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Abstract 

 

Gasification is a renewable technology used to convert agro-waste to combustible gas, called producer gas. The gas can partially replace 

diesel fuel, thereby increasing agro-waste exploitation and reducing fossil fuel demand. Many previous studies have focused on 

technical feasibility and improvement of engine performance and combustion characteristics using the approach of one factor at a time. 

This study developed the mathematical models of engine performance (i.e., specific diesel consumption (SDC), specific energy 

consumption (SEC), electricity-thermal efficiency (ETE)) and flue gas emissions for a dual producer gas-diesel engine using Response 

Surface Methodology (RSM). Three explanatory variables were considered, including diesel injection time (DIT), gas flow rate (Gas), 

and engine load (Load). The findings highlighted that all the developed models are significant, and only less than 0.05% that the models 

could occur due to noise. Gas is the most influential attribute of all the response variables, and the engine load was statistically 

significant for all the response variables (except the specific nitrogen oxide emission). The DIT factor affected the specific carbon 

monoxide and hydrocarbon emissions only. The interaction effects of Gas and Load on the SEC and specific carbon dioxide and carbon 

monoxide emissions were negatively significant. The interaction effect of Gas and DIT statistically influenced the specific hydrocarbon 

emission. The findings are informative for future studies of life cycle assessment, decision-making process, net energy analysis of 

biomass-based producer gas production, etc. 
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Nomenclature 

α Distance of an axial run from a center point  K Kelvin 

ABDC After bottom dead center  kWe Kilowatt in electrical power 

ATDC After top dead center  kWth Kilowatt in thermal power 

BBDC Before bottom dead center  Load Engine load 

BTDC Before top dead center  NOX Nitrogen oxides 

CO Carbon monoxide  PG Producer gas 

CO2 Carbon dioxide  R2 R-squared 

ETE Electricity-thermal efficiency  R2 Adj Adjusted R-squared 

DIT Diesel injection timing  rpm Revolutions per minute 

FCCD Face-centered cubic design  RSM Response surface methodology 

Gas Gas flow rate  RMSE Root mean square error 

g Gram  SDC Specific diesel consumption 

HC Hydrocarbon   SEC Specific energy consumption  

   SSE Sum of squared errors 

 

 

1. Introduction 

 

 Gasification is a renewable technology that is applied to 

convert solid carbonaceous biomass to combustible gas, called 

syngas or producer gas, through the thermo-chemical process 

with the presence of an oxidation agent (e.g., steam, air, oxygen, 

or their mixture) [1-2]. This technology is not new, and it has 

been applied for over 180 years [2]. Gasification of agro-waste 

biomass can increase the capacity of waste exploitation and 

mitigate fossil fuel demand. The gasification efficiency ranges 

from 48.77% to 76.68% [1]. The efficiency variation is 

significantly attributed to physicochemical properties of biomass 

(e.g., biomass dimensions, density, and biomass carbon content) 

[3-5], specific designs of gasifiers (e.g., downdraft gasifier, 

updraft gasifier, throatless gasifier, and Imbert gasifier) [1-2, 6], 

gasification variables (e.g., gas production rate, biomass 

consumption rate, air-fuel ratio, and gasification temperature) [5, 

7-11], and gas cleaning-cum-cooling elements (e.g., water 
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scrubber, water spray, cyclone filter, and heat exchanger) [12-

14].  

 A gasifier can be coupled with a compression ignition (CI) 

engine [15-20] or a spark ignition (SI) engine [21-25] to replace 

diesel fuel partially or gasoline fully, respectively. The technical 

feasibility (e.g., engine performance, emissions, combustion 

characteristics) of the gasifier-engine system using various 

biomass types (i.e., charcoal, wood chip, coir-pith, sawdust, 

ground nutshell, bagasse, Jatropha seedcake, Jatropha shell, 

Jatropha seed) have been extensively studied [12, 15-17, 19-20, 

26-35]. The producer gas could replace diesel fuel by 49% [12] 

up to  86% [36], and the gas and diesel are used as an inducted 

gaseous fuel and pilot fuel, respectively. The causes of varied 

diesel replacement rates are attributed to biomass property, 

specific gasifier design, oxidation agent type, oxidation agent 

flow rate, etc [1-2]. Biodiesel and vegetable oil can be used with 

producer gas to run a CI engine to replace 100% diesel fuel [15, 

17, 26, 29-30]. However, the peak heat release rate occurred 

lower and later and the combustion is less complete for the dual 

producer gas-vegetable oil fuel and the dual producer gas-

biodiesel fuel compared with the dual producer gas-diesel fuel 

[15, 17, 29]. Elevated combustion efficiency and reduced 

pollutant emissions of the dual biodiesel-producer gas could be 

taken place, subject to splitting pilot injection with a dwell 

ranging from 10 to 30 degrees of crank angle, combined with the 

first injection timing from 35 to 20 degrees before the top dead 

center (BTDC) [30]. Hydrogen can be added into producer gas to 

improve engine performance and combustion characteristics [37-

40]. An increase in hydrogen content in producer gas enriches 

combustion characteristics, engine performance, and exhaust 

emissions (other than nitrogen oxide) [39]. The peak of the net 

heat release rate was found higher with inducting hydrogen 

content into the dual producer gas-diesel fuel [38]. Additionally, 

a mixture combination of producer gas (PG) = 60% and hydrogen 

(H2) = 40%) was the most suited one for the combustion duration 

and ignition delay in good comparison with that of pure diesel 

operation [40]. Some existing studies intended to improve 

combustion characteristics by increasing the compression ratio 

[41] and liquid fuel injection pressure [42], applying pilot 

injection splitting [30, 43], and advancing the diesel injection 

timing [19]. The dual producer gas-diesel engine should not be 

operated at the maximum diesel replacement rate due to less 

efficient combustion and higher flue gas emissions [12]. The 

combustion characteristics (i.e., combustion pressure, net heat 

release rate, cumulative heat release) perform poorer with an 

increase in gas flow rate higher than 10 kg/h [19]. 

 Some recent studies have applied statistical analysis and 

Artificial Intelligence algorithms to develop mathematical 

models of engine performance and emissions and optimize the 

engine operating parameters for biofuels, subject to the 

contributions in increasing computer power and the development 

of uncertainty analysis [44-45]. Very few studies have applied 

Response Surface Methodology (RSM) to minimize electricity 

generation costs, specific diesel consumption, and specific CO2 

emissions by taking into account gas flow rate, engine load, and 

diesel injection timing [46-47]. The optimum flow rate of 

producer gas for the dual producer gas-diesel fuel mode was 

roughly 10 kg/h [46-47]. The most recent studies applied 

Response Surface Methodology (RSM) to study the impact of 

some potential explanatory variables on some response variables 

[48-50]. Uslu and Celik [48] used i-amyl alcohol blended with 

gasoline fuel to run a spark-ignition engine and applied Artificial 

Neural Network (ANN) to predict the response variables of 

engine performance and exhaust emissions according to some 

explanatory variables (i.e., fuel blends, compression ratio, and 

engine speed) and the RSM to optimize suitable engine operating 

conditions. The most suitable operating conditions were 

highlighted with the i-amyl alcohol ratio of 15% at 8.31 CR and 

2957.58 rpm engine speed. Similarly, Aydın et al. applied the 

same concept for the compression-ignition engine powered by 

diesel blended with biodiesel at various ratios, and the result 

highlighted that the overall desirability was achieved at a 

biodiesel ratio of 32% with 816 W engine load and 470 bar 

injection pressure [49]. Simsek and Uslu applied the RSM 

approach to optimize the engine operating parameters regarding 

the performance and emissions of the compression-ignition 

engine to run on diesel blended with biodiesel, and the most 

suitable operating conditions were found at 1485 W engine load 

and 216 bar injection pressure as well as a biodiesel ratio of 

25.79% [50].  

 Based on the literature discussed above, most of the previous 

studies intend to improve the engine performance and 

combustion characteristics and minimize emissions of dual 

producer gas-diesel engines, but those previous studies are based 

on the approach of one factor at a time and use the volumetric 

unit of emissions. Very few studies have optimized the gas flow 

rate to offset specific diesel consumption, carbon dioxide (CO2) 

emissions, and electricity generation cost. The most recent 

studies applied the RSM and ANN to investigate the combustion 

of biodiesel blended with diesel and i-amyl alcohol blended with 

gasoline.  

 Regarding the literature discussed above, the development of 

mathematical models of engine performance and emission 

characteristics for a dual producer gas-diesel engine has yet to be 

conducted. The development of mathematical models for engine 

performance and emissions of the producer-diesel dual fuel mode 

in terms of some potential variables using a statistical design 

approach is novel to fill the gaps in the body of knowledge of 

biomass-based producer gas exploitation.  

 This study developed mathematical models of engine 

performance output variables (i.e., specific diesel consumption, 

specific energy consumption, electrical-thermal efficiency) and 

emissions (i.e., CO2, CO, HC, NOX) taking into account diesel 

injection timing (DIT), producer gas flow rate (Gas), and engine 

load (Load). The DIT, gas flow rate, and engine load are 

attributes, sometimes called factors, independent variables, 

explanatory variables, or input variables. The RSM was applied 

to develop the models, and Jatropha seed was used as the 

feedstock of a gasifier-engine unit in our study. The RSM is a 

mathematical and statistical technique being useful to model and 

analyze output variables of interest influenced by explanatory 

variables [51]. This method can capture the curvature effect of 

continuous explanatory variables on output variables using the 

end-point design concept with a few numbers of center points 

[51]. The RSM-based models of dual producer gas-diesel engine 

performance and emissions are informative for future study of 

life cycle assessment of biomass-derived producer gas, cost-

benefit analysis and environmental benefits of biomass 

exploitation, the decision-making process of biomass utilization, 

net energy analysis of biomass-based producer gas production, 

etc.  

 The remainder of the paper is structured as follows. The next 

section is the methodology of the study, including the 

experimental setup of a gasifier-engine system and the design of 

experiments based on the RSM approach. The penultimate 

section consists of the model estimation results and discussion. 

The last section concludes the modeling results and provides 

direction for future work. 

 

2. Methodology 

 

2.1 Experimental setup 

 

 The flowchart of the experimental setup is illustrated in 

Figure 1. The gasifier-engine system consists of a gasifier, a gas 

cleaning unit, and a diesel generator. The gasifier used in our 

study is a closed-top, throatless, downdraft gasifier. The basic 

specifications of the gasifier are listed in Table 1. The gas 

cleaning system is composed of a cyclone filter, a shell-tube heat 

exchanger, and  a dried-bed filter. A KM 186F engine  was  used  
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Figure 1 The schematic representation of the experimental set-up 

 

Table 1 Gasifier specifications 

 

Item Description 

Type Closed top, throatless, downdraft 

Gasifying agent Air 

The gasifier weight (kg) 30 

Critical dimension (mm) Diameter = 350 / height = 1800 

Capacity (kWth) 130 

Biomass consumption rate (kg/h) 5 

Biomass type Jatropha seed 

Efficiency (%) ~77 

 

Table 2 Engine specifications 

 

Item Description 

Model KM 186F 

Engine type Single cylinder, 4-stroke, air-cooled, direct injection, diesel engine 

Bore×stroke (mm) 86×70 

Connecting rod (mm) 117.5 

Displacement (cm3) 406 

Rotational speed (rpm) 3,000 

Compression ratio 19:1 

Inlet valve Open at an 8.5 degree BTDC, close at a 44.5 degree ABDC 

Exhaust valve Open at a 55.5 degree BBDC, close at an 8.5 degree ATDC 

Rated output power (kW/rpm) 5.7/3,000 
BTDC: Before top dead center 

ABDC: After top dead center 

BBDC: Before bottom dead center 
ATDC: After top dead center 

 

to operate on dual producer gas-diesel fuel mode, and its 

technical specifications are summarized in Table 2. The gas and 

air are mixed at the air filter box before entering the engine 

cylinder. A microprocessor tachometer with an accuracy of ±0.5 

rpm of reading was used to read the engine speed. An MRU 

model exhaust gas analyzer with the measurement accuracy of 

±5% for CO2, ±12ppm for HC, ±0.06% for CO, and ±5ppm for 

NOX was utilized to measure the flue gas concentrations (CO2, 

CO, HC, and NOX). An orifice and U-tube manometer were 

designed based on Bernoulli’s principle to read producer gas flow 

rate. It assumes that the flow rate is non-compressible because of 

the inviscid, steady streamline. Water was used as the 

manometric fluid. 

 Jatropha seed was used as the feedstock for the gasifier. The 

seed is composed of 36.83% husk and 63.06% kernel [52] or 

contains 38% oil and 62% seedcake [53]. The dimensions of the 

seed is 21.02 mm (SD = ± 1.13) in length and 13.40 mm (SD = ± 

0.36) in diameter [54]. The bulk density of the seed is 450 kg/m3  
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Table 3 Producer gas properties [12] 

 

Properties Producer gas 

H2 (%) 12.50 

CO (%) 17.50 

CH4 (%) 3.00 

CO2 (%) 15.00 

N2 (%) 52.00 

Density (kg/m3) 1.09 

Calorific value (MJ/kg) 3.38 

 

Table 4 Diesel fuel properties [17, 55] 

 

Properties Diesel fuel 

Chemical Formula C13H28 

Cetane number >50 

Specific gravity 0.812 

Kinematic viscosity (mm2/s) 2.60 

Calorific value (MJ/kg) 42.40 

Flashpoint (℃) 52.00 

Ignition temperature (℃) 240 

Boiling temperature (℃) 160–370 

Latent heat of evaporation (kJ/kg) 260 

 

Table 5 Attributes and their levels 

 

Attributes Symbol Variable Codes and levels 

Diesel injection timing DIT (degree BTDC) 6 9 12 

Gas flow rate Gas (kg/h) 0 10 20 

Engine load Load (%) 35 52.5 70 
BTDC: Before Top Dead Center 

 

(SD = ± 10) [54]. The properties of the Jatropha seed are detailed 

in [52]. The Jatropha seed-derived gas was used to run the diesel 

engine in dual fuel mode. The properties of the producer gas and 

diesel are listed in Tables 3 and 4, respectively. 

 

2.2 Response surface methodology (RSM) 

 

 The Face-Centered Cube Design (FCCD) technique of the 

RSM was applied to analyze the data because the region of the 

output variables (i.e., diesel consumption, energy consumption, 

electrical-thermal efficiency, flue gas emissions) are more likely 

to be cuboidal than spherical in shape. Furthermore, the FCCD 

allows the distance, α, of axial runs from the center points to be 

equal to 1, which allows the axial points located on the centers of 

the faces of the cube [51]. This is very convenient for our case 

study to control DIT (i.e., the lower and upper limits of the DIT 

are 6 degrees and 12 degrees before top dead center (BTDC), 

respectively, and therefore, the axial and center points of the DIT 

is 9 degrees BTDC). The FCCD does not require many center 

points, and only two or three center points are qualified to provide 

a good variance of prediction throughout the region of interest 

[51]. 

 In our study, three attributes were considered, i.e., DIT, 

producer gas flow rate (Gas), engine load (Load). Their lower 

and upper levels are listed in Table 5. The JMP pro 12 software 

was used to analyze the experimental data. Based on the FCCD 

design of the experiment, three factors with two center points 

correspond to 16 experimental treatment combinations. Each 

treatment combination was performed in triplicate to ensure 

repeatability. The experimental data corresponding to 

experimental settings is tabulated in Table 6. There are seven 

output variables, i.e., specific diesel consumption (SDC), specific 

energy consumption (SEC), electrical-thermal efficiency (ETE), 

specific CO2 emission (CO2), specific CO emission (CO), 

specific HC emission (HC), specific NOX emission (NOX). The 

output variables of the designed treatment combinations are the 

average of three times of experiment to ensure repeatability, and 

the data in parentheses are the corresponding standard deviation 

values.  The engine was operated at a high speed of 3,000 rpm 

for all the experimental settings. A comprehensive mathematical 

formulation is expressed as follows: 
 

𝑦𝑖 = 𝛽0 + (𝛽1Gas) + (𝛽2Load) + (𝛽3DIT) + (𝛽4𝐺𝑎𝑠
2) + (𝛽5𝐿𝑜𝑎𝑑

2) + 

(𝛽6𝐷𝐼𝑇
2) + (𝛽7Gas×Load) + (𝛽8Gas×DIT)  + (𝛽9Load×DIT)  + 

( 𝛽10 Gas2×Load) + ( 𝛽11 Gas2×DIT) + ( 𝛽12 Load2×Gas) + 

(𝛽13Load2×DIT) + (𝛽14DIT2×Gas)+ (𝛽15DIT2×Load) 
                                      (1) 
 

 where 𝑦𝑖 is a response variable type i, and 𝛽𝑗  is a parameter 

estimate (j = 0, 1, …, 15). 
 

3. Results and discussion 
 

3.1 Model estimation results 
 

 The model estimation results of the response variables in 

terms of DIT, gas flow rate, and engine load are shown in        

Table 7. Only significant attributes at the 10% significant level 

are considered using the “Screening” function of JMP pro 12 

software.  

 

3.1.1 Summary of fit 

 

 R2 value expresses the total variability of the response that 

could be explained by the attributes, and R2 Adj value accounts 

for the number of significant terms in the model. R2 and R2 Adj 

close to 1 are preferable. The difference between R2 and R2 Adj 

less than 0.2 indicates that there is no problem with the model or 

data [51]. The different values between R2 and R2 Adj for all the 

seven models developed in our study are less than 0.2. Higher R2 

Adj value provides a better goodness-of-fit for regression 

models. The highest R2 Adj value was found for the specific CO2 

emission model, followed by the specific energy consumption 

(SEC) model, the electrical-thermal efficiency (ETE) model, the 

specific diesel consumption (SDC) model, and the specific CO, 

HC, and NOX emission models.
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Table 6 Experimental results – an average of three times (standard deviation) 

 

 Attributes  Response Variables 

Run DIT 

(degree) 

Gas 

(kg/h) 

Load 

(%) 

 SDC 

(kg/kWeh) 

SEC 

(MJ/kWeh) 

ETE 

(%) 

CO2 

(g/kWeh) 

CO 

(g/kWeh) 

HC 

(g/kWeh) 

NOX 

(g/kWeh) 

1 6 0 1  0.637  

(0.02) 

27.04  

(1.15) 

13.32 

(0.56) 

1978.32 

(83.43) 

20.8  

(1.68) 

1.91  

(0.14) 

11.31 

(0.74) 

2 6 0 2  0.432  

(0.01) 

18.32  

(0.55) 

19.65 

(0.59) 

1355.92 

(41.4) 

5.88  

(0.17) 

0.44  

(0.01) 

7.40 

(0.22) 

3 6 10 1.5  0.312  

(0.01) 

39.12  

(0.21) 

9.20 

(0.05) 

4440.22 

(13.93) 

182.83 

(0.57) 

49.45 

(0.46) 

15.59 

(0.16) 

4 6 20 1  0.363  

(0.01) 

93.02  

(0.23) 

3.87 

(0.01) 

10979.57 

(25.68) 

671.8 

(12.14) 

258.58 

(1.57) 

56.8 

(0.65) 

5 6 20 2  0.222  

(0.01) 

48.22  

(0.14) 

7.46 

(0.02) 

5990.03 

(9.82) 

223.87 

(0.36) 

63.89 

(0.23) 

41.08 

(0.34) 

6 9 0 1.5  0.423  

(0.01) 

17.94  

(0.10) 

20.06 

(0.12) 

1318.77 

(7.40) 

9.50  

(0.20) 

1.49  

(0.10) 

5.67 

(0.12) 

7 9 10 1  0.333  

(0.01) 

52.93  

(0.19) 

6.80 

(0.02) 

5994.8 

(3.70) 

386.84 

(4.74) 

93.83 

(1.86) 

21.65 

(0.68) 

8 9 10 1.5  0.274  

(0.01) 

37.49  

(0.25) 

9.60 

(0.06) 

4306.41 

(16.89) 

197.11 

(0.77) 

45.88 

(0.58) 

25.69 

(0.27) 

9 9 10 1.5  0.265  

(0.01) 

37.12  

(0.21) 

9.69 

(0.05) 

4282.96 

(17.24) 

197.63 

(2.31) 

44.38 

(0.17) 

25.42 

(0.29) 

10 9 10 2  0.223  

(0.01) 

28.87  

(0.24) 

12.46 

(0.10) 

3362.57 

(13.93) 

117.13 

(2.12) 

25.13 

(0.53) 

24.55 

(0.3) 

11 9 20 1.5  0.261  

(0.01) 

62.82  

(0.18) 

5.73 

(0.01) 

7574.3 

(39.5) 

517.7 

(17.24) 

71.07 

(0.72) 

32.62 

(0.88) 

12 12 0 1  0.52  

(0.02) 

22.05  

(0.93) 

16.34 

(0.68) 

1611.89 

(68.41) 

14.65 

(0.62) 

3.22  

(0.13) 

9.10 

(0.31) 

13 12 0 2  0.441  

(0.03) 

18.74  

(1.38) 

19.27 

(1.41) 

1389.54 

(102.35) 

3.69  

(0.36) 

0.69  

(0.06) 

7.90 

(0.83) 

14 12 10 1.5  0.298  

(0.01) 

38.53  

(0.33) 

9.34 

(0.08) 

4097.01 

(46.16) 

445.97 

(15.18) 

11.28 

(0.24) 

21.12 

(0.21) 

15 12 20 1  0.316  

(0.01) 

91.01  

(0.42) 

3.95 

(0.01) 

11515.31 

(42.39) 

642.9 

(9.33) 

45.26 

(1.32) 

38.02 

(0.97) 

16 12 20 2  0.218  

(0.01) 

48.04  

(0.20) 

7.49 

(0.03) 

6239.21 

(25.15) 

152.02 

(5.95) 

13.99 

(0.12) 

20.97 

(0.11) 

 

3.1.2 ANOVA and lack of fit 

 

 All the developed models are significant at the 5% significant 

level. Of six regression models (i.e., other than the specific HC 

emission model), the p-values are less than 0.0001, which implies 

that there exists less than a 0.01% chance that the six models 

could occur due to noise. On the other hand, there is only a 0.05% 

chance that the specific HC emission model could occur due to 

noise. Lack of fit is used to assess how a model fits the data well, 

and a non-significant lack of fit is desirable. Of all the developed 

models, except the specific CO and HC emission models, the lack 

of fit is non-significant. Therefore, the developed specific CO 

and HC emission models cannot be used as the predictors of the 

response variables. That the lack-of-fit values of these two 

variables are statistically significant might be due to that the 

region of interest of these variables is spherical rather than 

cuboidal. Future studies might use the Spherical Central 

Composite Design (Spherical CCD) method in place of the 

FCCD method to develop the mathematical models of the 

specific CO and HC emissions for a dual producer gas-diesel fuel 

engine.  

 

3.1.3 Parameter estimates 

 

 The parameter estimates of the seven models are listed in 

Table 7. The estimates of the developed models are the actual 

values, and the values in parentheses are the estimated standard 

errors. The intercept coefficients are included to capture the 

average unobserved effect.  

 The main effect (sometimes called linear effect) of gas flow 

rate is statistically  significant  for  all the models, which  implies  

that the gas flow rate affects the engine performance and 

emissions. The negative and positive signs indicate the inverse 

and direct effects of explanatory variables on response variables, 

respectively. The main effect of engine load statistically 

influenced all the output variables, other than the specific NOX 

emission. This does not mean that the engine load does not affect 

the NOX emission; on the other hand, the specific NOX emission 

is mostly influenced by the gas flow rate relative to engine load. 

Similar studies have reported that the gas flow rate is the most 

significant factor of engine performance and emissions for the 

dual producer gas-diesel engine [34, 46-47, 56]. The DIT was 

statistically significant for the specific HC emission model only. 

The negative coefficient means that advancing the DIT is 

associated with reducing the HC emissions. Other previous 

studies also confirmed that HC emissions were reduced with a 

slightly advanced DIT [19, 39]. 

 An interaction effect is the simultaneous effect of two or 

more attributes on a response variable, which tells an analyst how 

multiple attributes work together to impact one response variable. 

The interaction effects of gas with engine load on the SEC and 

specific CO2 and CO emissions were significantly negative. This 

suggests that an increase in engine load is associated with 

reducing the SEC and specific CO2 and CO emissions. This is 

inherent because fuel oxidation is more efficient at a higher 

engine load [2]. However, an increase in gas flow rate raises the 

three mentioned response variables because the coefficients of 

linear gas factors of the three response models are positive and 

higher than the corresponding interaction coefficients. These are 

consistent with the findings of the one-factor-at-a-time study of 

[28, 34, 56]. The interaction effect of Gas*DIT on the specific 

HC  emission  is  significantly  negative,  which  means  that  an  
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Table 7 Model estimation results – parameter estimate (standard error) 

 

Term SDC 

(kg/kWeh) 

SEC 

(MJ/kWeh) 

ETE  

(%) 

CO2 

(g/kWeh) 

CO 

(g/kWeh) 

HC 

(g/kWeh) 

NOX 

(g/kWeh) 

Parameter Estimates 

Intercept 0.283 

(0.015) 

37.60  

(0.752) 

9.518 

(0.427) 

4229.125 

(91.857) 

236.898 

(18.529) 

45.66 

(7.224) 

22.811 

(1.859) 

Gas -0.107 

(0.011) 

23.901 

(0.526) 

-6.016 

(0.33) 

3127.76 

(143.616) 

215.38 

(23.438) 

44.505 

(9.138) 

14.811 

(2.351) 

Load -0.064 

(0.011) 

-12.385 

(0.526) 

2.206  

(0.33) 

-1374.263 

(64.227) 

-123.442 

(23.438) 

-29.98 

(9.138) 

- 

DIT - - - - - -29.867 

(9.138) 

- 

Gas*Load - -9.465 

(0.588) 

- -1177.609 

(71.808) 

-114.118 

(26.204) 

- - 

Gas*DIT - - - - - -33.095 

(10.217) 

- 

Gas*Gas 0.099 

(0.019) 

3.727  

(0.971) 

2.199  

(0.54) 

322.47 

(118.587) 

- - - 

Load*Load - 4.247  

(0.971) 

- 554.62 

(118.587) 

- - - 

Gas*Gas*D

IT 

- - - - -13.636 

(26.204) 

- - 

Load*Load

*Gas 

- - - 420.798 

(160.567) 

- -27.745 

(10.217) 

- 

Summary of Fit 
R2 0.921158 0.996607 0.970268 0.997571 0.922761 0.863057 0.739103 

R2 Adj 0.901447 0.99491 0.962835 0.995951 0.894674 0.794586 0.720468 

RMSE 0.037074 1.664606 1.046324 203.1037 74.11854 28.89953 7.437071 

ANOVA and Lack of Fit 
Model P-value: 

<.0001 

P-value: 

<.0001 

P-value: 

<.0001 

P-value: 

<.0001 

P-value: 

<.0001 

P-value: 

0.0005 

P-value: 

<.0001 

Lack of Fit P-value: 

0.4474 

P-value: 

0.3092 

P-value: 

0.1361 

P-value: 

0.4861 

P-value: 

0.0037 

P-value: 

0.0272 

P-value: 

0.8535 
All the parameter estimates are statistically significant at the 10% level. 

 

advancing DIT decreases the specific HC emission because the 

linear DIT factor of the specific HC emission is also significantly 

negative. 

 A quadratic effect is the interaction effect of one attribute 

with itself on one response variable. The quadratic producer gas 

factor was statistically significant for the SDC, SEC, ETE, and 

CO2 emission models, which implied that those output variables 

were non-linear in terms of gas flow rate. Similar findings of the 

one-factor-at-a-time approach were reported in [28, 34, 56]. The 

quadratic effect of engine load on the SEC and specific CO2 

emission was significantly positive, and therefore, the SEC and 

specific CO2 emission increased in a non-linear form with an 

increase in engine load. The same findings were found for the 

SEC [17, 27-28] and the specific CO2 emission [16, 57]. 

 Besides, the interaction term of the quadratic producer gas 

flow rate factor with the linear DIT factor negatively affected the 

specific CO emission. The interaction effects of the quadratic 

engine load factor with the linear gas factor were positive for the 

specific CO2 emission and negative for the specific HC emission. 

These interaction terms are included to improve the model fit. 

The developed models of SDC, SEC, ETE, CO2, CO, HC, 

and NOX are written as equations 2, 3, 4, 5, 6, 7, and 8, 

respectively, as follows.  

 

SDC = 0.283 – (0.107×Gas) – (0.064×Load) + (0.099×Gas2)
      

                                                                                                  (2) 
 

SEC = 37.60 + (23.901×Gas) – (12.385×Load) – 

(9.465×Gas×Load) + (3.727×Gas2) + (4.247×Load2) 
     

        (3) 
 

ETE = 9.518 – (6.016×Gas) + (2.206×Load) + (2.199×Gas2) 
      

                                                                                                  (4) 

CO2 = 4229.125 + (3127.76×Gas) – (1374.263×Load) – 

(1177.609×Gas×Load) + (322.47×Gas2) + (554.62×Load2) + 

(420.798×Load2×Gas)    
    

                                                                                                  (5) 
 

CO = 236.898 + (215.38×Gas) – (123.442×Load) – 

(114.118×Gas×Load) – (13.636×Gas2×DIT)  
                                                                                                   

                                                                                                  (6) 
 

HC = 45.66 + (44.505×Gas) – (29.98×Load) – (29.867×DIT) – 

(33.095×Gas×DIT) – (27.745 Load2×Gas)  
      

                                                                                   (7) 
 

NOX = 22.811 + (14.811×Gas)      (8) 

 

 The developed models are used to plot the response variables 

in terms of the attributes.  
 

3.2 Surface plots of the developed models 
 

3.2.1 Specific diesel consumption (SDC) 
 

 The surface plot of the SDC is illustrated in Figure 2. It was 

found that the SDC declined with an increased engine load due 

to better combustion at higher engine load and sharply fell off 

with an increase in gas flow rate. The same empirical finding was 

found [26, 33-34]. At high engine load, a further increase of 

producer gas more than 10 kg/h did not noticeably reduce the 

specific diesel consumption. Similar findings were empirically 

corroborated [33-34, 37], and other studies suggested that a dual 

producer gas-diesel engine is operated at a high load and not at 

the maximum  diesel  replacement  rate [19, 46].  The   optimum  

gas flow rate was 10 kg/h to make a trade-off between the specific  
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Figure 2 Specific diesel consumption (kg/kWeh) 

 

 
 

Figure 3 Specific energy consumption (MJ/kWeh) 

 

diesel consumption and CO2 emission [47]. It highlighted that the 

minimum SDC was 0.19 kg/kWeh when the engine was operated 

at 70% of the full engine load and the gas was controlled at a 10 

kg/h flow rate. 

 

3.2.2 Specific energy consumption (SEC) 

 

 Figure 3 depicts the surface plot of the SEC in terms of gas 

flow rate and engine load. The SEC rose steadily with an increase 

in gas flow rate, especially at low load. This implies that the 

combustion of dual producer gas-diesel fuel performs less 

efficiently with an increase in gas flow rate due to low-quality 

producer gas and restricted intake air for dual fuel combustion, 

which may narrow the effective flammability constraint [34]. The 

same finding was reported in the literature [27-28, 34]. However, 

at a 20 kg/h gas flow rate, the SEC suddenly declined from 100 

MJ/kWeh at a 30% engine load to 45 MJ/kWeh at a 70% engine 

load. Correspondingly, the dual-fuel engine should be operated 

at a high engine load but not a high gas flow rate. 

3.2.3 Electrical-thermal efficiency (ETE) 

 

 The ETE surface plot is illustrated in Figure 4. The maximum 

ETE was 20% at a high engine load with no gas. The ETE 

dramatically decreased when the engine was operated at a lower 

engine load and the gas flow rate increased. Similar findings of 

previous studies were confirmed [15, 29, 34]. At the maximum 

engine load, the ETE significantly declined to 14% at a 10 kg/h 

gas flow rate and 7% at a 20 kg/h gas flow rate. The lowest ETE 

was 3% when the engine was operated at a 35% engine load and 

a 20 kg/h gas flow rate. The dual-fuel oxidation, therefore, was 

less efficient at a high gas flow rate and low load. This can be 

explained that the combustion temperature is higher at a higher 

engine load [27, 32], thereby increasing reaction and oxidation 

rate [2, 47]. Furthermore, the less efficient combustion of dual 

producer gas-diesel fuel at a higher gas flow rate is due to the fact 

that the adiabatic flame temperature of producer gas was 1,730 K 

[58], which was much less than that of diesel fuel (2,325 K) [59].  
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Figure 4 Electrical-thermal efficiency (%) 
 

 
 

Figure 5 Specific CO2 emission (g/kWeh) 

 

Furthermore, the ignition center number is reduced as a result of 

an increase in gas flow rate, which leads to poorer fuel oxidation. 

 

3.2.4 Specific CO2 emission (g/kWeh) 

 

 The specific CO2 emissions are viewed in the 3-D plot, as 

apparent in Figure 5. The specific CO2 emissions were found 

lower at high engine load compared to low engine load as a result 

of more complete combustion. The combustion temperature 

increases with engine load [26, 28], which improves the fuel 

oxidization or chemical reaction rate. Furthermore, an increase in 

engine load is significantly associated with an increased pilot 

diesel fuel [26]. The specific CO2 emissions shot up dramatically 

with an increase in the gas flow, especially at low load because 

of the already high presence of CO2 constituent in producer gas 

[2]. The same finding was reported [47]. Consequently, the dual-

fuel engine  should  be  operated at the maximum engine load  to  

mitigate the specific CO2 emissions but not at the maximum gas 

flow rate. At the maximum engine load, the specific CO2 

emission doubled from 1,352 g/kWeh at no gas to 2,598 g/kWeh 

at a gas flow rate of 10 kg/h and jumped to 5,092 g/kWeh at a 20 

kg/h gas flow rate. 

 

3.2.5 Specific CO emission (g/kWeh) 

 

 The surface plots of specific CO emissions are apparent in 

Figure 6. The higher presence of CO emissions in flue gas 

concentration is an indication of less complete combustion. At a 

20 kg/h gas flow rate and a 70% engine load, the specific CO 

emission slightly dropped off from 192 g/kWeh at the DIT of 6 

degrees BTDC to 178 g/kWeh at the DIT of 9 degrees BTDC and 

further decreased to 164 g/kWeh at the DIT of 12 degrees BTDC. 

This elaborated that a marginal advanced DIT improved the dual  
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Figure 6 Specific CO emission (g/kWeh) 

 

producer gas-diesel combustion because of advanced cumulative 

heat release during the premixed combustion, thereby increasing 

the chemical reaction rate [19]. The same finding was observed 

[39].  

 The specific CO emissions were found decidedly upwards 

with an increased gas flow rate. The same findings were observed 

[28, 34]. The already high presence of CO constituent in producer 

gas and less efficient combustion are the core reasons for the CO 

concentration in flue gas emissions [2]. Furthermore, the gaseous 

fuel is forced into the crevice volume of the cylinder during the 

compression stroke to escape fuel oxidation [60]. Additionally, 

an increase in gas flow rate inherently reduces the amount of pilot 

diesel, which  provokes improper ignition  timing, ignition delay,  

ignition duration, combustion duration, and degraded ignition 

centers [19, 34]. The peak of the net heat release rate of dual 

producer   gas-diesel  fuel  occurred  lower   and    later  with  an  

increase in gas flow rate [19, 35]. The CO emissions were 

dramatically reduced when the dual-fuel engine was operated at 

a higher engine load on account of more complete combustion. 

The dual producer gas-diesel engine should be operated at the 

maximum engine load [34, 47]. 

 

3.2.6 Specific HC emission (g/kWeh)  

 

 Figure 7 illustrates the surface plots of the specific HC 

emissions. The impact of DIT is more significant for the specific 

DIT = 6 degrees 

DIT = 9 degrees 

DIT = 12 degrees 
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Figure 7 Specific HC emission (g/kWeh) 

 

HC emissions relative to the specific CO emissions. As can be 

seen from the three plots of the figure, the specific HC emissions 

noticeably dropped off with a slightly advanced DIT at the 

highest engine load and gas flow rate. The same finding was 

reported [39]. At the 10 kg/h gas flow rate and high engine load, 

the specific HC emission declined from 47 g/kWeh at the DIT of 

6 degrees BTDC to 17 g/kWeh at the DIT of 9 degrees BTDC. 

Advancing DIT caused a longer combustion duration that 

increased fuel oxidation duration [19]. However, the specific HC 

emissions are observed higher with an increased gas flow rate. 

This can be explained that an increase in gas flow rate is 

associated with the ignition delay period [19, 40, 61], and the 

delayed ignition duration is the main cause of higher HC 

emissions in a naturally aspirated direct-injection engine [29]. 

Additionally, this could be due to a lower air-fuel ratio and 

subsequently slower combustion with the escape of fuel from the 

combustion process [2]. The same finding was also found for the 

combustion of the dual biogas-diesel fuel [60]. 

 At a high gas flow rate, the specific HC emissions 

significantly declined with an increase in engine load as a result 

of more complete combustion. An increase in engine load is 

associated with increased pilot diesel fuel that increases the 

ignition centers of dual-fuel combustion. Consequently, the 

ignition delay was reduced, the combustion duration was 

increased, and the cumulative heat release was found higher [19, 

40].  

DIT = 9 degrees 

DIT = 6 degrees 

DIT = 12 degrees 
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Figure 8 Specific NOX emission (g/kWeh) 

 

 
 

Figure 9 Box-Cox transformation graphs 

 

3.2.7 Specific NOX emission (g/kWeh) 

 

 The specific NOX emissions in terms of engine load and gas 

flow rate are shown in Figure 8. Based on the statistical analysis, 

the engine load did not affect the specific NOX emissions. This 

might be explained that the emission was mostly influenced by 

the gas flow rate because the gas flow rate interval was large (i.e., 

from zero to 20 kg/h gas flow rate), and the engine load has a 

much lower effect on the emissions, as compared to the gas flow. 

Another reason might be explained that the percentage change of 

NOX emission was very comparable with that of engine load. The 

specific NOX emissions linearly increased when the gas flow rate 

was increased from zero to 20 kg/h. The same findings were 

reported [19, 34]. Some reasons could be explained as follows. 

With an increase in gas flow rate, the cumulative heat release [19] 

and the exhaust temperature [27, 31-32] are observed higher, 

which implies a higher combustion temperature. Nitrogen is an 

inert gas at low temperatures, but it reacts with oxygen to form 

nitrogen oxides at high temperatures, specifically above 1,100 ℃ 

[62].  Another  reason  could  be  that  the NOX emissions in ppm  
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Figure 10 Actual by predicted plots 

 

were lower at a higher gas flow [28], but the flue gas emission 

rate (e.g., m3/h) was higher on account of higher gas flow rate 

(i.e., increase from zero to 20 kg/h), which can imply higher 

specific NOX emissions. As evident from the figure, the specific 

NOX emission increased from 4 g/kWeh to 41 g/kWeh when the 

gas flow was controlled from no gas and to 20 kg/h, respectively. 

 

3.3 Graphic views of Box-Cox transformation 

 Many statistical tests are typically based on the assumption 

of normality thanks to its simplicity and mathematical 

tractability. However, the distributions of real data sets are 

generally not approximately normal. A Box-Cox transformation 

is an approach to transform a non-normal dependent variable into 

a normal shape. This technique allows analysts to check whether 

the normality assumption of the data set is reasonable and to 

identify the optimal transformation parameter, Lambda (𝜆). The 
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graphic view of Box-Cox transformation for the response 

variables of our research is depicted in Figure 9. The assumption 

is that among all the transformations with Lambda values ranging 

from -2 to +2, the transformed data have the highest likelihood to 

be normally distributed for the response variables of SDC, SEC, 

and ETE and the specific CO2 and NOX emissions, other than the 

specific CO and HC emissions. 

 

3.4 Actual by predicted plots 

 

 The actual by predicted plots provides a visual assessment of 

model fit that reflects variation due to random effects. The actual 

by predicted plots of the response variables are depicted in Figure 

10. The plots show the observed values on Y-axis against the 

predicted values on X-axis. The black dots should be close to the 

fitted line and located inside the red dashed lines (confidence 

levels). Points that are vertically distant from the line represent 

possible outliers that can adversely affect the model fit. 

 

4. Conclusions and recommendations 

 

4.1 Conclusions 

 
 Most of the previous studies have focused on the technical 

feasibility of producer gas combustion in engines operated in the 

dual fuel  mode  using the approach  of one  factor  at a time. Our 

study developed the mathematical models of engine performance 

(i.e., SDC, SEC, ETE) and emissions (i.e., CO2, CO, HC, NOX) 

as functions of DIT, engine load, and gas flow rate. All the 

developed models are significant and less than 0.05% that all the 

models could occur due to noise. The lack of fit was found non-

significant for all the models, other than the specific CO and HC 

emission models. Consequently, the CO and HC emission 

models could not be used as the response predictors. The R2 and 

R2 Adj values were found higher than 0.9 for the SDC, SEC, 

ETE, and specific CO2 emission models and 0.7 for CO, HC, and 

NOX emissions. The difference between the R2 and R2 Adj was 

less than 0.2 for all the models. Therefore, there is no problem 

with the developed models and data. After that, the parameter 

estimates were statistically interpreted and concluded as follows. 

The main effect of the gas flow rate significantly influenced all 

the models of engine performance and emissions. Similarly, the 

main effect of engine load statistically influenced all the output 

variables (except the specific NOX emission). The main effect of 

DIT was found statistically significant for the specific HC 

emission model only. The interaction effects of gas flow rate with 

engine load on the SEC and specific CO2 and CO emissions were 

negatively significant at the 0.1 significant level. Also, the 

interaction effect of gas flow rate and DIT statistically influenced 

the specific HC emission. The quadratic producer gas factor was 

statistically significant for the SDC, SEC, ETE, and specific CO2 

emission models. The quadratic effect of engine load on the     

SEC and   specific   CO2   emission   was   significantly   positive. 

Additionally, the interaction term of the quadratic producer gas 

flow rate factor with the linear DIT factor indicated the negative 

impacts on the specific CO emission. The interaction effects of 

the quadratic engine load factor with the linear gas factor were 

positive for the specific CO2 emission and negative for the 

specific HC emission. The developed models were also used to 

plot the response variables and the impacts of explanatory 

variables on the response variables were discussed.  

 The lowest SDC was 0.19 kg/kWeh when the engine was 

operated at 70% of the full engine load and the gas was controlled 

at a 10 kg/h flow rate. The dual producer gas-diesel engine should 

be operated at the maximum engine load but not at the maximum 

diesel replacement rate. The SEC and specific CO2, CO, HC, and 

NOX emissions were found higher with an increase in gas flow 

rate. However, an increase in engine load decreased these output 

variables.  

4.2 Recommendations 

 

 The developed models are highly expected to be informative 

for future studies of life cycle assessment of biomass-derived 

producer gas, cost-benefit analysis of a gasifier-engine system, 

the decision-making process of biomass utilization, net energy 

analysis of biomass-based producer gas production, etc. Future 

studies can also apply this concept for other biomasses (e.g., rice 

husk, woodchip, and cashew nutshell), biofuels (e.g., biodiesel, 

methanol, ethanol, and biogas), and internal combustion engines 

(e.g., spark-ignition engine and gas turbine) using other methods 

of design of experiments (e.g., fractional factorial design, 

orthogonal design, and Taguchi).  
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