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Abstract
In response to the technical bottlenecks of inefficient energy utilization and
excessively high energy consumption for carbon capture in traditional coal-to-
natural gas processes, this paper explores a biomass-coal complementary natural
gas power cogeneration system based on chemical looping combustion capable
of achieving zero CO_2 emissions. The complementation of biomass and coal
adjusts the H2/CO ratio in syngas from the gasification source, facilitating the
methanation reaction process, while chemical looping combustion enables CO_2
capture with zero energy consumption. The results indicate that the total energy
efficiency of the system (�_(en)) is 57.03%, the � efficiency (�_(ex)) is 54.65%,
the system energy saving rate reaches 18.6%, and zero CO_2 emissions from
the system are achieved. The influence of key parameters such as oxygen-to-
carbon ratio (O/C), steam-to-carbon ratio (S/C), biomass-coal complementary
ratio, and unreacted gas recycle ratio on the thermodynamic performance of the
system is analyzed.), The viscosity of isooctane and alcohols (including propanol,
pentanol, hexanol, heptanol) was calculated, and the calculation results show
that the overall average absolute deviation between calculated and experimental
values is 1.00%, with a maximum deviation of 9.75%.
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Abstract
To address the technical bottlenecks of conventional coal-to-synthetic natural
gas (SNG) processes—namely, inefficient energy utilization and excessive en-
ergy penalties for CO� capture—this study investigates a novel coal and biomass
co-feed polygeneration system for SNG and power production integrated with
chemical looping combustion (CLC) to achieve zero CO� emissions. The hybrid
biomass-coal feedstock inherently adjusts the H�/CO ratio in syngas at the gasi-
fication stage, which benefits the subsequent methanation process. The CLC
unit enables CO� capture with zero energy penalty. Thermodynamic perfor-
mance analysis reveals that the system can achieve an energy efficiency (���) of
57.03% and an exergy efficiency (���) of 54.65%, with a primary energy saving
rate of 18.6% when 40 wt.% of coal is replaced by biomass. Net CO� emissions
are expected to be 0 kg/h due to the inherent CO� separation capability of CLC.
The study further analyzes the influence of key parameters—including oxygen-to-
carbon ratio (O/C), steam-to-carbon ratio (S/C), biomass share, and unreacted
gas recycling ratio—on system thermodynamic performance.

Keywords: coal; biomass; SNG; power

0 Introduction
China’s energy resource endowment is characterized by abundant coal, scarce
oil, and limited natural gas, which has historically made coal the dominant com-
ponent of national energy consumption. Traditional direct coal combustion not
only results in low utilization efficiency but also causes severe environmental
problems. Meanwhile, China’s natural gas supply gap continues to expand an-
nually, with increasing dependence on imports. According to forecasts, by 2020,
China’s natural gas shortage will reach [MATH_ERROR] m³, and the import
dependency ratio will exceed 24% [1]. Given this energy structure, developing
coal-to-SNG technology holds significant promise. China’s first industrial coal-
to-SNG project was completed in 2013, and by the end of that year, four such
projects had been approved [2]. However, conventional coal-to-SNG processes
suffer from three major drawbacks: (1) The primary objective is maximizing
SNG yield, necessitating water-gas shift reactions to adjust the H�/CO ratio
in syngas, which consumes substantial water resources and causes significant
irreversible losses. Additionally, recycling large quantities of unreacted gas to
achieve ultra-high methane conversion dramatically increases compression power
requirements and irreversible losses in the SNG synthesis unit [3]. (2) Unrea-
sonable heat recovery methods result in insufficient steam-generated electricity
to meet the process power demands, requiring external power purchases or ad-
ditional generation units and reducing overall energy efficiency. (3) Despite
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CO� concentrations exceeding 30% in coal-to-SNG processes, CO� capture still
requires substantial energy consumption.

To overcome these limitations, this paper proposes a hybrid biomass-coal poly-
generation system integrated with chemical looping combustion. This system
explores efficient coal conversion pathways for SNG production while seeking
low-cost, low-energy approaches for CO� capture, providing potential solutions
to the bottlenecks in coal-to-SNG technology development.

1.1 Process Description
[Figure 1: see original paper] illustrates the proposed SNG and power polygen-
eration system with chemical looping combustion driven by biomass and coal.
Coal and biomass first undergo gasification reactions with oxygen and steam to
produce syngas rich in CO and H�. The generated syngas passes through heat
recovery and gas conditioning before entering a condenser for cooling, followed
by a desulfurization unit to remove H�S. The cleaned syngas then enters the
methanation synthesis unit. The heat released during methanation is recovered
via high-temperature superheated steam to drive a steam turbine for power gen-
eration. In the methanation unit, the unreacted gas recycle ratio is controlled at
a moderate level rather than pursuing complete conversion of CO and H�. The
produced CH�, along with unreacted CO, H�, and CO�, are separated in the SNG
purification unit to generate pipeline-quality synthetic natural gas. Meanwhile,
the unreacted gases (CO, H�, CO�) and trace CH� are fed into the fuel reactor of
the chemical looping combustion system, where they are completely converted
to CO� and H�O by the oxidized oxygen carrier (NiO). The reduced oxygen
carrier (Ni) is regenerated in the air reactor through oxidation with fresh air.
The high-temperature flue gases from both reactors sequentially pass through
a gas turbine and heat recovery steam generator for power generation and heat
recovery. The recovered heat produces superheated steam to drive the steam
turbine. Since the fuel reactor exhaust consists solely of CO� and H�O, water
can be easily removed by condensation. The CO� is then compressed through
three-stage intercooling, dehydrated to remove saturated water, pressurized to
80 bar via a CO� pump, and finally transported through pipelines.

1.2 Main Features
The process flow shown in [Figure 1: see original paper] exhibits several distinc-
tive features:

1) Leveraging the high carbon content in coal and high hydrogen content
in biomass, the hybrid feedstock adjusts the H�/CO ratio in syngas at
the gasification stage, reducing exergy losses in the subsequent methana-
tion process. Additionally, substituting biomass for 部分 coal reduces coal
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consumption.

2) The water-gas shift process is eliminated due to its high water consumption
and exergy losses. The H�/CO ratio is instead regulated through the
biomass-coal blending ratio, reducing water consumption in coal-to-SNG
projects.

3) Moderate recycling of unreacted gas avoids the sharp increase in compres-
sion power and methanation exergy losses associated with excessively high
recycle ratios in conventional processes.

4) Chemical looping combustion enables zero-energy-penalty CO� capture.
Unreacted gases enter the CLC unit for inherent CO� separation, with the
exhaust gases utilized in the combined cycle for power generation.

2.1 Simulation Method
The composition characteristics of coal and biomass are presented in Table 1
[4, 5], and the main system parameters are listed in Table 2 . This study
employs Aspen Plus software for system simulation, using the Peng-Robinson
(PR) equation of state. The Ryield and RGibbs models in Aspen Plus are
adopted to simulate solid fuel pyrolysis and gasification. Based on elemental
mass conservation, coal pyrolysis decomposes coal into H�, N�, S, C, O�, and
ash components. Given the complex mechanisms of pyrolysis and gasification,
an RGibbs equilibrium reactor (based on Gibbs free energy minimization) is
used to generate syngas [6, 7]. The Compr model simulates compression and
expansion processes, while component splitters (Sep) model the air separation,
desulfurization, and SNG purification units, with energy consumption calculated
based on actual process requirements.

2.2 Evaluation Indicators
Based on literature [8], multiple evaluation indicators are adopted as follows:

1) Efficiency Metrics
The first-law efficiency (���, energy efficiency) and second-law efficiency (���, ex-
ergy efficiency) serve as primary thermodynamic indicators, expressed as:

��� = [MATH_ERROR]

��� = [MATH_ERROR]

where subscripts E and Ex represent energy and exergy values, respectively, and
[MATH_ERROR] denotes net power generation.

2) Primary Energy Saving Rate (PESR)
PESR evaluates the polygeneration system’s performance relative to separate
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production systems, defined as the energy savings achieved by the polygenera-
tion system for the same product output:

PESR = [MATH_ERROR]

where [MATH_ERROR] represents the energy required by separate production
systems for equivalent output, and PE����� is the system’s energy input.

In this study, coal is assumed as the primary energy input, with the reference
system comprising separate coal-to-SNG and coal-fired power generation sys-
tems. Biomass energy input is converted to equivalent coal energy input using
a conversion factor (x), representing the ratio of biomass quality to coal quality
[9]:

PE����� = [MATH_ERROR]

3.1 Design Condition Thermodynamic Analysis
The novelty of the proposed system lies in the biomass-coal complementarity
that promotes the methanation process and the CLC unit that achieves zero-
energy-penalty CO� capture. Table 3 presents the thermodynamic performance
of the new system, while Table 4 shows the primary energy saving rate.

As shown in Tables 3 and 4, under the specified conditions with 40 wt.% of coal
replaced by biomass, the polygeneration system achieves a first-law efficiency
(���) of 57.03% and a second-law efficiency (���) of 54.65%. The primary energy
saving rate reaches 18.6% compared to separate production systems. These
results demonstrate that the biomass-coal hybridization upgrades low-quality
biomass energy to high-quality syngas while modifying the H�/CO ratio to favor
SNG synthesis.

3.2 Parameter Analysis
The main parameters affecting the polygeneration system include the biomass-
to-coal complementarity ratio, oxygen-to-carbon ratio (O/C), steam-to-carbon
ratio (S/C), and unreacted gas recycle ratio. The biomass-coal complementarity
advantage stems from coal’s high carbon content and biomass’s high hydrogen
content, where different blending ratios influence the syngas H�/CO ratio and
consequently affect the methanation process. The O/C and S/C ratios influence
gasification equilibrium, thereby regulating the H�/CO ratio. The unreacted
gas recycle ratio directly impacts reactant conversion and methane yield, thus
affecting overall system performance. This section examines the influence of
these four parameters.

(1) Effect of O/C Ratio on System Performance
The O/C ratio determines the carbon conversion efficiency in solid fuel gasifica-
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tion. [Figure 2: see original paper] shows the effect of O/C ratio and biomass-
coal complementarity ratio on syngas yield. The results indicate that syngas
yield reaches its maximum at O/C = 0.4 for all biomass blending ratios from 10%
to 40%. Additionally, syngas yield decreases slightly with increasing biomass
proportion due to biomass’s lower carbon content compared to coal, which
reduces CO generation.

(2) Effect of S/C Ratio on System Performance
[Figure 3: see original paper] illustrates the influence of S/C ratio on syngas
H�/CO ratio adjustment and exergy destruction in the first-stage SNG reactor.
Increasing the S/C ratio improves the H�/CO ratio by promoting the water-gas
shift reaction, which enhances H� production while consuming CO. However,
higher S/C ratios also increase exergy destruction in the first-stage SNG reactor
because the additional CO� generated from the shift reaction is detrimental to
methanation.

When biomass replaces 部分 coal feedstock, the syngas H�/CO ratio increases
with the biomass-coal complementarity ratio. For instance, at S/C = 0.4, the
H�/CO ratio rises from 0.69 (without biomass) to 0.83 (with 40% biomass blend-
ing). This leverages biomass’s higher hydrogen content and coal’s higher carbon
content to optimize the syngas composition for methanation. Consequently, in-
creased biomass proportion reduces the irreversible losses in the first-stage SNG
reactor.

[Figure 4: see original paper] shows the combined effect of S/C ratio and biomass
blending on system efficiency. Without biomass (B = 0), as S/C increases from
0.25 to 0.6, the overall energy efficiency (���) increases from 57.40% to 60.37%,
while exergy efficiency (���) rises from 55.72% to 58.83%—an improvement of
approximately 3 percentage points. However, system efficiency begins to decline
when S/C exceeds 0.6. While higher S/C ratios improve the H�/CO ratio and
promote methanation (increasing SNG production), they also intensify steam
consumption, reducing the steam available for power generation. When S/C
surpasses 0.6, the SNG production increase cannot compensate for the power
generation loss, causing efficiency to drop.

At a biomass blending ratio of 0.4, the efficiency trend with S/C remains similar
but shifts to lower values, with optimal overall energy efficiency (���) of 57.30%
and exergy efficiency (���) of 54.93%—approximately 3 percentage points lower
than the optimal case without biomass (��� = 60.37%). Notably, the optimal
S/C value decreases from 0.6 (without biomass) to 0.4 (with 40% biomass),
indicating reduced water consumption. This demonstrates that biomass-coal
complementarity not only improves the H�/CO ratio and reduces methanation
irreversibility but also leverages biomass’s inherent moisture content to decrease
process water demand.

(3) Effect of Unreacted Gas Recycle Ratio on System Performance
The unreacted gas recycle ratio (RR) is defined as the mass flow ratio of re-
cycled unreacted gas to fresh feed gas. [Figure 5: see original paper] shows
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RR’s impact on exergy destruction in the first-stage SNG reactor. Without
biomass feedstock, as RR/(RR+1) increases to approximately 0.8, exergy losses
in the first-stage SNG reactor increase gradually but remain limited. Beyond
this “inflection point,”further increasing RR causes a sharp rise in exergy de-
struction. Although SNG output continues to increase beyond the inflection
point, the marginal gain is minimal. This phenomenon reveals that the conven-
tional “exhaustive conversion”approach—maximizing feedstock conversion and
methane yield through high recycle ratios—incurs substantial energy penalties,
where enormous energy losses yield only modest SNG production increases.

As the biomass-coal complementarity ratio increases from 0 to 0.4, the trend
of SNG reactor exergy destruction with RR becomes progressively flatter, with
the inflection point becoming less pronounced. The biomass-coal hybrid effec-
tively improves the syngas H�/CO ratio, reducing methanation difficulty and
thereby decreasing reactor irreversibility. Consequently, exergy destruction de-
creases with higher biomass proportions, and the inflection point phenomenon
diminishes.

[Figure 6: see original paper] illustrates the effect of RR on overall system
efficiency and PESR. Without biomass (B = 0), both system efficiency and
PESR initially increase then decrease with RR/(RR+1). While SNG produc-
tion increases with RR, system efficiency begins declining when RR exceeds 0.7
due to escalating compression power requirements. PESR decreases continu-
ously with RR/(RR+1), albeit modestly, primarily because increased recycle
power reduces net power generation in the polygeneration system. Biomass
feedstock (40% blending) reduces system efficiency by approximately 3 percent-
age points, attributable to the difference in heating values between biomass and
coal. However, biomass significantly enhances PESR—at a 40% blending ratio,
PESR improves by about 4 percentage points compared to the no-biomass case
—demonstrating that biomass-coal complementarity upgrades biomass energy
quality to syngas level for SNG synthesis and power generation.

4 Conclusion
To resolve the issues of inefficient energy utilization and high CO� capture energy
penalties in conventional coal-to-SNG processes, this paper proposes a hybrid
biomass-coal polygeneration system integrated with chemical looping combus-
tion. Under standard conditions, the system achieves an overall energy efficiency
(���) of 57.03%, exergy efficiency (���) of 54.65%, and a primary energy saving rate
of 18.6%, while realizing zero net CO� emissions. The biomass-coal complemen-
tarity enhances the syngas H�/CO ratio, promoting methanation and thereby
reducing process irreversibility, water consumption, and improving primary en-
ergy savings.
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