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Supplement
Lists of the physical properties in this paper are shown in Table S- 1. The symbol “i” represents the chemical species H2, N2, O2, CH4, CO, CO2, H2O.
§1 List of Symbols
[bookmark: _Ref88292777]Table S- 1 Physical properties, 13A is city gas.
[image: ]
Bo		[m]		Bore
COVIMEP		[Pa]		COV of indicated mean effective pressure
CR		[-]		Compression Ratio
Cpi		[-]		Specific heat of species i
EAR		[-]		Excess Air Ratio
ei		[-]		Error of element i
em		[-]		Error of calculation result
[bookmark: _Hlk138144352]IMEPavg		[Pa]		Average IMEP over the measurement period
IMEPn		[Pa]		IMEP of the nth cycle
LHVfuel		[MJ/m3]		Low Heating Value of fuel
LHVi		[MJ/m3]		Low Heating Value of chemical species i (i = H2, CH4, CO)
LHVmixed fuel	[MJ/m3]		Low Heating Value of mixed fuel
Lc		[m]		Connecting rod length
lo		[-]		Piston offset
MWi		[kg/mol]		Molecular weight of chemical species i
[bookmark: _Hlk85815544]Mi.ICE.init		[kg]		Mass of chemical species i in cylinder before combustion
Mi.ICE.θ		[kg]		Mass of chemical species i in cylinder at crank angle θ
Mmix per cycle	[kg]		Mass of gas in cylinder per cycle
moli.ICE.init	[mol]		Number of moles of chemical species i in cylinder before combustion
moli.ICE.θ		[mol]		Number of moles of chemical species i in the cylinder at crank angle θ
moli.b.cal		[mol]		Number of moles of chemical species i after complete combustion
(i = CO, CO2, CH4, H2, H2O)
NT		[Nm]		Engine power shaft torque
Ncycle		[-]		Number of cycle
pθ.avg		[Pa]		Average in-cylinder pressure at crank angle θ
QHRR.max		[J]		Maximum cumulative heat release rate
QHRR.θ		[J]		Cumulative heat release rate up to crank angle θ
QHRR.θ.avg		[J]		Average cumulative heat release rate up to crank angle θ
Qexhaust 		[J]		Heat to be exhausted per unit time?
Qinput		[W]		Heat to be supplied per unit time 
Qinput per cycle	[J]		Heat to be supplied per cycle 
Qoutput		[J]		Brake heat
RRθ.avg		[-]		Average reaction rate up to crank angle θ
Ri		[kJ/kg/K]	Gas constant of chemical species i
Rθ		[kJ/kg/K]	Gas constant of in-cylinder at crank angle θ
rMi.ICE.θ		[-]		Mass ratio of species i in the cylinder
rVi.GC		[-]		Volume fraction of chemical species i measured by gas chromatography
(i =H2, N2, O2, CH4, CO, CO2)
rVi.GC.mod		[-]		Volume fraction of chemical species i in bio-syngas (i =H2, N2, CH4, CO, CO2)
[bookmark: _Hlk144904160]rVi.ICE.init		[-]		In-cylinder volume fraction of chemical species i before combustion starts
rVi.b.cal		[-]		Volume fraction of chemical species i after complete combustion
(i = CO, CO2, CH4, H2, H2O)
[bookmark: _Hlk88827188]rVi.fuel		[-]		Volume fraction of chemical species i in fuel
(i =H2, N2, CH4, CO,CO2)
SICE		[rpm]		Engine speed
St		[m]		Stroke
Tair.ICE.inlet	[K]		Temperature of air that the engine intakes
Texhaust		[K]		Exhaust gas temperature
[bookmark: _Hlk141262997]Tθ		[K]		In-cylinder temperature at crank angle θ
tig		[-]		Ignition timing
Vair.ENG.intake	[L/min]		Air volume flow rate for SIRE
[bookmark: _Hlk144905052]Vair.G.inlet		[L/min]		Flow rate of air for the gasifier intake
[bookmark: _Hlk114216949]Vair.ICE.inlet	[L/min]		Flow rate of air which intake by engine
Vair.i.th		[m3/m3]		Stoichiometric amount of air ratio for chemical species i
(i = H2, CH4, CO)
[bookmark: _Hlk141263630]Vair.suction		[L/min]		Aspirated air flow rate except from the air inlet at gasifier
Vair.syn.th		[m3/m3]		Stoichiometric amount of air to syngas
Vdisp		[m3]		Displacement flow rate
Vfuel		[L/min]		Fuel flow rate
Vi		[L/min]		Flow rate of chemical species i
(i =H2, N2, CH4, CO, CO2)
Vmix		[L/min]		Flow rate of mixture
Vmix per cycle	[L]		Volume of mixture to be supplied per cycle
Vsyn		[L/min]		Bio-syngas flow rate
Vsyn.mod		[L/min]		Modified bio-syngas flow rat
vi		[-]		Measurement result of element i
vm		[-]		Value of calculation results
WOtto.avg		[J]		Average value of Otto cycle during the measurement period
[bookmark: _Hlk144905710]Windicated		[J]		Indicated work during the measurement period
Windicated.avg	[J]		Average value of indicated work during the measurement period
Wpump.avg		[J]		Average value of pump losses during the measurement period
Zθ		[m]		Piston displacement
ηcombustion		[-]		Ratio of combustion loss to heat supplied
ηcooling		[-]		Ratio of cooling loss to heat supplied
ηcooling out         [-]	Ratio of loss due to heat dissipation from coolant or engine surface to supplied heat
ηcooling total        [-]	All loss ratios, including cooling loss, except exhaust loss (Eexhaust out) and indicated thermal efficiency
ηexhaust		[-]		Ratio of exhaust loss due to combusted gas not being exhausted instantaneously
ηexhaust out		[-]		Ratio of heat carried away by exhaust to supplied heat
ηindicated		[-]		Indicated thermal efficiency
ηmechanical		[-]		Ratio of frictional and mechanical losses to supplied heat
ηnet		[-]		Net thermal efficiency
ηpump		[-]		pumping loss
θ		[deg]		Crank angle
θcombustion.end	[deg]		Crank angle of combustion end
ρi		[kg/m3]		Density of chemical species i (i =H2, N2, CH4, CO, CO2) 

§2 Calculation of each variable for the gasifier
The calculation method for the indirect values is shown below.
§§2.1 The bio-syngas flow rate and the composition
[bookmark: _Hlk139925051]Assuming that the mass ratio of N2 in the pellets is very small compared to the mass ratio of N2 in the air, and that N2 does not react during the gasification process, it should be considered that the mass of N2 in the air which supplied from the gasifier inlet and aspirated by the gasifier from the later parts of the reactor will be equal to the mass of N2 in the bio-syngas after the gasification. Consequently, it is written as S-1.

Assuming that all O2 in the air supplied from the gasifier inlet is consumed in the gasification process, the volume ratio of O2 measured by gas chromatography is due to O2 in the air inlet from the reactor and later parts, so it is written as S-2.

Vsyn is calculated by substituting S-2 into S-1 to obtain equation S-3.

The inside of the reactor in this paper was under negative pressure, so the air was sometimes aspirated at the joints. Thus, the following equation is to modify the intake air flow rate．

H2O in the bio-syngas is removed when measured by gas chromatography. The following modified equation is for the syngas composition supplied to the engine, considering the aspirated air and the removed H2O.

for i = H2, CH4, CO, CO2．

rVH2O.GC.mod was between 1.0% and 2.0%, so it is determined as 1.5%.

§3 Combustion analysis of SI-ICE
§§3.1 Fuel flow rate to input into the engine and the composition 
The bio-syngas added with H2, CH4, and CO2 is for the fuel in this experiment. Therefore, the fuel flow rate to be input to the engine is as follows.

The gas composition in the fuel is calculated by S-6.

for i = H2, CH4, CO2

for i = N2, CO, H2O

§§3.2 Excess air ratio
The excess air ratio is defined as the ratio of the actual air intake into the engine to the amount of air required for complete combustion of the fuel (stoichiometric amount of air). The stoichiometric amount of air for each gas species can be obtained by considering the chemical reaction equation for their complete combustion. Through the stoichiometric amount of air and the volume fraction of each gas species, the stoichiometric amount of air for a fuel containing multiple gas species can be calculated by S-10.

The stoichiometric amount of air of the fuel, added with H2, CH4, and CO2 to the bio-syngas, is calculated by S-11.

Considering that there are two types of air intake to the engine: outside air which intake directly from the engine inlet and air contained in the fuel lines, the EAR is calculated as S-12.


§§3.3 The fuel’s LHV and the heat input
The LHV is a physical property that can be calculated from the enthalpy variation of the combustion reaction of the flammable gas. Therefore, the LHV of the fuels that are input to the engine is calculated as S-13 by the LHV of each gas species and its volume fraction in the fuel.

for i = H2, CH4, CO．
By multiplying the fuel’s LHV [MJ/m3] in S-13 by the fuel flow rate, the heat per unit time input to the engine can be calculated as S-14.

The engine intake the air mixture only once per cycle. Since the engine in this experiment is a four-stroke engine, the crankshaft makes two revolutions per cycle. Therefore, the heat input per cycle can be calculated as S-15.



§§3.4 In-cylinder volume
The ICE in this experiment has a piston offset. The engine piston displacement and an in-cylinder volume can be expressed by a crank angle as follows.




§§3.5Heat generation rate
Assuming that the in-cylinder charge is an ideal gas and there is no leakage from the in-cylinder, the amount of heat that released into the in-cylinder by combustion is S-19 by the first law of thermodynamics.

The equation of state and Meyer’s relation obtains by S-20.

The differential formula per crank angle is as follows.

For simplicity, the specific heat ratio is assumed constant when considering the heat generation rate, and the obtained cylinder pressure is the average of 150 cycles, so the heat generation rate is as S-22.


§§3.6 Reaction rate
As in S-23, the heat generation rate from the combustion start time (ignition timing) to any crank angle is considered to have a value obtained by integrating the crank angle.

[bookmark: _Hlk144478588]from θ = tig to θ
QHRR.max represents the accumulated calorific value generated by combustion to the end of combustion position θcombustion.end. The reaction rate RRθ.avg to the crank angle θ is defined by the following equation.

S-23 shows the generated calorific value to a given crank angle in the total calorific value by the combustion. In other words, it represents the ratio of the combustion reaction progress.

§§3.7 In-cylinder temperature
The following section describes the procedures to estimate the in-cylinder temperature.
The flow rate of the air mixture input to the engine is determined by S-25．

The chemical species composition of the mixture is determined by the following equation.

for i = H2, CO2, CH4．

for i = CO, H2O．


The flow rate of the mixture is recalculated by S-30 to the volume of mixture input to the engine per cycle.

The mass of each gas species in the mixture input to the cylinder is determined by S-31.

for i = H2, N2, O2, CH4, CO, CO2, H2O．
The mass of each gas species in S-31 is to determine the number of moles of each gas species by S-32.

for i = H2, N2, O2, CH4, CO, CO2, H2O．
The gas composition of in-cylinder changes as combustion proceeds. Reaction kinetics has recently been used to describe this change history in detail. For simplicity, it is considered that the composition of the in-cylinder as a function of the reaction rate. As in S-34 to S-38, the composition in the cylinder is assumed to approach the composition after the complete combustion as the reaction rate progresses, and the number of moles of the chemical species at a given crank angle is determined.

for i = H2, CH4, CO．




As in S-38, the mass of each gas species at a given crank angle is obtained by multiplying the number of moles in S-33 through S-37 by the molecular weight.

for i = H2, N2, O2, CH4, CO, CO2, H2O．
The mass of each gas species is added together to obtain the in-cylinder gas mass, as in S-39.

The mass fraction of each gas species at a given crank angle, as in S-40, is determined.

for i = H2, N2, O2, CH4, CO, CO2, H2O．
The average gas constant of the in-cylinder gas at a given crank angle is determined as S-41.

[bookmark: _Hlk145501247]By substituting the mass of gas and gas constant in the cylinder by above procedures into the equation of state, the in-cylinder temperature is estimated as S-42.



§§3.8 IMEP
From the cylinder pressure in the experimental result, a finger pressure diagram can be drawn. The value by integrating the pressure diagram with rightward rotation as positive is called the indicated work. Among this, the work performed in the compression and the expansion processes is defined as the compression and the expansion work. The work required for the exhaust and intake processes is defined as the pump loss. These are represented as S-43 and S-44, respectively. Ncycle = 150.

exp: from TDC to 179deg-ATDC，
comp: from 180deg-BTDC to TDC，

exp: from 180edg-ATDC to 359deg-ATDC，
comp: from 360deg-BTDC to 181deg-BTDC．
The indicated work is shown in S-45.

The IMEP is defined as a value by dividing the indicated work by the process volume, so the IMEP is shown in S-46.

Since the cylinder pressure is the average of 150 cycles, each index is also the average of 150 cycles.
The variation rate of the IMEP is calculated by S-47.

The indicated efficiency is calculated by S-48


§§3.9 Heat balance
The ratio of losses removed by the exhaust of a GP-SIRE (ηexhaust out), the ratio of frictional and mechanical losses (ηmechanical), and the ratio of all other losses including cooling losses (ηcooling total) are calculated in the following way. 
The exhaust loss is calculated from the mass of the exhaust gas, the specific heat at constant pressure and the temperature difference between the inlet mixture and the exhaust gas.


To calculate the density of the gas mixture, the physical properties at 27°C and the atmospheric pressure are used. To calculate the specific heat at a constant pressure of the gas after the complete combustion, the physical properties at 527°C and the atmospheric pressure are used.




The example of the heat balance calculation is shown below.
[image: ]
Fig.S- 1 Example of heat balance calculation results.

The following is a conceptual diagram of the heat balance including the cooling loss, the exhaust loss, the pumping loss, and the combustion loss calculated by the method of Enomoto et al [18]. In this case, ηcooling out represents the heat dissipation from the cooling water or engine surface. ηcooling out is defined as the calculated value by taking the heat input as 1 and by subtracting all values except ηcooling out shown in Fig. S- 2.
[image: ]
[bookmark: _Ref94085531]Fig. S- 2 Example of heat balance.
§4 Accuracy 
Table S-2 shows the range, the accuracy, and the sensitivity of the measurement devices in this experiment. Almost all variables are indirect measurements calculated from measured values, so errors propagate.
The following equations are used to calculate error propagation. If the equation is expressed in terms of additions and subtractions, such as vm = v1 + v2 + v3 +…,

If the equation is expressed by the multiplication and the division as vm = v1×v2×v3×…,

[bookmark: _Ref93148323][bookmark: _Ref94000640]Error propagation calculations for each equation by S-56 and S-57 resulted in a relative error of approximately 10%. For the in-cylinder temperatures, calculations with the accuracy in Table S-2 resulted in a relative error of approximately 40%. This error is difficult to discuss with in-cylinder temperatures. Therefore, in-cylinder temperatures were calculated with the sensitivity in Table S-2. The relative error resulted in relative errors within 1%. Unlike the accuracy, the sensitivity refers to the variation that can be reliable. Therefore, in this paper, each variable except the in-cylinder temperature has a relative error of approximately 10%, and the in-cylinder temperature has a relative error of 1% for the variation, though the accuracy of the absolute value is low.


Table S- 2 Range, Accuracy and Sensitivity
[image: ]
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SystemsInstruments Objects Range Accuracy Sensitivity

±(0-100) Pa ±0.5 %FS

±(0-10) kPa ±0.2 %FS

H

2

1 ppm - 100 % ±0.5 % 0.00001

O

2

1 ppm - 100 % ±0.5 % 0.00001

N

2

1 ppm - 100 % ±0.5 % 0.00001

CH

4

1 ppm - 100 % ±0.5 % 0.00001

CO 1 ppm - 100 % ±0.5 % 0.00001

CO

2

1 ppm - 100 % ±0.5 % 0.00001

-40 - 333 deg-C ±2.5 deg-C

333 - 1200 deg-C ±0.0075xt deg-C

Helical Flowmeter

(TOFCO HF-CCT40-01-30-04)

3 - 30 L/min ±3 %FS 0.1 L/min

Laminar Flowmeter

(Sokken LFE-25B)

Air 0 - 1500 L/min ±1 %FS 0.1 L/min

0 - 4 L/min ±1 %FS

4 - 40 L/min ±3 %RD

0 - 10 L/min ±1 %FS

10 - 50 L/min ±5 %RD

0 - 25 L/min ±1 %FS

25 - 250 L/min ±3 %RD

Engine Speed0 - 10000 rpm ±1 rpm 1 rpm

Torque 0 - 238.8 Nm ±0.5 %FS 0.1 Nm

0 - 1 Vol% ±0.03 Vol%

1 - 10 Vol% ±3 %RD

0 - 200 Volppm ±10 Volppm

200 - 10000 Volppm ±5 %RD

0 - 8 Vol% ±0.3 Vol%

8.01 - 15.00 Vol% ±0.4 Vol%

15.01 - 16.00 Vol% ±0.6 Vol%

16.01 - 20.00 Vol% ±5 %RD

0 - 3.33 Vol% ±0.1 Vol%

3.33 - 25 Vol% ±3 %RD

0 - 625 Volppm ±25 Volppm

625 - 4001 Volppm ±4 %RD

4001 - 5000 Volppm ±8 %RD

Cylinder Pressure sensor

(Kistler 6118CF)

0 - 100 bar ±0.09 %FS

(Linearity)

-10.11 pC/bar

±(0 - 10) pC ±2 %

±(10 - 100) pC ±0.6 %

±(100 - 1011) pC ±0.3 %

Gas Mass Flowmeter

(azbil CMS0500)

CO

2

0.1 L/min

GasifierDifferential Pressure Transmitter

(QDF70B)

Dry Gas ±0.03 %FS/℃

Gas Chromatography

(Agilent 490 MicroGC)

ICE Sheath thermocouple

(SANKO Type SK Class 2)



0.1 deg-C

Gas Mass Flowmeter

(azbil CMS0050)

13A 0.1 L/min

H

2

0.1 L/min

NO 1 Volppm

Charge Amplifier

(Kistler Type 5118)



Dynamometer

(Tokyo meter EWS-150-L)

Gas Analyzer

(HORIBA MEXA-584L)

CO 0.01 Vol%

HC 1 Volppm

CO

2

0.01 Vol%

O

2

0.01 Vol%
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Chemical species H

2

N

2

O

2

CH

4

CO CO

2

H

2

O(g) 13A

Molecular Weight

MWi [g/mol]

2 28 32 16 28 44 18

Density

ρi [kg/m

3

]

0.09 1.25 1.43 0.72 1.25 1.98 0.58

Gas Constant

Ri [kJ/kg/K]

4.16 0.30 0.26 0.52 0.30 0.19 0.46

Low Heating Value

LHVi [MJ/m

3

]

10.8 0.0 0.0 35.9 12.6 0.0 0.0 41.4

Stoichiometric Amount of Air

V

air

・

i

・

th

 [m

3

/m

3

]

2.4 0.0 0.0 9.6 2.4 0.0 0.0 11.4
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ƞ

net               

:Net thermal efficiency. [-]

ƞ

mechanical           

:Mechanical loss. [-]

ƞ

cooling total         

:The total of other heat loss. [-] 

ƞ

exhaust out           

:Heat loss by exhaust. [-]


