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Abstract

Conventional ammonia production via the Haber-Bosch process is energy-intensive
and carbon-heavy. Emerging biomass-based approaches offer a sustainable alternative
but often lack rigorous system-level analysis based on actual reaction kinetics. This
study presents a novel integrated process coupling biomass pyrolysis/gasification
with Chemical Looping Ammonia Generation (CLAG) and waste heat recovery. Un-
like previous models relying on simplified assumptions, this simulation incorporates
experimental kinetic data for both N-absorption and N-desorption stages to ensure
high fidelity. The system’s energy and mass flows were rigorously evaluated using
Aspen Plus. Results indicate that the gasification stage is optimal at an O, /biomass
molar ratio of 0.2 and 750 °C. In the CLAG unit, a higher N-absorption temperature
(1600 °C) and a-Al,O3/C ratio (3:3) significantly enhance ammonia yield. Under these
optimal conditions, the system achieves a remarkably low energy consumption of
10.12 GJ /t-NHj and specific CO; emissions of 3.2 t/t-NH3;—a reduction of over 60%
compared to traditional coal-based routes. The integration of waste heat recovery
is identified as a critical factor in minimizing net energy input. This work validates
the feasibility of the biomass-based CLAG process as a low-carbon, energy-efficient
pathway for sustainable ammonia synthesis.

Keywords: chemical looping ammonia generation; biomass cascade utilization; thermo-chemical
process; sustainability

1. Introduction

Ammonia (NH3) is indispensable to modern society, serving not only as the foundation
for global fertilizer production but also increasingly as a promising carbon-free energy
vector [1-4]. Due to its high hydrogen density (17.6 wt%), ease of liquefaction, and clean
combustion profile, ammonia is regarded as a key enabler for decarbonizing “hard-to-
abate” sectors, particularly maritime shipping [5-8]. The International Energy Agency
(IEA) projects that low-carbon fuels, including ammonia, must satisfy nearly half of the
shipping industry’s energy demand by 2050 to meet net-zero targets [9,10]. However,
current global production is dominated by the Haber—Bosch process, which operates under
harsh conditions (400-500 °C, 150-300 bar) and relies heavily on fossil fuels [11]. This
conventional route is energy-intensive (28-166 GJ/t NH3) and accounts for significant
CO;, emissions (1.9-16.7 t/t NH3), especially in coal-dominated energy structures like
China’s [12-14]. Consequently, developing novel, low-carbon ammonia synthesis pathways
that fundamentally reduce energy consumption and carbon footprints is an urgent priority.
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To bypass the harsh conditions of the Haber-Bosch process, various novel ammonia
synthesis pathways have been extensively explored. Electrocatalytic nitrogen reduction
(eNRR) has attracted significant attention for its ambient operation, with recent advances
in single-atom catalysts and interface engineering lowering activation barriers [15,16].
Similarly, photocatalytic synthesis mimics natural nitrogen fixation by utilizing solar en-
ergy directly over semiconductor catalysts [17,18]. Furthermore, non-thermal plasma
synthesis offers high reactivity by activating the inert N=N bond via energetic electron
impact [19,20]. However, despite these advances, fundamental bottlenecks remain. Elec-
trocatalysis is currently plagued by extremely low Faradaic efficiency and yield, primarily
due to the vigorous competition from the Hydrogen Evolution Reaction (HER) in aqueous
electrolytes [21]. Photocatalytic methods suffer from poor solar-to-chemical quantum effi-
ciency and rapid carrier recombination [22]. Plasma-driven synthesis, while fast, is limited
by high energy consumption and low overall energy efficiency [23].

Chemical Looping Ammonia Generation (CLAG) has emerged as a disruptive tech-
nology designed to circumvent the thermodynamic equilibrium limits and kinetic barriers
of the Haber-Bosch process [24,25]. By decoupling ammonia synthesis into two distinct
steps—nitrogen absorption (N-absorption) and nitrogen desorption (N-desorption)—CLAG
allows for operation at atmospheric pressure and more flexible temperature ranges. Among the
various configurations, the water-based CLAG (H,O-CLAG) route utilizing solid carbon reduc-
tants offers superior economic potential compared to hydrogen-based routes, as it eliminates the
need for expensive hydrogen production steps [26,27]. Recent experimental studies have high-
lighted biochar as an ideal reductant due to its porous structure and low SiO, content [28,29].
Furthermore, the introduction of carrier materials, such as «-Al,O3, has been shown to not
only facilitate heat transfer but also catalytically promote N-desorption and inhibit ammonia
decomposition, thereby enhancing the net yield [30,31].

Recognizing the potential of CLAG, several system-level studies have been conducted
to evaluate its integration efficiency. Weng et al. designed a hybrid system coupling
chemical looping air separation with CLAG, reporting an ammonia selectivity of nearly
80% [32]. Similarly, Fang et al. and Wen et al. developed integrated polygeneration systems,
demonstrating the theoretical feasibility of coupling CLAG with urea synthesis or power
generation to achieve high energy efficiencies [33,34].

However, a critical limitation persists in these system-level analyses. The majority of
existing process simulations rely on idealized assumptions to predict reactor performance.
In these simplified models, the conversion rates of N-absorption and N-desorption are often
preset as fixed values or linear functions of temperature, neglecting the complex, non-linear
reaction kinetics influenced by the carbon source’s microstructure, reactant ratios, and
carrier interactions. Such oversimplification compromises the fidelity of the simulation,
potentially leading to inaccurate predictions of heat duties and mass balances in practical
engineering scenarios.

To bridge the gap between experimental reaction characteristics and system-level
process design, this study presents a rigorous simulation of a biomass-based CLAG system
coupled with gasification and waste heat recovery. Unlike previous theoretical models, this
work integrates experimentally derived reaction kinetics for both the N-absorption (biochar
reactivity) and N-desorption steps (x-Al,Oj3 effects) into the Aspen Plus environment. This
approach allows for a realistic quantification of energy and mass flows under varying
operating conditions. The study systematically optimizes key parameters—including gasi-
fication temperature, O, /biomass ratio, and the «-Al;O3/C circulation ratio—to minimize
specific energy consumption and CO, emissions. By establishing a kinetically grounded
process model, this work provides a robust theoretical basis and data support for the
scale-up and industrialization of sustainable biomass-to-ammonia technologies.
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2. Process Simulation and Model Development
2.1. System Description and Simulation Assumptions

The conceptual framework of the biochar-based CLAG system coupled with biomass
gasification is illustrated in Figure 1. The integrated process is functionally divided into

three primary subsystems: (i) Biomass Pretreatment and Pyrolysis/Gasification, (ii) Chemi-
cal Looping Ammonia Generation (CLAG), and (iii) Waste Heat Recovery.
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Figure 1. Schematic flow diagram of the system for biochar-CLAG.

In the initial stage, biomass is comminuted and dehydrated in a drying unit to meet
moisture requirements. The dried feedstock undergoes pyrolysis in an inert nitrogen
atmosphere, fractionating into biochar, bio-oil, and biogas. The high-quality biochar serves
as the solid reductant for the subsequent CLAG unit, while the volatile components (bio-oil
and biogas) are diverted to a gasification reactor. Here, they undergo partial oxidation with
oxygen to produce syngas.

The core CLAG loop comprises the Nitrogen Absorption (N-absorption) and Nitro-
gen Desorption (N-desorption) reactors. In the N-absorption reactor, biochar, Np, and
the nitrogen carrier («x-Al,O3) react to form aluminum nitride (AIN) and CO. Following
gas—solid separation via a cyclone, the solid stream (containing AIN, unreacted carbon,
and carrier) proceeds to a decarburization reactor. This intermediate step utilizes steam
to gasify residual carbon, preventing carbon contamination in the subsequent ammonia
synthesis step. The purified solids then enter the N-desorption reactor, where AIN
reacts with steam to regenerate x-Al,O3; and release NH3. The regenerated carrier is
recycled to the N-absorption reactor, initiating the subsequent cycle.

To maximize thermal efficiency, a rigorous heat integration strategy is employed. High-
temperature product gas streams from reactors are utilized to preheat incoming cold streams.
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Furthermore, a terminal waste heat recovery unit is installed to capture residual enthalpy
from the product gas streams, thereby minimizing the net energy penalty of the system.

2.2. Model Assumptions and Simulation Constraints

To establish a robust steady-state simulation in Aspen Plus while maintaining compu-
tational feasibility, the following engineering assumptions and constraints were adopted:

1.  The system operates under steady-state conditions. Pressure drops across reactors, cy-
clones, and piping are neglected in this conceptual design phase. This simplification
is adopted because detailed geometric parameters (e.g., pipe layouts and lengths) are
undefined at this stage. While it is acknowledged that practical operation requires
auxiliary power for blowers, preliminary order-of-magnitude analysis indicates that
this mechanical energy input is substantially lower than the system’s dominant thermal
energy duties (reaction enthalpy). Furthermore, this omission does not affect the funda-
mental comparative advantage of the CLAG process over the Haber-Bosch route, which
requires massive energy for high-pressure gas compression (150-300 bar).

2. Chemical reactions are modeled based on their respective governing principles: ther-
modynamic equilibrium is assumed for biomass gasification, while conversion levels
for the CLAG process are strictly defined by experimental kinetic data. Phase separa-
tions are assumed to be ideal.

3. Biomass is modeled as a non-conventional component based on its ultimate and
proximate analyses. The O,/Biomass molar ratio (O,/B) in the gasification unit is
normalized to the molar flow rate of carbon in the feedstock.

4. The product spectrum of biomass gasification is restricted to major thermodynamic
species: Oz, CO, COZ, CH4, C2H6, C3H8, COS, SOz, st, NH3, NQ, HzO, and Hz [35].

5. In the decarburization unit, complete conversion of residual carbon with steam is
assumed, yielding CO and Hy.

6. The waste heat recovery unit is designed to cool process gas streams to a discharge
temperature of 120 °C to prevent acid dew point corrosion while maximizing
energy recovery.

2.3. Physical Property Parameters and Model Construction

The simulation involves a complex mixture of conventional fluids and non-conventional
solids (biomass/char), requiring a tailored approach for physical property estimation. The
MIXCINC stream class was selected to handle the heterogeneous streams. The Redlich-
Kwong-Soave with Boston-Mathias alpha function (RKS-BM) equation of state was em-
ployed for property estimation of conventional components [36], while the DCOALIGT
and HCOALGEN models were utilized for enthalpy and density calculations of non-
conventional biomass components [35].

The comprehensive Aspen Plus flowsheet is presented in Figure 2. The simulation
strategy for key units is detailed below:

Biomass Pretreatment: The wet biomass (WET-BIO, 18,000 kg/h) is processed
through a simulated dryer (modeled via a Heater and Flash block). Given that the
proximate analysis in Table 1 corresponds to dried biomass, the model incorporates
an initial moisture content of approximately 30% to accurately represent the raw
feedstock [29]. Consequently, the drying unit is configured to reduce the moisture
level to the target specification at 105 °C. The evaporated water is recovered as a steam
source for the CLAG section.
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Figure 2. Process modeling in Aspen Plus software.
Table 1. Analysis of biomass.
Proximate Analysis wt% Ultimate Analysis (d.b.) wt%
Fixed carbon (d.b.) 14.48 Carbon 48.50
Moisture (a.r.) 4.97 Hydrogen 7.94
Volatile matter (d.b.) 80.46 Oxygen (by difference) 41.50
Ash (d.b.) 0.09 Nitrogen 2.05
Total sulfur 0.01

Pyrolysis and Gasification: The pyrolysis reactor is modeled using an RYield
block (DECO), which decomposes the non-conventional biomass into constituent
elements based on experimental pyrolysis yields obtained at 700 °C (heating rate
10 °C/min, holding time 30 min) [29]. The biochar yield is fixed at 21.4 wt% relative
to the dry biomass. The gasification of gaseous intermediates (bio-oil and biogas) is
simulated using an RGibbs reactor (GAS), which calculates the product distribution by
minimizing Gibbs free energy.

The CLAG section integrates experimentally determined reaction characteristics:
N-Absorption (NAB): Modeled using an RStoic block. The carbon conversion efficiency
is not arbitrary but is rigorously defined as a function of temperature and x-Al,O3/C
ratio, derived from our fixed-bed experimental correlations [29].

Decarburization (REC): An RStoic block simulates the removal of residual carbon.

N-Desorption and Ammonia Decomposition (NDE & DNH): This stage is critical for
accurate yield prediction. It is modeled as two series RStoic blocks. The first (NDE) simulates
the hydrolysis of AIN at 1075 °C for complete conversion. The second (DNH) accounts for
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the thermal decomposition of NHj3. Crucially, the NH; decomposition extent is linked to the
a-AlO3 mass fraction based on our kinetic experimental data (Figure 3 and Table 2), cap-
turing the catalytic effect of the nitrogen carrier material [31]. It is important to emphasize
that the kinetic correlations employed in this simulation—including the biochar reactivity for
N-absorption and the NH; decomposition rates in Table 2—were all derived from laboratory-
scale fixed-bed experiments. These experiments utilized thin particle layers to eliminate external
mass transfer and internal diffusion limitations, thereby capturing the intrinsic reaction kinetics
of the nitrogen carrier system. While industrial applications typically favor fluidized-bed reac-
tors to enhance heat and mass transfer, utilizing intrinsic kinetics in this simulation establishes a
rigorous thermodynamic baseline. It represents the theoretical maximum conversion achievable
when transport resistances are minimized, providing a reliable foundation for this system-level
process evaluation.

This hybrid modeling approach—combining thermodynamic equilibrium for gas
phase reactions with experimental kinetics for gas—solid looping reactions—ensures the
simulation fidelity significantly exceeds that of purely theoretical models.
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Figure 3. NH3 decomposition rate versus x-Al,O3 loading at 1075 °C.

Table 2. Decomposition rates of NHj corresponding to different simulation conditions in the
CLAG module.

C Conversion, Mass Fraction of «-Al,O3, NH; Decomposition Rate,

Temperature, °C  «-Al,03:C % % A
1400 1:3 219 81.6 41.3
1.5:3 30.4 83.1 41
2:3 375 84.4 40.8
2.5:3 47.1 84.3 40.8
3:3 54.5 84.9 40.7
1450 1:3 29.6 74.8 42.4
1.5:3 36.3 79.6 41.6
2:3 474 80 41.5
2.5:3 54.6 81.6 41.2
3:3 61.6 82.8 41.1
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Table 2. Cont.

C Conversion,

Mass Fraction of «-Al, O3,

NH;3; Decomposition Rate,

Temperature, °C  «-Al,03:C % % A
1500 1:3 36.0 68.9 43.4
1.5:3 46.5 73.5 42.6
2:3 55.2 76.6 42.1
2.5:3 60.1 79.7 41.6
3:3 71.3 79.9 415
1550 1:3 45.7 59.6 449
1.5:3 54.6 68.5 43.4
2:3 60.7 74.1 42.5
2.5:3 71.9 75.5 42.3
3:3 81.0 77.1 42
1600 1:3 57.8 47.6 46.9
1.5:3 67.6 60.3 44.8
2:3 77.7 66.2 43.8
2.5:3 88.0 69.6 433
3:3 95.5 72.7 42.7

3. Results and Discussion
3.1. Performance Characteristics of Biomass Gasification

The biomass gasification unit serves as the energy and feedstock provider for the inte-
grated system. Its performance—quantified by syngas composition and thermal balance—was
rigorously evaluated against the gasification temperature and O, /Biomass (O, /B) molar ratio.

3.1.1. Syngas Yield and Compositional Analysis

Figure 4 illustrates the dependence of syngas yield and composition on operating
parameters. As the O, /B ratio increases, the total gas yield rises significantly (Figure 4a).
This trend is attributed to the enhanced extent of partial oxidation reactions, which promote
the fuller conversion of gaseous intermediates (bio-oil and biogas) into syngas compo-
nents. Regarding the hydrocarbon species, the residual CHy content exhibits a decline
with increasing temperature and oxygen supply. Mechanistically, this is attributed to
the competition between formation and consumption reactions. Elevated temperatures
thermodynamically promote the highly endothermic steam methane reforming reaction
(CH4 + HyO — CO + 3Hy), driving the equilibrium towards the deep decomposition of
CH,. Simultaneously, a higher O, concentration accelerates partial oxidation reactions,
directly consuming methane to form syngas components.

The mole fraction of Hj (Figure 4b) exhibits a declining trend with increasing O, /B ratio,
mechanistically explained by the oxidation of Hj to H,O at higher oxygen availability. Notably,
compared to the O, /B ratio, the effect of temperature on H, concentration is relatively marginal.
This insensitivity arises from the counterbalancing effects of high-temperature reforming reac-
tions (which promote H; generation) and the thermodynamic suppression of the exothermic
Water-Gas Shift reaction (which limits H, yield). In contrast, the CO mole fraction (Figure 4c)
is significantly favored by both higher temperatures and lower O, /B ratios. The positive correla-
tion with temperature is driven by the endothermic Boudouard reaction (C + CO, <+ 2CO) and
steam reforming reactions, which are thermodynamically promoted at elevated temperatures
according to Le Chatelier’s principle.

A critical metric for environmental performance is the CO, /CO molar ratio (Figure 4d).
High temperatures and low O, /B ratios effectively suppress this ratio. This indicates that
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under these conditions, the system favors the production of high-value CO fuel over inert
COg, thereby enhancing the carbon utilization efficiency of the biomass feedstock.

(a) (b) Mole fraction of H,
400 900 0.588
700 0.546

=

=]

£600 850 .

= 0.504

g

£ 500 ® 0.462

g o

2 400 5

2 < 800 0421

S 300 a

= g

) 3 0.379

g i § | LA

“ ol . I co 750 0.337

| [ co,
oo I CH, 0.295
[n0
1
gy -y 700 0.253
0.2, ' 50 Temperature, °C 0.0 . 0.2 . !
O,/B mole ratio 3
04 00 0,/B mole ratio
(c) Mole fraction of CO (d) CO,/CO mole ratio
900 T 0.339 900 1.89
0.312 1.66
850 0.285 850 1.43
L 0.258 g 120
g g
g 3
£ 800 0.232 s 800 0.97
& 2
g
ﬁ 0.205 g 0.74
750 0.178 750 0.51
0.151 0.28
700 0.124 700 0.06
0.0 . 0.2 . . 0.0 . 0.2
0O,/B mole ratio 0O,/B mole ratio

Figure 4. Effects of gasification temperature and O, /B molar ratio on syngas characteristics. (a) Syngas

composition and individual gas yields, (b) mole fraction of Hj, (c) mole fraction of CO, (d) CO,/CO
molar ratio.

3.1.2. Energy Balance and Optimal Operating Point

The trade-off between gas quality and energy efficiency is depicted in Figures 5 and 6.
The Higher Heating Value (HHV) of the product gas decreases with increasing O, /B ratio
due to the dilution effect of combustion products (CO, and H,O).

Figure 6 analyzes the heat duty of the gasification reactor (GAS). The negative values
confirm the exothermic nature of the process. To achieve an autothermal operation for the
combined pyrolysis-gasification stage, the heat released by the gasifier must compensate
for the endothermic heat demand of the pyrolysis unit. This heat duty (calculated as
94.47 GJ/h) represents the fixed enthalpy difference (AH) between the feedstock and
the constant distribution of pyrolysis products at 700 °C [29]. The intersection analysis
(dashed line in Figure 6) reveals that a gasification temperature of 750 °C coupled with an
O, /B molar ratio of 0.2 establishes the requisite thermal equilibrium. Under these specific
conditions, the system effectively balances high syngas quality with energy self-sufficiency,
thereby eliminating the reliance on external fuel combustion and defining the optimal
thermodynamic state for process integration.
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Figure 6. The effect of gasification temperature and O /B molar ratio on the heat duty of GAS.

3.2. Optimization of the Chemical Looping Ammonia Generation (CLAG) Process

The performance of the CLAG unit was evaluated based on the experimental kinetic
data. While the CLAG process involves multiple reaction steps, the operating conditions
for the decarburization and N-desorption stages were fixed based on specific process
constraints and prior experimental optimizations. Specifically, the decarburization reactor
was maintained at 750 °C solely to remove residual carbon without interfering with the
primary nitrogen cycle. Similarly, the N-desorption temperature was set at 1075 °C, a value
experimentally verified to maximize ammonia yield by balancing AIN hydrolysis kinetics
against ammonia decomposition [31]. Consequently, the optimization study focused on
the two remaining governing variables that primarily determine the system’s overall
efficiency and thermal balance: the N-absorption temperature and the solid circulation
ratio («-Al,O3/C).

https://doi.org/10.3390/pr14040588
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3.2.1. Ammonia and Hydrogen Yield Analysis

Figure 7 reveals a competitive relationship between NH3; and H; production. Increasing
the N-absorption temperature and «-Al,O3/C ratio significantly enhances NHj yield. This
enhancement is primarily driven by kinetic factors; higher temperatures overcome the activation
energy barrier of the endothermic N-absorption reaction (3C + Al,O3 + Ny — 2AIN + 3CO),
leading to higher carbon conversion and AIN formation. Simultaneously, a higher «-Al,O3/C
ratio promotes AIN formation by increasing the concentration of gaseous oxygen intermediates
derived from o-Al,O3 decomposition, which lowers the activation energy for carbon conver-
sion [37]. Furthermore, the excess carrier material plays a crucial role in the subsequent stage by
inhibiting the thermal decomposition of ammonia [31], thereby synergistically maximizing the
net product yield.
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Figure 7. Effect of N-absorption reaction temperature and a-Al,O3/C molar ratio on NH3 and Hj yields.

Conversely, the total Hy yield decreases under these conditions. This trend is
dominated by the sharp reduction in H; generation from the decarburization reactor.
As the N-absorption efficiency improves (reaching >95% carbon conversion at optimal
conditions), the amount of residual carbon available for steam gasification diminishes
drastically. It is noteworthy that the H, byproduct from the N-desorption reactor (due
to ammonia decomposition) actually increases slightly due to the significantly higher
total ammonia throughput, even though the specific decomposition rate is inhibited
by the excess carrier. However, this minor increase is overwhelmingly outweighed by
the reduction in H; from the decarburization step, resulting in a net decrease in total
Hj production.

3.2.2. Carbon Footprint Analysis

Figure 8 quantifies the specific CO, emissions per ton of ammonia. A dramatic
reduction in specific emissions is observed as the operating parameters increase. Under
the optimized condition (1600 °C, x-Al,O3/C = 3:3), the specific CO, emission drops
to 3.2 t/t-NHj3. This value corresponds to a reduction of over 80% compared to the
conventional coal-based Haber-Bosch process (~16.7 t/t-NHs) [38]. This substantial
environmental benefit validates the biomass-based CLAG process as a promising
low-carbon alternative for sustainable ammonia production.
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Figure 8. Effect of N-absorption reaction temperature and «-Al,O3/C molar ratio on CO; emissions.

3.3. System-Level Energy Efficiency Analysis

Evaluating the net energy efficiency is critical for determining the techno-economic
feasibility of the CLAG process relative to established technologies. Unlike simplified
thermodynamic models that focus solely on reaction enthalpies, this study conducts
a comprehensive energy audit that rigorously accounts for the sensible heat penalties
associated with high-temperature solid circulation. This holistic approach is essen-
tial for identifying realistic energy-saving opportunities and validating the system’s
thermal self-sufficiency.

3.3.1. Heat Duty Distribution

Figure 9 dissects the heat duty of individual components. The heat duty for the
N-Absorption reactor (Figure 9a) rises with increasing reaction temperature and
a-Al,O3/C molar ratio. This increase is inevitable as both the endothermic reaction
enthalpy and the sensible heat required to raise the solid stream to the target tempera-
ture (up to 1600 °C) escalate. In contrast, the decarburization and N-desorption units
(Figure 9b,c) exhibit decreasing or even negative heat duties. This is a direct consequence
of the thermal inertia of the circulating solids. The solids leaving the N-absorption reactor
(>1400 °C) carry immense sensible heat, which is released when they enter the lower-
temperature downstream reactors (750 °C and 1075 °C). Consequently, the sensible heat
carried by the solids from the high-temperature reactor is effectively utilized to satisfy
the thermal requirements of these downstream units, significantly reducing their external
heating demands.

Figure 9d highlights the substantial potential for energy recovery. The quantity
of recoverable heat increases steadily with both the N-absorption temperature and the
a-AlO3/C ratio. This is because higher operating temperatures and solid circulation rates
result in product gas streams (CO, Hy, Ny) with significantly higher enthalpy. Capturing
this high-grade waste heat is indispensable for reducing the net external energy input
required by the overall system.
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Figure 9. The effect of N-absorption reaction temperature and «-Al,O3/C molar ratio on the energy
consumption of each component. (a) N-absorption step, (b) carbon removal step, (c) N-desorption
step, (d) gas waste recovery.

3.3.2. Specific Energy Consumption Comparison

To quantitatively evaluate the system’s thermodynamic performance, the total energy
consumption (Qyotar) is defined as the algebraic sum of the heat duties of all individual
units, as expressed in Equation (1):

Qtotal = QHEATER1 + QpECO + Qcas + Qnas + Qrec + OnpE + ObnH + Quxy (1)

where Queater1, Qpeco, Qcas, Qnas, Qrec, Onpe, Qpnm and Qrixy are the energy duties
associated with biomass drying, biomass pyrolysis, biomass gasification, the N-absorption

reaction, decarburization, the N-desorption reaction, ammonia decomposition, and product
gas waste heat recovery, respectively. Consequently, the specific energy consumption per
ton of ammonia (qy) is calculated using Equation (2):

gN = Qtotal / MN ()

where my denotes the mass flow rate of ammonia production (t/h).
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Figure 10 illustrates the variation in total energy consumption (Qyota1). Interestingly,
despite the escalating energy demand of the N-absorption unit (Figure 9a), the total system
energy consumption exhibits a moderate downward trend as the reaction temperature and
a-Al,O3/C ratio increase. This result is explained by the internal heat compensation mecha-
nism: the increased sensible heat release in downstream reactors and the enhanced waste heat
recovery (Figure 9d) effectively outweigh the higher thermal penalty of the N-absorption step.

—=— 1400
—o— 1450
12 + —4—1500
v— 1550

1600

Heat consumption, Geal/h
=
T

1
1: 3 1.5: 3 2: 3 2.5: 3 3: 3
AlLO5/C mole ratio

Figure 10. The effect of N-absorption reaction temperature and «-Al,O3/C molar ratio on total
energy consumption.

Integrating these factors, Figure 11 presents the net specific energy consumption.
The overall specific energy consumption decreases to a minimum of 10.12 GJ /t-NHj at
optimal conditions. To contextualize this performance, it is compared against optimized
carbon-based ammonia production routes (~27 GJ/t-NHj3) [33]. The proposed biomass-
based CLAG process achieves an energy saving of over 60%. This substantial advantage
is fundamentally derived from the avoidance of high-pressure compression. Unlike the
conventional Haber-Bosch synthesis loop, which requires compression to 150-300 bar to
overcome thermodynamic limitations and consumes vast amounts of electrical energy, the
CLAG process operates at atmospheric pressure, virtually eliminating the gas compression
penalty that typifies industrial ammonia synthesis.

60
—=— 1400
—e— 1450
2 —a— 1500
v— 1550
40 F 1600

Energy cost, GJ/tNH,
8 =
T T

O 1 1 1 1 1
1:3 1.5:3 2:3 2.5:3 3:3

Al,O,/C mole ratio

Figure 11. The effect of N-absorption reaction temperature and x-Al,O3/C molar ratio on energy
consumption per ton of ammonia.
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3.4. Energy Flow and Gas Production Analysis

Based on the comprehensive assessment of yield, carbon footprint, and specific
energy consumption in the preceding sections, the operating condition of 1600 °C
with an «-Al,O3/C ratio of 3:3 is identified as the optimal point. Before detailing
the system-level energy balance, it is crucial to validate the practical feasibility of
this high-temperature operation. Technically, such temperatures are standard in the
metallurgical industry (e.g., Blast Furnaces) where mature refractory technologies
ensure reliability. Furthermore, our 10-cycle continuous experiment (detailed data
provided in the Supplementary Material, Figures S1, S2 and Table S1) confirmed
that the nitrogen carrier maintains excellent structural integrity and stable reactivity
(Carbon conversion ~95%) without severe sintering under these conditions. With the
feasibility validated, the energy balance for this optimal scenario is visualized in the
energy flow diagram (Figure 12), while the material output is detailed in the product
distribution (Figure 13).
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Figure 12. Diagram of energy flow in the system.
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Figure 13. The total gas production of the system.

The analysis highlights the critical role of the waste heat recovery unit, which recuperates
39.08 GJ/h of high-grade heat from the product gas streams. Without this recovery, the net
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energy efficiency would be severely compromised. Furthermore, Figure 13 demonstrates the
system’s valuable poly-generation capability. Beyond the primary ammonia product, the process
co-produces substantial quantities of high-quality syngas (CO and Hy). These by-products
can be utilized for power generation or downstream chemical synthesis (e.g., Fischer-Tropsch),
offering economic flexibility that single-product Haber-Bosch plants lack.

4. Conclusions

This study developed a comprehensive process simulation for a biomass-based Chem-
ical Looping Ammonia Generation (CLAG) system coupled with gasification and waste
heat recovery. By incorporating experimentally derived reaction characteristics into the
Aspen Plus simulation, the model provides a rigorous assessment of the system’s mass and
energy flows under realistic operating conditions. The primary conclusions drawn from
this work are as follows:

(1) The trade-off analysis between syngas heating value and heat duty identified
optimal operating conditions for the gasification unit. A temperature of 750 °C and
an O2/Biomass molar ratio of 0.2 were determined as the autothermal operating point,
effectively balancing the endothermic heat demand of pyrolysis with the exothermic heat
release of partial oxidation, thereby maximizing energy self-sufficiency.

(2) The performance of the CLAG unit is governed by the interplay of reaction kinetics
and solid circulation. Increasing the N-absorption temperature (>1400 °C) and the solid
circulation ratio (x-Al,O3 /C = 3:3) was found to significantly enhance ammonia yield. This
improvement is attributed to two synergistic mechanisms: increasing the o-Al,O3/C ratio
directly promotes the N-absorption reaction efficiency, while the residual «-Al,O3/C in
the N-desorption reaction simultaneously facilitates ammonia generation and inhibits its
thermal decomposition.

(3) Under the optimized conditions, the system achieves a remarkably low specific
energy consumption of 10.12 GJ /t-NHj3 and a specific CO;, emission of 3.2 t/t-NH3. Com-
pared to the conventional coal-based Haber-Bosch process, this represents an energy saving
of over 60% and a carbon footprint reduction of approximately 80%. These advantages
are fundamentally derived from the elimination of high-pressure gas compression and the
efficient recuperation of high-grade waste heat.

(4) The analysis confirms that the proposed system is not only a single-product gener-
ator but possesses valuable poly-generation capabilities, co-producing high-quality syngas
alongside ammonia. This feature enhances the system’s economic flexibility. Future re-
search should focus on a detailed techno-economic analysis (TEA) and life cycle assessment
(LCA) to further validate the commercial viability and environmental impact of this tech-
nology on an industrial scale.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr14040588/s1, Figure S1: Conversion of N-absorption/N-desorption reactions
and NHj yield for 10 cycles; Figure S2: Surface morphology of a-Al,O3 before and after cycling (a) initial;
(b) after 10 cycles; Table S1: Specific surface area, total pore volume and average pore diameter of x-Al,O3

before and after cycling.
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