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APPENDIX A 

Calculation Method and Testing Result 

A.1 Calculation calorific value of producer gas 

Gas Heating value of gas (kJ/kg mol) 

CO 282,990 

H2 285,840 

CH4 890,360 

 

 Find volume of producer gas from ideal gas at 1 atm and 25 C 

    𝑃𝑉  =     𝑅𝑇 

 when   𝑅     =    8.314 𝑘𝐽 𝑘𝑔 𝑚𝑜𝑙𝑒 𝐾⁄    

    𝑇     =    25 ℃ (298 𝐾) 

    𝑃     =    1.013 𝑘𝑁 𝑚2⁄  

 Therefore  𝑉     =    (8.314 × 298)/1.013 × 103 

            =    24.46 𝑚3 𝑘𝑔 𝑚𝑜𝑙𝑒⁄  

 

The combustible of producer gas consist of 𝐶𝑂 30.86%,   𝐻2 8.5%, 𝐶𝐻4 0.34%      

 Calorific value of producer gas 

 

𝐻𝑉𝑝𝑔 =   
𝑀𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ×  𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑔𝑎𝑠

𝑉
 

 

𝐻𝑉𝑝𝑔 =   
(0.3086 × 282990) + (0.085 × 285840) + (0.0034 × 890360)

24.46
 

 

    𝐻𝑉𝑝𝑔 =   4646.71 𝑘𝐽/𝑁𝑚3 
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A.2 Composition and calorific value of producer gas from charcoal 

Charcoal 

Example 
CO  

(%) 

H2  

(%) 

CH4 

(%) 

O2  

(%) 

CO2 

(%) 

N2  

(%) 

Calorific value 

(kJ/Nm3) 

No.1 28.6 9.6 0.61 6.39 5.28 49.52 4,653.78 

No.2 28.5 9.7 0.62 6.7 4.9 49.58 4,656.96 

No.3 28.7 9.7 0.61 6.22 4.95 49.82 4,678.54 

No.4 28.5 9.8 0.6 6.65 4.99 49.46 4,661.36 

No.5 28.4 9.66 0.58 6.82 5.15 49.39 4,626.15 

No.6 28.4 9.58 0.57 6.92 5.24 49.29 4,613.16 

No.7 28.6 9.5 0.6 6.45 4.92 49.93 4,637.87 

No.8 28.5 9.6 0.62 6.35 4.98 49.95 4,645.27 

Average 28.53 9.64 0.60 6.56 5.05 49.62 4,646.64 

 

A.3 Calculation performance of producer gas and diesel engine 

 Testing conditions and calculated 

 Ambient pressure    0.92 kPa 

 Air density    1.1 kg/m3 

 Air temperature    32 ± 5C 

 Cylinder     Single cylinder 

 Compression ratio   14:1 

 Swept volume     5.98×10-3 m3 

 Engine speed    1700 rpm 

 Load      Full load 

 Spark ignition timing   45 degree 

 Fuel/ Calorific value   Producer gas/4646.71 kJ/Nm3 

 Producer gas flow rate   0.0289 m3/s, 10.41 m3/hr 

 Force from load cell   8 kg, 11.74 kg 

 Radius of torque    0.23 m 

 Producer gas/charcoal ratio (𝜎)  0.2271 kg/m3 

 Diesel heating diesel   45560.48 kJ/m3 
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 1. Calculation performance of producer gas engine  

 (Cavity combustion chamber) 

  1.1 Torque (𝑇𝑏), (𝑁𝑚) 

   𝑇𝑏   =   𝐹 × 𝑟 

   𝑇𝑏   =   8 × 9.81 × 0.23 

   𝑇𝑏   =   18.05 𝑁𝑚 

 

  1.2 Brake power (𝑃𝑏), (𝑊) 

   𝑃𝑏   =   2𝜋𝑁𝑇𝑏 

   𝑃𝑏   =   2 × 𝜋 × 18.05 × (1700 60⁄ ) 

   𝑃𝑏   =   3214 𝑊 

 

  1.3 Brake thermal efficiency (𝐵𝑇𝐸), (%) 

   𝐵𝑇𝐸     =        (𝑃𝑏 𝑉𝑝𝑔
∙⁄ 𝐻𝑉𝑝𝑔) × 100  

   𝐵𝑇𝐸     =        (3.214 × 100) (0.0289 × 4646.71)⁄  

   𝐵𝑇𝐸     =         23.90 % 

 

  1.4. Brake mean effective pressure (𝑏𝑚𝑒𝑝), (𝑘𝑃𝑎) 

   𝑏𝑚𝑒𝑝   =         120 𝑃𝑏 𝑉𝑑⁄ 𝑁 

   𝑏𝑚𝑒𝑝   =         (120 × 3214) (598 × 10−6⁄ × 1700 × 1000) 

   𝑏𝑚𝑒𝑝   =          379.13 𝑘𝑃𝑎 

 

  1.5 Brake specific fuel consumption (𝐵𝑆𝐹𝐶), (𝑘𝑔/𝑘𝑊ℎ) 

   𝐵𝑆𝐹𝐶   =           𝑚𝑏
∙ 𝑃𝑏⁄  

   𝑚𝑏
∙         =            𝑚∙ × 𝜎 

   𝑚𝑏
∙         =            10.41 × 0.2271 

   𝑚𝑏
∙         =            2.36 𝑘𝑔/ℎ 

   𝐵𝑆𝐹𝐶   =            2.36 3.214⁄  

   𝐵𝑆𝐹𝐶   =            0.74 𝑘𝑔/𝑘𝑊ℎ 
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  1.6 Brake specific energy consumption (𝐵𝑆𝐸𝐶), (𝑘𝐽/𝑘𝑊ℎ) 

   𝐵𝑆𝐸𝐶   =           𝑉𝑝𝑔
∙ 𝐻𝑉𝑝𝑔 𝑃𝑏⁄  

   𝐵𝑆𝐸𝐶   =           (10.41 × 4646.81) (3.214 × 1000)⁄  

   𝐵𝑆𝐸𝐶   =            15.07 𝑀𝐽/𝑘𝑊ℎ 

 

 2. Calculation performance of diesel engine 

  2.1 Torque (𝑇𝑏), (𝑁𝑚) 

   𝑇𝑏   =   𝐹 × 𝑟 

   𝑇𝑏   =   11.74 × 9.81 × 0.23 

   𝑇𝑏   =   26.49 𝑁𝑚 

 

  2.2 Brake power (𝑃𝑏), (𝑊) 

   𝑃𝑏   =   2𝜋𝑁𝑇𝑏 

   𝑃𝑏   =   2 × 𝜋 × 26.49 × (1700 60⁄ ) 

   𝑃𝑏   =   4717 𝑊 

 

  2.3 Brake thermal efficiency (𝐵𝑇𝐸), (%) 

   𝐵𝑇𝐸     =        (𝑃𝑏 𝑚𝑓
∙⁄ 𝐿𝐻𝑉𝐷𝑖) × 100  

   𝐵𝑇𝐸     =        (4.717 × 100) (0.000384 × 45560.48)⁄  

   𝐵𝑇𝐸     =         26.95 % 

 

  2.4. Brake mean effective pressure (𝑏𝑚𝑒𝑝), (𝑘𝑃𝑎) 

   𝑏𝑚𝑒𝑝   =         120 𝑃𝑏 𝑉𝑑⁄ 𝑁 

   𝑏𝑚𝑒𝑝   =         (120 × 4717) (598 × 10−6⁄ × 1700 × 1000) 

   𝑏𝑚𝑒𝑝   =          556.45 𝑘𝑃𝑎 

 

  2.5 Brake specific energy consumption (𝐵𝑆𝐸𝐶), (𝑀𝐽/𝑘𝑊ℎ) 

   𝐵𝑆𝐸𝐶   =           𝑚𝑓
∙ 𝐿𝐻𝑉𝐷𝑖 𝑃𝑏⁄  

   𝐵𝑆𝐸𝐶   =           (1.38 × 45560.48) (4.717 × 1000)⁄  

   𝐵𝑆𝐸𝐶   =           13.36 𝑀𝐽/𝑘𝑊ℎ 
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A.4 Experimental data of small producer gas engine performance (bath tub combustion chamber at 14:1 of CR) 

Engine speed 

(rpm) 

Load 

(%) 

Spark timing 

(Degree) 

𝑉𝑝𝑔
∙  

(m3/h) 

𝑚𝑏
∙  

(Kg/h) 

𝑇𝑏  

(Nm) 

𝑃𝑏  

(W) 

𝐵𝑇𝐸 

(%) 

𝐵𝑆𝐹𝐶 

(Kg/kWh) 

𝐵𝑆𝐸𝐶 

(MJ/kWh) 

𝑏𝑚𝑒𝑝 

(kPa) 

1100 20 

25 

4.87 1.10 4.42 0.50 8.09 2.18 44.50 92.88 

1100 40 5.19 1.18 5.14 0.59 8.83 1.99 40.76 108.05 

1100 60 5.27 1.19 5.66 0.65 9.58 1.84 37.59 118.95 

1100 80 5.35 1.21 6.38 0.73 10.64 1.65 33.85 134.11 

1100 100 5.43 1.23 6.94 0.80 11.40 1.54 31.57 145.96 

1300 20 

30 

7.03 1.59 5.97 0.81 8.96 1.96 40.17 125.58 

1300 40 7.43 1.69 7.10 0.96 10.08 1.75 35.72 149.28 

1300 60 7.83 1.78 8.39 1.14 11.30 1.56 31.87 176.29 

1300 80 8.31 1.89 9.72 1.32 12.33 1.43 29.19 204.25 

1300 100 8.63 1.96 11.05 1.50 13.50 1.30 26.66 232.21 

1500 20 

35 

8.23 1.87 6.70 1.05 9.90 1.78 36.36 140.75 

1500 40 8.47 1.92 8.12 1.27 11.66 1.51 30.87 170.60 

1500 60 9.03 2.05 9.86 1.54 13.28 1.33 27.11 207.10 

1500 80 9.59 2.18 12.29 1.93 15.59 1.13 23.09 258.28 

1500 100 10.07 2.28 15.38 2.41 18.58 0.95 19.37 323.20 

1700 20 

40 

11.11 2.52 8.23 1.46 10.22 1.72 35.23 196.04 

1700 40 11.91 2.70 10.40 1.85 12.04 1.46 29.90 247.60 

1700 60 12.63 2.87 12.56 2.23 13.72 1.28 26.24 299.16 

1700 80 12.87 2.92 15.02 2.67 16.10 1.09 22.36 357.71 

1700 100 13.67 3.10 18.61 3.31 18.77 0.94 19.18 443.10 

1900 20 

40 

12.79 2.90 9.29 1.85 11.20 1.57 32.15 195.25 

1900 40 13.27 3.01 11.71 2.33 13.60 1.29 26.48 245.96 

1900 60 13.91 3.16 14.66 2.91 16.25 1.08 22.16 308.04 

1900 80 14.95 3.39 18.36 3.65 18.93 0.93 19.02 385.76 

1900 100 Engine knock 
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A.4 Experimental data of small producer gas engine performance (cavity combustion chamber at 14:1 of CR) 
Engine speed 

(rpm) 

Load 

(%) 

Spark timing 

(Degree) 

𝑉𝑝𝑔
∙  

(m3/h) 

𝑚𝑏
∙  

(Kg/h) 

𝑇𝑏  

(Nm) 

𝑃𝑏  

(W) 

𝐵𝑇𝐸 

(%) 

𝐵𝑆𝐹𝐶 

(Kg/kWh) 

𝐵𝑆𝐸𝐶 

(MJ/kWh) 

𝑏𝑚𝑒𝑝 

(kPa) 

1100 20 

35 

3.50 0.79 3.80 0.43 9.70 1.82 37.13 79.85 

1100 40 3.58 0.81 4.31 0.49 10.74 1.64 33.51 90.51 

1100 60 3.66 0.83 4.77 0.55 11.64 1.51 30.93 100.23 

1100 80 3.82 0.86 5.50 0.63 12.86 1.37 27.99 115.63 

1100 100 3.74 0.85 6.16 0.71 14.70 1.20 24.49 129.37 

1300 20 

40 

5.07 1.15 4.94 0.67 10.27 1.71 35.07 103.78 

1300 40 5.31 1.20 5.91 0.80 11.73 1.50 30.70 124.16 

1300 60 5.74 1.30 7.17 0.97 13.17 1.34 27.33 150.70 

1300 80 6.06 1.37 8.89 1.21 15.46 1.14 23.28 186.72 

1300 100 6.38 1.45 10.65 1.45 17.59 1.00 20.46 223.68 

1500 20 

45 

6.36 1.44 5.62 0.88 10.74 1.64 33.51 118.00 

1500 40 7.32 1.66 7.62 1.19 12.65 1.39 28.45 159.94 

1500 60 8.04 1.82 10.04 1.57 15.19 1.16 23.70 210.89 

1500 80 8.84 2.00 13.02 2.04 17.91 0.98 20.10 273.44 

1500 100 9.32 2.11 15.34 2.41 20.03 0.88 17.98 322.26 

1700 20 

45 

7.94 1.80 7.22 1.28 12.54 1.40 28.70 151.65 

1700 40 8.66 1.96 9.47 1.68 15.09 1.17 23.85 199.04 

1700 60 9.30 2.11 11.95 2.12 17.74 0.99 20.30 251.17 

1700 80 9.94 2.25 14.77 2.63 20.51 0.86 17.55 310.41 

1700 100 10.42 2.36 18.05 3.21 23.90 0.74 15.07 379.13 

1900 20 

50 

8.61 1.95 7.81 1.55 13.98 1.26 25.74 183.53 

1900 40 9.33 2.12 10.32 2.05 17.04 1.03 21.13 242.32 

1900 60 9.65 2.19 12.77 2.54 20.38 0.86 17.66 299.79 

1900 80 10.13 2.30 14.32 2.85 21.89 0.81 16.52 336.33 

1900 100 Engine knock 
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                A.4 Experimental data of diesel engine performance 
Engine speed 

(rpm) 

Load 

(%) 

𝑚𝑓
∙  

(Kg/h) 

𝑇𝑏  

(Nm) 

𝑃𝑏  

(W) 

𝐵𝑇𝐸 

(%) 

𝐵𝑆𝐹𝐶 

(Kg/kWh) 

𝐵𝑆𝐸𝐶 

(MJ/kWh) 

𝑏𝑚𝑒𝑝 

(kPa) 

1100 20 0.26 4.38 0.50 14.86 0.53 24.22 92.10 

1100 40 0.27 5.01 0.58 16.52 0.48 21.79 105.29 

1100 60 0.27 5.35 0.62 17.55 0.45 20.51 112.48 

1100 80 0.28 5.81 0.67 18.78 0.42 19.16 122.03 

1100 100 0.28 6.43 0.74 20.39 0.39 17.66 135.22 

1300 20 0.32 4.61 0.63 15.58 0.51 23.10 96.76 

1300 40 0.35 5.53 0.75 17.14 0.46 21.00 116.11 

1300 60 0.41 6.70 0.91 18.97 0.45 18.98 140.75 

1300 80 0.42 8.01 1.09 20.72 0.38 17.37 168.24 

1300 100 0.44 9.35 1.27 22.79 0.35 15.79 196.44 

1500 20 0.44 5.78 0.91 16.50 0.48 21.82 121.48 

1500 40 0.56 8.30 1.30 18.36 0.43 19.61 174.40 

1500 60 0.62 10.23 1.61 20.47 0.39 17.59 214.84 

1500 80 0.67 12.12 1.90 22.60 0.35 15.93 254.57 

1500 100 0.69 13.72 2.16 24.76 0.32 14.54 288.14 

1700 20 1.14 14.33 2.55 17.65 0.45 20.40 300.93 

1700 40 1.20 16.81 2.99 19.68 0.40 18.30 352.99 

1700 60 1.24 19.48 3.47 22.04 0.36 16.34 409.07 

1700 80 1.34 23.32 4.15 24.44 0.32 14.73 489.79 

1700 100 1.38 26.49 4.72 26.95 0.29 13.36 556.45 

1900 20 1.98 22.21 4.42 18.87 0.45 19.08 466.41 

1900 40 2.04 25.88 5.15 21.40 0.40 16.82 543.50 

1900 60 2.08 29.65 5.90 24.07 0.35 14.96 622.80 

1900 80 2.12 34.46 6.86 27.36 0.31 13.16 723.90 

1900 100 2.13 39.20 7.80 31.02 0.27 11.60 823.42 
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APPENDIX B 

Specific Heat of Producer Gas Composition 

B.1 Specific heat of carbon monoxide gas (CO) 

Carbon monoxide gas (CO) 

 

Carbon monoxide gas (CO) 

Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K)  
Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K) 

 175 1.039 

 

1400 1.246 

200 1.039 

 

1500 1.257 

225 1.039 

 

1600 1.267 

250 1.039 

 

1700 1.275 

275 1.04 

 

1800 1.282 

300 1.04 

 

1900 1.288 

325 1.041 

 

2000 1.294 

350 1.043 

 

2100 1.299 

375 1.045 

 

2200 1.304 

400 1.048 

 

2300 1.308 

450 1.054 

 

2400 1.311 

500 1.064 

 

2500 1.315 

550 1.075 

 

2600 1.318 

600 1.087 

 

2700 1.321 

650 1.1 

 

2800 1.324 

700 1.113 

 

2900 1.326 

750 1.126 

 

3000 1.329 

800 1.139 

 

3500 1.339 

850 1.151 

 

4000 1.346 

900 1.163 

 

4500 1.353 

950 1.174 

 

5000 1.359 

1000 1.185 

 

5500 1.365 

1050 1.194 

 

6000 1.37 

1100 1.203 

 

 

1150 1.212 

 1200 1.22 

 1250 1.227 

 1300 1.234 

 1350 1.24 
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B.2 Specific heat of hydrogen (H2)  

Hydrogen gas (H2) 

 

Hydrogen gas (H2) 

Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K)  
Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K) 

 175 13.12  2000 17.01 

200 13.53  2100 17.18 

225 13.83  2200 17.35 

250 14.05  2300 17.5 

275 14.2  2400 17.65 

300 14.31  2500 17.8 

325 14.38  2600 17.93 

350 14.43  2700 18.06 

375 14.46  2800 18.17 

400 14.48  2900 18.28 

450 14.5  3000 18.39 

500 14.51  3500 18.91 

550 14.53  4000 19.39 

600 14.55  4500 19.83 

650 14.57  5000 20.23 

700 14.6  5500 20.61 

750 14.65  6000 20.96 

800 14.71  

 

850 14.77  

900 14.83  

950 14.9  

1000 14.98  

1050 15.06  

1100 15.15  

1150 15.25  

1200 15.34  

1250 15.44  

1300 15.54  

1350 15.65  

1400 15.77  

1500 16.02  

1600 16.23  

1700 16.44  

1800 16.64  

1900 16.83  
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B.3 Specific heat of methane (CH4)  

Methane gas (CH4) 

Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K) 

200 2.087 

225 2.121 

250 2.156 

275 2.191 

300 2.226 

325 2.293 

350 2.365 

375 2.442 

400 2.525 

450 2.703 

500 2.889 

550 3.074 

600 3.256 

650 3.432 

700 3.602 

750 3.766 

800 3.923 

850 4.072 

900 4.214 

950 4.348 

1000 4.475 

1050 4.595 

1100 4.708 
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B.4 Specific heat of oxygen (O2)  

Oxygen gas (O2) 

 

Oxygen gas (O2) 

Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K)  
Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K) 

 175 0.910  2000 1.181 

200 0.910  2100 1.188 

225 0.911  2200 1.195 

250 0.913  2300 1.202 

275 0.915  2400 1.209 

300 0.918  2500 1.216 

325 0.923  2600 1.223 

350 0.928  2700 1.230 

375 0.934  2800 1.236 

400 0.941  2900 1.243 

450 0.956  3000 1.249 

500 0.972  3500 1.276 

550 0.988  4000 1.299 

600 1.003  4500 1.316 

650 1.017  5000 1.328 

700 1.031  5500 1.337 

750 1.043  6000 1.344 

800 1.054  

 

850 1.065  

900 1.074  

950 1.082  

1000 1.090  

1050 1.097  

1100 1.103  

1150 1.109  

1200 1.115  

1250 1.120  

1300 1.125  

1350 1.130  

1400 1.134  

1500 1.143  

1600 1.151  

1700 1.158  

1800 1.166  

1900 1.173  
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B.5 Specific heat of carbon dioxide (CO2)  

Carbon dioxide (CO2) 

 

Carbon dioxide (CO2) 

Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K)  
Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K) 

 175 0.709  2000 1.371 

200 0.735  2100 1.377 

225 0.763  2200 1.383 

250 0.791  2300 1.388 

275 0.819  2400 1.393 

300 0.846  2500 1.397 

325 0.871  2600 1.401 

350 0.895  2700 1.404 

375 0.918  2800 1.408 

400 0.939  2900 1.411 

450 0.978  3000 1.414 

500 1.014  3500 1.427 

550 1.046  4000 1.437 

600 1.075  4500 1.446 

650 1.102  5000 1.455 

700 1.126  5500 1.465 

750 1.148  6000 1.476 

800 1.168  

 

850 1.187  

900 1.204  

950 1.220  

1000 1.234  

1050 1.247  

1100 1.259  

1150 1.270  

1200 1.280  

1250 1.290  

1300 1.298  

1350 1.306  

1400 1.313  

1500 1.326  

1600 1.338  

1700 1.348  

1800 1.356  

1900 1.364  
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B.6 Specific heat of nitrogen (N2)  

Nitrogen (N2) 

 

Nitrogen (N2) 

Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K)  
Temperature (T) 

(K) 

Specific Heat (Cp) 

(kJ/kg-K) 

 175 1.039  2000 1.284 

200 1.039  2100 1.290 

225 1.039  2200 1.295 

250 1.039  2300 1.300 

275 1.039  2400 1.304 

300 1.040  2500 1.307 

325 1.040  2600 1.311 

350 1.041  2700 1.314 

375 1.042  2800 1.317 

400 1.044  2900 1.320 

450 1.049  3000 1.323 

500 1.056  3500 1.333 

550 1.065  4000 1.342 

600 1.075  4500 1.349 

650 1.086  5000 1.355 

700 1.098  5500 1.362 

750 1.110  6000 1.369 

800 1.122  

 

850 1.134  

900 1.146  

950 1.157  

1000 1.167  

1050 1.177  

1100 1.187  

1150 1.196  

1200 1.204  

1250 1.212  

1300 1.219  

1350 1.226  

1400 1.232  

1500 1.244  

1600 1.254  

1700 1.263  

1800 1.271  

1900 1.278  
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