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A B S T R A C T   

Auto thermal biomass gasification produces syngas more energy-efficiently by utilizing the heat released from 
the reaction between CaO and CO2. The auto thermal gasification process also reduces CO2 emissions and 
gasification temperature. However, the high temperature required for the regeneration of spent CaO consuming 
large amounts of energy is a challenge for this process. This paper investigated the effect of steam on the 
regeneration of spent CaO during biomass gasification from an energy-saving perspective. The modelling results 
indicated that the regeneration temperature could be lowered with the introduction of steam while maintaining 
the same 60% CaCO3 calcination efficiency. For example, the introduction of 10 ml h− 1 of steam can reduce the 
regeneration temperature by 50 ◦C compared to the regeneration under air environment. In addition, SEM and 
BET analysis confirmed that the steam flow rate needs to be precisely controlled to prevent it from diminishing 
the surface area of the sorbent and reducing the adsorption capacity of the regenerated CaO.   

1. Introduction 

The replacement of fossil fuel with renewable and carbon-neutral 
biomass for energy supply responds to climate change [1,2]. Biomass 
gasification is a promising technology to produce syngas that can be 
used for energy generation or biofuel production [3–5]. However, the 
presence of considerable amounts of CO2 in syngas and the low energy 
conversion efficiency of the process restrict the deployment of biomass 
gasification and reduce the sustainability of the process [6–8]. 

Auto thermal biomass gasification has recently been proposed as a 
promising technology, as it exploits the heat of reaction between CO2 in 
the flue gas and CaO as the bed material to reduce the gasification 
temperature [9]. The significant advantages of this process are the uti-
lization of flue gas as the reaction atmosphere to reduce CO2 emissions 
and low gasification temperatures required to save energy supply. 
Nevertheless, high temperature is necessary for CaCO3 calcination, so 
one priority for optimizing this process is to achieve CaO regeneration 
with low energy consumption [10–12]. 

The rate of decomposition of CaCO3 is mainly limited by the rate of 
temperature increase and the removal of precipitated CO2 in the vicinity 
of CaO [13]. As the calcination temperature and CO2 concentration 

increase, the sintering and total pore volume decrease, leading to CaO 
deactivation. CaO/CuO adsorbents for in-situ CO2 capture have recently 
been investigated with emphasis since the heat released by the CuO 
could be used for the calcination of CaCO3 [14–16]. However, the sep-
aration of CaO and Cu in the calciner and optimization of the thermal 
integration increased system costs and reduced the benefits of the pro-
cess. An insitu XRD analysis reported by Valverde et al. [17] showed that 
the calcination rate of limestone is significantly increased by introducing 
helium at relatively minor concentrations, even at high CO2 partial 
pressures. In addition, the steam atmosphere has been intensively 
investigated in the calcium looping process [18–21], indicating that 
steam expanded the pore diameter and enhanced the stability of the 
sorbents. Subsequently, Acharya et al. [22] reported that steam allows a 
lower calcination temperature at the expense of a longer calcination 
time to achieve the same calcination efficiency in the gasifier. This 
advantage is consistent with the low energy consumption of auto ther-
mal biomass gasification, so it is necessary to extend the application of 
steam in this process regarding energy savings. 

Herein, this paper aims to study the performance of the introduction 
of steam for reducing regeneration temperatures of CaCO3 calcination 
using experimental and computational analysis. The regeneration of 
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different atmospheres was compared, and the effect of steam flow rate 
and regeneration temperature was also investigated. In addition, the 
morphology and pore properties of the solid residue were studied by 
SEM and BET analyses. 

2. Materials and methods 

2.1. Materials 

Cellulose, a key component of biomass, was purchased from Sigma- 
Aldrich Co., Ltd, (CAS number: 9004-34-6). The cellulose used in this 
work is in white powder. Calcium oxide was purchased from Sigma- 
Aldrich Co., Ltd without any further purification (CAS number: 1305- 
78-8). Around 0.2g cellulose was mixed with 1g calcium oxide and the 
samples were stirred to achieve good uniformity. 

2.2. Experimental apparatus and procedure 

Experiments were carried out in a vertical quartz tubular (24 mm 
outside diameter, 520 mm high) laboratory scale fixed bed reactor, as 
reported in our previous work [9]. A mixed sample of 0.2 g of cellulose 
and 1 g of calcium oxide was loaded in the flat layer of a tube, sand-
wiched with quartz wool at the top and bottom. Nitrogen carrier gas 
with a flow rate of 85 ml min− 1 was introduced into the reaction tube. 
The temperature of the first stage of the furnace was set to rise to 150 ◦C 
and held for 5 min. Afterwards, 15 ml min− 1 of CO2 is introduced and 
held for 5 min to ensure the reaction atmosphere was 85% N2/15% CO2. 
The temperature of the second stage of the furnace was set to 650 ◦C 
with a heating rate of 22 ◦C min− 1 and the temperature was hold for 40 
min. Then, the second stage of the furnace was switched off to cool down 
the reactor to room temperature. The atmosphere is changed to air or 
nitrogen at a flow rate of 100 ml min− 1. The first stage of the reactor is 
kept at 150 ◦C in order to preheat the water entering the first stage of the 
reactor at injection rates of 5, 10 and 30 ml h − 1. The first stage of the 
furnace is used to vaporize into steam. The second stage of the furnace 
was recorded from 250 ◦C, heated to the specified temperatures (700, 
750, 800 and 850 ◦C) and held for 30 min. The above process is repeated 
three times to collect the solid residue. The gas produced was analyzed 
using an online gas analyzer after passing through a condensing system, 
including an ice bath and drying tube. The experimental conditions are 
summarised in Table 1. 

2.3. Aspen plus simulation 

RGibbs reactor is selected as the regenerator for CaO regeneration, 
with a pressure at 1 bar and a temperature between 700 and 800 ◦C. The 
parameters for the solids outlet flow rate in the modelling and the 
composition are summarised in Table 2. The regenerator has a material 
feed at 680 ◦C containing 6.34 kg h− 1 solid residue, 5 kg h− 1 Air and 0–2 
kg h− 1 water, which is evaporated to steam via a heat exchanger. By 
modifying the water input and the temperature of the regenerator, the 
process can obtain different conversions from CaCO3 to CaO. The effi-
ciency of CaCO3 calcination can be calculated based on the difference 
between CaO outlet stream and inlet stream divided by CaO inlet stream. 

2.4. Products characterization 

The composition of the gas product was examined and displayed in 
real-time by online gas chromatography (ETG Ltd., Italy). Scanning 
electron microscope (SEM) was used to detect the microstructure of 
solid residue. Brunauer-Emmett-Teller (BET) surface area was measured 
using the adsorption branch data in the relative pressure (P/P0) range 
from 0.005 to 0.99, and the pore volume was calculated by the t-plot 
method. The average pore size was calculated by the Barrett-Joyner- 
Halenda (BJH) method using nitrogen desorption branch data. 

Table 1 
Experimental conditions of gasification and regeneration stage of Auto-CaL-Gas.  

Case no. Cellulose(g) CaO(g) Temp-Gas(◦C) Temp-Reg(◦C) Steam injection rate(ml/h) Gasification atmosphere Regeneration atmosphere 

#1 0.2 1 650 800 0 15%CO2+85%N2 Air 
#2 0.2 1 650 800 10 15%CO2+85%N2 Air +10 ml h− 1 steam 
#3 0.2 1 650 800 0 15%CO2+85%N2 N2 

#4 0.2 1 650 800 10 15%CO2+85%N2 N2+10 ml h− 1 steam 
#5 0.2 1 650 750 5 15%CO2+85%N2 Air +5 ml h− 1 steam 
#6 0.2 1 650 750 10 15%CO2+85%N2 Air +10 ml h− 1 steam 
#7 0.2 1 650 750 30 15%CO2+85%N2 Air +30 ml h− 1 steam 
#8 0.2 1 650 700 5 15%CO2+85%N2 Air +5 ml h− 1 steam 
#9 0.2 1 650 700 10 15%CO2+85%N2 Air +10 ml h− 1 steam 
#10 0.2 1 650 700 30 15%CO2+85%N2 Air +30 ml h− 1 steam  

Table 2 
Parameter Assumptions of solid residue in the regeneration stage.   

Parameter Unit Value 

Solid residue Temperature ◦C 680 
Pressure bar 1 
Mass flow kg h− 1 6.34 
CaCO3 kg h− 1 2.91 
CaO kg h− 1 3.37 
Carbon kg h− 1 0.06  

Fig. 1. Influence of steam to biomass ratio on the efficiency of CaCO3 calci-
nation under steam atmosphere in Aspen modelling. 
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3. Results and discussion 

3.1. Regeneration efficiency 

Fig. 1 shows the performance of CaO regeneration at different 
regeneration temperatures and steam additions while maintaining the 
solid inlet stream and air stream in Aspen modelling. In general, the 
conversion of CaO regeneration is enhanced with the increase of steam 
addition and the regeneration temperature. When the reactor tempera-
ture is lower than 750 ◦C, CaO tends to undergo a carbonation reaction 
rather than the calcination of CaCO3, whereas the reaction equilibrium 
gradually favours the calcination reaction with the introduction of 
steam. CaCO3 in the solid inlet stream is almost completely converted 
into CaO at 800 ◦C when the steam to biomass ratio is 1.6 and at 775 ◦C 
when the steam to biomass ratio is 1.6, respectively. It is worth 
mentioning that the regeneration temperature can be reduced by 
increasing the steam addition to obtain the same CaCO3 calcination ef-
ficiency (60%). Moreover, the conversion from CaCO3 to CaO increases 
from 42% to around 100% with 0.6 kg h− 1 steam addition at the same 
temperature (800 ◦C), where it is cost-effective to replace the energy 
required (Eq (1)) to complete the conversion of 58% of the 2.91 kg h− 1 

CaCO3 stream with the energy required (Eq (2)) to evaporate 0.6 kg h− 1 

of water to steam. According to the previous studies of the steam effect 
on the carbonation-calcination cycle [18,19,23], it can be summarised 
as follows: 1) The absorption of H2O by the active site of CaO attenuates 
CaO carbonation; 2) The thermal conductivity between steam and 
CaCO3 is higher, resulting in a higher heat transfer; 3) The lower 
decomposition temperature leads to lower sintering of the adsorbent and 
higher activity of the regenerated CaO during the carbonation reaction. 
Therefore, Acharya et al. [22] investigated the performance of the 
carbonation-calcination cycle using a circulating fluidized bed gasifier 
under pure CO2 atmosphere and N2/CO2/steam atmosphere, respec-
tively. The results illustrated that the steam atmosphere could have a 

high conversion rate at relatively low temperatures, which is in good 
agreement with our work. It can reduce the amount of the required 
calcination energy, even though this may need to be partially offset by 
the energy required to generate additional steam. The difference is that 
auto-thermal biomass gasification employs flue gas as the reaction at-
mosphere, which is intended to reduce the energy consumption of the 
gasification process by using the heat of CaO carbonation. Therefore, the 
introduction of steam also reduces energy consumption in the regener-
ation stage, which enhances the energy efficiency of autothermal 
biomass gasification. 

Calcination  reaction CaCO3 ↔ CaO + CO2 ΔH298.15k

= +178.8KJ/mole (1)  

Water  evaporation H2O(l) ↔ H2O(g) ΔH298.15k = +40.65KJ/mole (2)  

Water − gas  reaction C+H2O ↔ CO + H2 ΔH298.15k = +91.3KJ/mole
(3)  

Boudouard  reaction C+CO2 ↔ 2COΔ H298.15k = +172KJ/mole (4)  

3.2. Influence of steam on CaCO3 calcination and syngas production 

Fig. 2 compares the effects of different regeneration temperatures 
and atmospheres on CaCO3 calcination for syngas production during 
auto-thermal biomass gasification. By comparing Fig. 2(a) and (c), it can 
be seen that the calcination efficiency of CaCO3 decreases when the 
regeneration temperature is declined from 800 ◦C to 750 ◦C, which in 
turn leads to a decrease in syngas production in the gasification stage. As 
shown in Fig. 2(a) and (b), a similar carbonation-calcination cycle is 
obtained by introducing 10 ml h− 1 steam at a reduced regeneration 
temperature of 50 ◦C compared with air atmosphere, which is in good 
agreement with Fig. 1. Therefore, it shows the potential of steam to 

Fig. 2. Three cycles of auto-thermal CaO looping biomass gasification at 650 ◦C under 15%CO2+85%N2 atmosphere and regeneration under different conditions (a) 
800 ◦C, Air (b) 750 ◦C, Air-H2O:10 ml h− 1 (c) 750 ◦C, Air; (d) Heating-up procedure. 
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Fig. 3. Three cycles of auto-thermal CaO looping biomass gasification at 650 ◦C under 15%CO2+85%N2 atmosphere and regeneration under different conditions (a) 
750 ◦C, Air-H2O:5 ml h− 1 (b) 750 ◦C, Air-H2O:10 ml h− 1 (c) 750 ◦C, Air-H2O:30 ml h− 1; (d) Heating-up procedure. 

Fig. 4. Solid residue after regeneration under different calcination atmospheres (a)unreacted CaO (b) 800 ◦C, Air (c) 800 ◦C, N2 (d) 800 ◦C, N2–H2O:10 ml h− 1.  
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reduce the energy consumption of the regeneration process. In addition, 
CO is generated due to Eq. (3) under the steam atmosphere. Acharya 
et al. [22] studied the effect of three calcination agents, including CO2, 
N2 and steam. The results also demonstrated that steam calcination 
resulted in a continuous decrease in the conversion rate during 
carbonation in each cycle. Therefore, steam is more suitable for regen-
erating CaO at low temperatures with lower energy consumption. 

Fig. 3 shows the effect of steam injection rate on CaO carbonation/ 
syngas production and CaCO3 decomposition during the autothermal 
biomass gasification. Fig. 3(b) exhibits stable carbonation-calcination 
cycle because practically the steam injection can also reduce the par-
tial pressure of CO2 in the calciner and promote a positive shift in the 
equilibrium of CaCO3 degradation [20]. However, Fig. 3(a) and (c) 
indicate that the steam injection rate needs to be carefully controlled as 
the peak desorption CO2 caused by CaCO3 degradation becomes smaller 
with increasing cycle number and even disappears in the third cycle. In 
particular, CO2 is not desorbed from CaCO3 after three cycles when the 
steam injection rate is 30 ml h− 1. It is consistent with the results ob-
tained by Donat et al. [24] that excessive steam promotes the sintering of 
CO2 capture sorbents. 

3.3. Solid residue characterization 

3.3.1. SEM analysis 
Fig. 4 presents the morphology of the unreacted CaO and solid res-

idue after 3 cycles of auto thermal biomass gasification under different 
atmospheres. The particles gradually appear to be agglomerated after 3 
cycles in the air atmosphere. Moreover, the particles are more compact, 
whereas the pores are still visible in the nitrogen atmosphere. However, 
the particles of CaO become finer and severe agglomerated after the 
addition of steam. As shown in Fig. 5, the morphology of the particles in 

the SEM images at different steam injection rates well corresponds to the 
trend in the efficiency of CaO regeneration in Fig. 2. It is further shown 
that excess or trace amounts of steam can result in the agglomeration of 
CaO into large particles and thus deactivate and prevent regeneration. 
The morphology results of steam regeneration have been sufficiently 
investigated in the calcium looping process that supported our obser-
vation [19,23–25]. The reasons for the increased decomposition rate of 
CaCO3 by the introduction of steam in the calcination atmosphere can be 
summarised as follows: 

Firstly, the introduction of steam results in a lower partial pressure of 
CO2; secondly, the absorption of H2O by the active site of CaO weakens 
the binding capacity to CO2; furthermore, the heat transfer between 
steam and CaCO3 is more efficient due to the higher thermal conduc-
tivity of the steam atmosphere. In a steam/CO2 calcination atmosphere, 
the lower decomposition temperature leads to a lower degree of sin-
tering of the adsorbent. Therefore, it is important to control the amount 
of steam addition to save energy without causing serious sintering of 
CaO particles for the regeneration of CaO during auto thermal biomass 
gasification. 

Fig. 5. Solid residue after regeneration under different calcination conditions (a) 800 ◦C, Air (b) 750 ◦C, Air-H2O:5 ml h− 1 (c) 750 ◦C, Air-H2O:10 ml h− 1 (d) 750 ◦C, 
Air-H2O:30 ml h− 1. 

Table 3 
Surface area, pore volume and average pore diameter of CaO-based materials for 
3 gasification-regeneration cycle.  

Sample SBET (m2 g− 1) Pore volume (cm3 g− 1) dave (nm) 

Air-800oC-30 ml h− 1 11.56 0.181 31.32 
Air-750 ◦C − 30 ml h− 1 6.69 0.102 30.63 
Air-700 ◦C − 30 ml h− 1 7.32 0.102 27.87 
Air-800 ◦C 15.21 0.155 20.4 
Air-800 ◦C − 10 ml h− 1 16.29 0.104 21.28 
N2-800 ◦C 9.95 0.066 18.67  

S. Zhang et al.                                                                                                                                                                                                                                   



Biomass and Bioenergy 161 (2022) 106416

6

3.3.2. N2 adsorption-desorption analysis 
The pore structure properties of solid residue and N2 sorption iso-

therms are shown in Table 3 and Fig. 6, respectively. The solid residue 
obtained by the N2 atmosphere exhibits the lowest BET surface area, 
pore volume and average pore diameter compared with the solid residue 
obtained from the air and steam atmosphere. The introduction of steam 
expands the pore diameter and contributes to an increase in specific 
surface area, which is the evaluation index of sorbent capacity. It is 
supported by Donat et al. [24] who reported that when only steam was 
present for calcination, the pores became larger. Moreover, excess steam 
reduces surface area significantly even though the pore volume and pore 
diameter increase, which is consistent with the observation of SEM 
images and Fig. 2. Dong et al. [23] also found that the surface area 
decreased from 3.37 m2 g− 1 to 1.48 m2 g− 1 when the concentration of 
steam during calcination increased from 10% to 30%. In addition, it is 
indicated that the adsorption capacity of the regenerated CaO is strongly 
dependent on the regeneration temperature [26]. 

4. Conclusion 

This study evaluated the performance of introducing steam into 
CaCO3 calcination to reduce regeneration temperatures and thereby 
reduce process energy consumption. The modelling work showed that 
the regeneration temperature could be kept down by adding more steam 
to obtain the same efficiency of CaCO3 calcination at 60%. Furthermore, 
experimental work proved that the introduction of 10 ml h− 1 of steam 
reduces the regeneration temperature of 50 ◦C compared to the air at-
mosphere, allowing for a similar carbonation-calcination cycle. In 
addition, the flow rate of the steam needs to be well controlled as syngas 
production decreased significantly at a steam addition rate of 30 ml h− 1 

over 3 cycles. BET and SEM analysis also showed that the excess steam 
reduced the surface area of the pores, leading to severe particle aggre-
gation, which affected the adsorption of CO2 by the regenerated CaO 
during the next auto-thermal biomass gasification. 
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