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With the continuous progress of urbanization, municipal wastewater treatment has become
a core issue in urban environmental management. However, traditional wastewater
treatment processes often face challenges of high energy consumption and low efficiency,
resulting in significant negative environmental impacts. To enhance the sustainability and
energy efficiency of wastewater treatment, heat recovery technology has emerged as a
promising solution. By recovering and utilizing waste heat during the treatment process, it
is possible to effectively reduce energy consumption and improve overall system
efficiency. Therefore, heat recovery-based municipal wastewater treatment technology has
become a focal point of current research. Although existing studies have explored the
application of heat recovery in wastewater treatment, there are still some limitations,
particularly in thermodynamic analysis and system optimization for practical applications.
Most current studies focus primarily on the analysis of individual heat recovery effects,
lacking comprehensive system simulation and intelligent control methods. As such, further
in-depth research into the thermodynamic characteristics of heat recovery systems and
intelligent optimization control strategies is of great theoretical significance and practical
value. This paper primarily investigates the thermodynamic simulation and analysis of heat
recovery-based municipal wastewater treatment systems, conducts a systematic analysis of
energy flows within the heat recovery process, and explores the application of intelligent
control technologies for system optimization. The research includes: first, thermodynamic
simulation and analysis of municipal wastewater treatment systems, exploring the
efficiency and influencing factors of heat recovery; secondly, proposing an intelligent
control-based optimization method for heat recovery to improve system operational
efficiency and energy-saving performance. This research not only provides new insights
for energy-efficient optimization in wastewater treatment technologies but also offers
theoretical support for intelligent control research in related fields.

1. INTRODUCTION

At present, research on heat recovery-based municipal
wastewater treatment systems has made some progress, but

With the acceleration of urbanization and the increase in
population, municipal wastewater treatment has become an
important issue in modern urban environmental management
[1-3]. Traditional municipal wastewater treatment processes
not only require significant energy consumption but also
generate large amounts of greenhouse gas emissions, putting
pressure on the ecological environment [4, 5]. Therefore, how
to achieve efficient recovery and utilization of energy during
the wastewater treatment process has become an important
research direction to improve treatment efficiency, reduce
energy consumption, and minimize environmental impact.
Heat recovery, as an effective energy-saving technology, has
gradually been applied to the field of municipal wastewater
treatment. By utilizing the heat generated during the
wastewater treatment process, it can not only reduce the
system's energy consumption but also improve the
sustainability of the wastewater treatment process [6-8].

19

most studies remain at the level of thermodynamic analysis
and optimization of heat recovery -efficiency, lacking
systematic and comprehensive research. Especially in
practical applications, the complex thermodynamic variations
within the wastewater treatment system and the issue of how
to effectively integrate heat recovery with intelligent control
strategies have not been sufficiently discussed [9-14]. Through
in-depth research on the thermodynamic analysis and energy
flow of wastewater treatment systems, combined with
advanced intelligent control technologies, it is possible not
only to optimize the heat recovery efficiency in the wastewater
treatment process but also to improve the overall operational
performance and stability of the system, thus promoting the
development of wastewater treatment technology towards
higher efficiency and intelligence [15-19].

Although previous research has conducted preliminary
investigations on heat recovery in municipal wastewater


https://orcid.org/0009-0002-2354-5479
https://orcid.org/0009-0009-9945-8225
https://orcid.org/0009-0007-3606-5796
https://orcid.org/0009-0002-1091-9101
https://crossmark.crossref.org/dialog/?doi=10.18280/ijht.430103&domain=pdf

treatment systems, the current research methods still have
certain limitations [20-23]. Existing thermodynamic
simulation studies often focus on the establishment of
theoretical models, lacking sufficient consideration of actual
operating conditions and multiple variables, resulting in
significant discrepancies between simulation results and the
actual system's operation. Furthermore, traditional control
strategies often rely on preset rules and experience, making it
difficult to achieve real-time and intelligent adjustments to the
dynamic changes in the wastewater treatment process.
Therefore, how to establish a more accurate thermodynamic
model and optimize the system using intelligent control
algorithms is an issue that needs to be addressed.

This paper focuses on two main areas of research:

Heat recovery optimization: By conducting thermodynamic
simulations and analyses of heat recovery in municipal
wastewater treatment systems, the study explores its potential
and influencing factors. A thermodynamic model tailored to
real operating conditions is established to optimize heat
recovery efficiency. Intelligent control optimization: Using
real-time monitoring and feedback mechanisms, the study
applies intelligent control theory to optimize the control
strategies of wastewater treatment systems, enhancing
response speed and stability under varying conditions.

Overall, the research aims to provide efficient and
intelligent solutions for heat recovery in municipal wastewater
treatment, promoting energy savings, emission reduction, and
resource recovery with both theoretical and practical
significance.

2. THERMODYNAMIC SIMULATION AND
ANALYSIS OF HEAT RECOVERY-BASED
MUNICIPAL WASTEWATER TREATMENT SYSTEM

2.1 Physical model

In order to optimize the heat recovery-based municipal
wastewater treatment process, it is essential to accurately
define the physical model of the system, particularly with a
detailed analysis of the key components and working
principles involved in heat recovery during the wastewater
treatment process. The core components of the system
constructed in this paper include the evaporator, compressor,
condenser, and expansion valve. These components work
together to form a cyclic thermodynamic process. The working
fluid, which is a low-boiling-point medium such as ammonia
or R134a, flows within the system and undergoes a phase
change to achieve heat transfer and conversion. Specifically,
the working fluid absorbs low-temperature heat from the
municipal wastewater in the evaporator, evaporates into vapor,
and then is compressed by the compressor, converting the low-
temperature, low-pressure vapor into high-temperature, high-
pressure vapor. The vapor then enters the condenser, releases
heat to heat the high-temperature heat source, and ultimately
condenses back into liquid form. Afterward, it passes through
the expansion valve and returns to the evaporator to continue
absorbing heat and cycle repeatedly. Figure 1 illustrates the
system architecture.
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Figure 1. Heat recovery-based municipal wastewater treatment system architecture

Based on the thermodynamic model, the proposed heat
recovery system not only achieves efficient recovery of heat
from the wastewater treatment process but also optimizes the
overall process design of wastewater treatment. The
wastewater treatment process itself involves various chemical
and physical reactions, and traditional wastewater treatment
methods typically consume large amounts of external energy,
leading to low energy efficiency. By introducing a heat
recovery mechanism, the system can effectively recover waste
heat from the treatment process, reducing dependence on
external energy and optimizing the energy utilization
structure. On this basis, by integrating the thermodynamic
model, the various stages of the working fluid cycle are
precisely calculated and optimized, providing thermal energy

20

support for each stage of wastewater treatment, thereby
achieving energy saving, emission reduction, and improved
treatment efficiency.

In addition to the optimization of thermodynamic
simulation, the research in this paper further proposes an
optimization scheme for the wastewater treatment process
based on intelligent control technology. Traditional municipal
wastewater treatment processes mostly rely on fixed control
strategies or experience-based rules, lacking flexible dynamic
adjustment mechanisms. To adapt to environmental changes
and system load fluctuations during the wastewater treatment
process, intelligent control strategies can monitor the
operation status of the wastewater treatment system in real-
time and automatically adjust the operation of the heat



recovery system according to changes. Through real-time data
collection and feedback, the intelligent control system can
coordinate the operation of key components, such as the
compressor, evaporator, and condenser, to achieve the
synergistic optimization of heat recovery and the wastewater
treatment process.

2.2 Thermodynamic calculation of the system

(1) Determination of design operating conditions

To effectively recover the waste heat from the jet pump
outlet to provide heating for the multi-stage evaporation
system, thus optimizing the wastewater treatment process and
achieving energy-saving effects, it is necessary to conduct a
reasonable design of the operating conditions in the system. In
the specific design, it is essential to fully understand the waste
heat parameters and thermal energy requirements in the
municipal wastewater treatment process. These parameters
include the wastewater temperature, wastewater flow rate,
outlet water temperature of the jet pump, the thermal energy
required for wastewater treatment, and the operating
conditions of the heat recovery system. These factors directly
influence the design and optimization of the heat recovery
system.

In the design, the selection of the working fluid is crucial to
the system’s efficiency and stability. Common low-boiling-
point working fluids, such as ammonia and R134a, have low
evaporation temperatures and high heat transfer capabilities.
These properties enable them to effectively absorb heat in the
low-temperature environment of municipal wastewater and
enhance heat recovery efficiency. During this process, the
temperature of the evaporator must match the temperature of
the municipal wastewater to ensure maximum heat recovery
while avoiding excessive energy loss. Therefore, determining
the design operating conditions not only requires an accurate
assessment of the wastewater’s waste heat but also needs to
adjust the evaporator's working temperature reasonably
according to the thermodynamic properties of the circulating
working fluid to ensure optimal heat recovery in all stages of
the system.

Temperature A

Condensation temperature

Evaporation temperature

Entropy -
»

Figure 2. Temperature-entropy diagram of heat pump
working fluid

In the thermodynamic cycle, simplified assumptions are
made in this paper to facilitate the calculation and optimization
process. Figure 2 presents the temperature-entropy diagram of
the heat pump working fluid. The phase change process of the
working fluid in the evaporator and condenser is assumed to
be an isobaric process, which simplifies the thermodynamic
analysis of the system, making the design of the heat recovery
system more intuitive and practical. At the same time, the
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expansion valve is assumed to be an isenthalpic process to
simplify the model and make optimization during practical
operations easier. Based on these assumptions, the enthalpy-
entropy diagram of the working fluid can -effectively
demonstrate the working process of the heat recovery system.
Specifically, the isobaric heat absorption process of the
working fluid in the evaporator causes it to change from liquid
to vapor, after which it enters the condenser via the
compressor, releasing heat during this process, and ultimately
undergoes pressure adjustment through the expansion valve.

To further optimize the municipal wastewater treatment
process and achieve intelligent control, the determination of
design operating conditions must also consider the dynamic
changes of the system under different operating conditions.
For example, during the municipal wastewater treatment
process, the flow rate and temperature of the wastewater may
change due to seasonal variations, fluctuations in water usage,
and other factors. Therefore, during the design process, this
paper sets up a flexible adjustment mechanism for the heat
recovery system, enabling it to monitor the operation status of
the wastewater treatment system in real-time and
automatically adjust key parameters such as the evaporator
temperature and compressor load based on real-time data. In
addition, the introduction of intelligent control strategies will
enable the heat recovery system not only to optimize energy
saving but also to work in coordination with other stages of the
municipal wastewater treatment process. Through the
feedback mechanism of the intelligent control system, the
working states of each component can be dynamically
adjusted based on the treatment needs of the wastewater and
process conditions, thereby optimizing the energy efficiency
and stability of the entire wastewater treatment process while
maintaining efficient heat recovery.

(2) Determination of system operating parameters

In the heat recovery-based municipal wastewater treatment
system, the main operating parameters involved include the
evaporation temperature sgy, condensation temperature S,
compressor suction temperature s3, evaporator heat load W,
and the evaporator steam flow rate /o, among others. The
rational selection and setting of these parameters directly
affect the efficiency of the heat recovery system, the
optimization of the wastewater treatment process, and the
effectiveness of the intelligent control system.

a) Evaporation temperature sgy

The evaporation temperature sgy refers to the temperature at
which the working fluid absorbs heat and undergoes phase
change in the evaporator. In the heat recovery system, the role
of the evaporator is to recover heat from the municipal
wastewater, typically evaporating the working fluid within the
temperature range of the wastewater. The selection of the
evaporation temperature must match the temperature of the
municipal wastewater to ensure that heat is effectively
transferred from the wastewater to the working fluid. If the
evaporation temperature is too high, the working fluid may not
be able to absorb enough heat from the low-temperature
wastewater, while if it is too low, the thermodynamic
properties of the working fluid may be affected. Therefore,
rationally selecting the evaporation temperature is key to
optimizing heat recovery. It is assumed that the temperature
difference between the evaporator and the low-temperature
heat source is Asgy=10°C.



b) Condensation temperature s,

The condensation temperature s., refers to the temperature
at which the working fluid releases heat and condenses into
liquid form in the condenser. This temperature is typically
closely related to the temperature of the high-temperature heat
source. The setting of the condensation temperature
determines how much heat the working fluid can transfer to
the heat source, so its selection not only affects the efficiency
of heat recovery but also the overall energy efficiency of the
system. If the condensation temperature is too low, the system
will be unable to transfer sufficient heat to the heat source,
while if it is too high, the condensation process may be
incomplete, affecting the system's stable operation.

¢) Compressor suction temperature s3

The compressor suction temperature s3 refers to the
temperature of the working fluid before entering the
compressor. This parameter directly impacts the compressor's
workload and efficiency, which in turn affects the overall
efficiency of the heat recovery system. If the suction
temperature is too high, the compressor will require more
energy to compress the working fluid, reducing the system's
overall thermal efficiency. Conversely, if the suction
temperature is too low, the compressor's working efficiency
may decrease. Therefore, it is crucial to control the suction
temperature rationally to improve the system's efficiency and
reduce energy consumption. In practical applications, the
suction temperature is often related to the evaporation
temperature sgy, and the two should be reasonably matched
based on the thermodynamic properties of the working fluid.
This paper selects an overheating degree of 5°C, which gives
the following equation:

S; =Sg +° (1)

d) Evaporator heat load W,

The evaporator heat load W> refers to the amount of heat
absorbed by the working fluid in the evaporator. This
parameter reflects the amount of heat extracted from the
wastewater in the heat recovery system and directly impacts
the overall performance of the system. The larger the
evaporator heat load, the more heat the system can recover
from the wastewater, thereby improving the system's energy
utilization. During the design, the evaporator heat load should
be matched with the heat supply capacity of the municipal
wastewater to ensure that the system can operate stably under
different operating conditions. By adjusting the design
parameters of the evaporator, such as evaporation temperature
and water flow rate, the heat load can be effectively optimized,
thereby improving recovery efficiency. Assuming that the
enthalpy at the evaporator outlet is denoted as g3, and the
enthalpy at the evaporator inlet is denoted as g, the following
calculation formula applies:

W, =H(g;-9,) )

e) Evaporator steam flow rate /o

The evaporator steam flow rate /o refers to the mass flow
rate of the working fluid that transitions into steam in the
evaporator. This parameter is one of the key indicators for
evaluating the thermal energy transfer efficiency of the heat
recovery system. The size of the evaporator steam flow rate
determines how much heat the working fluid can absorb in the
evaporator, which in turn affects the system's heat recovery
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capability. If the steam flow rate is too large, excessive heat
may be absorbed, but the excessively high flow speed may
reduce the evaporation efficiency and lead to poor heat
recovery. On the other hand, if the flow rate is too small, it
may not meet the system's heat demand. Therefore, during the
design, it is necessary to adjust the steam flow rate based on
the wastewater temperature, flow rate, and required heat load
to achieve the optimal heat recovery effect. Assuming the
specific enthalpy of the steam entering the evaporator is
denoted as g', and the specific enthalpy of the saturated water
exiting the evaporator is denoted as g%, the following
calculation formula applies:

W,

P E—— 3
go _go ()
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3. EXERGY ANALYSIS OF THE MUNICIPAL
WASTEWATER TREATMENT SYSTEM BASED ON
HEAT RECOVERY

3.1 Exergy analysis of major components

In the municipal wastewater treatment system based on heat
recovery, the system’s thermal efficiency and overall energy
performance are closely related to the performance of its key
components. The compressor, condenser, expansion valve,
and evaporator are the four critical components, and their
operating efficiency directly determines the system’s heat
recovery effect and economic viability. Therefore, analyzing
the energy losses of these components is essential for
improving system performance and optimizing design.

(1) Exergy loss analysis of the compressor

The compressor plays a vital role in the heat pump system,
primarily functioning to compress the low-temperature, low-
pressure refrigerant to a high-temperature, high-pressure state,
thus providing power for the system. However, the operation
of the compressor is not ideal, and its efficiency is affected by
various factors, leading to energy losses. The first factor is the
adiabatic efficiency of the compressor. The ideal compression
process is adiabatic, meaning no heat exchange occurs during
compression. In practice, however, compressors typically
experience some heat exchange and mechanical losses,
leading to energy loss. In the system design, the adiabatic
efficiency for both low-pressure and high-pressure
compression processes is usually set at 0.85, indicating that
approximately 15% of the energy is converted into heat loss
during the compression process. Additionally, the superheat of
the compressor’s outlet also affects its efficiency. To prevent
damage to the compressor from liquid refrigerant, the
refrigerant is typically superheated to a certain degree. An
increase in superheat causes the compressor to consume more
work, reducing efficiency. According to the analysis in this
paper, the effect of superheating on the Coefficient of
Performance (COP) is small but still represents a significant
loss factor. Specifically, assuming the specific exergy value of
the refrigerant entering the compressor is represented by 71,
and the specific exergy value leaving the compressor is
represented by 72, the compression work-specific exergy is
denoted as ¢, and the compressor’s exergy loss is denoted as 7,
with the ambient temperature represented by So, the exergy
balance equation is:



[+0=1,+7, (4)
where,

h=0—S )

r,=0,—St, (6)

0=0,-0, (7

(2) Exergy loss analysis of the condenser

The main function of the condenser is to transfer the heat of
the high-temperature, high-pressure refrigerant discharged by
the compressor to the cooling medium, causing it to condense
into liquid form during the cooling process. However, the heat
exchange efficiency of the condenser is influenced by various
factors, leading to energy losses. The insulation performance
of the condenser is an important factor affecting its efficiency.
Poor insulation, high ambient temperature, or high
temperature of the cooling medium will reduce the heat
exchange effect. According to the analysis in this paper, the
insulation coefficient of the condenser is typically set at 0.93,
meaning that about 7% of the heat is lost due to insufficient
insulation, resulting in energy loss. Furthermore, the heat
exchange efficiency of the condenser is closely related to its
surface area, fluid flow method, and the temperature of the
cooling medium. In practical operation, the condenser’s heat
exchange efficiency may decrease due to issues such as
fouling, corrosion, or uneven flow, which increases energy
losses. Optimizing the design, materials, and maintenance of
the condenser can effectively reduce these losses. Specifically,
assuming the specific exergy value of the refrigerant entering
the condenser is 7, and the specific exergy value leaving the
condenser is 73, the specific exergy value of the cooling water
entering the condenser is r,, and the specific entropy value
leaving the condenser is ry, the internal loss of the condenser
1S 723, and the heat released is denoted as w, with the
condensation temperature represented by Sg, the exergy
balance equation is:

1, =0+ 47y (8)
where,
r,=0,—-S;t 9)
rL=0,—-S;t (10)
r, =0, —Set, (11)
r,=0,—St (12)
W=9, -0, (13)

3.2 Exergy loss analysis of the expansion valve

The expansion valve is a critical component in controlling
the flow and pressure of the refrigerant in the refrigeration
system. During the throttling process, the refrigerant
experiences a sharp pressure drop, and its temperature
decreases as well, resulting in certain energy losses. The
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efficiency of the expansion valve is typically not very high
because the throttling process is inherently irreversible and
involves unavoidable pressure losses during the flow of the
refrigerant. The efficiency of the expansion valve is generally
set at 0.95, meaning about 5% of the energy is lost during the
throttling process. The losses of the expansion valve are
closely related to its design and operating conditions. If the
valve’s adjustment is improper or it malfunctions, greater
energy losses may occur. Additionally, the precision of the
flow control of the expansion valve is another factor that
affects the losses. In practical operation, if the expansion valve
cannot precisely control the flow, it may result in uneven
refrigerant flow, pressure fluctuations, and system instability,
thereby increasing the losses. Optimizing the design of the
expansion valve, improving its control accuracy, and ensuring
proper maintenance and management can reduce these losses.
Specifically, assuming the specific exergy value of the
refrigerant entering the expansion valve is 73, and the specific
exergy value leaving the expansion valve is 74, the expansion
valve’s exergy loss is denoted as 734, with the ambient
temperature represented by So, the exergy balance equation
can be expressed as:

L=l +7y (14)
where,
L=09,—-St, (15)
r,=9,+St, (16)
9:=0, 17)

3.3 Exergy loss analysis of the evaporator

The main function of the evaporator is to absorb heat from
the low-temperature, low-pressure liquid refrigerant and
transform it into a gaseous state, thereby recovering heat in the
system. The performance of the evaporator directly impacts
the system’s heat recovery efficiency. The heat exchange
efficiency of the evaporator is the primary factor affecting its
energy losses. The ideal evaporation process should be a
highly efficient heat exchange process, where the refrigerant
rapidly absorbs heat from the surrounding medium and
undergoes phase change. However, the heat exchange
efficiency of the evaporator is influenced by multiple factors,
such as the temperature of the wastewater, contamination of
the evaporator’s surface, and uneven fluid flow. According to
this study, the heat exchange efficiency of the evaporator is
typically limited, meaning some heat is not effectively
recovered. Additionally, the insulation performance of the
evaporator may also affect its efficiency. If the insulation is
poor, heat may be lost during the heat transfer process,
reducing heat recovery efficiency. Improving the insulation
design of the evaporator and minimizing heat losses can help
enhance the overall system performance. Specifically,
assuming the specific exergy value of the refrigerant entering
the evaporator is s, and the specific exergy value leaving the
evaporator is r, the specific exergy value of the refrigerant’s
heat absorption during evaporation is ry, and the specific
exergy value of the cooling water entering the condenser is 7y,
and leaving the condenser is 7, the evaporator’s exergy loss is
denoted as 741, with the heat absorption amount denoted as wy,



and the evaporation temperature represented by S, the exergy
balance equation is:

L+r, =0+ +7, (18)
where,
r,=9d,—Syt, (19)
r, =0, —Set, (20)
r, =0, —Set, (21)
L=0-St (22)
W =0, —0, (23)

4. EXPERIMENTAL RESULTS AND ANALYSIS

This paper uses R134a and R410A as refrigerants, and
based on the high-temperature heat recovery process driven by
wastewater waste heat, calculates various performance
indicators of the system, such as the corrected COP, and
analyzes the effects of different parameters on system
performance.

4.1 Thermodynamic calculation results with R134a as the
working fluid

When R134a is selected as the working fluid, based on the
process node parameters of the system driven by wastewater
waste heat, the initial calculated COP is 3.5. However,
considering the actual operating efficiency of the system, the
corrected COP is 2.11. The correction process includes
considering factors such as the overheating of the compressor
outlet fluid, the adiabatic efficiency of low-pressure and high-
pressure compression, the insulation coefficients of the
evaporator and condenser, and the efficiency of the expansion
valve. These factors' corrections effectively reflect the
performance degradation caused by equipment efficiency
losses, incomplete energy transfer, and other reasons in actual
operation.

According to the data in Table 1, the temperature, enthalpy,
and entropy values of R134a as the working fluid in the
municipal wastewater treatment system at various process
nodes can provide important foundations for thermodynamic
simulation and analysis. Specifically, the initial temperature of
the system is 34.62°C, with an enthalpy of 16.25 kJ/kg, but the
entropy value is not given. As the working fluid moves
through the system, the temperature remains around 34°C, but
the enthalpy and entropy values fluctuate, reflecting energy
changes during the heat exchange process. For example, at
node 3, the enthalpy reaches 22.31 kJ/kg, and the entropy
increases to 1.6584 kJ/(kg-K), while at node 4, the enthalpy
further increases to 27.62 kJ/kg. Between nodes 5 and 7, the
fluctuation in enthalpy decreases to 54.26 kl/kg, 41.32 kJ/kg,
and 36.26 klJ/kg, respectively, while the entropy remains
relatively stable between nodes 6 and 7, indicating that the
thermodynamic process of the system tends toward stability,
which may result in higher energy recovery efficiency.

Table 1. Process node parameters of the municipal
wastewater treatment system with R134a as the working fluid

Name Temperature Enthalpy Entropy
(°C) (kJ/kg) (kJ/(kg-K))
1 - 34.62 -
2 34 16.25 -
3 34 22.31 -
4 104 54.26 1.658
5 91 24.26 -
6 91 41.32 -
7 88 36.26 -
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Figures 3-5 show the variation of COP with wastewater
temperature, high-temperature water temperature, and
compressor discharge overheating, respectively. From these
graphs, it can be observed that the high-temperature water
temperature has the greatest impact on COP. The increase in
high-temperature water temperature significantly reduces the
system's COP, mainly because higher high-temperature water
temperatures increase the pressure and temperature
requirements during the condensation of the refrigerant,
thereby increasing the compressor's workload and reducing
heat recovery efficiency. On the other hand, the impact of
compressor outlet overheating on COP is relatively small.
Although an increase in overheating slightly increases
compressor power consumption, its effect on the overall
system performance is relatively limited.

Through these calculations and analyses, it is concluded that
the actual COP of the system is usually lower than the
theoretical value. Within the typical range of oilfield
wastewater temperatures, the theoretical COP is higher than
the actual COP, indicating that even with a two-stage
compression and intermediate cooling high-temperature heat
recovery system, the actual operating energy efficiency is still
limited by several factors, especially high-temperature water
temperature and compressor load.

4.2 Thermodynamic calculation results with R410A as the
working fluid

To further improve the system's performance, this paper
also studies the thermodynamic calculation results with
R410A as the working fluid. Compared to R134a, R410A has
better high-temperature heating performance. When R410A is
used as the working fluid, the thermodynamic calculation of
the wastewater waste heat-driven heat recovery system gives
an initial COP of 3.9, and the corrected COP is 2.34. This
indicates that when R410A is used as the working fluid, the
system's thermodynamic performance is superior to that of
R134a. The main reason is that R410A has a lower working
temperature and higher heat transfer efficiency, allowing for
effective heat recovery at higher temperatures, thereby
improving the overall economic performance of the system.

Table 2. R410A as working fluid node parameters

Name Temperature Enthalpy Entropy
(°C) (kJ/kg) (kJ/(kg-K))
1 - 356.25 -
2 34 518.26 -
3 34 526.36 -
4 121 578.62 2.215
5 91 536.21 -
6 91 369.25 -
7 88 256.32 -

Based on the data in Table 2, the thermodynamic states of
R410A as the working fluid in the municipal wastewater
treatment system show changes in temperature, enthalpy, and
entropy. The initial enthalpy is 356.25 klJ/kg, with the
temperature not given. As the fluid progresses through the
system, the temperature stays at 34°C, with enthalpies of
518.26 kJ/kg and 526.36 kl/kg, respectively. As the system
operates, the temperature rises significantly to 121°C, and the
enthalpy increases to 578.62 kJ/kg, with the entropy reaching
2.2155 kJ/(kg-K). In subsequent nodes 5 and 6, the enthalpy
decreases to 536.21 klJ/kg and 369.25 kJ/kg, respectively,
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though still within a relatively high range. Finally, at node 7,
the enthalpy drops to 256.32 kl/kg, indicating a significant
reduction in energy as the system moves towards the cooling
stage. The increase in entropy and changes in enthalpy reflect
the irreversible losses and the complexity of energy
conversion during the heat recovery process.

From this calculation analysis, it is evident that selecting an
appropriate high-temperature compression fluid is crucial for
improving the economic viability of high-temperature heat
recovery systems. Different fluids exhibit distinct
thermodynamic characteristics under the same working
conditions, which determines their performance in heat
recovery systems. R410A, with its lower boiling point and
higher evaporation enthalpy, has a significant advantage in the
municipal wastewater treatment process, especially in high-
temperature heat recovery. Particularly, when hot water
temperatures of 80-90°C are required, R410A can provide a
higher COP, which helps reduce energy consumption and
improve the system's economic efficiency.

From the thermodynamic calculation results, although the
municipal wastewater treatment system based on heat
recovery theoretically has a high potential for heat recovery,
the actual COP values are lower in practice. This phenomenon
indicates that there are still some efficiency losses during the
system design and operation. Therefore, further optimization
of system operating parameters, selection of appropriate
working fluids, and improving the efficiency of components
will be future research directions.

4.3 System exergy analysis

In the municipal wastewater treatment system based on heat
recovery, exergy analysis is a crucial step. By evaluating the
energy losses at various components, it helps identify the root
causes of inefficiencies in the system and propose
optimization solutions. This paper calculates the exergy losses
at each node of the system, combining actual design results to
explore ways to improve system efficiency, reduce irreversible
losses, and optimize overall system performance. Based on the
design results and the data shown in Table 3, the total exergy
efficiency of the heat recovery-based municipal wastewater
treatment system is calculated to be 61.3%. This result
indicates that energy losses account for 39.7% of the system's
total energy. While energy losses are inevitable and represent
irreversible processes in the system—such as temperature
differences during heat exchange, mechanical friction, and
flow resistance—this analysis provides insight into how each
component affects the system's energy efficiency, helping us
find directions for optimization. From the exergy loss
calculations in Table 4, the compressor and evaporator are the
main sources of exergy loss, with their losses accounting for a
large proportion of the total system loss. Specifically, the
losses in the compressor mainly arise from mechanical
efficiency and heat losses, while the evaporator's losses are
closely related to heat exchange efficiency and fluid dynamics.

From the theoretical and experimental results, it is clear that
the evaporator is a key component in the heat recovery-based
municipal wastewater treatment system. Its primary task is to
absorb heat from wastewater or other heat sources and
evaporate the low-temperature, low-pressure liquid refrigerant
into a gas. The heat exchange efficiency of the evaporator
determines whether the system can effectively recover heat
from the wastewater. Based on the exergy analysis results, the
evaporator's heat loss is significant, primarily due to the



following reasons: First, the heat exchange surface area and
flow conditions of the evaporator may not be optimal,
especially when the wastewater quality is complex or the flow
fluctuates, which can reduce heat exchange efficiency; second,
if the evaporator’s design temperature is set too low, the
temperature difference during the heat transfer process may be
too small, leading to increased heat loss. To reduce the
evaporator's exergy loss, improving heat exchange efficiency
by appropriately raising the evaporation temperature could
help. Higher evaporation temperatures increase the vapor

pressure of the refrigerant, improving heat exchange
effectiveness. Additionally, higher evaporation temperatures
also reduce the temperature difference between the evaporator
and compressor, thereby reducing compressor energy loss.
However, it is important to note that excessively high
evaporation temperatures could require stronger pipeline
materials, increase system costs, and may pose a risk of
freezing. Therefore, the evaporation temperature should be set
within a reasonable range to balance cost-effectiveness and
system reliability.

Table 3. Municipal wastewater treatment system node parameters

Node No. Temperature (K) Enthalpy (kJ/kg) Entropy (kJ/(kg:K)) Flow (kg/s) Exergy (kJ/kg)

1 14 412.2 1.689 7.8 -88.9
2 73 435.1 1.756 7.8 -58.6
3 57 278.6 1.265 7.8 -82.1
3 52 265.3 1.258 7.8 -82.3
4 16 263.2 1.247 7.8 -85.6
5 37 158.9 0.532 11.6 34

6 17 73.2 0.256 11.9 -0.7
7 54 223.5 0.754 31.5 11.2

Table 4. Exergy loss in various components of the municipal
wastewater treatment system

Component Exergy Loss (kW) Share (%)
Condenser 33.6 13.5
Evaporator 62.5 24.6
Compressor 121.5 42.8

Expansion Valve 32.8 12.3

The compressor, as the core component of the heat recovery
system, is responsible for compressing the low-temperature,
low-pressure refrigerant into a high-temperature, high-
pressure gas, driving the heat recovery process. However,
energy losses in the compressor mainly come from mechanical
friction, heat losses during the gas compression process, and
additional energy consumption due to overly high
compression ratios. The energy loss in the compressor is not
only related to its design but also to its operating conditions,
workload, and external environment. According to the exergy
analysis, the compressor's exergy loss accounts for a large
proportion of the system’s total loss. To reduce compressor
energy losses, optimizing the selection and operating
conditions of the compressor is essential. First, the compressor
should be selected with an appropriate compression ratio
based on the operating conditions to avoid excessive workload
caused by a high compression ratio. Secondly, attention should
be paid to the compressor's heat dissipation issues. Proper
thermal isolation and cooling measures can reduce additional
energy losses due to heat dissipation. Moreover, ensuring good
sealing performance and the optimal condition of mechanical
components in the compressor will help improve efficiency
and reduce friction losses.

The expansion valve in the thermal energy recovery system
controls the flow and pressure of the working fluid. It achieves
the refrigeration or heating process by reducing the pressure of
the working fluid. However, the throttling process is an
irreversible process, and energy losses in this process mainly
arise from pressure differences and flow instability. During the
throttling process, the pressure of the working fluid suddenly
decreases, and the temperature drops sharply, leading to
corresponding thermal losses. According to the analysis based
on exergy analysis, the energy loss in the throttling process is
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also significant. To reduce losses in the throttling process, the
design and operating parameters of the expansion valve can be
adjusted to reduce the pressure difference before and after the
valve and maintain the stability of the fluid flow. Additionally,
reducing the condensation pressure and increasing the
evaporation temperature are important methods to minimize
throttling losses. By optimizing the throttling process, the
condensation temperature and evaporation pressure can be
effectively reduced, which in turn reduces the compression
ratio and the overall system energy loss.

The pipeline system, as an important component of the
thermal energy recovery system, directly affects the heat
transfer efficiency. The thermal conductivity, insulation
performance, and flow resistance of the pipes all impact the
system's energy efficiency. According to exergy analysis, to
reduce thermal losses in the pipeline, materials with low
thermal conductivity should be selected, and good insulation
should be ensured. In pipeline design, besides selecting
materials and ensuring good insulation, attention should also
be paid to the layout and diameter design of the pipes, avoiding
excessive bends and flow resistance to reduce flow losses.

The exergy analysis of the thermal energy recovery-based
municipal wastewater treatment system shows that the
compressor and evaporator are the main sources of energy
loss. To improve the system's efficiency, optimizing the design
of the evaporator should be a priority, appropriately increasing
the evaporation temperature, and optimizing the compressor's
operating state under the premise of ensuring economy and
reliability. By properly selecting the expansion valve and
designing the pipeline system, further reduction of throttling
and heat transfer losses can effectively improve the overall
thermal energy recovery efficiency of the system, thus
reducing costs and energy consumption.

5. CONCLUSION

The research in this paper mainly focuses on two aspects:
firstly, exploring the thermal energy recovery potential in
municipal wastewater treatment systems based on thermal
energy recovery through thermal simulations and analysis, and
building a thermodynamic model that adapts to actual



operating conditions to further optimize the energy recovery
efficiency; secondly, introducing intelligent control theory to
optimize the control strategy of the wastewater treatment
system, using real-time monitoring data and feedback
mechanisms to enhance the system's responsiveness and
stability under different operating conditions. Through these
two aspects, this paper successfully proposes an efficient and
intelligent optimization plan aimed at improving the overall
performance of municipal wastewater treatment systems,
reducing energy consumption, and improving thermal energy
recovery efficiency. Experimental data analysis shows that the
system can achieve varying degrees of thermal energy
recovery using R134s and R410A as working fluids, especially
in areas where the state changes of the working fluids are more
significant, the system’s thermal recovery efficiency and
irreversible losses are clearly demonstrated.

This study provides important theoretical and practical
guidance for optimizing thermal energy recovery and control
strategies in municipal wastewater treatment systems. Based
on the thermodynamic model, this paper deeply explores the
state changes and efficiency improvements of different
working fluids (R134s and R410A) during the energy recovery
process, with a particular focus on changes in enthalpy and
entropy values of the fluids, revealing the irreversible losses in
the energy conversion process and potential efficiency
improvement space. Furthermore, through the application of
intelligent control theory, the proposed optimization plan not
only enhances the system’s thermal energy recovery efficiency
but also improves the system’s responsiveness and stability in
dynamic operating states, demonstrating strong practical
application potential. These research results have significant
theoretical value and practical significance in energy
conservation, emission reduction, and resource recovery,
especially providing new ideas for energy-saving technology
innovation in the wastewater treatment field.

This study has some limitations. First, the experimental data
and thermodynamic models are limited to specific operating
conditions. Future research should expand the scope to include
more wastewater treatment processes and different working
fluids. Second, while the intelligent control strategy shows
promise, its effectiveness needs validation and optimization in
larger-scale systems. Future work could explore multivariable,
multi-objective control optimization and adaptive Al-based
strategies for more complex systems. Additionally, long-term
stability, environmental adaptability, and industrial feasibility
are important areas for further research.
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