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The closed-loop wastewater source heat exchanger has advantages such as being 
non-clogging and resistant to corrosion, but their heat transfer efficiency is rela-
tively low, therefore it is still not the mainstream form of heat exchanger of 
wastewater source heat pump. A novel CO2 direct-expansion wastewater source 
heat exchanger is proposed in this paper, aiming to significantly improve the heat 
transfer rate of the heat exchanger and the energy efficiency of the heat pump sys-
tem. The direct-expansion heat transfer process is complex, large grid number and 
long calculation time will be required if calculated by conventional numerical sim-
ulation software. Therefore, a 3-D transient heat transfer model was developed 
based on the thermal resistance and capacity model, which offers the advantages 
of fast computation speed and strong flexibility. The heat transfer and energy effi-
ciency characteristics under different parameters were studied. The COP of the 
direct-expansion wastewater source heat pump can be increased by 31.0% com-
pared to conventional design, and the heat flux of the direct-expansion wastewater 
source heat exchanger can be up to 250 W/m for the standard group. Compared 
with conventional designs, the direct-expansion wastewater source heat pump has 
excellent heat transfer and energy efficiency capabilities, which is a promising 
building energy saving and emission reduction technology. 

Key words: wastewater source heat pump, direct-expansion heat exchanger, 
thermal resistance and capacity model, numerical simulation 

Introduction  

The extensive utilization of traditional energy sources leads to the increase of CO2 

emission. At present, building energy consumption accounts for about 30% of the total energy 

consumption, about 65% of household energy consumption is used for building air condition-

ing, heating and household heating [1]. It can be seen that reducing building energy consump-

tion is helpful to reduce global carbon emissions and achieve energy conservation and emission 

reduction. Among low-grade energy sources, urban sewage is one of the clean energy sources 

that can be recycled [2]. Using wastewater source heat pump (WSHP) for building heating and 

cooling is an effective means to reduce building energy consumption and CO2 emissions [3]. 

Conventional WSHP can be divided into two categories: direct and indirect systems. As shown 
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in fig. 1, it is an efficient, environmentally friendly and energy-saving heat pump technology 

with comprehensive functions and stable operation. 

 

Figure 1. System diagram of direct and indirect WSHP 

In order to compare the advantages of WSHP in energy saving, many scholars have 

carried out research and verification. Du et al. [4] made a comprehensive comparison between 

traditional heating and cooling systems and various heat pump systems by means of technical 

and economic analysis and life cycle assessment, and proved that WSHP has the lowest green-

house gas emission and the lowest production cost. Ozcan et al. [5] simulated and evaluated the 

performance of WSHP for district heating through a series of engineering equation solvers 

based on 20 different cases, which proved its advantages in sustainability. At the same time, 

some scholars focus on how to improve the operational efficiency of WSHP and study the fac-

tors that affect its operational efficiency. Wang et al. [6] made an experimental analysis on a 

new type of non-metallic immersed wastewater source heat exchanger (WSHE) with rare earth 

elements, which proved that its heat exchange capacity was much higher than that of the tradi-

tional heat exchanger. Zhang et al. [7] applied falling film evaporator to WSHP to improve the 

total heat transfer coefficient of evaporator and the performance of heat pump.  

Regardless of whether it is a direct or indirect WSHP, the wastewater needs to enter 

one of the heat exchangers, which may lead to issues such as clogging and corrosion, and the 

intermediate heat exchange process will to some extent reduce the heat transfer efficiency. Fur-

thermore, for cooling applications, the system energy efficiency will be reduced due to the 

higher temperature of the wastewater. In order to solve the above problems, this paper proposes 

a direct expansion WSHP (DX-WSHP). In DX-WSHP, no water loop is needed, and the refrig-

erant is directly circulated through the closed-loop direct expansion sewage source heat ex-

changer (DX-WSHE) in the sewage pipeline. Although the application and research of direct 

expansion WSHP is still limited, due to the further exploration of geothermal resources [8], the 

technology of ground source heat pump has made great progress [9], among which there have 
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been some researches on direct expansion ground source heat pump (DX-GSHP). Because sew-

age pipes are buried in soil, DX-WSHP can also be considered as a broader category based on 

DX-GSHP. At present, there have been some researches on DX-GSHP. 

Authors in [10] established the whole system model of direct expansion heat pump, 

and explored the influence of key parameters on heat exchange and COP. Nguyen et al. [11] 

established the thermal resistance and heat capacity model of direct expansion heat pump, and 

studied the effects of different inlet pressures and mass-flow rates. Ahsaee and Ameri [12] also 

conducted a series of theoretical researches on the CO2 DX-WSHP with horizontal DX-GHE, 

a base model was proposed in [12], an expander and an internal heat exchanger were added in 

[13], and an exergo-economic analysis was conducted in [14]. However, the previously men-

tioned studies all utilized 1-D steady-state heat transfer models, which may deviate from the 

actual heat transfer process and make it difficult to calculate under dynamic operating condi-

tions. 

At present, there are few studies on the combination of direct expansion heat pump 

and WSHP. Therefore, a DX-WSHE 3-D transient heat transfer model based on thermal re-

sistance and heat capacity model (TRCM) is established in this paper. The model was then used 

to study the heat transfer characteristics under various parameter influences. Subsequently, a 

system model was developed to calculate the system energy efficiency under different operating 

conditions. To facilitate comparison with other studies, CO2, which is known for its environ-

mental friendliness and good heat transfer performance, is also used as the refrigerant in this 

study.   

Models 

Physical model 

Figure 2 is the system diagram of DX-WSHP. 

The DX-WSHP has the following advantages: 

– High heat transfer efficiency: with the refrigerant directly circulating through the 

wastewater for heat exchange, the heat pump can efficiently extract or release heat, result-

ing in improved heat transfer efficiency. 

– Lower energy consumption: the absence of 

water-side circulation pumps reduces the to-

tal power consumption, resulting in an im-

proved COP for the system. 

– Simplified system structure: by not requir-

ing the extraction of wastewater, the DX-

WSHP avoids issues like heat exchanger 

clogging, and reducing system complexity 

and maintenance costs. 

– Suitable for cooling applications: in cooling 

mode, the DX-WSHE serves as a condenser 

or gas cooler (supercritical condition). The 

temperature difference between the refriger-

ant and the wastewater is significantly higher than that in conventional systems, ensuring 

higher energy efficiency. 

 

Figure 2. System diagram of direct-expansion 

wastewater source heat pump 



Liu, Y., et al.: Research on the Energy Efficiency Improvement of Closed … 
4070 THERMAL SCIENCE: Year 2024, Vol. 28, No. 5B, pp. 4067-4080 

The DX-WSHE model 

The direct-expansion heat transfer process is complex, large grid number and long 

calculation time will be required if calculated by conventional numerical simulation software. 

Therefore, a 3-D transient heat transfer model was developed based on the TRCM, which offers 

the advantages of fast computation speed and strong flexibility. 

The TRCM of the DX-WSHE is based on the following assumptions: 

– The properties of the CO2 pipe, wastewater, wastewater pipe, and soil are homogeneous 

and constant, whereas the properties of CO2 are determined by temperature and pressure 

and were accessed through the NIST REFPROP [15]. 

– In addition to the inlet and outlet of CO2 and wastewater, the external boundaries of the 

model are considered adiabatic. 

The model consists of five regions, namely CO2, CO2 pipe, wastewater, wastewater 

pipe, and soil, denoted by subscripts f, p, w, c, and s, respectively. Each region is divided into 

several control volumes. For the soil region, due to the more significant temperature changes 

closer to the wastewater pipe, the control volumes of the soil region in the positive/negative x-

axis and negative y-axis directions was densified. The densification was carried out in a geo-

metric progression with a common ratio of 1.1. As for the soil in the positive y-axis direction, 

it was divided at equal intervals since it is shallower in depth. The control volumes segmenta-

tion is shown in fig. 3. The total number of control volumes in the baseline model is 3090. 

Figure 4 is a schematic diagram of the 

TRCM network for the heat transfer model. Tak-

ing the ith layer and the (i + 1)th layer as an ex-

ample, the diagram shows the following ele-

ments: blue solid circles represent temperature 

nodes with thermal capacity. Yellow hollow cir-

cles represent temperature nodes without ther-

mal capacity, usually at the interfaces between 

two regions. Red zigzag lines represent regular 

thermal resistances. Green zigzag lines with ar-

rows represent equivalent thermal resistance, 

which are used to characterize CO2 and 

wastewater flow. 

The thermal resistance of the convective 

heat transfer process of CO2 is: 
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The thermal resistance of heat conduction in the xy-direction of the CO2 pipe is: 
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Figure 3. Control volumes segmentation  

of DX-WSHE 
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Figure 4. Network of thermal resistance and capacity model 

The thermal resistance of the convective heat transfer process in wastewater is: 
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The equation for the equivalent thermal resistance that represents the CO2 flow is: 
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The equation for the equivalent thermal resistance that represents the wastewater flow 

is similar to that of CO2. The calculation method for the thermal resistance of heat conduction 

in the xy-direction of the wastewater pipe is the same as that for the CO2 pipe. The thermal 

resistance of the regular soil segments are calculated based on Fourier's law. The previous equa-

tions are omitted. 

To address the heat transfer between circular (wastewater pipe) and square (soil) con-

trol volumes, a thermal resistance equation for the transitional soil segment (subscript s0) was 

established based on the shape factor method: 
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The equation represents the general thermal resistance expression for shapes such as 

a regular N-sided polygon with the inner inscribed circle subtracted. The thermal resistance 

calculation equation for the heat conduction in the z-direction of each control volume is: 
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For each control volume A, assuming the number of control volumes that are con-

nected to A is B, then the heat transfer equation can be expressed as: 
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Node independent test 

The way the nodes are divided can affect the calculation accuracy and the computa-

tional time. To reduce the computational time while maintaining calculation accuracy, a node 

independence test was conducted for the established TRCM. Since the heat transfer process 

mainly occurs inside the wastewater and CO2, and the influence of the soil on the heat transfer 

is relatively small, the independence test focused on changing the layer-to-layer distance in the 

z-direction, dz. A baseline case was created with 

dz = 0.5 m, and three control groups were set 

with dz values of 1 m, 2 m, and 3.75 m. Compar-

ative calculations were performed, and the re-

sults are shown in fig. 5. 

The result indicates that the difference in 

heat transfer diminishes gradually, and when 

dz = 1 m, the heat transfer is almost consistent 

with dz = 0.5 m. The mean absolute percentage 

errors of heat flux q for dz values of 1 m, 2 m, 

and 3.75 m compared to dz = 0.5 m are 0.17%, 

0.70%, and 2.24%, respectively. Considering both the computational speed and the required 

calculation accuracy, dz = 1 m is selected as the actual value used in the model. 

Heat pump system model 

The system model of DX-WSHP is established based on the TRCM and integrating 

key components such as the compressor and the load-side heat exchanger. 

Based on the manufacturer's sample data for the Dorin TCS340/4-D type compressor, 

fitting models for the volumetric efficiency ηvol and overall efficiency ηtot of the compressor 

were established. The sample data consists of 34 operating points, and various parameters such 

 

Figure 5. Node independent test result 
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as enthalpy-entropy values and mass-flow rate were calculated using theoretical thermody-

namic cycle. Subsequently, the ηvol and ηtot were derived from these calculated parameters. 

Based on the modeling approach in relevant CO2 heat pump studies [16], the fitting models for 

ηvol and ηtot are formulated with the compression ratio as the variable. The models are: 
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To facilitate modeling and analysis, the load-side heat exchanger is assumed to be a 

shell-tube heat exchanger. The load-side heat exchanger serves as the evaporator, which con-

sists of two regions: phase change region and superheat region. The heat exchanger is divided 

into several small segments, and the energy conservation equation for each segment can be 

expressed: 
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Results and discussions 

Parametric analysis of DX-WSHE 

To study the influence of various operating conditions, geometric design parameters, 

and physical properties on the heat transfer characteristics of the DX-WSHE, 10 different pa-

rameters were selected for comparative calculations. The parameters for the standard group and 

control group are shown in tab. 1. 

Table 1. Standard group and control group for the parametric analysis of DX-WSHE 

Parameter Unit Standard group Control group* 

CO2 mass-flow rate, ṁf [kgs–1] 30 10~170, interval 20 

Wastewater flow velocity, uw [ms–1] 0.1 0.05, 0.075, 0.2, 0.3, 0.5, 0.8 

CO2 inlet temperature, Tf,in [°C] 100 80~120, interval 5 

Wastewater inlet temperature, Tw,in [°C] 23 19~27, interval 1 

CO2 inlet pressure, Pf,in [MPa] 10 7.5~12, interval 0.5 

DX-WSHE length, L [m] 30 10~50, interval 5 

CO2 pipe outer diameter, dp,o [mm] 12 8~16, interval 1 

Wastewater pipe outer diameter, dc,o [mm] 75 32, 40, 50, 110, 160, 200 

CO2 pipe thermal conductivity, λp [Wm–1K–1] 398 0.1, 1, 10, 100 

Wastewater pipe thermal conductivity, λc [Wm–1K–1] 0.15 0.1, 1, 10, 100 

* Note: if the standard group values are included, they will be automatically deleted. 

Based on the results in fig. 5, it can be observed that the flow of wastewater could 

effectively carry away the heat released by CO2. Therefore, a steady state was reached after 

approximately 10 minutes of operation. Consequently, the operation time for the parametric 

analysis was set to 10 minutes for all cases. 

Firstly, an analysis of the calculation results for the standard group was conducted. 

Figure 6(a) shows the temperature variation curves of CO2, CO2 pipe, and wastewater along the 

path. It can be observed that the most significant heat transfer occurs within the first 5 m, with 

CO2 temperature rapidly decreasing. 

 

Figure 6. (a) Temperature variation along the path: standard group and (b) dimensionless number 
variation along the path 

In addition, the dimensionless numbers Nusselt, Reynolds, and Prandtl numbers along 

the path are plotted in figure 6(b). It can be observed that the Reynold number shows a decreas-

ing trend initially followed by leveling off, while the Prandtl number exhibits an increasing 
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trend initially followed by a decrease. According to eq. (3), the Nusselt number is positively 

correlated with the Reynolds number and negatively correlated with the Prandtl number. There-

fore, the decrease in Reynolds number and increase in Prandtl number within the first 5 m lead 

to a decrease in Nusselt number. Subsequently, with the decrease in Prandtl number, the varia-

tion of Nusselt number becomes more gradual. 

Influence of CO2 mass rate and wastewater velocity 

Figure 7(a) shows the variation of q and pressure drop, ΔP, with respect to ṁf. As the 

ṁf increases, the q shows synchronous growth, but the rate of increase gradually decreases. Mean-

while, the ΔP also shows synchronous growth, and the rate of increase gradually rises. Therefore, 

when the ṁf becomes too large, the improvement in heat transfer becomes less significant, but 

the ΔP and compressor power consumption will significantly increase. Hence, it is essential to 

choose an appropriate value for the ṁf to balance heat transfer efficiency and operation cost. 

 

Figure 7. (a) Influence of CO2 mass rate and (b) influence of wastewater velocity 

Figure 7(b) shows the variation of q and ΔP with respect to uw. When the uw increases 

to 0.2 m/s, both the q and ΔP have reached a stable state, and thereafter, they show very little 

change as the uw increases further. 

Influence of inlet temperature of CO2 and wastewater 

Figure 8(a) shows the variation of q and ΔP with respect to Tf,in. As the Tf,in increases, 

both the heat transfer rate and the pressure drop show a linear increase. 

 

Figure 8. (a) Influence of CO2 inlet temperature and (b) influence of wastewater inlet temperature 

Figure 8(b) shows the variation of q and ΔP with respect to Tw,in. As the Tw,in increases, 

the q shows a linear decreasing trend. Meanwhile, the ΔP exhibits a linear increasing trend, but 

its overall variation is relatively small compared to the influence of Tf,in. 
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Influence of CO2 inlet pressure and DX-WSHE length 

Figure 9(a) shows the variation of q and ΔP with respect to Pf,in. As the Pf,in increases, 

the q initially shows an increasing trend and then decreases. This trend is likely due to the fact 

that at low pressures, the CO2 is approaching its critical pressure, leading to significant changes 

in its properties. This may cause deterioration in heat transfer performance, and similar phe-

nomena have been reported in previous studies of DX-GHE [17]. On the other hand, the ΔP 

decreases gradually as the Pf,in decreases. 

 

Figure 9. (a) Influence of CO2 inlet pressure and (b) influence of DX-WSHE length 

Figure 9 (b) shows the variation of q and ΔP with respect to L. As the L increases, the 

q shows a gradually decreasing trend with a decreasing rate of reduction. On the other hand, 

the ΔP exhibits a roughly linear increasing trend with the increase in L. 

Influence of outer diameter of CO2 pipe and wastewater pipe 

Please note that the thickness of the two types of pipes is not constant but calculated 

based on the principle of equal pressure endurance capacity. Figure 10(a) shows the variation 

of q and ΔP with respect to dp,o. As the dp,o increases, the q shows a gradually increasing trend 

and tends to stabilize, but the actual variation is very small. Meanwhile, the ΔP exhibits a sig-

nificant decreasing trend. 

 

Figure 10. (a) Influence of CO2 pipe outer diameter and (b) influence of wastewater  
pipe outer diameter 

Figure 10(b) shows the variation of q and ΔP with respect to dc,o. When the dc,o is less 

than 50 mm, reducing the dc,o will significantly decrease the q and increase the ΔP. In other 

words, when the dc,o is relatively large, it may be beneficial to consider adding more CO2 pipes 

within the wastewater pipe to increase the total q. 
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Influence of thermal conductivity of CO2 pipe and wastewater pipe 

The λp of 398 W/mK in the standard group is based on the properties of copper. Figure 

11(a) shows the variation of q and ΔP with respect to λp. When the λp is lower than 10 W/(mK), 

the q and ΔP will decrease/increase significantly with the decrease of λp. However, the material 

that can be used to make direct-expansion heat exchangers is usually metal, and the thermal 

conductivity is usually greater than 10 W/mK. Therefore, different CO2 pipe materials have 

little influence on the heat transfer of DX-WSHE. 

 

Figure 11. (a) Influence of thermal conductivity of CO2 pipe and (b) influence of thermal 
conductivity of wastewater pipe 

The λc of 0.15 W/mK in the standard group is based on the properties of PVC. Figure 

11(b) shows the variation of q and ΔP with respect to λc. The q and ΔP show little variation 

with changes in the λc. 

Parametric analysis of DX-WSHP 

Based on the DX-WSHP system model, the influences of four operating conditions 

on system energy efficiency were studied. The parameters for the standard group and the control 

group are listed in tab. 2.  

Table 2. Standard group and control group for the parametric analysis of DX-WSHP 

Parameter Unit Standard group Control group* 

Gas cooler inlet pressure, Pf,gc,in [MPa] 10 7.5~12, interval 0.5 

Superheat temperature, Tsh [°C] 4 2~6, interval 0.5 

Evaporator (water side) inlet temperature, Tw,evp,in [°C] 12 8~16, interval 1 

Evaporator (water side) flow rate, Vw,evp [m3h–1] 2 0.25, 0.5, 1, 3, 4 

* Note: if the standard group values are included, they will be automatically deleted. 

Based on the calculation result for the standard group, the COP of DX-WSHP is 3.38, 

which is improved by 31.0% compared to the 2.58 in research [18]. This demonstrates that the 

DX-WSHP has excellent heat transfer and energy efficiency capabilities. 

Influence of gas cooler inlet pressure  

and superheat temperature 

Figure 12(a) shows the variation of COP and cooling capacity Q with respect to Pf,gc,in. 

When the Pf,gc,in is greater than 8 MPa, with the increase in Pf,gc,in, the COP continuously de-

creases, while the Q slowly increases. However, when the Pf,gc,in is reduced from 8 MPa to 
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7.5 MPa, both the COP and Q show a significant decrease. The decrease in Q is attributed to 

the fact that at this point, the gas cooler operation is approaching the critical point, which may 

lead to heat transfer deterioration and subsequently reduce the system efficiency. 

 

Figure 12. (a) Influence of gas cooler inlet pressure and (b) influence of superheat temperature 

Figure 12(b) shows the variation of COP and Q with respect to Tsh. Both COP and Q 

decrease with the increase in Tsh, and the rate of decrease becomes more significant when the 

Tsh exceeds 4 °C. However, the changes are not substantial, and compared to the standard group, 

the variations in COP and Q are within ±7%. 

Influence of inlet temperature and flow rate  

of evaporator (water side) 

Figure 13(a) shows the variation of COP and Q with respect to Tw,evp,in. Both COP and 

Q show a linear increase trend with the rise in the Tw,evp,in. However, the changes are not sub-

stantial, and compared to the standard group, the variation in COP is within ±15%, and the 

variation in Q is within ±10%. 

 

Figure 13. (a) Influence of evaporator (water side) inlet temperature and (b) influence of evaporator 
(water side) flow rate 

Figure 13(b) shows the variation of COP and Q with respect to Vw,evp. Both COP and 

Q increase with the rise in the Vw,evp. However, when the Vw,evp exceeds 2 m3 per hour, both 

COP and Q have reached a relatively stable level. 

Conclusions 

In this paper, a DX-WSHP is proposed, and a 3-D transient heat transfer model based 

on the thermal resistance and capacity model was established for a DX-WSHE. The model was 



Liu, Y., et al.: Research on the Energy Efficiency Improvement of Closed … 
THERMAL SCIENCE: Year 2024, Vol. 28, No. 5B, pp. 4067-4080 4079 

then used to study the heat transfer characteristics under various parameter influences. Subse-

quently, a system model was developed to calculate the system energy efficiency under differ-

ent operating conditions. The following conclusions are drawn: 

 With the decrease of CO2 inlet pressure, the pressure drop of the system decreases, while 

with the increase of CO2 inlet temperature, the heat exchange capacity per meter and pres-

sure drop increase linearly. With the increase of CO2 mass-flow, the heat exchange capacity 

increases synchronously, but the increasing range gradually decreases, and the pressure 

drop increases synchronously and the increasing range gradually increases. 

 With the increase of sewage inlet temperature, the length of heat exchanger and the de-

crease of the outer diameter of heat exchange tube, the heat exchange capacity per linear 

meter decreases linearly and the pressure drop increases linearly. When the outer diameter 

of the sewage pipe is large, more heat exchange tubes can be added in the sewage pipe to 

increase the total heat exchange capacity. Different heat exchange tube materials have little 

influence on the direct expansion sewage source heat exchanger. 

 When the inlet pressure of the air cooler is greater than 8 MPa, with the increase of the inlet 

pressure of the air cooler, the COP decreases continuously, while the cooling capacity in-

creases slowly. However, when the inlet pressure of the air cooler dropped from 8 MPa to 

7.5 MPa, the COP and cooling capacity decreased significantly. 

 With the increase of the inlet temperature and flow rate of circulating water in the evapo-

rator, COP and cooling capacity increase linearly, but the change fluctuates little. When the 

circulating water flow rate is higher than 2 m3 per hour, it basically tends to be stable. Both 

COP and cooling capacity decrease with the increase of superheat, and the decline rate is 

even greater when superheat is greater than 4 °C.  

 The COP of the DX-WSHP can be increased by 31.0% compared to conventional design, 

and the heat flux of the DX-WSHE can be up to 250 W/m for the standard group. 

 The DX-WSHP has excellent heat transfer and energy efficiency capabilities, and its long-

term operational characteristics will be studied by integrating actual building load data and 

wastewater data. 
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Nomenclature 

A – cross-sectional area, [m2] 
c  – average specific heat capacity, [Jkg–1K–1] 

d – diameter, [m] 
f – friction factor 
h – convective heat transfer coefficient 
ΔL – length, [m] 
ṁ – mass-flow rate, [kgs–1] 
ΔP – pressure drop, [MPa] 
Pr – Prandtl number 
Q – heat exchanged, [W] 
Re – Reynolds number 
R – thermal resistance, [mKW–1] 
T – temperature, [°C] 
u – velocity, [ms–1] 

Greek symbols 

λ – thermal conductivity, [Wm–1K–1] 

  – average thermal conductivity, [Wm–1K–1] 

ρ – density, [kgm–3] 
μ – dynamic viscosity, [Pa·s] 
τ – time, [s] 
η – efficiency 

Subscripts 

c – waste water pipeline 
f – CO2 
hyd – hydraulic diameter 
inn – inner diameter 
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in, out – inlet, outlet 
o – outer diameter 
p – CO2 pipeline 

s – soil 
w – waste water 
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