biomass feedstock into energy and capturing the result-
ing emissions. Typically, energy conversion is achieved through either 
direct combustion or feedstock gasification while established CCS 
techniques include post-combustion capture, pre-combustion capture, 
and oxyfuel systems [6]. 

Assessment models used in determining the costs of CO2 removal 
using BECCS rely on fixed assumptions of the system’s energy efficiency 
[7–9]. Such assumptions are based on historical operating data collected 
from coal fired and coal-biomass co-fired steam plants and then 
extrapolated for biomass firing scenarios. Additional efficiency penalties 
are applied to approximate the effect of incorporating CCS to these 
plants. Although this is a robust method for predicting the near-term 
costs of deploying BECCS, state of the art developments in BECCS sys-
tem design which incorporate carbon dioxide utilisation technologies 
stand to improve the efficiency performance of these cycles well beyond 
these established assumptions. 

Carbon dioxide utilisation (CDU) refers to any practice capable of 
benefitting from the use of CO2 that would otherwise be released to the 
atmosphere or sequestered away. Such benefits might include the 

conversion of CO2 into useful products like fuels or could provide ser-
vices like heat transfer or combustion dilution [10]. New techniques in 
system design for biomass fuelled, integrated gasification power cycles 
have shown promise in increasing the efficiency of power production 
through a direct CDU strategy unique to gasification applications 
[11–13]. In effect, using CO2 as a gasifying agent to produce biosyngas 
has the potential to enhance the reverse Boudouard (equation (1)), 
reverse water–gas shift (equation (2)), and dry reforming (equation (3)) 
reactions under high temperatures. While increasing the extent of these 
reactions will generate additional CO fuel in the syngas, thermodynamic 
requirements within the gasifier will also be increased due to the high 
endothermicity of the reactions. 

C(s) +CO2→2CO;Δĥ
0
= 172.5kJ

/
mol (1)  

H2 +CO2 ↔ CO+H2O;Δĥ
0
= 41.2kJ

/
mol (2)  

CH4 +CO2→2H2 + 2CO;Δĥ
0
= 247.3kJ

/
mol (3) 

Computational studies of these CO2 reactions have illustrated how 
this phenomenon influences the gasification process of carbonaceous 
feedstocks and depends on the thermodynamic conditions of the system 
[14]. Under equilibrium conditions, syngas compositions in these 
studies show an increase in CO content from < 10 %vol to 60 %vol as the 
reaction temperature increases from 500 ◦C to 1000 ◦C while the CO2 
content decreased from > 90 %vol to 10 %vol over the same tempera-
ture interval. Under isothermal conditions of 850 ◦C, different mixtures 
of O2/CO2 showed complete carbon conversion occurring between 0.3 
and 0.04 molCO2/molCfeed for mixtures ranging from 100 %v to 20 %v 

Nomenclature 

a Species elemental factor (-) 
B Cylinder bore (m) 
cn Correlation constants (-) 
Cp Constant pressure heat capacity (kJ/mol-K) 
Cv Constant volume heat capacity (kJ/mol-K) 
G Gibbs free energy (kJ/mol) 
h Specific enthalpy (kJ/mol) 
ΔHc Enthalpy of combustion (kJ) 
Δhcomb Specific enthalpy of combustion (kJ/kmol) 
ht Heat transfer coefficient (W/m2-K) 
k Thermal conductivity (W/m-K) 
Kp Reaction equilibrium constant (-) 
m Mass quantity (kg) 
n Molar quantity (kmol) 
P Pressure (kPa) 
Q Heat energy (kJ) 
QL Cylinder heat loss (kJ) 
R Gas constant (kJ/mol-K) 
rc Compression ratio (-) 
S Cylinder stroke (m) 
T Temperature (K or ◦C) 
U‾p Mean piston speed (m/s) 
V Volume (m3) 
Vc Clearance volume (m3) 
W Indicated work (kJ) 
Xb Burned mass fraction (-) 

Greek characters 
γ Adiabatic index (-) 
∊ Crank/rod length ratio (-) 
η Indicated thermal efficiency (%) 

ϑ Engine crank angle (deg.) 
λ Gasification O2 ratio (-) 
μ Dynamic viscosity (Pa-s) 
ρ Density (kg/m3) 

Abbreviations 
A/F Air to fuel mass ratio 
AFOLU Afforestation and other land use 
BECCS Bioenergy with CCS 
CCS Carbon capture and storage 
CDR Carbon dioxide removal 
CDU Carbon dioxide utilisation 
CGE Cold gas efficiency 
DACCS Direct air CCS 
E/FGR Exhaust (or Flue) gas recycling 
EGT Exhaust gas temperature 
ICE Internal combustion engine 
IGC Integrated gasification cycle 
IGCC Integrated gasification combined cycle 
IMP Illustrative mitigation pathway 
IOGC Integrated oxyfuel gasification cycle 
IPCC Intergovernmental panel on climate change 
LHV Lower heating value 

Sub/superscripts 
bio Biomass feed parameter 
eng Engine related parameter 
i Syngas products 
j Element index 
k Gasifier inputs (feedstock and agents) 
sys Overall system parameter 
0 SATP reference value 
˙ Time rate of change (s− 1)  
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CO2 in O2. While the increase in O2 content did improve the carbon 
conversion calculated in these simulations, it lowered the maximum CO2 
conversion rate from 80 % to < 40 % and the maximum CGE from 120 % 
to 105 %. The co-gasification case also reported decreases in syngas CO 
content at the carbon boundary point since the O2 will compete with 
CO2 to react with the feedstock, forming CO2 rather than CO. Addi-
tionally, the use of O2 alongside the CO2 gasifying agent has a positive 
effect on the heat inputs required to fully convert the feedstock carbon 
content. While pure CO2 required between 5 and 20 MJ/kgfeed to convert 
the feedstock depending on temperature, use of 80 % O2 in the gasifying 
mixture lowered the heat requirements by ~ 3 MJ/kgfeed for equilibrium 
temperatures over 800 ◦C. 

Thermodynamic simulations of this process in an integrated cycle 
further reinforce both the potential for gasification enhancement and 
the increased thermal demands of using CO2 as a gasification agent [15]. 
Under steam/CO2 co-gasification scenarios, the syngas concentrations of 
CO increased from 32 to 50 %vol at the expense of H2 and CH4 products 
as the CO2/C ratio was increased from 0 to 1 at 800 ◦C isothermal 
conditions. While the CGE of gasification increased slightly, the extra 
heat inputs required due to the enhancement of the endothermic re-
actions caused the energy efficiency of the total system to actually 
decrease by 10–15 %. Both these modelling scenarios have detailed the 
anticipated benefits of CO2 gasification while highlighting the signifi-
cant thermodynamic challenges inherent in developing such a system. 

Several experiments have also shown how CO2 can enhance biomass 
gasification. While having little influence on the pyrolysis of biomass, 
CO2 acts to enhance the reduction of biochar produced during the py-
rolysis process [16]. Under a CO2 atmosphere, gasifier CO production 
increased by roughly 2.5 times and CO2 conversion increased by a factor 
of 3 as carbonaceous feedstocks were gasified under increasing tem-
peratures from 800 ◦C to 1000 ◦C [17]. Even in O2/CO2 mixtures, 
addition of CO2 as a gasifying agent enhanced CO production by 130 % 
[18] and improved char reduction from 20 % to 95 % while reducing the 
O2 required in the system [19]. These results confirm the theoretical 
simulation predictions that CO2 gasification will enhance the feedstock 
conversion into syngas. 

Applying the CO2 gasification principle to an integrated power cycle 
provides a way to effectively realise a carbon dioxide utilisation (CDU) 
method. In the context of a BECCS power cycle, this becomes a “closed” 
CDU pathway [20] since the CO2 supplied to the gasifier system will 
ultimately end up in long term sequestration following the power pro-
duction cycle. By recycling some CO2 from the power plant’s exhaust for 
use in the gasifier, this system becomes a method of direct CDU because 
the production and consumption of the CO2 happens within the same 
cycle. Enhancing a BECCS cycle with this CDU strategy is likely to 
improve the performance of the system and might also be considered a 
BECCUS cycle. 

While several hypothetical oxyfuel CCS cycles using this type of CDU 
have been proposed, the system analyses have so far been limited to a 
discussion on the overall system outputs and efficiencies without in- 
depth investigation into the particular effects on the gasification pro-
cess. Nevertheless, these systems do show the potential for efficiency 
improvements of 1.68–4.86 % for coal-fired Rankine cycles [21], 6–7 % 
for coal-fired IGCCs [22], 5 % for chemical-looping-combustion in a 
Rankine-based BECCS cycle [23], 6.1 % for an Otto-cycle BECCS model 
[11], and 7.57 % for a Brayton-cycle based BECCS system [12] when 
CO2 recycling is implemented. Additionally, these models implement 
idealised power cycle models to simplify the analysis by adopting 
adiabatic and steady-state approximations of the fundamental cycle 
processes, discounting effects of heat loss from the cycle and neglecting 
dynamic aspects of combustion. Furthermore, although the thermody-
namic modelling remains insightful, major practical challenges in inte-
grating biomass gasification with gas turbines currently prevent 
mainstream adoption of this technology. Reciprocating internal com-
bustion engines (ICE) remain preferred over gas turbines since they can 
accept syngas tar concentrations roughly 100 times higher without 

failure [24]. 
Although not an example of a BECCS system, a detailed analysis of 

the gasification conditions in an air-CO2 biomass integrated gasification 
power cycle provided valuable insights into the influence of exhaust 
recycling CDU on the feedstock conversion process [13]. Initial analysis 
of the system predicted only modest efficiency improvements of 1.1 %. 
By accounting for temperature and concentration-based shifts to the 
thermodynamics of the gasification reactions, further detailed analysis 
showed that significant N2 dilution was limiting this efficiency 
improvement. This result implies exhaust recycling should be more 
effective in the reduced N2 environment of an oxyfuel BECCS system 
while also indicating the value of a dedicated analysis of the gasification 
thermodynamics. 

1.1. Contributions of the current work 

Since the effects of exhaust recycling on the gasification process in a 
BECCS system using an integrated oxyfuel gasification cycle (IOGC) are 
as yet unknown, this study investigates in detail the outcome that 
exhaust recycling has on the thermodynamic equilibrium conditions of 
the gasification reactions in a representative integrated system. Key 
cycle measurements of this study are the gasification temperatures and 
syngas compositions as well as the gasification cold gas efficiency. En-
gine exhaust temperatures and integrated cycle indicated efficiencies 
are also calculated to provide insight on the overall performance of the 
cycle operating conditions studied. Furthermore, system level effects 
contributing to these thermodynamic conditions are illustrated through 
comparisons of different modelling cases to further highlight the 
importance of detailed power cycle models that account for heat losses 
and fuel combustion dynamics for integrated system analysis. This is 
particularly important due to the known endothermic nature of the CO2 
gasification reactions. Accurate energy balances of the recycling and 
gasification processes are critical to understanding the system response 
to exhaust recycling. 

To address these research gaps, this analysis extends beyond a 
comparison of indicated cycle energy efficiencies to encompass an in- 
depth assessment of the gasification thermodynamic conditions by 
evaluating reaction temperatures, cold gas efficiencies, syngas chemical 
compositions, and the extent of feedstock carbon conversion. Aspects of 
local CDU acting within the system are also highlighted and discussed. 
System responses show this is a complex arrangement with a high degree 
of thermodynamic coupling between the gasification process and the 
power generation cycle. These aspects are explained through a series of 
modelling cases to illustrate how each detail of the model influences the 
gasification reactions. Finally, extrema of the system are probed to 
determine the thermodynamic limitations of the observed phenomena. 

2. Integrated oxyfuel gasification cycle 

The system illustrated in Fig. 1 represents an IOGC suitable for use in 
a BECCS system. Boundaries of the cycle are limited to the energy 
conversion and CO2 separation processes since upstream biomass pro-
duction and downstream CO2 sequestration aspects of this BECCS sys-
tem would be identical to other BECCS systems and are therefore 
omitted from the studies conducted here. Renewable biomass fuel is fed 
into the system, gasified, and the resultant syngas is directly used in a 
thermal power cycle to generate useful work. By selecting an oxyfuel- 
type CCS strategy that uses oxygen as the gasifying agent and combus-
tion oxidiser, the resulting cycle exhaust is suitable for CO2 sequestra-
tion without any further need for chemical processing. Furthermore, this 
cycle uses the novel feature of recycling a portion of the engine exhaust 
to the gasifier, realising a direct CDU technique to enhance gasification 
with CO2 derived from within the system. 

Syngas is generated from the biomass feed in an oxygen supplied 
gasifier at atmospheric pressure (GASIFIER). Biomass feedstocks and 
oxygen gasifying agents are input to the system at standard temperature 
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and pressure of 25 ◦C and 1 bar. Supplied oxygen is then pre-heated to 
within 20 ◦C of the gasification temperature (GAS-HX) while ash and 
char are separated (CYCLONE) and the syngas is cooled (GASCOOL) and 
condensed liquids are removed (DRAIN). A stoichiometric mixture of the 
resultant syngas and oxygen is formed (CARB) and burned in an internal 
combustion engine (ENGINE) (see Table 2) to generate power (W-IND). 
An ICE is selected as the power conversion method here as this tech-
nology has been reliably proven to work well with biosyngas as a fuel. 
Hot engine exhaust gases are recycled within the system in two locations 
(ENG-EGR and GAS-EGR). One branch of the exhaust is returned to the 
gasifier (EGR-G) to supply CO2 and H2O gasifying agents as well as 
allothermal heat to the gasification model, influencing the thermody-
namic conditions therein. Other exhaust gases can be recycled locally to 
the engine model (EGR-E) to act as a combustion diluent and limit the 
maximum combustion temperatures. Remaining exhaust gases are ready 
for CO2 sequestration and are passed to a CCS stream (TO-CCS) where 
they are cooled, dried, and compressed. Relevant temperature and gas 
composition data from these streams are presented throughout Section 4 
and discussed to illustrate the performance of the cycle under different 
modelling conditions and amounts of exhaust recycling. 

3. Modelling and methodology 

Simulation of the IOGC system described above is performed using 
Aspen Plus process modelling. Detailed descriptions of the numerical 
methods used in this simulation are provided in Greencorn et al. [13] 
while a brief summary is provided in this section. Derivations of the 
relevant equations and model parameters are based on an ideal gas 
equation of state. A combination of standard unit operation models is 
supplemented with custom written Fortran subroutines to perform the 
necessary calculations. The gasification sub model uses a Fortran script 
to determine the equilibrium conditions based on the supplied feedstock 
and gasifying agents. Another Fortran script mixes a stoichiometric 
amount of oxygen into the syngas before combustion in the engine 
Fortran subroutine. Simulation loops in the engine subroutine, local 
EGR, and gasifier EGR are iterated sequentially until relative conver-
gence criteria of 0.01 % are met. 

3.1. Feedstock 

Inputs to the system are modelled after typical wood processing by- 
products using the proximate analysis, ultimate analysis, and lower 
heating value given in Table 1. Since the focus of the current work is on 
evaluating the system-level effects on the gasification process rather 
than a sensitivity analysis of particular fuels, the feedstock properties 
remain constant across all simulations. 

3.2. Gasification thermodynamics 

Thermodynamic conditions for biomass gasification are calculated 
using a non-stoichiometric equilibrium method based on the mini-
misation of Gibbs free energy. In brief, this well-known method [26] 
optimises a constrained system of equations consisting of elemental 
mass balances (eq. (4)), equilibrium mixture Gibbs free energy (eq. (5)), 
and a system energy balance (eqns. (6) and (7)). Solving this system of 
equations will determine the equilibrium temperature and the resulting 
molar composition of the syngas mixture. In order to adequately pre-
scribe this mathematical system, the expected product chemical species 
must be specified a priori. For gasification applications, possible outputs 
are assumed to be H2, CO, CH4, CO2, H2O, N2, and solid carbon char 
residues. 

nj =
∑

i
aijni =

∑

k
akjnk (4)  

Gtotal =
∑

i
niΔG0

f ,i +
∑

i
ni R̂Tln

(
ni

∑
ni

P
P0

)

(5)  

∑

k
nk • ĥk +Qindirect =

∑

i
ni • ĥi (6)  

ĥi = ĥ
0
f ,i +

∫ T

T0

Cp,idT (7) 

Under the proposed system configuration, gasification occurs at at-
mospheric pressure and the process is considered adiabatic, meaning the 

Fig. 1. Schematic of simulated BECCS cycle with recycled exhaust. Biomass feed and syngas streams shown in green, oxygen streams shown in blue, and exhaust 
streams shown in red. 

Table 1 
Proximate and ultimate analyses of wood sawdust pellets [25].  

Proximate Analysis (wt%) Ultimate Analysis (wt%) 

Moisture 9.50 % (ar) Carbon 48.91 % (daf) 
Volatiles 80.63 % (dry) Hydrogen 5.80 % (daf) 
Fixed Carbon 17.27 % (dry) Nitrogen 0.18 % (daf) 
Ash 2.10 % (dry) Oxygen 45.11 % (daf) 
LHV (MJ/kg) 18.43 (dry)   

*(ar: as received, daf: dry, ash free). 

Table 2 
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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system will not have any indirect heat duty applied. Heat for the reacting 
system is provided directly by using oxygen as the primary gasifying 
agent, allowing exothermic oxidation reactions to contribute to the 
overall energy balance. Recycled engine exhaust gases will additionally 
carry some amount of allothermal heat into the gasification system 
within their mass flow stream. Flow rates of the gasifying agents are 
expressed in relation to the feeding rate of the biomass fuel through the 
oxygen equivalence ratio, λ, and the carbon dioxide recycling ratio, 
CO2/C, shown in eqns. (8) and (9), respectively. 

λ =
ṅO2 ,supplied (mol/s)

ṅO2 ,stoichiometric (mol/s)
(8)  

CO2

/

C =
ṅCO2 ,supplied (mol/s)

C in biomass (mol/kgb) × ṁb(kg/s)
(9) 

Evaluation of the gasification process thermodynamic equilibrium 
properties provides a means to assess the theoretical performance of a 
gasifier. Furthermore, the non-stoichiometric calculation approach 
presents the additional benefit of determining equilibrium properties 
without constraining the model to a limited set of chemical reactions. 
Equilibrium models are 0-dimensional and time independent, thus 
eliminating hydrodynamic, kinetic, and geometric influences of specific 
gasifier design features on the biomass conversion reaction [27]. This 
approach to gasification analysis truly highlights the impact of system- 
level process parameters on syngas production, making it the 
preferred method to assess gasification performance in complex, inte-
grated cycles [13,12,15]. 

Validation of the model used in this study was previously published 
[13], showing excellent agreement with thermodynamic studies avail-
able in the literature. This exercise also illustrated the ability of the 
model to approximate experimental outputs from a pilot scale down-
draft gasification of wood residues [25], however small deviations in 
syngas composition were noted. Indeed, this is expected since the re-
action performance of real gasifiers will not reach the theoretical equi-
librium conditions. Typically, real gasifiers generate less H2 and more 
CO than determined from the equilibrium point. CH4 and other light 
hydrocarbons are also more abundant in syngas than would be expected 
based on the equilibrium calculations. Additionally, heavier hydrocar-
bons and tar compounds are not thermodynamically favourable prod-
ucts and are not predicted by the equilibrium model. Production and 
cracking of biomass tars, being a kinetic phenomenon [28], is therefore 
ultimately a consequence of a specific gasifier design. 

3.3. Otto cycle modelling 

As an initial modelling approach, performance of the internal com-
bustion engine can be assessed using a representative Otto cycle [29]. 
The cycle is analysed in distinct, sequential processes to determine the 
conditions of the working fluid at each point (see Fig. 2) and relevant 
parameters are summed over the cycle to determine the net indicated 
work. Equations (10)–(16) are used to calculate working fluid properties 
for each process in the cycle. 

Compression : P3 = P2(rc)
γ (10)  

T3 = T2(rc)
γ− 1 (11)  

Combustion : T4 = T3 +
Δĥcomb

Ĉv
(12)  

P4 = P3
T4

T3
(13)  

Expansion : P5 = P4(rc)
− γ (14)  

T5 = T4(rc)
1− γ (15)  

Blowdown : T6 = T5

(
100kPa

P5

)γ− 1
γ

(16)  

3.4. Detailed engine modelling 

Otto cycles represent an idealised model of the processes within 
reciprocating internal combustion engine cycles. They are 0-dimen-
sional and time independent, providing a theoretical means of assess-
ing maximum potential engine thermodynamic performance 
independent of particular design features of a specific engine. Such an 
approach is alike the analysis provided from sources in the literature 
using Rankine [21] and Joule/Brayton [12] cycles integrated with a CO2 
gasifier. While this model is convenient for a preliminary system anal-
ysis, ideal power cycles will tend to overpredict both the indicated work 
and exhaust temperatures compared to a real power plant. 

A detailed, time-dependent engine model has also been developed to 
incorporate the combustion dynamics typical of syngas and account for 
heat losses from the working fluid during the engine cycle and is fully 
described in [13]. Briefly, the basis of this model is a system of differ-
ential equations describing the pressure (equation (17)), volume 
(equation (18)), and work (equation (19)) of the cylinder gas charge. 
Simulation of the model is achieved using a fourth order Runge-Kutta 
method applied over the domain of the engine cycle. 

dP
dθ

=
γ − 1

V
•

(

ΔHc •
dX b

dθ
−

dQ L

dθ

)

−
γ • P

V
•

dV
dθ

+

[
γ − 1

V

(
γ0T0 R̂
γ0 − 1

)

•
dm
dθ

]

(17)  

dV
dθ

=
Vc • (rc − 1)

2
sin(θ) • (1+∊cos(θ) ) (18)  

dW
dθ

= P •
dV
dθ

(19) 

Combustion dynamics of the cycle are modelled using a Wiebe 
function specifically configured to model syngas combustion in spark 
ignited engines [30]. The parameters are modified from the traditional 
c1 = 5, c2 = 3 used for petrol combustion, implementing tuned 

Fig. 2. Pressure-Volume diagram for the ideal Otto cycle station numbers used 
in this analysis. Isobaric intake from 1 to 2, adiabatic compression from 2 to 3, 
isochoric combustion from 3 to 4, adiabatic expansion from 4 to 5, cylinder 
blowdown from 5 to 6, and isobaric exhaust from 6 to 1. 
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parameters of c1 = 2.23 and c2 = 1.71 to account for the combustion 
dynamics specific to a syngas fuel of CO and H2. 

Xb(θ) = 1 − exp
− c1

(
θ− θs

θd

)c2

(20) 

Heat losses are calculated based on Annand’s correlation between 
Nusslet’s and Reynold’s numbers. Specific correlation constants of c3 =

0.76 and c4 = 0.71 accurately model the heat transfer process in syngas 
fuelled engines similar to the type studied in this work [30]. 

ht = c3kBc4 − 1
(

ρUp

μ

)c4

(21) 

Results of the time-dependent engine simulation are integrated over 
one complete four-stroke cycle and scaled by the engine size and speed 
to provide the overall flow rates of intake and exhaust streams and the 
indicated output power and heat loss rate. This model has previously 
been shown to replicate the performance of a test engine run on syngas 
across a range of operating conditions [13,31]. 

4. Results and discussion 

A series of simulations covering a range of gasification O2 equiva-
lence ratios, exhaust recycling ratios, gasification equilibrium temper-
atures, and engine combustion temperatures are run to determine the 
system performance. Thermodynamic conditions of the gasification 
process are reported by the equilibrium temperature, the syngas 

composition, and the cold gas efficiency (CGE). Engine performance is 
evaluated in terms of the indicated thermal efficiency, ηeng¸ while the 
overall system performance is described through the system’s indicated 
efficiency, ηsys. 

CGE =
ṅsyn • LHVsyn

ṁbio • LHVbio
× 100% (22)  

ηeng =
Ẇnet

ṅsyn • LHVsyn
× 100% (23)  

ηsys =
Ẇnet

ṁbio • LHVbio
× 100% (24)  

4.1. Ideal Otto cycle analysis 

As a preliminary study of the effect of CO2 exhaust recycling on the 
integrated cycle, the idealised cycle was run with a constant gasification 
O2 equivalence ratio of λ = 0.30 while increasing fractions of the Otto 
cycle exhaust gas stream were recirculated to the gasifier. Y-intercepts in 
Fig. 3, Fig. 4, and Fig. 5 show the baseline simulation without exhaust 
recycling achieved an equilibrium gasification temperature of 772 ◦C, 
yielding a syngas of 39.6 % H2, 44.5 % CO, and 15.6 % CO2 with trace 
amounts of CH4 having a LHV of 223.45 kJ/mol (9.98 MJ/Nm3 or 11.07 
MJ/kg). This initial configuration shows the O2 equivalence ratio is 
sufficient to fully convert all the biogenic carbon to syngas species since 
no char residuals are present. The CGE and indicated system efficiencies 

Fig. 3. Dry syngas composition and residual char for gasification with oxygen and recycled exhaust gases at O2 equivalence ratios of (a) λ = 0.30, (b) λ = 0.25, (c) λ 
= 0.20, and (d) λ = 0.15 in an ideal IOGC. 
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corresponding to this reference case are 80.1 % and 37.7 %, 
respectively. 

Recycling hot exhaust gases from the Otto cycle to the gasifier in-
fluences the syngas composition, as shown in Fig. 3a. In this case, the 
initial increase in relative CO content at the expense of H2 content ap-
pears to be due predominantly to the corresponding increase in equi-
librium temperature shifting the equilibrium point of the reverse 
water–gas shift reaction. This endothermic reaction will thermody-
namically favour the products of CO and H2O as the equilibrium tem-
perature increases. As the CO content of the syngas reaches its maximum 
of 54.31 %, the thermodynamic equilibrium temperature is increasing 
past 1475 ◦C (see Fig. 5). 

Although the cycle model determines the peak equilibrium temper-
ature reaches 1560 ◦C at a recycling ratio of CO2/C = 0.850, syngas 
dilution with excess CO2 limits the relative percentage of CO content in 
the syngas to 51.69 % at this point. Regardless of this dilution effect, the 
total amount of CO produced through gasification continues to increase 

due to concentration-based shifts, even as the equilibrium temperature 
cools slightly. In effect, the amount of CO produced increases from an 
initial 0.737 mol CO/mole of biomass carbon (molCO/molCbio) without 
CO2 recycling to a maximum of 1.204 molCO/molCbio at a recycling 
ratio of CO2/C = 2.322 (see Fig. 6). Since this means more CO is pro-
duced from the gasifier than carbon is supplied through the feedstock, it 
must be concluded a portion of the recycled CO2 is being converted to 
CO through the reverse Boudouard, reverse water–gas shift, and 
reforming reactions. As further evidence of the enhancement of the 
reverse water–gas shift reaction, total H2 production sees an associated 
decrease from 0.656 molH2/molCbio to 0.205 molH2/molCbio over the 
corresponding range of exhaust recycling ratios. 

Previous studies have shown CO2 gasification enhances feedstock 
carbon conversion at lower equivalence ratios [16,19,13]. Fig. 3 shows 
that this is also evident here for several additional cases at lower O2 
equivalence ratios. While other trends in species production are similar 
to the reference λ = 0.30 case, lower equivalence ratios initially resulted 
in lower CO content, higher H2 and CH4 content, and residual chars 
when CO2 was not recycled to the gasifier. As exhaust is recycled to the 
gasifier, the char content drops very quickly due to the thermodynamic 
enhancement of the reverse Boudouard reaction. Both increasing equi-
librium temperatures and increasing amount of CO2 present in the sys-
tem contribute to this char reduction effect. 

Trends in total syngas production and LHV (Fig. 4) reflect the 

Fig. 4. LHV (left) and total production (right) of dry syngas at different equivalence ratios in an ideal IOGC.  

Fig. 5. Exhaust (red) and gasifier (green) temperatures for different O2 
equivalence ratios in an idealised cycle. 

Fig. 6. Equilibrium production of CO (red) and H2 (yellow) species in mol/mol- 
Cbio at different equivalence ratios. 
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previously discussed developments in molecular composition. In gen-
eral, recycling exhaust CO2 increases the total molar yield of syngas 
while reducing the LHV due to the aforementioned dilution effect caused 
by the addition of more CO2 gasifying agent to the gasifier. At lower 
recycling ratios, small increases to LHV are caused by the enhancement 
of CO production. This effect is most evident for low equivalence ratios 
due to the increased char conversion explained above, although the 
dilution effect dominates beyond the carbon boundary point. Similarly, 
the enhanced char conversion is shown by higher increases in gas pro-
duction rates leading up to the carbon boundary. Effectively, the com-
bination of syngas production rate and LHV constitutes the combustion 
energy available in the gas output from the gasifier. This quantity is 
reflected in the gasifier CGE (Fig. 7). 

Temperature profiles of the engine exhaust and gasification equi-
librium condition (Fig. 5) show the contribution of waste heat recycling 
within the system. Since exhaust temperatures are maintained above the 
gasifier temperature for these scenarios, recycling exhaust gases con-
tributes a net source of sensible heat to increase the gasifier equilibrium 
temperature. This effect is particularly beneficial for gasification at 
lower equivalence ratios. Under these conditions, the initial exhaust 
recycling has sufficient available heat content to allow for a modest 
increase in equilibrium temperatures even as the thermal energy re-
quirements of gasification intensify from the promotion of the highly 
endothermic reverse Boudouard reaction. Beyond the point of complete 
char conversion, the heat from recycled exhaust continues to drive 
augmentation of the equilibrium temperature for moderate amounts of 
exhaust recycling. Eventually, CO2 dilution of the syngas causes the 
combustion and exhaust temperatures to fall, leading to a corresponding 
decrease in the equilibrium temperatures. This effect also emphasises 
the thermodynamic coupling between the engine and gasifier within the 
complex system since the syngas equilibrium point is sensitive to the 
exhaust temperature which in turn is dependent on the properties of the 
syngas. 

While these observations hold across all equilibrium ratio cases 
considered, lower equivalence ratios nevertheless lead to lower equi-
librium temperatures for the same amount of exhaust recycling. This 
effect is due to the restricted availability of oxygen within the gasifier 
which limits the formation of low (or negative) enthalpy species like CO2 
and H2O, causing the thermodynamic energy balance to settle on a 

milder temperature. However, once sufficient exhaust is recycled to fully 
convert the fuel’s carbon content then the resulting exhaust tempera-
tures for the low equivalence ratio cases remain hotter than for higher 
equivalence ratio cases at the same recycling ratio. Effectively, by using 
the exhaust waste heat in the gasifier to enhance the carbon conversion 
process instead of supplying additional oxygen, more calorific species 
are produced than in the higher equivalence ratio cases (see Fig. 6), 
allowing for comparatively higher combustion and exhaust 
temperatures. 

Considering the overall impact of exhaust recycling and equivalence 
ratios studied, Fig. 7 illustrates the trends in cold gas efficiency (CGE) 
and indicated system efficiency determined from the model. For the 
reasons previously discussed, all cases show recycling exhaust gases has 
a beneficial effect on the CGE due to both the conversion of some 
recycled CO2 into additional CO as well as the addition of allothermal 
heat. This effect becomes even more pronounced for low equivalence 
ratios that use the additional heat to supplement the lower O2 inputs, 
allowing for further production of calorific species. Under some condi-
tions, conversion of recycled CO2 into CO results in CGE values 
exceeding 100 %, further indicating the formerly inert species are con-
verted into a useful fuel due to the high equilibrium temperatures 
enhancing the CO2 conversion reactions. As the CO2 gasifying agent is 
converted into a combustible fuel, the available combustion heat con-
tent of the syngas increases accordingly. When this additional fuel 
augments the total available energy content of the syngas to be greater 
than the original combustion energy content of the feedstock, the 
calculated CGE would exceed 100 %. This may seem counter-intuitive, 
however the CGE calculation does not account for the additional allo-
thermal heat that drives these CO2 conversion reactions. In this way, the 
CGE is not a true efficiency but rather a simple comparison of syngas 
heating potential to the biomass heating potential at standard temper-
ature. Thermodynamic simulations with CGE values exceeding 100 % 
have previously been reported in the literature [15,14]. 

A further explanation of how this gasification case contributes to a 
syngas with higher heating potential than the supplied feedstock arises 
from comparing the combustion heat of each elemental component of 
the feedstock to the corresponding products of gasification. Considering 
the feedstock carbon content could generate up to 393.5 kJ/mol of heat 
upon combustion at standard conditions, when it instead is used with 
recycled CO2 in the reverse Boudouard reaction, two moles of CO are 
produced. Together, they are capable of a combined heat release of 566 
kJ upon combustion (i.e. 283 kJ/mol for each of these two moles), 
increasing the potential heat release by 172.5 kJ for each mole of 
biomass carbon converted in this way. Similarly, the reverse WGS re-
action has a small benefit to increasing the energy content of the syngas 
beyond the potential heat content of the feedstock by allowing some of 
the biomass hydrogen to convert the recycled CO2 into CO. This causes a 
net increase in combustion heat of 41.2 kJ for each mole of biomass H2 
consumed. Again, the thermodynamic heat requirements to drive these 
endothermic reactions is partially supplied by the allothermal heat 
recycled from the engine in the exhaust gases, a phenomenon not 
captured in the standard calculation of CGE. 

These CGE trends are also evident in the indicated system efficiency, 
however some thermodynamic limitations in the power cycle realise 
diminishing returns at higher degrees of exhaust recycling. Since syngas 
produced at higher recycling ratios becomes diluted with a build-up of 
CO2, lower combustion temperatures and thus peak Otto cycle pressures 
are achieved. Expansion across a fixed volumetric compression ratio 
starting from a lower pressure will generate less indicated work, 
reducing the overall efficiency of the Otto cycle. Nevertheless, peaks in 
overall indicated system efficiencies show the thermodynamic condi-
tions where the interrelated gasification equilibrium conditions, engine 
combustion conditions, and exhaust conditions are optimised. While 
exhaust recycling for the reference λ = 0.30 case with an indicated 
system efficiency of 37.7 % only modestly improved the indicated sys-
tem efficiency to 38.7 % when 0.723 molCO2/molC are recycled to the 

Fig. 7. CGE (green) comparing syngas heat content to feedstock heat content 
and indicated system efficiency (blue) comparing indicated cycle work to 
feedstock heat content for different O2 equivalence ratios in an idealised cycle. 
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gasifier, a marked increase in indicated system efficiency up to 46.6 % at 
a recycling ratio of 1.171 molCO2/molC is observed for the λ = 0.15 
case. By combining the cycle efficiency with the known LHV of the 
feedstock, reported in Table 1, the system outputs can be compared in 
terms of specific work output. The effect of exhaust recycling increased 
the specific cycle work from 1.746 kWh/kgfeed for the reference case to 
2.158 kWh/kgfeed for the peak efficiency case discussed above. 

4.2. Limiting combustion temperature 

While the previous analysis has described the overall processes 
leading to thermodynamic enhancements of biomass gasification using 
recycled exhaust gases, some consequences of assuming an ideal model 
will impact the thermodynamic conditions of the simulation. Of 
particular importance to oxyfuel combustion systems, the combustion 
temperatures under stoichiometric conditions are unrealistically high 
for many of the modelling cases considered. For example, the adiabatic 
flame temperature of a stoichiometric oxyfuel mixture of H2 and CO at 
atmospheric pressure exceeds 4300 ◦C. Under the conditions analysed 
for the Otto cycle, this combustion temperature is calculated to exceed 
6000 ◦C for low recycling ratios, well beyond the material limits for 
conventional engine mechanical components. 

Typical engine operating conditions do experience combustion 

temperatures that are often above the thermal limits of their mechanical 
components, however these peak conditions are present only over short 
time intervals and engine coolant systems are designed to remove excess 
heat to maintain material temperatures within a safe tolerance. Never-
theless, stoichiometric oxyfuel combustion is understood to be imprac-
tical for this reason. A lower combustion temperature is therefore 
specified for the system model. While an exact temperature specification 
would depend on detailed engine cylinder design criteria, a reasonable 
assumption of a 1927 ◦C (2200 K) limit is implemented based on a 
conservative approximation of the adiabatic flame temperatures of 
stoichiometric syngas and air mixtures which can exceed 2000 ◦C. 
Although somewhat arbitrary, adoption of this fixed combustion tem-
perature limit will nonetheless provide a useful system-level comparison 
to the original analysis of the ideal system with an unrestricted com-
bustion process. 

Control of the combustion temperature in the model is provided by 
using local engine exhaust gas recycling to dilute the stoichiometric 
oxyfuel intake mixture. This is achieved by diverting a fraction of the 
exhaust stream to the intake mixture using line EGR-E, shown in the 
system schematic presented in Fig. 1. An iterative Fortran loop adjusts 
the recycled fraction of the engine exhaust until the desired combustion 
temperature is achieved. 

While Fig. 8 shows the general trends in H2 and CO2 concentrations 

Fig. 8. Dry syngas composition and residual char for gasification with oxygen and recycled exhaust gases at O2 equivalence ratios of (a) λ = 0.300, (b) λ = 0.250, (c) 
λ = 0.200, and (d) λ = 0.150 in an ideal IOGC using local engine EGR to limit combustion temperatures to 2200 K. Dashed lines represent previous data from the ideal 
IOGC without combustion temperature controls for comparison. 
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are similar to the original scenarios (cf. Fig. 3), syngas CO content is 
markedly different under the limited combustion temperature regime. 
Concentrations of CO always decrease, regardless of exhaust recycling. 
CO2 content is also comparatively higher for low recycling ratios than in 
the previous cases, indicating the CO2 conversion reactions are not as 
effective under these operating conditions. 

The principal effect driving these composition changes is the reaction 
temperatures calculated under the new combustion dilution modelling 
regime, as shown in Fig. 9. By limiting the combustion temperature, the 
engine exhaust temperatures do not have the variation as in the previous 
case (cf. Fig. 5). Exhaust recycling to the gasifier only causes moderate 
changes in the exhaust temperatures, rising from ~ 875 ◦C – 925 ◦C. 
Correspondingly, the gasification equilibrium temperatures are cooler 
under this modelling condition since less heat is returned to the gasifier 
in the exhaust stream. 

These comparatively lower reaction temperatures will induce shifts 
in the gasification equilibrium conditions that limit the achievable 
extent of the reactions that convert CO2 into syngas species. Table 3 
demonstrates this effect for several selected scenarios by comparing the 
equilibrium constants of the reverse Boudouard (equation (1)), reverse 
WGS (equation (2)), and methane dry-reforming (equation (3)) re-
actions calculated at the corresponding equilibrium temperatures 
determined based on equivalence and recycling ratios. The equilibrium 
constants highlight how sensitive these reactions are to the gasifier 
temperature and are calculated from fundamental thermodynamic 
principles as Kp = exp(-ΔGr/RT). For reference, equilibrium constants 
calculated at 1000 ◦C are also given since most simulations under the 
previous, ideal modelling conditions resulted in equilibrium tempera-
tures above 1000 ◦C. 

Because the reactions are endothermic, the equilibrium constants 
will be larger at higher temperatures and vice versa for the lower tem-
perature conditions. Variations in equilibrium temperature across these 
cases range from ~ 580 ◦C − 850 ◦C but the resultant equilibrium 
constants range across orders of magnitude. As the equilibrium con-
stants decrease, reactant species are thermodynamically favoured over 
the product species. Considering this temperature shift in equilibrium 
constants for the reverse Boudouard reaction explains the difference in 

CO, CO2, and char residuals compared to the original suite of simula-
tions. Similarly, the temperature effect on the equilibrium constants of 
the reverse water–gas shift reaction also influences the CO and H2 
content of the syngas. Although the dry reforming reaction remains 
favourable for most conditions, under the cooler reaction conditions at 
low equivalence ratios the small equilibrium constants contribute to the 
presence of CH4 in the syngas, albeit at low concentrations. 

Despite the temperature-based influence on the equilibrium condi-
tions, the addition of excess CO2 from the recycled exhaust still con-
tributes to concentration-based shifts to the gasification reactions. As 
before, this phenomenon allows for full carbon conversion to occur in 
the low equivalence ratio gasification cases. The previously noted tem-
perature effects do reduce the effectiveness of the char reduction process 
since higher recycling ratios are required in these cases compared to the 
previous modelling conditions, with the λ = 0.15 condition requiring at 
least 2.325 molCO2/molC recycled to fully convert the biomass carbon 
content. Further consequences of these concentration-based effects are 
seen as the initial equilibrium temperature decreases for low equiva-
lence ratio cases. Even though sensible exhaust heat is introduced to the 
gasifier from the recycled exhaust, the excess CO2 driving the endo-
thermic reverse Boudouard reaction dominates the equilibrium condi-
tion and forces this slight decrease in temperature. 

Indicated system efficiencies (Fig. 10) have similar characteristics to 
the previous cases (cf. Fig. 7) but with an observed stretch to the right, 
demonstrating that the equilibrium conditions are more strongly influ-
enced by the concentration-based shifts requiring higher recycling ra-
tios. The efficiencies are also lower than in the previous cases due to the 
lower exhaust temperatures not contributing as much allothermal heat 
to the gasifier. Regardless, gasification enhancements from recycling 
exhaust gases led to a peak indicated efficiency of 41.29 % for the λ =
0.15 equivalence ratio case with an exhaust recycling ratio of 3.541 
molCO2/molC. This is an improvement over the λ = 0.30 case which had 
an indicated system efficiency of 29.18 % without exhaust recycling and 
35.03 % at a recycling ratio of 2.560 molCO2/molC. 

4.3. Detailed engine model analysis 

So far, the system analysis has demonstrated the temperature and 
allothermal heat available in the recycled exhaust gases have a signifi-
cant impact on the thermodynamic conditions of gasification and thus 
on the overall system performance. This was particularly evident from 
the changes observed by limiting the combustion temperature. Given the 
importance of the exhaust condition, further refinement of modelling 
methods is required to ensure the engine processes more accurately 
reflect physical and chemical changes in the working fluid during the 
power cycle. Additionally, the use of a detailed engine model accounts 
for heat losses from the engine working fluid. 

Fig. 9. EGT (red) and gasifier equilibrium temperature (green) for different O2 
equivalence ratios in an idealised cycle with local engine EGR to limit com-
bustion temperature to 2200 K. 

Table 3 
Equilibrium constants for reverse Boudouard (1), reverse water–gas shift (2), 
and methane dry-reforming (3) reactions under exhaust recycling ratios at 
corresponding gasifier temperatures for an ideal IOGC using local engine EGR to 
limit combustion temperatures to 2200 K.  

λ CO2/C Temp (◦C) Kp,1 Kp,2 Kp,3  

0.30 0 771.7  4.42 * 100  8.79 * 10− 1  6.56 * 101  

0.30 1.08 809.5  8.72 * 100  1.00 * 100  1.88 * 102  

0.30 3.15 847.5  1.65 * 101  1.14 * 100  5.03 * 102  

0.25 0 685.8  7.66 * 10− 1  6.21 * 10− 1  4.42 * 100  

0.25 1.00 660.3  4.27 * 10− 1  5.52 * 10− 1  1.80 * 100  

0.25 3.16 746.2  2.71 * 100  7.98 * 10− 1  3.09 * 101  

0.20 0 654.7  3.74 * 10− 1  5.37 * 10− 1  1.47 * 100  

0.20 0.97 603.2  1.02 * 10− 1  4.13 * 10− 1  2.00 * 10− 1  

0.20 3.15 657.2  3.97 * 10− 1  5.44 * 10− 1  1.61 * 100  

0.15 0 616.0  1.43 * 10− 1  4.42 * 10− 1  3.36 * 10− 1  

0.15 1.07 580.8  5.51 * 10− 2  3.64 * 10− 1  7.82 * 10− 2  

0.15 3.15 593.9  7.93 * 10− 2  3.92 * 10− 1  1.36 * 10− 1   

1000  1.43 * 102  1.72 * 100  1.44 * 104  

M.J. Greencorn et al.                                                                                                                                                                                                                           



Energy Conversion and Management 277 (2023) 116601

11

The IOGC model is adapted with the detailed, time dependent engine 
model described in Section 3.4 to determine the effect of syngas com-
bustion dynamics and engine heat losses on the system. Combustion 
temperature control EGR is maintained as before for a maximum com-
bustion temperature of 2200 K. Since the focus of this study is to 
investigate the system-level effects of exhaust recycling rather than a 
detailed evaluation of the specific engine design, engine parameters of 
intake temperature and pressure, engine speed, combustion equivalence 
ratio, and cylinder geometry are fixed for all simulation cases. To 
maintain these conditions, an iterative Fortran script was used to vary 
the biomass feed rate to maintain the desired engine operating speed 
and intake conditions of 2000RPM and 100 kPa, respectively. 

Syngas mixtures at the calculated equilibrium conditions under these 
modelling terms are illustrated in Fig. 11 while the corresponding 
equilibrium and exhaust temperatures are shown in Fig. 12. Exhaust 
temperature range is typically in the 900–950 ◦C range for low to 
moderate recycling ratios since the peak combustion temperature is held 
constant using local EGR. As recycling ratios increase beyond ~ 1 
molCO2/molC, the exhaust temperature tends to drop due to heat losses 
during the expansion stroke. Beyond a recycling ratio of ~ 2.5 molCO2/ 
molC the CO2 content of the syngas from the gasifier is sufficiently dilute 
that combustion temperatures no longer reach the specified limit. Local 
engine EGR is no longer used and the combustion temperatures decrease 
as the recycling ratio increases further, causing corresponding exhaust 
temperatures to be cooler. 

Low recycling ratios display similar equilibrium properties as shown 
in the ideal Otto cycle cases, however the decreasing exhaust tempera-
tures limit the available heat supplied in the recycled exhaust as the 
recycling ratio increases. Char conversion is again enhanced for the low 
equivalence ratio cases as additional CO2 and allothermal heat are 
supplied to the gasifier, however limitations to this effect become 
apparent at the lowest equivalence ratio. For the λ = 0.15 equivalence 
ratio case, recycling ratios above 3.155 molCO2/molC are no longer 
capable of complete carbon conversion. Since the carbon conversion is 
primarily dependent on the extent of the reverse Boudouard reaction in 
this situation, we can attribute this incomplete conversion phenomenon 
to the low equilibrium temperatures causing a shift to favour the carbon 
and CO2 reactants. Syngas produced at these high recycling ratios 

becomes diluted with excess CO2, causing low combustion and subse-
quent exhaust temperatures which limits the degree of allothermal 
heating in the gasifier from the recycled exhaust. For the secondary 
carbon boundary here, the exhaust temperature is 755 ◦C and the cor-
responding equilibrium temperature is 566 ◦C which results in an 
equilibrium constant of Kp = 0.037 for the reverse Boudouard reaction. 
In concentration-based terms, this means the thermodynamic driving 
force of the reaction will be neutral when the concentration of CO is 20 
% that of the concentration of CO2. While increasing the recycling ratio 
would increase the concentration of CO2 in the gasifier, this would not 
sufficiently compensate for the associated equilibrium temperature drop 
caused by the high degree of temperature coupling within this system. 

These thermal effects on the gasification equilibrium performance 
are also reflected in the calculated CGEs shown in Fig. 13. The typical 
initial increase in CGE due to enhanced char conversion remains pre-
sent, though slightly lower efficiencies are observed compared to the 
ideal case (cf. Fig. 7). Conditions of incomplete char conversion for the λ 
= 0.15 equivalence ratio case at recycling ratios above 3.155 molCO2/ 
molC are also evident from the dramatic decline in CGE. Even in cases 
where complete carbon conversion is achievable across the range of 
recycling ratios studied, maximum CGEs are observed in the data. Such 
points represent the optimum trade off in equilibrium temperatures, 
allothermal heating, and gasifying agent supply in effectively converting 
the feedstock to fuel gases. 

Similarly, the indicated system efficiencies display corresponding 
behaviour across the simulated recycling ratios. Efficiency peaks occur 
at the same recycling ratios that generated the associated CGE maxima. 
The effect of engine cycle heat losses is pronounced when comparing 
these efficiencies to the previous ideal cases. For the reference case of an 
equivalence ratio of λ = 0.30 without exhaust recycling, the indicated 
efficiency was merely 16.60 %, however recycling 2.560 molCO2/molC 
of exhaust to the gasifier increased this efficiency to 23.35 %. Again, the 
ability to use lower equivalence ratios because of exhaust recycling re-
sults in even higher indicated efficiencies, reaching 26.89 % at an 
equivalence ratio of λ = 0.15 and recycling ratio of 2.562 for the cases 
presented here. In all of these cases it is evident that the use of a detailed 
model capable of calculating cycle heat losses dramatically reduces the 
indicated efficiency as a significant portion of the energy supplied in the 
syngas fuel is lost to the engine coolant. 

Another interesting observation is that the points of maximum sys-
tem efficiency arise under the conditions where local engine EGR is no 
longer necessary for combustion temperature control. Put another way, 
CO2 is useful in these scenarios as both a combustion diluent and gasi-
fying agent but the best system performance is achieved when CO2 
dilution is provided directly in the gasifier rather than separately in an 
engine EGR loop. This condition arises because the additional high 
temperature CO2 diverted to the gasifier means that more allothermal 
heat is supplied while simultaneously increasing the CO2 present in the 
gasifier to further contribute to concentration-based equilibrium shifts. 
CO2 supplied directly to the engine as a diluent will not contribute to 
these beneficial effects in the gasifier. 

4.4. Constant temperature gasification 

Given the importance of equilibrium temperatures on the thermo-
dynamic performance of the gasification reactions, additional studies 
highlight the consequences of operating under isothermal gasification 
conditions. Thermodynamically, the supply of O2 to the gasifier has a 
dominant influence on the equilibrium temperature by allowing for 
increased formation of low enthalpy gas species products through 
oxidation reactions. For these following cases, a Fortran script controls 
the flow of O2 into the gasifier to provide sufficient direct heating for a 
desired adiabatic thermodynamic equilibrium temperature. No indirect 
heat is supplied to the gasifier, only the allothermal heat from the 
recycled exhaust and the enthalpy changes due to the gasification re-
actions cause the desired gasifier temperature rise. Detailed engine 

Fig. 10. Indicated system efficiency for different O2 equivalence ratios in an 
idealised cycle using local engine EGR to limit combustion temperature to 
2200 K. 
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modelling techniques are again used to simulate the power generation 
cycle, as previously discussed. 

The equilibrium syngas products again show common trends of H2 
and CO production, CO2 dilution, and improved carbon conversion with 
increasing exhaust recycling (see Fig. 14). One distinct feature of the 
constant temperature cases is the increase in CO concentration for low 
equivalence ratio cases at recycling ratios below the carbon boundary. 
Due to the isothermal conditions, the equilibrium constants of the 
gasification reactions will remain unchanged thus all changes to the 
syngas mixture are due to the concentration-based shifts caused by the 
varying amounts of gasifying agents supplied. In the incomplete carbon 
conversion regions, increasing the CO2 supply will push the equilibrium 
concentrations of the reverse Boudouard reaction to generate the higher 
CO concentrations observed. Although the temperatures remain con-
stant during this process, the O2 requirements (Fig. 15) of the gasifier 
display a sharp increase in demand to satisfy the higher thermodynamic 
inputs demanded by this enhanced endothermic reverse Boudouard 
reaction. 

A clear representation of the thermodynamic needs of the gasifica-
tion reactions is shown in the equivalence ratios required to maintain 
the reaction temperatures, as illustrated in Fig. 15. As previously dis-
cussed, the additional CO2 introduced in the recycled exhaust enhances 
the endothermic char conversion reactions which creates a stronger 
thermodynamic load on the system. Allothermal heat recycled in the 

exhaust stream is not sufficient to meet this thermodynamic requirement 
since the combustion temperatures, and therefore the exhaust temper-
atures in turn, are limited. To compensate for the increased thermal 
demand, additional O2 is supplied which increases the equivalence ratio 
in the gasifier. Beyond the carbon boundary, allothermal exhaust heat-
ing increases with recycling ratio, acting to supplement the thermal 
requirements of gasification and allowing for a modest decrease in the 
equivalence ratio needed to maintain the equilibrium temperature. This 
condition continues until the syngas dilution under larger recycling ra-
tios lowers the exhaust temperatures, reducing the sensible heat avail-
able in the recycled exhaust stream. To compensate for the loss in 
allothermal heat in these cases, the equivalence ratio must therefore rise 
as additional O2 is supplied to maintain the desired reaction 
temperature. 

System efficiencies for the isothermal cases display similar qualita-
tive features as the constant equivalence ratio cases, as seen in Fig. 16. 
Again, the best system performance is achieved when the required 
syngas dilution for combustion temperature control is achieved in the 
gasifier rather than using a local EGR loop in the engine cycle. This ul-
timately results in the system efficiency of a 750 ◦C gasification process 
rising from 17.35 % to 24.97 % when 2.561 molCO2/molC are recycled 
to the gasifier. Lower temperature gasification at 600 ◦C produced an 
indicated system efficiency of 26.88 % at a recycling ratio of 2.562 
molCO2/molC. Interestingly, we can see the decreasing system 

Fig. 11. Dry syngas composition and residual char for gasification with oxygen and recycled exhaust gases at O2 equivalence ratios of (a) λ = 0.300, (b) λ = 0.250, (c) 
λ = 0.200, and (d) λ = 0.150 in a detailed IOGC using local engine EGR to limit combustion temperatures to 2200 K. 
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efficiencies beyond the maxima appear more pronounced than in the 
constant equivalence ratio cases. Rather than the temperature-driven 
changes that caused this behaviour in the previous cases, this effi-
ciency loss is due to the higher O2 levels required to maintain the 
equilibrium temperature in the gasifier. Effectively, a larger percentage 
of the feedstock is converted into non-calorific CO2 and H2O due to these 
increased O2 levels which lowers the CGE and thus the overall efficiency. 

4.5. Limiting thermodynamic conditions 

The importance of exhaust temperatures, allothermal heating, 
equivalence ratios, and recycled CO2 has been demonstrated for the 
systems studied. Observed trends indicate the systems capable of fully 
converting the feedstock carbon content at the lowest possible temper-
ature and lowest possible equivalence ratio allow the greatest propor-
tion of the biomass to be converted into fuel species in the syngas. This is 
what contributes to the best CGE and indicated system efficiency. 

Indeed, the trade-offs between reaction temperature, recycling ratio, 
and equivalence ratio suggests a thermodynamically limited case exists 
that will minimize the O2 requirements and equilibrium temperature. 

To highlight this condition, two simulations are analysed to illustrate 
the limits of equivalence ratio and reaction temperature (see Fig. 17). 
For a constant equivalence ratio of λ = 0.130, full carbon conversion is 
only possible as recycling ratios range from 2.325 to 2.562 molCO2/ 
molC. Below this recycling ratio, there is insufficient gasifying agents to 
drive the conversion reaction at the calculated equilibrium temperatures 
while higher recycling ratios will cause the equilibrium temperature to 
fall too low to allow for full conversion, below 576 ◦C in this case. 
Similarly, an isothermal gasification case that maintains the gasification 
equilibrium temperature at 576 ◦C requires a minimum 2.562 molCO2/ 
molC of recycled exhaust to achieve complete carbon conversion. 
Beyond this point, increasing the recycling ratio requires increasingly 
greater equivalence ratios to maintain the desired equilibrium 
temperature. 

Since these cases represent the thermodynamic limit of the gasifi-
cation process for the system configuration studied, the CGE and indi-
cated system efficiency maxima occur at the same recycling conditions 
of 2.562 molCO2/molC for both. At this point, both models calculated an 
indicated cycle efficiency of 26.92 % (see Fig. 18). 

The low oxygen equivalence ratio of λ = 0.13 associated with this 
limit is remarkable when compared to traditional methods of air/oxygen 
gasification which typically require an equivalence ratio between 0.2 
and 0.3 [27]. However, an important distinction to make here is that this 
integrated system uses a co-gasification process of both oxygen and CO2, 
thus the lower oxygen content of the gasifying mixture is offset by the 
introduction of additional CO2 gasifying agent to react with the feed-
stock. Furthermore, many air/oxygen gasification systems leverage the 
inherent exothermicity of the oxidation reactions to create a locally 
autothermal gasification process. Analysis of this integrated recycling 
system shows that waste heat contained in the engine exhaust returned 
to the gasifier provides sufficient allothermal heat to satisfy the ther-
modynamic requirements for complete gasification. Nevertheless, these 
simulations represent a system-level assessment of theoretical thermo-
dynamic equilibrium gasification conditions. There are additional 
design-specific aspects of a real gasifier like heat losses, geometry, and 
chemical kinetic effects which may cause deviations from the equilib-
rium case. 

4.6. CO2 conversion performance 

Evidence of both the conversion and non-conversion CDU charac-
teristics of this exhaust recycling system has been seen throughout the 

Fig. 12. EGT (red) and gasifier equilibrium temperature (green) for different 
O2 equivalence ratios in a detailed IOGC model with local engine EGR to limit 
combustion temperature to 2200 K. 

Fig. 13. Gasification CGE (left) and indicated system efficiency (right) for different O2 equivalence ratios in a detailed IOGC using local engine EGR to limit 
combustion temperature to 2200 K. 
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simulation data studied. Previous analysis of EGT and gasification 
temperatures has clearly illustrated the thermodynamic benefit derived 
from the recycled CO2 acting as both a combustion diluent and, more 

importantly, as a heat transfer medium to return waste engine heat to 
the gasifier. Changes in syngas composition and CGE have also sug-
gested that the recycled CO2 is being consumed by the gasification 

Fig. 14. Dry syngas composition and residual char for gasification with oxygen and recycled exhaust gases at equilibrium temperatures of (a) 750 ◦C, (b) 700 ◦C, (c) 
650 ◦C, and (d) 600 ◦C in a detailed IOGC using local engine EGR to limit combustion temperatures to 2200 K. Dashed lines represent previous constant equivalence 
ratios for comparison at (a) E/R = 0.30, (b) E/R = 0.25, (c) E/R = 0.20, and (d) E/R = 0.15. 

Fig. 15. EGT (red) and gasifier equilibrium temperature (green) alongside required equivalence ratio (black) for selected gasification equilibrium temperatures in a 
detailed IOGC model with local engine EGR to limit combustion temperature to 2200 K. 
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reactions and generating additional CO. 
Considering the gasification system, recycled exhaust contributes an 

input of CO2 while the CO2 content of the syngas is an output. Within the 
system boundary, some CO2 is consumed by a few gasification reactions 
while some CO2 is produced by others. Calculating the net-CO2 pro-
duction of gasification assesses the difference in consumption and pro-
duction of CO2 within the gasifier. Equation (25) evaluates this measure 
in terms of net CO2 production per kg of biomass feedstock. The dif-
ference in total CO2 content in the syngas product, ṅsyn, and the CO2 
recycled in the exhaust gases, ṅEGR, shows the generation of CO2 from 
the gasification process in net terms, that is the amount of CO2 generated 
from the gasification reactions less the amount of exhaust CO2 converted 
into fuel. 

nCO2 ,net =
ṅsyn − ṅEGR

ṁbio
(25) 

Fig. 19 illustrates the net CO2 production from gasification for the 
different modelling conditions studied. Trends in this data show the 
effect of gasification temperature and CO2 concentration on the con-
version of CO2 into fuel species. Some regions of these plots show in-
stances of net-negative CO2 production from the gasification process 
where the syngas actually contains less CO2 than was introduced into the 
gasifier through the recycled exhaust. While this is a very clear example 
of the CO2 conversion within the system, even instances where the 
production of CO2 is net-positive can still indicate some degree of 
exhaust CO2 conversion. Since the gasification reaction itself will 
generate some amount of CO2, as evidenced by the y-intercepts in these 

graphs, any decreasing trend in net-CO2 production indicates at least 
some degree of exhaust CO2 conversion that offsets the original CO2 
produced through gasification. 

Due to the high EGTs seen in the ideal IOGC model, the corre-
sponding gasification temperatures become very hot as exhaust gases 
are recycled (cf. Fig. 5), often exceeding 1000 ℃. The thermodynamics 
of CO2 gasification reactions cause equilibrium shifts under these high 
temperatures to favour the conversion of CO2 into CO. These equilib-
rium shifts are often sufficient to make the gasification system on the 
whole a net sink of CO2, generating less CO2 in the syngas than was 
introduced in the recycled exhaust. 

Given the high temperatures provide sufficient thermal energy to 
drive the CO2 gasification reactions, variations in CO2 conversion be-
tween operating conditions is largely due to changes in the relative 
concentrations of O2 and CO2 in the gasifying agent mixture. For each 
constant equivalence ratio case, the point of lowest CO2 production 
occurs at recycling ratios beyond the peak gasification temperature, 
indicating the higher CO2 content in the gasifying mixture also induces 
concentration–based equilibrium shifts that enhance net-CO2 con-
sumption. Further to this point, variation between equivalence ratios 
shows that temperature is not the primary factor influencing CO2 con-
version in this case. Despite having comparatively lower equilibrium 
temperatures, the λ = 0.15 equivalence ratio case shows the strongest 
CO2 conversion effect for this model setup. This is due to the lower 
amount of O2 available in the gasification system which would compete 
with CO2 to react with the feedstock. 

Even when the combustion temperature is limited to 2200 K in the 
ideal IOGC model, recycling exhaust generally contributes to a 
decreasing trend in net-CO2 production from gasification, as shown in 
Fig. 19b. At low recycling ratios, net-CO2 production briefly increases 
for low equivalence ratio cases. This demonstrates that the reaction 
temperature (cf. Fig. 9) dominates the CO2 conversion process under 
these conditions as the reaction temperatures initially decrease with 
exhaust recycling for all cases except for λ = 0.30. Since the reaction 
temperatures have an increasing trend at high recycling ratios for this 
model case, both the increased reaction temperature and higher con-
centration of CO2 in the system contribute to decreases in net-CO2 
production. This eventually leads to net-negative CO2 production for 
high exhaust recycling ratios. Further evidence that reaction tempera-
ture is the primary factor governing CO2 conversion for this scenario is 
that lower equivalence ratio cases generate more net-CO2 than the 
higher equivalence ratio cases. This means that, despite having less O2 
available to generate CO2 through oxidation reactions, the colder reac-
tion temperatures limit the extent of CO2 gasification. 

Both isothermal (Fig. 19d) and constant equivalence ratio (Fig. 19c) 
configurations of the detailed IOGC model display similar trends in net- 
CO2 production. Constant equivalence ratio cases demonstrate typical 
temperature dependence (cf. Fig. 12) as seen in the previous examples, 
particularly for low equivalence ratio cases. Despite the decreasing re-
action temperatures for the λ = 0.30 case, this equivalence ratio was 
capable of maintaining a sufficiently high reaction temperature that CO2 
concentration shifts were capable of reducing the net-CO2 production of 
gasification. The other equivalence ratio cases show a net-CO2 produc-
tion rate that closely follows the reaction temperature trends as they rise 
and fall with different amounts of exhaust recycling. For all these cases, 
the minimum net-CO2 production occurs around the point where syngas 
dilution causes a significant drop in EGTs. The corresponding temper-
ature drop in the gasifier leads to an increase in net-CO2 production. 

These trends in the isothermal cases, while similar, have a slightly 
different explanation behind them. By definition, these cases will not 
experience any equilibrium temperature changes as the exhaust recy-
cling ratio varies. However, the oxygen demands (cf. Fig. 15) to main-
tain the desired reaction temperature can affect the net-CO2 production. 
At low recycling ratios, any increasing O2 supply seems to mostly be 
offset by the similarly increasing exhaust supply, leading to better CO2 
conversion. Once the syngas becomes critically diluted and the EGTs 

Fig. 16. Gasifier CGE (top) and indicated system efficiency (bottom) for 
selected gasification equilibrium temperatures in a detailed IOGC model with 
local engine EGR to limit combustion temperature to 2200 K. 
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begin to fall the corresponding increase in equivalence ratio introduces 
more oxygen to the gasifier and generates increasing net-CO2 production 
rates. 

For a given equivalence ratio or equilibrium temperature, the best 
system indicated efficiency and lowest gasification net-CO2 production 
tend to occur at similar recycling ratios, as reported in Table 4 for the 
detailed IGOC modelling cases. This indicates that the direct conversion 
of exhaust CO2 into syngas fuel is a CDU feature that benefits the system 
performance. Interestingly, the comparison of cases across different 
equivalence ratios or equilibrium temperatures indicates better effi-
ciencies for lower equivalence ratio or temperature cases which do not 
have as strong a CO2 conversion effect during gasification. Such a result 
suggests that the non-conversion CDU function of exhaust gas as a heat 
transfer medium has a more significant impact on system performance 
than as a chemically active reagent in the gasification process, although 
this analysis has clearly shown both aspects of this CDU strategy are 
contributing to the overall cycle improvement. 

5. Conclusions 

A series of simulations using models representative of an IOGC tested 
the thermodynamic and system-level effects of recycling exhaust gases 
to enhance the gasification process. Variations in process parameters 
and modelling techniques illustrate the degree of coupling within the 
system and highlight sensitivities in gasification and power generation. 
Particularly, the following principal conclusions regarding the 

Fig. 17. Equilibrium conditions for thermodynamically limited gasification with oxygen and recycled exhaust gases showing dry syngas composition and residual 
char at a) equivalnce ratio of λ = 0.130 and b) isothermal temperature 576 ◦C with c) exhaust temperature (red) and equilibrium temperature (green) for the 
equivalnce ratio of λ = 0.130 case and (d) exhaust temperature (red) and equivalence ratio (black) for the isothermal temperature 576 ◦C case. 

Fig. 18. CGE (green) and indicated system efficiency for thermodynamically 
limited cases of constant equivalence ratio (λ = 0.130) and isothermal (T =
576 ◦C) gasification conditions. 
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gasification chemical equilibrium and system response are determined: 

• Recycled exhaust gases are an effective gasifying agent for convert-
ing biomass feedstocks into syngas fuel, however the integration of 
recycling in a gasification power system is complex due to thermo-
dynamic coupling of the gasification and power generation 
processes. 

• Exhaust recycling improves the thermodynamic conditions of gasi-
fication through concentration and temperature-based equilibrium 
shifts, increasing the CGE and consequently improving the indicated 
energy efficiency of the cycle. 

• Exhaust recycling enhances the reverse Boudouard reaction ther-
modynamics such that lower equivalence ratios can be used while 
still fully converting the feedstock carbon content.  

• Use of idealised power cycle models over predict the work output 
and exhaust temperatures compared to detailed models that account 
for combustion dynamics and heat losses. This can cause indicated 
efficiencies in the ideal models to exceed the efficiency of a detailed 
model by nearly 20 %.  

• Compared to a reference IOGC cycle without exhaust recycling at an 
equivalence ratio λ = 0.300, recycling 2.562 molCO2/molC at an 
equivalence ratio λ = 0.150 improved the indicated cycle efficiency 
by 10.29 %  

• Exhaust gases are best used in excess as a gasifying agent rather than 
in an isolated EGR loop within the engine to control combustion 
temperatures. The resulting syngas will contain sufficient CO2 con-
centrations to limit the peak cylinder temperature while simulta-
neously improving the thermodynamics of the conversion reactions 
to enhance syngas production in the gasifier.  

• Gasification in this recycling IOGC is thermodynamically limited to 
equilibrium temperatures above 576 ◦C and equivalence ratios above 
λ = 0.130. Conditions below these limits will not be capable of fully 
converting the carbon content in the feedstock. This condition also 
corresponds to the maximum indicated cycle efficiency of 26.92 % 
for the configurations studied.  

• Exhaust recycling leverages both conversion and non-conversion 
CDU features within the cycle. While conversion of exhaust CO2 
into useful syngas is apparent in all exhaust recycling studies, the 

Fig. 19. Net CO2 production per mass of feedstock from equilibrium gasification reactions at various oxygen equivalence ratios or equilibrium temperatures for a) an 
ideal IOGC, b) an ideal IOGC with combustion temperature limited to 2200 K, c) a detailed IOGC with combustion temperatures limited to 2200 K and (d) a detailed 
IOGC with combustion temperatures limited to 2200 K under isothermal gasification conditions. 
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role of CO2 as a heat transfer medium to return waste heat to the 
gasifier has a predominant effect on gasification thermodynamics 
and overall cycle efficiency. 

Although the specific values of cycle efficiency calculated here are 
likely associated with the particular design and operating conditions for 
the cycle used in this analysis, the comparison of these modelling cases 
reveals that exhaust recycling techniques are an effective method to 
enhance the thermodynamic conditions of gasification on a system level. 
Additional work to expand detailed BECCS cycle models, determine 
specific economic metrics, or to develop pilot scale plants using these 
techniques will be useful in further assessing the scale and quantifying 
the benefits of this cycle design. 
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Table 4 
Summary of indicated system efficiency and gasifier specific net-CO2 for select 
configurations of the detailed IOGC model with limited combustion 
temperature.  

Oxygen 
Equivalence 
Ratio, λ 

Recycling 
Ratio 
(molCO2/ 
molCbio) 

Gasification 
Temperature 

Indicated 
System 
Efficiency 

Net–CO2 

(mol/kg)  

0.300 0 (983 ◦C)  16.60 %  7.279  
0.300 2.232 (883 c)  23.01 %  − 1.615  
0.300 2.559 (853 ℃)  23.35 %  − 1.436  
0.250 0 (712 ◦C)  17.22 %  8.735  
0.250 2.562 (759 ◦C)  24.82 %  − 0.818  
(0.267) 0 750 ◦C  17.35 %  8.330  
(0.245) 2.561 750 ◦C  24.54 %  − 0.687  
(0.231) 0 700 ◦C  23.13 %  9.146  
(0.219) 2.561 700 ◦C  25.64 %  0.365  
(0.235) 2.834 700 ◦C  25.15 %  0.348  
0.200 0 (683 ◦C)  14.84 %  9.727  
0.200 2.562 (666 ◦C)  26.05 %  1.392  
(0.151) 0 650 ◦C  12.54 %  10.375  
(0.192) 2.562 650 ◦C  26.26 %  1.970  
(0.223) 3.153 650 ◦C  25.35 %  1.809  
0.150 0 (649 ◦C)  12.53 %  10.381  
0.150 2.562 (596 ◦C)  26.89 %  4.840  
(0.093) 0 600 ◦C  10.10 %  10.452  
(0.153) 2.562 600 ◦C  26.88 %  4.594  
(0.209) 3.529 600 ◦C  25.46 %  3.916  
0.130 2.562 576 ◦C  26.92 %  6.286 

*Dependent gasification variable indicated in parentheses. 

M.J. Greencorn et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S0196-8904(22)01379-6/h0010
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0010
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0010
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0015
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0015
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0015
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0015
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0020
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0020
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0020
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0025
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0025
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0030
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0030
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0035
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0035
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0035
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0040
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0040
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0040
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0045
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0045
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0045
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0060
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0060
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0060
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0065
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0065
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0065
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0070
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0070
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0070
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0075
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0075
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0075
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0080
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0080
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0080
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0085
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0085
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0090
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0090
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0090
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0095
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0095
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0095
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0100
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0100
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0100
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0105
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0105
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0110
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0110
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0110
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0115
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0115
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0115
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0120
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0120
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0125
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0125
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0130
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0130
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0130
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0135
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0135
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0140
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0140
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0140


Energy Conversion and Management 277 (2023) 116601

19

[29] Heywood JB. Internal combustion engine fundamentals. New York: McGraw-Hill; 
1988. 

[30] Shivapuji AM, Dasappa S. Analysis of thermodynamic scope engine simulation 
model empirical coefficients: Suitability assessment and tuning of conventional 
hydrocarbon fuel coefficients for bio syngas. Int J Hydrogen Energy 2017;42(26): 
16834–54. 

[31] Greencorn MJ, Jackson SD, Hargreaves JSJ, Datta S, Paul MC. Modelling the 
performance of a syngas fueled engine: effect of excess air and CO2 as combustion 
diluents. In: Low-carbon combustion joint meeting of the French and British 
Sections of the Combustion Institute, Lille, France; 2020. 

M.J. Greencorn et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S0196-8904(22)01379-6/h0145
http://refhub.elsevier.com/S0196-8904(22)01379-6/h0145

	Enhancement of gasification in oxyfuel BECCS cycles employing a direct recycling CO2 utilisation process
	1 Introduction
	1.1 Contributions of the current work

	2 Integrated oxyfuel gasification cycle
	3 Modelling and methodology
	3.1 Feedstock
	3.2 Gasification thermodynamics
	3.3 Otto cycle modelling
	3.4 Detailed engine modelling

	4 Results and discussion
	4.1 Ideal Otto cycle analysis
	4.2 Limiting combustion temperature
	4.3 Detailed engine model analysis
	4.4 Constant temperature gasification
	4.5 Limiting thermodynamic conditions
	4.6 CO2 conversion performance

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	References


