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Abstract: A theoretical evaluation of the biochar production process using a biomass gasifier has 

been carried out herein. Being distinguished from the previous research trend examining the use of 

a biomass gasifier, which has been focused on energy efficiency, the present study tries to figure out 

the effect of biochar production rate on the overall process performance because biochar itself has 

now been given a spotlight as the main product. Biochar can be utilized for agricultural and indus-

trial purposes, along with the benefit of climate change mitigation. A thermodynamic model based 

on chemical equilibrium analysis is utilized to demonstrate the effect of biochar production rate on 

the producer gas characteristics such as gas composition, LHV (lower heating value) and cold gas 

efficiency. Three gasifier models using chemical equilibrium model are reconstructed to simulate 

biochar-producing gasifiers, and seven kinds of biomass are considered as feed material. Depending 

on the assumptions applied to the models as well as the biomass types, the results of the simulation 

show a large variance, whereas the biochar yield rate increases. Through regression analysis with a 

generalized reduced gradient optimization method, simplified equations to estimate the cold gas 

efficiency (CGE) and LHV of producer gas of the biochar production process were derived as having 

six parameters of biomass LHV, fractions of ash, carbon and water, reduction zone temperature, 

and biochar yield rate. The correlation factors between the thermodynamic model and the regres-

sion model are 96.54% and 98.73% for the LHV of producer gas and CGE, respectively. These equa-

tions can supply the pre-estimation of the theoretical maximum performance of a planning biochar 

plant. 

Keywords: biomass; biochar; downdraft gasifier; thermodynamic model; correlation equation 

 

1. Introduction 

Due to recent severe climate events, activities searching for a solution to mitigate 

climate change are globally overwhelming. In this context, ‘negative emissions’ denoting 

technologies leading to a net decrease in CO2 has been proposed as a way to overcome 

the too-slow pace of in the reduction in CO2 (or other greenhouse gases)-emitting technol-

ogies. The negative emission technology examines the storage of carbon absorbed by bio-

mass in the form of biochar and its possible utilization for industrial purposes [1]. As long 

as the biochar is not burned, the carbon is captured and stored in a stable condition 

through the negative emission process. Compared with the well-known CCS (carbon cap-

ture and storage) concept [2], the negative emission via biochar process has received pos-

itive prospects because of the absence of the risk of storage of CO2, and the potential eco-

nomic profit [3]. The biochar has different industrial characteristics depending on the pro-

cess environment. Fast pyrolysis at high temperature of biomass can be a way to produce 

high-quality biochar close to activated carbon [4]. Additionally, it is well known that high-
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temperature biochar produced above 800 °C behaves similar to a catalyst, enabling tar 

cracking and sequestration of carbon from various hydrocarbons to generate hydrogen 

[5–8]. The biochar is also a soil amendment agent with high moisture and fertilizer-hold-

ing ability, as well as fertilizer properties [9]. 

In spite of the potential of biochar for climate change mitigation, little research has 

been carried out focusing on the biochar production rate in a biomass gasifier. Most of the 

previous research on biomass gasification was focused on energy of the produced gas [10–

13]. A fluidized bed reactor is a popular reactor for small-scale solid particle reaction [10]. 

Using a fluidized bed as a biomass gasifier provides a good efficiency of gasification re-

action but is not suitable for biochar production due to difficulties of separation of biochar 

from the fluidizing media. On the other hand, using an entrained flow gasifier, which is 

popular in IGCC (Integrated Gasification Combined Cycle), it is not possible to seques-

trate carbon from the molten ash [14]. Therefore, the up- or downdraft fixed-bed gasifier 

is known to be the best possible facility to produce biochar on a relatively small scale. In 

particular, the downdraft gasifier has strength of lower tar content in the producer gas 

(PG) than the updraft type [11]. Most of these biomass gasifiers utilize partial oxidation of 

biomass to supply heat for pyrolysis and reduction in biomass: approximately 30~40% of 

stoichiometric air is used to partially oxidize the biomass. However, this oxidation easily 

generates the problem of slagging of ash blocking the facility if air is not spread well into 

the bed because the biomass bed is burning fast to result in ash melting, whereas the other 

part is too cool to react due to lack of oxygen [15,16]. Furthermore, maintaining the uni-

formity of the partial oxidation reaction in a fixed bed is more difficult as the scale of the 

gasifier is bigger. Until now, the 2MWth Parma (Italy) downdraft gasifier has been re-

ported as the biggest commercial plant [17], and these gasifiers have been developed with 

focus on syngas production rather than biochar production [18,19]. So far, most of the 

biochar-focused production was carried out at a low temperature. For example, the torre-

faction process transforms biomass at 200~400 °C into biochar still containing a high vol-

atile content, and the main usage of the biochar is as a fuel source leading to CO2 emission 

[20]. 

The present study uses thermodynamic process simulation by Cycle-Tempo, a com-

mercial software based on chemical equilibrium calculation and suitable for the simula-

tion of various energy plant designs. Altafini et al.’s downdraft gasifier model is one of 

the earliest of the thermodynamic model to simulate the biomass gasifier. They divide the 

gasification process into three sub processes, including pyrolysis, oxidation and re-duc-

tion [21]. The char production ratio was fixed to 5%, and the focus was on PG properties 

such as composition and calorific value, depending on the moisture content of the bio-

mass. They also compared other process models composed with two or three gasifier 

modules and several separators to match the measured PG composition. In a more recent 

study by Vera et al., two sub gasifier modules were used in series to simulate a 110 kWth 

gasifier using olive oil farm residues [22]. The first gasifier is for pyrolysis process and the 

second is for oxidation and the reduction process. Fortunato et al. compared Altafini’s and 

Vera’s models to derive an improved version based on Altafini’s model [23]. These re-

search results are identified into two major types of biomass downdraft gasification model 

for application on biochar production. The first one uses two gasifier modules to simulate 

pyrolysis and oxidation combined reduction, and the second extends the first type by put-

ting the oxidation process between pyrolysis and reduction. By controlling operation pa-

rameters such as gasifier temperature, those models showed good similarity in the com-

position of PG and CGE with the measured data. However, their different configurations 

could lead to different levels of accuracy. 

In the present study, thermodynamic models of a downdraft fixed-bed biomass gas-

ifier were set up based on the literature and utilized to produce simulation data focusing 

on production rate of biochar. The seven biomasses were considered as the target fuels to 

find out the operation performance of the biochar production process. Additionally, sim-

ple correlation models derived by regression analysis are proposed to estimate the LHV 
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of PG and CGE. Coefficients of the correlation model are determined through regression 

analysis and error minimization. These regression models can be used for evaluation of 

biochar plant performance in a relatively simple way when knowing biomass quality and 

basic operation conditions, which can be useful to make a first estimate of the economic 

feasibility. 

2. Biomass Resource 

Table 1 shows the ultimate and proximate analysis of the biomass listed from India 

[24–29]. The average LHV of woody biomass is reported to be 15,435 kJ/kg at dry condi-

tion. Water and ash contents are important variables affecting LHV of biomass and bio-

char characteristics. It is obvious that high water content will decrease LHV but increase 

the levels of hydrogen in PG. The ash also decreases the LHV of PG but increases biochar 

yield rate because ash tends to remain in the biochar. However, if pure carbon from bio-

char is preferred, then ash is an unwanted material. Depending on the biochar application, 

the operation of biochar plant should use an appropriate biomass resource as well as re-

action process. 

Table 1. Ultimate and proximate analysis of biomass resources [24–29]. 

Composition 
Rice Husk 

[24] 

Paddy Straw 

[25] 

Coconut Shell 

[26] 

Coconut 

Frond [27] 

Torrefied Arecanut 

Husk [28] 

Cassava 

Stalk [28] 

Cassava 

Rhizome [29] 
Average 

Standard 

Deviation 

Ca 52.97 53.17 51.21 45.51 57.67 51.13 51.55 51.89 3.61 

Oa 38.70 40.23 43.10 47.60 35.62 41.33 40.45 41.00 3.73 

Ha 7.28 5.28 5.60 6.02 5.87 6.82 6.69 6.22 0.72 

Sa 0.85 0.27 0.10 0.09 0.00 0.06 0.05 0.20 0.30 

Na 0.20 1.05 0.00 0.77 0.84 0.66 1.27 0.68 0.45 

water 10.4 4.3 4.4 4.2 3.56 15.54 8.31   

ash 18.15 20.49 3.1 6.7 5.19 6.01 4.05   

LHV 

(kJ/kg)b 
13,911 12,802 15,020 12,489 18,340 13,830 15,794   

a: Dry ash free condition. b: Calculated by Dulong equation. 

The H composition ratio of biomass is relatively constant, but C and O composition 

vary and have a clear negative correlation against each other as shown in Figure 1. From 

this analysis, carbon or oxygen composition ratio can well represent the overall composi-

tion of biomass at DAF (dry ash free condition). 

 

Figure 1. Relation between carbon and oxygen content in biomasses at dry ash free condition. 
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3. Thermodynamic Models of Downdraft Biomass Gasifier 

Previous studies have shown that the chemical equilibrium model is reasonable in 

spite of having some limitations due to the heterogeneous kinetic reaction in the 

downdraft biomass gasifier [12,21–23]. Heat and mass transfer in biomass fixed beds are 

slow phenomena taking from several minutes to an hour, depending on the biomass gran-

ule size, as well as the reacting environment. The pyrolysis reaction generating multiple 

hydrocarbon species, called volatiles, is dependent on the reaction environment of oxidant 

supply and temperature. Furthermore, a non-uniform reaction environment in the gasifier 

is unavoidable for several reasons: (1) Penetration and uniform dispersion of oxidant gas 

into solid bed is difficult because of strong drag of porous bed. (2) Mixing between oxidant 

and fuels is difficult due to laminar flow characteristics in bed. (3) Local temperature and 

chemical composition also are non-uniform in gas media as well as solid media due to 

reasons (1) and (2). Therefore, the biomass gasifier is, in essence, a heterogeneous reactor 

in which thermodynamic and fluid dynamics are the governing phenomena, and chal-

lenging to simulate with a chemical equilibrium model assuming complete mixing. How-

ever, a thermodynamic model has the advantage that it can be based on accurately known 

property data and is a direct and flexible tool to describe steps in energy conversion. Some 

aspects of incomplete reaction can be implemented in an equilibrium approach by impos-

ing the bypass stream. Previous studies on the downdraft gasifier have shown that the 

application of the thermodynamic model has been reasonably chosen as method of ap-

proach. The selected two models in this research each have two and three coupled gasifi-

cation reactors, respectively. 

3.1. Two-Reactor Model (Vera) 

The reconstructed model of Vera et al. is shown in Figure 2 [22]. It is the simplest 

method to simulate the downdraft gasifier with high levels of accuracy. In the general 

biomass gasifier, moisture evaporation, pyrolysis, and char reaction in the solid phase 

take place sequentially, whereas partial oxidation at pyrolysis zone and reduction at the 

char reaction zone occur in the gas phase. In Vera’s gasifier model, the first reactor (gasi-

fier 3) simulates moisture evaporation and pyrolysis, and the second reactor (gasifier 5) 

simulates the remaining processes (oxidation and char reaction). The pyrolysis tempera-

ture of the first reactor is fixed to be 500 °C, and a bypass (stream 11) is introduced to 

simulate unconverted carbon (5%) and methane (3%) due to an uneven reaction in the 

bed, according to the literature [22]. At the second reactor, the oxidant is added to heat up 

the reduction zone to higher than 1000 °C using an oxidant/fuel ratio. The bypassed car-

bon and methane join at the exit of the second gasifier module and the biochar is separated 

afterwards (separator 12). Heat loss to the environment is fixed to be 5% of the biomass 

energy. The backward heat transfer from the reduction zone to the pyrolysis zone via con-

duction and radiation heat transfer is implemented by a fictitious steam flow (source 1 to 

sink 7) to maintain the first gasifier exit temperature at 500 °C. After transferring heat at 

the first gasification reactor, the steam continues to the second gasification reactor to re-

turn to the start condition; thus, the net heat transfer to the environment is zero. 
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Figure 2. Two-reactor model of biomass downdraft gasifier. 

3.2. Three-Reactor Model (Fortunato) 

Fortunato et al. upgraded the earlier model by Altafini et al. for better flexibility and 

accuracy, as shown in Figure 3 [23]. This model includes pyrolysis (gasifier 1), combustion 

(combustor 11) and reduction (gasifier 17) processes. In the pyrolysis reactor, the theoret-

ical air ratio (air factor) is 0.018 and the pyrolysis temperature is 600 °C. Some amount of 

heat is transferred from the reduction process by fictitious water flow (source 5 to sink 4) 

to simulate upstream conduction and radiant heat transfer to satisfy the pyrolysis temper-

ature. The combustion furnace receives most of the processed air, and no air is supplied 

to the reduction furnace, which is the major difference compared with Altafini’s model. 

This change improves the flexibility of the model by decreasing the number of air injection 

points, which means the elimination of an unknown variable from the model. The air fac-

tor of the oxidation furnace (combustor 11) is fixed at 2. The reduction process is carried 

out at 850 °C. Afterwards, the separated methane at separator 12 joins at junction 20 to 

compose the final PG. The fictitious heat exchanger 18 acts combustion air heating to 200 

°C by heat exchange with the gasification reactor bed before participating in the oxidation 

process in combustor 11. Separator 8 separates 5% of non-useful carbon, and separator 21 

separates ash and the remaining carbon in the process. The heat loss of the gasifier to the 

environment is assumed to be 0.5% of the biomass energy, which is 1/10 of the heat loss 

assumed in Vera et al.’s study. 
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Figure 3. Three-reactor model of biomass downdraft gasifier. 

To summarize, the first reactor (gasifier 1) includes moisture evaporation and pyrol-

ysis with limited air supply, the second reactor (combustion 11) simulates partial oxida-

tion of PG, and the third reactor (gasifier 17) simulates the reduction process without air 

supply. 

3.3. Validation of Reconstructed Models and Application for Biochar Production 

Table 2 shows the result of comparison between the original models and the recon-

structed models of the present study. All the composition data of PG show that the re-

constructed models are close to the original models. In particular, LHV of PG and CGE 
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Table 2. Comparison results of the reconstruction model and the original literature. 
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Biomass flow rate (kg/s) 0.02917 0.02917 0.15 0.15 

Biomass energy (kW) 501.72 501.72 2525.4 2525.4 

PG composition (mole fraction) 

H2 0.163 0.158 0.1719 0.1713 

H2O 0.042 0.0419  0.0419 

N2 0.4382 0.4389 0.487 0.4548 

Ar NR 0.0052 0.0057 0.0053 

CO2 NR 0.0936 0.111 0.1053 

CH4 0.031 0.0296 0.0315 0.0325 

CO 0.214 0.2328 0.1923 0.1883 

H2S NR 0.0001 0.0006 0.0006 

LHV of PG (kJ/kg) 5100 5161 4860 4941 

PG flow rate (kg/s) 0.069 0.070 NR 0.385 

PG energy (kW) 351.9 362.02 NR 1901 

Cold gas efficiency (%) 71.2 72.16 76 75.27 

NR: not reported. 

Differently from the previous research, this study focuses on understanding and 

maximizing biochar production rate. Using the reconstructed models, biochar production 

condition is simulated by bypassing more carbon after the pyrolysis process. Meanwhile, 

the reaction temperature and the reduction gas temperature are kept the same with each 

original model by adjusting the oxidant flow rate. By this measure, the thermodynamic 

condition of each reactor is remained the same, whereas the carbon discharge rate in the 

form of biochar varies. 

The maximum carbon separation rate is set by the pyrolysis process. The two and 

three gasification reactors models have different pyrolysis temperature and oxidant injec-

tion rate (air factor), which results in different available carbon discharge rate. The carbon 

discharge ratio (CDR) is defined as the percent of pure carbon separation after the pyrol-

ysis process. Meanwhile the biochar yield rate is combination of carbon and ash discharge 

rate as ash is included in biochar. Biochar yield ratio (Ybiochar), which is the main process 

performance parameter in this study, is defined by the following equation: 

Ybiochar  =  
Biochar Yield Rate [

kg
s

]

Carbon and Ash Input Rate at Dry Condition [
kg
s

] 
 (1) 

The cold gas efficiency is defined as Equation (2), which is based on the LHV of bio-

mass and producer gas. 

CGE =
LHVPG ∗ ṁPG

LHVbiomass ∗ ṁbiomass
 (2) 

where ṁi is the mass flow rate of i material. 

3.4. Regression Model of Biochar Production Performance 

The results of thermodynamic simulations are used to determine correlation model 

for relevant performance parameters. The main products of biomass plant are PG and 

biochar. The quality of PG is evaluated with LHV of PG (LHVPG) and the cold gas effi-

ciency (CGE), which are the two performance parameters. Ybiochar is selected as the main 

variable of the biochar process as LHVPG and CGE strongly related. The other variables 

that affect the performance were assumed to be LHV of biomass (LHVbiomass, [kcal/kg]), 

carbon mass fraction (Cf), moisture mass fraction (Wf), ash mass fraction (Af) in biomass 

and temperature of the reduction process (Tr, [K]). The functional relationship between 



Energies 2022, 15, 7650 8 of 19 
 

 

the performance parameters and the variables are assumed in the form of the following 

equations: 

LHVPG = a1LHVbiomass (a2Ybiochar
2 + a3Cf + a4Wf + a5Af + a6Tr + a7 (

Af

Wf
)

2

+ a0) (3) 

CGE = b1Ybiochar + b2Cf + b3Wf + b4Af + b5Tr + b6 (
Af

Wf
)

2

+ b0 (4) 

where ai and bi are the coefficients determined by the GRG (generalized reduced gradient) 

nonlinear solver minimizing the difference between the proposed correlation equations 

and the full set of simulation results by the thermodynamic model. 

4. Results and Discussion 

4.1. Process Calculation Results 

Figure 4 shows a sample result of the two-reactor model using rice husk as the feed. 

The heat loss to the environment is a key parameter of the plant performance; however, 

Vera’s model uses 5% of heat loss, whereas Fortunato’s model uses 0.5%. Meanwhile, in-

creased heat loss decreases CGE due to increased combustion air supply to maintain the 

reduction zone temperature. Hence, in this parametric study, the heat loss is assumed to 

be zero to find out maximum theoretical efficiency. Additionally, the mass flow rate of 

biomass is fixed to be 1 kg/s, which is from the fact that the thermodynamic efficiency is 

not the function of scale in an ideal simulation such as this study. As CDR increases at 

separator 4, the air flow rate (source 9) decreases, and the biochar yield increases (sink 14) 

accordingly as shown in Table 3. Process simulations for each biomass in Table 1 using 

two models were carried out by varying CDR in the range of 5% to 100% at separator 4. 

 

Figure 4. A sample of parametric study of increasing CDR at two-reactor model using rice husk as 

fuel and CDR 5%. 
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Table 3. Parametric study result for two-reactor models. 

Biomass 

Input Variable Biochar Result Producer Gas Result 

CDR 𝐦̇𝐀𝐢𝐫 (kg/s) 
Biochar Rate 

(kg/s) 

Ybiochar 

(%) 

PG Rate 

(kg/s) 

(mole %) LHVPG 

(kJ/kg) 

CGE 

(%) H2 CH4 CO 

Rice husk 

5% 2.152 0.193 34.46 2.768 10.3 3.1 14.2 3421 68 

20% 1.985 0.229 40.89 2.542 10.2 3.4 12.8 3350 61 

40% 1.764 0.276 49.29 2.400 9.9 3.9 10.8 3234 56 

60% 1.546 0.323 57.68 1.937 9.2 4.5 8.4 3085 43 

80% 1.333 0.371 66.25 1.630 7.6 5.5 5.5 2884 34 

Paddy straw 

5% 2231 0.219 36.21 2.900 7.8 1.9 15.9 2879 65 

20% 2.031 0.261 43.15 2.634 7.6 2.1 14.3 2739 56 

40% 1.765 0.317 52.41 2.277 7.2 2.4 11.7 2505 45 

60% 1.503 0.374 61.84 1.919 6.2 2.9 8.3 2184 33 

80% 1.245 0.430 71.10 1.557 3.7 3.7 4.0 1720 21 

Coconut shell 

5% 2.577 0.047 9.31 3.375 8.3 2.0 15.9 2978 67 

20% 2.348 0.095 18.83 3.071 8.2 2.3 14.3 2851 58 

40% 2.044 0.160 31.71 2.663 7.8 2.6 11.8 2639 47 

60% 1.745 0.224 44.39 2.253 6.9 3.2 8.7 2353 35 

80% 1.451 0.288 57.07 1.838 4.7 4.0 4.7 1942 24 

Coconut 

frond 

5% 2.325 0.079 16.72 3.032 7.6 2.3 12.6 2609 63 

20% 2151 0.116 24.56 2.798 7.3 2.6 11.1 2473 55 

40% 1.921 0.165 34.93 2.483 6.5 2.9 8.8 2255 45 

60% 1.695 0.215 45.51 2.168 5.2 3.4 6.0 1971 34 

80% 1.473 0.264 55.88 1.849 2.8 4.1 2.7 1595 24 

Torrefied are-

canut husk 

5% 2.692 0.070 12.19 3.534 10.1 2.2 19.8 3707 71 

20% 2.411 0.128 22.30 3.167 10.4 2.4 18.3 3643 63 

40% 2.041 0.206 35.88 2.677 10.6 2.9 15.8 3530 52 

60% 1.676 0.284 49.47 2.184 10.6 3.5 12.7 3369 40 

80% 1.316 0.361 62.88 1.685 9.6 4.6 8.6 3127 29 

Cassava stalk 

5% 2.305 0.072 15.61 2.979 9.4 3.1 12.6 3087 66 

20% 2.143 0.106 22.99 2.758 9.2 3.4 11.3 2996 60 

40% 1.928 0.153 33.18 2.462 8.7 3.8 9.4 2851 51 

60% 1.716 0.199 43.16 2.164 7.7 4.4 7.1 2670 42 

80% 1.508 0.245 53.13 1.863 5.9 5.2 4.5 2432 33 

Cassava rhi-

zome 

5% 2.473 0.055 11.17 3.227 10.1 2.8 15.3 3374 69 

20% 2.265 0.099 20.11 2.949 10.1 3.0 13.9 3294 62 

40% 1.992 0.157 31.90 2.577 9.8 3.5 11.8 3159 52 

60% 1.721 0.216 43.88 2.202 9.2 4.1 9.2 2983 42 

80% 1.456 0.274 55.67 1.825 7.5 5.1 6.0 2737 32 

Figure 5 shows the sample results of the three-reactor models using rice husks. While 

the CDR changes, the reduction furnace temperatures of all the simulation remain 850 °C 

by adjusting pyrolysis gas flow rate at valve 7. Because the stoichiometric equivalence 

factor (air factor) is fixed at 2, the fuel gas flow rate at valve 7 is directly related with air 

flow rate at combustor 11. The trends of the results of parametric study in Table 4 is similar 

between both models. However, overall LHVPG and CGE of three-reactor model is higher 

than the two-reactor model, which is mainly due to the lower reduction furnace temper-

ature. 
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Figure 5. A sample of parametric study of increasing CDR at three-reactor models using rice husk 

as fuel and CDR 5%. 

Table 4. Parametric study result for three-reactor models. 

Biomass 

Input Variable Bio Char Result Producer Gas Result 

CDR 𝐦̇𝐀𝐢𝐫 (kg/s) 
Biochar Rate 

(kg/s) 

Ybiochar 

(%) 

PG Rate 

(kg/s) 

(mole %) LHVPG 

(kJ/kg) 

CGE 

(%) H2 CH4 CO 

Rice husk 

5% 1.815 0.193 34.5 2.498 14.9 3.1 16.4 4303 77 

20% 1.682 0.226 40.4 2.308 15.0 3.4 15.0 4236 70 

40% 1.505 0.270 48.2 2.053 15.1 3.9 12.9 4132 61 

60% 1.331 0.314 56.1 1.795 14.8 4.4 10.5 4003 52 

80% 1.161 0.358 63.9 1.535 13.8 5.3 7.9 3839 42 

100% 0.996 0.402 71.8 1.270 11.6 6.5 4.9 3619 33 

Paddy straw 

5% 1.893 0.218 36.0 2.615 11.5 1.9 19.0 3695 75 

20% 1.732 0.257 42.5 2.393 11.6 2.1 17.3 3557 66 

40% 1.520 0.309 51.1 2.095 11.5 2.4 14.6 3332 55 

60% 1.310 0.361 59.7 1.794 11.0 2.9 11.4 3038 43 

80% 1.106 0.413 68.3 1.489 9.4 3.6 7.5 2632 31 

100% 0.909 0.466 77.1 1.177 5.1 4.7 2.9 2029 19 

Coconut shell 

5% 2.201 0.046 9.1 3.065 12.0 2.1 18.5 3755 77 

20% 2.019 0.090 17.84 2.812 12.1 2.3 16.9 3629 68 

40% 1.779 0.149 29.53 2.473 12.1 2.6 14.4 3426 56 

60% 1.542 0.208 41.22 2.130 11.6 3.1 11.4 3161 45 

80% 1.311 0.267 52.91 1.784 10.1 3.8 7.9 2801 33 

100% 1.087 0.327 64.80 1.431 6.5 4.9 3.6 2279 22 

Coconut 

frond 

5% 1.974 0.078 16.51 2.747 11.7 2.4 15.0 3376 74 

20% 1.842 0.111 23.50 2.558 11.5 2.6 13.6 3249 67 

40% 1.667 0.154 32.60 2.305 11.1 2.9 11.4 3049 56 

60% 1.496 0.198 41.91 2.051 10.3 3.3 9.0 2801 46 
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80% 1.327 0.242 51.23 1.793 8.6 3.9 6.3 2489 36 

100% 1.163 0.285 60.33 1.531 5.6 4.7 3.2 2078 25 

Torrefied are-

canut husk 

5% 2.305 0.069 12.02 3.210 13.6 2.2 22.7 4547 80 

20% 2.073 0.125 21.77 2.895 14.1 2.4 20.9 4476 71 

40% 1.767 0.199 34.66 2.473 14.8 2.8 18.2 4357 59 

60% 1.466 0.273 47.55 2.046 15.2 3.4 14.8 4198 47 

80% 1.171 0.347 60.44 1.614 15.0 4.4 10.7 3972 35 

100% 0.888 0.422 73.51 1.172 12.2 6.3 5.5 3606 23 

Cassava stalk 

5% 1.952 0.071 15.40 2.699 14.0 3.2 14.6 3906 76 

20% 1.828 0.102 22.12 2.519 14.0 3.4 13.3 3822 70 

40% 1.663 0.143 31.01 2.277 13.7 3.8 11.5 3691 61 

60% 1.500 0.185 40.12 2.033 13.2 4.3 9.4 3534 52 

80% 1.340 0.226 49.01 1.786 12.0 5.0 7.1 3339 43 

100% 1.184 0.268 58.12 1.537 9.8 5.9 4.6 3085 34 

Cassava rhi-

zome 

5% 2.104 0.041 8.33 2.930 14.3 2.8 17.6 4198 78 

20% 1.939 0.095 19.30 2.698 14.5 3.0 16.1 4116 70 

40% 1.720 0.149 30.27 2.384 14.6 3.5 13.8 3989 60 

60% 1.505 0.203 41.24 2.068 14.3 4.0 11.3 3826 50 

80% 1.294 0.258 52.42 1.749 13.4 4.8 8.3 3613 40 

100% 1.089 0.312 63.39 1.423 10.9 6.1 5.0 3318 30 

4.2. Producer Gas Characteristics 

The species composition result of PG is summarized at Figure 6 depending on Ybiochar 

and feeding biomass. The biomass type has a strong effect on Ybiochar’s range owing to ash 

content. Bigger ash content means bigger biochar production rate at the same CDR be-

cause ash joins in biochar. The methane fraction of PG is not strongly dependent on the 

simulation model because methane bypasses the reduction reactor. The mole fraction of 

methane increases as Ybiochar increases due to decreased PG flow rate, whereas the bypass-

ing flow of methane remains the same. The difference in pyrolysis temperature between 

the models makes the methane composition slightly varying for the same biomass. How-

ever, the overall trend depending on Ybiochar remains similar. Meanwhile, H2 and CO mole 

fraction shows a difference between the simulation models. Even though the trend de-

pending on Ybiochar and feed material seems similar, the two-reactor model shows lower 

concentration of H2 and CO than the three-reactor model due to a higher reduction zone 

temperature, which consumes more PG to increase the reduction zone temperature. Ad-

ditionally, as Ybiochar increases, the concentrations of H2 and CO decrease and they do so 

more rapidly at higher Ybiochar. This shows that more volatiles have to be burned to support 

the reduction zone temperature in the two-reactor models. H2 and CO concentration in 

the PG of the two-reactor models is approximately 5% and 3% lower than the three-reactor 

models, respectively. H2 concentration shows relatively constant values at varying Ybiochar 

comparing to CO concentration because there is high enough H2O content in the PG to act 

as the source of H2. Meanwhile, the source of CO is carbon which decreases as Ybiochar in-

creases; thus, CO concentration declines as Ybiochar increases. 
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Figure 6. Producer gas composition of each model depending on Ybiochar: (a) two-reactor model, (b) 

three-reactor model. 

Figure 7 shows LHVPG and CGE depending on Ybiochar and feeding biomass. LHVPG 

shows an obvious trend; as Ybiochar increases or LHV0 decreases, LHVPG decreases. Addi-

tionally, the two-reactor model has lower LHVPG than the three-reactor model due to 

higher air supply to maintain the reduction zone temperature. A difference of around 

800~1000 kJ/kg in LHVPG is observed between the two simulation models. CGE, which is 
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the main performance parameter of the plant, has a difference of approximately 10% be-

tween the two simulation models. It seems that the two biomass groups appear in the 

CGE chart; rice husk and paddy straw have higher CGE then other biomasses at the same 

levels of Ybiochar due to high ash content in the raw biomass. 

 

Figure 7. LHVPG and CGE depending on Ybiochar: (a) two-reactor model, (b) three-reactor model. 

4.3. Regression Models 

The performance of the biochar production plant depends on various variables, 

which makes the prediction difficult. A simplified model to estimate the performance with 

limited data will decrease the effort to build and simulate all the design and operation 

conditions of the biomass plant to find out the performance data. Therefore, model equa-

tions of LHVPG and CGE model were introduced of the form given in Equations (3) and 

(4), and the best values of coefficients are derived to be as given in Table 5 by the GRG 

nonlinear solver. Figure 8 shows the comparison between the simulation results and the 

regression model equation about LHVPG and CGE. The equations, for LHVPG and CGE 

give results in good agreement regardless of gasifier models and biomasses with correla-

tions of 98.73% and 96.54%, respectively. However, careful observation on the results of 

LHVPG shows slightly different trends for each biomass. Torrefied areca nut and coconut 

fonder, which have the highest and lowest LHV0, respectively, have the steepest and the 

slowest change in the figure of LHVPG. Therefore, bigger errors are expected at the higher 
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and lower zone of LHVPG. Other intermediate LHV biomasses show relatively good agree-

ment obtained with the model equation. Meanwhile, the CGE result shows better linear 

correlation than the LHVPG. 

Table 5. Coefficients of correlation equation for LHVPG and CGE. 

 
Performance Parameters 

LHVPG CGE 

Model coefficients 

a0 −1.418 × 102 b0 −1.882 × 10−1 

a1 2.491 × 10−3 b1 −9.809 × 10−1 

a2 −7.358 × 101 b2 7.979 × 10−1 

a3 7.742 × 101 b3 5.197 × 10−1 

a4 1.030 × 102 b4 1.866 

a5 2.363 × 102 b5 4.626 × 10−4 

a6 1.533 × 10−1 b6 −4.206 × 10−3 

a7 −6.738 × 10−1   

Correlation  96.54% 98.73% 

Maximum difference between simula-

tion and equation model 
520 kJ/kg 8.68% 

Standard deviation of difference 124 kJ/kg 1.87% 
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Figure 8. Scatter plot of results for LHVPG and CGE: correlation versus thermodynamic model: (a) 

two-reactor model, (b) three-reactor model. 

Research on biochar production facilities starts with the gasifier, and until now, fo-

cuses on the production yield of fuel gas and liquid, as well as the part on biochar pro-

duction, has been treated as ancillary. As the importance of biochar in response to climate 

change has recently been highlighted, research on biochar production methods is being 

actively conducted. However, most of the studies are at the lab scale in the laboratory, and 

the studies on the advancement of biochar production in commercial scale are insignifi-

cant. The downdraft gasifier is also conducted mainly for lab-scale research, usually 

batch-type reactors, and the research results of continuous medium-to-large facilities are 

not common. In Table 6, among the downdraft gasifier studies that have been published 

so far, the experimental results in continuous facilities including the data of biochar yield 

were used and the regression model was applied to compare with the actual measurement 

results [30–36]. A total of 20 measured results were selected, and some data without CGE 

data or LHVPG were also used for CGE and LHVPG calculations using the provided PG 

concentration and flow rate. Unfortunately, most of the research results focused on PG 

production; thus, the ER (equivalence ratio, or air factor) was operated with a focus on 

stable facility operation in the range of 0.2~0.5. Accordingly, the results of upgrading Ybio-

char could not be included. In addition, when the measurement of Tr was not accurate, the 

 

 

 

 

 

 

 

   

 

LHV_PG simulation(kJ/kg) 
LHV_PG simulation(kJ/kg) 

CGE simulation CGE simulation 

(a) (b) 



Energies 2022, 15, 7650 16 of 19 
 

 

measurement result of the highest temperature in the gasification reactor was selected as 

Tr and applied to the regression model. 

Table 6. Comparison between experimental results and regression model. ( ) parameters of regres-

sion model. 

Case   1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Referen

ce 
 [30] [30] [30] [30] [30] [31] [31] [32] [33] [33] [33] [33] [33] [34] [35] [35] [35] [36] [36] [36] 

Biomass 

feed 
 

Wall

nut 

shell 

Wall

nut 

shell 

Wall

nut 

shell 

Wall

nut 

shell 

Wall

nut 

shell 

Red

woo

d 

pelle

t 

Woo

d 

chip

s 

Rub

ber 

woo

d 

chip 

Corn 

cobs 

Corn 

cobs 

Corn 

cobs 

Woo

d 

pelle

ts 

Vine 

prun

ing 

Woo

d 

chip 

mixe

d 

woo

d 

chip 

Poul

try 

litter 

SS/S

P 

Peac

h 

bran

ch 

Oliv

e 

bran

ch 

Pine 

bran

ch 

Elementary Analysis 

 C 
46.90

% 

46.90

% 

46.90

% 

46.90

% 

46.90

% 

47.11

% 

46.50

% 

50.60

% 

47.60

% 

47.60

% 

47.60

% 

48.91

% 

50.84

% 

46.50

% 

48.77

% 

43.98

% 

41.08

% 

48.06

% 

46.43

% 

48.18

% 

 H 
5.96

% 

5.96

% 

5.96

% 

5.96

% 

5.96

% 

5.47

% 

6.30

% 

6.50

% 

6.10

% 

6.10

% 

6.10

% 

5.80

% 

5.82

% 

5.80

% 

5.85

% 

5.16

% 

5.51

% 

5.83

% 

5.63

% 

5.71

% 

 N 
0.06

% 

0.06

% 

0.06

% 

0.06

% 

0.06

% 
0 0 

0.20

% 

0.52

% 

0.52

% 

0.52

% 

0.18

% 

0.88

% 

0.20

% 

0.05

% 

4.63

% 

3.77

% 

0.55

% 

0.55

% 

0.15

% 

 O 
46.62

% 

46.62

% 

46.62

% 

46.62

% 

46.62

% 

45.00

% 

44.21

% 

42.00

% 

45.78

% 

45.78

% 

45.78

% 

45.11

% 

42.46

% 

43.50

% 

44.52

% 

31.98

% 

26.90

% 

44.03

% 

44.91

% 

43.89

% 

 S 
0.46

% 

0.46

% 

0.46

% 

0.46

% 

0.46

% 
0 0 0 0 0 0 0 0 

0.10

% 

0.01

% 

0.75

% 

0.94

% 
0 0 0 

Proximate Analysis 

 
Ash(d

ry) 

3.65

% 

3.65

% 

3.65

% 

3.65

% 

3.65

% 

1.40

% 

0.80

% 

0.70

% 

2.12

% 

2.12

% 

2.12

% 

2.10

% 

2.62

% 

3.90

% 

0.80

% 

13.5

% 

21.8

% 

1.53

% 

2.48

% 

2.07

% 

(W_f) 
Moist

ure 

6.56

% 

6.56

% 

6.56

% 

6.56

% 

6.56

% 

9.30

% 

10.1

% 

14.7

% 

10.1

% 

10.1

% 

10.1

% 

9.50

% 

12.5

% 

21.7

% 

10.6

% 

7.60

% 

4.40

% 

9.80

% 

10.6

% 

9.00

% 

(LHV_0

) 

[kcal/

kg]  
4319  4319  4319  4319  4319  4099  4141  4297  3658  3658  3658  3924  3712  3755  3789  3712  3943  4141  4141  4141  

biomass 

feed  

[kg/hr

] 
8.1 10.2 12.1 12.4 12.9 12 11 18.6 65.6  81.2  81.2  64.1  50.3  55 63 30 28 3.3 3.05 2.5 

biochar 

yield 

[kg/hr

] 
0.44 0.51 0.6 0.73 0.89 0.8 0.4 0.8 4.6 5.8 5.8 6.3 5.3 5.3 3 2.5 4 0.16 0.085 0.128 

(Y_bioc

har) 
 

11.90

% 

10.96

% 

10.87

% 

12.90

% 

15.12

% 

15.00

% 

8.37

% 

9.83

% 

16.01

% 

16.31

% 

16.31

% 

21.73

% 

23.11

% 

24.42

% 

10.75

% 

15.69

% 

23.76

% 

10.84

% 

6.37

% 

11.2

% 

(C_f)  
42.22

% 

42.22

% 

42.22

% 

42.22

% 

42.22

% 

42.13

% 

41.47

% 

42.86

% 

41.89

% 

41.89

% 

41.89

% 

43.33

% 

43.32

% 

34.99

% 

43.25

% 

35.15

% 

30.71

% 

42.69

% 

40.48

% 

42.94

% 

(A_f)  
3.41

% 

3.41

% 

3.41

% 

3.41

% 

3.41

% 

1.27

% 

0.72

% 

0.60

% 

1.91

% 

1.91

% 

1.91

% 

1.90

% 

2.29

% 

3.05

% 

0.72

% 

12.47

% 

20.84

% 

1.38

% 

2.22

% 

1.88

% 

(Tr) [K] 1118 1128 1145 1161 1169 1300 1300 1200 1200 1200 1200 1200 1200 1250 1250 1100 1200 1123 1153 1103 

                      

CGE_ex

p 
 

66.19

% 

65.96

% 

68.82

% 

69.51

% 

70.57

% 

72.00

% 

77.00

% 

68.11

% 

67.20

% 

68.35

% 

67.83

% 

55.08

% 

64.83

% 

60.00

% 

82.70

% 

80.70

% 

75.40

% 

61.00

% 

78.00

% 

58.00

% 

CGE_m

odel 
 

64.6

% 

66.0

% 

66.8

% 

65.6

% 

63.8

% 

67.4

% 

72.8

% 

70.0

% 

63.2

% 

62.9

% 

62.9

% 

58.4

% 

59.4

% 

59.9

% 

69.8

% 

70.8

% 

69.6

% 

64.2

% 

70.2

% 

63.7

% 

Error  2.4% 0.0% 2.9% 5.6% 9.6% 6.4% 5.5% 2.8% 5.9% 8.0% 7.3% 6.1% 8.5% 0.1% 
15.6

% 

12.2

% 
7.7% 5.3% 

10.0

% 
9.7% 

Syngas Vol % 

 H2 15.42 15.33 15.06 14.86 14.78 14 14 15.5 15.83 17.56 16.6 16.35 17.06 16 16.4 14.55 14 13.2 15 12.1 
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 CO 17.31 17.24 17.02 16.97 16.87 18 18 19.1 22.46 22.61 22.55 21.29 21.74 19 22.6 17.42 16.4 17.4 17.7 16 

 CO2 6.93 6.99 7.15 7.23 7.29 9 9 11.4 12.33 12.02 11.78 12.39 13.02 17 11.05 13.51 9.2 12.4 13.5 11.4 

 
CH4(+

HCs) 
3.41 3.28 2.98 2.81 2.77 2.5 2.5 1.1 2.92 2.56 2.48 2.72 3.11 2 5.05 1.43 1.18 0.8 1.2 0.2 

 
N2(+O

2) 
56.93 57.16 57.79 58.13 58.29 56.5 56.5 52.9 46.46 45.25 46.59 47.25 45.07 46 44.9 53.09 59.22 56.2 52.6 60.3 

 sum 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

Syngas 

yield 

[m3/hr

] 
       51.9 118 148 150 105 87 130 130 90 87 0 0 0 

LHV_P

G_exp 

[kcal/

kg] 
1039  1025  989 970  962   939  939  916  1123  1166  1128  1097  1153   952  1293   851   815   778   858   680  

LHV_P

G_mod

el 

[kcal/

kg] 
816 834 863 885  893  1032  1044 976   798   797   797   845   833   955   897   811  987 783   847   756  

Error 0 
25.8

% 

23.1

% 

17.2

% 

14.8

% 

13.9

% 
7.5% 

11.1

% 
6.6% 

28.9

% 

31.6

% 

29.3

% 

22.9

% 

27.8

% 
0.3% 

30.6

% 
4.7% 

21.1

% 
0.6% 1.3% 

11.2

% 

Figure 9 shows the comparison results about LHVPG and CGE. As expected from Fig-

ure 8, CGE shows relatively good agreement between the experiments and the regression 

model in spite of various biomass, wide scale range and operation condition, whereas the 

error of LHVPG shows relatively bigger mismatch at above 1000 kcal/kg. However, the 

regression model based on thermodynamic model with assumption of no heat loss can 

provide theoretical design and operational information of the advanced biochar produc-

tion system. 

 
 

(a) (b) 

Figure 9. Comparison between experimental results with regression model (a) LHVPG, (b) CGE. 

5. Conclusions 

In the present study, two different biomass gasifier models using thermodynamic 

software were evaluated for application to biochar production process. The two simula-

tion models were rebuilt, the implementation verified and subsequently a parametric 

study on biochar production has been carried out. Furthermore, correlations for LHVPG 

and CGE were formulated based on the thermodynamic simulation to supply simplified 

prediction correlations. 

The two-reactor model and the three-reactor model were reconstructed and showed 

the same methane concentration trend, depending on Ybiochar and biomass characteristics. 

However, H2 and CO concentration as well as LHVPG show differences due to the differ-

ence in reduction zone temperature. The two-reactor model has a higher reduction zone 

temperature which requires more combustion heat from PG. However, their trends 
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depending on Ybiochar for each biomass show a similar pattern. Hence, these two different 

models are expected to generate similar results. 

Examining the thermodynamic simulation model results, the performance parame-

ters include multiple independent variables, which makes the estimation process difficult 

and requires professional knowledge on the simulation. Based on a selection of independ-

ent variables including biochar yield (Ybiochar), LHVbiomass, reduction zone temperature (Tr), 

biomass contents of ash (Af), water (Wf) and carbon (Cf), the correlation equations from 

regression analysis show a good match with the simulation results, which show 96.54% 

and 98.73% correlations for LHVPG and CGE, respectively. In spite of variations in bio-

mass, scale and operation conditions, the correlation equations are supposed to supply a 

useful information for design, operation and feasibility evaluation of a biochar production 

system. However, because the results are based on no heat loss assumption of the ther-

modynamic simulation, it should be considered as theoretical information. 
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