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With the rapid development of the global economy, industrial enterprises have become
increasingly dependent on energy to drive economic growth. However, the relationship
between efficient energy utilization and economic growth remains insufficiently explored.
Existing research primarily focuses on either economic or engineering perspectives, often
overlooking the thermodynamic nature of energy conversion processes. This limitation
leads to an incomplete understanding of the relationship between energy efficiency and
economic growth. This paper constructs a model of energy conversion efficiency in
industrial enterprises through thermodynamic analysis and further explores the relationship
between energy conversion efficiency and economic growth. The findings reveal that
analyzing energy efficiency from a thermodynamic perspective provides a more scientific
and comprehensive insight into the actual energy utilization in enterprises, offering
theoretical support for achieving the dual goals of economic growth and efficient energy
use. This study not only offers new perspectives for research in energy economics but also
serves as a valuable reference for policymakers and corporate managers in strategic

decision-making.

1. INTRODUCTION

In the increasingly complex global economic context,
energy, as a critical foundation for the development of
industrial enterprises, directly influences production costs,
competitiveness, and environmental burdens of enterprises [1-
3]. With the rapid growth of the economy, energy demand
continues to rise, and how to improve energy conversion
efficiency while achieving economic growth has become a
pressing issue for governments and enterprises alike [4-7].
Therefore, in-depth research on the energy conversion
efficiency of industrial enterprises from a thermodynamic
perspective, exploring its relationship with economic growth,
not only holds academic value but also provides important
references for the formulation of economic policies and the
planning of corporate strategies.

The study of the relationship between energy conversion
efficiency and economic growth in industrial enterprises is of
great significance. First, improving energy efficiency can not
only reduce the operating costs of enterprises but also reduce
resource waste and environmental pollution, providing a solid
foundation for sustainable development [8, 9]. Second,
analyzing the energy conversion process from a
thermodynamic perspective allows for a more scientific and
comprehensive understanding of energy utilization efficiency
in the production process, providing a theoretical basis for
improving the overall efficiency of industrial production [10-
14]. Furthermore, researching the relationship between energy
efficiency and economic growth helps to clarify the energy
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dependency of economic development and its potential
environmental impact, thereby providing policy support for
achieving green economic growth.

However, existing research methods have some
shortcomings and deficiencies when exploring the relationship
between energy conversion efficiency in industrial enterprises
and economic growth. Most studies analyze from either an
economic or a single engineering perspective, neglecting the
thermodynamic nature of the energy conversion process,
leading to a lack of systematicity and accuracy in the research
results [15, 16]. In addition, existing studies often fail to fully
consider the heterogeneity among enterprises and the
differences among various industries when constructing
models, limiting the generalizability of the research
conclusions [17-21]. Therefore, it is necessary to develop
more precise and multidimensional analytical methods to
address these shortcomings in the research.

This paper will construct a model of energy conversion
efficiency for industrial enterprises from the perspective of
thermodynamic analysis and further explore the relationship
between energy conversion efficiency and economic growth.
Specifically, the paper will include two main aspects: first,
based on thermodynamic principles, a model suitable for
energy conversion efficiency in industrial enterprises will be
constructed to reveal the conversion mechanism of energy in
the production process and its efficiency level; second, based
on the constructed model, the impact of energy efficiency on
economic growth in different enterprises will be analyzed,
providing decision-making references for policymakers and
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corporate managers. This study not only expands the research
field of energy economics but also provides new perspectives
for improving the energy utilization efficiency of industrial
enterprises and achieving sustainable economic growth.

2. THERMODYNAMIC ANALYSIS-BASED ENERGY
CONVERSION EFFICIENCY MODEL FOR
INDUSTRIAL ENTERPRISES

In this study, the energy conversion efficiency model for
industrial enterprises is based on thermodynamic analysis. The
core of this model lies in comprehensively assessing the
efficiency of energy conversion processes within enterprises,
particularly focusing on the relationship between energy input
and actual effective output. Specifically, the model first
considers the forms of energy input, including fossil fuels,
electrical energy, etc., and then conducts a detailed analysis of
energy conversion and utilization in the production process
through the First and Second Laws of Thermodynamics. The
model introduces the concept of boiler thermal efficiency,
drawing on the calculation formulas from GB and ASME
standards. By measuring the thermal efficiency of boilers
under different operating conditions, a more accurate overall
energy efficiency indicator for the enterprise is obtained.
Additionally, the model is not limited to the evaluation of
boiler  equipment's thermal efficiency but also
comprehensively considers the energy conversion efficiency
of various thermal equipment and production processes within
the enterprise. The model views the entire enterprise as a
thermodynamic system, tracking the entire process of energy
from entering the enterprise to the final output, evaluating the
efficiency of key aspects such as energy loss, waste heat
recovery, and energy reuse. Through these analyses, the model
can reveal which aspects of daily operations are inefficient or
wasteful in energy use and propose possible directions for
improvement. Figure 1 presents the structure of the
thermodynamic analysis-based energy conversion efficiency
model for industrial enterprises.

In the energy conversion process of industrial enterprises,
especially within complex production systems, some key
parameters cannot be measured online or have insufficient

Auxiliary
Variables 1

Mechanical Chemical
Input Incomplete Incomplete
Heat Combustion | Combustion

Loss Loss

Flue Gas
Temperature

Oxygen Content in
Flue Gas

Flue Gas
Loss

Absolute
Humidity

measurement accuracy due to technical conditions or cost
constraints, which poses challenges for real-time calculation
of energy conversion efficiency. To overcome these
difficulties and achieve dynamic monitoring of energy
conversion efficiency, this study adopts a simplified reverse
balance method based on thermodynamic analysis to calculate
the energy conversion efficiency of industrial enterprises. The
core idea of this method is to indirectly calculate energy losses
and then deduce the overall energy conversion efficiency of
the system.

In the constructed energy conversion efficiency model for
industrial enterprises, the accurate calculation of input heat is
key to evaluating overall energy efficiency. Based on
thermodynamic theory, this study analyzes the input heat in
detail from two main aspects: the physical sensible heat of the
fuel and the heat brought into the air by heating air using
extraction steam from the turbine to construct a scientific and
reasonable energy conversion efficiency model. Suppose the
lower heating value of the fuel is represented by W, the
physical sensible heat of the fuel by W.,, and the heat brought
into the air by heating air using extraction steam from the
turbine by W;.. Then the expression for input heat in the model
is:

We =WFb +Wea +qu (1)

Physical sensible heat refers to the heat that the fuel
possesses before entering the combustion process, that is, the
heat absorbed by the fuel when it is heated to the combustion
temperature from its initial state. In industrial enterprises,
common fuels such as coal, natural gas, and oil need to
undergo a series of processes such as heating and drying
before being burned in boilers. During this process, the
physical sensible heat of the fuel can directly affect
combustion efficiency and the final energy output. Suppose
the fuel temperature is represented by s., and the specific heat
of the fuel by z., then the calculation formula for the physical
sensible heat of the fuel is:

W, =27, )
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Figure 1. Thermodynamic analysis-based energy conversion efficiency model structure for industrial enterprises



Suppose the specific heat of solid fuel on a dry basis is
represented by z"., and the mass percentage of moisture on a
received basis by Q°. Then the calculation formula for the
specific heat of solid fuel is:

2, =| 20 (100-Q")+4.1868Q" | /100 3)

In the industrial production process, especially in
enterprises that use steam turbines as a power source,
extraction steam is usually used to heat air or other media to
improve the overall thermal utilization rate of the system. For
example, the air heating process in an air heater is realized by
the extraction steam of the turbine, and this part of the heat is
calculated based on parameters such as the temperature,
pressure, and flow rate of the extraction steam. Although this
heat does not directly come from fuel combustion, it is still an

important source of energy input in the thermodynamic system.

Including this part of the heat in the input heat calculation can
more comprehensively reflect the energy conversion process
and efficiency of the enterprise. Suppose the air volume
entering the air heater is represented by Nrp, the fuel quantity
by Y, the specific heat of air at constant pressure at the air
heater outlet temperature by z'y;, the specific heat of air at
constant pressure at the air heater inlet temperature by z,;, the
air heater outlet temperature by s’;, and the air heater inlet
temperature by s;. Then the calculation formula for the heat
brought into the air by heating air using extraction steam from
the turbine is:

Ntd

W, =—7=— (4)
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Mechanical incomplete combustion loss refers to the energy
loss caused by the incomplete conversion of chemical energy
into thermal energy during the combustion process. This loss
is often one of the main reasons for the decline in energy
efficiency in industrial enterprises’ energy conversion
processes, particularly in boilers and other combustion
equipment. From a thermodynamic analysis perspective,
mechanical incomplete combustion loss mainly includes the
energy loss from solid particles and incompletely burned gases
generated during incomplete combustion. These solid particles
and incompletely burned gases still contain chemical energy
that has not been fully utilized. If this portion of energy is not
effectively released and utilized during the combustion
process, it will directly reduce the overall efficiency of the
system. In practice, the magnitude of this loss is influenced by
factors such as the type of fuel, combustion conditions,
equipment design, and operational parameters. To accurately
assess mechanical incomplete combustion loss, the
thermodynamic analysis model calculates the actual
mechanical incomplete combustion loss by measuring the
chemical composition of residual fuel in flue gas and ash after
combustion, combined with the lower heating value of the fuel
and combustion efficiency. Suppose the mass percentage of
ash content on an as-received basis is represented by X?, the
mass percentage of carbon in fly ash is represented by Zyg, the
mass percentage of carbon in bottom ash is represented by Z,
the proportion of ash in fly ash to the total ash content in coal
is represented by fe, and the proportion of ash in bottom ash
to the total ash content in coal is represented by f.. Then the
calculation formula is as follows:
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In the energy conversion process of industrial enterprises,
Chemical incomplete combustion loss refers to the energy loss
where the chemical energy in the fuel is not fully converted
into thermal energy during the combustion process, and thus
remains in the emissions in an unburned form. For industrial
enterprises, this loss not only signifies wasted energy but may
also lead to environmental pollution issues. From a
thermodynamic analysis perspective, chemical incomplete
combustion loss is primarily manifested as carbon monoxide,
hydrocarbons, and other incompletely burned compounds in
the exhaust gases. These compounds are not fully oxidized
during combustion, resulting in the incomplete release of the
chemical energy of the fuel. The model calculates the specific
value of chemical incomplete combustion loss by analyzing
the composition of exhaust gases, combined with the chemical
composition of the fuel and the thermodynamic characteristics
of combustion. In the constructed energy conversion
efficiency model for industrial enterprises, chemical
incomplete combustion loss is regarded as a key variable in
thermodynamic analysis. By measuring the composition of
exhaust gases after combustion, the model can accurately
assess the energy loss caused by incomplete combustion and
incorporate it into the overall energy conversion efficiency
calculation. Reducing chemical incomplete combustion loss
can not only improve the energy utilization efficiency of
enterprises but also reduce the harmful components in
emissions, thereby alleviating environmental burdens.
Suppose the actual dry flue gas volume is represented by N,
and the percentage of carbon monoxide in the dry flue gas
volume is represented by ZP, then the calculation formula is
as follows:

w, =126.36N,,ZP (100 - w, ) /W, x100 (6)

Suppose the dry flue gas volume generated by the complete
combustion of a unit of fuel is represented by N, the dry air
volume required for the complete combustion of a unit of fuel
is represented by N, the excess air coefficient at the flue gas
exit is represented by £, and the oxygen content in the flue gas
at the flue gas exit is represented by P», with the mass content
of carbon, sulfur, hydrogen, oxygen, and nitrogen on an as-
received basis in the fuel represented by 22, G®, T?, P?, and V?,
respectively. Then the calculation formulas are as follows:

N, =Ny, +(B-1)N° (7)

Nj, =(1.8862° +0.7T° +0.8v" ) /100+0.79N° (8)
N® =0.08892" +0.265G" +0.0333(T* —P") (9)
B =21/(21-F,) (10)

In the energy conversion process of industrial enterprises,
Flue Gas Loss mainly refers to the energy loss caused by the
heat that is not effectively utilized by the system after fuel
combustion and is discharged with the flue gas, resulting in
energy loss. Suppose the enthalpy of the flue gas is represented



by U, and the enthalpy of the air at the air blower inlet is
represented by U,,. Then the calculation formula is as follows:

W, :{(uob —umj)( —1‘”&))}/@9 %100

Based on thermodynamic analysis, the energy conversion
efficiency model for industrial enterprises in this paper will
assess flue gas loss in detail by analyzing two key factors: the
enthalpy of the flue gas and the enthalpy of the air at the air
blower inlet. Among them, flue gas enthalpy refers to the heat
carried by the flue gas before discharge after fuel combustion.
This portion of heat is not effectively recovered or utilized
during the combustion process and is directly discharged into
the atmosphere with the flue gas, resulting in energy waste. In
thermodynamic analysis, flue gas enthalpy is wusually
calculated based on the temperature, pressure, composition,
and flow rate of the flue gas. High-temperature flue gas
indicates that a large amount of thermal energy is being

(11)

discharged, directly leading to a reduction in system efficiency.

Therefore, reducing flue gas temperature or recovering heat
from the flue gas through a heat recovery system is an
important means to improve energy conversion efficiency.
Suppose the average specific heat at constant pressure for dry
flue gas, water vapor, carbon dioxide, oxygen, and nitrogen is
represented by zms, zmo, zco2, zoz, and zy, respectively, the
percentage content of triatomic gases in the flue gas is
represented by EP,, the percentage content of oxygen in the
flue gas is represented by P,, the percentage content of
nitrogen in the flue gas is represented by V>, the characteristic
coefficient of the fuel is represented by a, the mass percentage
of moisture on an as-received basis in the fuel is represented
by (0, the absolute humidity of the air is represented by £, the
flue gas temperature is represented by s, the actual volume
of water vapor in the flue gas is represented by Nmo, the
enthalpy of fly ash is represented by Uyg, and the enthalpy of
1 kg of ash is represented by (z¢),. Then the calculation
formulas are as follows:

U = (Nobzgy + NHZOZHZO)Sob "‘Udg (12)
Z, = (ZC02 EPZ + ZN2V2 + Z02 PZ )/100 (13)
NHZO =0.01244Q" +0.111G" + fj,BN0 (14)
21-P,
ER, =——+ 15
2 lta (15)
b b b
0 =235 G —0.325P +0.b038\/ (16)
Z° +0.375T
V, =100—-EP, -P, (17)
Udg = Xbﬂdg (Zqo)g /100 (18)

The enthalpy of air at the air blower inlet refers to the heat
content of the air before entering the combustion system. This
portion of the air will be heated during the combustion process
and eventually discharged with the flue gas. If the enthalpy
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value of the air at the air blower inlet is high, it means that the
air already possesses a high level of energy before entering the
combustion system. After combustion, this portion of energy
will further increase the enthalpy value of the flue gas, thereby
increasing flue gas loss. Suppose the specific heat of air is
represented by z; and the temperature of the air at the air
blower inlet is represented by s;. Then the calculation formula
is as follows:
Uy =Nz, (19)
In the model constructed in this paper, heat loss refers to the
heat dissipated to the external environment due to the
equipment, pipelines, and other system components during
energy conversion and transmission. This type of energy loss
occupies an important position in thermodynamic analysis and
directly affects the energy conversion efficiency of enterprises.
The industrial enterprise energy conversion efficiency model
based on thermodynamic analysis in this paper provides a
scientific basis for improving energy utilization efficiency
through accurate analysis of heat loss. From a thermodynamic
perspective, heat loss mainly occurs in equipment such as
boilers, pipelines, and heat exchangers in industrial enterprises.
During operation, the surface temperature of these devices is
usually higher than the surrounding environmental
temperature, leading to heat dissipation to the environment
through conduction, convection, and radiation. This portion of
the dissipated heat cannot be recovered or utilized, thereby
reducing the overall efficiency of the system. In the industrial
enterprise energy conversion efficiency model, heat loss is
usually estimated by calculating the surface temperature of
each piece of equipment and pipeline, the heat conduction
coefficient, the surrounding environmental temperature, and
the surface area of the equipment. Suppose the rated
evaporation capacity is represented by Fgp, the actual
evaporation capacity by F, and the heat loss corresponding to
the rated evaporation capacity by ws.gp. Then the calculation
formula is as follows:

W, =W, e Fep, /F <100 (20)

where,

W, =5.82(Fp )™ Q1)

Heat loss not only leads to a decrease in energy utilization
efficiency but may also have negative impacts on the
production environment. For example, high-temperature heat
loss may increase the air conditioning load in the workshop,
thereby increasing additional energy consumption. Therefore,
methods to reduce heat loss are particularly important in the
energy management of industrial enterprises. Specific
measures include effective insulation treatment of equipment
and pipelines, improving equipment design to reduce surface
temperature, and further enhancing energy utilization
efficiency by recovering dissipated heat.

Physical heat loss of ash refers to the energy loss caused by
ash generated during the combustion process, where the heat
contained in the ash is directly dissipated along with the ash
discharge due to its high-temperature state not being fully
cooled or recovered. This type of energy loss directly impacts
the overall energy utilization efficiency of enterprises and is a
key aspect of the industrial enterprise energy conversion



efficiency model that needs to be analyzed. From a
thermodynamic analysis perspective, physical heat loss of ash
is mainly determined by the temperature, mass, and discharge
method of the ash. After the fuel is burned, the ash produced
is often in a high-temperature state. If this ash is discharged
directly without being processed by a heat recovery device, a
large amount of heat will be lost. For example, the slag
produced after boiler combustion is usually at a high
temperature when discharged. If no appropriate heat recovery
measures are taken, the thermal energy contained in the ash
will be directly dissipated into the environment, resulting in
energy waste. In the constructed industrial enterprise energy

Start

conversion efficiency model, physical heat loss of ash is
quantified by analyzing the temperature, flow rate, and heat
capacity of the ash discharge. The specific calculation formula
is as follows:

(22)

W6 = Xbﬂmc (Z(P)g /We

Figure 2 shows the thermodynamic calculation flowchart
for process heat transfer and incomplete combustion loss.
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Figure 2. Thermodynamic calculation flowchart for process heat transfer and incomplete combustion loss
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3. THERMODYNAMIC ANALYSIS OF THE
RELATIONSHIP BETWEEN ENERGY CONVERSION
EFFICIENCY IN INDUSTRIAL ENTERPRISES AND
ECONOMIC GROWTH

When studying the relationship between energy conversion
efficiency in industrial enterprises and economic growth, the
thermodynamic analysis-based model provides a scientific and
comprehensive perspective. This paper presents different
scenarios, offering a deeper understanding of how energy
conversion efficiency affects the economic performance of
enterprises and overall economic growth. Figure 3 shows the
energy conversion system flowchart for industrial enterprises.

Scenario 1: The impact of energy efficiency improvement
in high energy-consumption industries on economic growth

In high energy-consumption industries, such as steel,
chemical, and cement production, energy conversion

efficiency directly impacts production costs and profitability.
In this scenario, the thermodynamic analysis model quantifies
the potential for improving energy utilization efficiency by
assessing losses at different stages of conversion, such as flue
gas enthalpy during fuel combustion, heat loss during
equipment operation, and physical heat loss of ash. As
enterprises implement technological improvements, such as
optimizing the combustion process, introducing waste heat
recovery devices, and enhancing equipment insulation,
increased energy conversion efficiency will directly reduce
energy costs and increase profitability. The increase in profits
not only contributes to expanding reinvestment and production
capacity but also enhances overall economic Dbenefits,
promoting economic growth. Therefore, the thermodynamic
analysis model helps enterprises identify key points for
efficiency improvement and provides reliable technical
support for achieving economic growth. Figure 4 illustrates the
losses at different stages of conversion.

Air Blower
Cold Air __. R
Air Heater
Coal
Mill
Hot Air Dust Collector
Fan
Flue Gas Discharge
Pulverizer »  Boiler = =O—b into
Pulverized Atmosphere
Coal
Fly Ash Ash Slurry
Pump
Ash Slurry Slag To Ash
" w Yard
Figure 3. Energy conversion system flowchart for industrial enterprises
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Figure 4. Schematic diagram of losses at different stages of conversion



Scenario 2: The impact of energy conversion efficiency on
environmental protection and sustainable economic
development

In the current context of global concern for environmental
protection and sustainable development, the relationship
between energy conversion efficiency in industrial enterprises
and economic growth has become more complex. In this
scenario, the thermodynamic analysis model not only focuses
on efficient energy utilization but also involves the assessment
of environmental impacts. By reducing flue gas enthalpy and
physical heat loss of ash, enterprises can decrease emissions
of greenhouse gases and other harmful substances, thereby
reducing environmental pollution. This environmental benefit
not only helps enterprises remain compliant with increasingly
stringent environmental regulations but also allows them to
obtain carbon credits by reducing carbon emissions, creating
new points of economic growth. As enterprises improve
energy conversion efficiency, they also reduce environmental
management costs, achieving a win-win situation between
economic and environmental benefits, which is of great
significance for realizing sustainable economic growth.

Scenario 3: The adaptability of enterprises to energy price
fluctuations and economic stability

In a market environment where energy prices fluctuate
frequently, the level of energy conversion efficiency
determines an enterprise's ability to cope with energy price
fluctuations. In this scenario, the thermodynamic analysis
model helps enterprises improve energy utilization by finely
managing heat losses at various stages of energy conversion,
such as optimizing flue gas enthalpy and reducing heat loss.
Increased energy conversion efficiency enables enterprises to
maintain stable production costs in the face of rising energy
prices, thereby reducing economic uncertainty caused by cost
fluctuations. At the same time, the improvement in energy
efficiency allows enterprises to maintain high production
efficiency even during periods of low energy prices, helping
them maintain a competitive advantage in the market. By
improving energy conversion efficiency, enterprises can not
only maintain stable operations during energy price
fluctuations but also ensure the stable growth of the overall
economy.

Scenario 4: Technological innovation-driven improvement
in energy conversion efficiency and economic transformation

With technological advancements, particularly innovations
in thermodynamic-related technologies, enterprises have
significantly improved their energy conversion efficiency. In
this scenario, the thermodynamic analysis model introduces
advanced combustion control technologies, waste heat
recovery technologies, and the application of new materials,
enabling enterprises to reduce energy consumption while
improving production efficiency. The improvement in energy
conversion efficiency brought about by technological
innovation not only reduces production costs but also drives
technological upgrades and economic transformation within
the industry. As more enterprises adopt these new technologies,
the overall energy utilization efficiency of the industry
improves, further promoting economic growth and optimizing
industrial structure. This technology innovation based on
thermodynamic analysis not only enhances the market
competitiveness of enterprises but also provides a new driving
force for the high-quality development of the economy.
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4. EXPERIMENTAL RESULTS AND ANALYSIS

As can be seen from the data in Table 1, there are significant
differences in energy conversion efficiency, heat loss, flue gas
loss, irreversible combustion loss, irreversible heat transfer
loss, and exergy efficiency among different equipment. The
highest thermal efficiencies are found in Equipment 13 and 14,
reaching 92.26% and 92.36%, respectively, while their heat
losses are relatively low, at 5.58 and 5.68, respectively. In
contrast, Equipment 1 has the lowest thermal efficiency at
85.36%, with a relatively high heat loss of 10.25. In addition,
Equipment 4 and 5 have lower flue gas loss and irreversible
combustion loss, at 1.58 and 1.56, and 23.64 and 22.35,
respectively, showing good combustion and heat transfer
performance. It is worth noting that Equipment 13 and 14 not
only perform well in thermal efficiency but also have higher
exergy efficiency, at 32.63% and 33.42%, respectively,
indicating that these pieces of equipment have higher effective
energy utilization rates in the energy conversion process. From
the perspective of sustainable economic growth, improving the
energy conversion efficiency of industrial enterprises has
significant economic and environmental benefits. The high
thermal efficiency and exergy efficiency of Equipment 13 and
14 indicate that optimizing the combustion process, reducing
heat loss, and minimizing irreversible losses can significantly
enhance energy utilization efficiency, thereby reducing
production costs and resource consumption. This optimization
not only helps enterprises improve economic benefits but also
reduces greenhouse gas emissions, aligning with the
requirements for sustainable development. Furthermore, the
performance differences among equipment suggest that
enterprises can further improve overall energy conversion
efficiency through technological improvements and
equipment upgrades.

As shown by the data in Figure 5, different types of boilers
exhibit significant differences in thermal efficiency and exergy
efficiency. The thermal efficiency of coal/biomass boilers
ranges from 74% to 79%, with boilers less than 4t/h having the
lowest thermal efficiency at 74%, while boilers greater than
10t/h have the highest thermal efficiency, reaching 79%. In
contrast, the thermal efficiency of coal/gas boilers is
significantly higher, with boilers under 4t/h having a thermal
efficiency of 88%, and boilers above 4t/h reaching 90%. In
terms of exergy efficiency, coal/biomass boilers have
relatively low exergy efficiency, ranging from 16% to 24%;
among them, boilers greater than 10t/h perform the best, with
an exergy efficiency of 24%. Coal/gas boilers have higher
exergy efficiency, with boilers below 4t/h and above 4t/h
reaching 26% and 28%, respectively. From the perspective of
sustainable economic growth, improving energy conversion
efficiency, especially exergy efficiency, is key to achieving
energy conservation, emission reduction, and economic
efficiency improvement. The data show that coal/gas boilers
are significantly superior to coal/biomass boilers in terms of
thermal efficiency and exergy efficiency, especially for
coal/gas boilers above 4t/h, where thermal efficiency and
exergy efficiency reach 90% and 28%, respectively, indicating
that this type of boiler can more effectively convert energy and
reduce losses in the energy utilization process. Efficient
energy conversion not only helps reduce the operating costs of
enterprises but also reduces greenhouse gas emissions,
contributing to green economic growth and environmental
protection goals.



Table 1. Test data of energy conversion equipment in industrial enterprises

Equipment Heat Thermal Flue Gas Irreversible Irreversible Heat Exergy
Number Loss Efficiency Loss Combustion Loss Transfer Loss Efficiency
1 10.25 85.36 2.69 26.32 38.26 27.26
2 9.56 86.24 2.56 26.23 38.24 28.44
3 7.42 88.23 2.23 28.69 34.26 30.22
4 4.58 90.23 1.58 23.64 40.36 31.23
5 4.36 91.25 1.56 22.35 40.12 32.56
6 6.21 89.36 1.89 25.62 38.69 30.24
7 6.23 89.54 1.75 25.48 38.26 30.12
8 5.36 91.23 2.23 22.36 40.45 31.26
9 7.21 89.36 1.89 26.58 38.36 29.68
10 6.25 91.25 1.85 24.26 39.58 30.22
11 5.62 91.23 1.96 23.36 37.59 33.69
12 6.35 91.25 1.85 2341 38.12 31.25
13 5.58 92.26 1.87 23.58 38.26 32.63
14 5.68 92.36 1.96 23.69 38.44 33.42
15 5.14 91.36 2.15 24.23 39.26 31.26
16 6.36 90.36 2.12 24.25 38.69 31.25
there is a significant deviation between actual load and control
E  =4th output under high load conditions, indicating that the existing
2 control system may lack the response speed or adjustment
g mm capability needed during drastic load changes, potentially
U] / R e .
= leading to reduced energy utilization -efficiency and
S unnecessary energy waste. Additionally, the deviation
g lovh between actual values and control output values for carbon
2 emissions suggests that there is room for improvement in
2 4th-10t/h emission control, particularly under high load or long-duration
E operating conditions, where more precise control of emissions
g is needed to meet higher environmental standards. These
= =4t'h e ..
8 : : : . results suggest that optimizing load control and emission
o 20 20 5 %0 100 management systems not only helps improve energy

Exergy Efficiency Thermal Efficiency

Figure 5. Comparison of thermal efficiency and exergy
efficiency in energy conversion for industrial enterprises

From the data on load control processes and carbon
emissions provided in Figure 6, it can be seen that there is a
certain deviation between actual values, control output values,
and expected values. In the load control process, the overall
trend of actual values is relatively close to control output
values, but there are still significant differences at some
sample points. For example, at sample points 195 and 192, the
actual values are significantly higher than the control output
values (195 VS. 170 and 192 VS. 190), indicating a lag or
insufficiency in the control system's response under high load
conditions. Additionally, the differences between expected
values and actual values and control output values are also
large at some sample points, particularly when the load
reaches around 100 and 150, where actual values fluctuate
significantly, and control effectiveness is unstable. For carbon
emissions data, the overall trend of actual values, control
output values, and expected values is downward, but there is a
noticeable deviation between actual values and control output
values at sample points 250 and 300, with values of 540 VS.
526 and 520 VS. 506, respectively, showing a deviation in the
control system's management of emissions. From the
perspective of sustainable economic growth, industrial
enterprises must improve the precision of load control and the
effectiveness of emission management in the energy
conversion process. The data indicate that although the control
system can generally follow changes in expected values well,
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conversion efficiency but also reduces environmental
pollution, promoting the sustainable development of industrial
enterprises.

From the energy conversion efficiency and energy recovery
efficiency data provided in Figure 7, it can be seen that energy
conversion efficiency shows a relatively stable state after
implementing energy recovery strategies. Conversion
efficiency data generally remains between 88% and 92%, with
most samples fluctuating around 90%, indicating that
enterprises have a high level of efficiency in the energy
conversion process. However, energy recovery efficiency
values are relatively low, mainly concentrated between 86.5%
and 88.5%, and in multiple sample points, energy recovery
efficiency is lower than conversion efficiency. Particularly
around sample 200, energy recovery efficiency drops below
86.8%, while conversion efficiency remains above 89%,
indicating that there may be some losses or instability factors
in the energy recovery process. From the perspective of
sustainable economic growth, improving energy recovery
efficiency is key to enhancing overall energy utilization
efficiency. Although the enterprise's energy conversion
efficiency is relatively high, remaining stable at around 90%,
the relatively low and fluctuating energy recovery efficiency
suggests that some energy is not effectively recovered and
reused in the energy conversion process, possibly leading to
resource waste and increased production costs. To achieve
more efficient resource utilization and economic benefits,
enterprises should further optimize energy recovery strategies
to reduce losses in the energy recovery process.

From the data provided in Figure 8, it can be seen that the
optimized inlet air volume and inlet air velocity show
significant improvement at most sample points. For inlet air



volume, the optimized variable is closer to the expected value
in most cases, with smaller fluctuations. For example, at
sample point 20, the optimized inlet air volume is 359, while
the unoptimized air volume is 335, indicating that the
optimized control system can better adjust the inlet air volume.
Similarly, the inlet air velocity data also shows that the
optimized variable is more stable in most cases, with the
optimized inlet air velocity reaching 85 at sample point 20,
while the unoptimized air velocity is 73, indicating that the
precision of the optimized system in air velocity control has
been improved. From the perspective of sustainable economic
growth, optimizing the control of inlet air volume and air
velocity in industrial enterprises is a key step in improving
energy conversion efficiency. The data show that the system
optimized with economic cost variables performs more stably
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and precisely in controlling inlet air volume and air velocity,
which not only helps improve energy utilization efficiency but
also effectively reduces energy waste and operating costs.
Especially the smaller fluctuations in the optimized inlet air
velocity and air volume data indicate that the system is more
responsive and better able to adapt to changes in the
production process, reducing unnecessary energy loss.
Therefore, optimizing energy control parameters in industrial
enterprises not only helps improve production efficiency but
also supports sustainable economic development. It is
recommended that policymakers and enterprise managers
increase the promotion and application of similar optimization
technologies to help industrial enterprises make greater
progress in energy conservation, emission reduction, and
economic benefit improvement.
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Figure 6. Load and carbon emissions in the energy conversion control process of industrial enterprises
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Figure 8. Changes in energy conversion efficiency control parameters in industrial enterprises optimized with economic cost
variables

5. CONCLUSION

This paper constructs an energy conversion efficiency
model for industrial enterprises based on thermodynamic
principles, comprehensively revealing the conversion
mechanism of energy in the industrial production process and
its efficiency levels. The research results show that energy
conversion efficiency of industrial enterprise equipment
fluctuates significantly under different load conditions, and the
management of carbon emissions needs to be improved.
Through the implementation of energy recovery strategies,
enterprises have improved their energy conversion efficiency,
but there are still some losses in the energy recovery process.
Further experimental data also indicate that energy conversion
efficiency and control parameters in industrial enterprises have
been significantly improved based on optimized economic
cost variables, particularly in the control of inlet air volume
and air velocity, where the optimized system shows higher
stability and precision. This research provides substantial
guidance for industrial enterprises in balancing energy
management and economic growth, particularly in how to
improve energy utilization efficiency and reduce
environmental burdens through technological optimization,
which has important application value.

Although this study provides empirical evidence for
improving energy conversion efficiency in industrial
enterprises, there are still some limitations. For example, the
experimental data mainly come from specific industrial
enterprise scenarios, and the generalizability of the research
results to other industries needs further validation. In addition,
the long-term effects of energy recovery strategies and the
collaborative optimization mechanisms between different
equipment also need to be explored in future research. Future
research can further expand the applicability of this model,
exploring the impact of cross-industry energy conversion
efficiency on economic growth, particularly how to promote
sustainable development through energy technology
innovation in the context of globalization. Additionally,
further optimization of energy recovery and cost control
strategies in enterprises can be pursued to achieve higher
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energy conversion efficiency and lower environmental impact,
providing more specific decision-making support for
policymakers and enterprise managers.
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