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Abstract: Steam gasification of refuse-derived fuel (RDF) for hydrogen-rich syngas production was
investigated in a lab-scale gasification system with CaO modification. A simulation model based
on Aspen Plus was built to study the characteristics and the performance of the RDF gasification
system. The influences of gasification temperature, steam to RDF ratio (S/R), and CaO adsorption
temperature on the gas composition, heating value, and gas yield were evaluated. Under the
gasification temperature of 960 ◦C and S/R of 1, H2 frication in the syngas increased from 47 to 67%
after CaO modification at 650 ◦C. Higher syngas and H2 yield were obtained by increasing both S/R
and gasification temperature. However, as the CaO adsorption temperature increased, a lower H2

fraction was obtained due to the limitation of the CaO adsorption capacity at high temperatures.
The highest H2 fraction (69%), gas yield (1.372 m3/kg-RDF), and H2 yield (0.935 m3/kg-RDF) were
achieved at gasification temperature of 960 ◦C, S/R of 2, and CaO modification temperature of 650 ◦C.
The variation trends of simulation results can match well with the experiment. The deviation was
mainly because of the limitation of contact time between the gasification agent and RDF, uneven
temperature distribution of the reactors, and the formation of tar during the experiment.

Keywords: RDF; steam gasification; H2-rich syngas; CaO modification; system modeling

1. Introduction

In the context of the growing problem of pollutants and global warming, hydrogen
(H2) is considered to be one of the most promising renewable energy sources that can be
an alternative to fossil fuels. According to the IEA report [1], almost 99% of the global
hydrogen demand in 2021 was met by fossil fuels. Compared to fossil-fuel-based routes,
H2 production by using renewable energy is a sustainable and suitable way. Municipal
solid waste (MSW) could be a negatively priced and renewable H2 source [2,3] since it is
randomly generated in our daily life.

The rapid expansion and development of cities has led to the massive production of
MSW. According to the World Bank report for MSW [4], approximately 2.01 billion tons
of MSW were generated globally in 2016, which is expected to reach 2.59 billion tons in
2030. In addition to sanitary landfills and composting, the widely used MSW treatment
technology is incineration [5,6]. Although incineration can achieve waste reduction and
resource recovery, the emissions of volatile organics (dioxin) and fly ash are still the major
concern of the process [7]. Fly ash generated from incineration is classified as hazardous
waste, which may cause serious environmental issues [8].

Gasification is another thermal treatment for MSW, aiming for the production of syngas
with a high concentration of combustible gases [9,10]. The gasification technology allows
the reactor to achieve a reducing atmosphere by using various gasification agents, inhibiting
the production of dioxin. In Japan and Europe, more than 100 MSW disposal plants are
commercially operated with MSW gasification technology [11,12]. Air gasification is widely
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investigated because of its feasibility. Dhiroua et al. [13] developed a model for simulating
the biomass air gasification process. The results indicate that the combustible components
in the syngas decreased with the increase in the air to biomass ratio, while they increased
with the gasification temperature but with more tar production. The combination of air and
steam as the gasification agent can improve the combustible composition while ensuring
the heat supply for the endothermic reactions [14]. Compared to air gasification or oxygen
gasification, steam-only gasification can produce hydrogen-rich syngas [15–17]. Heat input
is required to heat the steam to the temperature required for gasification and provide the
reaction heat for the endothermic reactions [18]. A two-stage steam gasification of mixed
food waste was investigated by Raizada et al. [19]. The hydrogen fraction reached the
highest point of 68% at the gasification temperature of 850 ◦C.

CO2 sorbents were used to enhance the H2 production and gas yield during the
gasification process as well. Madhukar R. et al. [20] conducted research on biomass steam
gasification in the presence of CaO. The gasification performance was investigated between
500–700 ◦C. The H2 yield for the gasification process using CaO at 500 and 600 ◦C was
higher than the steam gasification without CaO at 700 ◦C. However, the gas yield and H2
yield dropped after 700 ◦C with the presence of CaO. In this study, steam is used as the only
gasification agent to improve H2 production. Low-cost CaO is used downstream from the
gasifier to improve the syngas quality by adsorbing acid gases and cracking tar. CaO can
promote tar cracking from two aspects: 1. The tar cracking reaction is entirely endothermic.
The formation of CaCO3 from CaO can provide heat for the tar cracking reaction. 2. CaO
acts as a catalyst for the tar cracking process: the CaO active sites can absorb tar molecules,
and promote dehydrogenation, dealkylation, and ring-opening of tar molecules to form
gas components and carbon deposits [21]. As for acid gases, the CaO reacts absorb CO2 to
format CaCO3 and CaO can react with HCl, the other main acid gas components produced
from MSW gasification [22–24].

The investigation was conducted with two consecutive lab-scale fixed-bed reactors.
Different with steam gasification combined with the usage of CO2 sorbent inside the gasifier,
the CaO used for this study was put in another fixed bed reactor to modify the generated
raw syngas from the first rector. A simulation model was also developed based on Aspen
Plus to investigate the system, validating the reliability of the experiment and also finding
the optimal condition for RDF steam gasification.

2. Experimental and Simulation Methods
2.1. RDF Characterization

According to previous research, synthetic refuse-derived fuels (RDF) used for gasi-
fication experiments mainly contain: food waste, paper, textile, wood, and plastic [25].
According to the composition of MSW collected in Haidian District, Beijing [26], food waste
accounts for the largest proportion of the waste component, followed by plastic, paper,
wood, and textile. The composition of the synthetic RDF used in this study is shown in
Figure 1. Dog food was used as an alternative to real food waste [27]. Cotton, PP powder,
and wood chips were selected to represent the textile, plastic, and wood materials, respec-
tively. The above raw materials and paper were crushed and mixed in proportion to their
composition to ensure the homogeneity of the feedstock. The crushed raw materials were
put into the granulator for generating RDF.

The largest composition of the RDF in this study was dog food simulating the food
waste. The dog food we used was ‘hard type’, which has a lower moisture content (6–10%)
than other types of dog food. The second and third components were paper and plastic,
which contain a much lower content of moisture. From different investigations on RDF
gasification, we found that the moisture content of RDF can reach relatively low levels:
3.7–4.3% [28–31]. These RDF samples have more paper and plastic components, so the
moisture content is relatively low. In our study, the moisture content of the used RDF
was 6.37%.
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Figure 1. Composition of the synthetic RDF.

As for the heterogeneity of the RFD, we weighed a fixed proportion of the raw materi-
als and mixed them thoroughly before granulation with a crusher to ensure the stability and
reproducibility of the experiment. Therefore, we can obtain comparable gasification results
under different experimental conditions while excluding the influence of raw material
fluctuations.

The results of the proximate and ultimate analysis of the synthetic RDF pellets and
calorific value are shown in Table 1.

Table 1. Proximate and Ultimate analysis of the synthetic RDF.

Ultimate Analysis/wt%

C 41.03
H 5.86
O 38.22
N 0.14
S 1.42

Proximate Analysis/wt%

Moisture 6.37
Ash 13.33
Volatile 76.34
Fixed carbon 10.33

LHV (MJ/kg) 18.91

2.2. Experimental Setup

The schematic diagram of the RDF gasification system is shown in Figure 2. The
system mainly consists of five units: feedstock unit, steam vaporizer unit, two fixed-bed
reactors, the syngas cleaning and acquisition unit, and the syngas analysis unit. The RDF
was fed at the top of the first fixed-bed reactor. High temperature steam was purged at the
bottom of the reactor. The CaO particles were added to the second reactor. Raw syngas
generated from the first reactor was then passed through the CaO bed. The syngas before
and after the CaO modification was collected for CH4, CO, CO2 H2, and O2 analysis with
a gas chromatograph (GC 9720 Plus, Fuli, China).
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The synthetic RDF was introduced into the reactor through a constant velocity screw
feeder. Before feeding the material, the screw feeder was calibrated with different speed
profiles for different raw materials. The rate of addition of RDF was set to 0.25 kg/h. The
reactor for the gasification of RDF was an updraft gasifier. The gasifier was an electrically
heated gasifier with three thermocouples inserted in the top, middle, and bottom of the
furnace. CaO particles were added in the second fixed-bed reactor to modify the raw syngas.
Solid compounds in the syngas were removed by the filters. Tar and other condensable
organic compounds were absorbed by isopropyl alcohol, which was proven and widely
used for syngas purification, especially for tar removal [32].

The basic scenario for the experiment and simulation was: gasification temperature of
960 ◦C; modification temperature of 650 ◦C; and S/R of 1. Apart from the different S/R of
0.5, 1, 1.5, and 2, the properties of the syngas were also evaluated by changing the reactor
temperatures: for the gasifier, temperature changes from 660 ◦C to 960 ◦C with a 100 ◦C
interval; for the fixed-bed with a CaO layer, temperature changes from 550 ◦C to 850 ◦C
with a 100 ◦C interval as well.

The main reactions that occurred in the gasifier and modification reactor are listed
in Table 2.

Table 2. Main reactions that occurred in the reactors.

Number Reaction Reaction Heat (kJ/mol)

(1) C + 1/2O2→CO −111
(2) CO + 1/2O2→CO2 −283
(3) C + O2→CO2 −394
(4) H2 + 1/2O2→H2O −242
(5) C + H2O↔CO + H2 +131
(6) CO + H2O↔CO2 + H2 −41
(7) CH4 + H2O↔CO + 3H2 +206
(8) CH4 + CO2↔2CO + 2H2 +259
(9) CO + 3H2↔CH4 + H2O −227

(10) C + CO2↔2CO +172
(11) CaO + CO2↔CaCO3 −166
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2.3. Data Evaluation

The following indexes are used to evaluate the gasification performance:
Syngas yield: YSyngas is the syngas production per unit mass of RDF input, m3-

Syngas/kg-RDF.
Hydrogen yield: YH2 is the H2 production per unit mass of RDF input, m3-Syngas/kg-RDF.
Lower heating value (LHV) of syngas [33], MJ/Nm3:

LHVsyngas = 10.79× [H2] + 12.62× [CO] + 35.81× [CH4] (1)

where [H2], [CO], [CH4] represents the volume fraction of H2, CO, CH4 in the
corresponding syngas.

Cold gas efficiency, CGE [33]:

CGEsyngas =
LHVsyngas ×Qsyngas

LHVsyngas ×msyngas
(2)

where Qsyngas is the volume flow rate of the collected syngas in m3/h; LHVMSW is the
lower heating value of RDF in MJ/kg; mRDF is the RDF input in mass per hour: m3/h.

2.4. Model Developing

According to the schematic diagram of the experiment setup, shown in Figure 2,
a simulation model was also developed to investigate the system performance. The simula-
tion model was developed with Aspen Plus, a widely used process simulation software
for the chemical engineering industry [34]. In the real process, the RDF drops down into
the gasifier and through three stages, drying, decomposing, and gasifying [35], shown in
Figure 3. To present these three stages in the gasifier, a drying block, decomposition block,
and gasifying block were built in process modeling. Referring to Figure 2, the flowsheet of
the simulation model is shown in Figure 4.
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The conventional components of the system were calculated by the Peng–Robinson
equation with the Boston–Mathias α function (PR-BM), which is a proper choice for the
non-polar and non-ideal system [36]. With the correction of the Boston–Mathias alpha
function, the PR-BM equations can better model the properties of matter above the critical
temperature. The PR-BM equation is also widely used in the simulation of chemical
processes such as gasification and refining [37,38].

The basic modeling assumptions are:
(1) The whole system is under steady state and reactions reach thermodynamic equilibrium;
(2) The formation of tar and other hydrocarbons is not considered in the model;
(3) Ash cannot participate in any chemical reactions.

2.4.1. Drying Block

The unconventional component RDF, at a feeding rate of 0.25 kg/h, was dried by the
syngas out from the gasifying block, at 300 to 500 ◦C. The moisture content of the dried
RDF was reduced to 5 wt%. A flash block was set after the drying block to separate solid
content and gas content.

2.4.2. Decomposing Block

The unconventional component could not be identified directly to participate in
reactions in Aspen Plus; therefore, a Ryield block was developed to decompose the RDF
into its basic constituent elements. The calculation is based on the proximate and ultimate
analysis of the RDF [39,40]. According to a similar reactor, the temperature of the Ryield
block was set to 500 to 800 ◦C [41].

2.4.3. Gasifying Block

The Gasifying block consists of two RGibbs blocks. The CH4 content in the syngas
is usually underestimated in the simulation model, mainly because of the non-uniform
temperature distribution in the real gasifier and the limited reacting time between the gasi-
fication agent and raw material, leading to the incomplete crackdown of the raw material
and some reactions without reaching equilibrium. To correct the deviation, a RGibbs block
named Gasify1 was introduced. A restricted equilibrium method was used to restrict reac-
tion equilibrium by specifying the temperatures [42]. To better match the simulation results
with the data obtained from the experiment, the temperature approaches for reactions (3),
(5), and (9), listed in Table 2, were set as −140, −200, and 160 ◦C, respectively.

2.4.4. Modifying Block

The raw syngas generated from Gasify1 then entered the modifying block, where the
CO2 content in the syngas would be absorbed by CaO and the combustible content would
be improved. The main reaction occurring in the reactor is:

CaO + CO2→CaCO3

The effect of temperature on the reaction equilibrium is significant [43]. As the tem-
perature varied from 550 to 850 ◦C, the adsorption effect of calcium oxide on CO2 varied as
well, resulting in significantly different gas components in the syngas, as will be discussed
in the results section.

3. Results and Discussion
3.1. Experimental Results
3.1.1. Basic Scenario Results

The parameters for the RDF gasification experimental basic scenario are listed in
Table 3. The syngas components for two streams are shown in Figure 5. H2, CH4, CO,
and CO2 are the main components in syngas. Because of the incomplete purification of
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the syngas in the cleaning unit, some volatile organic compounds existed in the collected
syngas that were uniformly called CnHm in Figure 5.

Table 3. Operational Parameters for RDF gasification system.

Parameter Value

RDF feeding rate 0.25 kg/h
Steam injection rate 0.25 kg/h

S/R 1
Gasification Temperature 960 ◦C

CaO Modification Temperature 650 ◦C
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Figure 5. Gas components before and after CaO modification.

It can be seen from Figure 5 that H2 has the highest concentration in the two syngas
streams. For the raw syngas, H2 approximately accounts for 46.9% of the total volume,
while, after modification by CaO, the concentration reached 67.3%. By introducing steam
into the gasifier, the equilibrium of reactions from (5)–(7) shifted towards the product
side, enhancing H2 production. After modification by CaO particles, the H2 fraction
significantly increased with a significant drop in the CO and CO2 concentration. The
CO2 content in the syngas was absorbed by the CaO particles in the modification reactor,
enhancing H2 production by shifting the water gas shift reaction (6) towards the product
side. LHV of the syngas was also increased after the raw syngas flow through the CaO
bed, as shown in Figure 6. The increase in the H2 and CH4 mole fraction contributes to
the increase in the syngas LHV. The CGE for the raw syngas and modified syngas are
0.687 and 0.656, respectively.
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3.1.2. Effect of Gasification Temperature

The effect of gasification temperature on the syngas performance was investigated by
varying the gasifier temperature at 660, 760, 860, and 960 ◦C. The gas product distribution of
the raw syngas and modified syngas are shown in Figure 7. The increase in the gasification
temperature is more conducive to the endothermic methane dry reforming reaction (8),
which converts CH4 and CO2 to H2. Increasing the gasification temperature could also
enhance the H2 production by shifting the endothermic reaction (5) and methane steam
reforming reaction (7) towards the production side. Higher gasification temperature is
beneficial for obtaining a higher quality syngas. The gas distribution of the syngas after the
CaO modification did not significantly change. The syngas yield increased with increasing
the gasification temperature, reaching 0.976 m3/kg at 960 ◦C while the H2 yield reached
0.655 m3/kg as well, as shown in Figure 8. The LHV for modified syngas increased from
11.899 to 14.381 MJ/kg, as the gasification varied in the range from 660 to 860 ◦C, but
dropped to 12.715 MJ/kg at 960 ◦C. The drop of the LHV was mainly because of the
significant drop in the concentration of CH4 in the modified syngas.
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By integrating the experiment results obtained from different gasification temperatures,
the higher quality syngas could be obtained from a temperature of 860 to 960 ◦C.

The results obtained from our experiment are validated with the experiment data from
Luo et al. [44]. The reference experiment was conducted in a lab-scale fixed-bed reactor.
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The gasification process and catalytic process were separated, which was similar to our
experiment. The comparison of the reference results and the article results are listed in
Table 4. The results of the two experiments demonstrate similar trends of the variation.
Comparing the syngas of both passing through the catalyst/adsorbent bed, it can be found
that the CO2 content in the syngas in our experiment is much lower, since it was absorbed
by CaO.

Table 4. Validation for the effect of gasification temperature.

Temperature
(◦C) H2 (%) CO CO2 CH4

Reference Experiment [44]

700 0.34 0.11 0.38 0.10
750 0.40 0.13 0.3676 0.05
800 0.47 0.15 0.32 0.02
850 0.51 0.16 0.28 0.02
900 0.54 0.23 0.20 0.01

This Study (Raw Syngas)

660 0.16 0.13 0.27 0.14
760 0.24 0.15 0.17 0.12
860 0.34 0.18 0.08 0.10
960 0.46 0.19 0.12 0.08

This Study (Modified Syngas)

660 0.53 0.17 0.02 0.06
760 0.55 0.20 0.02 0.03
860 0.57 0.22 0.02 0.03
960 0.66 0.13 0.06 0.04

3.1.3. Effect of Modification Temperature

Figure 9 indicates the change in the gas distribution of modified syngas against the
modification temperature. Since the CaO carbonation reaction (11) is exothermic, the
increase in the modification temperature is not conducive to the adsorption of CO2 by CaO,
especially above 700 ◦C. The partial pressure of CO2 is lower than the equilibrium partial
pressure of CO2 in the CaO carbonation reaction (11), resulting in its ineffective absorption
CO2. Therefore, the CO2 content increased significantly as the modification temperature
rose. The concentration of H2 decreased while the concentration of CO increased through
the water–gas shift reaction (6). The composition of the syngas is close to the level of
the raw syngas, indicating the ineffectiveness of the modification at high temperature.
Figure 10 shows the syngas yield, CGE, and LHV of the modified syngas variation against
the modification temperature. The syngas yield rises up to 1.344 m3/kg at the modification
temperature of 850 ◦C. However, the syngas LHV decreased significantly against the
modification temperature due to the decrease in H2 and increase in CO2. The CGE for the
production syngas reached 73% at the modification temperature of 850 ◦C.

In order to obtain a higher quality syngas with a higher lower heating value and
higher H2 concentration, the modification temperature should be controlled under 650 ◦C.

The comparison of the influence of the steam amount between the reference experiment
and the article experiment is listed in Table 5. It is worth noticing that unlike our experiment,
the reference conducted a blank experiment without the addition of steam. Except for the
experiment results of S/C = 0, the trend of gas component against the rising steam amount
is similar to our data.
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1 0.66 0.07 0.04 0.13

1.5 0.69 0.05 0.04 0.08
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3.1.4. Effect of S/R

Figure 11 shows the effect of the S/R on the gas distribution for the raw syngas and
modified syngas. The increase in the steam favors the H2 production. The rise in the
amount of steam shifts the reaction (5)–(7) equilibrium towards the production direction.
As the S/R reached 2, the H2 content in the raw syngas reached 52%, with 68% in the
modified syngas. For the modified syngas, the increasing steam amount also decreased the
CH4 concentration by shifting the methane steam reforming reaction (7) towards the right
side with increasing H2 content. More CO content was converted to CO2 and H2 by the
rising amount of steam. The variation of the syngas yield, CGE, and syngas LHV against
S/R are shown in Figure 12. Although injecting more steam into the gasifier could increase
the syngas yield, the drop of the CH4 and CO contents led to the drop of the syngas LHV.
The CGE increased from 50 to 66% with increasing S/R from 0.5 to 1.0. Considering that
more steam means more energy input for the system, the ideal S/R for producing a higher
quality syngas is suggested to be around 1.
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3.2. Simulation Results
3.2.1. Basic Scenario Simulation Results

The simulation results obtained under the condition of a gasification temperature of
960 ◦C, a modification temperature of 650 ◦C, and an S/R of 1 are shown in Figure 13. The
results of the experiment data are also shown in the figure to evaluate the reliability of the
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simulation model. The simulation and experimental data show a similar variation trend for
the syngas through the modification of the CaO. After modification by CaO, the CO and
CO2 content dropped significantly with the increase in H2 and CH4. The H2, CO, and CO2
content for the simulation result was higher than the experimental results, while the CH4
for the simulation results was significantly lower than the experiment. The formation of tar
and other hydrocarbons is inevitable during the experiment, but they are not considered in
the simulation model. The RDF is almost all converted in the simulation model to the main
gas components, i.e., CO2, CO, and H2, causing a very low CH4 concentration.
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Figure 13. Simulation result for basic scenario.

3.2.2. Effect of Gasification Temperature

Figure 14 shows the effect of the gasification temperature on the gas distribution of the
raw syngas for both the experiment and the simulation. The results for the experiment can
be easily predicted by the simulation. However, higher deviation can be found at the lower
temperature range. At lower temperatures, the tar generation was higher, yet no tar content
was considered in the current simulation model, causing the significant error. At around
960 ◦C, the simulation model can easily predict the H2 concentration but underestimates
the CO, CH4 and overestimates the CO2 content.
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Figure 14. Effect of gasification temperature on gas distribution for the raw syngas.

3.2.3. Effect of the Modification Temperature

The effect of the modification temperature on the gas distribution of the modified
syngas by the process simulation is shown in Figure 15. The H2 content first increased
from 550 to 700 ◦C, then dropped significantly from 700 to 750 ◦C and remained almost
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constant afterward. The increase in the modification temperature weakened the adsorption
ability of the CaO particles, resulting in the increase in CO2 and CO content. As shown
in Figure 15, the CaCO3 generated in the modification reactor decomposed rapidly at
the temperature range of 700 to 750 ◦C, leading to the significant increase in CO2 and
decrease in H2 content. The experimental result shows the same trend from 550 to 850 ◦C.
Figure 16 compares the variation of syngas LHV and syngas yield against modification
temperature obtained from the experiments and simulation. The simulation model could
easily predict the variation trend for both syngas LHV and syngas yield. As the simulation
model underestimated the CH4 content in the modified syngas, the LHV obtained by
simulation was lower than the experiment data. Considering both the simulation and
experimental results, the modification temperature should be controlled below 700 ◦C to
obtain higher quality syngas.
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Figure 15. Effect of the modification temperature on the gas distribution and mass flow for CaCO3

generated in the modified reactor.
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Figure 16. Effect of the modification temperature on syngas yield and LHV for the modified syngas.

3.2.4. Effect of S/R

Figure 17a,b show the comparison between the simulation and experiment results of
the gas distribution under different S/R ratios. A similar variation trend can be found for
the simulation results, but the CO and CO2 concentrations are higher than experimental
data and CH4 concentration is lower. Both experiment and simulation results indicate that
increasing the S/R could improve the syngas quality by producing more H2. As shown
in Figure 18, the syngas yield increased significantly at high S/R but gradually became
stable since the input steam was enough for the gasification process. Conversely, the LHV
of syngas decreased with S/R. Considering the gas distribution, syngas LHV, and syngas
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yield results from both the experiment and simulation, controlling the S/R at around 1 is
beneficial for obtaining H2-rich gas with a higher syngas LHV.
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Figure 17. (a) Effect of S/R on gas distribution for the raw syngas, (b) Effect of S/R on gas distribution
for the modified syngas.
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4. Conclusions

In this study, the steam gasification of refuse-derived fuel (RDF) for hydrogen-rich
syngas production was investigated in a lab-scale gasification system with CaO modifica-
tion. For RDF with the LHV of 18.91 MJ/kg, H2 frication in the obtained syngas increased
from 47 to 67% after CaO modification at 650 ◦C with the gasification temperature of 960
◦C and steam to RDF ratio of 1. The influences of gasification temperature, S/R, and CaO
modification temperature on the gas composition, heating value, and syngas yield were also
evaluated. The results indicate that higher H2 content could be obtained by increasing both
gasification temperature and S/R. However, as the CaO adsorption temperature increased,
a lower H2 fraction was obtained due to the limitation of the CaO adsorption capacity at
high temperature. The highest H2 concentration (69%), gas yield (1.372 m3/kg-RDF), and
H2 yield (0.935 m3/kg-RDF) were achieved at a gasification temperature of 960 ◦C, S/R
being 2 with the CaO modification temperature at 650 ◦C. A simulation model based on As-
pen Plus was built to study the characteristics and the performance of the RDF gasification
system. The variation trends in simulation results can match well with the experiments for
gas distribution and syngas LHV, syngas yield. However, the gas concentrations deviated
from the experimental data, especially at low gasification temperatures, due mainly to the
tar formation that was not considered in the process simulation.
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