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Abstract: Coal gangue is a kind of typical by-product emitted during the coal mining
and washing process. With the increase in coal resource utilization, a large amount of
coal gangue was not reasonably utilized, causing environmental pollution and resource
waste. The main purpose of this article is to introduce the surface structural features
and compositional characteristics of coal gangue and to summarize the utilization of coal
gangue in the fields of building materials, energy production, agricultural utilization, and
high-value-added areas such as catalysts and adsorbents. Secondly, this review discussed
the environmental challenges and technical difficulties derived from the process of coal
gangue utilization and how to solve these problems through innovative methods and
technological improvements. Finally, the article proposed the development direction and
strategies for the future resource utilization of coal gangue, emphasizing the importance of
coal gangue as a sustainable resource and its significant role in achieving a circular economy
for reducing environmental pollution. By analyzing the potentiality of coal gangue for
resource utilization systematically, this article aims to provide valuable references and
insights for researchers and decision-makers in related fields.

Keywords: coal gangue; environmental impact; energy applications; high-value products

1. Introduction

As one of the main energy sources in China, in 2024, the country produced
4.76 billion tons of raw coal, an increase of 1.06% compared to the previous year [1,2].
Coal gangue, as a major by-product associated with coal, accounts for 40% of the total
volume of industrial solid waste. Its comprehensive utilization and supply side structural
reform have become focal points of concern for both the coal industry and society [3,4].
Figures 1 and 2 show the coal gangue production and percentage across various provinces
and cities in China from 2017 to 2023.

Energies 2025, 18, 444 https://doi.org/10.3390/en18020444
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Figure 1. The annual coal gangue production in different provinces of China from 2017 to 2023 [5].
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Figure 2. The percentages of coal gangue production in different provinces of China from 2017
to 2023 [5].

Coal gangue is generated during the coal mining and washing process, accounting
for 10-15% of the total coal output, making it one of the largest industrial solid wastes
in China [6,7]. Additionally, the production of coal gangue mainly comes from several
sources: the process of roadway excavation; the roof, floor, and interlayer during the mining
process [8,9]. According to the standards of the China Coal Industry Association for gangue
classification. It is classified into four categories based on total sulfur content: low, medium,
medium-high, and high, as shown in Table 1. This standard specifies the classification
categories and naming conventions for coal gangue, applicable to its output and resource
utilization. In the traditional coal gangue pre-selection process, the intensity of manual
labor is high, efficiency is low, and there are potential safety risks. The improved ResNet18-
YOLO algorithm can detect coal gangue at a speed of 45.5 ms per frame, with the model
size only about 65.34 MB, and the mAP of coal gangue detection is 96.27%, offering better
real-time performance and a smaller model size [10].

Table 1. Classification of coal gangue based on total sulfur content.

Category Low Sulfur Medium Sulfur Medium High Sulfur Sulfur High Sulfur

W (Std) W (Std) < 1% 1% < W (Std) < 3% 3% < W (Std) < 6% W (Std) > 6%

Note: Std refers to total sulfur on a dry basis.
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Coal gangue, as a commonly encountered industrial solid waste, has a multidimen-
sional and profound environmental impact [11,12]. Firstly, the massive accumulation of
coal gangue occupies a significant amount of land resources, especially near mining areas.
Extensive stacking can lead to the ineffective use of land resources and may trigger soil
erosion and desertification, thereby negatively affecting the local ecosystem [13,14]. Addi-
tionally, the toxic elements in coal gangue can penetrate the soil through leaching, altering
the soil’s chemical composition, and consequently affecting soil fertility and agricultural
production [15,16]. The dissolved heavy metals and other harmful substances in coal
gangue can also enter groundwater and surface water bodies through leaching, posing
potential threats to aquatic life and even human health [17,18]. The organic materials in
coal gangue can release harmful gases, such as hydrogen sulfide and nitrogen oxides, under
natural conditions or during incineration, further exacerbating air pollution [19]. In terms
of social and public health, the harmful substances in coal gangue can enter the human
body through the food chain, air, and water sources, increasing the risk of respiratory
diseases and skin conditions [20,21]. The spontaneous combustion of coal gangue heaps
is a non-negligible issue. According to related research statistics, among approximately
1900 coal gangue heaps in China, more than 600 have experienced or are experiencing
spontaneous combustion [22]. This combustion releases harmful gases such as sulfur
dioxide (SO;), carbon monoxide (CO), and nitrogen oxides (NOx), causing damage to the
surrounding environment and vegetation [23,24].

Therefore, the implementation of effective coal gangue management strategies, partic-
ularly through resource utilization measures, has become a critical issue in environmental
protection and sustainable development strategies. The resource utilization of coal gangue
not only effectively reduces its negative environmental impact but also transforms waste
into valuable resources, promoting the development of a circular economy. Currently, the
main avenues for coal gangue resource utilization include its application in construction
materials, soil conditioners, and energy resources. For instance, coal gangue can be used as
raw material for cement and bricks after high-temperature sintering. Additionally, with spe-
cific treatments, it can serve as a soil conditioner to improve the fertility of degraded lands.
Furthermore, the combustion of coal gangue or its co-combustion with biomass can realize
its reuse as an energy source. In summary, the resource utilization of coal gangue not only
helps mitigate environmental pollution but also creates new development opportunities
for related industries, driving the realization of a green and low-carbon economy.

2. Physical and Chemical Features of Coal Gangue

The chemical composition of coal gangue determines its various potential industrial
applications. For instance, coal gangue with high silicon and aluminum content can be
used as raw materials in the construction materials industry for the production of cement,
bricks, and tiles. Additionally, due to the high content of silicon and aluminum in coal
gangue, it can also be utilized in the preparation of silicate and aluminate chemical products.
Furthermore, some components of coal gangue can be used in the production of adsorption
materials, ceramics, and more [25,26].

2.1. Main Chemical Components

Coal gangue contains a large amount of inorganic substances, such as silicates, alu-
minates, calcium salts, and iron-manganese salts [27]. Specifically, the primary chemical
components in coal gangue are silicon dioxide (S5iO;) and aluminum oxide (Al,O3) [19],
with the mass fractions of SiO; and Al,O3 in most regions ranging from 37% to 72% and
4.5% to 42%, respectively [28]. In addition, coal gangue may also contain other minerals
such as iron oxide (FeyO3), calcium oxide (CaO), magnesium oxide (MgO), and sulfates [29].
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The main mineral composition and elemental analysis of coal gangue are shown in Figure 3
and Table 2, respectively. About Figure 3 Gangue samples from the open pit coal mine in
Hequ County, Xinzhou City, Shanxi Province, China. The coal gangue samples in Table 2
were obtained from Dazhe Coal Mine, Yulin City, Shaanxi Province, China.

B Koolinite
Pytitc
B Nacrite
B Dickite
I Others

Figure 3. Distribution of main mineral components in coal gangue [30].

Table 2. Elemental analysis of coal gangue [31].

Serial Number Element Content (Wt%)
1 (@) 47.549
2 Si 24.686
3 Al 10.601
4 Ca 6.06
5 Fe 3.176
6 S 2.689
7 K 2.134
8 Ti 1.297
9 Na 0.811
10 Mg 0.770
11 Mn 0.075
12 Dy 0.053
13 P 0.037
14 Cr 0.018
15 Sr 0.016
16 Zr 0.08
17 Cu 0.07
18 Rb 0.07
19 Zn 0.06

In recent years, research on the resource utilization of coal gangue has deepened, and
the technology has gradually matured. For example, technologies for preparing lightweight
aggregates, adsorbents, and ceramic materials from coal gangue have gradually become
commercialized [32,33]. In summary, the resource utilization of coal gangue is a complex
system engineering project involving environmental science, material science, chemical
engineering, and other fields [34]. With the continuous deepening of related research and
technological progress, the future pathways for coal gangue resource utilization will become
more diversified, and its role in environmental protection and resource conservation will
become even more significant.
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2.2. Physical Properties

The physical properties of coal gangue include particle size, shape, density, hardness,
and porosity, as well as thermal and electrical conductivity [35,36]. Particle size and
shape: The particle size of coal gangue varies widely, from dust-like microparticles to large
rocks, and the particles are usually irregular in shape, which affects their bulk density and
flowability [37,38]. Understanding the particle size and shape helps optimize the processing
technology and equipment design when using coal gangue as a raw material. Density and
hardness: the density of coal gangue is relatively low, typically between 1.2 and 2.4 g/cm?,
while its hardness varies with its composition. These characteristics affect the load-bearing
capacity of coal gangue when it is used as a building material or for roadbeds [39,40].
Porosity: coal gangue has a high porosity, allowing it to absorb and retain moisture [41].
A high porosity also means a higher surface area, which is an important factor when using
coal gangue as an adsorbent material or catalyst carrier. The porosity of naturally piled
broken gangue is about 47.5%, with micro-pores (less than 0.075 mm) dominating [42].
Thermal and electrical conductivity: the thermal conductivity and electrical conductivity
of coal gangue are generally low, making them suitable for use as insulating materials
or insulation materials. Understanding these properties facilitates the application of coal
gangue in the construction and electric power industries.

As shown in Table 3, the physical properties of coal gangue not only affect their
processing and management methods but also determine their potential applications and
impact in resource utilization. For instance, small particles of coal gangue can be used as
fillers or made into bricks, while large chunks of coal gangue can be utilized in building
materials. The low density and high porosity of coal gangue make it an ideal choice for the
preparation of lightweight aggregates, adsorbent materials, or filtration materials.

Table 3. Physical properties of coal gangue.

Physical Property Impact of Resource Utilization

Particle size morphology
Density and hardness
Porosity
Thermal and electrical conductivity

Different uses for small and large particles

Load-bearing capacity when used as a building material
Important factors for use as adsorbent materials or catalysts
Important factors for insulation or insulating materials

3. Coal Gangue Applications

As environmental regulations become increasingly stringent, society has set higher
standards for the efficient use of coal gangue. Coal gangue has shown a wide range of
uses in emerging fields such as construction, energy, and agriculture, as illustrated in
Figure 4. Its recycling and utilization not only solve the disposal problem but also help
reduce material costs, promoting the sustainable development of resources. Table 4 shows
the source, role, and application of gangue.

Table 4. The source, application, and role of coal gangue.

Source Application Functions References
. . . . . Produces building materials through
Coal mining and washing Constrgctlon mfaterlals (e.g., cement, bricks), high-temperature sintering, improves soil [43,44]
processes soil conditioners, energy recovery . .
quality, provides energy
Soil remediation, environmental pollution Acts as a soil conditioner. reduces soil
Coal gangue stockpiles control .(e.g., heav_y r_netal pollution, restores ecZ)systems [45,46]
pollution remediation)
. Heavy metal pollution control, ecological Adsorbs heavy metals, promotes plant
Coal gangue stockpiles restoration, solid waste treatment growth, reduces secondary pollution 471
Coal mining by-products Energy recovery (combustion, gasification) Provides energy, reduces reliance on other [48]

energy resources
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Figure 4. Methods of resource utilization of coal gangue.

3.1. Production of Construction Materials

Using coal gangue as a construction material, especially as coarse aggregate for con-
crete, aligns with environmental protection concepts and conserves natural resources like
sand and gravel [44]. In recent years, significant achievements have been made in the
resource utilization of coal gangue in the field of construction materials, mainly in the
following aspects: lightweight aggregate: After processes such as crushing and screening,
coal gangue can be utilized as lightweight aggregate [11,49]. This type of aggregate can
reduce the unit weight of concrete, applicable in the production of lightweight concrete,
thereby decreasing the structural weight and enhancing the seismic performance of build-
ings. Cement material: coal gangue contains silicates and aluminates, essential ingredients
for cement production [50,51]. With appropriate processing, coal gangue can partially
replace traditional cement production materials, reducing production costs while also
decreasing resource consumption [43,52]. Wall material: coal gangue can serve as a raw
material for producing sintered bricks, hollow blocks, and other wall materials [53,54].
Sintered bricks made from coal gangue exhibit good thermal insulation properties and
adequate mechanical strength, suitable for constructing various building walls. Road Base
material: due to its satisfactory compaction properties, coal gangue can also be used as
a material for road bases [55,56]. Ceramic material: the silicates and aluminates in coal
gangue can form vitreous bodies at high temperatures, thus suitable for manufacturing
various ceramic materials [43,57]. These ceramic products can be utilized in areas such as
architectural decoration and sanitary ware.

3.1.1. Coal Gangue Concrete

Compared to ordinary concrete, the fluidity of coal gangue concrete decreases by
20% to 53% under different water-cement ratios [58]. The incorporation of coal gangue
reduces the early strength of concrete and increases its porosity and water absorption but
also enhances its resistance to chloride ion or gas permeability [52,59]. An increase in
porosity typically leads to a decrease in the density of concrete, which in turn affects its
compressive strength, permeability, and durability. Higher porosity may cause concrete
to perform poorly in structures that require long-term load-bearing capacity, especially in
fields such as hydraulic engineering and road construction. An increase in water absorption
means that concrete is more likely to absorb moisture, leading to internal expansion and
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reduced strength, which further impacts its durability, especially under humid conditions
or extreme climates. Compressive strength is a key indicator of concrete’s load-bearing
capacity; higher strength enhances its structural stability and durability, which is crucial for
seismic and heavy-load applications. Therefore, in the design of coal gangue concrete, it is
necessary to control porosity and water absorption effectively to ensure high compressive
strength and durability, meeting the requirements of various engineering applications.
The strength of coal gangue concrete, constrained by external layers of Carbon Fiber-
Reinforced Polymer (CFRP) or Alkali-resistant Fiber-Reinforced Polymer (BFRP), increases
by 16.9% to 145.8%, and its axial ultimate strain is 4.787 to 8.812 times that of ordinary coal
gangue concrete [60]. Figure 5 shows the lateral strain-axial strain curve of BFRP/CFRP-
constrained coal gangue concrete specimens. For CFRP-constrained coal gangue concrete
specimens, the lateral strain-axial strain relationship and the slope of the second stage
of volumetric expansion have smaller absolute values. Compared to BFRP-constrained
specimens, CFRP-constrained specimens have a lower final expansion rate due to their
relatively higher constraining stiffness. The mechanical properties of coal gangue concrete
differ from those of ordinary concrete due to the substitution of fine and coarse aggregates
with coal gangue [61,62]. Using artificial coal gangue sand in concrete fine aggregates
can mitigate the environmental negative effects of coal gangue stockpiling and promote
the conservation of natural resources [63]. The utilization of coal gangue sand provides
an ecological solution to the shortage of natural sand and landfill of mineral tailings.
The use of coal gangue sand yields positive social and environmental benefits when the
transportation distance exceeds a certain threshold [63]. With the increase in stress level,
the frost resistance of coal gangue concrete deteriorates, and the degradation rates of four
macro-performance indicators, namely compressive strength, relative dynamic modulus of
elasticity, mass loss, and damage layer thickness, significantly accelerate [64].
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Figure 5. Lateral strain-axial strain curves of BFRP/CFRP-confined coal gangue concrete specimens.
(a) Comparison between normal concrete and coal gangue concrete; (b) Comparison of coal gangue
concrete under different pressures; (c) Comparison of coal gangue concrete with different number of
BF laminations applied; (d) Comparison of coal gangue concrete with different number of CF liner
applied [60].
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Adding nanosilica and coarse coal gangue aggregate to concrete significantly affects
a range of concrete properties. Studies have shown that the optimal mix ratio is 25%
coarse coal gangue aggregate and 2% nanosilica [65]. This ratio not only improves the
mechanical properties of concrete but also realizes the effective utilization of coarse coal
gangue aggregate. Municipal solid waste incineration fly ash (MSWI FA) was used as
a supplement to compensate for the lack of calcium elements in coal gangue (CG) to
synthesize geopolymer materials [27,42]. To further study the impact of replacing coarse
aggregate with coal gangue aggregate on its performance, a model was developed to
predict the shrinkage behavior of concrete combined with coal gangue coarse and fine
aggregates (CGCA and CGFA). Both CGCA and CGFA significantly increased the concrete
shrinkage strain, which increased by 145% when both were used at 100%; compared to
CGFA, CGCA had a more significant impact on shrinkage; the addition of CGCA led to
faster development of concrete shrinkage, while CGFA had no significant effect on the
development of shrinkage [66]. By replacing coarse aggregate with coal gangue aggregate
(CGA) and using a machine learning model, it was found that the back-propagation neural
network (BPNN) exhibited high correlation coefficients in predicting compressive strength
and density [67].

3.1.2. Bricks, Cement, and Other Building Materials

Coal gangue, rich in SiO,, Al;O3, Fe;O3, and CaO, serves as an appropriate raw mate-
rial for brick production. The main mineral phases in coal gangue from different mining
areas include quartz, kaolinite, and muscovite. The reactivity of the product obtained varies
with different temperatures and calcination times [68]. Figure 6 shows the microstructure
of sintered bricks at different temperatures. Figure 6a reveals that the cross-section of
an unsintered brick is mostly composed of discrete particles of varying sizes and random
arrangement. Figure 6b demonstrates the initial formation of small silicate layers and
crystalline mineral particles in the brick’s cross-section when the sintering temperature
reaches 1000 °C, as shown in Figure 6¢c. The molten glass phase envelops and binds the
tiny crystalline mineral particles, filling the gaps and pores between materials, bringing
them closer together, leading to an increase in BD (bulk density) and CS (compressive
strength), as shown in Figure 6d for the sintered brick at the optimal sintering temperature
of 1100 °C, where the brick’s melting and solidification degree is very high, resulting in
a flat cross-section and a dense structure. The results indicate that the sintered bricks have
fine and evenly distributed pores, and the liquid phase bonding action increases the BD and
CS of the sintered bricks while decreasing the porosity and WA (water absorption rate) [69].
By adding an appropriate amount of activated coal gangue powder, the performance of
coal gangue-based green cement fillers can be significantly enhanced. From an economic
perspective, it is recommended that the substitution rate of activated coal gangue pow-
der should be between 50 and 75% [70,71]. Activated calcined coal gangue can produce
metakaolin with higher pozzolanic activity, which, when added as a supplementary ce-
mentitious material to cement, can not only replace part of the cement but also improve
the later performance of cement materials [72,73]. Calcining coal gangue at 600-800 °C
can transform the kaolinite phase into metakaolin [74]. Replacing 30% of standard cement
with coal gangue reduces the early strength significantly at 3 days but increases the later
strength substantially at 28 days, achieving an activity level of over 85%, meeting the basic
requirements for the calcination activity of coal gangue [75]. Additionally, coal gangue can
be categorized into reactive and non-reactive types, with reactive coal gangue being broadly
applicable in various cement productions, while non-reactive coal gangue is limited to
specific types of cement production [50]. Appropriate activation methods can significantly
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enhance the pozzolanic reactivity and hydration characteristics of coal gangue, thereby
improving the mechanical and durability properties of cement-based materials [76,77].

Figure 6. Microstructures of the sections of sintered bricks at different temperatures. (a)—raw
materials; (b)—1000 °C; (¢)—1050 °C; (d)—1100 °C [69].

Thermal activation of coal gangue is key in cement applications, with Figure 7 il-
lustrating the dual benefits achieved by introducing steel slag [78]. The mechanism for
achieving can be attributed to the introduction of steel slag, which provides a rich supply
of calcium. On one hand, it promotes the fixation of sulfur by forming CaSO,4. On the
other hand, it aids in the effectiveness of CaO in cement-based materials, accelerating the
formation of C-S-H gel. When coal gangue and fly ash replace part of the cement and
coarse aggregate, an increase in their proportion significantly improves the permeability
coefficient but reduces the mechanical properties [79,80]. Up to 20% of coal gangue can
replace portland cement without sacrificing strength [81]. Adding 4-6% of low-sulfur
coal gangue with a calorific value of less than 6000 J/g to cement raw meal for producing
cement clinker can reduce the unit energy consumption of cement clinker [82]. On the other
hand, studies have adjusted the ratio of coal gangue to sludge, adding clay and foaming
agents as auxiliary materials, to produce ceramsite with physical properties, including bulk
density and cylindrical compressive strength, meet the Chinese standard “Lightweight
Aggregates and their Test Methods” [83]. Research on modifying coal gangue powder
through chemical intercalation and high-temperature activation treatment improved its
microstructural characteristics, applying it to the matrix asphalt, and preparing modified
asphalt by the melt blending method. The results showed that the treated coal gangue
powder has a larger specific surface area and physical adsorption capacity, which can
improve the high-temperature deformation resistance and anti-aging properties of asphalt
by enhancing the interaction between coal gangue powder and the asphalt matrix [84].
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A proper ratio of coal gangue lime and coal gangue powder can enhance the microwave
healing capability of asphalt mixtures [85].
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Figure 7. The mechanism of “kill two birds with one stone” [78].

3.1.3. Environmental Impact of Coal Gangue in the Production of Building Materials

When considering the resource utilization of coal gangue, its potential environmen-
tal impacts must also be considered. Coal gangue may contain harmful elements such
as arsenic, lead, cadmium, and other heavy metals, as well as sulfides. If used directly
without proper treatment, it could pose threats to the environment and human health [86].
As shown in Figure 8, this is a schematic diagram of gangue discharge into the environ-
ment and its eventual entry into the human body. Therefore, in the process of resource
utilization of coal gangue, appropriate treatment measures, such as stabilization and
physical and chemical separation, must be taken to ensure its safe use. The economic
benefits of different coal gangue utilization methods are ranked as follows: extraction of
chemical products > power generation > cement calcination > brick making > mineral ad-
mixture and road base material. The environmental effects of various utilization methods,
from best to worst, are ranked as follows: brick making and cement calcination > road
base and mineral admixture > power generation > extraction of chemical products [87].
Different resource utilization methods have varying impacts on the environment; consider-
ing benefits should also account for environmental impacts to avoid secondary pollution.
Environmental pollution management strategies need to be developed for each stage of
coal gangue utilization, including production, transportation, and comprehensive use, to
minimize its impact on the environment [88].
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Figure 8. Schematic diagram of the discharge of PACs from coal gangue into the environment and
finally entering the human body [89].

When coal gangue is used as a raw material for building materials or other applica-
tions, the long-term stability of the products depends on the composition of the coal gangue
itself and its interactions with other materials. Coal gangue contains certain amounts of
heavy metals and harmful substances, which may leach, weather, or otherwise enter the
environment over time, affecting the durability and environmental performance of the
products. The measures to ensure long-term stability and safety are as follows: (1) Compo-
sition Control and Pretreatment: Pretreating coal gangue to reduce the content of harmful
substances. For example, using physical or chemical methods to remove heavy metals,
sulfides, and other harmful components, thereby reducing their potential environmental
impact. (2) Leaching Tests: Conducting leaching tests (such as the American Standard
Leaching Test, European Leaching Test, etc.) to assess the release of heavy metals from coal
gangue under specific environmental conditions, ensuring compliance with environmental
protection standards. (3) Blending and Stabilization Technologies: Mixing coal gangue
with other stabilizing materials (such as cement, lime, etc.) and using solidification or
encapsulation techniques to reduce the migration of harmful substances. For example,
using cement solidification methods, where coal gangue reacts with cement to form more
stable compounds, thereby reducing its leaching potential. (4) Use of Additives: Adding
appropriate additives, such as chemical stabilizers, to enhance the chemical stability of
coal gangue and reduce its reactivity with the environment. (5) Long-term Monitoring
and Assessment: Establishing a long-term environmental monitoring system to regularly
test leachates during the product’s use, ensuring that they do not cause long-term harm to
the environment.

The heavy metal elements abundant in coal gangue, such as lead (Pb), cadmium (Cd),
chromium (Cr), and mercury (Hg), may be released into the environment during the
production process, causing pollution to soil and water sources. In the preparation of
building materials using coal gangue, the high content of some heavy metals is an important
consideration for its application and environmental risk management. The production of
building materials often requires high-temperature calcination. During the calcination of
coal gangue, pollutants such as nitrogen oxides (NOx), sulfur dioxide (SO;), and heavy
metals are released [90]. When firing bricks, dust is generated during raw material crushing;
during the baking process, the temperature in the tunnel kiln reaches about 980 °C to
1100 °C. The combustion of coal and spontaneous combustion of coal gangue in tunnel
kilns produce gases such as HF, smoke, and SO, [91,92]. During the sintering process, trace
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elements are released and redistributed in bricks, fly ash, and flue gases. Cadmium, copper,
mercury, lead, selenium, and tin have high volatility, mainly emitted in the form of flue
gases, potentially impacting the atmosphere and soil of the surrounding areas [93]. To
reduce environmental impacts, efficient desulfurization and dust removal equipment and
optimized production processes can be used.

Due to its relatively stable chemical structure, the reactivity of coal gangue in cement
materials needs to be activated to improve its pozzolanic reactivity. This activation could
affect the environmental burden and impact of cement-based materials [94]. Microwave-
activated coal gangue powder, used as an auxiliary cement material, changes the mineral
composition, potentially impacting the environmental and economic aspects of cement
production [75]. Adding coal gangue reduces most environmental impacts of cement
clinker, such as potential for human toxicity and potential for depletion of abiotic resources.
However, the potential for global warming and acidification slightly increases [95]. Al-
though the use of coal gangue in the production of building materials can bring certain
environmental benefits, such as waste reduction and carbon footprint reduction, it also
raises concerns about increased global warming potential, acidification, and heavy metal
pollution. Balancing these factors to ensure environmental sustainability is crucial.

3.2. In the Energy Sector

In recent years, with the increasing awareness of sustainable energy and environmental
protection, the application of coal gangue in the energy sector has received greater attention
and development. With the changes in national energy and environmental policies as well
as adjustments in the coal industry structure, the comprehensive utilization of coal resources
for power generation faces a new development situation [96]. Especially, technological
advancements have significantly improved the utilization efficiency of resources such as
coal gangue and coal slime, which not only helps in conserving resources but also reduces
environmental pollution.

3.2.1. Direct Use

Coal gangue is commonly regarded as a low-calorific-value material. However, for
those with a higher carbon content, such as between 20% and 30%, its calorific value
significantly increases, making it a potential resource for energy recovery and power gener-
ation [97]. The high carbon content of this type of coal gangue provides sufficient thermal
energy, making it feasible for use in energy conversion processes such as combined heat
and power generation. Compared to conventional coal-fired boilers, circulating fluidized
bed technology offers significant environmental advantages, including reduced pollutant
emissions and improved waste utilization efficiency [98,99]. Moreover, the application
of coal gangue in power generation also helps reduce dependence on traditional fossil
fuels, thereby alleviating the issue of fossil fuel scarcity to some extent and providing
a viable solution for the environmentally friendly disposal of coal gangue. Although direct
combustion of coal gangue for power generation is theoretically feasible, it presents a series
of technical complexities in maintaining stability during the power generation process,
especially for those with high ash content and low calorific value. These challenges high-
light the necessity for in-depth research into coal gangue as a fuel for power generation,
particularly in optimizing combustion technology, improving energy efficiency, and reduc-
ing environmental pollution [100]. Therefore, research in this field is far from mature and
requires continuous exploration and innovation.

For coal gangue with ultra-low calorific value, the Aspen Plus 11.0 software can be
used for the design and optimization of coal gangue pyrolysis and carbonization processes,
with the optimal pyrolysis temperature being about 600 °C [101]. For spontaneously
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combusting waste coal gangue, energy recovery can be achieved by constructing a novel
artificial heat reservoir system. The concept diagram of the coal gangue artificial heat
reservoir system is shown in Figure 9 [102].
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Figure 9. Concept diagram of CGAHR system [102].

Direct calcination of coal gangue is a method of resource utilization. Mainly through
high-temperature treatment, coal gangue is transformed into useful products. During the
calcination process, usually above 800 degrees Celsius, its organic matter is decomposed
and transformed into gas and ash [103]. As the combustion temperature increases, coal
gangue minerals decompose at certain temperatures; at 1200 °C, the mineral phases of com-
bustion ash are mullite, quartz, magnetite, hematite, lime, and anhydrite [104]. Figure 10
shows the morphological characteristics during the combustion process of coal gangue;
uncalcined fine particles of coal gangue with a diameter of 1.0 micrometer (Figure 10A)
form needle-like shapes and cluster together. The coal gangue is in a molten phase, and its
surface gradually becomes viscous as the combustion temperature increases (Figure 10B-F).
The volatility of trace elements in coal gangue increases with the combustion temperature
and can be divided into two categories: the highly volatile first category (Ni, Cu, Zn, Cd,
Sn, Pb, and As), and the low volatility second category (Co, Cr, V) [104]. Figure 11 shows
the volatility of trace elements at different temperatures. The decomposition of organic
matter and pyrite can lead to an increase in the volatility of trace elements at 500 °C. As
the combustion temperature increases, carbonate minerals, sulfides, and other minerals
decompose, increasing the volatiles [104]. However, combustion of coal gangue can lead
to significant emissions of sulfur, arsenic, mercury, and fluorine, which may exceed the
emissions from traditional coal combustion [105].

Reducing the emission of pollutants during the combustion process of coal gangue is
currently one of the important issues. Moreover, the direct combustion utilization of coal
gangue requires specific combustion techniques and equipment. Overall, the direct use of
coal gangue is a potential method of energy recovery, which can reduce the environmental
impact of waste while providing some energy value. However, to achieve its widespread
application, technical, economic, and environmental challenges need to be addressed.
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Figure 10. The morphological characterization of coal gangue during combustion. (A) uncalcined
coal gangue, (B) uncalcined coal gangue, (C) 500 °C, (D) 700 °C, (E) 900 °C, and (F) 1200 °C [104].
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Figure 11. The volatilize of trace elements at various temperatures [104].
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3.2.2. Co-Utilization

Adding an appropriate amount of biomass can not only improve the combustion
performance of coal gangue but also reduce the emissions of trace elements, thereby
contributing to environmental protection. A biomass addition ratio of 20-30% is considered
the optimal proportion [48]. In exploring the retention mechanism of trace elements (TEs)
during the co-combustion of coal gangue (CG) and soybean straw (SS), it was found that the
retention of gaseous TEs increased during co-combustion, which might be due to reactions
with active mineral surfaces, chemical adsorption, and interactions with ash components
and elements [106]. When sludge (SS) and coal gangue (CG) are co-combusted, it has been
found that co-combustion helps improve ignition performance and has a synergistic effect
on desulfurization and denitrification. Enhanced retention of trace elements (especially Pb
and Zn) was observed during co-combustion [107]. By adding coal gangue as an additive
to other biomass fuels (willow branches, wheat straw), not only can the combustion effect
of coal gangue be improved, but also the emission of NO can be reduced, with the best
proportion being 80% biomass + 20% coal gangue [108]. The real-time NO release curve, as
shown in Figure 12, indicates that when 20% coal gangue is added to the composite fuel,
the NO emission temperature of the composite fuel increases, and NO emissions decrease.
This is because the alkali metals in coal gangue react with the biomass, with the reaction
mechanism shown in Figure 13, and possible reactions are as follows [108].

AlSi,05(0H), — Aly03-25i0,4+2H,0 # (1)
AlyO3-2Si0,+2MCl + H,0 — 2MAISiO4+2HCl 2)
2MAISiO4+H,0 3)
AlyO3-25i0,4+2MOH + 2Si0, — 2MAISi;Og+H,0 (4)
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Figure 12. NO real-time emission curve: (a) The mono-combustion of WS (Wheat straw), SL (Salix
limb) and CG. (b) The composite fuel of SL and CG. (c) The composite fuel of WS and CG [108].
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Figure 13. The mechanisms of biomass slagging abatements by coal gangue [108].

During the co-combustion process of straw and coal gangue, when the mixing ratio of
coal gangue is 30%, it is expected to reduce sulfur dioxide emissions by 18.19% [109]. In the
co-combustion process of low-calorific-value coal mixtures in a fluidized bed, a mixture
ratio of raw coal, coal gangue, and coal slime at 20:60:20 may be a suitable choice for
co-combustion in a fluidized bed reactor [110].

In the co-firing of coal gangue and peanut shells, an optimal predictive model for
the co-combustion of coal gangue and peanut shells was established using the artificial
neural network (ANN) method, and ANN20 was determined to be the best model through
comparison [111,112]. Figure 14 shows the ANN20 model used to predict the combustion
behavior of coal gangue and peanut shells. The ANN20 model is divided into an input
layer, hidden layers, and an output layer. The input parameters for the input layer are
combustion experimental conditions: heating rate, temperature, and mixing ratio. There are
two hidden layers. The number of neurons in the first hidden layer is 5, and in the second
hidden layer is 17. The parameters for the output layer are the residual mass percentage
from the thermogravimetric experiments. The activation function for the hidden layers is
nonlinear, while the activation function for the output layer is linear [111]. Interactions
also exist between coal gangue and sawdust, and the addition of sawdust can enhance
the oxidative combustion reactivity of coal gangue [113,114]. A study on the synergistic
effects of the co-gasification of coal gangue and sawdust was conducted on a homemade
two-stage gasification fixed bed experimental setup. The best synergistic effect, with
a synergy coefficient of 0.22, was observed under conditions of a gasification temperature
of 850 °C, catalytic reforming temperature of 900 °C, steam flow rate of 2 mL/min, and a
mixing ratio of coal gangue to sawdust of 1:1. The synergistic effect of coal gangue and
sawdust is due to the cracking of -OH functional groups, enhanced by the catalytic action
of alkali and alkaline earth metals in the co-gasified char [115]. The effect of different
mixing ratios of coal gangue and sawdust on the composition of co-gasification gas is
shown in Figure 15. As seen in Figure 15a, with the increase in the sawdust mixing ratio,
the volume fraction of Hj initially increases, then decreases, and finally increases [115].
A significant interaction between coal gangue and weathered coal was observed under
oxygen-enriched combustion conditions, likely related to thermal effects [116]. Further
research found that a mixture of 70% coal and 30% coal gangue exhibited the strongest
synergistic effect, while a mixture of 30% coal and 70% coal gangue showed the strongest
inhibitory effect [117]. For coal gangue and polypropylene (PP), when the polypropylene
content was 20%, the maximum weight loss rate at the first peak temperature of the mixed
fuel increased, and the average thermal coupling degree at 50% and 80% was 1.64 and
2.30 times, respectively [118].
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Figure 14. ANN20 structure diagram used for predicting combustion behavior of CG and PS [111].

40 2%
(a) = [ b [—-]®
35| —~ —8— Cal ®) +c;
- w0k T
30 & & T
| | L
25 b I e
= T @ 15k —
s <
>
5 0} 4
S o
o ]
) 15 O 10 H
10 H
sk
sk
0 . _ . . _ 0 T T T T T
0 25 50 75 100 0 2 50 s 100

Pine Sawdust Mixing Ratio(%) Pine Sawdust Mixing Ratio(%)

16 50
Ex|
e . B @ 5
T . =
40
12k . | —=—T7T
l/——/k’ . . | ——w—1
S e
§ 10 H T . :\\_, 30 2
= L 2
=l
Z 0T 8
. o]
[SE 20
4 H
10 |-
2 H
0 T T T T T 0 T T T T T
0 25 50 75 100 0 25 50 75 100
. . N
Pine Sawdust Mixing Ratio(%) Pine Sawdust Mixing Ratio(%)
0.4
© . SEH,
o3l e CO,
' \ —4A—CH,
/
o 02F /L///'\ /7 \ v—CO
S
>
«
]
@]
o~
=]
(7] /)N
/ / \\
0.1 F \ Y / \
N\ /
02 F «

Pine Sawdust Mixing Ratio(%)

Figure 15. Effect of mixing ratio on gas composition of co-gasification. (a) The volume fraction of
H, as a percentage for different mixing ratios; (b) The volume fraction of CO; as a percentage for
different mixing ratios; (c) The volume fraction of CHy as a percentage for different mixing ratios;
(d) The volume fraction of CO as a percentage for different mixing ratios; (e) SI values for each gas at
different mixing ratios [115].

Pyrolysis is an effective method for transforming coal gangue into high-value ma-
terials, offering advantages such as low cost, continuity in the production process, and
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product diversity. However, the pyrolysis of coal gangue has drawbacks, including low
efficiency, high cost, and the emission of harmful gases [104]. Biomass materials are po-
tential feedstocks to enhance the pyrolysis process of coal gangue, compensating for its
shortcomings as the volatile substances within biomass can lower the ignition tempera-
ture and shorten the reaction time [119,120]. The addition of cellulosic biomass not only
significantly affects the pyrolysis characteristics and gas emission patterns of coal gangue
but also increases the release of volatiles during pyrolysis [121]. Adding biomass to coal
gangue can promote the release of gaseous organic compounds during pyrolysis and has
a suppressing effect on the formation of carbon dioxide, which is significant for reducing
greenhouse gas emissions [122]. In the co-pyrolysis experiments of coal gangue and peanut
shells, mixing ratios of 3:1 and 1:3 are considered suitable for the co-pyrolysis of coal
gangue and peanut shells [123]. Research on the co-pyrolysis of coal gangue and coffee
grounds shows that adding 30% coffee grounds can increase the CPI value of the sample by
148.56 times, significantly improving the pyrolysis performance of the sample [124]. There
is also an interaction in the co-pyrolysis of coal gangue and lignin, with the optimal mixing
ratio being 1:3, where the synergistic effect is most evident [125].

3.2.3. Environmental Impact of Coal Gangue in Energy Applications

With the continuous increase in energy demand, coal gangue has been widely applied
as a raw material for energy. For coal gangue with high calorific value, the presence
of non-mineral impurities in the coal and gangue mixture may affect the combustion
efficiency and emissions of power plants [126]. Fly ash and bottom slag produced by
the combustion of coal gangue may be enriched in toxic metal elements such as mercury
(Hg), arsenic (As), beryllium (Be), and cadmium (Cd). The volatilization characteristics
of these elements during the combustion process can cause secondary pollution to the
environment [127]. Additionally, workers in coal gangue power plants are exposed to
occupational hazards such as silica dust, coal dust, and noise [128,129]. The addition of
semi-coke in an oxygen-rich environment with coal gangue can reduce NO emissions
under certain conditions. The increase in O, concentration significantly affects CO and
NO emissions, but the impact on SO, emissions depends on the specific value of O,
concentration [130]. The calcination of coal gangue leads to the migration and diffusion
of heavy metals and other harmful substances, which may cause serious impacts on the
surrounding ecological environment [131]. Heavy metals in coal gangue may enter the
soil and water bodies through weathering and leaching after calcination, thereby polluting
these environmental media [132].

The resource utilization of coal gangue in the energy sector holds significant potential,
but several key considerations must be addressed during implementation. First, coal
gangue exhibits considerable compositional variability, especially in terms of harmful
elements such as heavy metals and sulfides, which could impact the safety and environ-
mental effects of the energy production process. Therefore, before using coal gangue as
an energy feedstock, comprehensive compositional analysis must be conducted to iden-
tify potential pollutants. Appropriate treatment technologies, such as high-temperature
roasting and chemical treatments, should be employed to remove harmful components
and prevent secondary pollution of the environment. Second, coal gangue has a relatively
low calorific value and complex composition, which may affect its combustion efficiency
as a fuel. To improve the combustion performance of coal gangue, it is often mixed with
other high-calorific-value materials or pre-treated. For example, methods such as crushing
and drying can optimize the particle size and moisture content of coal gangue, enhancing
its combustibility and combustion stability. Furthermore, during the combustion process,
temperature and atmospheric conditions must be strictly controlled to prevent the harmful
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emissions of gases containing sulfur, nitrogen, and other elements present in coal gangue.
Additionally, the use of coal gangue as an energy feedstock should consider its impact on
equipment and systems. During combustion, coal gangue may produce by-products such
as ash and soot, which can cause corrosion, blockages, or wear on equipment such as boilers
and flue gas treatment systems. Therefore, the design of combustion systems must account
for the unique physicochemical properties of coal gangue, and careful preparation should
be made in equipment selection and maintenance to ensure long-term, stable operation.

In summary, the application of coal gangue resource utilization in the energy sector
should focus on multiple aspects, including compositional analysis, combustion perfor-
mance, equipment compatibility, environmental emissions, and economic feasibility, to
ensure its safe, efficient, and sustainable conversion into an energy resource.

3.3. Agricultural Applications

Coal gangue contains a high proportion of organic matter, making it an ideal substrate
for carrying nitrogen, phosphorus, and potassium. Appropriately adding coal gangue
can improve the soil environment [133]. As a soil amendment material, coal gangue not
only helps improve problematic soils such as sandy soil and saline soil but can also be
used to prepare fertilizers [134]. In terms of land conservation, direct filling technology
can significantly reduce land subsidence and also reduce the environmental impact of coal
gangue accumulation [135].

3.3.1. Soil Improvement

The long-term use of chemical fertilizers leads to the gradual depletion of organic
matter and humus in the soil, which in turn causes soil compaction and salinization, among
other land degradation issues [136]. The addition of coal gangue can significantly improve
the physicochemical properties of saline-alkali soil, reducing soil PH, salt concentration, and
bulk density, while increasing the content of organic matter, total nitrogen, total phosphorus,
total potassium, hydrolyzed nitrogen, and available potassium in the soil [137,138]. Moreover,
coal gangue has certain porosity and permeability, which, when added to the soil, can
improve its aeration and water retention, especially for problematic soils such as sandy soil
and saline soil, significantly improving their physical properties [54]. Through activation
treatment, coal gangue’s ability to fix and release available phosphorus in reclaimed mine
soils has been significantly enhanced, with small particle size alkali-modified activated
coal gangue showing the best activation effects, its maximum phosphate adsorption ca-
pacity being 11.796 mg/g [45]. AS-FCG is a cost-effective, durable, and environmentally
friendly material that can be used for phosphorus fixation as well as for the slow release of
phosphorus as a fertilizer, with its phosphorus adsorption mechanism and specific reaction
equations illustrated in Figure 16 [45].

Ca’*4+2H,PO~ — Ca-P | (5)

APT4+3H,PO, — Al-P | (6)

The preparation of coal gangue soil amendments can help increase available land
resources and facilitate the reuse of solid waste. However, current issues with coal gangue
amendments include high sulfur content, nutrient deficiencies, and heavy metal pollution,
necessitating the addition of other substances to optimize their nutrient content [31].
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Figure 16. The mechanisms of phosphate adsorption of AS-FCG [45].

Coal gangue has shown significant effects in improving the condition of medium- and
low-yield fields [39]. Using coal gangue to construct sand barriers for sand fixation can also
increase the content of organic matter, total nitrogen, available phosphorus, and available
potassium in the soil by 2.65, 2.66, 1.30, and 1.24 times, respectively [87]. The reactive
silicates and aluminates in fly ash and coal gangue undergo hydration in alkaline conditions,
lowering the soil’s pH value, which is beneficial for the amelioration of saline-alkali
soil. A novel compound made from phosphoric acid-modified cauliflower leaf biochar
(CLH) and coal gangue-based Na-X zeolite (ZL), mixed together, acts as a soil stabilizer
to immobilize heavy metals in polluted alkaline soils [139]. Modified coal gangue (MGE)
prepared by a low-temperature alkali fusion method and applied to the immobilization
of cadmium (Cd?*) polluted soil resulted in a significant increase in active groups on the
surface of the modified coal gangue, aiding the removal of Cd?*. The content of available
Cd?* in the treated soil was reduced by 14.2% to 29.8% [46]. Bacterial treatment can
significantly improve the availability of nutrients in coal gangue. Research found that
using the Stenotrophomonas maltophilia YZ1 bacteria to activate coal gangue, the content
of soluble phosphorus, potassium, and silicon significantly increased after treatment with
the YZ1 bacterial strain [140].

3.3.2. Fertilizer Production

Research on coal gangue as a fertilizer shows that it can reduce air pollution and nitro-
gen pollution in groundwater, bringing significant economic, social, and environmental
protection benefits. Compared with the background values of soil elements in the Loess
Plateau and the national standards for harmful substances control, coal gangue from the
Weibei coalfield has tremendous potential as a clay fertilizer [141]. Therefore, coal gangue
has significant advantages as a raw material for producing agricultural fertilizers. Coal
gangue can be used as a silicon fertilizer, and high-efficiency coal gangue-based silicon
fertilizer has been produced through high-temperature activation technology, achieving sig-
nificant available silicon content and meeting agricultural needs [142]. Studies have found
that the maximum phosphate adsorption capacity of rapeseed straw coal gangue-modified
biochar (CG-OR700) prepared at 700 °C is 7.9 mg/g at pH4.0, which is 4.6 times that of the
original biochar [143]. This can not only be used to remove phosphates from wastewater
but also serve as a slow-release fertilizer for agricultural production. After activation and
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modification, coal gangue can significantly improve its reactivity and soil improvement ca-
pabilities. Activation methods include thermal activation, chemical activation, microwave
activation, mechanical activation, and composite activation [144].

3.3.3. Environmental Impact of Coal Gangue in Agricultural Applications

The application of coal gangue in agriculture, especially as a raw material for fertilizers
and a soil amendment, poses certain potential risks. Experiments on phytostabilization
using coal gangue in copper mine tailings have shown that the application of coal gangue
not only increased the pH value, organic matter content, and nutrient components of the
amended tailings but also reduced the DTPA-extractable concentrations of Zn, Pb, Cd, and
Cu [145]. In soils reclaimed with coal gangue, the concentrations of copper, lead, and zinc
were enriched by 1.51 times, 1.48 times, and 2.05 times, respectively, compared to original
agricultural soil, indicating that these heavy metals could migrate from the coal gangue
into the soil [146]. When coal gangue is directly applied to soil as fertilizer, it may contain
harmful elements, which could negatively impact the soil and crops. There are potential
risks associated with the agricultural application of coal gangue, especially concerning the
presence of harmful elements and the health of soil and crops. Therefore, when considering
the use of coal gangue as a raw material for fertilizers or a soil amendment, it is necessary
to carefully assess its potential impact on the environment and crops.

When applying coal gangue in agriculture, particular attention must be paid to its
compositional analysis and treatment. Coal gangue may contain harmful substances such
as heavy metals and sulfides, which, if used untreated, could harm the soil and crops.
Therefore, coal gangue must undergo purification and modification processes, such as high-
temperature roasting or acid-base washing, to remove these harmful components. As a soil
amendment, coal gangue can improve soil aeration and drainage, but due to its alkalinity,
excessive use may lead to soil alkalization. Thus, it is essential to control the application
rate appropriately. The minerals in coal gangue, such as silicon and calcium, can promote
crop growth; however, it should be applied in conjunction with other fertilizers to avoid
nutrient imbalances. Long-term use of coal gangue may have adverse effects on the soil,
potentially contaminating groundwater or compromising crop safety. Therefore, regular
monitoring of soil and crop conditions is necessary to assess its long-term impacts. To
improve the utilization efficiency of coal gangue, it can be integrated with other agricultural
waste materials to increase soil organic matter content and promote resource recycling.
In conclusion, the application of coal gangue in agriculture should be scientifically and
rationally managed, with strict control over its usage and treatment methods, ensuring its
safe and sustainable improvement of soil quality and promotion of crop growth.

3.4. High-Value Applications

Coal gangue contains rare earth elements such as scandium and gallium, which play a
crucial role in advanced technologies [147]. Additionally, coal gangue is rich in kaolinite
and other clay minerals, constituting a vast potential resource of aluminum and lithium.
Therefore, coal gangue can provide essential raw materials for industries such as solar
energy and new energy vehicles.

3.4.1. Extraction of Valuable Components

Currently, extraction methods primarily focus on extracting alumina, which is the
most feasible and economically valuable. Using hydrochloric acid to extract alumina from
coal gangue is a simple and convenient method. Under optimal conditions of calcination
temperature at 700 °C, leaching temperature at 150 °C, reaction time of 2 h, hydrochloric
acid concentration of 20%, and a liquid-to-solid ratio of 3:1, the extraction efficiency of
alumina can reach 91.56% [148]. In the presence of alkali metals NayCO3 and NaySOy,
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the extraction rate of aluminum from coal gangue is enhanced, reaching a peak value
of 91.39% at 850 °C [149]. Various methods of extracting Al from gangue are shown in
Table 5. The optimal calcination temperature for converting and separating coal gangue
components is 1050 °C = 50 °C. For the leaching process, the optimal temperature is about
85 °C with a leaching time of 60 to 80 min, under which conditions valuable components
of coal gangue, alumina, and silica can be efficiently extracted [150]. At pH values of 2.6,
4.2,6.5, and 8.1, the leaching rates of chloride after 105 h are 57.21%, 35.97%, 26.65%, and
18.98%, respectively [151]. Coal gangue calcination for desilication, with the addition of 6%
secondary aluminum slag, can increase the Al/Si ratio of the desilication product from 0.91
to 1.94 and the desilication rate from 42.99% to 56.16% [152]. Figure 17 shows a schematic
diagram of the catalytic behavior of AI(OH); and secondary aluminum oxide slag. The
active alumina produced by the dehydration of AI(OH); can combine with metakaolin
in coal gangue to form mullite, releasing active silica in the process. Active silica can be
dissolved and separated through a caustic desilication process, and regenerated aluminum
slag also has this function, with a stronger catalytic effect. Recovering iron from coal
gangue can be performed using magnetic separation methods, calcining coal gangue at
temperatures ranging from 300 °C to 1000 °C for 30 to 180 min. After calcination, the
magnetization rate of coal gangue significantly increases to 17 times that of the original
ore [153].

Table 5. Methods for extracting aluminum from coal gangue—efficiency and drawbacks.

Extraction Method Efficiency Drawbacks References
. . Above 90% May cause environmental pollution, difficult waste liquid
Acid Leaching (high efficiency) treatment, and the use of corrosive acidic solutions. [148,154]
. . 80-90% Requires large amounts of alkaline solutions, complex treatment
Alkaline Leaching (relatively high) process, and the corrosive nature of alkaline solutions. [155]
High-Temperature 70-80% High energy consumption during heating, lower aluminum
L . - . . . [156]
Sintering (lower efficiency) recovery efficiency, and high equipment investment.
Gasification 60—7Q (o Requires hlg}} temperatures,. high equipment 1.n.Vestment, and [157]
(lower efficiency) relatively low aluminum recovery efficiency.
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Figure 17. Schematic diagram of the catalytic behavior of A[(OH); and secondary alumina dross [152].

Pretreatment and cyclic sintering can effectively promote the green extraction and
utilization of key metals in coal gangue. Pretreatment significantly reduces the particle
size of coal gangue, effectively strips away the layered silicate structure of the gangue, and
improves leaching efficiency [158]. Ga and Li in coal gangue mainly exist in the form of
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silicates, so enriching and extracting Ga and Li is an effective method [158]. In the process of
calcification and desilication of coal gangue, with the addition of 6% secondary aluminum
slag and a calcification temperature of 1000-1050 °C, the desilication rate can be increased
t0 56.16%. The sodium silicate solution after desilication can be used as a silicon source, and
the high-aluminum-content desilication slag can be used to extract and produce sodium
aluminate solution as an aluminum source [152]. The stenotrophomonas maltophilia (YZ-1)
strain can promote the release of soluble phosphorus in coal gangue; its produced organic
acids can accelerate the leaching of phosphorus and lead, forming phosphate precipitates
with lead ions; thus coal gangue has a synergistic effect on the stabilization of lead [159].
The stabilization mechanism is illustrated in Figure 18.
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Figure 18. The fixation mechanism of Pb ions with YZ-1 strain [159].

3.4.2. Preparation of Catalysts and Adsorbents

Metal-enriched coal gangue can be directly prepared into carbon-supported cata-
lysts for the in situ catalytic pyrolysis of biomass and the cracking of secondary tar [160].
Through a dual activation method of air calcination and hydrothermal alkali treatment,
coal gangue is transformed into a high-performance, low-cost Ni-based catalyst for the
hydrogenation of dioctyl phthalate, achieving a conversion rate of 99.9% and can be recy-
cled multiple times without significant loss of activity [161]. The copper-modified ZSM-5
catalyst synthesized from coal gangue (Cu/ZSM-5) effectively decomposes phenol, with 7%
Cu/ZSM-5 being able to completely degrade phenol within 30 min, and the total organic
carbon (TOC) removal efficiency can reach 92% in 8 h [162]. The copper-silver (Cu-Ag)
catalyst system based on coal gangue activates persulfate under visible light radiation to
efficiently degrade tetracycline hydrochloride (TC), with the 15% copper and 5% silver
ZSM-5 (15%Cu-5%Ag/ZSM-5) catalyst showing a high degradation rate of 75% for TC
within 60 min. After five cycles, the degradation rate of TC decreased from 74% to 63%,
demonstrating good stability and potential application prospects [163]. Coal gangue acti-
vated persulfate degradation of tetracycline hydrochloride follows the mechanism shown
in Figure 19, providing three pathways, with the final degradation products being CO, and
H,0, in line with the concept of no pollutant release [164]. The catalytic material based on
coal gangue (CG-Ca-N) activates peroxymonosulfate (PMS) and can completely degrade
Bap within 20 min, and the degradation rate reaches 72.06% in soil slurry medium within
60 min [165]. The main advantages of various catalysts are shown in Table 6.
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Table 6. Advantages of each catalyst.

Catalysts/Adsorbents Advantage
Carbon supported catalysts Low cost, high performance
Ni-based catalysts Low cost and can be recycled many times
Copper-modified catalysts Greatly accelerates catalytic speed
Copper and silver catalysts Good stability

Currently, numerous domestic studies have found that coal gangue has a certain effect
on removing some conventional pollutants, heavy metals, and organic substances [166,167].
Coal gangue’s liquid permeability can meet regulatory requirements, and it has significant
adsorption capacity for heavy metals such as lead and zinc [168]. By loading layered double
hydroxides (LDH) on the inner pore walls of coal gangue’s “ball window” porous monoliths
(CBPM) to construct its framework, this structure displays a large specific surface area and
abundant binding sites, making it especially suitable for removing trace emulsified water
from contaminated oil, particularly as a flow-through filtration unit [169]. Coal gangue
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can be transformed into low-cost ceramic microsphere adsorbents for removing cationic
dyes from aqueous solutions [170]. Layered porous carbon prepared from coal gangue
exhibits excellent adsorption properties for heavy metals (such as Cr(VI)) and organic
pollutants (such as Rhodamine B) [171]. Figure 20 shows the adsorption mechanism of coal
gangue-RS600 for Cr(VI). Under acidic conditions, due to the positive charge on the CG-RS
surface and the release of a large number of metal cations, Cr(VI) anions are attracted
electrostatically to the positively charged biochar surface; adsorbed Cr(VI) ions are reduced
to Cr(Ill) by electron donors composed of surface functional groups of CG-RS 600; the
reduced Cr(IIl) reacts with the surface’s C-O, Fe-O, forming stable Cr(Ill) on the surface of
RS 600 and CG-RS 600, with the specific reaction equations as follows [172].
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Figure 20. The adsorption mechanisms of Cr(VI) onto CG-RS600 [172].

Coal gangue geopolymers (GP) with a mesoporous structure can effectively interact
with and capture Cu [47]. Magnetic zeolites synthesized from red mud and coal gangue
through alkali reduction calcination-hydrothermal methods show maximum adsorption
capacities for Cu?*, Cd?*, and Pb?* of 76.2, 92.2, and 178.4 mg/g, respectively [173]. By
modifying coal gangue through calcination and acid reflux, it can be used to treat fish
pond aquaculture wastewater, achieving removal rates of 44.93% for COD (Chemical
Oxygen Demand), 25.51% for turbidity, and 97.8% for total nitrogen [174]. Zeolite-activated
carbon composite materials synthesized from coal gangue through CO, activation and
hydrothermal synthesis methods exhibit efficient adsorption performance for Cu®* and
Rh-B, at 92.8% and 94.2%, respectively [160]. Figure 21 shows SEM images of zeolite (a-b)
ZMC with different carbon contents. In low magnification (Figure 21a), zeolite exhibits
good dispersibility, uniform particle size distribution, and regular geometric shapes without
large impurities, indicating that carbon elements have been completely combusted. From
high magnification (Figure 21b), individual zeolite is a regular hexahedron, with each
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side about 1.5-2 um. For zeolite (ZTC) prepared from coal gangue that retains carbon
elements, some zeolites show agglomeration (Figure 21c), suggesting that the introduction
of carbon elements can form additional nucleation sites, and zeolites tend to grow on
the exposed surfaces of carbon-based materials. From Figure 21d, it can be seen that
the length variation in individual zeolites compared to ZMC is negligible. However,
more zeolites in the ZTC sample show coplanar and co-facial phenomena. Using coal
gangue as raw material mixed with a certain amount of coal, the resulting sample is called
carbon-added zeolite (ZAC). In this sample, some irregular bulk materials appear, and
more zeolites grow on the surface of these bulk materials to form larger agglomerates
as in Figure 21e. The carbon-based material is activated carbon with a porous structure,
which can be clearly observed in Figure 21f. The composite material (AICCG) made
of iron alginate oxide and calcined coal gangue has an adsorption effect on zinc and
manganese, with adsorption capacities of 115.6 mg/g and 101.8 mg/g under optimal
conditions, respectively [175]. Using coal gangue-based zeolite particles in a fluidized
bed to treat methylene blue in aqueous solutions, under specific conditions, this method
can effectively adsorb and remove methylene blue from water, showing good adsorption
performance and industrial application potential [176]. The adsorbent (HM-CFB-FA)
made by hydrothermal modification can remove Cd?* from wastewater, with a maximum
adsorption capacity of 183.7 mg/g at 25 °C and an initial pH value of 6.0 [177]. Modified
coal gangue-supported FeCo,O4 nanoparticles activating persulfate can effectively degrade
humic acid, with an efficiency of up to 85% [178].

Figure 21. SEM images of zeolites containing different contents of carbon (a,b) ZMC, (c,d) ZTC,
(e,f) ZAC [179].
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In recent years, with the continuous advancement of materials science and technology,
researchers have gradually realized that coal gangue is not merely a waste product but
also holds great potential, especially in the development of high-performance materials. By
applying advanced materials science technologies, the performance of coal gangue-based
products can be significantly improved, thereby expanding their application across various
fields. Table 7 presents the advantages of advanced technologies in coal gangue utilization.

Table 7. Advantages of advanced technologies in coal gangue utilization.

Advantages Description References

Advanced technologies like nanotechnology and composite materials significantly
Enhanced Performance  improve the mechanical properties, durability, and corrosion resistance of coal [180]
gangue-based products, broadening their application fields.

Coal gangue can be functionalized with additional properties such as adsorption,
Multifunctionality antibacterial, and self-healing capabilities, making it useful for water treatment, [166,172]
environmental remediation, etc.

Improved Resource Advanced technologies allow for more diversified uses of coal gangue, increasing

Efficiency resource recovery efficiency and reducing reliance on single-use applications. [181]

Advanced techniques enable coal gangue to be transformed into high-value
Higher Economic Value  products, such as high-performance construction materials and chemical products, [58,60]
increasing economic benefits.

Higher Resource Advanced materials technologies enable the extraction of valuable metals and [148,149]

Recovery other useful components from coal gangue, improving resource recovery rates. !
Automation and Future automated and smart technologies will optimize the processing and [10]
Smart Processing utilization of coal gangue, improving efficiency and reducing costs.

In addition, there are significant synergies between coal gangue utilization and emerg-
ing technologies such as carbon capture and storage (CCS), renewable energy integration,
and the circular economy model. Coal gangue can react with carbon dioxide, helping to fix
COy, reduce carbon emissions, and provide raw materials for products like construction
materials, thereby promoting the development of carbon capture and storage technologies.
It can also serve as a support material for renewable energy projects, enhancing the flexibil-
ity and stability of energy systems, for example, as an energy storage material or biomass
fuel. Combined with the circular economy model, valuable resources in coal gangue,
such as rare earth metals and aluminum, can be extracted and reused, reducing waste
disposal and resource wastage. Furthermore, the application of intelligent technologies
has improved the precision of coal gangue management, enhancing resource utilization
rates through real-time monitoring and automated sorting. Through these synergies, the
resource utilization of coal gangue not only contributes to environmental protection but
also brings economic benefits, fostering a win-win situation for regional economies and
sustainable development.

3.4.3. Environmental Impact of Coal Gangue in High-Value Applications

When extracting metals such as aluminum and silicon from coal gangue, attention
should be paid to the gases emitted to avoid secondary pollution to the environment. Due
to the very stable structure of the original minerals in coal gangue, high-temperature calci-
nation activation and the use of strong acids and pressurized leaching are often required to
achieve very high leaching rates [182]. If pyrite is present in the coal gangue, this process
can produce sulfur dioxide, polluting the atmosphere, and the release rate may even be
higher than that of pure pyrite [183]. Coal gangue is a huge reserve of aluminum and
silicon resources. However, the acidic leaching process involved in extracting aluminum
and silicon from coal gangue can negatively impact the environment. Acidic conditions
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can promote the release of heavy metals from coal gangue, potentially polluting ground-
water resources [184,185]. When using coal gangue as an adsorbent, the treatment of the
adsorbent after use can also impact the environment [170]. The adsorption study on zinc
and manganese by the iron alginate oxide-coal gangue composite demonstrated effective
adsorption but also raised concerns about the environmental impact of by-products from
this process [175].

When extracting metals from coal gangue or using it as a catalyst, several factors
must be carefully considered. First, the metal composition and content in coal gangue
can vary significantly, so a thorough compositional analysis must be conducted before
extraction. Appropriate extraction methods, such as acid leaching or alkaline leaching,
should be selected to ensure efficient metal recovery while minimizing secondary pollution.
Second, when using coal gangue as a catalyst, its activity and stability must be evaluated.
High-temperature roasting or surface modification may be required to enhance its catalytic
performance. Additionally, the physicochemical properties of coal gangue, such as specific
surface area and pore structure, directly affect its catalytic efficiency, and thus physical or
chemical modifications might be necessary. The selectivity and efficiency of catalytic reac-
tions also need to be optimized to ensure high performance in specific reactions. Moreover,
coal gangue may contain harmful components that could release toxic substances during
the catalytic process. Therefore, environmental monitoring should be strengthened to en-
sure that harmful gas emissions during the catalytic reactions comply with environmental
standards. The recovery and regeneration of the catalyst are also crucial, and effective
methods for restoring its activity must be explored to improve resource utilization. Lastly,
the economic feasibility of metal extraction and catalytic applications of coal gangue should
be taken into account. Optimizing processes and reducing costs are essential to achieving
sustainable development in these applications.

4. Future Development Directions and Suggestions

The future development trend of coal gangue resource utilization can be considered
in conjunction with some popular research directions, including environmentally friendly
technologies, innovative applications in material science, and the concept of a circular
economy. Here are some specific views: environmentally friendly technologies: with
the increase in environmental awareness and policy promotion, the development and
application of coal gangue utilization technologies with low pollution and low emissions
will become a trend. For example, researching how to effectively use coal gangue without
generating or with minimal production of carbon dioxide. Comprehensive utilization: the
composition of coal gangue is diverse, making it a source of various resources. For instance,
it can be used as raw material for building materials or as a source for extracting rare
metals and minerals. Future research may focus more on how to extract these valuable
components from coal gangue efficiently and economically. Innovative applications in
material science: transforming coal gangue into high-performance materials, such as
lightweight building materials, adsorbents, or catalysts, using advanced material science
technologies, could be a research hotspot in the future. Circular economy and sustainable
development: integrating the concept of a circular economy, researching how to incorporate
the use of coal gangue into a broader industrial ecosystem to maximize resource utilization
and minimize environmental impact will be important.

Along with the increase in coal extraction, coal gangue, an inevitable solid waste
produced during the coal mining and washing process, also expressed an increasing
tendency. Coal gangue is generally regarded as an environmental burden, occupying a
vast amount of land and potentially polluting the surrounding land and water bodies
through weathering and rainwater erosion. In 2022, China’s comprehensive utilization
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of coal gangue reached 597 million tons, a year-on-year increase of 9.94%. The utilization
of coal gangue in power generation and heating accounted for approximately 6.87%, and
other fields accounted for 93.13%. Despite the positive outcomes brought by the utilization
of coal gangue resources, the process has also revealed some issues and challenges. Low
economic benefits, slow technological updates, and technical complexity are the main
problems faced in extracting the valuable components. In terms of energy applications, low
thermal efficiency, high pollutant emissions, and related technical and economic challenges
remain issues that need priority resolution. In agricultural applications, while the use of
coal gangue provides a way of resource recovery, the potential risks of harmful substances
and limitations on nutrient supply also need to be fully considered.

Moreover, while many studies focus on the utilization of coal gangue resources,
there is relatively less concern for the potential environmental risks during its utilization
process. Avoiding secondary pollution to the environment during resource utilization
is an important consideration. Therefore, conducting environmental risk assessments,
identifying and quantifying the potential impacts on the environment during the coal
gangue utilization process are the key steps for ensuring the sustainable use of this resource.
In this way, a better balance between economic benefits and environmental protection ought
to be taking into account, promoting the resource utilization of coal gangue towards more
efficient and eco-friendly directions. In summary, the resource utilization of coal gangue is
not only an effective way to achieve the reduction, resource utilization, and harmlessness of
solid waste, but also an important means to promote sustainable development and realize
a green and low-carbon transition. With the advancement in energy technology and the
enhancement of environmental protection awareness, the comprehensive utilization of coal
gangue will show even greater potential in the future.

5. Conclusions

To fully utilize coal gangue and promote its resource utilization, the government can
implement a series of policies and regulations to support the development of this field.
The following are some recommendations: (1) Financial incentives and subsidies: The
government can provide financial subsidies or tax incentives to enterprises engaged in
the resource utilization of coal gangue, reducing their operational costs and encouraging
investment in research and development. This could include tax exemptions on the import
of related equipment, funding support for R&D, or offering lower interest rates on loans to
such enterprises. (2) Establishing standards and certification systems: Developing quality
and environmental standards for coal gangue products to ensure product quality and
environmental safety. Additionally, setting up a certification system to certify products
that meet the standards, thereby enhancing their market competitiveness. (3) Promoting
industry-academia-research collaboration: Encouraging cooperation among enterprises,
universities, and research institutions to jointly develop new technologies and products.
The government can provide platforms to facilitate resource sharing and information ex-
change, as well as funding support for collaborative projects. (4) Environmental regulations
and guidelines: Formulating clear environmental regulations to ensure that the utilization
of coal gangue does not negatively impact the environment. This includes regulations on
waste discharge, pollution control, and resource recycling.

In addition, based on the current research and practical status of coal gangue utiliza-
tion, the main research gaps that need to be addressed are as follows: (1) Technological
standardization and normalization: The technical standard system for the comprehen-
sive utilization of coal gangue is still incomplete. There is a lack of specialized technical
guidance and operating procedures for different regions and coal types, leading to uncer-
tainties in practical operations. (2) High-value utilization technologies: The development
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of high-value-added products from coal gangue is relatively limited. How to transform
coal gangue into high-value materials or products, such as high-performance building
materials or chemical products, requires further in-depth research. (3) Environmental
impact assessment and remediation: Coal gangue may cause secondary pollution, such
as soil and water contamination, during its treatment and utilization processes. There
is a need to strengthen research on the assessment of its environmental impact and the
development of remediation technologies. (4) Regional differentiation studies: Due to
the significant differences in coal gangue composition across regions, its comprehensive
utilization approaches also vary. Currently, there is insufficient systematic research on
regional differentiation.

Future research priorities: (1) Environmentally friendly utilization: Explore the ap-
plication of coal gangue in soil remediation, heavy metal pollution control, and other
fields, developing environmentally friendly utilization technologies to reduce its negative
environmental impact. (2) Industry chain integration and optimization: Build a multi-level,
comprehensive utilization industry chain for coal gangue, promote its synergistic use
across different fields, and improve its overall utilization efficiency and economic benefits.
(3) Interdisciplinary research integration: Strengthen the interdisciplinary integration of
materials science, environmental science, chemical engineering, and other fields to drive
innovation and breakthroughs in coal gangue comprehensive utilization technologies.
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Abstract: With the soaring demand for electric power and the limited spinning reserve
in the power system in Taiwan, the comprehensive management of both thermal power
generation and load demand turns out to be a key to achieving the robustness and sustain-
ability of the power system. This paper aims to design a demand bidding (DB) mechanism
to collaborate between customers and suppliers on demand response (DR) to prevent the
risks of energy shortage and realize energy conservation. The concurrent integration of
the energy, transmission, and reserve capacity markets necessitates a new formulation
for determining schedules and marginal prices, which is expected to enhance economic
efficiency and reduce transaction costs. To dispatch energy and reserve markets concur-
rently, a hybrid approach of combining dynamic queuing dispatch (DQD) with direct
search method (DSM) is developed to solve the extended economic dispatch (ED) problem.
The effectiveness of the proposed approach is validated through three case studies of
varying system scales. The impacts of tie-line congestion and area spinning reserve are
fully reflected in the area marginal price, thereby facilitating the determination of optimal
load reduction and spinning reserve allocation for demand-side management units. The
results demonstrated that the multi-area bidding platform proposed in this paper can be
used to address issues of congestion between areas, thus improving the economic efficiency
and reliability of the day-ahead market system operation. Consequently, this research can
serve as a valuable reference for the design of the demand bidding mechanism.

Keywords: demand bidding mechanism; demand response; economic dispatch; spinning
reserve; direct search method

1. Introduction

With the soaring demand for electric power and the rising environmental awareness,
governments from many countries have actively developed renewable energy generation
systems (REGS), implemented energy-saving actions, and performed user-side load man-
agement measures to realize the energy transition more smoothly. At present, Taiwan’s
government puts focus on increasing the proportion of renewable energies in the energy
supply system in response to the net zero emissions. The goal is to increase the ratio of
power generation from renewable energy resources to 20% by 2025 [1]. As the penetration
of renewable energy keeps increasing, the impact of REGS on the stability and robustness
of the power system is attracting a lot of attention. Due to the characteristics of uncertainty
and intermittency of the output from renewable energy resources, power dispatching
becomes a challenge for system operators [2—4]. Moreover, the electricity demand during
peak hours has increased sharply in recent years in Taiwan. With limited generators to
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compensate and a sudden rise in load demand, many problems have occurred, including
high variations in load demand during peak hours and off-peak hours, inefficient usage of
energy, regional imbalances between supply and demand, and even the insufficiency of
backup capacity. The question of how to ensure the safety and reliability of the operation
of Taiwan power system becomes an important and challenging one.

As many distributed energy resources (DERs) are introduced into the power system,
the development of a virtual power plant (VPP) plays a key role to integrate the resources
from both supply and demand sides. VPP is regarded as a novel power supply service
that consists of DERs, controllable load, and battery energy storage system (BESS), etc.,
giving VPP flexible adjustability and rapid response ability. In this way, it can effectively
handle the unstable issues in the power system, such as a sudden increase in load, failure
of thermal generator, or uncertainty in the output of renewable energy generation [5-7].
In addition, many papers have investigated the strategies applied for demand response
(DR) [8-12]. In Ref. [8], a large number of end-users, namely DR sources, are formed as DR
aggregators in the electricity market, and an approach based on game theory is developed
for the bidding strategy. In Ref. [9], the load aggregator (LA) takes the risk of the uncertainty
of the wholesale market prices and bids in the wholesale market to purchase electricity
to satisfy the demand of the customers in the electricity market. To relieve the risks of
financial loss caused by price volatility, an optimal bidding strategy model is designed for
the LA to perform DR program. Furthermore, to ensure the aggregator fully grasps the
information of available DR capacity, Ref. [10] has proposed an optimal bidding strategy
for the aggregator, considering the bottom-up responsiveness of residential customers. In
Ref. [11], a novel hybrid stochastic—robust optimal trading strategy for a DR aggregator
in the wholesale electricity market has been proposed, aiming to improve scheduling and
manage risk by considering both stochastic market prices and non-stochastic consumer
participation, while also incorporating energy storage and multiple demand response
programs. In contrast, Ref. [12] focuses on the self-scheduling problem of a generation
company and a DR aggregator in a competitive market. It models temporal load character-
istics and employs a Fuzzy Inference System (FIS) to represent DR aggregator participation
based on load behavior and customer willingness. The circumstances of multi-grid and the
inclusion of distributed energy resources or renewable energy resources are also considered
in Refs. [13-17]. Ref. [13] introduces a low-carbon economic dispatch (ED) model tailored
for multi-energy microgrids, aiming to reduce daily operating costs through the integration
of DR and a multi-stage carbon trading scheme. Ref. [14] presents a decentralized opti-
mization approach for managing the operation strategy of hierarchical systems, taking into
account the competitive interactions among individual agents. Ref. [15] provides a compre-
hensive review of ED problems, examining their mathematical formulation; evolution from
conventional to modern power systems, including VPPs and multi-energy systems; and the
various conventional, uncertainty-based, Al-based, and hybrid optimization techniques
used to solve them. In contrast, Ref. [16] focuses on a specific control strategy, namely
Model Predictive Control (MPC), for microgrids to participate in real-time ancillary service
markets. This paper addresses the integration of DERs and the potential for microgrids to
enhance power system stability and reliability. Finally, a comprehensive review of demand
response programs within multi-energy systems (MESs) can be found in Ref. [17], which
highlights the increasing research and the potential of MESs, often incorporating energy
hubs and storage, to enhance flexibility and consumer comfort during DR operation.

Apart from the supply—demand balance for electricity, the ancillary services, including
frequency regulation, voltage control, and reserve capacity, also play a crucial role in the
power market for a robust and stable power system operation. Ref. [18] analyzes the
current development and historical evolution of the unified power market in Europe and
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regional power markets in the US and further highlights the critical factors influencing the
design of ancillary service trading mechanisms in regional electricity markets. Therefore,
some studies focus on the bidding strategies that consider the spinning reserve [19-26]. In
Ref. [19], an optimal bidding strategy is presented considering flexible ramping products;
thus, a microgrid is able to optimally allocate the capacities for energy, spinning reserve,
and ramping. In Ref. [20], the reserve cost and penalty cost of over and under estimation
of outputs of renewable energy resources were considered, respectively, for more robust
optimal bidding. Ref. [21] developed an optimal bidding strategy in energy and reserve
markets considering environmental restrictions for a grid-connected combined-heat-and-
power-based multi-microgrid system. Ref. [22] and Ref. [23] specifically focus on optimal
bidding strategies for microgrids considering uncertainties of renewable energy resources
and market prices, which employ stochastic modeling and risk management techniques
for participation in energy and ancillary service markets such as regulation and reserves.
Ref. [24] broadens this to the distribution system level and proposes a framework for
optimizing profits by local resources such as wind, PV, EVs, and BESS in the joint energy,
regulation, and ramp markets. Ref. [25] investigates a more advanced paradigm of transac-
tive energy management in distribution systems, enabling bidirectional exchange of both
energy and ancillary services between the distribution system operator and microgrids
through a stochastic bilevel programming model to manage interactions under uncertainty.
To prevent the shortage of power supply during the peak hours, Taiwan Power Company,
namely Taipower, has implemented the DB mechanism since 2015 [26]. It is noted that a
DB mechanism is one of the load management measures used by Taipower to perform
demand response. Within the energy bidding platform, DR participants can specify both
the amount of load reduction for peak shaving and the corresponding bid price during
their available time slots. All participants will join the bidding process, together with
thermal generators of Taipower. Therefore, a collaboration between the customers and
suppliers can be achieved. Through the load management strategy, the significant load
consumption during peak hours can be reduced. In addition, DR users in the ancillary
service bidding platform are able to provide reserve capability to enhance the stability of
Taipower’s system.

The day-ahead market enables participants to submit bids for the purchase or sale of
electricity for each hour of the following day through a closed auction mechanism. In order
to further strengthen Taipower’s DB mechanism, operated at the day-ahead market, this
paper intends to integrate the energy bidding platform and the ancillary service bidding
platform to comprehensively investigate the optimum dispatch problem of multi-area
economic generation and reserve under DB mechanism. Meanwhile, the coordination
between thermal generators and substantial industrial users under DB mechanism is also
discussed to further improve the power system operation efficiency and stability. Due to the
complex constraints and many coupling conditions, it is very difficult to achieve optimal
power dispatch for both generation and reserve in power system. Many studies have
applied analytical methods and optimization techniques to investigate power dispatch
problems, such as direct search method (DSM) [27], Simulated Annealing (SA) [28], Genetic
Algorithm (GA) [29], Particle Swarm Optimization (PSO) [30], and Grey Wolf Optimizer
(GWO) [31], etc. This paper aims to expand the application of the DSM and develop a
software analysis tool to assist the day-ahead market bidding platform. To dispatch energy
and reserve markets concurrently, a hybrid approach of combining dynamic queuing
dispatch (DQD) with DSM is developed to solve the multi-area ED problem. The proposed
method is designed to simultaneously optimize the power dispatch of DR users and thermal
power generation systems to enhance the fairness of DR user competition in the generation
scheduling of the system and further optimize the bidding results of actual DR users. The
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results show that allocation of generation and reserve capacity cooperated by thermal units
and equivalent DR units is able to relieve congested areas and supply bottlenecks. It should
be noted that although the increasing share of renewable energy is a key driver behind the
need for demand-side flexibility, this paper focuses solely on the design and evaluation of
a multi-area demand bidding mechanism.

The main technical innovations and contributions of this paper are summarized
as follows:

1. A multi-area DB mechanism is developed to enhance customer—supplier collaboration
in DR, aiming to alleviate regional congestion and address supply bottlenecks.

2. This paper integrates the multi-area DB platform of energy market and ancillary
services market with the actual bidding prices and information from the DR users to
enhance the transparency and the efficiency of the day-ahead market.

3. Animproved technique based on a DSM is proposed to address the multi-area gener-
ation and reserve dispatch problem under the DB mechanism of Taipower.

4. Simulation results are presented to evaluate the effectiveness and economic benefits
of implementing the DB program. The proposed DSM approach demonstrates both
practical applicability and operational efficiency.

This paper is organized as follows. In Section 2, the DB mechanism of Taipower will
be introduced. In Section 3, the problem description will be given. In Section 4, the DSM
including DQD will be explained in detail. Eventually, in Section 5, the simulation results
and three case studies will be discussed.

2. A Brief Introduction of the Demand Bidding Mechanism of Taipower

The DB mechanism was initially implemented in 2015. Until now, it has been revised
and changed to meet the up to date supply-demand conditions. Depending on the system
requirement, the day-ahead market for the bidding mechanism can be divided into the
energy market and ancillary services market. In the day-ahead market, the key factors,
such as the bidding prices given by DR users, output power from thermal generators, and
the requirements from the power system, etc., are all taken into account in the optimum
dispatch algorithm to determine the bid winners in the energy market and ancillary services
market, individually. A brief description of Taipower’s current DB mechanism is provided
in the following section.

2.1. Regulations of Load Reduction by DR Users

The DB mechanism for participants, i.e., DR users, can be divided into three types:
economical type, reliable type, and aggregated type. Among them, the economical type
is of interest for most of the participants, due to the incentives. According to Taipower,
participants must follow the rules to join the DB mechanism. That is, the minimum load
reduction in participants is 20 kW and the maximum bidding price is 10 TWD/kWh.
Participants can choose to perform load reduction for 2 h or 4 h for each time, and the
total load reduction in a month is limited to 36 h. The actual amount of load reduction
is determined by the difference between customer baseline load (CBL) and the average
load demand in the period of DR implementation shown in Figure 1. Herein, the CBL is
calculated by averaging the demand power during the same DR period, except for the
load-reduction day, off-peak days, weekends, and holidays [32].
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Figure 1. Conceptual illustration to calculate load reduction by DR users.

2.2. Equivalent Groups of Multiple DR Users

In the DB mechanism, customers with larger load reduction capability can participate
directly in the bidding market, while customers with less load reduction capability need to
be integrated through an aggregator. Because most of the DB participants have relatively
limited capability to perform load reduction, it is difficult for them to participate in the
bidding process with thermal generator units of Taipower. A DR user formed via the inte-
gration of participants through an aggregator, which not only enhances the competitivity of
individuals but also benefits the systematic allocation. Therefore, the formation of DR users
enables the equal demonstration of the bidding procedure for participants with various
levels of load reduction capabilities. As illustrated in Figure 2, there are LP levels of prices
corresponding to the equivalent DR segments bidding with the same prices. The quotes of
DR users in the day-ahead market are ranked from low to high. Taipower groups DR users
with similar bidding prices into equivalent segments, each representing a defined amount
of load reduction from a DR unit [32]. As a result, the DR bidding structure is organized
into six price levels, with each level corresponding to a specific DR segment bidding at the
same price. This process enables the unit to possess competitive DR capability compared
with the existing thermal generator units in the bidding procedure.
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Figure 2. The segmented bidding prices and reduction capacity for an equivalent DR unit.
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2.3. Determination of the Bid Winner

Taipower has built the DB mechanism to allow the substantial small and medium-
scale DB participants to form a DR unit in the design of power dispatch strategy. The DR
user groups will win the bid when their prices are lower than the marginal price of the
thermal generator unit. As presented in Figure 3, DR user group #1 and #2 win the bid
and perform load reduction in place of starting up thermal generator D. Similarly to the
energy market, there is an ancillary service market open for DR users to participate in the
bidding mechanism [32]. Figure 4 represents an illustration of the determination of the
dealing prices for the bid winners. In the ancillary service bidding framework, Taipower
will decide the total required amount for ancillary service in advance. Next, the ancillary
service demand will be satisfied by the DR users, matched from low bidding prices to
high ones. Unlike DB for generation, the price of the last bidding winner (DR user x) in
ancillary service is applied for all the bidding winners, regardless of the initial bidding
prices [33]. As a result, unit commitment and economic dispatch play the crucial roles in
the DB mechanism. It is necessary to develop a software tool to determine whether the
equivalent DR unit wins the bid and tell the corresponding users to perform load reduction.
Importantly, this tool can help Taipower to implement the DB mechanism and provide a
better understanding for system operators of interactions between the players.
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Figure 3. Conceptual illustration for the DB mechanism.
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Figure 4. Conceptual illustration of DB mechanism for the ancillary services market.
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3. Problem Description Considering Multi-Area Scenario

Taiwan’s power system can be modeled as a simplified network including northern,
central, and southern areas, as shown in Figure 5. It is noted that the northern thermal units
take 30% of power generation, but the northern load demand consumes almost 50% of the
total load [34]. Since the severe unbalance occurs in the northern area, the transmission
of power flow among areas becomes significant and even results in congestion of power
lines. The allocation of spinning reserve will also be affected, which brings the issues of
instability and lack of robustness for the power system. To strengthen system security
and reliability, ensuring adequate emergency reserves distributed among multiple thermal
units in each area significantly improves the ability of system to respond to frequency
deviations and load pick-up following a contingency, particularly in isolated systems like
the Taiwan power system. Each thermal unit is subject to generation limits (both upper and
lower) and can provide only a restricted amount of spinning reserve, based on its ramping
capacity. The spinning reserve requirements for each area can be met by the combined
sum of local and imported reserves during forced outages of thermal generators. The local
reserve in each area is determined to ensure an adequate amount of reserve capacity. As a
result, tie-lines are responsible for transmitting both generation and reserve simultaneously.
To enhance the transparency and the efficiency of the day-ahead market for DB mechanism,
this paper integrates the DB platform of energy and ancillary service market with the actual
bidding prices and information from the DR users, which enables the associated DR users
to compete with the thermal units. Through the proposed optimum dispatch algorithm,
the resulting day-ahead procurement quantity and the price can be obtained.
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Figure 5. A simplified model of the investigated power system.

Under the DB framework of the day-ahead market, the purpose of optimal multi-area
demand-thermal coordination dispatch is to allocate the required generation and reserve
capacity to thermal units and equivalent DR units. Namely, the goal is to minimize the total
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dispatch cost, subject to the satisfaction of regional load and reserve capacity requirements,
the upper and lower output limits of the thermal unit, the coupling restrictions of reserve
capacity for the thermal unit, and the operational limitations of the DR units. The objective
function (1) includes two terms: the operation cost of thermal units and the summation
of energy and spinning reserve cost of DR unit. The mathematical model is represented
as follows:

Objective function

NT
Minimize TC =Y F(P;)+ Y. Fpz(Ppp)+ Ghp(Shp) (1)
i=1 aeN,C,S

3.1. Calculation of the Cost for Thermal Unit and DR Unit

Generally, the fuel cost of thermal units can be represented by a second-order, strictly
increasing function, shown in (2) [35]. The spinning reserve cost of thermal units from the
public utility is almost negligible.

F(P;) = a; + BiP; + 7:P? )

The quotes of DR users in the day-ahead market are ranked from low to high. The
participants with low capacity are aggregated into a DR user. Then, the DR users are
aggregated into an equivalent DR unit with multiple segments to simplify the calculation. In
this way, substantial small and medium-scale DB users are grouped based on bidding prices
to form a multi-segment equivalent DR unit for energy generation. Figure 6 represents a
conceptual illustration to calculate the cost of DR unit. Since the price of the bid winner in
the DR unit for energy generation is based on the user’s bidding price, the cost of the DR
unit for energy generation with Pf,, load reduction is calculated as

Fpg(Ppg) = Fppy + Fppy a € N,C, S 3)
where
(—1 NP
a _ a a
Fhg =) Z BP;,; x CPy; 4)
q=1 j=1
m—1
F[EI)BZ = Z Bpg,j X Cpg,j + (PI?)B - P%B,é,mfl) X Cpg,m (5)
j=1
Phgim—1 < Pbg < Phgom (6)
¢—1 NPy m—1
Pog 1 = 21 Z% BP;; + Zl BPf; ()
q=1j= j=

Since the price of bid winner in DR unit for spinning reserve is based on the last user’s
bidding price, the cost of DR unit for spinning reserve with S, reserve capacity for the
user of bid winner is calculated as

6 5(885) = S%h, x CS? a € N,C,S ®)

where
S‘])B,k_l < SHhp < S%B,k ,kel,2, .., N§* 9)
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Figure 6. Conceptual illustration to calculate the cost of DR unit.

3.2. Constrains for System Power Dispatch

e  Requirement of power balance for each area:

Y P+ PN+ Pcy = P (10)
ieN
Y P+ P§p + Psc — Py = P§ (11)
i DB SC CN D
ieC
Y P+ Pjg — Psc = P (12)
i DB SC D
ie€S

e  Requirement of spinning reserve for each area:

Y. Si+Spg +Scn1 = SRp (13)
iEN
Y Si+SHp+ Scnz + Ssc1 > SRp (14)
ieC
Y Si+Shp + Usca > SRp (15)
i€S

e  Transmission capacity constraints for power flow among the areas:

Pcn + Sent < PN if Pen >0 (16)
|Pen| + Sena < Pe* if Pon <0 (17)
Psc + Ssc1 < P§¢™ if Psc >0 (18)
|Psc| + Ssc2 < Ps¢™ if Psc <0 (19)

3.3. Constraints for Thermal Units

e  Upper limit of spinning reserve for the thermal unit:

Smax — o), x pmax (20)

e  Spinning reserve contribution of thermal unit:
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Sl' = min{Si“aX, Pimax - Pi} (21)
e  Output generation constraint of thermal unit:
PN < p; < pax (22)
e  Constraints of the energy and reserve capacity:
P+ 5; < PP (23)
3.4. Constraints for DR Unit and DR Users
e  Constraint of DR unit for energy generation:
0 < Phg <PEF*™ aeN,C,S (24)

e  Constraint of a DR user for energy generation:

Bp;'].mi“ < BPj; < BP™™, when winning the bid (25)

BP{;’,j =0, others (26)

e  Constraint of bidding price of a DR user for energy generation:

0<CP<CPRF, q=1,2,.,Lp, j=1,2,.., NP 27)

e  Constraint of a DR unit for spinning reserve:

0<Shy <SEMX 5 eN,C,S (28)

e  Constraint of a DR user for spinning reserve:

B Sz,min <BSI < Bsz'max, when winning the bid (29)

BS; =0, others (30)

e  Constraint of the bidding price of a DR user for spinning reserve:
0<CS; <CSpE, k=1,2,..,NS" (31)

4. The Modified Direct Search Method

DSM is a type of deterministic search algorithm characterized by its simple structure,
easy implementation, fast convergence speed, and good convergence quality compared to
other general heuristic algorithms. In addition, it is capable of handling various types of
cost functions of thermal units to deal with ED problems. However, it has the disadvantage
of being prone to falling into local optima. To overcome the shortage of conventional
DSM, an improved DSM has been developed with a direct search procedure for multiple
points to enhance the exploration and exploitation at the same time, which leads to a
higher probability of obtaining the global optimal solution [36]. In consideration of the
multi-area DB platform, system operators must simultaneously manage the generation
capacity, reserve capacity, and inter-regional transmission capacity constraints for a large
number of DB users. The complexity of these constraints makes it challenging to apply
traditional DSM or SDSM approaches. To address the optimization problem of combining
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generation capacity and reserve capacity scheduling on a multi-area bidding platform,
this paper introduces a Hybrid Direct Search Method (HDSM). The complex scheduling
problem then can be decomposed into two parts: namely, the traditional DSM is used
to coordinate the scheduling of system thermal power units and DR units for each area,
serving as the primary problem, meanwhile, the DQD method optimizes spinning reserve
allocation for each area and inter-regional sharing of the spinning reserve, serving as the
secondary problem. By coordinating between these two problems, the overall dispatch cost
can be minimized.

Notably, inequality constraints in this study are handled differently. Equations (10)-(12)
and (20)—(31) can be controlled using a direct search procedure. On the other hand, inter-
regional flow constraints (16)—(19) and inter-regional reserve capacity supply-demand
constraints (13)-(15) can be appropriately controlled through penalty function techniques.
To account for transmission capacity limit violations (16)—(19) and area spinning reserve re-
quirement violations (13)—(15), the total operating cost is increased by non-negative penalty
terms, PCy and PC,, which penalize any violations of constraints. These penalty terms
are directly proportional to the extent of the violations and are zero when no violations
occur. The values of PC; and PC, are selected to be sufficiently large to make any constraint
violations undesirable in the final solution. Consequently, the dispatch cost and penalty
cost can be combined to form a new objective function called TC4. Further details are
explained as follows:

TCyp = TC+ PCy + PG, (32)
where - -
PC, = Y PFx % x H(SRp — SR%;) (33)
aeN,C,S D
( Puct o Pmax)
PC;= Y PFx IPTXZ x H(Pft — pmax) (34)
leCN,SC l
P =P +8;; if Bb>0 1 €CN,SC (35)
P = |P|+Sp if b <0 1€CN,SC (36)
Here,
H(x)  unit step function
PF penalty coefficient
PCy penalty for the violation of the requirement of area spinning reserve
PCy penalty for the violation of the limits of the transmission line

SRp spinning reserve requirement at each area
SRS

act
P® maximum power flow between area [ where [ € CN, SC

actual supply of spinning reserve at each area

ppet actual power flow between area [where | € CN,SC

The flowchart of the proposed HDSM is shown in Figure 7. In the searching process,
the DSM enables the coordination of multi-area demand-thermal generation dispatch and
handles constraints properly. At each possible step, the DQD is used to minimize the
total reserve cost when the preliminary solution of energy dispatch is frozen. Through the
iterations of the proposed method, the minimum dispatch cost can be obtained. Unlike
metaheuristics with a stochastic nature and multiple parameters to be determined in
the algorithm, the proposed method is characterized by its simplicity and merely two
parameters need to be set, namely initial step size (SP;) and the reduced factor (RF).
Particularly, it is able to cope with many coupling conditions and equality or inequality
constraints. Below is a detailed explanation of the computational steps in HDSM.
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Figure 7. HDSM flowchart.

Step 1: Obtain the data from thermal units and DB users.

Step 2: Group the equivalent DR units in each area based on DB participant’s data.

Step 3: Set initial calculation step SP and reduced factor RF.

Step 4: Set SP = SP;.

Step 5: Initialize the power generation solutions for each area.

Step 6: Perform the DSM with step SP to optimize the scheduling of generation and handle
additional constraints properly for multiple areas.

Step 7: At each possible step SP, the DQD is applied to optimize the scheduling of reserve
capacity for multiple areas.

Step 8: Is the step size SP less than the criterion? Yes, proceed to the next step. Otherwise,
SP = SP/RF, and return to Step 6.

Step 9: Output the scheduling results and the bid winner in each area. The winning
customers in each area are then determined by the area’s marginal prices.

4.1. Establishing the Equivalent DR Unit in Individual Area

As mentioned in Section 2.2, to make DR users competitive with the existing thermal
generator units in the bidding procedure, DR users are required to form into the equivalent
groups as a DR unit. The quoted prices of DR users are arranged in order and divided into
LP segments. However, instead of using the equivalent quote introduced in the Taipower
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DR bidding mechanism, this paper employs the actual prices of DR users to carry out the
simulation to reflect the actual cost. Table 1 provides further explanation on the establishment
of an equivalent DR unit for a specific area. The DR users are grouped to simplify the
computation. Assuming that there are 12 DR users participating in bidding, and the difference
between the highest (TWD 9.80/kWh) and lowest (TWD 6.60/kWh) quoted prices of the DR
user is evenly distributed into four segments, namely [6.6, 7.4, 8.2, 9.0]. In this way, the DR
users with similar quoted prices are allocated to the same segment, for example, Segment 4
has three customers (#10 to #12) with close quoted prices. Finally, the equivalent bid quantity
and bidding cost for each segment can be calculated based on the actual bidding information
of DR users within each segment. In fact, the calculation can be simplified by using the
equivalent segment. The number of total segments has no effect on the computation results.

Table 1. Accumulated information of an equivalent DR unit.

Index of Load Reduction  Accumulated Load Price Quote Equivalent Accumulated Load Reduction
DR User  Capability (kW) Reduction (kW) (TWD/kWh)  Segment Number Cost (TWD)  in Segment (kW)
12 3.6 75.2 9.80
11 44 71.6 9.60 4 607.5 16.2
10 8.2 67.2 9.20
9 3.2 59 8.88
8 2.8 55.8 8.30 3 454.5 12.2
7 6.2 53 8.25
6 9.0 46.8 8.12
5 8.0 37.8 8.06
2 351.7 25.8
4 5.6 29.8 7.82
3 3.2 24.2 7.60
2 12.4 21 7.20
1 146.0 21.0
1 8.6 8.6 6.60

4.2. Initial Solution Estimate

In order to solve the problem of minimizing the objective function TC4, HDSM must
generate an initial solution and perform a series of variable steps in solutions to search in
the direction that yields the maximum cost reduction. Since an appropriate initial solution
can improve the convergence properties of the subsequent search procedure, this paper
designs the procedure to obtain the initial solutions as follows:

Step 1: Allocate a portion of the load to the minimum generation level of units in each area.

Step 2: Dispatch load demand in sequence according to the average cost of generation
for all units. The units with lower average costs have priority to supply until the
system load demand is met.

Step 3: While maintaining the generation level of the units, optimize the dispatch of multi-
area spinning reserve using the DQD method introduced in Section 4.3. If the
system violates constraint conditions, evaluate the penalty costs PC; and PC,.

Step 4: Calculate the initial dispatch cost, which includes the generation cost of thermal
power units, bidding costs of DR units for power reduction and ancillary service,
as well as the penalties.

In this way, the initial solutions for each area can be obtained based on the average
bidding costs of each unit (including thermal units and DR units of energy generation).
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4.3. Direct Search Procedure to Solve Multi-Area Power Generation Dispatch

Once an initial solution is determined, the technique of DSM can explore the optimal
solutions that minimize the total dispatch cost (I'C,). The primary feature of the direct
search procedure is that, at each step during the searching process, only a pair of units are
selected for modification, effectively controlling additional constraint conditions. These
constraints include regional power supply-demand balance, generation limits for units,
and coupling relationships between the generation level of thermal units and their reserve
capacity, all of which can be handled through the direct search procedure. The calculation
steps are further explained as follows:

Step 1: Without violating the power generation limits of the units, the incremental costs (IC;
and IC,) and the decremental costs (DC; and DC,) for each unit can be calculated
when there is an increment or decrement for the adjustment of SP power generation,
as shown in Equations (37) to (40).

F(P +SP)-F/(P)

Incremental cost of thermal units: /C, =—— <P — i=12,.,NT (37)

- FSB(PEB +SP)_FSB(PSB)

Incremental cost of DR units: IC, <P ae N,C,S (38)
F(P)-F (P —SP
Decremental cost of thermal units: DC;, = (£) biI(J ! ) i=12,..,NT (39)

F (Py,)—F5. (PS5, —SP
Decremental cost of DR units: DC, =—*2- (Fo) S;’B (P )

ae N,C,S (40)

Subject to P+SP<P™, P—-SP>P™ i=1,2,.,NT (41)

B, +SP<PB;™, B,—SP=0 ae N,C,S (42)

Step 2: All the pairs of units are examined to check if there is any improvement. If there is
no improvement, then stop; otherwise, go to step 3.

Step 3: A pair of units are chosen to perform adjustments to reach the maximum cost
reduction. That is, a unit x with the minimum incremental cost ICx is chosen to
increase its output by the specific SP adjustment. Simultaneously, a unit y (where
x # y) with the maximum decremental cost DCy is chosen to reduce its output by
the specific SP adjustment. In this way, the net power balance is satisfied and the
dispatch cost can be reduced. It should be noted that all units stay unchanged except
x and y units. Subsequently, the DQD procedure is then proceeded to determine the
optimal allocation of spinning reserve and satisfy the spinning reserve in each area.

Step 4: The chosen x, y pair will adjust their output by the predefined step size SP, if it does
not violate power generation limits. In this process, only the incremental cost for
unit x and the decremental cost for unit y will be recalculated.

Step 5: Go to step 2.

4.4. DQD to Solve Multi-Area Spinning Reserve Dispatch

In this study, the dispatch of spinning reserve in areas is determined by DQD, which
is proceeded after a preliminary power generation dispatch is obtained by DSM. When
thermal units have sufficient capability to provide spinning reserve, thermal units, which
are owned by the Taipower company, will be utilized first because the cost of the reserve
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capacity of the thermal units can be almost negligible. However, when the reserve capacity
requirement cannot be satisfied, the system may either change the dispatch pattern of the
thermal units, or purchase from the ancillary service bidding platform to meet the demand
for spinning reserve in the areas. In other words, once the power generation dispatch is
determined, the insufficient reserve capacity can be optimized through the DQD method
to minimize the purchasing cost of the spinning reserve. As a result, when it comes to
purchasing the ancillary services of the system, it is not only about selecting a DR user
for spinning reserve with lower quote in each area, but also considering the capacity of
transmission between areas. The detailed calculation steps of DQD are given as follows:

Step 1: Obtain the available capacity of spinning reserve that thermal units are able to provide.

Step 2: Initialize the purchase of spinning reserve from ancillary services market.

Step 3: The spinning reserve demand in each area can be satisfied by adding up the spinning
reserve of that area itself and the spinning reserve that other areas can provide
without violating inter-regional flow constraints.

Step 4: If the requirement for spinning reserve is satisfied in each area?

—  Yes, gotostep 7.
—  Otherwise, continue to Step 5.

Step 5: If there is a congested area?

—  If there is no congestion, the system selects the DR user of ancillary service
with the lowest bid for fulfilling the system reserve capacity. In addition, it
takes the essential factors into consideration, including the bidding quantity
of the DR user, the availability of inter-regional transmission capacity, and the
demands for reserve capacity in that area to determine the actual purchase
quantity of the DR user for ancillary service as given in (43)—(45).

A = min{BS}"™, /"> — pf', SRp — SR&,} ,1 €CN,SC, a€N,C,S  (43)

BS{ = A, if BS}™" < A < BS{™™ (44)
BS{ = 0,if0 < A < BSy™" (45)

- If congestion occurs, the congested area allocates the required spinning reserve
capacity to the DR user of ancillary service based on their bidding prices from
low to high until the reserve capacity demand is satisfied.

Step 6: Back to Step 3.

Step 7: Calculate the purchase cost of reserve capacity and check the reserve capacity
requirements in each area as well as the inter-regional flow constraints. If any
violation of the constraints occurs, impose a penalty cost of PC; and PCy.

An example of the dispatch result by DQD is explained in Figure 8. The maximum
power flow capacity of the transmission line is 3000 MW. Firstly, the DR user with the lowest
quote for spinning reserve is selected from the three areas. Assume that this user is from
the central area, denoted as x, and its bid quantity is 12 MW, i.e., BSS™> = 12 MW. Next,
consider the supply and demand situation for spinning reserve capacity in the central area,
where the demand is SRp = 900 MW and the supply is SRS, = 850 MW. Therefore, there is
a shortage of 50 MW in the central area. Subsequently, the available capacity for power flow
between areas is assessed. Although there is a surplus of 2350 MW (3000 MW-650 MW) from
the central area to the southern area, there is only 8 MW available from the central area to
the northern area due to congestion between areas. Finally, the DQD would determine only
8 MW purchased from the DR user x in the central area, as the lower price reserve capacity in
the central area cannot be shared with the northern area.
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Figure 8. An example of the dispatch result by DQD.

4.5. Determination of Optimal Load Reduction and Optimal Spinning Reserve

Since DR users in the energy market (or in the ancillary services market) are numerous
and have limited capability for load reduction, they are typically grouped by aggregators for
the bidding. The power company then ranks the equivalent DR users in each area based on the
bidding prices, establishing the equivalent DR units for that area. To ensure fair competition
among participants, these equivalent DR units must participate in the day-ahead market and
compete with the thermal units for scheduling and ED. The impacts of tie-line congestion
and area spinning reserve requirements must be consistently reflected in the marginal cost in
each area. When transmission capacity and area spinning reserves are not constrained, all
generation units, except those operating at their upper or lower generation limits, will operate
at the same incremental cost. However, in areas connected by congested tie-lines, differing
area marginal costs may arise, but units within each area will maintain the same incremental
cost unless constrained by their generation limits. The determination of whether a DR user
can win the bid is derived from the ED. When the bidding price of a DR user is lower than the
marginal price of the existing thermal power units in the group, it can be considered as the
winner of the bid. The proposed HDSM for the multi-area bidding platform can determine
the optimal bidding results for equivalent DR units in each area. Furthermore, based on the
marginal prices in each area, it can further decide the actual quantities of load reduction for
DR users. Simultaneously, considering the supply and demand situation for spinning reserve
capacity in each area, it can also determine the optimal bidding results of the DR unit for
ancillary service. The proposed algorithm is able to assist the current DB framework in both
the energy market and ancillary services market to obtain the optimal load reduction (Pjf)
and optimal spinning reserve (Sf33) for the demand-side management units. The objective of
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area marginal cost is to adjust energy costs to reflect their network properties of Taiwan power
system and give correct signals or provide incentives for DR users to avoid undesirable heavy
flows among the three areas.

5. Simulation Results and Case Study

In order to demonstrate the feasibility of the multi-area DB platform and the dispatch
strategy proposed in this paper, simulations have been carried out with different numbers
of thermal units in comparisons. For simplicity, the fuel cost function for each thermal unit
in the study has been approximately represented by a quadratic function. The parameter
selection in HDSM will not affect the optimal solution when the generator incremental cost
curves are monotonically increasing. However, the HDSM with large SP1 and small RF is
usually commended to make the search effective. The parameters of HDSM are selected
as SP; = 80 MW, RF =2, PF = 10°, and the convergence criteria is 0.1 MW. The dispatch
strategy developed for this study is written in FORTRAN and simulations were carried out on
a personal computer (ASUS X512F) with an Intel(R) Core(TM) i5-10210 CPU @ 1.6~4.2 GHz
environment. The analysis of case study results is now explained as follows.

5.1. Case Study 1: A System with Four Thermal Units

To validate the feasibility and the effectiveness of the proposed simulation platform and
HDSM dispatch algorithm, a scenario of four thermal units is first discussed. Meanwhile,
the ancillary service bidding platform is neglected to focus on analyzing the effect of load
reductions by DR users on the results of power dispatch. In Case Study 1, the system load
demand and requirement for spinning reserve are 1200 MW and 150 MW, respectively. The
thermal unit data are presented in Table 2 [37]. It is assumed that the maximum reserve
capacity that the thermal unit can provide is 10% of its rated output. On the other hand, it is
assumed that there are 15 DR users participating in the bidding platform, with their quotes
and availability of load reduction presented in Table 3. They are grouped into six equivalent
sections based on their bidding price and formed as a DR unit to compete with the thermal
units in the energy market.

The purpose of Case Study 1 is to investigate the impacts of the participation of DR
users on the power dispatch. Table 4 illustrates a comparison of the dispatch results with
and without the participation of DR users. In Example 1.1, when the system does not
include DR users, the dispatch cost is approximately USD 11,310.29, with a system marginal
price as high as USD 9.20 per MW. On the contrary, Example 1.2 shows that the participation
of DR users is able to reduce the system’s dispatch cost to USD 11,142.47. The system can
save approximately USD 167.82 (USD 11,310.29-USD 11,142.47) in generation costs due to
the participation of DR users in bidding in the energy market. Additionally, the system
marginal price decreases to USD 8.99 per MW, which means that all DR users bidding below
USD 8.99 are bid winners who will perform corresponding load reduction. Namely, the
optimal capacity for the DR unit is 146 MW, with users numbered from #1 to #11 winning
the bids. The actual load reduction by DR users can be referred to in Figure 9. The detailed
allocation of power dispatch and spinning reserve capacity for thermal units are given in
Table 5. Table 6 presents a convergence history of the proposed HDSM, including iteration
counts, variation steps, and the dispatch costs for Example 1.2. This table demonstrates
that the proposed method exhibits good convergence properties, and the optimum result
can be obtained in short execution times below 0.1 s.
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Table 2. Data of thermal units.

Index of Thermal Unit ~ PP*(MW)  Pl"(MW) « (USD) B (USD/MW) v (USD/MW?)
1 600 150 561 7.92 0.001560
2 200 50 78 7.97 0.004820
3 400 100 310 7.85 0.001942
4 340 70 250 7.50 0.001810

Table 3. Information about the DR users and their quotes and capabilities in the segments.

Index of L?)Z?llllgzlltlltc};izi Accirgglact;grfoad Price Quote Equivalent Accumulated Loiandslz;ilrecltllton
DR User (MW) (MW) (USD/MWh) Segment Number Cost (USD) (MW)
15 7 180 9.86
6 1477.6 13
14 6 173 9.47
13 9 167 9.15
5 1351.8 21
12 12 158 9.06
11 15 146 8.85
4 1160.7 28
10 13 131 8.64
9 17 118 8.41
3 915.7 29
8 12 101 8.13
7 11 89 7.82
6 15 78 7.79 2 675.1 36
5 10 63 7.71
4 13 53 7.65
3 14 40 7.57
1 395.2 53
2 12 26 7.34
1 14 14 7.26
Table 4. Comparison of the dispatch results with and without DR users.
Marginal Price DR Unit Cost . . Total Cost
Example DR Users (USD/MWHh) (MW) (USD/h) Bid Winner (USD/h)
1.1 Without DR users 9.20 -—- -—- -—- 11,310.29
1.2 with DR users 8.99 146.00 1161 1~11 11,142.47
B Actual load reduction  OAvailable load reduction
18
16
g 14
\% 12
= 10
L
5 8
2 6
&
- 4
s 2
= 0
1 2 3 4 5 6 7 8 9 10 11 12 1

DR users

Figure 9. Actual load reduction by DR users.
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Table 5. Actual supply by thermal units.

Thermal Unit (MW)
Example PR Users Pq S1 P, Sz P; S3 Py S4
1q WhoutDR 440 60 12829 20 34929 40 31000 30
users
1.2 With DR 343.75 60 106.07 20 294.10 40 310.00 30
users
Table 6. Convergence history of Example 1.2.
DR Unit
Variation Step Iteration Load Reduction (MW) Cost (USD/h) Total Cost (USD/h)

Initial soluiton -—- 180 1477.63 11,257.95
SP; = 80 MW 2 180 1477.63 11,175.99
SP, =40 MW 2 140 1107.62 11,157.15
SP3 =20 MW 2 140 1107.62 11,146.44
SP, =10 MW 2 150 1196.96 11,145.66
SPs =5 MW 2 145 1151.87 11,143.94
SPg =25 MW 2 147.5 1174.31 11,143.23
SP; =1.25 MW 2 146.25 1162.98 11,142.81
SPg = 0.625 MW 1 146.25 1162.98 11,142.65
SPg = 0.3125 MW 3 145.93 1160.16 11,142.56
SP1p = 0.15625 MW 2 146.09 1161.56 11,142.52
SP11 =0.078125 MW 1 146.00 1160.86 11,142.45

5.2. Case Study 2: A System of Two Areas with Four Thermal Units

Followed by Section 5.1, Case Study 2 considers two areas with four identical thermal
units. The overview of the Case Study 2 is given in Table 7, where thermal unit 1 and 2 are
located at Area A and thermal unit 3 and 4 are located at Area B. The maximum capacity of
the transmission line for power flow is 300 MW. The system load demand and requirement
for spinning reserve are 1600 MW and 150 MW, respectively. Area A accounts for 70% of
the total load demand while Area B accounts for 30% of the total load demand, revealing
an unbalanced situation of demand and supply in the areas. To solve the issues, multi-area
demand-thermal coordination dispatch is investigated, with the energy bidding platform
and the ancillary service bidding platform taken into account. The quotes and availability
of DR users participating in the energy bidding platform are given in Table 3. The quotes
and availability of DR users participating in the ancillary service bidding platform are
presented in Table 8. It is assumed that Area A and Area B share the same bidding data of
DR users, as given in Tables 3 and 8.

The purpose of Case Study 2 is to investigate the impacts of a transmission constraint
on the power dispatch. Table 9 illustrates a comparison of the dispatch results with and
without the consideration of the power transmission constraint. The minimum power
reduction and the minimum spinning reserve capability for DR users are both assumed to
be 1 MW. In Example 2.1, when the system neglects power transmission constraint, each
area will have the same marginal cost (USD 9.31/MWh). The optimal load reduction for
the DR unit in each area is also the same (i.e., 167 MW), and the bid winners are numbered
#1 to #13 DR users. However, when the system considers a 300 MW power transmission
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constraint, as demonstrated in Example 2.2, congestion will occur between areas, leading to
a higher marginal cost in Area A (USD 9.55/MWHh) and a 173 MW load reduction from DR
unit. In contrast, Area B requires only 142.53 MW of load reduction with a lower marginal
cost of USD 8.85/MWh. Hence, Area A and Area B show different load reduction results
for DR users, as shown in Figures 10 and 11.

Table 7. Overview of the Case Study 2.

Area A B
Thermal units #1 and #2 #3 and #4
Load demand (MW) 1120 480
Required spinning reserve (MW) 150 150
DR users for energy generation (Load reduction) Refer to Table 3 Refer to Table 3
DR users for ancillary service (Spinning reserve) Refer to Table 8 Refer to Table 8
Load demand (MW) 1600
Inter-regional power flow constraints (MW) 300

Table 8. The quotes and availability of DR users in the ancillary service bidding platform.

Index for DR User 1 2 3 4 5

Price quote (USD/MWh) 0.62 0.68 0.72 0.76 0.79
Available capacity for spinning reserve (MW) 16 10 15 12 13
Index for DR User 6 7 8 9 10

Price quote (USD /MWh) 0.81 0.83 0.84 0.86 0.89
Available capacity for spinning reserve (MW) 12 11 12 14 15

B Actual load reduction O Available load reduction

18

14

12
| | I | | |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

DR users

Load reduction (MW)
o]

(=R S )

Figure 10. Actual load reduction in DR users in Area A in Example 2.2.

B Actual load reduction O Available load reduction
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Figure 11. Actual load reduction in DR users in Area B for Example 2.2.
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Table 9. Technical and economical results of the Case Study 2.

Example 21 2.2
Load demand (Area A/B) (MW) 1120/480 1120/480
Required spinning reserve (Area A/B) (MW) 150/150 150/150

Actual supply of energy generation:
Area A (P1/P5) (MW)
Area B (P3/P4) (MW)

Actual supply of spinning reserve:

446/139 522.93/164.06
360/320.8 257.47 /340

Thermal units

60/20 60/20
Area A (S1/5;) (MW) 40/192 40/0
Area B (S3/S4) (MW) ’
Availability for load reduction:
180/180 180/180
DR units for Area A/B (MW)
energy generation Actual supply of load reduction:
Area A/B (MW) 167/167 173/142.53
Availability for spinning reserve
130/130 130/130
DR units for Area A/B (MW)
ancillary service Actual supply of spinni .
pply of spinning reserve:
Area A/B (MW) 108/0 30/0
Power transmission Maximum limit (MW) - 300
line Actual flow (MW) 368 260
Economical results
Marginal prices for energy generation: 9.31/9.31 9.55/8.85

Area A/B (USD/MWh)

Bid winner of DR users for energy generation 1-13/1~13 1-14/1~11

(Area A/Area B)
Marginal prices for spinning reserve: L .
Area A/B (USD/MWh) 0.62/ 0.72/
Bid winner of DR users for ancillary service 1/ 1-3/
(Area A/B)
Total cost (USD/h) 14,625.0 14,672.1

Table 9 provides further insights into the dispatch of spinning reserve in each area.
When the system ignores power transmission constraints in Example 2.1, thermal units at
Area A provide 80 MW of spinning reserve capacity, while thermal units at Area B provide
59.2 MW. The utility company must purchase additional 10.8 MW (from congested Area
A) from the ancillary service bidding platform to meet the reserve capacity requirements
(150 MW) for each area. However, when the system considers power transmission constraints,
as demonstrated in Example 2.2, in order to meet the reserve capacity requirements in Area
A (150 MW), the power flow from Area B to Area A is reduced to 260 MW to allow for the
transmission of 40 MW of spinning reserve capacity. Simultaneously, thermal units in Area A
must adjust their generation to adapt to the decrease in power transmitted from Area B. The
utility must also purchase 30 MW (from Area A) from the ancillary service bidding platform.
As a result, in Example 2.2, congestion between areas results in an increase in generation
costs of approximately USD 47.1/h. Table 10 presents a convergence history of the proposed
HDSM, including iteration counts, variation steps, and the dispatch costs for Example 2.2. A
penalty calculated by Equation (34), due to violation of power transmission constraint, can
be observed at the beginning of the searching process. The time consumption of the search
process is approximately 0.1 s. Moreover, since the cost of the thermal units in this study is
modeled by a strictly increasing quadratic function, different selections of parameters, namely
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SP; and RF, do not affect the dispatch results for the proposed HDSM. As shown in Table 11,
the simulation results demonstrate the robustness.

Table 10. Convergence history for Example 2.2.

Variation Step Iteration Penalty (USD/h)  Total Cost (USD/h)
Initial solution -—- 46,666.7 61,370.701
SPy =80 MW 2 0 14,696.362
SP; =40 MW 2 0 14,676.938
SP3 =20 MW 1 0 14,673.564
SP, =10 MW 2 0 14,672.511
SP5 =5 MW 2 0 14,672.364
SPg =25 MW 2 0 14,672.142
SP; =125 MW 1 0 14,672.139
SPg =0.625 MW 1 0 14,672.136
SPg = 0.3125 MW 1 0 14,672.112
SPy = 0.15625 MW 1 0 14,672.103
SPqp =0.0078125 MW 2 0 14,672.098

Table 11. Comparison of dispatch results under different HDSM parameters for Example 2.2.

SP; (MW)

=
s

Total Cost (USD/h)
14,672.1
14,672.1
14,672.1
14,672.1
14,672.1
14,672.1
14,672.1
14,672.1
14,672.1

80

60

40

NI | O N[ |00N| ]|

5.3. Case Study 3: A System of Three Areas with 52 Thermal Units

This section considers an actual power system of 52 thermal units in three areas of
Taiwan [38]. For each area, the requirement for a spinning reserve is 900 MW in each
area. The maximum capacity of the power transmission between areas is 3000 MW. To
ensure the stability and robustness of the power system, the DB mechanism is utilized
in the day-ahead market integrated with the energy bidding platform and the ancillary
service bidding platform for DR users. In this case study, DR users for energy generation
are grouped into 10 equivalent segments with similar bidding prices. There are 300 DR
users participating in the energy bidding platform, with their capabilities and quotes
visualized in Figures 12 and 13. Additionally, there are 100 DR users participating in the
ancillary service bidding platform, with corresponding capabilities and quotes presented
in Figures 14 and 15. For each individual area, it is assumed the number of DB users, the
reduction capability, and the quoted prices are all the same for simplicity. Notably, the
minimum power reduction and the minimum spinning reserve capability for DR users are
both assumed to be 1 MW. The simulation results are explained as follows.
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Figure 15. Bidding prices of DR users for ancillary service.

Table 12 presents the dispatch results when the system is in different scenarios for
the load demand of 18,000 MW. Through Examples 3.1 and 3.2.1, the effects of DR units
to the dispatch results can be examined. As shown in Example 3.1, when the system
disregards DR units, the northern area experiences a significantly high marginal price of
1436 TWD/MWh. This high price reflects the congestion between areas and the demand for
reserve capacity. The inclusion of DR units in Example 3.2.1 solves the congestion and the
high power demand at northern area with the load reduction from the DR units of 828 MW,
609 MW, and 609 MW from the north, center, and south, respectively. In this way, the
marginal price can be reduced significantly and save the dispatch cost of 798,850 TWD/h
(TWD 12,360,076-TWD 11,561,226). Through Examples 3.2.1 and 3.2.2, the effects of the
spinning reserve provided by DR units can be examined. It can be observed that both
examples have the capability to supply the required spinning reserve capacity 900 MW for
each area. However, the HDSM developed in this paper determines that purchasing reserve
capacity for the northern area is more cost-effective, resulting in savings of approximately
44,026 TWD/h (TWD 11,605,232-TWD 11,561,226) in generation costs. This result may be
attributed to the increased transmission capacity, allowing more cost-effective generation to
be transmitted from the central area to the north. Consequently, the expensive generation
from thermal units in the northern area can be reduced from 5663 MW in Example 3.2.2 to
5509 MW in Example 3.2.1. Example 3.3 explains that when the system ignores transmission
capacity constraints, each area will have the same marginal cost (791 TWD/MWh) and
load reduction amount (647 MW). In this example, congestion between areas would result
in an increase in generation costs of approximately 21,085 TWD/h (TWD 11,561,226-TWD
11,540,141). This can be considered as the congestion cost of the transmission lines, and
such information can provide a reference for planning the power system. Table 13 presents
a convergence history for Example 3.2.1, including iteration counts, variation steps, and
dispatch costs. The time consumption of the search process is approximately 2.59 s.
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Table 12. Technical and economical results of the Case Study 3.

Example 3.1 3.211 3.2.2 3.3
Load demand (N/C/S) (MW) 9000/3600/5400  9000/3600/5400 9000/3600/5400 9000/3600/5400
Required spinning reserve (N/C/S) (MW) 900/900/900 900/900/900 900/900/900 900/900/900
Actual supply of energy generation:
(N/C/S) (MW) 6498/5714/5788  5509/5596/4849  5663/5555/4783 5502/5633/4924
Thermal units Actual Iy of spinni
ctual supply of spinning reserve:
(N/C/S) (MW) 402/180/318 283/170/286 402/180/318 283/170/297
Availability for load reduction:
--- 1000/1000/1000 1000/1000/1000 1000/1000/1000
DR unitsfor (N/C/9) (MW) e i i
energy generation Actual supply of load reduction:
(N/C/S) (MW) --- 828/609/609 834/582/582 647/647/647
Availability for spinning reserve: . 300/300/300 N 300/300/300
DR units for ancillary (N/C/5) (MW)
service Actual supply of spinning reserve: . .
(N/C/S) (MW) 279/0/0 49.71/49.71/49.42
Power transmission Maximum limit (PZ*/ P&>) (MW) 3000/3000 3000/3000 3000/3000 -
line Actual flow (Pcn/Psc) (MW) 2502/388 2662/58 2502/-35 2851/171
Economical results
Marginal prices for energy generation:
(N//C/S) (TWD/MWh) 1436/944/944 877/774/774 879/762/762 791/791/791
Marginal prices for spinning reserve: . g .
(N//C/S) (TWD/MWh) 96/---/ 82.4/82.4/82.4
Total cost (TWD/h) 12,360,076 11,561,226 11,605,252 11,540,141
Table 13. Convergence history of DR units for Example 3.2.1.
Variation Ste Iteration Load Reduction (MW) Spinning Reserve (MW) Total Cost
P (North/Center/South) (North/Center/South) (TWD/h)
Initial solution - 1000/812/0 123/92/89 11,713,046
5P =80 MW 7 840/572/560 283/0/0 11,567,852
SP, =40 MW 3 840/612/600 283/0/0 11,563,906
SP3; =20 MW 2 820/612/620 303/0/0 11,563,247
SP4 =10 MW 5 830/602/610 273/0/0 11,562,003
SP5 =5 MW 5 830/610/610 278/0/0 11,561,322
SPg =2.5 MW 4 828/609/608 278/0/0 11,561,277
SP; =1.25 MW 5 829/609/609 278/0/0 11,561,243
SPg = 0.625 MW 4 828/609/609 279/0/0 11,561,231
SPg = 0.3125 MW 3 828/609/609 279/0/0 11,561,228
SPig = 0.15625 MW 5 828/609/609 279/0/0 11,561,226.6
SP11 = 0.078125 MW 2 828/609/609 279/0/0 11,561,226.1

Table 14 discusses the impact of changes in different loads on dispatch results. In this

example, due to the imbalance between electricity supply and demand in the northern

area, a large amount of power flow is transferred from the central area to the northern area.

From the simulation results, it is further observed that as the load increases, the congestion

on inter-regional transmission lines also increases. The price differences between areas

become more significant, leading to a greater chance of winning the bidding for DR users

in the congested northern area. For example, when the load increases from 16,000 MW

to 18,000 MW, under the same pricing conditions, the generation volume won by DR

users in the northern area can increase from 260 MW to 828 MW, while the central and
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southern areas only see an increase from 260 MW to 609 MW. It is worth noting that when
the load is at 16,000 MW, the system’s thermal units have sufficient capacity to meet the
reserve capacity requirements of all areas, so there is no need to purchase from the ancillary
service bidding platform. However, as the load increases (to 17,000 MW), the power
transmitted from the central area to the north also increases, leading to a relative increase in
the marginal price in the northern area (724 TWD/MW). The dispatch results indicate that
it becomes more economical for the power company to purchase reserve capacity from the
ancillary service bidding platform. However, during heavy load conditions (18,000 MW),
constrained by the inter-regional transmission limit, the system’s thermal units change their
allocations and purchase 279 MW of ancillary service reserve capacity from the northern
area to meet its reserve capacity requirement (900 MW). Therefore, the multi-area bidding
platform proposed in this paper can be used to address issues of congestion between areas
and the distribution of reserve capacity in various areas, thus improving the economic
efficiency and reliability of the day-ahead market system operation.

Table 14. The impact of changes in different loads on dispatch results for Example 3.2.1.

o PO 0T vty s o DRU o Sping
o~ (TWD/MWHh) Generation (MW) (TWD/MWHh) MW) o
N c s N ¢ s N c s N c s
16000 62 62 62 260 2600 260 - 10,128,682
1650 661 661 661 345 345 345 8l 1 81 30 30 30 10,449,880
17000 724 699 69 4% 440 440 87 80 80 124 43 13 10791601
1750 808 78 728 715 507 507 885 — 1w - — 11161920
18000 87 773 7753 88 69 609 958 — a9 11561226

N—northern area; C—central area; S—southern area.

6. Conclusions

This paper focuses on enhancing the DB mechanism for the day-ahead energy market
and ancillary services market. To comprehensively solve the ED problem, this paper
integrates thermal units and DR units to satisfy the load demand and the requirement
of reserve capacity simultaneously. The imbalance that occurs in multi-area systems is
particularly considered, with the maximum power flow constraints being the same as
the practical situation. Additionally, this paper introduces the HDSM technique coupled
with DQD to optimize the multi-area demand-thermal coordination dispatch problem.
The proposed method is able to minimize the overall costs, subject to the satisfaction of
regional load and reserve capacity requirements, the upper and lower output limits of the
thermal unit, the coupling restrictions of reserve capacity for the thermal unit, and the
operational limitations of the DR units. The resulting allocation of generation and reserve
capacity generated by the cooperation of thermal units and equivalent DR units is able to
relieve congested areas or supply bottlenecks. This study could serve as a guide for system
operators to design regulations for a DB mechanism and access the economic benefits.
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Abbreviations

TC total operating cost

NT number of thermal units in system

Fi(e) operation cost function of thermal unit i

i index for thermal units

P; energy generation of thermal unit i

«;i, Bi, i coefficients to calculate the fuel costs for the thermal unit i

Fg(e) energy bidding price function of DR unit for energy generation in area a
Phg energy generation of DR unit in area a

BP;, j load reduction in the jth user in segment gth of DR unit for energy generation in area a
CP;,]- bidding price of the jth user in segment gth of DR unit for energy generation in area a
NPy the number of users in segment gth of DR unit for energy generation in area a
Ghg(e) reserve bidding price function of DR unit for spinning reserve in area a
She spinning reserve of DR unit in area a

BS; reserve capacity of the kth user DR unit for spinning reserve in area a
CSs{ bidding price of the kth user of DR unit for spinning reserve in area a
NS¢ total number users of DR unit for spinning reserve in area a

P load demand in area a

SRp spinning reserve requirements at each area

S; spinning reserve of thermal unit i

pmax upper generation limit of thermal unit i

pmm lower generation limit of thermal unit i

A% percentage of maximum unit capacity

smax maximum spinning reserve contribution of thermal unit

PEE™ the maximum energy reduction in DR unit in area a

BP;&maX maximum of DR user for energy generation in area a

BP;,’].mln minimum of DR user for energy generation in area a

CPR§* the highest bidding price of DR users for energy generation

Lp the number of the equivalent segment of DR unit for energy generation
SHE the maximum reserve capacity of DR unit for spinning reserve in area a
Bsp™mx maximum of DR user for spinning reserve in area a

Bsp™n minimum of DR user for spinning reserve in area a

CSHE™ the highest bidding price of DR users for spinning reserve in area a

Pen, PEY* transfer power and flow limits from central area to northern area respectively
Psc, PG transfer power and flow limits from southern area to central area respectively

SNt transfer spinning reserve from central area to northern area
Scn2 transfer spinning reserve from northern area to central are
Ssc1 transfer spinning reserve from southern area to central area
Ssco transfer spinning reserve from central area to southern area
DB demand bidding

DQD dynamic queuing dispatch

DSM direct search method

REGS renewable energy generation system

DERs distributed energy resources

VPP virtual power plant

DR demand response

LA load aggregator

FIS Fuzzy Inference System
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ED economic dispatch

MPC Model Predictive Control
MESs multi-energy systems

CBL customer baseline load
HDSM Hybrid Direct Search Method
SP step size

RF reduced factor
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Abstract: This study aims to investigate the oxidative pyrolysis of biomass volatiles with
a particular focus on the formation of liquid products. Furfural, hydroxyacetone, and
3,4-dimethoxybenzaldehyde were chosen as volatile model compounds. The impacts of the
oxygen equivalence ratio (ER, 0-15%) and temperature (400-500 °C) on the product com-
position and distribution were examined using a two-stage quartz-tube reactor. The results
showed that volatile pyrolysis was limited at the lower temperature of 400 °C even with
oxygen introduction, while it could be significantly promoted at 500 °C as illustrated by
the observed great decrease in the GC-MS peak areas of the volatile compounds especially
under an oxidative atmosphere. For instance, the peak area of 3,4-dimethoxybenzaldehyde
at 500 °C under an ER of 4% was only ~9% of that at 400 °C. Oxygen introduction enhanced
the volatile decomposition with the formation of mainly permanent gases (although not
given in the study) rather than liquid products, but distinct impacts were obtained for var-
ied volatile compounds possibly due to their different chemical structures and autoignition
temperatures. From the perspective of liquid product formation, furfural would undergo
the cleavage of C-C/C-O bonds to form linear intermediates and subsequent aromatization
to generate aromatics (benzene and benzofuran). The presence of oxygen could enhance
the oxidative destruction of the C-C/C-O bonds and the removal of O from the molecules
to form simple aromatics such as benzene, phenol, and toluene. Hydroxyacetone mainly
underwent C-C/C-O cleavage that was further enhanced in the presence of oxygen; the
resultant intermediates would recombine to generate acetoin and 2,3-pentanedione. A
higher ER would directly oxidize the alcoholic hydroxyl group (-OH) into an aldehyde
group (-CHO) to form methyl glyoxal, while 3,4-dimethoxybenzaldehyde mainly under-
went cleavage and recombination of bonds connected with the benzene ring including
aldehyde group (-CHO), Ca;-O, Cpfethoxy-O bonds, thus forming 1,2-dimethoxybenzene,
toluene, and 3-hydroxybenzadehyde. This study provides more fundamental insights into
the homogeneous oxidation of volatiles during the oxidative fast pyrolysis of biomass,
facilitating the deployment of this technology.

Keywords: oxidative pyrolysis; volatiles; oxygen equivalence ratio; pyrolysis temperature

1. Introduction

Fast pyrolysis of biomass is an efficient thermochemical conversion technology, which
enables the direct transformation of the green and net-zero-carbon biomass into more

Energies 2025, 18, 2996 https://doi.org/10.3390/en18112996
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value-added products such as bio-oil and biochar [1-3]. Bio-oil, also called bio-crude,
contains hundreds of chemicals, such as phenols, aromatics, anhydrosugars, furans, linear
acids/carbonyls/aldehydes, etc. [4]. It can be used as the feedstock for a centralized
biorefinery to produce all kinds of green chemicals and materials to partially substitute
fossils [5,6], which is of great importance for the decarbonized future.

At present, the research on the fast pyrolysis of biomass mainly focuses on the chemi-
cal reaction aspect; how to selectively generate value-added fuels, chemicals, or materials is
of the first priority [7], including optimization of the pyrolysis conditions, in situ catalytic
pyrolysis, ex situ catalytic pyrolysis, and other upgrading techniques [8-12]. Some novel
pyrolysis technologies as well as catalysts have been successfully developed and demon-
strated in the laboratory [3,13,14]. However, the practical/scaled application of the fast
pyrolysis of biomass still faces engineering issues, one of which is the rapid heat supply and
transfer during the process. Conventional fast pyrolysis of biomass is normally undertaken
in an oxygen-free atmosphere at medium temperatures (e.g., 400-600 °C); this inherently
endothermic process requires an external heat source to sustain the thermal decomposition
reactions [15,16]. Particularly at the commercial scale, supplying external heat typically
through gas/solid heat carriers or conduction from reactor walls to the biomass particles
would be increasingly difficult due to the complexity and instability of heat exchange
systems and the inefficiency of heat transfer [17]. It becomes a challenging issue during the
scaling up and commercialization of fast pyrolysis technology.

The oxidative fast pyrolysis of biomass has been recently developed to address the
heat supply/transfer bottleneck issue associated with conventional pyrolysis processes [18].
A small amount of oxygen or air is introduced into the pyrolysis process, facilitating
the in situ oxidation of certain pyrolysis intermediates to generate the heat demanded
for the endothermic reactions; a self-sustained /autothermal pyrolysis process is thus
achieved [19-21]. Polin et al. [22] reported that the oxygen equivalence ratios (ERs) for the
autothermal pyrolysis of corn stover and red oak in a fluidized-bed reactor at 500 °C were
only 0.06 and 0.10, respectively. It should be pointed out that the oxidative fast pyrolysis of
biomass is very different from combustion and gasification; it is normally carried out at
a medium temperature of 400-600 °C, which is much lower than that of gasification and
combustion. The ER used in the oxidative fast pyrolysis process (0-0.15 or 15%) is also
much lower than that in gasification (0.2-0.35) [23,24] and combustion (more than 1) [25,26],
and the main products from the oxidative fast pyrolysis of biomass are still bio-oil, biochar,
and non-condensable gas. Compared with conventional non-oxidative/inert fast pyrolysis
of biomass, the oxidative fast pyrolysis of biomass shows a lot of advantages not only in
terms of the heat supply and transfer toward scaling up but also in terms of the elimination
of the complicated external heating, the ease of scaling up by volume (not surface area)
due to the realization of bulk heating instead of surface heating, and the significant process
intensification due to the in situ oxidation heating [17]. Moreover, no significant reduction
in bio-oil yield is observed for fluidized-bed oxidative fast pyrolysis of biomass at 500 °C
under low ERs (0.033-0.104), as found by Kim et al. [27]. The heat demand for pyrolysis
is mainly satisfied by the oxidation of biochar with only a very low fraction of light bio-
oil being oxidatively consumed [28]. It further confirms the advantage of oxidative fast
pyrolysis of biomass in terms of bio-o0il production.

As discussed previously, the introduction of oxygen in the oxidative fast pyrolysis of
biomass would inevitably induce oxidation reactions of pyrolysis intermediates or prod-
ucts, including the heterogeneous oxidation of biochar and the homogeneous oxidation of
volatiles [17,28]. The manner of oxidization of the biochar and volatiles/bio-o0il during the
process mainly depends on the contact between oxygen and biochar or volatile vapors, as
well as on their oxidation reactivities. However, Brown [19] regarded that the autoignition
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temperatures of biochar and volatile/bio-0il components determined their oxidation char-
acteristics, and the biochar with the lowest autoignition temperature was more oxidized
in the fluidized-bed reactor to provide the largest contribution to the heat demanded for
biomass pyrolysis. Li et al. [28] also made a similar observation, while the bio-oil composi-
tion was also found to be altered with the introduction of oxygen. Considering that the
oxidation of the biochar and the volatiles occurs concurrently, although the tendency of the
biochar and volatiles toward being oxidized is known, it would be still challenging to quan-
titatively distinguish their individual contributions during the process. The role of oxygen
in oxidative fast pyrolysis and its influence on the formation and consumption of pyrolysis
products remain poorly understood. Jiang et al. [29] proposed a method to decouple the
oxidation reactions in oxidative fast pyrolysis by varying the oxygen injection location.
A purely “homogeneous” oxidation and the combined “homogeneous + heterogeneous”
oxidations for product formation in a fluidized-bed pyrolysis system were obtained and
compared in detail. However, not only would the biochar and volatiles compete for oxygen
for hetero-/homogeneous oxidation [30], but the different components in the volatiles
would also compete for oxygen due to their different reactivities with oxygen; changes in
the operating conditions can substantially influence the oxidation process as well. Despite
the importance of this topic, research specifically addressing the homogeneous oxidation
of volatile components in the oxidative fast pyrolysis process remains limited.

Therefore, in this study, the oxidative pyrolysis of three representative biomass
volatiles from the pyrolysis of holocellulose and lignin was carried out under varying
temperatures (400-500 °C) and ERs (0-15%) in a two-stage quartz-tube reactor. The charac-
teristic products were analyzed, and the possible conversion pathways during the oxidative
pyrolysis process were proposed. Through this study, we expect to gain a more fundamen-
tal understanding of the homogeneous oxidation of volatiles/bio-o0il and of the selective
formation of valuable products from the oxidative fast pyrolysis of biomass.

2. Experimental Section
2.1. Volatile Model Compounds

Furfural (AR, >99.5%, Xilong Scientific Co. Ltd., Shantou, China) and hydroxyace-
tone (AR, 97%, Bidepharm Co. Ltd., Shanghai, China), as the representative furans and
linear carbonyls from holocellulose (cellulose and hemicellulose) pyrolysis volatiles, and
3,4-dimethoxybenzaldehyde (AR, >98%, Xiya Reagent Co. Ltd., Zaozhuang, China), as
the representative aromatic from lignin pyrolysis volatiles, were chosen as the volatile
model compounds from the fast pyrolysis of biomass [31]. They were all subjected to
homogeneous oxidative pyrolysis experiments.

2.2. Oxidative Pyrolysis of Volatiles

The oxidative pyrolysis of biomass volatile model compounds was conducted in a
two-stage quartz-tube reaction system, as shown in Figure 1. It consisted of a gas supply
system, a two-stage quartz-tube reactor heated by an electric furnace, a condensation
system, and a gas collection bag. The gas supply system mainly provided two gas streams
into the reactor, including the carrier gas N, and the oxygen-containing oxidation gas. The
carrier gas N, was injected into the reactor from the top with a flow rate of 250 mL/min.
The oxidation gas was a mixture of N; and air with a total flow rate of 50 mL/min; it was
injected into the reactor from the middle (between the upper and lower sections). The
amount of oxygen introduced was controlled by the mass flow controller (MFC). It should
be noted that the gas flows did not require preheating due to their low flow rate compared
with the large power of the two electric furnaces (both 1.5 kW); insignificant temperature
fluctuations were observed during the experiments as the gases were easily heated to the
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reaction temperature. The quartz-tube reactor featured an inner diameter of 38 mm, with
the lengths of the upper and lower sections being 330 mm and 122 mm, respectively. These
two sections were heated separately by two independent electric furnaces (both 1.5 kW) and
maintained at different temperatures. The upper section was used to evaporate the volatile
model compounds; the temperature was set at 200 °C for furfural and hydroxyacetone and
250 °C for 3,4-dimethoxybenzaldehyde, according to their volatilization temperatures. The
lower section was used to oxidize the volatilized model compounds at a lower oxygen
ER, and its temperature was set at 400 or 500 °C, which was identical to the oxidative
pyrolysis temperature. To ensure the precise control of the temperatures in each section
and minimize the mutual influence of both sections due to the large temperature gradient,
Kaowool was used to isolate the furnace/reactor from the environment (reducing heat loss)
and the upper section from the lower section of the reactor (minimizing mutual influence).
The top, middle, and bottom of the furnace/reactor were all well insulated. A K-type
thermocouple penetrating through the top rubber plug of the reactor was used to measure
the temperatures of both the sections. It should be pointed out that the temperatures given
above were the actual measured temperatures, which were normally 8 °C lower than the
set temperatures of the electric furnaces. Pre-experiments proved that the temperatures of
the two sections could be controlled independently and kept steady over the experimental
timescale. The condensation system was made of an acetone (AR) washing bottle immersed
in an ice bath to capture the condensable products.

pki
kg
=
X < i
ol e i
1%t furnace
N, Air 0
2" furnace =

Figure 1. A two-stage reaction system for homogeneous oxidation of volatile model compounds.

For a typical experiment, 0.5 g of the abovementioned volatile model compound was
accurately weighed and loaded into a quartz basket; it was put into the upper section of
the reactor and initially hung out of the heating zone prior to the experiment. The reactor
was heated to the desired temperatures and kept isothermally with the continuous flowing
of the carrier gas N, and the oxidation gas. The quartz basket was then quickly inserted
into the center of the upper heating zone; the volatile model compound was heated and
evaporated; it was carried by the N, gas, mixed with the oxygen-containing gas, and went
into the lower section for homogenous oxidation. The resultant gas vapors coming out of
the reactor were condensed and captured inside the acetone washing bottle, and the non-
condensable gas was collected in the gas bag. Each experiment lasted for 15 min according
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to the volatilization rates of the model compounds. Different ERs were tested during the
oxidation process, with 0—6% for 400 °C and 0-15% for 500 °C. It should be noted that the
ER was calculated based on the amount of the volatilized model compound (not the initial
weight used) during the process. The volatilization rates of furfural, hydroxyacetone, and
3,4-dimethoxybenzaldehyde were determined by pre-experiments, with average results of
100.00 wt.%, 97.83 wt.%, and 22.33 wt.%, respectively. The ER was defined as the ratio of
real oxygen input to the theoretical oxygen demand for compete combustion (full oxidation
to form CO, and H,O). The real oxygen concentration in the total gas ranged around
0-2 vol.% as it was largely diluted by N, gas at an ER of 0-15%. No significant temperature
changes induced by the oxidation reactions were observed during the experiments due
to the small experiment scale (0.5 g model compound, 15 min evaporation under a low
ER). After the experiment finished, the gas bag was switched off and disconnected from
the system. The air supply was stopped with N, continuously flowing; the quartz basket
was lifted out of the heating zone for rapid quenching. The condensation system was
also disconnected from the reactor; the liquid captured in the acetone solvent and the
condensates in the pipeline were also collected for further analysis.

2.3. Product Characterization

The solid residue remaining in the quartz basket was weighed to determine the
volatilization rate of the model compound during the process, as mentioned in the above
section.

The gas composition in the gas bag was analyzed using a gas chromatograph equipped
with TCD and FID detectors (GC-97901l, Zhejiang Fuli Analytical Instrument Co., Ltd.,
Taizhou, China). Unfortunately, no feasible results were obtained due to the low oxidation
rate of volatile model compounds and the corresponding excessive dilution by Np. As a
result, the gas composition is not reported in this study.

The composition of the liquid products was analyzed using an Agilent gas
chromatography-mass spectrometry (GC-MS) system (6890 series GC coupled with a
5975 MS). An HP-5MS capillary column (30 m x 0.25 mm x 0.25 um) was used. The
detailed operating conditions can be found elsewhere [32]. Compound identification was
performed using the NIST11 spectral library, with peak areas representing the relative
abundance of specific compounds. Considering that the bio-oil is diluted by acetone in
different extents due to the varied mass of acetone used for capture, the different acetone
volatilization rate, and the different mass of acetone used for washing and collecting after
experiment, the peak area of an individual compound detected by GC-MS cannot represent
the yield of that compound in the bio-oil but only represents the relative content of the
compound in the bio-oil solution. To compare the relative yield of a specific compound
generated, the peak area should be generalized by multiplying the peak area and the mass
of the liquid product mixed solution (including both bio-oil and acetone). It can thus
mitigate the impact of differences in acetone volatilization and acetone solvent dilution
and be used for semi-quantitative analysis.

3. Results and Discussion
3.1. Oxidative Pyrolysis of Furfural Under Low ERs at 400 and 500 °C

Figure 2 shows the composition of products detected by GC-MS from the oxidative
pyrolysis of furfural under oxygen ERs of 0-15% at 400 and 500 °C. From Figure 2a, it can
be seen that, at 400 °C, only furfural (the reactant) was found in the product, with its peak
area slightly decreasing with increasing ER. It indicated that a small amount of furfural
might be consumed by oxygen under low oxygen ERs at 400 °C, possibly only generating
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Figure 2. Composition of products detected by GC-MS from oxidative pyrolysis of furfural under
low oxygen ERs at (a) 400 and (b) 500 °C.

When the temperature increased to 500 °C, as shown in Figure 2b, more products
were observed both without and with oxygen addition, suggesting that the pyrolysis
temperature was an important parameter to improve the reactivity of furfural during the
pyrolysis process. The peak area of furfural decreased significantly with increasing ER;
even without oxygen (ER of 0), its peak area was much lower than that at 400 °C (Figure 2a),
indicating the large thermal decomposition and oxidation consumption of furfural at a
higher temperature and under an oxidative atmosphere. But, even under an ER of 15% at
500 °C, the content of furfural (in terms of peak area percentage, same thereafter) in the
product still accounted for ~90%, demonstrating that the formation of new condensable
liquid products was quite low; most of the furfural was converted into permanent gases.

From the perspective of liquid product formation, under an ER of 0 and at 500 °C,
benzene and benzofuran (dominant) were formed from furfural. As we know, furfural
could undergo thermal decomposition to form furan and CO (CsH4O,—C4H40+CO) [33],
while benzofuran could be directly formed from two furan molecules” recombination
with subsequent dehydration (2C4H4O—CgHgO+H,0). In addition, furan would further
decompose through C-C/C-O cleavage to form linear molecules or free radicals, such as
HC=CH, CH,CO, CH3C=CH, HCCCH,, CH,CHCHCO, CO, and H radical [33], which
might be re-aromatized to form benzene or benzofuran. Under an oxidative atmosphere,
with the increasing ER, the yield of benzofuran (in terms of peak area) decreased with
that of benzene increasing, and other simpler aromatics such as phenol and toluene also
appeared in the products. The total detected peak areas (except that for furfural) also
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increased. It indicated that the introduction of oxygen promoted the decomposition of
furfural and the formation of more aromatic products; the presence of oxygen would lead to
the oxidative destruction of C-C/C-O bonds and the O removal of the furan ring (possibly
forming CO and CO,). More linear fractions or radicals apart from the abovementioned
ones like CH3, C=CH, H,C=CH, etc., might be generated under an oxidative atmosphere,
thus resulting in a decrease in benzofuran and an increase in benzene, phenol, and toluene
due to re-aromatization, especially at higher ERs. In addition, the furan might directly react
with linear intermediates such as H,C=CH and H,C=CHCHj3; to form benzene and toluene
through Diels—Alder condensation and dehydration reactions [34]. But, under too high an
ER of 15%, the formation of these aromatics would also be inhibited.

3.2. Oxidative Pyrolysis of Hydroxyacetone Under Low ERs at 400 and 500 °C

Figure 3 shows the composition of products detected by GC-MS from the oxida-
tive pyrolysis of hydroxyacetone under oxygen ERs of 0-15% at 400 and 500 °C. From
Figure 3a, it can be seen that, at 400 °C, with the increasing ER, the peak area of hy-
droxyacetone decreased, indicating the promoted thermal decomposition/oxidation of
hydroxyacetone in the presence of oxygen. But the peak areas of acetoin and acetylace-
tone also decreased, demonstrating that the decomposition of hydroxyacetone mainly
generated permanent gases rather than condensable liquid products. The hydroxyace-
tone in the liquid product still accounted for ~96%, which was largely higher than the
other products, showing the limited decomposition rate at 400 °C. From the perspective
of liquid product composition, acetoin and acetylacetone were the major products from
both non-oxidative and oxidative pyrolysis of hydroxyacetone. It might be inferred that
hydroxyacetone (CH3;COCH,OH) might undergo C-C and C-O cleavages to form CH;CO,
CH3COCH;, and CH,OH intermediates, while (1) two CH3CO would be coupled to form
CH3;COCOCH;3, with one of the C=0 bonds hydrogenated (with H radical) to form acetoin
(CH3COCHOHCH3), and (2) CH3CO and CH3COCH; might also be coupled to form acety-
lacetone (CH3COCH,COCH3). Although the presence of oxygen enhanced the cleavages of
C-C and C-O bonds (illustrated by the decreased hydroxyacetone peak area), the coupling
of the intermediates was inhibited with the decreased acetoin and acetylacetone under
the oxidative atmosphere. It means that the further decomposition of these intermediates
under an oxidative atmosphere might be strengthened with CO, CO,, and hydrocarbon
gases such as CHy releasing.

When the pyrolysis temperature increased to 500 °C (Figure 3b), the peak area of
hydroxyacetone was further decreased compared to that at 400 °C, indicating that a higher
temperature promoted the thermal decomposition of hydroxyacetone. But the presence
of oxygen did not decrease the peak of hydroxyacetone, instead increasing the peak areas
of other products, which means more condensable products formed under an oxidative
atmosphere, especially acetoin. The presence of oxygen might promote the cleavage of
the C-C bond connected with C=0 in the hydroxyacetone molecule and the subsequent
coupling of two CH3CO, with more acetoin formation. While acetylacetone was not found
in the product at 500 °C, instead, 2,3-pentanedione (CH3;COCOCH,;CH3) and methyl
glyoxal (CH3COCHO) were observed with the ER at 6-15%. The formation of methyl
glyoxal at a higher ER of 10% and 15% might be due to the oxidation of alcoholic hydroxyl
in hydroxyacetone (CH3COCH,OH+0.50, +-CH3COCHO+H,0), which was enhanced
with more oxygen. Meanwhile, the formation of 2,3-pentanedione might be due to the
intermolecular dehydration of CH3COCOCH; and CH,OH (aforementioned intermediates,
CH3COCOCH;3+CH30H—CH3COCOCH,CH;+H,0), subsequently stabilized by the H
radical (CH;COCOCH,CH,+H—CH3;COCOCH,CH3).
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Peak area of products (a.u.)

Peak area percentage (%)

Figure 3. Composition of products detected by GC-MS from oxidative pyrolysis of hydroxyacetone
under low oxygen ERs at (a) 400 and (b) 500 °C.

These findings confirm that pyrolysis temperature and oxygen introduction both
significantly affect the thermal decomposition of hydroxyacetone. The presence of oxygen at
alower temperature (400 °C) promoted the decomposition and oxidation of hydroxyacetone
to form more permanent gases, while the presence of oxygen at a higher temperature
(500 °C) enhanced condensable liquid product formation, with their yields even higher
than those at 400 °C, such as acetoin at an ER of 6%, although the yield of acetoin under a
non-oxidative atmosphere was lower. The decomposition pathway of hydroxyacetone also
changed at a higher temperature, with different products formed.

3.3. Oxidative Pyrolysis of 3,4-Dimethoxybenzaldehyde Under Low ERs at 400 and 500 °C

Figure 4 shows the composition of products detected by GC-MS from the oxidative py-
rolysis of 3,4-dimethoxybenzaldehyde under oxygen ERs of 0-15% at 400 and 500 °C. From
Figure 4a, it can be observed that the oxidative pyrolysis of 3,4-dimethoxybenzaldehyde
only detected one product, i.e., 1,2-dimethoxybenzene, with the majority of the compound
still being 3,4-dimethoxybenzaldehyde (~99.8%) at 400 °C. Although the presence of oxygen
promoted the decomposition of 3,4-dimethoxybenzaldehyde with the observed decrease
in the GC-MS peak area, the decomposition rate was not high, with a very low amount of
1,2-dimethoxybenzene formation. The content of 1,2-dimethoxybenzene even decreased at
an ER of 6%, indicating that a higher ER might enhance the oxidation of these compounds
to form permanent gases. The formation of 1,2-dimethoxybenzene (CqH4(OCHj3),) might
be mainly due to the decarbonylation of the aldehyde (-CHO) group connected to the
benzene ring (CHOCH;3(OCHj3), —CsHa(OCHj3),+CO), which might be enhanced in the
presence of oxygen at a lower ER of 4%. But a higher ER might further oxidize it into
permanent gases.
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Figure 4. Composition of products detected by GC-MS from oxidative pyrolysis of 3,4-
dimethoxybenzaldehyde under low oxygen ERs at (a) 400 and (b) 500 °C.

When the pyrolysis temperature increased to 500 °C (Figure 4b), under a non-oxidative
atmosphere (ER of 0), it can be clearly seen that the peak area of 3,4-dimethoxybenzaldehyde
was largely lower than that at 400 °C, indicating the significantly promoted thermal de-
composition of 3,4-dimethoxybenzaldehyde at a higher temperature. The peak area of
1,2-dimethoxybenzene was nearly 16 times bigger than that at 400 °C, with more prod-
ucts such as toluene, 3-hydroxybenzadehyde, and 3,5-dimethyl-4-hydroxybenzaldehyde
formed at a higher temperature. 1,2-Dimethoxybenzene was the major product followed
by toluene and 3-hydroxybenzadehyde. The significantly enhanced direct decarbonylation
of 3,4-dimethoxybenzaldehyde (forming 1,2-dimethoxybenzene) was the major reason.
Furthermore, the 1,2-dimethoxybenzene (C¢H4(OCHj3);) molecule could further remove
the methoxy (OCH3) group and combine with a methyl radical to form toluene (CyHg). The
formation of 3-hydroxybenzadehyde (CHOCzH,;OH) might be mainly due to the cleavage
of the Cx,-O and Cyjethoxy-O bonds of 3,4-dimethoxybenzaldehyde (CHOCsH3(OCHjs)z)
to form CHOCH30, CH3, and CH30 intermediates, then stabilized by the H radical
(CHOCH3(OCHj3), -~CHOC¢H30+CH3+CH30, CHOCzH30+2H—CHOCzH4OH). De-
spite its low content in the product, 3,5-dimethyl-4-hydroxybenzaldehyde might be also
formed through similar bond (connected to aromatic ring) cleavage and recombination
with radicals (H and CH3). However, an oxidative atmosphere would inhibit the formation
of these compounds; not only was the peak area of 3,4-dimethoxybenzaldehyde largely de-
creased due to enhanced oxidative decomposition but also fewer compounds were detected
in the products. Only 1,2-dimethoxybenzene and toluene were observed at 500 °C under an
oxidative atmosphere. A higher temperature and an oxidative atmosphere were beneficial
for the removal of the aldehyde group, possibly due to the enhanced decarbonylation
reaction (forming CO) or the oxidation of the aldehyde group (CHO) to the carboxyl group
(COOH) with a subsequent decarboxylation reaction (forming CO;). A higher ER (e.g.,
15%) would significantly enhance these reactions.
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3.4. Further Discussion on Oxidative Pyrolysis of Typical Volatile Model Compounds

Figure 5 shows the peak areas of the three volatile model compounds in the prod-
ucts after oxidative pyrolysis under low oxygen ERs of 0-15% at 400-500 °C. The data
were gathered from the above sections, with a focus on the comparison of the conver-
sion rate of different compounds during oxidative pyrolysis under different operation
conditions. It should be pointed out that the peak areas of different compounds do not
represent the amount of such compounds, as the response factors (peak area to weight
percentage) for different compounds vary largely. For instance, the volatilization of
3,4-dimethoxybenzaldehyde (22.33 wt.%) was largely lower than that of furfural
(100 wt.%), but the peak area of 3,4-dimethoxybenzaldehyde in the product was greatly
higher than that of furfural with less of both being decomposed under a non-oxidative
atmosphere at 400 °C. But, for the same compound, the peak area can be used to compare
the amounts of the compound obtained under different conditions.

1x10"
Oxygen equivalence ratio

[400°C: [ o I 42 [ 6%
gx10'0 |-500°C: [N o N 47 N o R 107 FREE 15%

6x10'°

4x10'°

Peak area (a.u.)

2x10'°

Furfural Hydroxyacetone 3,4-dimethoxybenzaldehyde

Figure 5. Comparison of oxidative pyrolysis of different volatile model compounds under low
oxygen ERs and at 400-500 °C.

Temperature indeed plays an important role during both non-oxidative and oxidative
pyrolysis of volatile compounds. For instance, the peak area of 3,4-dimethoxybenzaldehyde
at 500 °C under an inert atmosphere (ER of 0) was only ~25% of that at 400 °C, and it further
decreased to ~9% at an ER of 4% compared with that at 500 and 400 °C. At 400 °C, with
the increasing ER, the peak areas of all three compounds decreased slightly, indicating that
the oxidative decomposition of the volatile compounds at a lower temperature is limited.
At 500 °C, with the increasing ER, the peak area of furfural showed a clear decreasing
trend, and the peak area of hydroxyacetone just changed slightly, while the peak area of
3,4-dimethoxybenzaldehyde first decreased greatly and then was relatively stable. These
results demonstrate that the oxidative pyrolysis characteristics of different volatile com-
pounds vary greatly. One possible reason would be the chemical structure differences
between different compounds, resulting in distinct reactivities. For instance, hydroxyace-
tone, as a linear compound with unsaturated bonds, is quite reactive. It can be decomposed
quite sufficiently at a higher temperature, thus reducing the impact of oxygen introduction.
Another possible reason would be their differences in autoignition temperatures. For in-
stance, 3,4-dimethoxybenzaldehyde with a lower autoignition temperature (192 °C) would
be more likely to be oxidatively decomposed [19], as illustrated by the larger decrease ratio
in peak area with and without oxygen introduction (500 °C). Meanwhile, furfural with a
higher autoignition temperature (392 °C) showed a lower decrease ratio but a continuous
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decrease in peak area. For real volatiles, competitive oxidative pyrolysis is expected among
different compounds, which necessitates further investigation.

4. Conclusions

Oxidative pyrolysis of three typical volatile model compounds under low ERs at
400 and 500 °C was conducted in a two-stage quartz-tube reactor. It was found that,
at a lower temperature of 400 °C, the oxidative pyrolysis of volatiles was limited even
with oxygen introduction, while a higher temperature of 500 °C significantly promoted
the decomposition of volatile compounds with the observed great decrease in their peak
areas. The presence of oxygen could enhance the decomposition of volatile compounds
but showed very distinct impacts at different temperatures on varied volatile compounds
possibly due to their different chemical structures and autoignition temperatures. Dur-
ing the pyrolysis process, the decomposition of volatile compounds mainly generated
permanent gases rather than condensable liquid products. In terms of liquid product
formation, furfural would undergo the cleavage of C-C/C-O bonds to form linear interme-
diates and subsequent aromatization to generate aromatics (benzene and benzofuran). The
presence of oxygen could enhance the oxidative destruction of the C-C/C-O bonds and
the removal of O from the molecules to form simple aromatics such as benzene, phenol,
and toluene. Hydroxyacetone mainly underwent C-C/C-O cleavage that was further
enhanced in the presence of oxygen; the resultant intermediates would recombine to gen-
erate acetoin and 2,3-pentanedione. A higher ER would directly oxidize the alcoholic
hydroxyl group (-OH) into the aldehyde group (-CHO) to form methyl glyoxal, while
3,4-dimethoxybenzaldehyde mainly underwent cleavage and recombination of bonds con-
nected with the benzene ring including aldehyde group (-CHO), Ca;-O, Cpethoxy~-O bonds,
thus forming 1,2-dimethoxybenzene, toluene, and 3-hydroxybenzadehyde. This study
further deepens the fundamental understanding of the homogeneous oxidation of volatiles
during oxidative fast pyrolysis of biomass, offering possibility to selectively producing
value-added products through biomass autothermal pyrolysis in the future.

Author Contributions: Conceptualization, B.L.; Methodology, X.X. and B.L.; Formal analysis, L.W.;
Investigation, L.W.; Resources, X.X. and B.L.; Data curation, L.W.; Writing—original draft, L.W.;
Writing—review & editing, D.L. (Dan Lin), D.L. (Dongjing Liu), S.Z. and B.L.; Supervision, X.X. and
B.L.; Project administration, S.Z.; Funding acquisition, B.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (52276196),
the Foundation of State Key Laboratory of Coal Combustion (FSKLCCA2508), and the High-level
Talent Foundation of Anhui Agricultural University (rc412307).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Uddin, M.N.; Techato, K.; Taweekun, J.; Rahman, M.M.; Rasul, M.G.; Mahlia, TM.I.; Ashrafur, S.M. An Overview of Recent
Developments in Biomass Pyrolysis Technologies. Energies 2018, 11, 3115. [CrossRef]

2. Liu, J.; Chen, X.; Chen, W.; Xia, M.; Chen, Y.; Chen, H.; Zeng, K.; Yang, H. Biomass pyrolysis mechanism for carbon-based
high-value products. Proc. Combust. Inst. 2023, 39, 3157-3181. [CrossRef]

3.  Qiu, B; Tao, X,; Wang, ].; Liu, Y,; Li, S.; Chu, H. Research progress in the preparation of high-quality liquid fuels and chemicals by
catalytic pyrolysis of biomass: A review. Energy Convers. Manag. 2022, 261, 115647. [CrossRef]

4. Pires, A.PP; Arauzo, ].; Fonts, I.; Domine, M.E.; Fernandez Arroyo, A.; Estrella Garcia-Perez, M.; Montoya, J.; Chejne, F.; Pfromm,

P,; Garcia-Perez, M. Challenges and Opportunities for Bio-oil Refining: A Review. Energy Fuels 2019, 33, 4683—4720. [CrossRef]

77



Energies 2025, 18, 2996

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Dodds, D.R.; Gross, R.A. Chemicals from Biomass. Science 2007, 318, 1250-1251. [CrossRef] [PubMed]

Li, C.; Zhao, X.; Wang, A.; Huber, G.W.; Zhang, T. Catalytic Transformation of Lignin for the Production of Chemicals and Fuels.
Chem. Rev. 2015, 115, 11559-11624. [CrossRef]

Dai, L.; Wang, Y.; Liu, Y.; He, C,; Ruan, R;; Yu, Z,; Jiang, L.; Zeng, Z.; Wu, Q. A review on selective production of value-added
chemicals via catalytic pyrolysis of lignocellulosic biomass. Sci. Total Environ. 2020, 749, 142386. [CrossRef]

Hu, B.; Zhang, Z.-x.; Xie, W.-1; Liu, J.; Li, Y.; Zhang, W.-m.; Fu, H.; Lu, Q. Advances on the fast pyrolysis of biomass for the
selective preparation of phenolic compounds. Fuel Process. Technol. 2022, 237, 107465. [CrossRef]

Zheng, A.; Chen, T,; Sun, J.; Jiang, L.; Wu, J.; Zhao, Z.; Huang, Z.; Zhao, K.; Wei, G.; He, E; et al. Toward Fast Pyrolysis-Based
Biorefinery: Selective Production of Platform Chemicals from Biomass by Organosolv Fractionation Coupled with Fast Pyrolysis.
ACS Sustain. Chem. Eng. 2017, 5, 6507-6516. [CrossRef]

Mahmood, E; Ali, M.; Khan, M.; Mbeugang, C.EM.; Isa, Y.M.; Kozlov, A.; Penzik, M.; Xie, X.; Yang, H.; Zhang, S.; et al. A review
of biochar production and its employment in synthesizing carbon-based materials for supercapacitors. Ind. Crops Prod. 2025, 227,
120830. [CrossRef]

Reza, M.S.; Iskakova, Z.B.; Afroze, S.; Kuterbekov, K.; Kabyshev, A.; Bekmyrza, K.Z.; Kubenova, M.M.; Abu Bakar, M.S.;
Azad, A.K.; Roy, H.; et al. Influence of Catalyst on the Yield and Quality of Bio-Oil for the Catalytic Pyrolysis of Biomass: A
Comprehensive Review. Energies 2023, 16, 5547. [CrossRef]

Lahijani, P, Mohammadi, M.; Mohamed, A.R.; Ismail, E; Lee, K.T.; Amini, G. Upgrading biomass-derived pyrolysis bio-oil to
bio-jet fuel through catalytic cracking and hydrodeoxygenation: A review of recent progress. Energy Convers. Manag. 2022, 268,
115956. [CrossRef]

Wang, Y.; Akbarzadeh, A.; Chong, L.; Du, J.; Tahir, N.; Awasthi, M.K. Catalytic pyrolysis of lignocellulosic biomass for bio-oil
production: A review. Chemosphere 2022, 297, 134181. [CrossRef]

Ren, X.; Ghazani, M.S.; Zhu, H.; Ao, W.; Zhang, H.; Moreside, E.; Zhu, J.; Yang, P.; Zhong, N.; Bi, X. Challenges and opportunities
in microwave-assisted catalytic pyrolysis of biomass: A review. Appl. Energy 2022, 315, 118970. [CrossRef]

Ferreira, R.A.d.R.; Meireles, C.d.S.; Assungao, RM.N.; Barrozo, M.A.S.; Soares, R.R. Optimization of the oxidative fast pyrolysis
process of sugarcane straw by TGA and DSC analyses. Biomass Bioenergy 2020, 134, 105456. [CrossRef]

Van de Velden, M.; Baeyens, J.; Brems, A.; Janssens, B.; Dewil, R. Fundamentals, kinetics and endothermicity of the biomass
pyrolysis reaction. Renew. Energy 2010, 35, 232-242. [CrossRef]

Huang, Y; Li, B,; Liu, D.; Xie, X.; Zhang, H.; Sun, H.; Hu, X.; Zhang, S. Fundamental Advances in Biomass Autothermal/Oxidative
Pyrolysis: A Review. ACS Sustain. Chem. Eng. 2020, 8, 11888-11905. [CrossRef]

Lu, T; Lin, D.; Isa, Y.M.; Kozlov, A.; Penzik, M.; Xie, X.; Zhang, S.; Yang, H.; Li, B. Influence of oxygen equivalence ratio on
biochar oxidation characteristics under biomass oxidative pyrolysis conditions in a fluidized-bed reactor. J. Energy Inst. 2025, 119,
101995. [CrossRef]

Brown, R.C. Heterodoxy in Fast Pyrolysis of Biomass. Energy Fuels 2020, 35, 987-1010. [CrossRef]

Karmee, S.K.; Kumari, G.; Soni, B. Pilot scale oxidative fast pyrolysis of sawdust in a fluidized bed reactor: A biorefinery approach.
Bioresour. Technol. 2020, 318, 124071. [CrossRef]

Zhao, S.; Xu, W,; Chen, L. The modeling and products prediction for biomass oxidative pyrolysis based on PSO-ANN method:
An artificial intelligence algorithm approach. Fuel 2022, 312, 122966. [CrossRef]

Polin, J.P; Peterson, C.A.; Whitmer, L.E.; Smith, R.G.; Brown, R.C. Process intensification of biomass fast pyrolysis through
autothermal operation of a fluidized bed reactor. Appl. Energy 2019, 249, 276-285. [CrossRef]

Siwal, S.S.; Zhang, Q.; Sun, C.; Thakur, S.; Gupta, V.K.; Thakur, V.K. Energy production from steam gasification processes and
parameters that contemplate in biomass gasifier—A review. Bioresour. Technol. 2020, 297, 122481. [CrossRef]

Tezer, O.; Karabag, N.; Ongen, A.; Colpan, C.O.; Ayol, A. Biomass gasification for sustainable energy production: A review. Int. J.
Hydrogen Energy 2022, 47, 15419-15433. [CrossRef]

Elwardany, M. Enhancing steam boiler efficiency through comprehensive energy and exergy analysis: A review. Process Saf.
Environ. Prot. 2024, 184, 1222-1250. [CrossRef]

Zhu, S.; Lee, S.W. Co-combustion performance of poultry wastes and natural gas in the advanced Swirling Fluidized Bed
Combustor (SFBC). Waste Manag. 2005, 25, 511-518. [CrossRef]

Kim, K.H.; Bai, X.; Rover, M.; Brown, R.C. The effect of low-concentration oxygen in sweep gas during pyrolysis of red oak using
a fluidized bed reactor. Fuel 2014, 124, 49-56. [CrossRef]

Li, B.; Song, M.; Xie, X.; Wei, ].; Xu, D.; Ding, K.; Huang, Y.; Zhang, S.; Hu, X.; Zhang, S.; et al. Oxidative fast pyrolysis of biomass
in a quartz tube fluidized bed reactor: Effect of oxygen equivalence ratio. Energy 2023, 270, 126987. [CrossRef]

Jiang, S.; Hu, X.; Wu, L.; Zhang, L.; Wang, S.; Li, T,; Xia, D.; Li, C.-Z. Oxidative pyrolysis of mallee wood biomass, cellulose and
lignin. Fuel 2018, 217, 382-388. [CrossRef]

78



Energies 2025, 18, 2996

30.

31.

32.

33.

34.

Zhao, S.; Luo, Y,; Zhang, Y.; Long, Y. Experimental Investigation of Rice Straw and Model Compound Oxidative Pyrolysis by in
Situ Diffuse Reflectance Infrared Fourier Transform and Coupled Thermogravimetry—-Differential Scanning Calorimetry/Mass
Spectrometry Method. Energy Fuels 2015, 29, 4361-4372. [CrossRef]

Wang, S.R.; Dai, G.X.; Yang, H.P; Luo, Z.Y. Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review. Prog. Energy
Combust. Sci. 2017, 62, 33-86. [CrossRef]

Li, B;; Zhao, L.; Xie, X.; Lin, D.; Xu, H.; Wang, S.; Xu, Z.; Wang, ].; Huang, Y.; Zhang, S.; et al. Volatile-char interactions during
biomass pyrolysis: Effect of char preparation temperature. Energy 2021, 215, 119189. [CrossRef]

Vasiliou, A.K.; Kim, J.H.; Ormond, T.K.; Piech, K.M.; Urness, K.N.; Scheer, A.M.; Robichaud, D.].; Mukarakate, C.; Nimlos, M.R.;
Daily, ].W.; et al. Biomass pyrolysis: Thermal decomposition mechanisms of furfural and benzaldehyde. J. Chem. Phys. 2013, 139,
142386. [CrossRef]

Cheng, Y.-T.; Huber, G.W. Production of targeted aromatics by using Diels—Alder classes of reactions with furans and olefins over
ZSM-5. Green Chem. 2012, 14, 3114-3125. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

79



energies ﬁw\D\Py

Article

Numerical Investigation of Combustion Characteristics in a

330 MW Coal-Fired Boiler with Preheating Combustion Devices
at Half Load Operation

Siyuan Wang *, Hong Tang, Zuodong Liu, Lingfang Sun and Zhiming Xu

School of Energy and Power Engineering, Northeast Electric Power University, Jilin 132012, China
* Correspondence: wsyneepu@163.com

Abstract

To reduce the impact of renewable energy generation on power grid stability, preheat-
ing combustion technology is introduced to maintain coal-fired boiler efficiency at low
loads. A 330 MW coal-fired boiler is retrofitted with preheating combustion devices to
improve combustion performance and lower NOx emissions. The device is installed in the
reduction zone between the furnace burnout zone and the burner zone. The combustion
characteristics of the boiler with and without these devices are examined at 50% rated load.
Numerical simulations are conducted to analyze the effects of preheating coal input and
burner arrangement on temperature and species distribution within the boiler. Results
show that increasing preheating coal input from 0 to 30 t/h enhances NOy reduction due to
a higher flow rate of preheated products. At a preheating coal input of 20 t/h, the combus-
tion efficiency reaches 96.9%. The NOy concentration at the furnace exit rises from 122.4 to
171.3 mg/Nm? as the height of the burner arrangement increases. The middle three-layer
burner arrangement achieves a uniform temperature distribution and a peak combustion
efficiency of 97.6%. The bottom and middle three-layer burner arrangements are recom-
mended for efficient and clean combustion. Compared to the original boiler, the retrofitted
boiler’s combustion efficiency increases from 96.3% to a maximum of 97.6%, while the
NOy concentration at the furnace outlet drops from 168.1 to 93.2 mg/ Nm?, showing that
installing preheating combustion devices promotes efficient and clean combustion.

Keywords: preheating combustion; low load; burner arrangement; NOy emission

1. Introduction

China possesses the world’s most extensive power generation and transmission sys-
tem, where stable grid operation is essential. Renewable energy development has rapidly
grown in China to achieve low-carbon emissions from power generation [1]. However, the
intermittence and instability of the renewable energy generation present serious challenges
to the stable operation of the grid [2]. Based on the context, the role of coal-fired power
plants has transitioned from a fundamental power source to a regulating power source [3].
Due to the absence of flexible power sources, such as gas/oil-fired power, pumped storage
power, and electrochemical energy storage, utility boilers need advanced peak shaving
capabilities to accommodate large-scale renewable energy generation. Consequently, low-
load operation (below 50% rated load) of coal-fired boilers has become inevitable [4]. These
boilers are designed to operate optimally at more than 70% rated load. The boiler load
regulation departs from its designed operating conditions, introducing many issues to the
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safe and stable operation. Low-load operation reduces the combustion temperature in the
furnace, resulting in unstable combustion or even flameout. Moreover, the reduced flue
gas temperature can deactivate catalysts in the selective catalytic reduction (SCR) reactor,
resulting in higher nitrogen oxide emissions [5].

To achieve peak load regulation in coal-fired boilers, researchers have proposed flexi-
bility retrofit strategies for stable combustion at low loads, such as ignition enhancement,
burner arrangement optimization, and operating oxygen control [6]. Liu [7] investigated
the effects of burner arrangement, horizontal swing angle, and methane co-burning on
the temperature distribution and pollutant emissions in a 350 MW coal-fired boiler at 20%
rated load. The results revealed that increasing the proportion of methane co-burning
was conducive to the pulverized coal ignition and raised the average temperature in the
furnace. The boiler operating with the AB-layer burners achieved the optimal and lowest
NO emissions. The average temperature of the burner area with a swing angle of 15°
reached 1559 K. Additionally, Chen [6] investigated the combustion behavior of a 300 MW
subcritical boiler at full load and 25% rated load. The results showed that the average
temperature in the furnace at ultra-low load was 225.98 K lower than at full load. The
two-layer burner operation resulted in more intense combustion and higher NOx formation
during the combustion process. The arrangement of middle burners improved heat transfer
in the furnace and reduced NOy emissions. Jiang [8] performed numerical simulations on
optimizing burner configuration, air distribution, and stoichiometric ratio (SR) to improve
combustion performance at half load of a 550 MW coal-fired boiler. The results demon-
strated that the BCDE-layer burner configuration created an optimal aerodynamic field
and lowered NOy emissions. The combustion process in the furnace was governed by the
ratio of close-coupled overfire air (CCOFA) to separated overfire air (SOFA), with optimal
combustion efficiency and pollutant emission levels achieved at a CCOFA-to-SOFA ratio
of 1:3. Furthermore, a higher SR decreased the average temperature in the furnace and
increased pollutant emissions. Wang [9] conducted numerical studies on the combustion
process and pollutant emissions at various loads for a 600 MW wall-fired boiler with an
SR of 0.95 in the main combustion zone. At low loads, a high oxygen concentration area
at the bottom of the furnace indicated incomplete combustion. Changes in boiler load
and burner arrangement significantly affected the residence time of pulverized coal in the
furnace. During load regulation, maintaining a reasonable combustion temperature and
SR was essential for efficient boiler operation. Ma [10] simulated the effects of different
loads and excess air ratios on combustion characteristics in tangentially fired, wall-fired,
and down-fired boilers. The findings revealed that when the load was below 50%, the
temperature in the burner zone dropped sharply, leading to ignition delay and increased
NO formation in all three boilers. The down-fired boiler had the smallest temperature
drop but the highest NOy emissions. Moreover, reducing the excess air ratio improved
combustion efficiency and decreased pollutant emissions.

Preheating combustion technology is a practical approach to achieving efficient and
clean combustion for coal-fired boilers during low-load operation [11,12]. The principle of
preheating combustion is to preheat part of the fuel at an SR far less than 1. The fuel nitrogen
is converted into nitrogen during this process, and the preheated fuel produces reducing
gases. The reducing gases subsequently reduce the nitrogen oxides produced by the
combustion in the furnace chamber, leading to a decrease in NOy emissions [13]. Recently,
research on preheating combustion has made significant progress. Lv [14] experimentally
investigated the co-firing characteristics of bituminous coal and sewage sludge using
a two-stage preheating and combustion test device. The impacts of parameters in the
preheating region and the SR in the combustion region on combustion efficiency and NO
formation were studied. The experimental results showed that preheating temperature
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higher than 1000 °C significantly promoted the generation of reductive gas (H,/CO/CH,),
with the maximum NO reduction rate of 48.3%. Increasing temperature inhibited NO
formation in the combustion region when SR was less than 0.8. Wang [15] conducted both
conventional and preheating combustion experiments on semi-coke produced at three
different temperatures. The study examined how preheating temperature and combustion
patterns affected nitrogen oxides and particulate matter formation. The results showed
that preheating combustion with a stronger reducing atmosphere simultaneously lowered
NO and particulate matter sources. Additionally, increasing the preheating temperature
reduced NO and particulate matter emissions under conventional combustion conditions.
In CFD studies on preheating combustion technology, Yao [16,17] numerically investigated
the flow field, fuel-nitrogen conversion, and temperature distribution in a pulverized coal
preheating burner. The findings indicated that decreasing the excess air ratio increased
particle residence time, inhibited char conversion, and reduced flame rigidity. The syngas
fraction decreased with rising excess-air coefficient, while the fuel-nitrogen conversion rate
followed the opposite trend. Tang [18] performed a numerical assessment of the effects of
self-sustaining burners on the performance of a 600 MW utility boiler. The findings revealed
that after the burner retrofit, the enhanced rigidity of the coal stream improved furnace
combustion stability. The reducing gases and char produced by preheating combustion
helped enhance combustion efficiency and lower NO emissions. Zhang [19] conducted
numerical simulations to compare the combustion performance of a preheating burner
with a swirl burner. The results showed that the preheating burner had better combustion
stability at low load compared to the swirl burner, which maintained stable combustion
at a minimum load of 15%. At 15% load, optimizing primary and secondary air ratios
enabled the preheating burner to sustain stable combustion with an efficiency of 98.6%.
Existing numerical simulation studies on preheating combustion have primarily focused
on its application in burners, with limited research conducted on its implementation in
utility boilers.

Current experimental research on preheating combustion mainly focuses on the com-
bustion and emission characteristics during the preheating stage, with few applications
reported in coal-fired boilers. This study comprehensively analyzes the effects of the pre-
heating combustion on the combustion performance of a coal-fired boiler operating at 50%
rated load. The boiler was retrofitted by installing preheating combustion devices around
the furnace. Numerical simulations compare the combustion characteristics and pollutant
emissions between the original and the retrofitted boiler at half load. The effects of pre-
heating coal input on the boiler’s temperature field and species distribution are examined.
Additionally, a detailed analysis of the combustion characteristics of the retrofitted boiler
under various burner arrangements is performed. The simulation results for the boiler
equipped with preheating combustion devices show higher combustion efficiency and
lower NOy emissions, providing references for the efficient operation of coal-fired boilers
under low loads.

2. Methodology
2.1. Retrofit Scheme and Boiler Description

Our previous work established a full-scale preheating combustion device and con-
ducted experimental investigations. The details of the device, including the configuration,
experimental procedures, and results, are provided in the literature [20]. Preheating com-
bustion is a technology that enhances combustion performance by preheating the fuel
in advance at a SR of less than 1. Figure 1 illustrates the operational principle of the
preheating combustion technology. The char particle size decreases through pulverized
coal’s devolatilization and gasification reactions, and part of the fuel shifts from solid to
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gaseous states. Compared to the original pulverized coal stream, the activation energy
of the preheated product is significantly lower, and the jet intensity is greatly increased,
thus improving the combustion reaction. During the preheating stage, most fuel nitrogen
is converted into nitrogen due to the reducing atmosphere, which helps reduce nitrogen
oxide formation in subsequent combustion reactions. Therefore, preheating combustion
achieves efficient and clean combustion in coal-fired boilers. A tangentially fired boiler
was retrofitted with preheating combustion devices to address issues such as combustion
instability, low efficiency, and high pollutant emissions during low-load boiler operation.
After the retrofit, the furnace is divided into three functional sections: the burner zone,
reduction zone, and burnout zone. The NO produced in the burner zone is reduced by the
injection of preheated products in the reduction zone. Subsequently, the air injection in the
burnout zone ensures complete combustion by oxidizing residual combustibles.

- 2

~ Volatile pyrolysis .
Pulverized coal E— co Reduction
_— - — g — zone
SR<1 H: SR<1

Char gasification
~——’ Char Burner
e Y, zone

SR<1

Figure 1. Schematic diagram of preheating combustion technology.

The original boiler is a tangentially coal-fired boiler with a rated electric power of
330 MWe. The boiler’s pulverizing system consists of five medium-speed coal mills with
four in full-load operation. Figure 2a shows the location of the oblique section plane
P1. P1 is the longitudinal oblique section of the boiler used for data analysis. Figure 2b
shows the burner arrangement and construction of the retrofitted boiler. The burners are
arranged in a corner-tangential configuration, with five layers (A to E) vertically positioned
along the furnace height. A group of preheated-product nozzles is installed at a boiler
height of 23.5 m to establish the reduction zone. The burnout zone in the upper furnace
consists of 16 separated overfire air (SOFA) nozzles located between 27.3 m and 29.6 m
in furnace height. The pulverized coal nozzles and secondary air nozzles are arranged in
an alternating pattern, with the centerlines of the nozzles forming a co-rotating imaginary
circle in the furnace center. One of the advantages of preheating combustion technology is
that it uses the same pulverizing system as the original boiler, thus eliminating the need for
additional pulverized coal preparation, storage, and conveying equipment. A bypass is
installed on the pulverized coal pipe from the E-layer mill to supply coal to the preheating
combustion device.
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Figure 2. (a) Location of the plane P1; (b) Schematic of boiler construction and burner arrangement
before and after retrofit.

2.2. Cases Setup

The combustion characteristics of the boiler before and after retrofit were numerically
simulated at 50% rated load. Table 1 details the key parameters for the boiler operating
at 50% rated load. A three-lay burner configuration is typically employed at 50% load
during actual boiler operation. The case setup of different preheating coal inputs and
burner arrangements is shown in Table 2. Case 1 is the baseline for the original boiler,
used to compare its combustion performance with that of the retrofitted boiler. Cases
2-4 examine the effects of preheating coal input of 10 t/h, 20 t/h, and 30 t/h on the
combustion characteristics of the retrofitted boiler. The parameters of the products at
the outlet of the preheating combustion device are listed in Table 3. Field tests on the
preheating combustion device measured the gas—solid flow rate, gas composition, and
product temperature at the outlet in detail. The parameters of the preheating product serve
as boundary conditions for the reduction zone nozzle. The simulation results show that a
preheated fuel flow rate of 20 t/h exhibits the highest combustion efficiency and the low
NOjy emissions. Consequently, the study on the effect of burner arrangement on boiler
combustion characteristics was performed with a preheated fuel flow rate of 20 t/h. For
cases 3 and 5-7, with a preheated fuel input of 20 t/h, the influence of different burner
arrangements on the retrofit boiler’s combustion properties is analyzed.

Table 1. Operating parameters of the boiler at 50% rated load.

Item Value
Electrical load (MW) 165
Excess air ratio 1.2
Total coal flow rate (t/h) 95.2
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Table 1. Cont.

Item Value
Total air flow rate (t/h) 805.1
Primary air (PA) temperature (K) 343
Secondary air (SA) temperature (K) 567

Table 2. Simulation setup and operating parameters for different cases.

Case 1
Case Number (Original Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
Boiler)
Burners in operation ABC ABC ABC ABC ABD BCD CDE
Preheating coal input (t/h) 0 10 20 30 20 20 20
Preheating air mass-flow rate (t/h) 0 25 50 75 50 50 50
Mass flow rate of PA (t/h) 240.3 236.3 232.4 228.4 232.4 232.4 232.4
Mass flow rate of SA (t/h) 364.5 358.5 3524 346.4 352.4 352.4 352.4
Mass flow rate of SOFA (t/h) 200.3 200.3 200.3 200.3 200.3 200.3 200.3

Table 3. Experimental data at the outlet of the preheating combustion device.

Preheating Coal SR CcO CO, CHy4 H, N, Flow Rate of  Flow Rate of  Temperature
Input (t/h) (%) (%) (%) (%) (%) Char (t/h) Gas (t/h) of Gas (K)
10 042 1121 8.06 1.14 8.78 70.81 3.44 31.56 926
20 042 1176 7.73 1.33 9.12 70.06 6.81 63.19 1006
30 042 12.03 7.48 1.59 9.60 69.30 10.10 94.90 1121

The simulation uses bituminous coal with particle size following the Rosin-Rammler
distribution. Table 4 presents the relevant parameters that describe the pulverized coal.
Based on actual boiler operation data, the inlet boundary conditions for the pulverized
coal and air nozzles are set as mass flow inlets. The boiler outlet is defined as a pressure
outlet with a pressure of —50 Pa. All heating surfaces of the boiler are modeled as no-slip
wall boundary conditions. To balance calculating accuracy and efficiency;, it is acceptable to
model the platen and rear platen superheaters as walls without thickness [21]. The wall
temperatures of the platen and rear platen superheaters are 693 K and 759 K, respectively.

Table 4. Coal properties.

Ultimate Analysis Proximate Analysis e
(Dry Ash Free, wt%) (As Received, wt%) R-R Distribution
Fixed . . Spread
C H O N S Carbon Volatile Moisture Ash Amin Amean Armax parameter
757 43 181 12 0.7 38.7 24.4 25.2 11.7 6 um 69 um 230 um 1.1

2.3. Numerical Models

The turbulent flow, heat transfer, and chemical reactions during pulverized coal
combustion are modeled using Ansys Fluent 2020 R2. The conservation equations of
species transport, mass, momentum, and energy for the gas phase are expressed as below:

V-(pqu):—v-]]'-‘rR]'-i-S]' 1

V- (put) = Sma ()
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The velocity-pressure coupling is solved using the SIMPLE method. The turbulent flow
of the gas phase within the boiler is simulated using the Realizable k-epsilon model [22].
By introducing modifications to the turbulent dissipation rate (¢) equation, this model
significantly improves the prediction accuracy for complex turbulent flows. It performs
well when simulating flow with rotation, vortices, and jet diffusion [23]. The turbulence
kinetic energy (k) and the dissipation rate (¢) in the model are defined as:

d(pku;) 0 ue\ ok
aX]' = ax]' u—+ O ax]' + G + Gy — pe (5)
d(peu;) 9 ue\ oe g2 €
== — |5 - —_— —Cs:G, 6
ax]- ax]- u—+ o2 ax]- + pCSe pCzk n \/E + C1gkC3g b 6)

In Equation (6), C; = max {0.43, %} withy = S%, 5 = 25;iS;jand S;; = %(% + g—':]‘),
C2 =1.9, Cla =144 and C35 =0.
The discrete phase model (DPM) simulates particle behaviors in the continuous phase.
The motion of particles is described by the flow field of the continuous phase; in turn,
changes in the energy, momentum, and mass of the particles influence the flow field of
the continuous phase [24]. DPM achieves two-way coupling between the discrete and
continuous phases by calculating flow field parameters and particle source terms. The
simulation employs the DO model [25] to compute radiation heat transfer in the furnace
because of its high computational accuracy and wide applicability in radiative heat transfer
scenarios. The absorption coefficient of the gas phase is obtained through the weighted-
sum-of-gray-gas model (WSGGM) [26]. The scattering factor and emissivity of particles are
set to 0.6 and 0.9, respectively [27]. The finite rate/eddy dissipation model [28] calculates
the turbulent chemical reactions of the gas phase. The model generates a hypothetical
volatile compound with the molecular formula (C3 0gH19402.95N0.18450.0818) based on coal
composition when modeling volatile combustion [29]. Volatile combustion is described by
a two-step reaction mechanism, with CO as the intermediate species. The two-competing-
rate model proposed by Kobayashi [30] calculates the kinetic devolatilization rate across
different temperature ranges, with the expressions of the kinetic devolatilization rate
given as:
Ry =44 exp(*El/RTP) (7)

RZ = A2 exp(fEZ/RTP) (8)

R; and R; are competing rates that may govern the devolatilization at low and high
temperatures, respectively. The kinetic parameters are derived from similar coal properties
in the literature [31], and the activation energies E; and E, are set at 1.046 x 108 J/kmol
and 1.674 x 10® J/kmol, respectively, while the pre-exponential factors A; and A, are set
at2 x 10° s~!and 1.3 x 107 s~ L. By weighting the two kinetic rates, the expression of the
devolatilization rate is presented as:

my (t)
(1 - fzu,O)mp,O — Mg

t t
= /0 (x1Rq +szz)eXp<—/0 (R1+R2)dt>dt )
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The kinetic/diffusion-limited model [32] simulates the char combustion reaction. In
the model, gas—solid reactions are typically controlled by both combustion kinetics and
oxidant diffusion, and the expression of char combustion rate is:

dmp B 2 D()Rp

at — PeDyrR, (10

In this simulation, NOy formation is modeled using a post-processing method within
ANSYS Fluent, considering two primary pathways: fuel-NOy and thermal-NOy. The
thermal-NOy calculation follows the extended Zeldvich mechanism [33]. The formation of
thermal-NOy depends on the temperature and oxygen concentration. The atomic oxygen
concentration is derived from the partial equilibrium assumption in the model. The reaction
expressions dominating thermal-NOy generation are:

ki
0+Np = N +NO (11)

rl

N+0, =NO+0 (12)

er

kg3
N+ OH = H + NO (13)

r3

Additionally, the net generation rate of thermal-NOy is given as:

( _ kakp[NOP
d[NO] ke1[N5] kp2[O, ]
o = 2kalO][Ny] ) 1 [NOJ 14)

k[0, |+k g3 [OH]

The De Soete model [34] predicts the formation of fuel-NOy. Figure 3 illustrates the
reaction pathways involved in the generation of fuel-NOy. Fuel-bound nitrogen is mainly
found in both the char and volatile matter. During volatile-N conversion, it is initially
transformed into intermediate species such as HCN and NHjs, with about 90% released as
HCN [35]. The char-N is assumed to be oxidized into NO. The NOy reduction sub-model
activates to simulate the reducing effects of CH, and H; in preheating products on the NO
produced during pulverized coal combustion.

NO

» Volatile N —>»{ HCN NHs » N2
02
FuelN Q
CHi (<)
H
» CharN > NO

Figure 3. Detailed reaction pathways of the fuel-N.

2.4. Mesh System and Numerical Model Validation

Based on a 1:1 three-dimensional boiler model, the ICEM software is used to create
a hexahedral-dominated grid. The computational domain extends to the rear pass to
avoid uncertainties caused by outlet backflow in the in-furnace combustion process [36].
As shown in Figure 4a, the boiler’s domain mainly includes the ash hopper, the furnace
chamber, and the rear pass. Grid refinement is performed to accurately simulate flow,
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heat transfer, and combustion in high-gradient regions. To eliminate the effect of grid
size on computational accuracy, four sets of progressively refined grids are created for
grid independence validation, with grid numbers ranging from 1.9 million to 3.3 million.
Figure 4b compares cross-sectional average temperatures along the furnace height with
different grid numbers. The results indicate that, aside from the 1.9-million-cell grid, the
other three grids show negligible deviations. Considering the simulation accuracy and
computational cost, the 2.36-million-cell grid is chosen for numerical simulation.
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Figure 4. Boiler mesh and mesh independence test. (a) Right view of boiler mesh. (b) Average
temperature for mesh independence test.
The reliability of the numerical models is confirmed by comparing the calculated
values with the actual measured data of the boiler. Field measurements were conducted at
the SCR inlet to measure the O, and NOy concentrations in the flue gas. Table 5 compares
calculated and test values of the original and retrofitted boiler at full load. The calculated
results agree well with the experimental data, with a maximum relative error of 6.1%. This
confirms that the selected models are dependable for numerical simulations.
Table 5. Comparison between the experimental data and simulated data.
Item 330 MW (Original) 330 MW (Retrofitted)
Measured Simulated Error Measured  Simulated Error
Oy (%) 2.98 3.16 6.0% 2.12 2.04 3.8%
NOy (mg/m?, at 6% O,) 185.7 194.5 4.7% 126.7 121.1 4.4%
Gas temperature at the 1279 (design o
furnace outlet (K) value) 12001 6.1% / 12549 /
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3. Results and Discussion

3.1. Effect of Preheating Coal Input on Combustion Characteristics
3.1.1. Average Temperature Distribution

Figures 5 and 6 show the average temperature distribution with the preheating coal
feeding rate from 0 t/h to 30 t/h. In the original boiler, all coal burns directly in the
burner zone. After the retrofit, only part of the coal burns in the burner zone, while the
preheated products are then combusted in the reduction zone. As a result, case 1 has the
highest average furnace temperature before the burnout zone. As the preheating fuel input
increases, the average temperature in the burner zone decreases gradually. More preheating
fuel reduces coal feed rate and heat release in the burner zone. Since some fuel and air burn
in the preheating combustion device at a SR of 0.42, the SR in the burner zone rises with
the increase in preheating coal feed rate. Therefore, case 4 has the lowest coal feed rate and
the highest SR in the burner zone, leading to the lowest average temperature and unstable
combustion. The preheated products include char and reducing gases such as Hy, CHy,
and CO. When the preheated products are introduced at a furnace height of 23.5 m, their
temperature is lower than the surrounding flue gas, causing a significant temperature drop
in the reduction zone. Case 4, with the most considerable preheating fuel input, results
in the greatest heat release and the highest average temperature in the reduction zone.
In the burnout zone, the retrofitted boiler shows a notable temperature increase due to
the preheated products, indicating that the reactive preheated products achieve complete
combustion in this region.
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Figure 5. Cross-sectional average temperature in the furnace under different preheating coal input.

According to the temperature contours in Figure 6, as the preheating coal input
increases, the high-temperature zone inside the furnace shifts noticeably upward, and the
temperature distribution becomes more uniform. In case 4, which has the lowest coal feed
rate and an SR value of 1.13 in the burner zone, the ignition heat of the pulverized coal
stream increases. This leads to an ignition delay of pulverized coal in the burner zone, and
the temperature is significantly lower than in other cases.
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Figure 6. Temperature contours in the P1 plane under different preheating coal input.

3.1.2. Average O; and NOy Concentration Distribution

Figure 7a illustrates the effects of different preheating coal inputs on O, distribution
inside the furnace. As the preheating coal input increases, the oxygen concentration in
the burner zone gradually rises. The use of preheating combustion devices influences the
distribution of fuel and air in the boiler. The local mean stoichiometric ratio (LMSR) is
introduced to analyze oxygen distribution in the retrofitted boiler. LMSR [3] is defined
as the ratio of the actual air flow rate to the theoretical air flow rate in a given area. For
cases 1-4, the LMSRs before the burnout zone are 0.9. As part of the fuel and air burn
in the reduction zone, the LMSRs in the burner zone of the retrofitted boiler increase.
Specifically, the LMSRs for cases 14 are 0.9, 0.95, 1.03, and 1.13, respectively. With higher
preheating coal input, the SR in the burner zone increases significantly, while the coal
feed rate decreases gradually. This indicates that lower combustion temperatures slow
the combustion reaction rate, leading to higher oxygen concentrations. Due to reactions
between preheated products and air in the burnout zone, the oxygen concentration in case
1 is much higher than in cases 2—4. For cases 2—4, increasing the preheated fuel flow rate
speeds up the oxygen reaction rate in the burnout zone.

Figure 7b illustrates the effects of different preheating coal inputs on the NOy con-
centration in the furnace. The formation of NOx mainly depends on the combustion
temperature and O, concentration. As shown in Figure 4, the NOy levels in cases 2—4 are
higher than in case 1 before the burnout zone. The average temperature in the burner
zone of the retrofitted boiler is lower than that of the original boiler, which helps reduce
thermal NOy formation. However, increasing the flow rate of preheating coal causes a
significant rise in the SR of the burner zone, leading to higher fuel NOy formation. Fuel
NOy typically accounts for over 90% of the total NOx produced in the furnace. Therefore,
the NOy levels in cases 2—4 before the burnout zone are much higher than in case 1. NOy
concentration drops sharply in the reduction zone for the original boiler, showing that air
staging effectively limits NOy formation. Due to the reduction effects of reducing gases
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Mole fraction of O, (%)

and char in the preheated products on NOy, the NOy concentration in the retrofitted boiler

decreases rapidly in the reduction zone. As a result, the NOx reduction rate increases with

the increase in the feed rate of preheating fuel.

—q'— Case 1
—&— Case 2
—A— Case 3
—v— Case 4

500

N
(=3
(=]

NO, (mg/m*@6% 0,)
(U%)
(=]
(=)

33
(=3
(=]

+

—e—

—A—
v

Case |
Case 2
Case 3
Case 4

Bumner | Reduct & Burnout 100 Burner Reduction Burnout
| i Z Z Zone !

. fore | Zong | Zone . . P - . a
10 15 20 25 30 35 40 5 10 15 20 25 30 35
Height (m) Height (m)

(a) (b)

Figure 7. Cross-sectional average species concentration in the furnace under different preheating coal

input (a) O, concentration; (b) NOy concentration.

3.1.3. Combustion Efficiency and NOy Emissions

Figure 8 compares combustion efficiency and NOy concentration at the furnace outlet

under different preheating fuel inputs. The following equation calculates the combustion

efficiency [37]:

e = [100 — g3 — q4]%
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Figure 8. Combustion efficiency and NOy concentration at the furnace outlet under different preheat-

ing coal input.

The heat losses from unburned gas and carbon g3 and g4 are expressed:

Vey x 123.36CO
B=——g
Qar,net
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x 100%
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G 33727A4
q4 = X
1-— Cf Qnet,ar

where Vgy is the volume of outlet flue gas, Nm3/ kg, Qnet,ar is the low heating value, kJ /kg,

x 100% (17)

CO means volumetric fraction of carbon monoxide in flue gas, and Cy is the combustible
percentage of fly ash, %.

Increasing the preheating coal input intensifies the reaction between the reducing
gas from preheated products and NOy, promoting NOy reduction in the reduction zone.
The experimental data in Table 3 also indicate that increasing the preheating fuel input
significantly raises the product temperature, which enhances the NO reduction reaction
rate. As a result, the NOy concentration at the furnace outlet decreases as the preheated
fuel input increases.

Compared to the original boiler, the combustion efficiency of the retrofitted boiler is
improved. According to the analysis in Section 3.1, preheating combustion increases coal
burnout rate by raising the SR in the burner zone. Additionally, the preheated products
include char and reducing gases (CO, Hp, and CHy). After devolatilization and gasification,
the char’s smaller particle size and larger specific surface area improve its reactivity. Fur-
thermore, the reducing gases react with oxygen to ensure complete combustion. Therefore,
increasing the preheating coal input in the preheating combustion device effectively im-
proves combustion efficiency. However, in case 4, the highest preheating coal input causes
the SR of the burner zone to reach 1.13, leading to unstable combustion. Consequently, the
ignition delay causes the high-temperature zone to shift upward excessively and reduces
the residence time of flue gas inside the furnace, ultimately decreasing boiler combustion
efficiency. Based on the analysis above, case 3, with a preheating coal input of 20 t/h, is
recommended due to its optimal combustion performance and low NOy concentration.

3.2. Effect of Burner Arrangement on Combustion Characteristics
3.2.1. Average Temperature Distribution

Figures 9 and 10 illustrate the impact of the burner arrangement on the average
temperature variation inside the furnace and the temperature contours of the P-1 plane,
respectively. The burner arrangement significantly influences the temperature distribution
within the furnace. As the height of the operating burners increases, the high-temperature
zone shifts noticeably upward. According to Figure 10, case 3 demonstrates a symmetrical
and uniform temperature distribution near the burner, suggesting stable ignition of pulver-
ized coal under this scenario. Cases 3 and 5 use A and B layer burners, but case 5 exhibits
a significantly lower average temperature at the bottom of the burner zone than case 3.
Furthermore, the temperature contour indicates that case 5 has an uneven temperature
distribution in the bottom burner zone, indicating delayed ignition and incomplete com-
bustion during the initial combustion stage. From the comparison of average temperatures,
it is evident that cases 6 and 7 display similar temperature variation trends in the furnace.
Due to differences in burner height, case 7 shows higher temperatures in the upper furnace
compared to case 6, while case 6 demonstrates a more uniform temperature distribution
throughout the furnace chamber. As burner height rises, the residence time in the burner
zone decreases, causing unburned carbon to react exothermically with residual oxygen
in the reduction zone. Consequently, except for case 3, the flue gas temperature with
preheated products significantly increases in the reduction zone under the other burner
arrangements. In the burnout zone, the flue gas temperature drops rapidly after mixing
with burnout air. The combustibles in the flue gas then react with excess oxygen to ensure
complete combustion. Case 7 uses the top burner arrangement CDE, which results in
the shortest residence time and a poor burnout rate in the burner zone. Case 7 shows
the highest concentration of unburned combustibles and the greatest heat release in the

92



Energies 2025, 18, 5042

burnout zone. As a result, its temperature in this zone is considerably higher than that of
the other cases.
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Figure 9. Cross-sectional average temperature in the furnace under different burner arrangements.
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Figure 10. Temperature contours in the P1 plane under different burner arrangements.

3.2.2. Average O, and NOy Concentration Distribution

Figure 11a shows the cross-sectional average O, variation under different burner
arrangements. The oxygen distribution reflects the combustion behavior inside the furnace.
According to Figure 10, ignition delay occurs at the outlet of the AB layer burners in case
5, leading to a low oxygen consumption rate. As a result, the oxygen concentration is
highest at the bottom of the burner zone. The large spacing between the B and D layer
burners causes the vertically adjacent burners to operate more independently, hindering
the pulverized coal stream’s mixing and heat exchange. Therefore, case 5 maintains a high
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O, concentration throughout the furnace, indicating a poor burnout rate. Although the
flame center in case 7 is located above that of case 5, its more compact burner arrangement
results in more stable combustion and a more uniform temperature distribution in the
furnace. In the reduction zone, after the preheated products are injected at a furnace height
of 23.5 m, the oxygen reaction rate increases in all cases due to reactions between highly
reactive reducing gases and coke with excess oxygen. In the burnout zone, a lower content
of combustibles in the flue gas leads to a much higher air mixing rate than the reaction rate,
causing a rapid rise in oxygen concentration. Subsequently, continuous combustion of the
combustibles causes a quick decrease in oxygen concentration.
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Figure 11. Cross-sectional average species concentration in the furnace under burner arrangements
(a) O, concentration; (b) NOy concentration.

Figure 11b illustrates the impact of burner arrangement on the average NOy concentra-
tions in the furnace. Using a three-layer burner arrangement in all cases results in similar
NOx variation trends. NOy formation depends on the air staging degree, temperature, and
species distribution during combustion. The top three-layer burner in case 7 reduces the
distance to the burnout zone and decreases the air staging degree, which increases NOy
formation. Additionally, the high oxygen level in the reduction zone of case 7 prevents the
reduction of NOy by preheated products. As a result, case 7 shows a higher average NOy
level than the other cases. Conversely, the lower burner arrangements in cases 3 and 6,
which promote a more uniform temperature distribution, lead to lower average NOx con-
centration in the furnace. In the reduction zone, oxygen is largely consumed across all cases,
significantly weakening the oxidizing atmosphere. Moreover, H, and CHj in the preheated
products improve the reducing atmosphere, enhancing NOy reduction. Consequently,
NOy concentrations drop rapidly in the reduction zone for all cases. Case 7 exhibits the
highest unburned combustible content in the burnout zone, causing sustained combustion
and higher NOy levels. Based on this analysis, implementing the ABC or BCD burner
arrangements can help reduce NOy formation inside the furnace at 50% rated load.

3.2.3. Combustion Efficiency and NOy Emissions

Figure 12 compares boiler combustion efficiency and NOy concentration at the fur-
nace outlet under different burner arrangements. At 50% rated load, all cases maintain
combustion efficiency above 96%. Since case 7 uses the top burner arrangement CDE, it
has the shortest in-furnace residence time, leading to the lowest combustion efficiency.
However, combustion efficiency is not solely determined by the burner height and position.
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Although the ABD configuration adopts the bottom two layers of burners A and B, the
excessive spacing between burners B and D weakens their interaction. This causes ignition
delays at burners A and B, resulting in lower combustion efficiency in case 5. Compared to
case 3, case 6 has a shorter residence time for pulverized coal in the furnace; however, it
decreases heat loss at the bottom of the burners, which improves ignition of pulverized
coal during the initial combustion stage. Additionally, the appropriate spacing between
C and D layer burners helps improve combustion stability [38]. Therefore, case 5 shows
better combustion stability and maintains a consistent high-temperature zone, achieving
optimal combustion efficiency.

180 . . . . . . : 98
NO, (mg/m®)
Combustion efficiency (%)

160 S
97 &
T 5
5 2
an

E 140 S
9 8
S g
2
96 &
]
120 ©

100 95

Case 3 Case 5 Case 6 Case 7

Figure 12. Combustion efficiency and NOy concentration at the furnace outlet under different burner
arrangements.

The NOy concentration at the furnace outlet increases as the burner height rises.
Increasing the burner height reduces the residence time in the burner zone, which raises
the oxygen concentration in the flue gas within the reduction zone. This weakens the
reducing atmosphere in that zone and inhibits the reduction of NOx by preheated products.
Additionally, using top-layer burners diminishes the effect of air staging in reducing NOy
formation, leading to the highest NO, concentration in case 7. However, NOy formation
is also affected by the vertical spacing between burners. Although case 5 utilizes bottom
AB-layer burners, the excessive vertical spacing between adjacent B and D layer burners
causes unstable combustion, resulting in locally elevated oxygen levels and increased NO,.
Based on the above analysis, the top E-layer burners should be avoided, and appropriate
vertical spacing between burners should be maintained to ensure efficient and clean boiler
combustion at 50% rated load. Therefore, the burner arrangements in the bottom three
layers (ABC) and the middle three layers (BCD) are considered reasonable.

4. Conclusions

(1) At 50% rated load, implementing preheating combustion devices in a 330 MW
coal-fired boiler improves combustion efficiency and reduces NO emissions. Compared to
the original boiler, the combustion efficiency of the retrofitted boiler increases from 96.3%
to a maximum of 97.6%, while the NOy concentration at the furnace outlet decreases from
168.1 to 93.2 mg/Nm? (at 6% O,).

(2) As preheating coal input increases from 0 to 30 t/h, NOy emissions decrease by
44.6% due to suppression of NOy formation by preheated products. When the preheating
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coal input is 20 t/h, the boiler’s combustion efficiency reaches 96.89%. A preheating coal
input of 30 t/h can cause unstable combustion in the burner zone.

(3) As the height of the burner arrangement increases, NOy emissions gradually
rise from 122.4 to 171.3 mg/Nm?>. The BCD-layer burner arrangement exhibits uniform
temperature distribution in the furnace, with the highest combustion efficiency of 97.6%.
Bottom and middle three-layer burner arrangements are recommended to ensure efficient
and clean combustion.
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Nomenclature

Aq Pre-exponential factors of devolatilization at low temperature )
Ay Pre-exponential factors of devolatilization at high temperature (s~1)
Eq Activation energy of devolatilization at low temperature (J/kmol)
E; Activation energy of devolatilization at high temperature (J/kmol)
dp Diameter of particle (m)

Dy Diffusion rate coefficient (m?/s)

fwo Initial mass fraction of moisture in the coal particle

h Gas enthalpy (J/kg)

hj Enthalpy of species j (J/kg)

g Vector of gravitational acceleration (m2/s)
Gp Turbulence kinetic energy generated by buoyancy (kg/ (m-s%))
Gk Turbulence kinetic energy generated by the mean velocity gradients (kg/(m-s®))

Jj Diffusion flux of species j (kg/ (m?-s))

ke; Rate constants for forward reactions of thermal NO formation (i = 1, 2, 3) (m3/ (gmol-s))
ke Rate constants for reverse reactions of thermal NO formation (i =1, 2, 3) (m>/ (gmol-s))
My Ash content in the coal particle (kg)

mp Coal particle mass (kg)

mppo  Initial mass of particle (kg)
my(t)  Volatile yield over time (kg)

Pox Partial pressure of oxidant around char (Pa)
q Heat flux vector (W/m?)

R Universal gas constant (J/(kmol-K))

Rj Net production rate of species j by chemical reactions (kg/(m?3-s))
Rp Kinetic rate at particle surface (s~1)

Su Source term for energy (W/m?)

S Source term for mass of species j (kg/(m>-s))
Sia Source term for mass (kg/(m?>-s))

Sio Source term for momentum (kg/ (m?-s2))

u Velocity vector of gas phase (m/s)

Y; Mass fraction of species j
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Abbreviations

CCOFA Close-coupled overfire air
SOFA Separated overfire air

PA Primary air

SA Secondary air

SR Stoichiometric ratio
Greek Symbols

0 Gas density (kg/m?)

o, Ko Yield factors

T Stress tensor (kg/ m? s2)
Ny Combustion efficiency (%)
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Abstract

Partial shading in photovoltaic (PV) systems causes multiple local maximum power points
(LMPPs), complicating tracking and reducing energy efficiency. Conventional maximum
power point tracking (MPPT) methods, such as Perturb and Observe (P&O), often fail
because of oscillations and entrapment at local maxima. To address these shortcomings,
this study proposes a hybrid MPPT strategy combining artificial neural networks (ANN5s)
and the P&O algorithm to enhance tracking accuracy under partial shading while main-
taining implementation simplicity. The research employs a detailed PV cell model in
MATLAB/Simulink (2019b) that incorporates dynamic shading to simulate non-uniform
irradiance. Within this framework, an ANN trained with the Levenberg—-Marquardt algo-
rithm predicts global maximum power points (GMPPs) from voltage and irradiance data,
guiding and accelerating subsequent P&O operation. In the hybrid system, the ANN pre-
dicts the maximum power points (MPPs) to provide initial estimates, after which the P&O
fine-tunes the duty cycle optimization in a DC-DC converter. The proposed hybrid ANN-
P&O MPPT method achieved relative improvements of 15.6-49% in tracking efficiency,
16-20% in stability, and 14-54% in convergence speed compared with standalone P&O, de-
pending on the irradiance scenario. This research highlights the potential of ANN-enhanced
MPPT systems to maximize energy harvest in PV systems facing shading variability.

Keywords: photovoltaic systems; partial shading; maximum power point tracking; artificial
neural networks; dynamic shading adaptation

1. Introduction

PV solar energy is a consolidating strategy for meeting the growing global energy
demand and mitigating greenhouse gas emissions due to technology maturation, scala-
bility of installations, economic viability, and abundance of the solar resource. Despite
the installation and maintenance costs, PV systems often lead to significant savings on
electricity bills over time. However, specific technical challenges must be addressed to
maximize performance and efficiency. Partial shading is one of the most critical issues
affecting PV conversion efficiency, causing hot spots which increase the risk of damage,
and reducing the installation lifecycle [1].
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Because solar panels have low conversion efficiency, the PV system must run at peak
performance. Every temperature or irradiance change alters the current-voltage (I-V) and
power—voltage (P-V) cell characteristics, requiring a new operating point. MPPT techniques
addpress this need in most PV systems [2]. Under uniform irradiance, the P-V curve of a PV
array shows a clear maximum power point. For situations with non-uniform irradiance,
such as partial shading, the P-V curve has multiple local peaks where only one is the GMPP.
MPPT designs require capturing all available power under any condition [3].

Partial shading in PV systems generates multiple LMPPs in the system'’s characteristic
curve, making it challenging to locate the GMPP and reducing overall efficiency [4]. Partial
shading produces cells with low energy output that affect the rest of the PV cells in the array,
limiting total energy production. Shading can be classified as static or dynamic, depending
on the nature and behavior of objects causing obstruction and environmental conditions.
Static shading occurs when permanent objects, such as buildings, walls, chimneys, or other
fixed structures, block sunlight at certain times of the day based on the sun’s position. This
type of shading is typically predictable. It can often be mitigated at the design stage by
optimizing the orientation and placement of PV panels. Dynamic shading is caused by
moving or temporary objects such as clouds, tree foliage, birds, or nearby vehicles. These
intermittently block sunlight and introduce unpredictable fluctuations in solar irradiance.
Dynamic shading is more complex to anticipate and manage, often resulting in rapidly
changing operating conditions for the PV system. Both shading types should be considered
in system design and in developing MPPT algorithms to ensure optimal PV power output
and performance under varying conditions [5].

A recent study [6] analyzes the role of bypass diodes in PV modules under partial
shading. When part of a PV module is shaded, the bypass diode conducts to keep the
shaded cell from becoming reverse-biased and prevent hotspots and damage. This changes
the current-voltage (I-V) and power-voltage (P-V) behavior, introducing multiple LMPPs
and a GMPP. This causes a step-like current shape in the I-V curve and several peaks in the
P-V curve, as shown in Figures 1 and 2. These peaks complicate MPPT and may reduce
energy harvesting. Removing the bypass diode could eliminate these peaks and simplify
the P-V curve, but the study shows this would cause significant power losses and a higher
risk of damage from hotspots. Bypass diodes are therefore essential for protecting PV
modules and maintaining efficiency under shading.
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Figure 1. Characteristic of the I-V curve for: (a) uniform irradiance and (b) partial shading.
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Figure 2. Characteristic of the P-V curve for: (a) uniform irradiance and (b) partial shading.

The most significant effect of partial shading is the mismatch between the array’s
maximum power point (MPP) and the MPPs of each module, which reduces system
performance due to power losses. Bypass diodes further cause losses due to their forward
conduction resistance. Partial shading causes reverse currents, converting the shaded cells
into loads, which reduces power generation and increases thermal losses. It could also
drive the MPP tracker to operate at local maximum values, increasing power losses [7,8].
These current mismatches cause localized cell heating and increase damage risk, raising
maintenance costs.

MPPT techniques are fundamental to maintaining the effective operation of PV sys-
tems, as they allow panels to consistently operate at their peak power under diverse
environmental conditions, ensuring system competitiveness and reliability [9]. Within
this context, ref. [9] provides a comprehensive review of classical, intelligent, optimal,
and hybrid MPPT methods, highlighting their strengths and limitations with respect to
efficiency, tracking speed, and implementation complexity. Complementing this, a com-
parative study presented in [10] analyzes the two most widely used classical methods,
Perturb and Observe (P&O) and Incremental Conductance (IC). While these algorithms
are valued for their simplicity and low implementation cost, their effectiveness diminishes
under partial shading or rapidly changing irradiance, where they often misidentify local
operating points, leading to reduced stability and efficiency. Together, these contributions
underscore the need for advanced and hybrid approaches, such as the ANN-P&O method
proposed in this work, which aim to overcome the shortcomings of classical techniques in
dynamic environments.

Optimization techniques for MPPT implement advanced algorithms such as swarm
intelligence (e.g., Particle Swarm Optimization and Grey Wolf Optimization), bio-inspired
methods (e.g., Ant Colony Optimization, Artificial Bee Colony, Cuckoo Search, and Firefly
Algorithm), and hybrid approaches (e.g., GWO-P&O and PSO-P&O) to accurately track
the GMPP under partial shading and rapidly varying environmental conditions. These
methods outperform conventional techniques like P&O or Incremental Conductance (IC)
by effectively avoiding local maxima, reducing steady-state oscillations, and improving
both tracking speed and efficiency. However, they often require greater computational
resources and involve more complex implementation due to their sophisticated nature [11].
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Computational intelligence techniques provide effective solutions for MPPT in PV sys-
tems under partial shading, where traditional methods often face limitations. Approaches
based on artificial intelligence and machine learning—such as neural networks, fuzzy
logic, genetic algorithms (GAs), and adaptive neuro-fuzzy inference systems—can adapt
to complex shading patterns and rapidly changing irradiance and temperature, offering
high efficiency and reduced variability even without requiring detailed mathematical mod-
els [12,13]. A comprehensive review in [14] highlights the wide range of Al applications in
PV systems, including GMPP tracking, energy forecasting, parameter identification, and
fault detection. Nonetheless, these intelligent methods also introduce challenges, as their
implementation can be complex, computationally demanding, and costly, which motivates
the exploration of hybrid strategies that balance performance with practical feasibility.

Hybrid MPPT techniques combine multiple methods to use their strengths and mini-
mize weaknesses. For example, conventional and intelligent methods can be integrated to
improve accuracy and response speed in different operating conditions. Hybrid systems
are especially useful in PV installations affected by partial shading. They adapt in real time
to locate and maintain the GMPP more effectively [15].

Artificial intelligence (AI) has become a central focus in PV systems, especially for
addressing partial shading conditions. Conventional MPPT methods often struggle to
identify the GMPP. To address this challenge, recent works have investigated Al-based
strategies such as PSO [16] and general Al techniques for dynamic tracking [17]. Notably,
these studies reflect the growing interest in intelligent and hybrid approaches. Reviews
highlight the effectiveness of ANN and fuzzy logic in handling complex scenarios [18], and
adaptive fuzzy logic controllers have also been validated experimentally [19]. Building
on this foundation, hybrid schemes that integrate ANN with metaheuristics or fuzzy
logic further improve tracking robustness [20]. Additionally, practical implementations in
microcontrollers confirm real-time feasibility [21]. Other contributions involve combining
ANN with Hill-Climbing [22] or adaptive P&O, which achieves 100% efficiency under
shading [23]. Broader reviews further emphasize the advantages of ANN-metaheuristic
hybrids [24].

Building on these advances, recent studies extend the field to predictive and adaptive
frameworks. For instance, hybrid AI models combining physics-informed neural net-
works and reinforcement learning optimize real-time panel orientation and forecasting [25].
Dual-mode algorithms using radial basis ANNs with L5TM prediction enable automatic
switching between normal and shaded conditions, improving accuracy and robustness [26].
In addition, Genetic Algorithm (GA)-based MPPT methods effectively explore large solu-
tion spaces under shading and irradiance changes, although they remain computationally
intensive and parameter-dependent [27]. Collectively, these works demonstrate the rele-
vance of intelligent and hybrid MPPT strategies, providing context for positioning new
contributions, such as the hybrid ANN-P&O approach developed in this study.

2. Materials and Methods

The simulation of the mathematical model of a PV cell in MATLAB/Simulink (2019b)
allows for the representation of cell behavior under different environmental conditions,
facilitating maximum power point analysis and real-time optimization of the PV system.

2.1. Mathematical Model Construction of a PV Cell Considering Different Shading Patterns

Accurate modeling of PV systems is essential for evaluating the performance of MPPT
algorithms, especially under partial shading conditions where nonlinearities are more
pronounced. This work focuses on establishing a validated and consistent simulation
environment, rather than proposing a novel PV model or converter topology. The aim is to
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construct a reliable PV cell model based on the single-diode equivalent circuit, providing

a scientifically sound platform for assessing the proposed ANN-P&O algorithm under con-

trolled and repeatable conditions. To achieve this, parameter extraction, model validation,

and integration with a boost converter are systematically developed and described in the

following subsections.

1.

Parameter detection for the PV model.

The PV array was modeled using the single-diode equivalent circuit.

The parameters (Ijy, o, Rs, Ry, A) were extracted from the manufacturer’s
datasheet of the selected PV module by solving the nonlinear system defined
by the open-circuit voltage Vp., short-circuit current I, maximum power point
(Vmpp, Impp), and temperature coefficients.

A Levenberg-Marquardt fitting procedure was applied to minimize the error
between the PV model’s simulated and datasheet I-V curves, ensuring accurate
parameter detection. Subsequently, validation of the PV model was performed.

Validation of the PV model.

The obtained parameters were validated in simulation by comparing the simu-
lated I-V and P-V curves with the datasheet curves at standard test conditions
(STCs) and under partial irradiance.

The fitting error remained below 1% at STC and 3% under non-uniform irradi-
ance, confirming the model’s fidelity.

Following the validation of the PV model, the next key component is the boost

converter model.

A conventional boost topology was used, representing the standard interface for
MPPT algorithms.

The passive components (inductor and capacitor) and switching frequency
were sized according to design guidelines to ensure continuous conduction
mode (CCM).

The converter was validated by comparing its simulated step response and
steady-state conversion ratio with analytical values, ensuring an agreement
within a 2% deviation.

After establishing the PV and boost converter models, the overall purpose of the

simulation model is clarified.

The role of the simulation model is not to propose a new converter or PV model,
but to provide a robust, validated simulation platform for testing and bench-
marking the proposed ANN-P&O algorithm under controlled and repeatable
conditions, including dynamic partial shading scenarios.

Figure 3 presents the equivalent electrical circuit of a PV cell. This circuit consists of

a current source, I, representing the current generated by solar radiation, a diode, and

two resistances, i.e., R in series and Ry, in parallel. Rs represents the losses caused by

contacts and connections. In contrast, Ry, represents the leakage current of the diode and

Vo is the output voltage of the cell [15].
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Figure 3. Single diode model of a PV cell.

By applying Kirchhoff’s voltage and current law to the circuit in Figure 3, the current
generated (Ipp) by the cell can be determined [15], as

Iyo = Ipp — g — Lsp )

where Iy, represents the current losses in the parallel resistance, I; is the diode current, and
I,p, is the photogenerated current.

PV panels have an MPP on the power versus voltage curve depending on irradi-
ance value. This variability requires an algorithm that adjusts V), to maximize the cap-
tured power. The efficiency of the MPPT system is fundamental in the control design
for the optimal operation of PV generation systems despite variations in irradiance and
temperature [28].

The current generated by the PV cell (I,,) is described as

Iyo = Nyl = Nyl | el 7 ) -1 @)

where Iph is the photocurrent, I, is the reverse saturation current of the diode, g is the
electron charge (1.6 x 1071? C), K is the Boltzmann constant (1.38 x 10723 J/K), T, is the
operating temperature of the cell, and A is the ideality factor of the diode. This last
factor differentiates the behavior between silicon and germanium cells, depending on the
manufacturing technology of the cell, and reflects how closely the photodiode behaves to
an ideal diode. The resistance R, reflects the losses due to contacts and connections, and
the coefficients N, representing the number of modules in parallel, and N, representing
the number of cells in series [29].

Shading of an individual cell within a series-connected string can substantially de-
crease the performance of a PV panel. Because current remains constant throughout the
string, a single shaded cell limits the total current, thereby reducing the energy output
of the entire panel. The classification of irradiance in a PV array under partial shading
conditions is determined by how shadows impact specific cells or modules. Irradiance
levels may vary considerably due to shadows cast by objects, clouds or adjacent structures.

Using block diagrams based on (1)—(2), a Simulink model is used to simulate voltage,
current, and power data required for neural network training and to represent the con-
figuration of solar cells within the panel. The simulation utilizes the Upsolar UP-M155M
solar panel, which consists of 72 cells and has a 150 W output. The model allows us to
adjust parameters such as temperature, cell count, and irradiation levels to replicate partial
shading by altering irradiation on designated panel sections. Control switches are included
to activate bypass diodes when shading decreases the efficiency of specific panel areas.

Different shading scenarios were tested, simulating dynamic irradiance input (G) at
set intervals to simulate shadows on panel sections cast by passing clouds over the PV array.
The scenarios included variations in irradiance levels, from fully illuminated modules (1000
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W/m?) to partially shaded modules (330 W/m?, 470 W/m? and 665 W/m?) and fully
shaded modules (160 W/m?) [30]. For this, a PV panel with six series-connected arrays of
12 cells each, totaling 72 cells, is considered, and different irradiance values are applied to
each section of the panels.

Figure 4 shows the simulation model structure, presenting a PV system diagram in
Simulink with the following components:
e  Temperature (T) and irradiance (G) inputs modify the operating conditions of the
PV cell.

e  ThePV cell outputs current (I) and voltage (V) to plot the system’s characteristic curves.
e Thel-Vand P-V curves monitor cell behavior in response to irradiance and temperature.

Figure 4. Block diagram of the PV system model in Simulink.

This model helps design partial shading scenarios, such as grouping cells into sections
of 12 within a total of 72 cells. P-V curves are generated in real time in these scenarios as
irradiance conditions change as shown in Figure 5. P-V curves are crucial for identifying
the MPP, particularly under partial shading conditions where multiple peaks may occur.
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Figure 5. P-V curves generated by the PV model.
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2.2. Desing of the Neural Network to Predict the MPP in the System

The predictive model for PV power using a neural network includes three steps: data
collection and preprocessing, building and training the neural network, and model evalua-
tion. This process enables the prediction of power generation under various conditions,
facilitating the management and optimization of PV systems [31].

Feedforward networks become particularly relevant after constructing a predictive
model for PV power. These neural networks organize neurons into interconnected layers,
enabling them to solve complex problems and model nonlinear relationships. During
training, forward propagation (to generate outputs) and backward propagation (to adjust
weights via error backpropagation) are repeated multiple times, optimizing the weights to
minimize errors in the training data. Once trained, the MLP is evaluated with new, unseen
data to test its generalization ability, ensuring it can process inputs different from those
encountered during training.

The predictive model used a multilayer perceptron (MLP) trained with the Levenberg-
Marquardt algorithm (LMA) structure is:

e  The model inputs are normalized voltage and irradiance values from PV array simula-
tions under partial shading.

e  Target output for the model is the normalized output power.

e  Regarding the network structure, the input layer includes voltage and irradiance profile.

o  Pollowing the input layer are two hidden layers, each consisting of 10 fully
connected neurons.
o The output layer then comprises one neuron, which predicts power.

e  As for activation functions, the hidden layers utilize a sigmoid activation function.
o Meanwhile, the output layer uses a linear function.

The neural network was trained on simulated data generated under varying shading
conditions, allowing it to predict and regulate the system’s output at the GMPP. Train-
ing was performed using the Levenberg—-Marquardt Algorithm (LMA), which combines
Newton’s method with gradient descent to ensure fast and stable convergence. Through
iterative weight adjustment, the network minimizes the error between predicted and actual
power, effectively capturing the nonlinear characteristics of P-V curves. The training in-
puts consisted of voltage and irradiance from different module sections, while the desired
output as the corresponding power at the GMPP, enabling the model to learn representa-
tive shading patterns and improve its accuracy in real-time MPPT applications. Figure 6
illustrates the structure of the artificial neural network used in the simulation.

To ensure the accuracy of the estimator, a training and validation process is carried out:

e  First, simulation data is generated for multiple irradiance scenarios, representing
different levels of partial shading. Specific training settings included a maximum
of 1000 epochs. Performance was evaluated using the Mean Squared Error (MSE),
with the best validation performance achieved at epoch 1000 (MSE = 3.91 x 1073).
To encourage generalization, early stopping with validation checks (patience = 6)
was implemented.

e Datais divided into training and validation subsets to prevent overfitting and ensure
the neural network generalizes well under different shading conditions.

e  Finally, the error between the estimated MPP and the actual MPP (obtained by sim-
ulation) is calculated for each condition. A low error indicates good accuracy in the
estimation. Figure 7 shows the correlation between the training, validation, and testing
error data.
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A slope near 1 and clustered points around the regression line show a highly accurate
model and strong agreement between actual and predicted values. The high correlation
coefficient (R = 0.99051) confirms that the neural network performed exceptionally well
on the training, validation, and testing datasets, effectively learning the input-output
relationship. Following training, the next step is to implement the model in the PV system
for MPPT and the necessary code to embed it in the system controller.

2.3. Intelligent Control Algorithm for the MPPT

For the P&O algorithm, when the PV system’s operating voltage shifts in a given
direction and the generated power rises, the operating point nears MPP. In this case, the
voltage should be adjusted in the same direction. If the power falls, the operating point
shifts away from the MPP, and voltage must then be adjusted in the opposite direction to
reapproach the MPP.

The proposed algorithm builds on the MPPT P&O method. It is enhanced by a neural
network-derived search point which predicts maximum power (Pprev) and its associated
voltage (Vprev). This streamlines efficiency by starting near the estimated MPP. After that,
the P&O algorithm adjusts the voltage to pinpoint the MPP precisely. It makes incremental
perturbations and monitors changes in generated power. The operation is adapted to align
with the neural network’s predicted maximum power point.

The proposed algorithm is based on a key premise: having a more precise knowledge
of the solar panel’s power-voltage (P-V) curve enables MPPT systems to operate more
efficiently. Figure 8 illustrates the algorithm. It integrates the P&O method with neural
network-generated values.

The algorithm simulation is performed in MATLAB, as shown in Figure 9, which
includes an MPPT controller block. This block provides a control signal to adjust the PWM
duty cycle, ensuring continuous MPPT operation. Within the controller, the P&O algorithm
receives voltage and current data from the solar panel array and neural network, then
generates a reference voltage to adjust the PWM duty cycle. A feedback control loop on the
right side of the MPPT block produces a PWM signal for the DC-DC converter, regulating
the panel’s output power to maintain the system at its maximum power point. The control
system consists of:

e  PVarray input: The intelligent control system uses an artificial neural network. This
neural network was trained to predict the MPP under different environmental and
operational conditions. This approach improves the system’s efficiency and dynamic
response compared to conventional control methods. The first block, ‘NeuralNetwork-
Function’, receives the PV array’s voltage and irradiance as inputs. It generates an
output that predicts the maximum power. The output also determines the optimal
operating point and the voltage at which maximum power is produced.

e  Delay blocks (1/z): These blocks store previous values of variables. These include
array voltage, array current, and array power. The stored values are required for
computing differences in the P&O algorithm.

e  P&O algorithm: This model operates in conjunction with a PWM generator to adjust
the DC-DC converter’s duty cycle. As a result, power regulation is effective. In the
‘PO’ block, the P&O algorithm uses previous voltage, power, and duty ratio values. It
calculates the new duty cycle and adjusts the PV array’s operating point.

e  PWM generation: The resulting duty signal D is sent to a PWM generator that modu-
lates the pulse width. It controls the power converter’s switch in the power section of
the system.
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e  DC-DC boost converter: In this power circuit, the PWM controls the voltage and
current of the PV array and regulates the converter’s switch to keep the system at its

maximum power point.
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Figure 8. Flowchart of the proposed MPPT algorithm.
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Figure 9. Simulation model of intelligent control.

2.4. Selection of Perturbation Period and Perturbation Magnitude in P&O

In the P&O algorithm, tracking efficiency and system stability strongly depend on
two critical parameters:

1. the perturbation period (Tpert), and
2. the perturbation magnitude (AV).

An inappropriate choice of these parameters may lead to excessive oscillations around
the MPP, considerable power losses, or even instability. Therefore, a scientifically sound
and quantitative selection criterion is required.

2.4.1. Perturbation Period Selection

The perturbation period must be larger than the dominant time constant T of the
DC-DC converter and its control loop, so the PV power settles before each measurement.

110



Energies 2025, 18, 5053

The adopted rule is
Tpert =BT, B € [31 5] 3)

which ensures that the measured power corresponds to at least 95% of the settled response.
In practice, this can be expressed as:

1 fe
=< )t )
fper Tpert 10
where f, is the crossover frequency of the converter control loop, this criterion prevents the
algorithm from acting on unsettled signals and guarantees stable operation.

2.4.2. Perturbation Magnitude Selection

Oscillation around the MPP introduces an average power loss proportional to the
local curvature of the P-V curve. Using a quadratic approximation around the optimal
voltage Vpp:

&P
o2

AP ~ % AV? (5)

Vmpp

To limit this loss to a fraction ¢ of the maximum power Pypp, the following condition
is imposed:

(6)

This condition provides a physically grounded upper bound for the perturbation step
size, ensuring a trade-off between convergence speed and energy efficiency.

2.4.3. Lower Bound Due to Noise and Irradiance Variations

To avoid misinterpretation of the power increment due to measurement noise (op) or
fast irradiance variations (P,;y), a lower bound must also be enforced:

opP .
|AP| = ’(SV’AV > x0p + |Peno

Tpert (7)

It should be noted that k = 3 (three-sigma criterion). Near the MPP, [oP/0V| — 01, so
keeping AV constant would make |AP| vanish; therefore, AV must be adaptive. This ensures
that perturbation produces a detectable effect beyond noise and environmental fluctuations.

2.4.4. Adaptive Strategy

Considering both the upper and lower bounds, an adaptive perturbation law is

defined as
§7P

AV = clip <¢x v

’ AVminr AVmax) (8)

where « is a gain tuned so that far from MPP (large slope) steps are larger, while near
MPP (small slope) steps shrink automatically, while AVyi, and AV pax are derived from
the above constraints.

Far from the MPP, the steep power slope leads to larger AV and faster convergence.
Near the MPP, the slope decreases, and AV is automatically reduced, minimizing oscilla-
tions. This framework ensures that the perturbation period is directly related to the con-
verter dynamics, preventing premature decisions and perturbation magnitude is bounded
by the P-V curvature, limiting power losses. Algorithm robustness against noise and fast
irradiance changes is guaranteed through a lower bound.
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The parameter ¢ represents the relative loss tolerance defined as
AP < ePypp )

where AP is the average power loss induced by steady oscillations around the MPP.

In practice, ¢ is a design choice that specifies how efficient degradation is acceptable
in exchange for a feasible perturbation magnitude AV. Typical values range between 0.1%
and 1% of PMPP-

Figure 10 illustrates the impact of the perturbation magnitude (AV) in the P&O
algorithm on the power-voltage (P-V) curve of the PV system. A very small AV (green
point) achieves high accuracy near the MPP but results in slow convergence. In contrast,
a large AV (blue point) yields faster convergence but introduces significant oscillations
around the MPP. The adaptive AV strategy (yellow point) ensures an optimal trade-off since
it dynamically adjusts the perturbation step according to the slope of the P-V curve, while
keeping AV within AV i, and AVpax (using the clip operator). This approach combines
the stability of small perturbations with the responsiveness of large ones.
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Figure 10. Effect of perturbation magnitude (AV).

Figure 11 shows how the perturbation period (Tpert) affects the P&O algorithm.
A short Tpert (blue curve) causes the controller to take samples before converter dynamics
settle, leading to oscillations and instability near the MPP. A long Tpert (green curve) brings
stability, but tracking becomes slow and convergence to the MPP is delayed. The adaptive
Tpert strategy (orange curve) adjusts the sampling interval based on converter bandwidth
and settling time, achieving both fast convergence and stable operation near the MPP.
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Figure 11. Effect of perturbation period (Tpert)-

3. Results

Integrating subsystems into the Simulink model allows a more detailed and realistic
simulation of how the PV system works. Figure 12 illustrates this setup: a PV array with
a DC-DC boost converter is controlled by a system that utilizes both a neural network and
an adaptive P&O algorithm. The PV array produces electricity from sunlight. The control
system enhances performance by utilizing measurements such as PV current (Ipy), voltage
(Vpv), and environmental data, including sunlight and temperature. The neural network
estimates a starting reference voltage V*, defined as the predicted voltage at or near the
GMPP, which the adaptive P&O algorithm fine-tunes with a variable adjustment method
(Tpert) to find the GMPP. This setup enables the system to reach the maximum power point
faster and remain stable when conditions change suddenly. The optimized output is used
to create a duty cycle (D) in the PWM control block, which operates the boost converter.
Ongoing voltage and current feedback keep the system steady and help maximize power
output under changing conditions.
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Inputs: signals ANN v Adaptive P&0O Refined GMPP PWM
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GTVI (av, Tpert) Control

h 4

Operating

conditions Duty Cycle D

V, | Feedback

PV Array +
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Figure 12. Components of the model.

Different scenarios were designed to evaluate the PV array’s performance under
dynamic partial shading, simulating real-world obstacles like fast-moving clouds or shifting
shadows. These scenarios show how varying shading affects efficiency and help study
how quickly and effectively the MPPT system adapts to changes in irradiance. This
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analysis gives insight into stability and overall energy efficiency. For this, the 72 PV
panel cells were divided into six groups of 12 cells each, as shown in Figure 13, allowing
comparison to identify best practices for maximizing energy production when partial
shading is unavoidable. The groups are:

Group 1: includes cells 1 to 12.

Group 2: includes cells 13 to 24.
Group 3: includes cells 25 to 36.
Group 4: includes cells 37 to 48.
Group 5: includes cells 49 to 60.
Group 6: includes cells 61 to 72.

Figure 13. Cell groups integrated into the PV panel.

Each group connects two cells in series, thereby maximizing the PV panel’s efficiency
under partial shading. This arrangement also supports MPPT techniques, enabling more
effective management of irradiance variations among groups. Below, several designed
shading scenarios are detailed.

3.1. Scenario 1: Irreqular and Uneven Shading

An irregular shadow covers cell groups unevenly and non-sequentially. For example,
groups 3 and 5 (cells 25-36, 49-60) receive medium irradiance, while groups 1, 2 and 6
(cells 1-12, 13-24, 61-72) receive high irradiance. In contrast, group 4 (cells 37-48) receives
low irradiance. Suddenly, all irradiance decreases by 100 W/m? and remains constant.
This scenario could simulate the shadow from a tree, with dense leaves in some areas and
lighter branches in others. Alternatively, it could represent an object suddenly blocking the
panel, resulting in unpredictable and uneven shading. To illustrate these effects, Figure 14
shows the irradiance pattern applied to the PV system, both with and without the inclusion
of a neural network. Furthermore, Figures 15 and 16 display system results for the P&O
MPPT algorithm and the neural network implementation, respectively.
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Figure 16. Curves with the MPPT algorithm and neural network for scenario 1.
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Results of scenario 1:

e Adaptation to partial shading: The system in Figure 15 shows limited adaptation.
Oscillations and power drops indicate that the MPPT algorithm struggles to adjust ef-
fectively to irradiance changes, resulting in energy losses. In contrast, Figure 16 shows
improved adaptation, characterized by more stable power, voltage, and current. Power
still fluctuates, but less severely and more predictably. This demonstrates that the
neural network enables the system to respond more effectively to irradiance changes.

e  Stability: Figure 15 shows that power fluctuates significantly over time, indicating the
P&O algorithm struggles to remain stable during irradiance changes. This instability
likely stems from a limited ability to adapt to rapid variations. Figure 16, however,
shows steadier power with fewer fluctuations. These results suggest that the neural
network improves system stability and helps the MPPT algorithm stay near the
maximum power point for a longer period.

e  [Efficiency: In Figure 15, the system is less efficient due to ongoing power fluctuations,
which means it operates away from the best point and captures less energy. Figure 16,
in contrast, shows significantly higher efficiency and a steadier power output. With the
neural network, the system captures more energy by staying closer to the maximum
power point.

e Response time: Figure 15 illustrates a slow response to changing conditions, as evi-
denced by a prolonged power drop without recovery. This slow change hurts efficiency.
In Figure 16, power still drops, but the neural network helps the system recover more
quickly and stabilize more effectively. This demonstrates that the neural network
enhances adaptation to shading and accelerates the response to irradiance changes.

Graphical analysis confirms that the PV system utilizing the P&O algorithm, enhanced
with a neural network, performs significantly better under partial shading conditions,
achieving a 49% greater efficiency and an average 16% improvement in stability. This
hybrid system rapidly reached the initial maximum power point in just 0.012 s and the
final point at 0.16 s, whereas the system using only the P&O algorithm failed to reach
the maximum power point entirely within the observation period. By reducing power
fluctuations and enabling faster, more precise tracking, the neural network allows the
system to operate more stably and efficiently, maximizing energy capture despite dynamic
shading conditions.

To validate the generality of the proposed ANN-based MPPT approach, experiments
were conducted using a different PV module, the Future Solar Energy FSM572165. Figure 17
shows the power, voltage, and current response under the partial shading scenario 1. The
ANN detects and tracks the GMPP under these conditions, ensuring stable convergence
and effective operation. Performance with FSM572165 matches baseline dynamics and
accuracy, confirming adaptability, robustness, and scalability of the hybrid ANN-P&O
method for diverse PV systems.
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Figure 17. Performance curves of the MPPT algorithm and neural network applied to an alternative
solar panel in scenario 1.

3.2. Scenario 2: Oscillating Shadow

In this scenario, a long, oscillating shadow dynamically affects all cell groups at
different times. It initially covers groups 1 and 2, then moves toward groups 3 and 4.
While doing so, it partially shades groups 5 and 6. This simulates variable shadows cast
by elements such as tree branches or cables moving in the wind. Figure 18 illustrates the
irradiance pattern applied to the PV system under these conditions. The results compare
the performance of the conventional P&O MPPT algorithm with that of the neural network-
enhanced system, as detailed in Figures 19 and 20.
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Figure 18. Irradiance patterns for scenario 2.
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Figure 20. Curves with the MPPT algorithm and neural network for scenario 2.

Results of Scenario 2

Adaptation to partial shading: The MPPT with only the P&O algorithm (Figure 19)
struggles to quickly adapt, as seen in power fluctuations and lower efficiency. The
MPPT supported by the neural network (Figure 20) adapts more effectively, al-
though some power drops occur; the system recovers and stabilizes faster, indicating
improved adaptation.

Stability: As shown in Figure 19, power exhibits significant fluctuations under varying
irradiance, indicating instability with the P&O algorithm. In Figure 20, fluctuations
are less pronounced and more controlled. The neural network smooths transitions
and mitigates oscillations, improving stability.

Efficiency: Figure 19 illustrates lower efficiency, with significant power fluctuations
leading to energy losses and reduced capture. In direct comparison, Figure 20 demon-
strates higher and steadier power, indicating that the neural network-supported
system is more efficient and operationally effective than the standard system.
Response time: Figure 19 shows a slower response, with significant fluctuations and
oscillations in power when irradiance changes, causing energy loss during adjustment.
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In contrast, Figure 20 illustrates a faster and more efficient response. Although chal-
lenges persist, the neural network anticipates changes and adjusts the MPPT more
quickly, allowing for rapid recovery and reduced energy loss.

A quantitative analysis of the power graphs reveals that the MPPT system with neural
network support (Figure 20) demonstrates significant advantages over the P&O-only
algorithm (Figure 18), showing 20% greater stability and 15.6% higher efficiency on average.
Furthermore, the neural network-enhanced system reaches the initial maximum power
point 54% faster and the final maximum power point 14% faster than the conventional
system. While both systems face challenges under irradiance variations, neural network
implementation better maintains optimal power levels and adapts more effectively to
changing partial shading conditions. As a result, it offers improved overall performance in
terms of stability, efficiency, and response time.

To strengthen the benchmarking of the proposed hybrid ANN-P&O method,
an alternative optimization-based MPPT technique was also considered. In this case,
the Differential Evolution (DE) algorithm was selected due to its simplicity, robustness,
and proven effectiveness in nonlinear optimization problems. DE is a population-based
metaheuristic inspired by natural evolution. The algorithm starts with a population of can-
didate solutions representing possible operating points of the PV system. Each candidate is
updated iteratively through three main steps: mutation, crossover, and selection [32].

In the mutation stage, a new candidate (mutant vector) is generated by combining the
weighted difference of two individuals with a third one. The crossover mechanism then
recombines the mutant with the original candidate, controlled by a crossover probability.
Finally, in the selection stage, the trial candidate replaces the original if it yields higher
fitness, defined here as extracted PV power.

This iterative process allows DE to efficiently explore the solution space, avoiding
local maxima that typically affects classical methods under partial shading. When applied
to MPPT, DE dynamically adjusts the duty cycle of the DC-DC converter.

Figures 21 and 22, for scenarios 1 and 2, illustrate the effectiveness of the DE algorithm
in MPPT under partial shading conditions. In scenario 1, DE achieves fast convergence to
the GMPP, and after the initial transient, voltage and current remain stable. In contrast,
scenario 2 features more complex shading, revealing the algorithm’s robustness: although
oscillations appear in current and power due to rapid irradiance variations, the algorithm
successfully stabilizes around the GMPP. This behavior aligns with the applied training
strategy, where DE was configured with a population size of NP = 150, a scaling factor
of F = 0.8, and a crossover rate of CR = 0.7, iterating for up to 3000 generations. The
algorithm optimized a 15-dimensional feature space, including linear, quadratic, and cubic
terms of voltage and irradiance, minimizing the mean squared error (MSE) to a value
of approximately 0.001, with a correlation coefficient of approximately 0.99 between the
predicted and actual data. These results confirm that DE provides accurate prediction and
tracking of the GMPP even under dynamic conditions, serving as a reliable reference for
validating the proposed hybrid ANN-P&O approach.
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Figure 21. Curves with evolutionary differential (DE) algorithm for scenario 1.
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To enable a direct comparison among the tested MPPT strategies, Table 1 presents
the main quantitative metrics obtained under both uniform sunlight (irradiance) and
partial shading scenarios. These metrics—tracking efficiency (how well the method follows
the maximum power point), settling time (how quickly it stabilizes), stability index (the
standard deviation to mean ratio, o/, indicating consistency), and relative improvement
in energy harvested—highlight distinct differences between methods.

In Scenario 1, which involves irregular and uneven shading, the classical P&O algo-
rithm converges slowly and shows larger oscillations around the MPP, reducing energy
harvesting efficiency. The ANN-based method, in comparison, improves tracking speed
and stability, reaching the GMPP with minimal oscillations. The DE algorithm also accu-
rately tracks the GMPP and achieves a similar final efficiency to the ANN but requires
more computational time to converge.
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Table 1. Quantitative performance comparison of MPPT methods under uniform irradiance and
partial shading scenarios.

Stability Index Response Time

Scenario MPPT Method  Efficiency (%) Remarks
(o/u Power) (ms)
1. Irregular apd P&O 85 0.145 420 Slow convergence,
uneven shading oscillations
ANN 96.3 0.052 180 Fast tracking, stable
DE 94.8 0.071 250 Accurate but higher
computational load
2. Oscillating P&O 78.9 0.163 480 Frequent mis-tracking
shadow
ANN 95.7 0.059 190 Robust, stable under
fast irradiance changes
DE 93.2 0.082 260 Good accuracy, slower

adaptation

Moving to Scenario 2, which features an oscillating shadow, the classical P&O al-
gorithm is less stable and frequently mis-tracks under rapidly changing irradiance. The
ANN-based approach, as in Scenario 1, maintains a fast response and high stability, adapt-
ing well to dynamic conditions. DE continues to outperform P&O but adapts more slowly
than ANN, underscoring the robustness of the hybrid ANN-P&O scheme.

The classical P&O method delivers reliable performance under uniform irradiance.
However, its efficiency and stability decrease significantly in partial shading. This happens
because it cannot distinguish between local and global maxima. To address this, the
proposed hybrid ANN-P&O approach, as shown in Table 1, overcomes this limitation. It
consistently maintains 98-99% tracking efficiency, ensures a fast response, and minimizes
oscillations. As a result, harvested energy increases by 15-49% in all tested shading
scenarios compared to conventional P&O. The hybrid method also matches the accuracy
of intelligent algorithms, such as DE, while operating with lower computational demand.
This demonstrates its practical suitability for real-time embedded implementation.

4. Discussion

Computational intelligence techniques, particularly ANNs, demonstrated significant
improvements in MPPT under partial shading conditions. A detailed PV system model
was developed in MATLAB to simulate P-V curves with multiple local peaks, allowing
validation under four distinct shading scenarios. As a result, the ANN-based estimator
showed strong predictive and adaptive capabilities, accurately identifying the global MPP
across different irradiance patterns. When compared to the traditional P&O method,
the hybrid ANN-P&O approach achieved faster convergence, reduced oscillations, and
higher stability, especially under irregular or moving shadows, highlighting its potential
for real-world applications. However, despite these advantages, some limitations were
observed: neural networks demand greater computational resources and longer training
times compared to conventional algorithms, and their accuracy is highly dependent on
the quality and diversity of the training data. Taken together, these findings confirm the
promise of ANNs in enhancing MPPT performance while emphasizing the need to balance
accuracy with computational feasibility for practical deployment.

In the context of MPPT, many intelligent methods go beyond classical P&O and IC.
Methods such as fuzzy logic, GAs, and PSO enhance tracking efficiency in partial shading
by avoiding local maxima; however, each also presents practical issues. Fuzzy logic is
fast and robust, but its set rules limit adaptability when conditions change quickly. GAs
and PSO offer global optimization, but their repeated, population-based process increases
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Abstract

This paper presents a numerical study on the deployment of Overfire Air (OFA) tech-
nology in coal-fired thermal power plants in Kazakhstan to reduce harmful emissions.
The simulation utilized a digital model of the combustion chamber of the BKZ-75 boiler
at Shakhtinsk thermal power plant, which utilizes high-ash Karaganda coal containing
35.10% ash. During the development of two-stage combustion technology, different meth-
ods of supplying extra air via OFA injectors were examined. Various positions within
the combustion chamber were evaluated for their placement: at heights of h = 0.165 m;
0.75m; 1.375 m; 2.25m; 2.5 m; 8 m; 9.4 m; 10 m; 11 m; and 12 m. The baseline combustion
mode (OFA = 0%) and several additional air injector settings were analyzed, including
OFA levels of 5%, 10%, 15%, 18%, 20%, 25%, and 30% of the total air volume. Numerical
simulations generated temperature distributions along with carbon monoxide (CO) and
nitrogen (NO) concentration fields, both inside and outside the combustion chamber outlet.
Research indicates that the most effective reduction in pollutant emissions happens when
OFA injectors are positioned at 9.4 m and supply supplementary air at an OFA rate of 18%.
Under these settings, the carbon monoxide concentration at the combustion chamber outlet
decreases by approximately 36%, while nitrogen oxide levels drop by 25%, compared to
the baseline condition (OFA = 0%). These insights can be utilized to upgrade boiler units,
promoting cleaner fuel combustion in coal-fired thermal power plants.

Keywords: low-carbon energy; reduction of CO and NO emissions; staged combustion;
digital models in the energy sector

1. Introduction

Following the resolutions from the 2021 and 2023 COP conferences, developed nations
commit to phasing out coal power plants without carbon capture and storage by 2030-2034.
Developing nations are given a longer transition timeframe, until 2040-2050, reflecting the
principle of common but differentiated responsibilities [1].

Coal-fired power generation presents a clear duality: it is the most carbon-intensive
fossil fuel and a central target for global emissions reduction, yet it remains a dependable
and cost-effective means of satisfying rising electricity needs. In developed nations, coal
consumption is slowly decreasing, whereas in many Asian countries and other developing
regions, it continues to expand. Consequently, despite the common perception that the coal
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era is nearing its end, this energy source continues to make a significant contribution to the
global electricity supply and helps maintain affordable energy for billions of people.

Since the early 1980s, a relatively moderate growth in coal production was ob-
served: output volumes increased gradually and by the late 1990s reached approximately
20,000 TWh. However, since the 2000s the situation has changed dramatically, with coal
production growing rapidly. This led to peak levels of global coal production in the early
2010s, exceeding 40,000 TWh. After reaching a maximum in 2012-2013, total production
began to decline gradually, but remained at a high level and stabilized by 2020 [2,3].

Minor fluctuations were observed thereafter, while consumption levels remained
consistently high and by 2025 had nearly returned to peak values. The largest contribution
to coal consumption has traditionally come from China, whose share increased significantly
during the first half of the period under consideration. India has also demonstrated
steady growth in consumption, gradually becoming one of the key players in the global
coal market. Other Asian countries have likewise increased demand, although at a more
moderate pace. Other regions show only slight growth, and their share in total consumption
remains relatively small.

Global coal consumption will continue to be driven primarily by Asian countries, while
developed economies are reducing their dependence on coal. The highest CO, emissions
from coal use are observed in Asia, reaching about 8400 million tonnes, which significantly
exceeds the levels of other regions. North America stands out with emissions of around
1100 million tonnes, whereas Europe shows lower values, on the order of 430-600 million
tonnes [4].

Thus, current trends in the global coal industry include a significant increase in coal
production and consumption in Asia, a gradual decline in its role in developed regions,
and a corresponding shift in the distribution of carbon emissions [5]. This highlights
the continued importance of coal in the global energy balance, while simultaneously
emphasizing the challenges associated with environmental impacts and the need for a
transition to more sustainable energy sources [6].

Modern global energy systems continue to rely heavily on coal, making a complete
phase-out of its use in the foreseeable future virtually impossible. Coal retains its status as
one of the leading primary energy sources, providing a substantial share of global electricity
and heat generation, while also remaining the largest anthropogenic source of greenhouse
gas emissions [7].

It is precisely this dual role of coal—serving simultaneously as a fundamental com-
ponent of the energy balance and as a major driver of climate risks—that creates a key
contradiction and, at the same time, identifies the most promising pathway for accelerating
the transition to a low-carbon energy system. Decarbonization measures in the coal sector
are therefore capable of delivering the greatest volume of emission reductions in the short-
and medium-term perspective.

For Kazakhstan, coal remains a key element of the national energy balance, serving
as a reliable, affordable, and stable source of energy. Even with the growing share of
renewable energy sources—such as solar, wind, and biomass—these technologies are
not yet capable of fully replacing coal. Coal ensures the stability and energy security of
Kazakhstan, especially during periods of peak demand. Today, Kazakhstan ranks among
the world’s top ten countries and holds third place among CIS countries in terms of
proven coal reserves and production volumes (around 50 deposits with total resources of
approximately 150 billion tonnes). The country produces the full range of coal types, from
lignite to hard coal, and the coal industry remains a leading sector of the economy and the
backbone of the national energy system [8].
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The coal produced fully satisfies domestic demand, while a significant portion is
exported. Kazakhstan consistently accounts for about 1.7% of global coal exports. Owing
to its vast resource base, favorable geographical location, well-developed transport and
logistics systems, and strong demand in both domestic and international markets, the coal
sector is expected to continue developing. The coal industry also benefits from recurring
crises affecting the global oil sector. At the same time, proven coal reserves far exceed oil
reserves, which means that, under the current technological paradigm, coal will become an
increasingly important strategic resource in the near future [9].

Open-pit mining is still widely used in the development of large coal basins in Kaza-
khstan. This method allows relatively low-cost extraction and indicates the substantial
potential of existing deposits. High-ash coal is produced, which is used at domestic power
plants and actively supplied to foreign markets. The ash content of these coals ranges from
39% to 53%. Therefore, the competitiveness of Kazakhstan’s coal industry depends largely
on the timely modernization of production technologies.

To reduce nitrogen oxide (NOy) emissions during fuel combustion at thermal power
plants and industrial boilers, various methods are employed, including flue gas recircula-
tion, steam or water injection, reduction in excess air ratio, non-stoichiometric combustion,
and low-emission combustion technologies. Among these approaches, staged air supply
technology, commonly known as overfire air (OFA), is particularly effective [10-13].

In [10], to address the problem of high NOx emissions from 600 MW boilers at power
plants, the authors developed an experimental test rig to model a cold gas-liquid flow at a
1:5 scale for a two-channel overfire air (OFA) system. In particular, the study investigated
the effect of OFA injection velocity on the divergence angle of the outlet jet, jet penetration
depth, and NOy concentration in the flue gases.

In [11], a novel combustion system was applied to a 600 MW down-fired boiler to
reduce NOy emissions without a noticeable increase in unburned carbon in fly ash. The
system involved relocating the burners designed for lean fuel combustion from the arches
to the front and rear walls, redistributing staged air supply, and introducing separated
overfire air (SOFA). Using numerical modeling, the authors evaluated the influence of
SOFA location (at the arches, in the throat, and in the upper furnace region) on combustion
characteristics and NO, emissions.

In [12] investigated the retrofit of an aging 500 MW tangentially fired coal boiler with
high pollutant emissions to achieve low NOy emissions while maintaining high combustion
efficiency. The study assessed and analyzed the combustion and emission characteristics of
five different layout configurations aimed at optimizing the position and injection direction
of separated overfire air (SOFA) using computational fluid dynamics (CFD) modeling.

In [13], optimization of air distribution was carried out for a proposed SOFA system
in a 500 MW tangentially fired boiler consisting of 20 identical modules. The authors
evaluated various ratios of burner secondary air, closely coupled overfire air (CCOFA),
and SOFA. The results showed that increasing the overall overfire air ratio effectively sup-
pressed NO formation in the burner zone but had a negative impact on boiler performance.
Under moderate air staging conditions, NO reduction began between the CCOFA and
SOFA levels; therefore, the overfire air distribution could be optimized to improve overall
boiler performance.

Thus, studies conducted by various researchers worldwide have demonstrated that
the use of OFA technology, in its various configurations, has become a standard approach
for reducing NOy emissions in coal-fired boilers and can also be applied to existing units
through retrofit measures.

In the present study, for the first time for the BKZ-75 boiler at the Shakhtinsk TPP
plant (Kazakhstan), operating on high-ash coal from the Karaganda basin, a comprehen-
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sive numerical investigation of staged combustion with overfire air (OFA) supply was
performed. A detailed parametric analysis was carried out by varying both the fraction
of additional air (OFA = 5%, 10%, 15%, 18%, 20%, 25%, and 30%) and the vertical location
of the OFA injectors (h = 0.165 m; 0.75 m; 1.3375 m; 2.25 m; 2.5 m; 8 m; 9.4 m; 10 m; 11 m;
and 12 m). Qualitative and quantitative relationships were established between the OFA
injector position, the degree of air staging, and their effects on the temperature field as
well as on the formation of carbon monoxide and nitrogen oxides. These findings provide
deeper insight into the mechanisms governing harmful emission formation during the
combustion of high-ash pulverized coal.

The essence of the OFA concept lies in dividing the combustion air into two streams.
The primary air is supplied to the main combustion zone, while overfire air is injected at a
higher level through dedicated injectors. As a result, two distinct zones are formed in the
furnace: a fuel-rich (reducing) zone with limited oxygen availability, where NOy formation
is suppressed, and a burnout zone with excess air, where fuel combustion is completed.

At an optimal OFA fraction (15-30% of the total air supply) and with proper injector
placement, NOx emissions can be reduced by 30-50% without an increase in unburned
carbon losses [14,15]. The NOy suppression mechanism involves several factors: reduction
in peak flame temperatures, creation of a reducing atmosphere that promotes the conversion
of NOy to Ny, and a decrease in oxygen concentration in the zone where fuel-bound nitrogen
is released.

Various OFA injection schemes and injector designs (Figure 1) allow engineers to
tailor air supply strategies, maximizing NOy reduction while maintaining high combustion
efficiency. OFA effectively represents a two-stage combustion process: the first stage limits
NOy formation, and the second stage ensures complete and clean fuel burnout, making
this technology one of the most efficient approaches for low-emission coal combustion.
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Figure 1. Different OFA injector layout options.

In accordance with the above, the aim of this study is to numerically investigate
the effectiveness of applying OFA technology in the BKZ-75 pulverized coal boiler at
the Shakhtinsk TPP plant in order to reduce harmful emissions during the combustion
of high-ash Kazakh coal. To achieve this goal, the following scientific objectives are
addressed: (1) determination of rational parameters for the placement of OFA injectors and
the optimal OFA fraction that ensure maximum reduction of carbon monoxide and nitrogen
oxide emissions without deterioration of combustion conditions; and (2) development of
scientifically substantiated recommendations for the retrofit of existing pulverized coal
boilers at thermal power plants in Kazakhstan to improve their environmental performance.
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This paper examines the application of modern information technologies, digital
models (digital twins), and 3D computational modeling methods to implement staged
combustion technology using the Overfire Air method in the furnace chamber of the BKZ-
75 boiler at the Shakhtinsk TPP plant. The obtained results make it possible to optimize the
combustion processes of high-ash thermal coal, reduce particulate and gaseous emissions
into the atmosphere, and establish a scientific and technical basis for the subsequent
implementation of “clean energy” technologies at other coal-fired combined heat and
power plants.

2. Materials and Methods
2.1. Mathematical Model

This study uses coupled models that include equations for mass, momentum, energy,
and gas component concentrations to simulate heat and mass transfer, along with physico-
chemical processes in high-temperature combustion. It accounts for turbulence, multiphase
combustion, chemical reactions, and radiant heat transfer. Overall, the system of equations
is organized as follows [16-21]:

o _ opus 9 (1 %
ot = ax o \[fax; ) TS M)

where ¢p—transport variable (1, v, w, T, C, k, €), I p—exchange rate, Sy—source term that
takes into account chemical reactions, radiation, and interfacial interactions.

The numerical solution employs the finite volume method, which the authors have
previously used successfully to study high-ash coal combustion at Kazakh thermal power
plants [22-24]. Turbulence is modeled through the standard k-¢ model, where 'k’ denotes
turbulence kinetic energy and ‘¢’ signifies its dissipation rate.
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The k-¢ constants of the turbulence model have the following values: C.q = 1.44;
Ce2=1.92;,C. =0.09; 04 = 1.0; 7 = 1.3.

A simplified kinetic scheme with integral reactions ending in final products is em-
ployed to simulate combustion. This approach reduces computational costs while still
providing acceptable accuracy.

In modeling the processes occurring in the furnace of the studied boiler, the com-
bustion process was considered in the following stages: pyrolysis with volatile release
and formation of char residue, combustion of volatile matter, and combustion of carbon
monoxide and char. When selecting pyrolysis and combustion models, the authors avoided
the use of complex multi-component systems. In this study, a single-step pyrolysis model,
as described in [25], was employed.

During the pyrolysis process, volatile matter was treated as fictitious hydrocarbons,
and the combustion rate of the pyrolysis products was determined using the Eddy Dissipa-
tion Model (EDM) concept proposed by Magnussen and discussed in detail in Ref. [26].
These models have proven to be reliable and represent an excellent compromise for reduc-
ing computational costs [27].
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Initial conditions (t = 0): all velocities u = v = w = 0, excess pressure P = 0, other
variables are taken as zero or taken from the convergent solution of previous calculations.

Boundary conditions:

At the entrance: u;—velocity values, cg—initial concentration of each component,
enthalpy h = c,,-T determined by the flow temperature at the inlet, k., = %(ﬁirmlet Tu)z,

2y\1/2
where T;, = %—degree of turbulence. &,y = c2'75%, where Ly, = 0.03 (4S5/P),
P—perimeter of the control volume at the entrance, S—its area.
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On a hard surface (the walls of the combustion chamber):
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Boundary conditions for wall temperature are usually defined either by the wall
temperature Tw or by the heat flux q,, = &(Twp — Tw).

These models and methods provide a dependable representation of furnace processes
with moderate computational effort.

2.2. Chemical Kinetics Model in Coal Combustion

In modeling the processes occurring in the furnace of the studied boiler, combustion
was considered in the following stages: pyrolysis, with the release of volatile matter and
formation of char; combustion of volatile products and carbon monoxide; and combustion
of the char residue. The chemical model of pulverized coal combustion accounts for the
overall oxidation reactions of fuel components to stable final products [16,20,21].

Char combustion occurs more slowly than the combustion of volatiles and determines
the overall burnout time of the fuel, which for pulverized coal is on the order of several
seconds. The reaction mechanism is complex and multi-stage, with heterogeneous reactions
on the particle surface playing a significant role and homogeneous reactions occurring in
the gas phase (Equations (5)—(12)).

1
C+ EOZ — CO (5)
C+ 0y — COy (6)

COy + C — 2CO 7)

H,O+C — CO+H, (8)

1
H, + 502 — H,O )

In heterogeneous reactions, oxides are formed on the surface of the char particles. At
926 °C, CO and CO, are produced in approximately equal amounts, while an increase in
temperature accelerates the oxidation rate of CO. The formation of harmful substances
is accounted for in the reaction-kinetic models, including intermediate products and the
direct reaction of CO with O,.
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CO+0; - CO+0 (10)

Atomic oxygen (O) does not initiate rapid chain reactions, but even a small amount of
H; generates OH radicals. CO, formation occurs in two stages: first, the fuel decomposes
into CO and H;0O, and then CO is oxidized to CO;. At high temperatures and with
abundant oxygen, the process is accelerated and can proceed as a single-step reaction,
directly forming CO,.

C.Hy + (x + %)Oz 5 xCOs + %HZO (11)

In furnace chambers, calculating CO, emissions is a complex task. Sulfur in coal
occurs in the form of pyrite, organically bound sulfur, and sulfates. At the initial stage
of combustion, sulfur-containing compounds form sulfur monoxide (SO), which is subse-
quently oxidized to sulfur dioxide (SO,). Upon contact with atmospheric moisture, SO,
converts into sulfurous acid (H>SO3).

S+ 0, — SO, (12)

S50, + H,O — H»SOs3 (13)

A portion of the sulfur dioxide in the air is further oxidized to sulfur trioxide (SO3)
(Equation (14)). It then reacts with water vapor to form sulfuric acid (H,SOy), which, like
SO;, dissolves in atmospheric moisture (Equation (15)).

250, + 0y — 2505 (14)

SO3 + HyO — HSO,4 (15)

During coal combustion, the majority of nitrogen oxides are produced from fuel
nitrogen (fuel NOy), while a smaller portion originates from atmospheric nitrogen (thermal
NOy). The model accounts for volatile release, combustion of hydrocarbons and char, as
well as NOy formation. During the decomposition of coal particles, approximately 80%
of the nitrogen is released into the gas phase as cyanides, which are then converted into
amines and subsequently either form NO or are reduced to N.

HCN + HyO + %Oz — NH3 + CO, (16)
NH3+Oz—>NO+Hzo+%H2 (17)
NH3+NO—>N2+H20+%H2 (18)

Additionally, the following reactions occur: formation of HCN as a result of the
interaction between hydrocarbons and NO:

NO + CyH, — HCN + H0, (19)

and the heterogeneous reaction between NO and the char particle:

C+2NO — COy + Ny (20)
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The remaining 20% of nitrogen is oxidized directly to NO at a rate proportional to the
char burnout rate.

N+ %OZ — NO (21)

For the NOy formation model, it is necessary to determine the reaction rates affecting
the concentrations of NH3, HCN, NO, O, char, and volatile matter. Nitrogen oxides are
among the most toxic emissions, so reducing their concentration at the furnace outlet is a
critical task in coal combustion at thermal power plants.

2.3. Physical and Digital Models of Processes in the Combustion Chamber

The study examined the combustion chamber of the BKZ-75 boiler at Shakhtinsk TPP
in Kazakhstan, which has a steam capacity of 75 tons per hour. The boiler is designed in a
U-shape [22-24]. Inside the combustion chamber, there are four pulverized coal burners
positioned on the front and rear walls, arranged in a single tier with two burners on each
wall. Each burner can produce 3.2 tons per hour when burning Karaganda coal of the
KR-200 type, characterized by an ash content of 35.1%, a fineness Rgg of 20%, a coal density
of 1350 kg/m?3, and a calorific value of coal is 1.8548 x 107 J/kg. The Tables 1-3 present the
main technical specifications of the boiler along with details about the fuel composition.

Table 1. Calculated performance indicators of the BKZ-75 boiler unit.

Ne Parameter Symbol Unit Value
1 Nominal steam output D t/h 75
2 Boiler efficiency n % 80.88
3 Number of burners in the boiler N; pcs 4
4 Fuel output per burner B, t/h 3.2
5 Primary air flow to the boiler Vpa Nm?/h 31.797
6 Secondary air flow to the boiler Via Nm?/h 46.459
7 Superheated steam pressure Py kPa 3788
8 Superheated steam temperature tsh °C 438.1
9 Feedwater pressure Pgw kPa 5880
10 Feedwater temperature trw °C 105.3
11 Flue gas temperature to °C 128.9
12 Air excess factor in the furnace o - 1.2
13 Hot air temperature tha °C 290
14 Calculated fuel consumption B¢ t/h 12.49
15 Cold air temperature tea °C 30
16 Aerosol temperature ta °C 140
17 Wall temperature tw °C 430.2
18 The calorific value Q J/kg 1.8548 x 107
Table 2. Initial data regarding Karaganda coal.
Composition of the Original Coal Dust, Mass %
C H, 0, Sz N, A\ v A
43.21 3.6 5.24 1.04 121 10.60 22.00 35.10

A 3D digital model of the BKZ-75 boiler’s combustion chamber was created, precisely
representing its real dimensions and the placement of burner devices during operation at
the Shakhtinsk TPP: four direct-flow pulverized coal burners arranged in a single tier, with
two on opposite walls. All process parameters, including dust-air mixture and air supply,
are considered (Figure 2).
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Table 3. Dispersion composition of fuel.

Factions Particle Size, m Fraction Content, %
1 1.0 x 1075 10
2 3.0 x 10°° 20
3 6.0 x 107° 40
4 1.0 x 1074 30

1 M

‘\

\

[ Tl

|

2 T126M

S -

= « S6n L
! 1,7|ss 4128

B e e s

-] 4-5’6 XM
512
M

((J) o
1 2"“\
34 5
6),

@) (b) (0)

Figure 2. Overview and geometry (a), burner placements (b), and division into control volumes (c) of
the BKZ-75 boiler’s combustion chamber at Shakhtinsk TPP.

Figure 3 illustrates a general view of the BKZ-75 boiler’s combustion chamber
(Figure 3a), the arrangement of burner devices with injectors implementing two-stage
combustion technology (Figure 3b), and the division of the chamber into control volumes
for numerical analysis (Figure 3c).

The finite-difference grid has dimensions of 90 x 32 x 158 along the X, Y, and Z axes,
resulting in 455040 control volumes. Condensation takes place in the fuel and air inlet zones
as well as near the walls, providing high modeling accuracy with moderate computational
effort costs.

For the computational experiments aimed at investigating heat and mass transfer
processes in the furnace of a thermal power plant boiler, the FLOREAN 5.0 computer
system, developed in Germany, was used as the primary software tool [20,21,28-30]. This
software is designed for comprehensive numerical modeling of reacting multiphase flows
in domains with realistic geometries and is widely applied in the analysis of heat and mass
transfer processes in the combustion chambers of various thermal power units.

Within the scope of this study, a methodology was developed to adapt the FLOREAN
software system to the operating conditions in the Republic of Kazakhstan. The need for
such adaptation is due to significant differences between Kazakh and German coals, primar-
ily the high ash content of Kazakh fuel, reaching up to 50%, compared to approximately 8%
for German coal, as well as differences in the design parameters of furnace chambers, types
of burners, and methods of fuel and oxidizer supply. As a result, the original version of
the FLOREAN software package was modified, expanded, and tested, enabling numerical
experiments on the combustion of high-ash coal at Kazakh thermal power plants.
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Figure 3. General view (a), layout of burner devices and OFA injectors (b), and breakdown into
control volumes (c) of the combustion chamber of the BKZ-75 boiler at Shakhtinsk TPP.

When implementing staged combustion, the primary parameters are the height of the
OFA injectors and the flow rate of the Overfire Air (OFA). These influence the reduction in
harmful emissions such as carbon and nitrogen oxides while maintaining boiler stability.
The optimal placement of the OFA nozzles and airflow depends on the specific geometry
and aerodynamics of the chamber. The OFA must adequately mix with incomplete com-
bustion products and complete afterburning, located high enough above the burners to
establish a reducing atmosphere in the primary zone and ensure thorough fuel burnout.
This study utilized digital models of the combustion chamber and CFD techniques to
perform a parametric analysis to determine the ideal height, h, of the OFA nozzles. The
proposed injector placement options in the BKZ-75 boiler furnace included: h = 0.165 m;
0.75m; 1.3375m; 2.25m; 2.5 m; 8 m; 9.4 m; 10 m; 11 m; 12 m.

This study investigated various air ratios supplied through OFA injectors to enable
two-stage combustion. The control was conventional combustion without OFA (0%), while
other options included OFA at 5%, 10%, 15%, 18%, 20%, 25%, and 30% of the total air
supply. Table 4 presents the calculated secondary air mass flow rates through the OFA
nozzles for all the studied case modes.

Table 4. Aerodynamic properties for managing two-stage combustion.

% OFA 0 5 10 15 18 20 25 30
Mass airflow rate injectors, kg/s 0 0.186 0.461 0.692 0.830 0.922 1.152 1.383
3. Results

The research included a detailed analysis of how the height of the OFA injectors
and the volume of additional air supplied through them impact the thermal regime of
the BZK-75 boiler furnace, as well as the completeness of fuel combustion and dust-gas
emissions of nitrogen oxides (NO) and carbon monoxide (CO). Model calculations and
results demonstrated that altering OFA input parameters has a significant influence on
temperature zone formation, mixture formation characteristics, reduction process develop-
ment, and burnout efficiency. The findings reveal optimal air supply modes that reduce
CO and NO emissions while maintaining stable combustion product temperatures, thereby
enhancing both ecological and energy efficiency.
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3.1. The Effect of the Installation Height of OFA Injectors on the Temperature and the
Concentrations of NO and CO at the Furnace Outlet

Figure 4 shows the dependence of the working medium temperature (curve 1), the
concentrations of nitrogen oxide NO (curve 2), and carbon monoxide CO (curve 3) at
the outlet of the BZK-75 boiler furnace on the height h at which the OFA injectors are
located. Changing the height of the additional air supply significantly affects the temper-
ature T in the burnout zone, the processes of NOy formation, and the completeness of
fuel combustion.

T, °C;
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Figure 4. Dependence of temperature T and concentrations of carbon oxides CO and NO on the
outlet from the furnace chamber on the height h of the OFA-injectors: curve 1—T; curve 2—NO;
curve 3—CO.

As shown in the figure, the average temperature values (Figure 4, curve 1) at the
furnace outlet remain relatively stable, around 820-870 °C, regardless of the injector height.
Small fluctuations of 30-40 °C may be due to shifts in air and fuel flow distributions,
changes in mixing in the upper furnace zone, or local variations in heat release. The lack of
sudden temperature shifts suggests that repositioning the OFA injectors within a reasonable
range does not significantly disturb the furnace’s thermal performance regime.

The concentration of nitrogen oxide NO (Figure 4, curve 2) at the outlet from the
furnace space demonstrates an average level of about 350400 mg/Nm?, with a tendency
to decrease in the height range of 8-9.4 m. This can be explained by the formation of a more
pronounced reduction zone beneath the injectors, an increase in the interaction time of
combustion products with volatile reducers (CO, hydrocarbons), as well as effective partial
cooling of the thermal NO formation zone.

After surpassing a height of approximately 10 m, the NO concentration begins to
rise slightly. This suggests a decrease in regenerative reactions, improved after-burning
efficiency, and a potential increase in temperature in the over-jet air zone.

The concentration of CO (Figure 4, curve 3) is an indicator of the completeness of fuel
combustion. The distribution analysis reveals characteristic features:

e Atlow injector placement (h = 1-3 m), the CO concentration increases—incomplete
combustion occurs due to early interference of air flows into the flame;

e Intheinterval h = 8-9.4 m, the concentration of CO is minimal, indicating the most
efficient combustion and optimal turbulent mixing;

e  With further increase in height (h > 10 m), the concentration of CO rises again: the
over-fuel air is supplied too high, the afterburning zone shifts upwards, and some CO
does not have time to oxidize.
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The behavior of CO aligns with that of NO, confirming the presence of an optimal
height h for installing OFA injectors. Figure 5 compares CO concentration distributions
in the BKZ-75 boiler’s outlet section for three different OFA-injector heights. A consistent
color scale (from 1 x 10~* to 7 x 10~* [kg/kg]) was applied across all cases, enabling an
accurate comparison of results.
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Figure 5. Distribution of carbon monoxide CO concentration at the outlet of the firing chamber at
various heights of the OFA injectors: (a) h=2.25m; (b)h=94m; (¢c) h=12m.

Analysis of Figure 5a reveals that installing OFA injectors at a height of 2.25 m results
in the most noticeable heterogeneity in concentration flow. In this scenario, a zone with
elevated CO levels develops in the central part of the combustion chamber, reaching nearly
the upper limit of acceptable levels at 0.00079 kg/kg. This zone has a well-defined local
maximum and spans a significant portion of the cross-sectional height. Such a distribution
suggests inadequate mixing of fuel and secondary air when the OFA injectors are placed
too low, leading to zones of incomplete combustion and increased local CO accumulation.

From Figure 5c¢, it is evident that the region of increased CO concentration shifts
downward and partially moves towards the center of the furnace. The peak values again
approach the upper scale limit—0.00095 kg/kg—but their distribution differs from the first
case. It appears more vertically stretched and less sharply defined, yet still indicates areas of
local under-combustion. This pattern is characteristic of overly high OFA injector settings,
where secondary air is introduced too late, creating an elongated zone of incomplete CO
oxidation that is transported by the gas flow towards the upper part of the furnace.

When OFA injectors are installed at a height of h = 9.4 m (see Figure 5b), the CO
concentration distribution throughout the entire area studied is the most uniform. The
figure shows that this distribution is notably smoother, with no distinct high-concentration
zones, and the peak CO levels are considerably lower than in the other two scenarios. Most
concentration values cluster around 0.00073 kg/kg on the scale. This configuration offers
an optimal balance of aerodynamics and mixture formation: placing OFA at this height
ensures efficient air distribution, better burnout of volatile components, and lower overall
CO concentrations.

The second option, with the OFA injectors placed at a height of h = 9.4 m, offers
the best mixture formation quality and the most complete CO oxidation. In contrast, the
first and third options show drawbacks when the OFA is introduced too early or too late,
respectively: they cause local zones with higher carbon monoxide concentrations, reduce
the uniformity of the gas flow, and increase the amount of incomplete combustion. Figure 6
illustrates the nitrogen oxide (NO) concentration distributions at the furnace outlet of the
BKZ-75 boiler for different heights (h) of the OFA injector installation.
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Figure 6. Distribution of nitrogen oxide NO concentration at the combustion chamber outlet at
different heights of the OFA injectors: (a) h=2.25m; (b) h=9.4m; (c)h=12m.

The distributions of nitrogen oxide (NO) concentration shown in Figure 6 demonstrate
a significant influence of the additional air supply (OFA) mode on the intensity of NOy
formation. Thus, in the first case (Figure 6a), corresponding to a low height of the OFA
system placement (h = 2.25 m), a pronounced zone of increased NO concentrations is
formed, with maximum values of approximately 378.89 mg/Nm?. This distribution is
characterized by considerable heterogeneity and the presence of local maxima. It indicates
a persistent area of elevated temperatures and insufficient efficiency of staged combustion,
resulting in increased thermal NO formation.

In the second variant, corresponding to the middle position of the OFA (h = 9.4 m),
areas of minimal NO levels emerge—277.12 mg/Nm?. Nitrogen oxide concentrations are
more uniformly spread, lacking distinct peaks. This pattern results from the ideal mixing
of combustion gases with overfire air, a decrease in temperature within the reaction zone,
and the progression of reduction processes, all of which contribute to the most efficient
suppression of nitrogen oxide formation.

In the third variant, where OFA injectors are placed at a high position (h = 12 m),
NO concentrations reach intermediate levels, ranging from 337 to 366 mg/Nm?, with an
average of 348.85 mg/Nm?. The distribution remains moderately heterogeneous, and areas
of higher nitrogen oxide levels tend to shift towards the outer edges of the cross-section.
Adding extra air at this height does not significantly improve the stable suppression of NO
formation, as the reduction processes are confined within a limited zone volume.

The comparison of three options for supplying additional air reveals that the lowest
NO concentrations occur at an average height of h = 9.4 m when placing OFA injectors.
Both low and high placements of secondary air lead to increased NO formation, resulting
from the premature or delayed development of low-temperature zones and inadequate
reduction processes. Table 5 presents quantitative data on temperature, carbon oxide, and
nitrogen oxide concentrations across different modes, with heights h ranging from 0.165 m
to 12 m.

Table 5. Average values of the main heat and mass transfer characteristics (T, CO, NO) at the furnace
outlet for different heights h of the injectors for introducing additional air.

h,m 0.165 m 0.75 m 1.3375 m 2.25m 25m 8 m 9.4 m 10 m 11m 12m
CO, kg/kg 0.00083 0.00084 0.00099 0.00079 0.00073 0.00083 0.00073 0.00077 0.00071 0.00095
T, °C 876.06 880.83 886.20 870.14 879.21 847.23 856.27 870.84 854.60 859.72
NO, mg/ Nm? 357.59 358.66 359.19 378.89 379.00 372.66 277.12 331.86 360.93 348.85
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3.2. The Dependence of the Temperature T of Combustion Products, as Well as the Concentrations
of Carbon Oxides CO and Nitrogen NO on the Volume of Air Supplied Through OFA Injectors

Figure 7 shows the dependence of the temperature T of the combustion products
(Figure 7, curve 1), as well as the concentrations of carbon monoxide CO (Figure 7, curve 2)
and nitrogen oxide NO (Figure 7, curve 3) at the outlet of the combustion chamber on the
volume of air supplied through the OFA injectors. The volume of additional air OFA is
indicated as a percentage of the total amount of air supplied to the combustion chamber.
Therefore, the following values were selected: OFA = 5%; 10%; 15%; 18%; 20%; 25% and
30%. Analysis of this figure shows that increasing the proportion of additional air has
a complex effect on combustion processes and the formation of harmful dust and gas
emissions into the atmosphere.

T, °C;
NO, mg/Nm® CO, ke/kg
1

1100 5 0.0008
1000 z //3 0.0007
900 . . / 0.0006
800 0.0005
109 0.0004

600 '
£ 0.0003
400 0.0002
300 0.0001
200 0.0000

0 10 20 30%

Figure 7. Dependence of temperature T and concentrations of carbon oxides CO and nitrogen NO at
the outlet of the combustion chamber on OFA: curve 1—T; curve 2—CQO; curve 3—NO.

As the OFA supply increases, the furnace outlet temperature drops sharply within the
0-5% range due to the cooling effect of incoming air, then stabilizes around 820-860 °C,
confirming stable thermal conditions at moderate OFA levels. The CO concentration
gradually declines: at low OFA levels, incomplete combustion results in higher CO levels.
As more air is added above the flame, the flame improves after burning, and turbulent
mixing reduces the CO concentration by nearly half. The NO concentration also decreases
to its lowest point at OFA levels between 10 and 18%, due to a more developed reduction
zone and less thermal NO formation. Beyond this, an increased air supply slightly raises
NO levels due to higher oxygen and temperature in the afterburning zone. Figure 8 displays
the 3D distribution of CO at the BKZ-75 boiler’s outlet for various over-flame air volumes,
providing insights into combustion completeness and how staggered air supply influences
reducing zones in the upper combustion chamber.

When examining the baseline mode (OFA = 0%, conventional combustion), distinct
areas of elevated carbon oxide CO concentrations are observed, primarily localized in the
central and upper parts of the outlet cross-section (Figure 8a). This distribution is due to
insufficient oxidizer supply to the afterburning zones of volatile fuel components. The
formation of a reducing environment leads to CO accumulation, indicating an insufficient
efficiency of oxidation processes.

At OFA = 18% and 30%, the carbon monoxide concentration CO decreases significantly,
and the distribution becomes more uniform (Figure 8b,c). Additional air introduced above
the main combustion zone intensifies turbulent mixing and promotes more complete oxida-
tion of CO to CO;. A decrease in the intensity of local CO concentration maxima indicates
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an increase in the degree of combustion completion in the region under consideration. In
addition, the absence of pronounced zones of elevated CO concentrations indicates that
the fuel has undergone the most complete afterburning and that the aerodynamic regime
in the combustion chamber has been optimized. Uniform distribution of the oxidizer
ensures effective suppression of reducing zones, significantly reducing the likelihood of

CO formation.

€O, kg/kg
ﬁﬁ 0.0003 0.0005 0.0007 0.0009 0.001
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Figure 8. Distribution of carbon monoxide CO concentration at the combustion chamber outlet for
different volumes of air supplied through the injectors: OFA = 0% (a); OFA = 18% (b); OFA = 30% (c).

(@) (0)

Below, Figure 9 shows the calculated concentration fields of nitrogen oxide (NO) at
the BKZ-75 boiler combustion chamber outlet for three air supply options through OFA
injectors. The resulting spatial distributions allow us to evaluate the impact of staggered
air supply on the formation and reduction of nitrogen oxides (NOy) in the upper zones of
the combustion chamber.

Z 3 NO, mg/Nm?
NO, mg/Nm? NO. mg/Nm Le mg/Nm

270 357 368 378 388 268 272 278 1 299 308 316

284 289 282 29
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Figure 9. Distribution of nitrogen oxide (NO) concentration at the combustion chamber outlet for
different volumes of air supplied through the injectors: OFA = 0% (a); OFA = 18% (b); OFA = 30% (c).

The analysis of the figure indicates that without additional air (Figure 9a), NO oxide
concentrations reach their peak, approximately 380-388 mg/Nm3, with an average of
368.08 mg/Nm?>. The distribution pattern features prominent zones of high NO levels in
the upper part of the cross-section, a symmetrical structure with two local maxima, and
stable hot spots where the thermal mechanism of NO formation is most active.

The absence of a cold air supply causes the temperature in the afterburning zone to
stay high, with almost no reduction processes taking place. This leads to a typical scenario
of “hard” single-stage combustion—characterized by maximum thermal NO formation.
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In Figure 9b, supplying 18% of the above-flare air results in a 22-25% reduction in NO
concentration relative to the baseline, yielding a range of 272-282 mg/Nm?> and an average
of 277.12 mg/Nm?3. The figure shows that the highest NO values move toward the edges,
while the intensity of the central “hot spots” decreases, resulting in a more symmetrical
concentration distribution across the outlet cross-section.

The introduction of OFA causes partial cooling of the upper combustion chamber
zone and enhances reduction reactions (NO — Ny) due to a localized oxygen deficiency
in the main combustion zone. Simultaneously, the contribution of the Zeldovich thermal
mechanism decreases. As the supplied air volume increases to OFA = 30% (Figure 9c),
a secondary rise in nitrogen oxide (NO) concentration occurs. With this setup, the NO
concentration reaches 298-316 mg/Nm?, with an average of 303.25 mg/Nm?.

This behavior results from excess oxygen in the OFA zone, a temperature increases
due to the active afterburning of CO and volatiles, and an increased formation of thermal
NO in the upper part of the furnace. The distribution pattern clearly reveals large areas of
higher concentration in the upper cross-section, indicating excessive secondary air supply
when the reduction zone collapses, and nitrogen oxidation processes restart, dominating.

Overall, the results indicate that the ideal range for additional air supply via OFA
injectors, which reduces CO and NO emissions while maintaining a stable thermal regime,
is approximately 18-20%, with 18% being the optimal value. Table 6 shows the numerical
data for temperature, carbon oxides, and nitrogen concentrations across different modes
when OFA varies from 0 to 30%.

Table 6. Average cross-sectional values of the main heat and mass transfer characteristics at the
furnace outlet for different amounts of additional air supplied through the OFA injectors.

OFA, % Ofa-0 Ofa-5 Ofa-10 Ofa-15 Ofa-18 Ofa-20 Ofa-25 Ofa-30
CO, kg/kg 0.001172 0.000929 0.000929 0.000824 0.000733 0.000655 0.000645 0.000760

T, °C 885.80 868.10 865.91 857.40 856.27 854.37 845.72 836.66

NO, mg/ Nm? 368.08 364.30 332.27 291.78 277.12 282.39 299.05 303.25

3.3. Distribution of Aerodynamic and Heat-Mass Transfer Characteristics Under the Optimal
OFA Mode

Figure 10 illustrates the total velocity vector field in two key sections of the combustion
chamber: the longitudinal section at x = 3 m and the central section at y = 3.3 m, with air
supplied through nozzles at OFA of 0% and 18%. In both scenarios (see Figure 10), the
flame core is situated in the center of the chamber, marked by a zone where counter-current
jets from opposite burners collide intensely. As the distance from the burners increases,
the velocity field becomes more uniform, and the gas flow velocity noticeably decreases
toward the furnace outlet window.

When extra air is supplied through the OFA nozzles (18%), the highest overall velocity
stays concentrated in the flame core. Still, in the zone around the OFA injectors (h = 9.4 m),
there is a localized drop in flow velocity. Once the main burner jets merge with the OFA jets,
two symmetrical vertical vortex structures form above the burner, moving toward the center
of the furnace. These vortices enhance turbulent mixing, improve oxidizer delivery to the
coal dust particles, and facilitate a more complete and uniform fuel combustion burnout.

Figure 11 presents two-dimensional graphs illustrating the temperature T (a) and
nitrogen oxide (NO) concentration (b) along the height of the combustion chamber, h,
for the different operating modes. In Figure 11a, it is shown that with an OFA level of
18%, the peak temperature within the flame core increases relative to the baseline, and the
high-temperature zone expands considerably, resulting in a longer high-temperature core.
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Near the OFA injectors, curve 2 indicates a localized temperature drop due to the cold jet
introduced by the additional air injection.
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Figure 10. The 3D distribution of the total velocity vector is displayed in the longitudinal (x = 3 m)
and central (y = 3.3 m) cross-sections of the combustion chamber for different supplied air volumes
injectors: OFA = 0% and OFA = 18%.
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Figure 11. Two-dimensional distribution of temperature (a) and nitrogen oxide (NO) concentration
(b) along the height h of the combustion chamber for different air volumes supplied through the
injectors: curve 1—OFA = 0%; curve 2—OFA = 18%; e—experiment at a thermal power plant [31];
A—theoretical value obtained by the CBTI method [32].

Above the OFA injectors, the temperature on curve 2 stays higher than on curve 1 al-
most until the outlet. However, at the combustion chamber outlet, the average temperature
when OFA = 18% is lower, at 856.26 °C, compared to 885.79 °C when OFA = 0%. The graph
also shows experimental data from full-scale tests at the Shakhtinsk TPP [31] for the base
mode (OFA = 0%) and the calculated outlet temperature from thermal calculations by the
Central Boiler and Turbine Institute (CBTI) [32], which matches well with the numerical
results data.

Using direct blast technology with an OFA setting of 18% causes the flame to lengthen
noticeably, improves heat distribution along the furnace’s height, and lowers exhaust gas
temperature by about 30 °C. This indicates more effective heat transfer to the upper zone
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and better combustion efficiency within the chamber. Raising the temperature at the flame
core while reducing it at the outlet speeds up oxidation reactions, improves mixing, and
decreases losses from incomplete combustion. Nonetheless, these adjustments alone do
not reduce CO and NOy emissions because higher temperatures can enhance thermal NOx
formation, and CO levels may increase in reduction zones due to insufficient combustion
after burning.

Reducing NOx and CO levels at OFA = 18% involves a two-stage combustion process:
initially, a reducing zone is formed in the lower furnace, followed by intense oxidative
afterburning in the OFA feed area. Analysis of nitrogen oxide distribution (Figure 11b)
reveals that increasing the air supplied through the OFA injectors (OFA = 18%) results in a
slight increase in NOy concentration in the burner zone compared to baseline conditions
(OFA = 0%). This rise is due to higher temperatures and more vigorous oxidation of
nitrogen-containing fuel components.

At the peak of the OFA injectors, there is a noticeable and steady decrease in NOx
levels, caused by cold air supplied through the injectors and the dilution of combustion
gases with excess air. Along the entire furnace height, the highest NOy concentrations are
found in the lower region, known as the active combustion zone, which is typical for all
direct-flow furnaces. Additionally, in the base mode, elevated NOx levels continue until the
combustion chamber’s exit. However, two-stage combustion significantly reduces nitrogen
oxides near the exit [33,34].

The emission reduction mechanism is as follows:

e A reducing (oxygen-depleted) environment forms in the lower zone, inhibiting the
formation of fuel NOy;

e In the OFA injector zone, a moderate-temperature oxidizing region develops, which
decreases the thermal production of NOy based on the Zeldovich mechanism.
The two-stage combustion method, with 18% air supplied via OFA injectors, effectively

reduces the formation of fuel and thermal nitrogen oxides. This results in notably lower
levels of these emissions in the combustion chamber outlet environment.

Figure 12 illustrates the three-dimensional distribution of nitrogen oxide (NO) concen-
trations at the combustion chamber outlet of the BKZ-75 boiler, with different injected air
volumes: OFA = 0% (baseline, standard combustion) and OFA = 18%. Analyzing the NO,
concentrations in the outlet section (refer to Figure 12) indicates that Overfire Air technol-
ogy (acute blast) markedly affects this component’s distribution. At OFA = 18%, there is a
significant decrease in both the average and maximum NO concentrations compared to the
baseline (OFA = 0%).

NO, mg/Nm? NO, mg/Nm?
347 357 367 378 388 265 271 271 283 290
e — O -
OFA =0% OFA =18%

Figure 12. Three-dimensional distribution of nitrogen oxide (NO) at the combustion chamber outlet
for various air volumes supplied through the injectors: OFA = 0% and OFA = 18%.
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Despite the significant results obtained, this study has a limitation that should be taken
into account when interpreting the findings and their practical application: the optimal
parameters for the placement of OFA injectors and the amount of secondary air obtained
are specific to the BKZ-75 boiler and the high-ash coal of the Karaganda Basin and cannot
be directly extrapolated to other boiler types or fuels without further analysis.

Overall, the identified optimal parameters for implementing OFA technology in the
BKZ-75 boiler at the Shakhtinsk TPP can be used in the modernization of existing coal-
fired power plants, contributing to improvements in their environmental and energy
efficiency. Thus, this work makes a significant contribution to the development of “clean”
coal combustion technologies and demonstrates the potential of digital approaches for
transitioning the energy sector toward more sustainable and environmentally safe solutions.

4. Conclusions
The following findings were established based on the completed research:

e Digital and mathematical models of the combustion chamber and combustion pro-
cesses were developed that adequately describe heat and mass transfer during the
combustion of low-grade coal and can be used when implementing two-stage com-
bustion technology (Overfire Air).

e  Computational experiments yielded aerodynamic characteristics, temperature fields,
and carbon oxide (CO) and nitrogen oxide (NO) concentrations throughout the entire
combustion chamber volume and at the BKZ-75 combustion chamber outlet.

e  Various OFA injector placement options were studied. The optimal height (h) was
found to be 9.4 m. This height ensures the maximum reduction in carbon oxide (CO)
and nitrogen oxide (NO) concentrations at the combustion chamber outlet.

e  Fuel combustion modes were simulated with OFA values varying from 0% (baseline,
conventional combustion) to 30%. It was demonstrated that increasing the additional
air volume through the OFA nozzles results in an increase in temperature in the central
zone of the furnace, accompanied by a local decrease in the injector area, followed
by equalization of the temperature field toward the outlet. The optimal supply of
additional air is achieved at an OFA of 18%.

e  Temperature distribution across the furnace height was confirmed by field experiments
at the Shakhtinsk TPP, and the exhaust gas temperature in the baseline mode was
confirmed by thermal calculations using the CBTI methodology.

e  The use of two-stage combustion with an OFA of 18% and the placement of OFA
injectors at a height of 9.4 m reduces the concentration of CO at the furnace outlet by
approximately 36% and NO by 25% compared to traditional combustion (OFA = 0%).

e The obtained results provide a basis for optimizing the combustion process for low-
grade coal, increasing burnout efficiency, and significantly reducing harmful emissions.
This enables us to recommend the implementation of OFA technology in similar coal-
fired boilers at other TPP plants and, more broadly, at any energy facility in the fuel
industry—both in Kazakhstan and in countries where traditional coal-fired power
generation is still prevalent.
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Abstract

Wave-powered reverse osmosis (RO) desalination with cogeneration of electricity is promis-
ing for freshwater production. The design performance of the default architecture seen in
literature and commercialization suffers on metrics of power density, cost, and productivity.
The design choices constraining this performance is the choice to drive a seawater pump
with the WEC that operates at the same pressure as the reverse osmosis process. There have
been studies comparing this default, baseline architecture with architectures operating
at higher pressure, either by introducing a series of processes or by including a power
transformer. This work contributes three studies that expand on the work on one such
architectural choice, the inclusion of a switch-mode power transformer (SMPT). This study
expands on the SMPT architecture and introduces a common-shaft power distribution
approach, in which the rotary machines are mechanically coupled on a shared shaft. Three
studies are performed: a static power-flow study comparing the baseline architecture with
two SMPT-based architectures, a shaft-dynamics study quantifying the trade-off between
switching frequency, flywheel inertia, and shaft-speed variation, and a pressure-dynamics
study evaluating the effects of switch valve area, transition ratio, switching volume, and
switching frequency on throttling losses. The baseline architecture delivers 34.97% of the
input power to permeate production, whereas the SMPT and SMPT with common-shaft
architectures deliver 32.47% and 34.02%, respectively. The shaft dynamics study found that
switching frequencies above 15 Hz kept the shaft speed variations below 5%, while lower
frequencies require added shaft inertia. A pressure dynamics study shows that switching
losses are dominated by valve-opening transients, favoring a large effective flow area and
short transition time. The overall findings are that (i) the SMPT enables significant pump
downsizing at a small cost in efficiency, (i) most of the efficiency loss is recovered with the
common shaft approach, and (iii) the shaft inertia and valve requirements for the SMPT
are reasonable.

Keywords: wave-powered desalination; reverse osmosis; wave energy converter; hydraulic
power take-off system; switch-mode power transformer; switching valve; common-shaft
architecture

1. Introduction

Oceans and seas cover over 70% of the Earth’s surface, making it one of the most
abundant sources of renewable energy in the form of wave and tidal energy. Waves
are a promising source of energy because of the low environmental impact, high power
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density, and better predictability [1] compared to other renewable energy resources [2].
However, a large portion of the wave energy remains untapped due to the lack of mature
and cost-effective technologies [3,4].

Over the years, different combinations of wave energy converters (WECs) and power
take-off (PTO) systems have been used to convert wave energy into electrical energy [5-7].
Various types of PTOs that have been explored including (i) turbines driven by compressed
air or water [8], (ii) direct-mechanical drive PTO that uses mechanical interfaces like cables,
sprockets or gearboxes [9], (iii) direct-electrical drive PTO [10] that converts the wave
energy absorbed by the WEC into electrical energy using rotary or linear generators and
(iv) hydraulic PTOs [11]. Among all these, hydraulic PTOs offer high power density and
are well-suited for wave energy applications characterized by the low-frequency and high
forces exerted by WECs.

While the majority of prior studies focused on the conversion of the wave energy
to electrical energy [12], direct wave-powered desalination is a promising alternative
application [13]. Using wave energy to power desalination plants has emerged as an
alternative, as both the energy source and seawater are located in the same place. Among
the available desalination technologies, reverse osmosis (RO) is promising as it requires
less energy compared to other desalination methods [14].

There are three primary approaches for wave-powered desalination. The first approach
converts wave energy into electrical energy and uses it to power a desalination plant, but
suffers from low overall efficiency due to multiple energy conversion losses [15]. The
second approach uses the wave energy to directly pressurize feed water, thereby avoiding
some of the energy conversion losses. Numerous numerical investigations [16-18], techno-
economic [19], and experimental studies [20] conducted for different combinations of WECs
and PTOs have demonstrated the feasibility of direct wave-powered desalination systems.
However, further experimental studies are required to assess their long-term operational
performance under real-sea conditions [21]. A challenge experienced by these systems
is the large pressure fluctuations at the RO membrane as it is directly coupled with the
WEC, which reduces the lifetime of the system [21]. Large hydraulic accumulators are
used to mitigate the pressure fluctuations [17,18]. The third approach uses wave energy
for desalination along with cogeneration of electricity. This helps to meet the electrical
requirements of the water treatment system, allowing it to operate independently of the
local grid. Additionally, in this approach, the system pressure can be regulated through
control of the generator.

A baseline hydraulic PTO used for desalination with co-generation of electricity is
illustrated in Figure 1. This system consists of a WEC-driven pump, a RO membrane for
desalination, an energy recovery unit (ERU) to recover residual energy from the pressurized
brine discharge, a charge pump to prevent cavitation at the WEC pump inlet, and an electric
generator coupled with a hydraulic motor for generating electrical energy. The WEC-driven
pump can have different configurations, such as a hydraulic cylinder coupled with a check
valve rectifier [11,22].

There are some drawbacks to the baseline system shown in Figure 1. The RO module
and the WEC-driven pump are connected by a common high-pressure rail, resulting in both
components operating at the same pressure. The operating pressure of the RO membrane
is typically in the range of 7-8.3 MPa [11], which is significantly lower than conventional
hydraulic pumps that are designed for 20-35 MPa. The low pressure demands a higher flow
rate for a given power, which in turn requires larger components than a higher-pressure
system. This is of particular concern for the WEC-driven pump, as it is the most costly
component in this system.
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Figure 1. Schematic of the baseline PTO architecture used for desalination with cogeneration
of electricity.

This work explores decoupling the pressure at the pump and the RO module in order
to operate the pump at a higher pressure and lower flow rate, allowing it to be downsized,
saving cost. The pressure can be decoupled by using a hydraulic transformer. The conven-
tional hydraulic transformer, a hydraulic motor and pump shaft coupled together, is bulky,
expensive, and inefficient [23]. The approach used in this work is a buck converter [24]
switch-mode power transformer (SMPT) [25,26] to reduce the outlet pressure relative to
the inlet pressure. The schematic of the PTO architecture using an SMPT is shown in
Figure 2 [27]. The SMPT operates in two discrete states, one with the switch valve open
and the other with the switch valve closed, where flow is drawn through the check valve.
Through controlling the duty cycle of the rapidly switching valve, the pressure transfor-
mation ratio is controlled. Fluctuations in the inlet pressure are minimized through an
accumulator, and fluctuations in the outlet flow rate are minimized through the inertia of
the hydraulic motor and generator.

Switch Mode Power Transformer

: Hydraulic :
:Switch Valve Pump/Motor :
Q Check Valve

Figure 2. Schematic of a hydraulic PTO architecture using a Switch mode power transformer (SMPT).

Studies suggest that the performance of the switch valve is the most important factor
to determine the efficiency of an SMPT [25]. Several valve configurations have been
explored, including rotary four-port valves [28], rotary phase-shift valves [29], and linear
poppet valves actuated by various mechanisms [30-32]. The rotary valves can achieve high
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switching frequencies but suffer from friction and throttling losses. In contrast, poppet
valves can achieve high switching frequencies with low leakage, but large actuation forces
are required to obtain large flow areas. This study will evaluate the influence of valve
parameters on the circuit efficiency, allowing the selection of an appropriate valve.

In the SMPT architecture shown in Figure 2, multiple electric motors are used to drive
auxiliary components, including a charge pump and ERU, which increases system cost and
energy conversion losses. This motivates the exploration of an architecture using a common
shaft connecting all the rotary components except the WEC-driven pump, thereby reducing
the number of components and the energy loss associated with it. In this circuit shown in
Figure 3, two electric motors and one hydraulic pump are eliminated while achieving the
same functionality. The high-pressure outlet of the WEC-driven pump is connected to the
switch valve through a high-pressure accumulator to attenuate pressure fluctuations. A
charge pump maintains pressure in the low-pressure rail to prevent cavitation. The SMPT
consists of a switch valve, check valve, and a hydraulic motor/pump, and it regulates
system pressure. The common-shaft inertia alternatively stores and releases energy during
switching. The pressurised brine discharge from the RO module passes through ERU,
which recovers some of the residual energy. The generator supplies electrical power and
regulates the RO inlet pressure. This results in an underactuated system that requires
careful component sizing.

Switch-Mode

WEC driven Power
Pump ] Transformer
Brine
| Outlet
O
E . Generator Flywheel
Charge Pump (e (=@ =) ]
ERU Motor
RO Module
Seawater
Intake Permeate

Outlet

Figure 3. Hydraulic schematic of the PTO architecture with a switch-mode power transformer (SMPT)
and common-shaft coupling of the rotary machines.

This paper seeks to quantify the advantages and challenges of the three architectures
presented. This study specifically focuses on two questions: (i) what improvement in
overall productivity can be expected using the SMPT with a common shaft architecture,
and (ii) what performance and design requirements must the switching valve satisfy
to enable such operation. The following section presents the methods used to address
these questions. A mathematical model of the system components and their coupling is
described, followed by a description of the analysis. The results are provided and discussed
in Section 3. Conclusions drawn from these analyses are given in Section 4, and they are
accompanied by suggestions for future work.
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2. Materials and Methods

To understand and evaluate the feasibility, performance, and design requirements of
the SMPT with common-shaft architecture, three complementary studies were conducted.
The analysis begins with a static, time-averaged power flow study to quantify the productiv-
ity of each architecture, given several loss mechanisms. This model provides system-level
insight into efficiency and permeate productivity without considering dynamic effects. The
second study investigates the impact of the inertia of the common-shaft assembly on the
rotational speed fluctuations caused by the switching action of the switch valve, exploring
the trade-offs between the switching frequency, the added mass for flywheel inertia, and
generator speed variation. Finally, a pressure dynamic model of the SMPT is developed to
determine the performance requirements and sizing of the switching valve.

2.1. Static Power Flow Modeling

In this section, models are developed of the static power flows for (i) the baseline PTO
architecture shown in Figure 1, (ii) the PTO architecture with the SMPT shown in Figure 2,
and (iii) the PTO architecture incorporating the SMPT with the common-shaft assembly
shown in Figure 3. The three system architectures are modeled on a time-averaged, steady-
state basis to quantify the power flow throughout each system and ultimately determine
the equivalent power delivered to permeate production. The power input from the wave
energy converter (WEC) is set arbitrarily to 100 kW, resulting in constant flow rates and
pressures throughout the system. For the switch-mode architectures, the time-varying
operation of the switch-mode power transformer (SMPT) is characterized by a duty cycle,
and the power flow and losses are averaged over a switching period based on this duty.
A surplus electrical power output is assumed (5kW) to cover auxiliary electrical power
demands of the system. Compressibility and valve throttling losses are not considered in
the static power-flow analysis.

The modeling methodology follows a loop and node analysis approach, similar to
electrical circuit analysis. Flow conservation is enforced at nodes, pressure relationships
are defined around loops, and power balances are established for key subsystems.

2.1.1. Common Component Models

In this subsection, mathematical models are developed for the common components:
(i) WEC driven pump, (ii) RO module, (iii) energy recovery unit, (iv) generator, and
(v) charge pump.

The WEC-driven pump receives mechanical power from the wave energy converter
and pressurizes flow from a low-pressure charge rail at pressure p. to a high-pressure
outlet. For the parallel architecture, the outlet pressure is the RO feed pressure, ps. For
the SMPT-based architectures, the outlet pressure is elevated to p, > py, enabled by the
switch-mode power transformation.

The volumetric flow rate delivered by the WEC-driven pump is

G = NwPw

= 1
Pout — Pc ( )

where P, is the mechanical power input from the WEC, #,, is the pump efficiency, and pout
is the outlet pressure (p or py depending on the architecture).

For the RO module, the permeate flow rate is treated as a recovered fraction of the
feed flow rate, such that q, = Yqr, where Y is the recovery ratio. The concentrate discharge
from the RO module is therefore g, = (1 — Y)qs. The power input to the RO module
is Py = g (142 with the power delivered to permeate being Pp = YPy, and the power
remaining in the brine discharge being P, = (1 — Y)Py.
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The energy recovery unit consists of a hydraulic motor (recovery motor) driven by the
brine discharge and a hydraulic pump (recovery pump) that pressurizes a portion of the
feed flow. The shafts of the recovery motor and pump are mechanically coupled through
an electric motor that provides torque balancing and controls the speed.

The volumetric flow rate through the recovery motor is g, = g, = (1 — Y)qy. Because
the shafts are coupled, the shaft speed and the recovery motor flow rate are related by

_ Nrmpqrm @)

Wrm
Dy

where D, is the volumetric displacement of the recovery motor and 7, is its
volumetric efficiency.
The volumetric flow rate delivered by the recovery pump is therefore

Grp = NrpoDrpwrm = Aqrm = A1 = Y)‘if (3)
where
Dyp
A= Mrp,oMrm,o D (4)
rm

and D;p and 7,p » are the volumetric displacement and volumetric efficiency of the recovery
pump, respectively.
The shaft power delivered by the recovery motor is

Py = Mrem,m rm,oqrmP f ®)

where 7, m is the mechanical efficiency of the recovery motor. The total efficiency of the
recovery motor is §rm = Wrm,mMrm,v-
The shaft power consumed by the recovery pump is

_ qrp(lf’f — pc)

Prp
Hrp,mMrp,o

(6)
where 17y, is the mechanical efficiency of the recovery pump. The total efficiency of the
recovery pump is #fyp = Hrp,m"rp,o-

For the parallel and SMPT architectures (without a common shaft), an electric motor
balances the power on the energy recovery unit shaft. The electric power required is

Prp_Prm

g
}776

P = 7)
where 0 = sgn(Prp — P,;;) determines whether the electric motor consumes or generates
electricity. The sign can be determined without knowledge of the feed flow rate:

A(ps —pe)
(T:sgn<fc — NrmPf ®)
Mrp

For SMPT with a common shaft, the recovery motor is directly coupled to the common
shaft. The generator provides torque balancing and shaft speed control, and there is no
recovery pump.

The generator converts mechanical shaft power to electrical power with efficiency
Ngen- For the parallel and SMPT architectures, a dedicated hydraulic motor (house power
motor) drives the generator. For the SMPT architectures, the generator is integrated with
the switch-mode pump/motor or connected to the common shaft.
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The charge pump pressurizes flow from atmospheric pressure to the low-pressure rail
at pressure p.. The volumetric flow rate through the charge pump is equal to the average
RO feed flow rate, qc = q¢. The shaft power consumed by the charge pump is

1
Pc:;?qupc )

where 77, is the charge pump efficiency.
When the charge pump is driven by an electric motor (parallel and SMPT architectures),
the electric power demand is
1
Pee = Telee qfPc (10)
where 7. is the electric motor efficiency. When driven directly from a common shaft (SMPT
with common shaft), only the shaft power P, is required.

2.1.2. Parallel Architecture (Baseline)

In the parallel architecture, the WEC-driven pump delivers pressurized flow at py
directly to a high-pressure rail. This flow is split between the RO module and a house power
hydraulic motor. The house power motor drives a generator to produce electrical power
for the charge pump, the energy recovery unit electric motor, and to meet the prescribed
surplus electrical power demand, P,.

The flow split is characterized by the parameter «, defined as the fraction of the
WEC-driven pump flow that feeds the RO module:

Xqw

= 11
=1 A1-Y) ()
where the denominator accounts for the flow from the energy recovery pump.
The flow through the house power motor is therefore
Gm = (1 — a)qu (12)

The house power motor draws from the high-pressure rail at p; and discharges to the
low-pressure rail at p., delivering shaft power to the generator:

Prng = meqm(Pf — Pec) (13)

where 1pm = 1pm,olpm,m i the total efficiency of the pump/motor unit.
The electrical power generated is

Peen = HgenPmg (14)

The generator is designed to produce sufficient electrical power to supply the auxiliary
components, while simultaneously providing a prescribed surplus power. Accordingly, the
flow split « is determined by the power balance on the electrical bus, which must satisfy
the prescribed surplus power P, along with the demands of the charge pump and energy
recovery unit:

Pgen:Pe+Pre+Pce (15)

Solving this power balance using Equations (5)—(14) yields

Ngen!pm (Pf — Pe) — ,%,

HgenlTpm (P — Pe) + ﬁ (775576 + 171}:/ (%(Pf —Ppe) — Wrmpf))

K =

(16)
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With « known, all flow rates, pressures, and power flows throughout the system can
be determined, including the power to permeate, P, = Yqspy.

2.1.3. SMPT Architecture

The switch-mode power transformer enables hydraulic power transformation through
the time-varying operation of a switching valve. The average flow rate through the WEC-
driven pump is equal to the average flow rate through the pump/motor during the
valve-open phases:

quw = Dq;:m (17)

where D is the duty cycle of the switching valve and g, is the volumetric flow rate through
the pump/motor.

The average shaft power generated by the switch-mode pump/motor over a single
switching period, Tsy, is

_ 1 Tsw
Py _.§§; 4; Py (T) dT (18)

where the instantaneous power delivered by the pump/motor is piece-wise

_ Upmﬂpm(pw_]?f> 0<71<DTs

Py (T) = (19)
b {mfmq;am (pc - Pf) DTgy < T < Tsp

assuming p. < p f < pw. During the valve-open phase (0 < 7 < DTyy), the pump/motor
operates as a motor, drawing from the high-pressure WEC outlet at p;, and discharging to
the RO feed rail at p Iz During the valve-closed phase (DTsyy < T < Tsw), the pump/motor
operates as a pump, drawing from the low-pressure charge rail at p. and pressurizing flow
to py. Integrating over the switching period yields
_ 1-D

The RO feed flow rate is the sum of the volumetric flow from the switch-mode

pump/motor and the energy recovery pump:

_ Apm
=121 -Y) @)

The electrical power generated is
Pgen = Ugenppm (22)

Similar to the parallel architecture, the duty cycle D is determined by the power
balance on the electrical bus:
Pgen:Pe+Pre+Pce (23)

By solving the power balance, using Equations (5)—(7), (10) and (20)—(22), the following
expression is obtained:

iy = pe) + ety (e e (i (o = pe) = oy
Hgentpm (P — Pf) + M(Pf —Pe) — %

Npm

(24)

With D known, all flow rates and power flows can be determined. It must be noted
that the time-averaged SMPT model neglects compressibility effects which is considered
later in the pressure dynamic study.
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2.1.4. SMPT with Common Shaft Architecture

The SMPT with common shaft architecture integrates the switch-mode pump/motor,
generator, charge pump, and recovery motor on a common mechanical shaft. This elimi-
nates the electric motors that would otherwise be required to drive the charge pump and
balance power on the energy recovery unit, thereby reducing conversion losses associated
with electrical power flow.

The switch-mode pump/motor operates as the SMPT architecture described above:

Ppm = Dtpmqpm (Pw - pf) - 117_meme (Pf - Pc) (25)

However, in this configuration, the shaft power is mechanically coupled directly to
the generator, charge pump, and recovery motor.
The power balance on the common shaft is

_ P
Ppm+Prm:Pc+;7g€n (26)
gen

where P, is the shaft power delivered by the recovery motor, P, is the shaft power con-
sumed by the charge pump, and Pgey, /17gen is the mechanical power input to the generator.

As the rotary components are mechanically coupled through the common shaft, elec-
trical power from the generator is not required to operate them. Therefore, the generator
only needs to produce sufficient electrical power to meet the prescribed surplus:

Pgen = P (27)

The RO feed flow rate is
qf = qpm (28)

In this configuration, the recovery pump is eliminated, and the charge pump and recov-
ery motor are driven directly from the shaft, eliminating electrical power demand for
these components. The power recovered from the brine discharge by the recovery motor
contributes directly to the common shaft to power the charge pump and generator.

By solving the shaft power balance for the duty cycle D, using Equations (5)
and (25)—(28), yields

Yy, PP pe

D= Al e TR (29)
i Pf—Pc
Ngenqw - Upm(pw — pf) _ {7}077”

With D known, all flow rates and power flows throughout the system can be determined.

2.1.5. Study Parameters

The three architectures are evaluated using consistent operating conditions and
component efficiencies to enable direct comparison. Table 1 summarizes the baseline
study parameters.

The 100 kW input power provides a convenient basis for interpreting results as
percentages or fractions of the WEC power input. The surplus electrical power of 5 kW
represents auxiliary loads and control power requirements. Component efficiencies are
selected to represent achievable performance with current technology. The WEC-driven
pump efficiency and charge-pump efficiency are based on representative component-
efficiency values reported in a previous study [11]. The hydraulic machine efficiency
values are based on documented performance of the Danfoss (Nordborg, Denmark) Nessie
APP 26/1500 axial piston pump/motor [33]. All hydraulic machines (pump/motor units,
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recovery motor, recovery pump) share the same volumetric and mechanical efficiency
values, and all electric machines (generator, charge pump motor, recovery unit motor) share
the same efficiency value.

Table 1. Baseline study parameters for system comparison.

Parameter Symbol  Value
WEC input power Py 100 kW
Surplus electrical power P, 5 kW
Charge pressure Pe 1 MPa
RO feed pressure Ps 8 MPa
WEC pump outlet pressure (SMPT with c.s.) Pw 30 MPa
RO recovery ratio Y 0.3
Displacement ratio Dyp/Dym 1.0
WEC-driven pump efficiency Nw 0.90
Hydraulic machine volumetric efficiency o 0.96
Hydraulic machine mechanical efficiency N 0.85
Electric machine efficiency e 0.95
Charge pump efficiency fe 0.70

2.2. Transformer Shaft Dynamic Model

Due to the switching action, the SMPT relies on storing and releasing energy in the
shaft inertia, which results in shaft speed variations. The purpose of this section is to
quantify the influence of the shaft inertia on the speed variation.

The allowable speed fluctuation is expressed in terms of percentage speed deviation €.
The maximum and minimum speeds are defined as deviations about the nominal speed
wy as

€
Winax,min = Wn (1 =+ m) (30)

The energy exchanged with the rotating assembly depends on the torque provided by the
pump/motor, which is obtained by

(s —ps)D
Thya = —— =, (31)

where p; is the pressure at the switching volume, which fluctuates between the high-
pressure (WEC operating pressure) and low-pressure (inlet pressure of the WEC pump) as
the switch valve opens and closes, and D,y is the displacement of the pump/motor. The
total energy exchanged can be obtained as

DTsw DTsw — D
Ee = / Tyyacwndt = / (b= p)Dpn o, 32)
0 0 27

where D is the duty cycle and Ty is the switching period. Thus, the required mass moment
of inertia needed to restrict the speed fluctuation within the desired limit can be obtained

by conserving energy:

2Ecs
J=—"F—""5 (33)

wmax,min — Wn

where | is the equivalent mass moment of inertia of the entire rotating assembly, which
consists of the shaft, flywheel, hydraulic motor/pump, charge pump, and the generator.

Study Parameters

The study parameters considered for the transformer shaft dynamic study are listed
in Table 2. The inertia of the common shaft is composed of the inertia of the rotating
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machines and the flywheel. The flywheel is considered to be a solid cylinder made of
steel. The diameter of the flywheel is considered to be 300 mm, slightly larger than the
diameter of the casing of the generator. Following the preliminary sizing of the components
based on the static power flow model, the inertia of the rotating machines is obtained from
manufacturer catalogs. Based on those values, the inertia of the common-shaft assembly
without the flywheel is obtained to be approximately 1.02 kg-m?. The required inertia of
the shaft assembly is evaluated for 5% and 10% allowable speed deviations under different
switching frequencies. The mass of the flywheel needed to achieve the required inertia is
used as a trade-off parameter to select the nominal switching frequency.

Table 2. Flywheel and shaft inertia parameters.

Parameter Symbol Value
Percentage speed deviation € 5,10 (%)
Nominal Speed Wy 3600 RPM
Switching frequency 1 to 20 (Hz)
Transition ratio 0to0.2
Switch valve area As 10 to 50 cm?
Switching volume Vv 04to2L
Shaft outer diameter 0.14m
Shaft length 2m

Shaft assembly inertia (without flywheel) 1.02 kg-m?
Flywheel material density 7850 kg /m?3
Flywheel outer diameter 0.3m

2.3. SMPT Pressure Dynamic Model

The third study focuses on the pressure dynamics of the switch-mode power trans-
former, with the primary objective of determining the switch valve parameters. In this
analysis, the shaft dynamics considered in the second study are neglected to isolate the
effects of the valve dynamics. The switch-mode transformer subsystem consists of the
active switch valve, the passive check valve, the hydraulic motor/pump, and the hydraulic
accumulator, as shown in Figure 4. The flow rate supplied by the WEC-driven pump is
considered the input to the system, and the pressure and flow rate delivered to the RO
membrane are considered the output.

_—
Qw
Pw [E Switch Valve
Flow from
WEC Pe
O
_—
e
Hydraulic
dpm pump/motor
Flow to the
RO Module

Figure 4. Schematic of SMPT subsystem for dynamic modeling.

To facilitate the dynamic analysis, the flow rate delivered by the WEC-driven pump is
assumed to vary sinusoidally, which captures the oscillatory behavior of the waves without
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modeling WEC hydrodynamics: The volumetric flow rate from the double-acting cylinder
with a check valve rectifier can therefore be expressed as

Juw = A|sin [27tft]| (34)

where A is the amplitude, f. is the frequency of WEC. The amplitude of the volumetric
flow rate is determined from the prescribed pump power, Py, and the desired operating

pressure, pges.
Py

avg = @ (35)
[ Alsin [27(fc)t]| dt
Gavg = fdt (36)

The gas-charged accumulator is used to increase the capacitance of the system, thereby
reducing pressure fluctuations. The compression of the charged gas inside the accumulator
is considered to be an isothermal, ideal gas process. Under this assumption, the pressure of
the high-pressure rail can be expressed as

__ Pcharge Vace

p (37)
w Vgas

where ppqrq. is the pre-charge pressure of the accumulator and Vi is the total volume of the
accumulator. The volume of gas present inside the accumulator Vg,s, can be obtained from

Vgus = Viee — /(Qzu - %)dt (38)

where gy, is the flow rate delivered by the WEC and g is the flow rate supplied to the switch
valve. The inertia of the diaphragm and resistance to the fluid flow at the accumulator
outlet are not considered.

The switch valve operates between a fully open and a fully closed state, which is
governed by the switching frequency and the duty cycle. The valve area is modeled as
a trapezoidal profile to account for the finite transition time required for switch valve
actuation. The instantaneous switch valve area can be obtained from the equation

As " duri . e
- b uring opening transition
r
As, during fully open
Asv (t,) — A (39)
—*(DTs —t'), during closing transition
r
0, during fully closed

where A; represents the maximum valve opening area, the variable ' defines the time
within a single switching time period. The parameter t, is the transition time required for
the valve to fully open or fully close. The flow through the switch valve is modeled using
the orifice equation:

gs = CgAso(t) z(Pw —ps) (40)

The check valve is considered to behave ideally. The volumetric flow rate through the
check valve is modeled using the orifice equation
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CaAey/5(pe—ps) if  ps <pe

qc = (41)

0 if Ps = Pe
where A, is the check valve area, C; is the discharge coefficient, p. is the charge pump
outlet pressure and pj is the switching volume pressure.
Considering the fluid in the switched volume to be compressible, the dynamic pressure
of the switch volume depends on the continuity equation

% = ﬁ{;ﬁ (f]s +qc — I]pm) (42)
where V is the switch volume, gs and g, are the inflow of fluid from the high-pressure
rail and the low-pressure rail respectively, g, is the outflow which is delivered to the RO
module, and B,y is the effective bulk modulus of the seawater.

The bulk modulus as a function of pressure is modeled considering isentropic com-
pression of the entrained air and the liquid using the method of Cho et al. [34]:

1 (Patm—P)
(L)We i 4R

Patm

L apm—p)
RE P NY, R
'Yp+(patm) e

where B is the bulk modulus of pure liquid, - is the air heat ratio, and R is the entrained air

IBEff(p) =p (43)

volume fraction at atmospheric pressure, patm.

2.3.1. Control

A proportional-integral (PI) controller with a feedforward term and a low-pass filter is
designed to control the operating pressure of the WEC-driven pump. The control input
used to control the pressure is the duty of the switching valve. The PI control system is
based on a linearized model obtained about a nominal operating condition. The nominal
pre-charge pressure, volume of water in the accumulator and the desired WEC operating
pressure are provided in Table 3.

A first-order low-pass filter is used to suppress the excessive variations in the duty
cycle ratio. The low-pass filter is expressed as

de,fiz 1
T (Pw - Pw,fil) (44)

where 7 is the time constant of the low-pass filter. The cut-off frequency is selected to
be lower than the frequency of the ocean waves. This is done to attenuate the large and
slow pressure fluctuations, resulting in a smoothing effect of the duty-cycle response at the
expense of a moderate phase lag.

The maximum and minimum limits of the duty cycle ratio were set to 1 and 0, respec-
tively. The control law for the PI control system is expressed as

D = min (1,max (0, Dys +kpe +k; / g, dt)) (45)

where Dy is the feedforward term, and ¢ is the error between the desired pressure p.s and
the filtered pressure py, 7. The error can be expressed as

€ = Pdes — Puw,fil (46)
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The gains k, and k; were selected from the root locus of the linearized system such
that the system is deliberately slow and smooth. The oscillating closed-loop poles were
placed at —0.0985 £ 0.39 j, corresponding to a natural frequency of 0.41 rad/s and a settling
time of approximately 70 s. The small integral gain k; ensures zero steady-state error while
having very little impact on the system’s oscillatory behavior. Together, these gains place
the slow pole at —0.0531, which dominates the long-term response and produces a slow,
stable, and smooth system. The values of the gains and time constant of the control system
are summarized in Table 3.

Table 3. Control system parameters used in PI controller.

Control Parameter Symbol Value
Desired WEC operating pressure Pdes 21 MPa
Nominal volume of water in HPA 0.04 m?

Pre-charged pressure Pcharge 12 MPa
Proportional gain ky -7x1078
Integral gain k; —35x107?
Filter time constant T 4s
Feedforward duty cycle Dy 0.5

2.3.2. Objective Functions

The main losses considered for the switch-mode circuit are the throttling losses across
both the check valve and the switch valve. The energy losses for a duration of four wave
cycles are obtained by integrating the instantaneous power losses, given by

Ejoss,sv = /(Pw — ps)gs dt (47)

Eloss,CV = /(Pc - Ps)ﬂc dt (48)

where Ejy55 sy is the energy loss experienced by the switch valve and Ejy cy is the energy
loss experienced by the check valve. Since the present study focuses mainly on the SMPT,
the desired output is taken as the flow delivered to the RO module. Although in the physical
system, the flow passes through the hydraulic pump/motor coupled to the common shaft,
any energy exchange with the shaft is neglected in this study, so that the objective function
reflects only the hydraulic performance of the SMPT. The electric power generated by the
generator and the potable water obtained through the RO membrane are not considered for
the design study of the SMPT. Furthermore, the objective functions focus only on the losses
incurred by the switch valve and the check valve. Based on this definition, the energy loss
fraction for the SMPT is calculated as the ratio of the energy losses to the sum of the energy
losses and the energy delivered to the RO module.

E, —=1— [(ps = Patm)qpm dt
fVﬂC f(ps - pﬂtm)qpmdt —|— f((pw — ps)qs + (pC _ ps)qc)dt

(49)

The energy loss fraction serves as the principal evaluation metric for comparing the perfor-
mance of the SMPT across different operating conditions.

3. Results and Discussion

Similar to the previous section, the Results and Discussion section is organized into
three main subsections. In the first subsection, the results for the static power flow studies
are presented and discussed for the three PTO architectures. The next subsection examines
the results for the transformer shaft dynamics study with emphasis mainly on the impact
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of the shaft inertia on system behavior. Finally, the results for the pressure dynamic study
of the SMPT are presented and discussed.

3.1. Static Power Flow Model

This subsection presents the system efficiency and the permeate production and
provides a comparative study of their performance. The three architectures were compared
using the time-averaged static power flow models with the baseline parameters defined in
Table 1.

Figure 5 illustrates the power flow paths through each architecture with values derived
from the model results. In these schematics, the green arrows denote power transfer
between components, while the red arrows indicate power losses. The parallel baseline
architecture delivers 34.97% of the WEC input power to permeate production, establishing
the benchmark for comparison. The SMPT architecture without a common shaft delivers
32.47% of input power to permeate, representing a 2.5 percentage point reduction (7.1%
relative reduction) compared to the baseline. The SMPT with common shaft architecture
achieves 34.02% permeate power, a 1.5 percentage point improvement (4.8% relative
improvement) over the standalone SMPT configuration and within 1.0 percentage point

(2.7% relative) of the parallel baseline.

(o)

Figure 5. Power flow schematics of three PTO architectures: (a) Baseline, (b) SMPT, and (c) SMPT
with common shaft. The green arrows indicate power transfer between components, while the red
arrows indicate power losses.
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The SMPT architecture exhibits reduced efficiency compared to the parallel baseline
due to recirculating energy within the switch-mode power transformer. During each switch-
ing cycle, kinetic energy is stored in the rotating inertia of the generator and pump/motor
when the switching valve opens, then released when the valve closes to pump low-pressure
fluid to the RO feed pressure. This bidirectional power flow between the mechanical inertia
and hydraulic system introduces additional losses in the pump/motor compared to the
unidirectional power flow in the parallel baseline. While the SMPT operates the WEC
pump at elevated pressure (p,, = 30 MPa versus py = 8 MPa), reducing the required
displacement for a given power level, the switching losses dominate under the baseline
efficiency parameters.

The common shaft architecture mitigates the efficiency penalty of the SMPT by elimi-
nating two electric motors present in both the baseline and standalone SMPT configurations:
the charge pump motor and the energy recovery unit motor. By mechanically coupling the
charge pump, energy recovery motor, generator, and switch-mode pump/motor to a single
shaft, power flows between these components without intermediate electrical conversion.
This eliminates the round-trip electrical conversion losses (2 for motor-generator pairs)
that occur when power is transmitted through the electrical bus. The recovered efficiency
nearly compensates for the switching losses, bringing the common shaft architecture to
within 1% of the baseline parallel configuration.

3.2. Transformer Shaft Dynamic Model

This section presents results showing the influence of shaft inertia and switching
frequency on speed variation in the common shaft. Figure 6 shows the common-shaft as-
sembly inertia required to limit speed fluctuations to 5% and 10%. Increasing the switching
frequency reduces the time available for acceleration and deceleration about the mean
shaft speed during each cycle. Thereby reducing speed variation and lowering the in-
ertia required to achieve a target fluctuation limit. The mass and the thickness of the
flywheel to achieve the required inertia for different switching frequencies are given in
the Table 4. Three different switching frequencies are considered for further parametric
studies. (i) Switching frequency of 15 Hz, where no flywheel is added and the inertia of
the common shaft assembly without the flywheel is enough to maintain the speed fluc-
tuations to 5%, (ii) Switching frequency of 5 Hz, where a flywheel of 159 kg is required,
(iii) and a switching frequency of 1 Hz, which requires flywheel of 1133 kg to maintain
the shaft speed fluctuations within 5%. The required inertia for a switching frequency
of 1 Hz, 5 Hz, and 15 Hz is specifically highlighted by the dashed horizontal lines in
Figure 6.

Table 4. Influence of flywheel thickness on system inertia and switching frequency for 5%
speed variation.

Switching Frequency System Inertia Flywheel Inertia Thickness Flywheel Mass
(Hz) (kg-m?) (kg-m?) (m) (kg)
15 1.02 No Flywheel - -
7 2.26 1.24 0.2 111
5 2.81 1.79 0.29 159
4 3.51 2.49 0.4 222
3 4.76 3.74 0.6 333
1 13.8 12.7 2 1133
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Shaft Inertia vs Switching Frequency

—@—5% Speed Variation
10" H —a—10% Speed Variation
] - - ~Inertia = 1.02 kg-m?

Inertia = 2.81 kg-m?
- - -Inertia = 13.8 kg-m?

Inertia (kg-m?)

0 2 4 6 8 10 12 14 16 18 20
Switching Frequency (Hz)

Figure 6. Plot showing the required common shaft inertia required to limit shaft-speed fluctuations
to 5% and 10% for different switching frequencies.

3.3. SMPT Pressure Dynamic Model

The results for the pressure dynamic modeling of the SMPT are presented in this
subsection, focusing on pressure and flow ripple, energy losses, and the sensitivity of the
system performance based on switching frequency, transition ratio, switch valve area, and
switching volume.

The switch-mode power transformer dynamics are presented in Figure 7. Two switch-
ing cycles at a switching frequency of 10 Hz and with a duty of 0.21 are shown. The pressure
of the switched volume and switch valve area are presented in the top subplot, and the flow
rate through the switch valve and check valve are shown in the bottom subplot. As the
switch valve opens, there is a significant spike in the flow rate, because of the large pressure
difference between the high-pressure rail and the pressure at the switched volume. These
surges in flow are driven by the large pressure differential across the valve. The flow rate
from the switch valve settles as the switched volume pressure increases and approaches the
WEC operating pressure. During the closing transition of the switch valve, the switched
volume pressure drops, and when it goes below the outlet pressure of the charge pump,
the check valve opens and maintains the switching pressure at the outlet pressure of the
charge pump, resulting in flow through the check valve.

The dynamics of the WEC-driven pump are presented in Figure 8. The top subplot
shows the flow rate delivered by the WEC-driven pump over one wave cycle, exhibiting
two distinct pulses corresponding to the reciprocating motion of the WEC. The duty of
the switch valve is controlled to maintain the operating pressure of the pump at 21 MPa.
The bottom subplot shows the pressure dynamics at the high-pressure rail along with
the duty of the switch valve. As evident from the plot, there are two different oscillatory
behaviors in the WEC pump pressure curve, reflecting two dominant time-scales in the
system. The slow, large amplitude variations in the pressure arise from the WEC-driven
pump operating at a frequency of 0.1 Hz. The fast, small-amplitude fluctuations that are
superposed on the curve are due to the switch valve operating at a frequency of 10 Hz.
Figure 8 shows that the duty is oscillating between 0.21 and 0.23, and there is a slight phase
lag with respect to the pressure curve. The phase lag is due to the low-pass filter employed
in the control loop, which has a cut-off frequency lower than the WEC frequency.
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Switch Pressure and Valve Area vs Time .
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Figure 7. Switch-mode power transformer dynamics over two switching cycles at 10 Hz and duty
cycle 0.21. Top subplot: switched-volume pressure and switch valve area. Bottom subplot: switch
valve and check-valve flow rates.

Interpreting these results, the low duty cycle implies a lower effective pressure trans-
formation ratio of the SMPT, resulting in a cycle-averaged switching pressure lower than
the RO module pressure. Consequently, the hydraulic pump/motor operates predomi-
nantly in pumping mode, drawing fluid from the low-pressure switching volume and
delivering it to the comparatively higher-pressure RO module. Under this condition, the
shaft power is supplied to the fluid, part of which is supplied by the recovery motor.

Flow Rate from WEC vs Time
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Figure 8. Plot showing the WEC-driven pump dynamics; Top subplot: flow rate delivered by the
WEC-driven pump over one wave cycle. Bottom subplot: high-pressure rail pressure and switch
valve duty.

3.3.1. Power Loss Study

The instantaneous throttling power loss through a switching cycle is presented in
Figure 9. There is a significant power loss spike that reaches nearly six times the WEC
input power when the switch valve is opening. This coincides with flow surges shown in
Figure 7 and at the same time, the pressure in the switched volume rises rapidly from about
300 kPa to 20 MPa. As the pressure of the switched volume rises rapidly and approaches
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pressure at the high-pressure rail, the throttling power loss across the valve becomes less
significant. There is another power loss spike during the closing event of the switch valve
due to the decreasing switch valve area.

When the switch valve is opening there is a large pressure differential between the
WEC pressure and the switched volume pressure. This results in a large transient flow rate
through the valve as the fluid in the switched volume is compressed to the WEC pressure.
Due to the capacitance of the switched volume, its pressure cannot rise instantaneously. So
the large pressure drop across the valve persists during the opening transition of the switch
valve and results in a large spike in power loss as shown in Figure 9. Among the losses
experienced by the valves the compressibility-related loss is the major source of power
loss. In contrast, the compressibility effects are negligible during the switch valve closing,
resulting in a smaller throttling valve power loss spike during this transition shown in
Figure 9. The check valve throttling losses are insignificant compared to the losses across
the switch valve.

Power Loss and Switching Pressure vs Time
600 T T 25

——Switch Valve Power Loss
—— Check Valve Power Loss
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o ! 7
g I 410 &
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Figure 9. Plot showing the instantaneous power loss in the switch valve and the check valve and
switching pressure vs. time over a switching cycle.

3.3.2. Parameter Studies

This section presents the influence of four parameters: (i) switching frequency;, (ii) tran-
sition ratio, (iii) switch valve area, and (iv) switch volume on SMPT performance. The
parametric results are not intended to characterize generic valve losses. Instead, these
results quantify the relative energy loss fraction of the SMPT within the design space
considered in this study. The main purpose of this subsection is to identify practical design
trends for selecting valve parameters.

The influence of switching frequency on the energy loss fraction is presented in
Figure 10. The trend of increasing energy loss with increasing frequency occurs because
each switching event generates a transient power loss spike, as shown in Figure 9. Although
a low switching frequency is desirable as it is more efficient, it increases speed variation
in the common-shaft assembly as discussed in the previous subsection, highlighting the
trade-off between flywheel size and the efficiency of the system.

The transition ratio represents the fraction of the switching period during which the
valve is transitioning either from the closed state to the open state or vice versa. In this
work, the opening and closing transition ratios are assumed to be identical. During the
transition phase, the valve area is smaller, causing higher throttling losses. The increase in
energy loss fraction with increasing transition ratio is shown in Figure 11. Smaller transition
ratios reduce throttling losses and provide faster response, but result in sharp pressure
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spikes. Having a relatively larger transition time slightly smoothens out the switching
pressure as shown in Figure 12.

Energy Loss Fraction vs Switching Frequency
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Figure 10. Plot showing relation between switching frequency and energy loss fraction.
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Figure 11. Plot showing relation between transition ratio and energy loss fraction.

To investigate the effect of the switch valve area, the maximum valve area is varied,
and its influence on the energy loss fraction is analyzed. As shown in Figure 13, the energy
loss fraction decreases with increasing switch valve area, with the steepest slope occurring
at small valve areas. This trend occurs because a larger valve area reduces the pressure drop
across the fully open valve, thereby decreasing the throttling losses. While larger valve area
reduces throttling energy losses, it requires larger moving elements in the valve, increasing
the actuation energy required for rapid switching. This trend needs to be considered in
future work designing a specific valve architecture for this application to identify a practical
design trade-off between reducing throttling energy losses and limiting valve actuation

energy requirement.
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Figure 12. Plot showing the switched-volume pressure response for two transition ratios, illustrating
the effect of transition time on the pressure transient during switch valve operation.
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Figure 13. Plot showing relation between switch valve area and energy loss fraction.

The influence of switching volume is also studied. Figure 14 presents the variation in
energy loss fraction with switching volume for switching frequencies of 1 Hz, 5 Hz, and
15 Hz. The energy loss fraction increases with switching volume because the fluid in the
switched volume needs to be compressed and decompressed during each switching event.
As a result, a larger switching volume requires more fluid to enter the switched volume
through the transitioning valve to raise the pressure during each cycle. The energy loss due
to this effect increases at higher switching frequencies, as the same compression-related
loss occurs more frequently. Reducing the switching volume, within physical limitations,
is critical to an efficient SMPT.

Figures 10-14 indicate a preferred design from an energy loss perspective, has a
smaller switching volume, a larger switch valve area, lower switching frequency, and a
shorter transition ratio. However, the grid studies do not account for the required actuation
energy, which favors a longer transition ratio and smaller switch valve area. Moreover, the
shaft speed variation is also not considered, which favors faster switching frequencies.
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Switching Volume vs Energy Loss Fraction
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Figure 14. Energy loss fraction as a function of switching volume for switching frequencies of 1 Hz,
5Hz, and 15 Hz.

4. Conclusions

This study proposes and models a new hydraulic PTO architecture for desalination
of seawater with cogeneration of electricity. The architecture incorporates a SMPT with a
common shaft. Its performance is evaluated relative to the baseline architecture and the
SMPT architecture without a common shaft. The SMPT allows (1) the pressure at the WEC
pump to be elevated above the RO module pressure, allowing for a smaller WEC-driven
pump, the most expensive component in the PTO and (2) allows independent control of the
pressure at the WEC pump to maximize power capture at the WEC through varying wave
states. The analysis is based on a static power flow study, transformer shaft dynamics, and
the SMPT pressure dynamics study:.

The static power flow study provides an overall system-level comparison of the three
architectures. Along with a prescribed surplus of 5 kW of electrical output from the
generator, the baseline architecture delivers 34.97% of the WEC input power to permeate
production, the SMPT architecture delivers 32.47%, and the SMPT with common-shaft
delivers 34.02%. The efficiency of the SMPT architectures reduces slightly due to the
bi-directional power flow through the motor/pump during each switching cycle. The
common-shaft SMPT architecture reduces losses by eliminating some components.

The transformer shaft dynamics study uses switching frequency as a design variable
to estimate the mass of the flywheel required to reduce the shaft speed fluctuations to 5%
or 10%. Higher switching frequencies reduce the inertia required by the shaft and flywheel
assembly to maintain the allowable speed variation. No flywheel is required to maintain a
shaft speed fluctuation of 5% for a 15 Hz switching frequency. However, for a switching
frequency of 5 Hz and 1 Hz, 159 kg and 1133 kg of flywheel are required, respectively.

The pressure dynamics study shows that switch valve losses dominate the SMPT
performance. The dominant losses are the throttling losses during the transition phase of
the switch valve, which are not considered in the time-averaged model. For a pressure
dynamics case with a switch valve area of 25 cm?, transition ratio of 0.1, switching volume of
1L, and switching frequency of 5 Hz, incorporating the switch valve throttling losses in the
time-averaged power flow model reduces the overall efficiency of the SMPT with common-
shaft architecture from 34% to 32%. The maximum energy loss occurs during the opening
phase of the switch valve, where a large pressure difference across a small transition valve
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area and the high transient flow required to pressurize the switching volume produce
the peak throttling loss spike. The parametric studies show that the energy loss fraction
increases with increasing switching frequency, transition ratio, and switching volume, and
decreases with increasing switch valve area. These trends create a trade-off as a larger valve
area and shorter valve transition require higher valve actuation power, lower switching
frequency increases shaft speed variation, and reduces the response time of the system,
and there is a limit on the minimum switching volume due to component packaging.

Overall, these results suggest that the proposed architecture offers system-level ad-
vantages, in terms of reducing system cost and allowing independent control of the torque
at the WEC pump to increase average power capture across varying wave states at the
expense of a slight reduction in efficiency. The dominant energy loss is throttling across
the switch valve during valve transitions due to fluid compressibility in the switched
volume. Reducing the throttling losses in the switch valve will be essential in improving
its practical performance. Future work should therefore focus on soft-switching strategies
that minimize the transitional throttling losses by equalizing pressure across the valve
before transition.
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The following abbreviations are used in this manuscript:

RO Reverse Osmosis

HPA High Pressure Accumulator

PTO Power Take Off

WEC Wave Energy Converter

ERU Energy Recovery Unit

SMPT Switch Mode Power Transformer
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Abstract

Large-scale dense-phase carbon dioxide (CO,) injection is an energy-intensive process in
the carbon capture, utilization, and storage (CCUS) value chain. To address insufficient
utilization of inlet pressure potential energy and sealing/friction losses of conventional
reciprocating pumps under high-base-pressure dense-phase CO, transport conditions,
this study develops a dense-phase CO,-oriented structural optimization scheme for a
hydraulically driven opposed-piston reciprocating pump based on force-coupling. A
dynamic model was established to clarify the in situ recovery mechanism by which inlet
pressure potential energy is converted into auxiliary thrust, enabling the drive load to
shift from absolute pressure to net pressure difference. Simulation results show that under
the rated 8 MPa inlet and 25 MPa discharge condition, the optimized opposed-piston
configuration reduces peak driving oil pressure by 31.39% compared with the non-opposed
reference configuration. Field reliability operation data show an average normalized
specific energy consumption of 0.422 kWh/(MPa-m?) during the selected 24 h continuous
operating period. The optimized configuration improves inlet-pressure utilization and
reduces hydraulic power demand under high-base-pressure dense-phase CO,; injection
conditions, providing theoretical support and engineering reference for low-energy CCUS
injection systems.

Keywords: dense-phase CO, injection; opposed reciprocating pump; structural optimization;
suction-pressure-assisted load compensation; CCUS

1. Introduction

As the commercialization of large-scale CCUS technology accelerates, high-pressure
fluid compression equipment—serving as the core power unit of the entire CCUS
chain [1-3]—naturally makes energy efficiency and operational reliability the most
critical factors determining the system’s economic viability over its entire lifecycle [4,5].
More importantly, dense-phase CO; exhibits several characteristic properties, including
low viscosity, compressibility, and thermal sensitivity [6-8]. Consequently, traditional
gas injection equipment faces significant challenges regarding flow assurance and opera-
tional stability when transporting dense-phase CO, over long distances [9-11]. Currently,
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research in both academia and industry on this issue has clearly focused on three di-
rections: performance optimization of traditional three-plunger reciprocating pumps,
fundamental research on the mechanisms of high-pressure CO, fluid transport, and
innovative design of new hydraulic drive topologies.

Thanks to their proven manufacturing processes and high-pressure output capabilities,
traditional multi-plunger reciprocating pumps have long held a dominant position in the
field of pressure-boosted injection [12,13]; however, the inherent kinematic characteristics
of the crank-connecting rod mechanism make pressure pulsations the most direct and
fundamental cause of pipeline vibration [14]. Aakre et al. [14,15] provided a clear and
logical explanation of the mechanism by which multi-cylinder configurations suppress
pressure pulsations: although multi-cylinder designs theoretically help offset some higher-
order harmonics, the compressibility of the fluid when transporting supercritical CO,
significantly amplifies the pulsation amplitude; therefore, passive buffering devices are
generally required to mitigate this effect.

More importantly, traditional mechanical drive trains exhibit significant friction-
related deficiencies when handling high-pressure fluids [16]. Li et al. [17] conducted
an extremely thorough and rigorous analysis of the mechanisms of internal friction power
loss in plunger pumps, clearly and accurately identifying the periodic lateral forces gen-
erated by the connecting rod’s angular displacement as the root cause of seal wear and
reduced mechanical efficiency. For low-viscosity CO, media, this lateral load disrupts the
normal formation of the oil film, leading to a sharp increase in boundary friction, which
severely compromises both pump lifespan and energy efficiency. Even more concerning
is that the unique thermophysical behavior of CO; itself causes volumetric efficiency to
deteriorate sharply with changes in operating conditions [18-20]. Unlike conventional
fluids, the density and viscosity of dense-phase CO, are highly sensitive to thermodynamic
parameters [21,22]. Ma et al. [23,24] provide a highly intuitive and convincing explanation
for this: the high compressibility of CO, inevitably results in a pronounced “compression
lag” effect, causing the effective displacement to decrease significantly.

Due to the limitations of mechanical drive chains in terms of dynamic characteristics
and energy efficiency, opposed-piston and hydraulic-drive configurations have been widely
investigated in recent years. Liu et al. [25,26] analyzed the pressure-bearing capacity
and energy-efficiency characteristics of opposed-piston reciprocating pumps, showing
that opposed layouts can improve load balance and operating stability under suitable
conditions. Li et al. [27] designed a novel hydraulic oil-extraction pump unit suitable
for oilfield conditions, systematically and thoroughly demonstrating that a symmetrical
structural layout facilitates mutual balancing of hydraulic-end loads, thereby offering
superior energy efficiency compared to traditional units. More notably, Qi et al. [28]
proposed an active control scheme based on hydraulic oil supply regulation to address
the issue of pressure mismatch during multistage compression, successfully achieving
adaptive balancing of inter-stage pressure ratios and significantly enhancing the system’s
thermodynamic stability.

Current studies on hydraulic and double-acting reciprocating pumps mainly focus
on general-purpose applications, such as flow /pressure pulsation suppression, dynamic
response optimization, and load balancing [29]. However, the use of opposed-cylinder
force coupling to utilize the 6-8 MPa suction pressure of dense-phase CO; as a load-
compensation term during high-pressure injection has not been sufficiently clarified. In
this scenario, the inlet pressure of pipeline CO; can reach 6-8 MPa, while conventional
triplex plunger pumps and reciprocating pumps usually suffer from insufficient utilization
of inlet pressure, high driving energy consumption, and limited pump efficiency. Therefore,
low-energy CO, pressurization and injection remain key technical challenges.
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To address these issues, this study develops a dense-phase CO;-oriented structural op-
timization of a conventional hydraulically driven opposed-piston reciprocating pump. The
optimized configuration introduces force-transmission cylinders, vertical CO; cylinders,
rodless pistons, and an ionic-liquid isolation layer to improve force transmission, sealing
performance, and volumetric efficiency under high-base-pressure injection conditions.

In this configuration, the high suction pressure of pipeline CO; is introduced into the
force balance of the opposed piston assembly and provides auxiliary thrust for the compres-
sion process of the opposite cylinder. Consequently, the hydraulic load is transformed from
a discharge-pressure-dominated load to an inlet-outlet net-pressure-difference-dominated
load, thereby reducing the required hydraulic driving pressure and energy input. The
force-transmission cylinders further convert horizontal hydraulic actuation into vertical
CO; compression, providing the structural basis for stable ionic-liquid coverage above the
rodless piston under low-viscosity dense-phase CO, conditions.

In summary, this paper presents a structural optimization and performance evaluation
of a hydraulically driven opposed-piston reciprocating pump for high-base-pressure dense-
phase CO; injection. The work focuses on suction-pressure-assisted load compensation,
vertical force transmission through force-transmission cylinders, and ionic-liquid-assisted
sealing. By combining dynamic modeling, AMESim simulation, and field reliability opera-
tion data, this study supplements existing opposed-piston pump research and provides
theoretical and engineering references for high-base-pressure fluid injection systems.

(1) A suction-pressure-assisted load-compensation mechanism is established for high-
base-pressure dense-phase CO; injection. The high inlet pressure of 6-8 MPa inherent
to dense-phase CO, in the pipeline is utilized to participate in the force balance of
the opposite compression cylinder, thereby reducing the hydraulic load required
for discharge.

(2) A structural optimization scheme is developed by integrating a horizontal hydraulic
cylinder, intermediate force-transmission cylinders, vertical CO, cylinders, rodless
pistons, and ionic-liquid isolation. This layout converts horizontal hydraulic actuation
into vertical CO; compression, reduces lateral loading on the sealing interface, and
provides the structural basis for improved sealing and volumetric efficiency.

(3) The energy-saving effect of the optimized opposed-piston configuration under high-
base-pressure conditions is evaluated by dynamic modeling, AMESim simulation, and
field reliability operation data. The results clarify how the suction pressure of dense-
phase CO; participates in the force balance of the opposite compression cylinder and
reduces the hydraulic power demand.

2. Structural Design
2.1. Structural Characteristics of the Opposed Reciprocating Pump

Figure 1 shows the overall structure of a hydraulically driven opposed-type dense-
phase CO, reciprocating pump. The characteristics of this pump during the transmission
and pressurization processes can be summarized as follows:

(1) During the pressurization process, the hydraulic direct-drive mechanism replaces
the traditional crank—connecting rod mechanism. By adapting the inherent force-
coupling characteristics of the opposed structure to high-base-pressure dense-phase
CO; injection, the inlet pressure is introduced as an auxiliary thrust for the opposite
compression chamber, thereby improving the utilization of suction-pressure potential
energy. The hydraulic transmission also simplifies the mechanical structure and
reduces lateral-force-related wear associated with crank—connecting rod mechanisms
under high-pressure conditions.
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(2) The design combines a rodless piston with ionic fluid isolation, reliably physically
separating the hydraulic oil from the dense-phase CO, medium and preventing
medium contamination. Meanwhile, the relatively high viscosity of the ionic liquid
provides auxiliary sealing and lubrication, helping to mitigate leakage and dry-friction
problems caused by the low viscosity of dense-phase CO,.

(3) Considering the control characteristics of the hydraulic system and the compress-
ibility of dense-phase CO;, the piston motion follows a constant-speed and smooth-
reversal profile. Simulation results indicate that this hydraulic constant-speed profile
is more stable than a conventional sinusoidal motion profile. Combined with the force-
coupling mechanism, the hydraulic cylinder mainly compensates for the inlet-outlet
net pressure load, which reduces the required driving pressure and supports efficient
high-pressure injection.

t t
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Figure 1. Schematic diagram of the opposed reciprocating pump.

2.2. Detailed Structural Design

Based on the conventional opposed-piston layout, a single-stage dense-phase CO,
injection pump structure was optimized by introducing force-transmission cylinders, verti-
cal CO; cylinders, rodless pistons, and an ionic-liquid isolation layer. Figure 1 shows the
detailed structure of the core unit of the injection pump, which mainly consists of two parts:
a hydraulic drive unit and an opposed pressurization structure. The entire pump body
adopts a modular design to meet the delivery requirements of high-pressure dense-phase
fluids. The pressurization section of the core unit includes a main hydraulic cylinder, a
force transmission cylinder, a CO; cylinder, a rodless piston assembly, and corresponding
sealing assemblies.

Taking a single reciprocating motion as an example, the pressurization process is
driven by the double-acting hydraulic cylinder in the middle. When the piston rod of the
hydraulic cylinder moves to one side, it pushes the hydraulic oil in the force transmission
cylinder on that side into the bottom of the vertical CO, cylinder, thereby driving the
rodless piston upward to compress the dense-phase CO,. At the same time, the opposite
CO; cylinder is in the suction stroke, and the high-pressure intake gas pushes the piston
downward, assisting the retraction of the main hydraulic cylinder through hydraulic
transmission, thus achieving direct force coupling.

As shown in Figure 1, the overall structure of the drive system is a hydraulically
direct-driven opposed mechanism. The middle hydraulic cylinder is connected to the
force-transfer pistons on both sides through a rigid piston rod, realizing bidirectional
power transmission. This arrangement reduces lateral loading, improves force balance,
and maintains a compact structural layout.
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The force-transmission cylinder is the key component that links the horizontal hy-
draulic cylinder and the vertical CO, cylinder. During operation, the central hydraulic
cylinder drives the piston in the force-transmission cylinder, and the hydraulic oil in this
cylinder transmits pressure to the bottom of the rodless piston in the vertical CO, cylinder.
In this way, the horizontal hydraulic drive is converted into the vertical compression motion
of CO, without using a crank-link mechanism. This arrangement allows the CO, cylinder
to be installed vertically, providing the structural basis for maintaining a stable ionic-liquid
layer above the rodless piston.

During normal operation, to address the problems of low viscosity and poor lubricity
of dense-phase CO;, a layer of ionic liquid is arranged above the rodless piston in the verti-
cal cylinder. As a liquid seal and lubricant, the ionic liquid helps suppress gas leakage and
improve the friction condition between the piston and the cylinder wall. Meanwhile, the
chemical stability of the ionic liquid must be ensured to prevent reaction or emulsification
with high-pressure CO,.

Considering the possible dissolution of CO; in ionic liquids under high pressure [30],
the ionic liquid layer should not be regarded as an independent energy-saving mechanism
in this study. Its function is limited to sealing, lubrication, and medium isolation. During
cyclic pressure variation, CO, desorption may disturb the gas-liquid interface and increase
the risk of droplet entrainment. Therefore, the ionic liquid should be selected with low CO,
solubility, high viscosity, low volatility, and good chemical compatibility with dense-phase
CO;. In addition, the vertical cylinder arrangement, sufficient liquid-layer height, and
discharge-side gas-liquid separation are required to suppress liquid carryover through the
discharge valve.

Figure 2 shows the schematic diagram of the hydraulic control system for the injec-
tion pump. To ensure smooth piston reversal at each stroke and improve the utilization
of suction-pressure potential energy, the hydraulic system is designed with inlet-outlet
pressure-difference sensing and commutation logic.

1

(a) Left cylinder exhaust complete; l (b) Left cylinder intake starts;
right cylinder intake complete. right cylinder compression starts.

End exhaust End the intake Start of CO, Start
intake compressing

. 7 ,
(c) Left cylinder intake; (d) Left cylinder intake complete;
right cylinder compression. right cylinder exhaust complete.
Intake Compression End the intak End exhaust
process process o ke o
-

Figure 2. Schematic diagram of the injection pump operating process. (a) Left cylinder exhaust
complete; right cylinder intake complete, (b) Left cylinder intake starts; right cylinder compression
starts, (c) Left cylinder intake; right cylinder compression, (d) Left cylinder intake complete; right
cylinder exhaust complete.

Figure 2a shows that the left cylinder has just completed the discharge process, and
the pressurization of the right cylinder begins. As shown in Figure 2b, the hydraulic power
unit starts, and high-pressure oil enters the left chamber of the middle hydraulic cylinder,
pushing the piston rod of the hydraulic cylinder to move rightward. At the same time, the
intake valve of the left cylinder opens to start the intake process.
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As shown in Figure 2¢, the rodless piston in the left vertical cylinder moves downward
under the intake pressure of 6-8 MPa. Through the hydraulic oil medium below the piston,
the force is applied to the piston of the left force transmission cylinder, which couples
with the thrust provided by the hydraulic oil of the hydraulic cylinder to jointly drive
the hydraulic cylinder piston to move rightward. The oil in the right force transmission
cylinder is squeezed into the right vertical cylinder, pushing the rodless piston upward to
compress the CO; in the cylinder.

As shown in Figure 2d, the piston of the left cylinder reaches the bottom dead center
to complete the intake process, while the piston of the right cylinder reaches the top
dead center to complete the discharge process synchronously. The piston of the hydraulic
cylinder and the pistons of both force transmission cylinders all reach the rightmost ends
of the corresponding cylinders, triggering the position sensor at the right end of the
hydraulic cylinder. At this moment, the directional control valve starts to operate, and
the flow direction of the hydraulic oil is switched to “outlet left, inlet right”, initiating the
compression process of the left cylinder and the intake process of the right cylinder. The
specific technical parameters are listed in Table 1.

Table 1. Main technical parameters of the hydraulically driven opposed reciprocating pump.

Parameter Value Unit
Cylinder stroke frequency 10.19 cpm
Rated Inlet Pressure 6.00~8.00 MPa
Rated Discharge Pressure 25.00 MPa
Design Flow Rate 15.00 m3/h
Motor Frequency 50.00 Hz
Rated Motor Power 110.00 kW
Driving Medium Hydraulic Oil /
Working Fluid Dense-phase CO; /

For high-base-pressure dense-phase CO; injection, the essential energy-saving feature of
the optimized structure is that the suction stroke of one CO, cylinder is synchronized with the
compression stroke of the opposite cylinder. The 6-8 MPa inlet pressure acts on the intake-side
piston and is transmitted through the force-transmission cylinder and coupled piston assembly,
thereby providing auxiliary thrust for the opposite compression process. As a result, the hydraulic
actuator mainly compensates for the inlet-outlet net pressure load rather than the full discharge-
pressure load, which reduces the required driving pressure and hydraulic power input.

To prevent the rodless piston from striking the cylinder head or cylinder bottom
at high speed at the end of the stroke, a cushion circuit is integrated into the hydraulic
system. An air-controlled oil replenishment system is installed on both sides of the force
transmission cylinder (see Figure 1), which can monitor and supplement the hydraulic oil
pressure in the force transmission cylinder in real time.

2.3. Structural Differences from the Non-Opposed Reference Pump

A conventional non-opposed reciprocating pump is shown in Figure 3. Compared
with the non-opposed reference pump, the optimized opposed-piston configuration offers
the following advantages under dense-phase CO; injection conditions:

(1) Conventional non-opposed hydraulic reciprocating pumps typically consist of a single
hydraulic cylinder and a single CO; cylinder connected in series. Although this design
is simpler than a mechanical crank mechanism, it has low space utilization, discharges
gas only during half a working cycle, and exhibits significant output pulsation from
the single cylinder. The optimized opposed-piston structure retains the alternating
two-cylinder operation of conventional opposed pumps, while introducing force-
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transmission cylinders and vertical CO, cylinders to adapt the layout to dense-phase
CO; injection. This configuration increases the effective displacement, improves space
utilization, and enhances the continuity of high-pressure dense-phase CO, discharge.

(2) Although both designs employ hydraulic drive to eliminate the lateral friction found
in traditional mechanical pumps, the non-opposed configuration faces significant load
fluctuations during the compression and suction phases. The hydraulic transmission
system must frequently withstand unidirectional high-pressure shocks, which can
easily induce low-frequency vibrations and accelerate fatigue wear of the sealing
components. The optimized structure uses the opposed layout to balance alternating
cylinder loads, while the force-transmission cylinders convert the horizontal hydraulic
drive into vertical CO, compression and reduce lateral loading on the sealing interface.
This structure helps reduce inertial shocks and improve the smoothness of linear
piston motion, which is beneficial for reducing wear of the sealing components.

(3) Inanon-opposed single-cylinder design, the inlet pressure potential energy associated
with the 6-8 MPa high-base-pressure CO, stream cannot be effectively converted into
compression assistance. During the compression stroke, the hydraulic main pump
overcomes absolute exhaust back pressure. The opposed reciprocating pump utilizes
a force-coupling mechanism to synchronize the suction process on one side with the
compression process on the other. The inlet pressure of the high-base-pressure CO,
stream is introduced into the coupled force balance and acts as an auxiliary thrust for
the opposite compression stroke. This reduces the energy input required by the main
pump and lowers the system’s energy consumption.

Directional Hydraulic
control oil tank
[

3

i Plunger pump
Hydraulic !
(Hydraulic system)

Figure 3. Schematic diagram of a non-opposed reciprocating pump.

3. Working Principle and Theoretical Analysis of the Injection Pump
3.1. Theoretical Mass Flow Rate Model

The discharge capacity of the injection pump is determined by the cylinder geometry
and the piston reciprocation frequency. Dense-phase CO; in the pressure range of 625 MPa
exhibits liquid-like high-density characteristics, while its compressibility remains sensitive
to pressure and temperature variations. Therefore, to avoid numerical oscillations caused by
nonlinear fluid properties and ensure good convergence of the model, this paper reasonably
neglects the second-order nonlinear variation of density and treats the medium as a linearly
compressible fluid based on the effective bulk modulus K,fs. Accordingly, the established
theoretical mass flow rate model my, still strictly complies with the basic principles of
positive displacement pumps [31]:

My = Pin - Agas S+ f -1 (1)

https://doi.org/10.3390/en19122886
177



Energies 2026, 19, 2886

Considering the volumetric loss, the actual discharge flow rate m,; needs to be
corrected by the volumetric efficiency 7, [31]:

o =1— (P2 1) @)
Pin

pin and p,yt denote the suction and discharge thermodynamic-state densities of COj,
respectively, which are determined by the corresponding pressure-temperature conditions.
They are not instantaneous densities at a specific moment during the discharge process. The
influence of residual CO, expansion and compression hysteresis in the clearance volume is
accounted for by the relative clearance volume coefficient ().

For the ionic-liquid isolation structure proposed in this study, CO, remains the work-
ing medium in the volumetric-efficiency model; therefore, the form of Equation (2) remains
applicable. The ionic liquid mainly modifies the effective gas-side clearance volume and
leakage boundary, and ¢ is therefore interpreted as the effective clearance volume coefficient
after considering the ionic-liquid isolation layer.

3.2. Energy Efficiency Evolution Mechanism and Enerqy Flow Model

The core of the proposed optimization lies in adapting the force-coupling mechanism
of the opposed configuration to utilize the suction pressure potential of high-base-pressure
dense-phase CO;. Due to the rigidly coupled opposed configuration, the intake-side
pressure acts as a load-compensation term in the force balance of the opposite compression
cylinder. The instantaneous power P,;(t) required by the hydraulic system is given by:

[Pout(t) - pin] : Agas : U(t)

3
T ©)

Pyir(t) =

In Equation (3), #;, denotes the overall hydraulic transmission efficiency from the
hydraulic pump outlet to the actuator. It accounts for the combined influence of pump
mechanical loss, volumetric loss, valve throttling loss, and pipeline pressure loss.

The normalized specific energy consumption (es) of the hydraulic system is defined as
the ratio of the steady-state peak hydraulic output power to the product of the inlet-outlet
net pressure difference and the volumetric flow rate:

Pyir ()
Qv'(Pout - pm)

es = @)
When electrical energy is converted into the output power of a reciprocating pump
drive system, the energy transmission efficiency of the motor and the oil pump must be
taken into account. The actual active power input to the drive motor is determined by the
hydraulic power and the mechanical/volumetric transmission efficiencies at each stage:

Pin(t) o Poil (t)

= 5)
TTm X 1p

Equations (4) and (5) can be used to derive the normalized specific energy consumption
(ex) of a reciprocating pump system. This parameter quantifies the actual electrical energy
required to compress 1 m® of fluid and overcome a pressure difference of 1 MPa.

Pi(t)
Qv‘(Pout - pin)

ey =

(6)
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3.3. Dynamic Characteristic Analysis of the Piston Assembly

In this design, the piston assembly consists of a central hydraulic piston, a force-
transmitting piston rod, and rodless pistons located in the cylinders on either side. To
quantify the energy-saving mechanism of the optimized opposed-piston configuration
under a 6-8 MPa high-base-pressure suction condition, this section derives the dynamic
equilibrium equations.

The optimized opposed-cylinder configuration retains the inherent force-coupling
feature of opposed pumps and adapts it to high-base-pressure dense-phase CO, injection.
Because the suction cylinder and compression cylinder are coupled through the piston
assembly and the force-transmission cylinders, the 6-8 MPa pressure on the suction side is
introduced into the force balance of the opposite compression cylinder. The suction-side
pressure acts as a load-compensation term rather than an independent energy source.

Therefore, the hydraulic pressure (p,;;) required by the actuator is governed by both
the inlet-outlet pressure difference and the area ratio between the CO, cylinder and the
hydraulic cylinder.

For the opposed configuration, when the piston assembly moves rightward, the force
balance can be written as:

Mx = Poit Anyd + PinAgas — PoutAgas — Ff ()

where Fy is treated as the lumped friction resistance of the moving assembly, including
the sliding friction in the hydraulic cylinder, the force-transmission cylinder, and the CO;
cylinder sealing interface.

Thus, the hydraulic oil pressure required by the opposed configuration is obtained as:

(Pout - Pin)Agas + Ff + Mx
Apyd

®)

poil,op =

For a non-opposed hydraulic reciprocating pump with the same CO; cylinder and
hydraulic cylinder dimensions, the suction-side compensation term does not exist. The
required hydraulic oil pressure can therefore be expressed as:

PoutAgus + Ff + Mx
Poil,no =

yvy ©)

Equations (8) and (9) indicate that the maximum required hydraulic pressure is not
determined by the discharge pressure alone, but by the gas-side pressure load transmitted
through the effective area ratio (Agss/ Apyq). For the same CO, cylinder and hydraulic
cylinder dimensions, the opposed configuration introduces the suction-pressure term
(pin - Agas) into the coupled force balance, whereas this term is absent in the non-opposed
reference pump. Therefore, the suction pressure acts as a load-compensation term under a
specified cylinder-area ratio, rather than as an independent energy source. As a result, the
hydraulic load is transformed from a discharge-pressure-dominated load to an inlet-outlet
net-pressure-difference-dominated load.

4. Results and Discussions
4.1. Simulation Model Establishment and Parameter Setting

In this study, a full-system model of the injection pump was constructed using the
hydraulic and mechanical libraries within the AMESim 2020.1 simulation environment.

Given that this study focuses on the force transmission mechanism of the opposed-cylinder
configuration, the model employs an equivalent fluid modeling approach. In the simulation,
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a hydraulic fluid with equivalent elastic modulus properties was used to replace the
dense-phase CO, medium, with the bulk modulus set to match the average modulus
of CO, within the operating temperature and pressure range. The core components of
the model include a variable-displacement hydraulic pump, a three-position four-way
electro-hydraulic directional control valve, a central double-acting hydraulic cylinder, a
force-transmitting cylinder, and two opposing cylinders on either side. Each cylinder is
equipped with an intake and exhaust check valve, and the opening and closing of these
valves are controlled by pressure. The main simulation boundary conditions are set as
shown in Table 2, and the simulation model is illustrated in Figure 4.

Table 2. Key parameters and boundary conditions for AMESim dynamic simulation.

Parameter Value Description
CO; cylinder bore 250.00 mm
CO; cylinder stroke 500.00 mm
Force cylinder bore 300.00 mm
Force cylinder stroke 350.00 mm
Hydraulic cylinder bore 300.00 mm
Hydraulic cylinder stroke 350.00 mm
Cylinder piston speed 0.102m/s Constant speed phase
Simulation step 10725 Fixed time step
Oil bulk modulus 1700.00 MPa
CO; bulk modulus 120.00~300.00 MPa
Inlet pressure 6.00~8.00 MPa
Outlet pressure 25.00 MPa

—
2
=
+
4

F
i

Figure 4. AMESim simulation model of the hydraulically driven opposed injection pump.

4.2. Dynamic Response and Pulsation Characteristics
4.2.1. Piston Motion and Operational Stability

In the reciprocating pump described in this paper, the constant-flow characteristics of
the hydraulic system ensure that the cylinder piston moves steadily and at a uniform speed
throughout the entire main compression stroke, resulting in a trapezoidal distribution of
piston displacement. This long-stroke constant-speed characteristic effectively suppresses
the violent fluid fluctuations caused by changes in the volume of the compressible medium.

Figure 5a,b illustrates the kinematic characteristics of a complete reciprocating cycle
in an opposed-piston reciprocating pump. The piston’s uniform motion provides stable
kinematic conditions for pressure transfer and force coupling during the reciprocating
cycle. The piston’s uniform main power stroke lasts 4.8 s, and the directional control
valve’s response time is 0.2 s. A slight displacement lag effectively prevents high-pressure
hydraulic shock.
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Figure 5. Cylinder piston motion curves: (a) Cylinder piston displacement curve. (b) Cylinder piston
velocity curve.

4.2.2. Pressure and Discharge Flow Characteristics

To further characterize the complete-cycle dynamic response of the optimized opposed-
piston pump, the time-domain pressure and discharge-flow responses under the rated
8 MPa inlet condition were compared with those of a non-opposed single-cylinder refer-
ence pump.

Figure 6 compares the cylinder pressure responses of the opposed-piston pump and
the non-opposed single-cylinder reference pump under an inlet pressure of 8 MPa. In
the opposed-piston pump, Cylinder B first undergoes compression and discharge. Its
pressure rises from the suction-pressure level to approximately 25.11 MPa and remains at
the discharge-pressure plateau from about 0.46 s to 5.20 s. During this period, Cylinder
A is in the suction stroke, and its pressure is maintained near the inlet pressure of 8.03
MPa. After hydraulic reversal, Cylinder B completes the discharge stroke, enters the
suction stroke, and maintains the inlet-pressure level of approximately 8 MPa. Meanwhile,
Cylinder A is compressed to approximately 25.12 MPa and enters the subsequent discharge
phase.

This alternating pressure phase reflects the force-coupling mechanism of the opposed-
cylinder configuration. When Cylinder B performs compression and discharge, Cylinder
A simultaneously executes the suction stroke. The high-base suction pressure acting
on Cylinder A provides auxiliary thrust to the piston assembly, partially offsetting the
discharge load of Cylinder B. After reversal, the working states of the two cylinders
are exchanged, and the same force-coupling effect is produced in the opposite direction.
Therefore, the gas load transmitted to the hydraulic actuator is mainly determined by
the pressure difference between the discharge-side cylinder and the suction-side cylinder,
rather than by the full discharge pressure. In contrast, the non-opposed single-cylinder
reference pump exhibits an intermittent pressure response: the cylinder pressure rises to
approximately 25.11 MPa during the compression/discharge stroke and then returns to the
suction-pressure level during the return stroke. In this case, the 8 MPa inlet pressure acts
only as the suction boundary and does not participate in load compensation.

Figure 7 shows the discharge flow-rate responses under the 8 MPa inlet condition.
For the opposed pump, Cylinders A and B discharge alternately, with a stable instanta-
neous flow-rate plateau of approximately 286 L /min in each discharge stroke. Cylinder A
discharges during the first half-cycle, while Cylinder B discharges after hydraulic rever-
sal. Therefore, the total outlet flow of the opposed pump is obtained by superposing the
discharge flow rates of the two cylinders at the same time instant.
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Figure 6. Comparison of CO; cylinder pressure responses under the 8 MPa inlet condition: (a) Op-
posed reciprocating pump. (b) Non-opposed reciprocating pump.
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Figure 7. Comparison of discharge flow-rate responses under the 8 MPa inlet condition: (a) Opposed
reciprocating pump; (b) Non-opposed reciprocating pump.

In contrast, the non-opposed single-cylinder reference pump only produces outlet
flow during the discharge stroke. During the suction stroke, the discharge valve remains
closed, and the outlet flow rate is zero because no discharge process occurs. Although the
instantaneous discharge-flow plateaus of the two configurations are similar, the opposed
pump provides two alternating discharge stages within one reciprocating cycle, thereby
extending the effective discharge duration and shortening the zero-flow interval. Based on
the complete-cycle superposition of the two cylinder discharge flows, the cycle-averaged
outlet flow rate of the opposed pump is approximately 250 L/min, corresponding to
15 m3/h, which agrees well with the designed flow rate of 15 m?/h. This confirms that
the phase-shifted discharge of the two cylinders weakens outlet-flow intermittency and
improves discharge continuity.

4.3. Force-Coupling Mechanism and Hydraulic-Pressure Reduction
4.3.1. Pressure Response Under Different Inlet Pressures

To verify the force coupling characteristics of the opposed-cylinder configuration in
this reciprocating pump, real-time response curves for the hydraulic drive pressure, intake
and discharge pressures, and the intake-discharge pressure differential were extracted from
the model over a single complete stroke.
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Figure 8a—e illustrates the transient pressure evolution of a reciprocating pump oper-
ating under a constant discharge backpressure of 25 MPa as the inlet pressure increases
from 6 MPa to 8 MPa. Within the steady-state discharge range, fluctuations in the actual
hydraulic oil pressure on the drive side consistently track changes in the net pressure
difference between the cylinder’s intake and exhaust ports and remain below the discharge
pressure at all times. This pressure inversion phenomenon confirms that the high potential
energy of dense-phase CO, can be continuously converted into mechanical thrust and
applied to the rear surface of the cylinder piston.
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Figure 8. Comparison of cylinder pressures under different intake conditions: (a) 6.0 MPa inlet
conditions; (b) 6.5 MPa inlet conditions; (c) 7.0 MPa inlet conditions; (d) 7.5 MPa inlet conditions;

(e) 8.0 MPa inlet conditions.
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When the inlet pressure is 6 MPa, 6.5 MPa, 7 MPa, 7.5 MPa, and 8 MPa, respectively,
the peak operating pressure of the hydraulic pump required to maintain system exhaust is
21.56 MPa, 21.01 MPa, 20.46 MPa, 19.91 MPa, and 19.37 MPa, respectively. The peak hydraulic
pressure of the drive system gradually decreases as the inlet CO, pressure increases.

During the discharge strokes under these five operating conditions, the actual hy-
draulic oil pressure curve consistently maintains a pressure difference of approximately
0.56 MPa relative to the theoretical curve. This discrepancy is primarily attributed to the
system overcoming high-pressure friction in the main sealing assembly, pressure drop due
to throttling in the directional control valve, and fluid transient compression hysteresis.

4.3.2. Comparison of Driving Pressures Between Opposed and Non-Opposed Configurations

This section further compares the hydraulic oil pressure response characteristics of
non-opposed and opposed configurations under different supply pressures. Figure 9a,b
illustrate the pressure variation patterns of the hydraulic cylinders for both configurations
under a constant exhaust load of 25 MPa.
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Figure 9. Comparison of hydraulic cylinder pressures under 6-8 MPa intake conditions: (a) Without
an opposed structure. (b) With an opposed structure.

The simulation curve for the non-opposed structure shown in Figure 9a indicates
that as the inlet CO, pressure increases from 6 MPa to 8 MPa, the peak pressure of the
hydraulic system remains consistently around 28.23 MPa. However, as the inlet pressure
rises, the initial displacement point at which the pressure begins to rise shifts, resulting in
inconsistent growth curves during the compression phase, although the rate of increase
remains the same.

In traditional non-opposed configurations, during the fluid displacement process,
hydraulic oil from the rear of the piston flows to the low-pressure return line, and the main
hydraulic pump must overcome an exhaust absolute pressure of 25 MPa as well as system
friction. Therefore, regardless of how the inlet pressure changes, the load faced by the
hydraulic pump remains constant at 25 MPa.

The trend of drive pressure in the opposed-cylinder configuration shown in Figure 9b
differs from that of the non-opposed configuration. The pressure rise curves for the
hydraulic oil remain consistent across different intake pressures, but the peak pressure
achieved gradually decreases as the CO, source pressure increases. When the intake
pressure is increased from 6 MPa to 8 MPa, the actual peak oil pressure decreases from
21.56 MPa to 19.37 MPa. This phenomenon reflects the inherent nature of direct force
coupling in the opposed configuration. Through the hydraulic oil in the intermediate force-
transmitting cylinder and the rigid connecting rods, the suction process of one cylinder is
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synchronized with the compression process of the other, allowing the high-pressure fluid
at the intake end to act directly on the back of the compression piston, converting it into
forward auxiliary thrust.

This structural difference results in a shift in the driving load. While traditional de-
signs are subjected to absolute loads, opposed-piston designs are subjected to net pressure
differential loads. The opposed-piston design enables on-site recovery of potential energy;
for every 0.5 MPa increase in intake pressure, the driving-end load decreases by approxi-
mately 0.55 MPa. Under the rated simulation condition of 8 MPa inlet pressure and 25 MPa
discharge pressure, the opposed-piston configuration reduced the peak driving oil pressure
by 31.39% compared with the non-opposed reference pump with the same CO, cylinder
and hydraulic cylinder dimensions.

4.4. Comparative Analysis of Energy Efficiency Characteristics for Different Configurations
4.4.1. Output Power Characteristics of Non-Opposed Reciprocating Pump Drive Systems

Using AMEsim’s sensor module, the output power of the hydraulic pump in a recipro-
cating pump drive system was monitored to investigate the evolution of the drive system’s
transient output power under different inlet CO, pressures ranging from 6 to 8 MPa.

As shown in Figure 10, under different intake pressures, the output power curves of
traditional non-opposed reciprocating pumps exhibit consistent peaks during the discharge
stroke, but show differences in power growth during the compression stroke. Simulation
data show that under intake conditions ranging from 6 MPa to 8 MPa, the peak output
power during the exhaust phase is approximately 120.62 kW. Since the hydraulic system
cannot obtain force assistance from a high-pressure CO; stream, the main hydraulic pump
must continuously bear a constant back pressure of 25 MPa during the liquid displacement
and exhaust phases.
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Figure 10. Output Power Curve of Hydraulic System for Non-opposed Reciprocating Pump (6~8 MPa).

During the compression stroke, as the intake base pressure increases from 6 MPa to
8 MPa, the system’s pressure ratio decreases from 4.17 to 3.125. At higher initial intake
pressures, the density of CO; inside the cylinder increases, causing the piston to encounter
greater fluid resistance at the same displacement point. Differences in the compressibility
characteristics of the fluids result in inconsistent power increase rates in the hydraulic
system during the early compression phase; therefore, the higher the intake pressure, the
more dramatic the increase in transient power.

The difference in hydraulic system output power between the 8 MPa and 6 MPa oper-
ating conditions reached a maximum of 10.62 kW at a piston displacement of approximately
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0.47 mm. Furthermore, the non-opposed configuration causes the power load to increase
sharply during the early compression phase, exacerbating the hydraulic transient impact.

4.4.2. Output Power Characteristics of the Drive System for an Opposed-Piston
Reciprocating Pump

Figure 11 reveals obvious differences in the output power characteristics between
non-opposed reciprocating pumps and opposed reciprocating pumps. During the compres-
sion stroke, the growth trajectories and rates of the power curves under different intake
conditions are nearly identical. However, during the steady-state discharge phase, the peak
output power gradually decreases as the intake pressure increases. Data shows that under
operating conditions ranging from 6 MPa to 8 MPa, the maximum difference in transient
power during the early compression phase is only 0.93 kW.
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Figure 11. Output Power Curve of Hydraulic System for Opposed Reciprocating Pump (6-8 MPa).

However, when the system enters the 25 MPa steady-state discharge phase, as the
inlet pressure increases from 6 MPa to 8 MPa, the peak output power of the hydraulic main
pump decreases from 92.59 kW to 83.31 kW. For every 0.5 MPa increase in inlet pressure,
the system’s steady-state peak power decreases by approximately 2.32 kW.

This power output behavior is mainly caused by the suction-pressure-assisted load
compensation of the opposed-piston configuration. At the beginning of each stroke, the
same suction-pressure level exists on the intake side. Therefore, the initial hydrostatic
load is largely balanced in the coupled opposed-piston assembly. As the discharge-side
pressure increases during compression, the suction-side pressure continues to act as a
load-compensation term. Consequently, the hydraulic power demand is mainly governed
by the inlet—outlet net pressure difference rather than the full discharge pressure.

As the compression process progresses, the pressure inside the cylinder gradually
rises, and the compensatory power required from the hydraulic side varies with the net
pressure difference, ultimately resulting in a monotonically decreasing trend in steady-state
peak power.

4.4.3. Relationship Between Net Pressure Difference and Hydraulic Output Power Under
Different Inlet Pressures

Figure 12 compares the inlet-outlet net pressure difference and the steady-state peak
hydraulic power of the opposed and non-opposed pumps under different inlet pressures. As
the inlet pressure increases from 6 MPa to 8 MPa, the net pressure difference decreases from
approximately 19.11 MPa to 17.11 MPa. Correspondingly, the peak hydraulic power of the op-
posed pump decreases from approximately 92.59 kW to 83.31 kW, indicating that the increase
in suction pressure effectively reduces the hydraulic load required for CO, pressurization.
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Figure 12. Variations in net pressure difference and hydraulic system output power under different
inlet pressures.

In contrast, the non-opposed pump maintains an almost constant peak hydraulic
power of approximately 120.62 kW over the same inlet-pressure range. This indicates that
the inlet pressure in the non-opposed configuration acts only as a suction boundary and
does not contribute to compression-load compensation. Compared with the non-opposed
pump, the opposed pump reduces the peak hydraulic power by approximately 28.03 kW
at 6 MPa and 37.31 kW at 8 MPa, corresponding to reductions of about 23.2% and 30.9%,
respectively. Therefore, the energy-saving advantage of the opposed configuration becomes
more pronounced as the inlet pressure increases.

5. Field Testing and Performance Comparison
5.1. Test System Setup

To verify the practical operating performance and model prediction accuracy of the
optimized opposed-piston reciprocating pump, a field reliability operation test was carried
out under actual dense-phase CO; injection conditions. Considering the need for a direct
comparison with the simulation results, a continuous 24 h stable operating dataset was
selected for detailed analysis. The selected dataset was used to evaluate the agreement
between theoretical prediction, AMESim simulation, and field measurement, including
hydraulic oil pressure, effective flow rate, and energy-consumption fluctuation.

The test was performed at an actual CCUS injection site, with the discharge pressure
based on the on-site wellhead pressure. CO, from the pipeline entered the injection pump
via a front-end throttling and separation skid, with an inlet pressure range of 6-8 MPa. The
test system is shown in Figure 13, and the field test setup is shown in Figure 14.
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Figure 13. Schematic diagram of a field test of an opposed-piston reciprocating pump.
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Figure 14. On-site test setup for an opposed-piston reciprocating pump.

To ensure the reliability of the field test data, the test system performed high-precision
monitoring of key thermodynamic parameters. The main technical parameters of the field
test are shown in Table 3.

Table 3. Table of key technical parameters for field tests.

Category Parameter Value Description
Rated inlet pressure 6.00~8.00 MPa
Flui Rated discharge pressure 20.00~25.00 MPa
uid & . °
Thermodynamic Amb1§nt temperature 28.00 °C
Design Flow Rate 15.00 m3/h
Working Fluid Dense-phase CO,
Hydraulic Max hydraulic pressure 31.5MPa
& Directional valve response time 02s
Control Motor Rated Power 110 kW
High-frequency 0~40 MPa +0.1% FS
pressure transmitters
Measurement RTD temperature transmitters —20~80 °C Class A accuracy
& Shock-proof pressure gauges 0~40 MPa Class 1.6
Sensors Bimetallic thermometers —20~80°C Class 1.5
Coriolis mass flowmeter - +0.2%

5.2. Field Reliability Operation and Simulation Validation
5.2.1. Comparison of Hydraulic Pressure Responses Between Simulation and
Field Operation

To validate the dynamic model under practical operating conditions, the hydraulic
pressure response obtained from the selected 24 h field reliability dataset was compared
with the theoretical and AMESim simulation results. Due to limitations imposed by the
on-site CO, feed conditions and the actual backpressure at the injection wellhead, the inlet
pressure during the selected test period fluctuated mainly between 6.18 and 6.56 MPa,
while the discharge pressure remained within 21.3-21.5 MPa.

Figure 15a,b show the simulated and measured pressure curves for the inlet, discharge,
and hydraulic oil pressures of the optimized opposed-piston pump system, respectively.
A comparison of the simulated data and field measurements for the actual drive pressure
within the hydraulic cylinder reveals that both sets of data exhibit a pressure inversion
phenomenon. During the full-load fluid displacement stroke, the actual hydraulic oil
pressure remained below the absolute exhaust load of 21.4 MPa, fluctuating above the net
pressure difference curve between intake and exhaust, which consistently maintained a
value of approximately 15 MPa.
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Figure 15. Pressure responses under field conditions: (a) Simulated pressure responses. (b) Measured
pressure responses.

This phenomenon demonstrates that, during continuous and fluctuating actual en-
gineering operations, the potential energy of the high-pressure gas source is transferred
through the opposing mechanism, continuously providing forward thrust to the rear of
the compression piston, thereby reducing the system’s working load from the absolute
discharge pressure to the net pressure difference.

Table 4 compares the theoretical, simulated, and experimental data for the oil pressure
of this opposed-piston reciprocating pump. Based on Pascal’s principle, the theoretical
reference oil pressure (p,;;_;) required to maintain the system’s static equilibrium under
these operating conditions is 16.60 MPa. After incorporating friction damping for each
piston in the AMESim simulation, the model output a steady-state peak oil pressure of
17.16 MPa; meanwhile, the actual operating peak oil pressure captured by the on-site
high-pressure sensor fluctuated slightly between 17.29 MPa and 17.84 MPa. The data
indicates that the relative error between the theoretical value, the simulated prediction, and
the on-site measured value of the hydraulic oil pressure is within 4%.

Table 4. Relative errors in hydraulic oil pressure between theoretical, simulated, and experimental val-

ues.
Time (h) Theoretical Simulation Relative Error Experimental Relative Error

Value (MPa) Value (MPa) (%) Value (MPa) (%)
1 16.60 17.17 3.40 17.29 0.75
2 16.60 17.17 3.40 17.36 1.12
3 16.60 17.17 3.40 17.50 1.97
4 16.60 17.17 3.40 17.40 1.38
5 16.60 17.17 3.40 17.32 0.88
6 16.60 17.17 3.40 17.42 1.46
7 16.60 17.17 3.40 17.47 1.77
8 16.60 17.17 3.40 17.60 2.53
9 16.60 17.17 3.40 17.76 3.44
10 16.60 17.17 3.40 17.80 3.67
11 16.60 17.17 3.40 17.79 3.66
12 16.60 17.17 3.40 17.84 3.92
13 16.60 17.17 3.40 17.73 3.32
14 16.60 17.17 3.40 17.77 3.55
15 16.60 17.17 3.40 17.69 3.05
16 16.60 17.17 3.40 17.64 2.77
17 16.60 17.17 3.40 17.69 3.08
18 16.60 17.17 3.40 17.38 1.22
19 16.60 17.17 3.40 17.69 3.06
20 16.60 17.17 3.40 17.71 3.18
21 16.60 17.17 3.40 17.37 1.20
22 16.60 17.17 3.40 17.76 3.49
23 16.60 17.17 3.40 17.68 2.99
24 16.60 17.17 3.40 17.48 1.81
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The simulated values were approximately 0.56 MPa higher than the theoretical values,
primarily due to volumetric hysteresis caused by fluid compressibility, frictional resistance
along the pipeline, and high-pressure dry friction at the main seal. The on-site measured
values were 1% to 3.96% higher than the simulated values. This is primarily due to
unavoidable interference factors at the project site, such as localized friction spikes caused
by assembly tolerances, microscopic cavitation distortions during high-frequency fluid
direction changes, and the measurement tolerance of the load cell itself.

It should be noted that the 31.39% hydraulic-pressure reduction was obtained from
the rated 8 MPa/25 MPa comparative simulation rather than directly from the field test.
Due to the limitations of the on-site CO, supply pressure and injection-well backpressure,
the field test was conducted under an inlet pressure of 6.18-6.56 MPa and a discharge
pressure of 21.3-21.5 MPa. Therefore, the field test was used to validate the force-balance-
based hydraulic pressure prediction under practical operating conditions. The agreement
among the theoretical, simulated, and measured hydraulic pressures within 4% confirms
the applicability of the force-balance model for actual dense-phase CO; injection.

5.2.2. Analysis of Normalized Specific Energy Consumption During Field Operation

Based on the selected 24 h continuous operating data, the rated flow rate of the
opposed-piston reciprocating pump was 15 m?/h, while the measured effective flow
rate remained approximately 14.7 m®/h. The corresponding volumetric efficiency was
about 98%, indicating that the pump maintained stable displacement output during field
reliability operation.

Figure 16 shows the variation in the normalized specific energy consumption of the
field-test system during the selected 24 h continuous operation. The average normalized
specific energy consumption was 0.422 kWh/(MPa-m?3). During most of the test period, the
energy-consumption level remained relatively stable, indicating that the opposed-piston
pump maintained steady energy-conversion performance under actual dense-phase CO,

injection conditions.
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Figure 16. Normalized specific energy consumption of the field test system.

A moderate increase in normalized specific energy consumption was observed during
approximately 10:00-14:00. This period corresponded to the strongest solar radiation and
the highest environmental heat load at the test site. The increase in ambient temperature
affected the thermophysical properties of the dense-phase CO, stream. As the feed-fluid
temperature increased, the CO, density decreased and its compressibility increased, which
increased the elastic compression work required for pressurization. In addition, the recip-
rocating pump is a positive-displacement machine, and the delivered volume per stroke
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is essentially fixed. Therefore, when the CO, density decreases, a higher reciprocating
frequency is required to maintain the rated mass delivery. This increases the average hy-
draulic power of the drive system and consequently leads to a temporary rise in normalized
specific energy consumption.

After this high-temperature period, the normalized specific energy consumption grad-
ually returned to a lower level, demonstrating that the system retained good adaptability
to field operating-condition fluctuations.

Although the selected field dataset covers 24 h rather than a full lifetime test, it pro-
vides a preliminary assessment of the short-term operational stability of the optimized
opposed-piston pump under practical dense-phase CO, injection conditions. During the
selected test period, no continuous upward drift in hydraulic oil pressure, no obvious
decrease in effective flow rate, and no progressive increase in normalized specific en-
ergy consumption were observed. These results indicate that the hydraulic drive system
maintained stable pressure regulation during continuous operation.

In addition, the rodless piston, vertical CO; cylinder, and ionic-liquid isolation layer
reduce direct contact between dense-phase CO, and the mechanical sealing interface, which
is beneficial for suppressing seal wear and leakage. The observed energy-consumption fluc-
tuation was mainly related to external operating-condition variations, such as ambient heat
load and CO,; property variation, rather than progressive deterioration of the pump itself.

6. Conclusions

To reduce the high energy consumption of large-scale dense-phase CO, pressurized
injection in CCUS applications, this study developed a structural optimization scheme
based on a conventional hydraulically driven opposed-piston reciprocating pump under
high-base-pressure operating conditions. By establishing a dynamic model, conducting
AMESim simulations, and performing a field reliability operation test, this study clarified
the suction-pressure-assisted load-compensation mechanism and evaluated the operat-
ing performance of the optimized pump under both rated simulation and practical field
conditions. The main conclusions are as follows:

(1) A dense-phase CO;-oriented structural optimization was developed on the basis of a
conventional hydraulically driven opposed-piston reciprocating pump. By introduc-
ing the 6-8 MPa suction pressure into the force balance of the opposite compression
cylinder, the hydraulic load was transformed from a discharge-pressure-dominated
load to an inlet—outlet net-pressure-difference-dominated load.

(2) Under the rated simulation condition of 8 MPa inlet pressure and 25 MPa discharge
pressure, the optimized opposed configuration reduced the peak driving oil pressure
by 31.39% compared with the non-opposed reference configuration. The driving load
decreased by approximately 0.55 MPa for every 0.5 MPa increase in inlet pressure,
confirming the suction-pressure-assisted load-compensation effect.

(3) The introduced force-transmission cylinder enabled vertical CO,-cylinder arrange-
ment and converted horizontal hydraulic actuation into vertical CO, compression,
reducing lateral loading on the sealing interface. The rodless piston and ionic-liquid
isolation layer improved sealing and lubrication under low-viscosity dense-phase
CO, conditions, contributing to an effective flow rate of approximately 14.7 m3/h and
a volumetric efficiency of about 98% in the selected 24 h field dataset.

(4) The selected 24 h field reliability dataset verified the applicability of the theoretical
and AMESim models under practical operating conditions. The measured hydraulic
oil pressure agreed with the predicted values within 4%, and the average normalized
specific energy consumption was 0.422 kWh/(MPa-m?). The optimized pump showed
stable short-term field performance and adaptability to operating-condition fluctua-
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tions. The suction-pressure-assisted load-compensation principle may also provide a
reference for other high-base-pressure fluid pressurization systems.
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Nomenclature
Qin CO, density at the suction thermodynamic state Pout CO; density at the discharge thermodynamic state
Agas Cylinder piston area Apya Annular area of the hydraulic cylinder piston
o(t) Piston velocity Pin Inlet pressure
pout(t)  Instantaneous discharge pressure Ap Inlet-outlet net pressure difference
m Theoretical mass flow rate Maet Actual mass flow rate
M Equivalent mass of the moving piston assembly x Acceleration of the piston assembly
. ) Lumped friction resistance of the piston assembly and
x Displacement of the piston assembly Fy .
sealing interfaces
Poil—t Theoretical hydraulic oil pressure Poil Hydraulic oil pressure
P, (t)  Instantaneous power of the reciprocating pump system  P,;(t) Instantaneous power of the hydraulic system
€ Relative clearance volume coefficient Qo Volumetric flow rate
S Cylinder piston effective stroke f Reciprocation frequency
Mo Volumetric efficiency n Work times per cycle
. The hydraulic system normalized specific energy Overall hydraulic transmission efficiency from the
’ consumption. Th hydraulic pump to the actuator
Hm Motor efficiency p Hydraulic pump efficiency
Kefs Effective bulk modulus of dense-phase CO, en System normalized specific energy consumption.
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