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Abstract: Heat pump technology can extract low-level heat energy from urban sewage to heat or
cool buildings, which can alleviate the two major problems of energy shortage and environmental
pollution to a certain extent. This paper introduces the principle of wastewater source heat pump
technology and summarizes the current common system forms and their key core technologies.
The proposed special heat transfer technology for sewage can effectively solve the problem of
blockage and corrosion in the process of sewage heat transfer. Taking the system of an office building
in Qingdao as an example, the system design parameter is introduced in detail. The operation
monitoring of the heating and air conditioning seasons of this project was completed through a data
collection system, and various performance parameters of the system were studied and analyzed.
The data was obtained using measured data from one year of system operation. The testing results
show that the sewage temperature of the heat pump system in winter is approx. 13.5 °C, the hot
water supply temperature is approx. 50 °C, the average COP of the unit is 3.95, and the average
COP of the system is 2.96. The calculation results show that the heating energy consumption of the
heat pump unit is only 50.81% of that of a traditional heating mode coal-fired boiler and 57.57% of
that of an air source heat pump system. In summer, the sewage temperature is approx. 22 °C, the
cold-water supply temperature is approx. 5.5 °C, the average COP of the unit is 4.45, and the average
COP of the system is 3.25. The cooling energy consumption of the heat pump system is 79.39% of the
energy consumption of the traditional chiller and 61.56% of the cooling energy consumption of the
air source heat pump system. This shows that the sewage source heat pump system has a remarkable
energy-saving effect.

Keywords: sewage source; heat pump; building heating and cooling; special sewage heat exchanger;
energy saving

1. Introduction

The world energy situation is very tense. On 25 October 2022, Fatih Birol, the Head of
the International Energy Agency (IEA), claimed the world had entered its “first truly global
energy crisis” as the global LNG market tightened and major oil producers cut supplies.
At the same time, China’s “dual carbon” goal was going to promote the energy structure
to achieve a fundamental change. Energy consumption of HVAC in China accounts for
approx. 55% of total energy consumption in buildings. With the improvement in people’s
living standards, the demand for heating and air conditioning is still expanding. Heat
pump technology can obtain a large amount of heat by consuming a small amount of
high-grade energy. It also reduces the environmental damage that is caused by the burning
of fossil fuels to some extent. Heat pump technology has high efficiency and remarkable
energy-saving effect. Municipal sewage has the characteristics of little fluctuation of flow
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and temperature, and it has good controllability, convenient drainage, and is not easy to
be affected by climate change. It contains a large amount of low-grade heat energy. The
use of sewage source heat pump technology can realize the heating and air conditioning of
buildings, which can greatly save electric energy and fossil fuels and alleviate the energy
shortage situation to some extent [1,2]. As a rule of thumb, the sewage produced by
100 buildings can probably meet the heating and cooling needs of less than 10 buildings.
Whether heating in winter or cooling in summer, a sewage source heat pump has a higher
performance coefficient than a traditional air source heat pump and lower operating costs
than ordinary central air conditioning. Every 1 m3 of sewage heat energy can replace 1 kg
of standard coal, reducing 0.67 kg of CO;, 16.5 g of SO,, and 9.6 g of soot.

Sewage source heat pump system was applied earlier in foreign countries, mostly
in Sweden, Norway, and Japan, and there were very typical engineering examples [3-5].
The world’s first sewage water heat pump system was put into use in 1981 to heat the
small town of Thaler, west of Stockholm, Sweden. After a long period of operation, in
1983, the operation results showed that the system’s availability and performance reached
the expected standard. Currently, 40% of buildings in the area are heated by heat pumps,
and 10% of the heat source is effluent from sewage treatment plants. Sweden has taken
the lead in the engineering application of this technology [6]. In 1980, Norway began
construction of its first urban sewage source heat pump system, which became operational
in 1983. The designed load is about 8~9 MW, and the heat supply can reach 19.5 MW
after the transformation in 2006 [7]. Japan was also an early adopter of cold heat from
sewage. In 1987, the Tokyo Regional Sewage Authority launched a project to recover heat
and cold energy from sewage. Until 2003, 12 heat pump systems were put into operation
in Japan, using 70,000 m® of drained or untreated sewage every day, with a total energy
supply capacity of 32.2 GJ /h for heating and 41.9 GJ /h for cooling [8]. With the continuous
deterioration of environmental and resource problems, the United States, Germany, and
other developed countries are also gradually paying attention to the development of sewage
source heat pump systems.

China has been studying heat pump technology for 100 years. The earliest application
of sewage source heat pump technology was the sewage source heat pump experimental
project developed by Beijing Municipal Drainage Group in the Gaobeidian sewage treat-
ment Plant in 2000, with a building area of 900 m?2. In 2001, Fulda Company in Daging
Development Zone installed a sewage source heat pump system with raw sewage as the
heat source, with an air conditioning building area of 700 m2. This system was the earli-
est urban primary sewage source heat pump system [9]. Harbin Institute of Technology,
Qingdao University, Shandong Jianzhu University, and other universities have carried out
research in this field. The proposed anti-blocking machine + sewage heat exchanger [10],
wide-channel sewage heat transfer technology [11], and channeling heat transfer tech-
nology have been successively applied in practical projects. They have driven the rapid
development of the technology in the country. In 2011, the Middle East Xintiandi Shopping
Park in Tonghua, Jilin Province, used raw sewage as a heat source for heating. The project
has a heating area of 180,970 m? and a heating capacity of 10,781 kW. It uses urban sewage
sources to reduce the annual amount of coal burning equivalent to standard coal by 1839.2 t,
reduce CO, emissions by 4818 t, reduce SO, emissions by 15.6 t, and reduce nitrogen oxide
emissions by 13.6 t. The Shijiazhuang Dijingcheng Sewage Source Heat Pump Project, with
an area of 350,00 m?, also uses raw sewage as a heat source and was put into use in 2014.
The heat pump system runs stably, reaches the design condition, and greatly improves the
system’s efficiency. In July 2015, Dalian Public Administration Service Center adopted the
primary sewage source heat pump system for heating, cooling, and domestic hot water
supply. The cooling capacity of the heat pump system is up to 8450 kW, and the heat
production is up to 7200 kW. The total building area is 136,000 m>.

South Korean scholar Baek [12,13] measured the heating water in a hotel. In this
hotel, the wastewater in the public bath and sauna is used as the low heat source, and
the sewage source heat pump direct system is adopted. The performance coefficient of
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the heat pump system is 4.5~5.0. Tomasz Lokietek et al. [14] described the potential of
heat pump technology to recover heat from wastewater using a sewage treatment plant
in Mokravica, Western Pomerania, Poland, as an example. The COP values of the heat
pump system in different months are measured, and the annual average COP is approx.
3.9. Qunli Zhang et al. [15] measured the direct sewage source heat pump system of a hotel
building in Changchun City. The cooling capacity, COP, and sewage temperature and their
relationships are analyzed. Furthermore, the economical and energy-saving benefits of
sewage source heat pump systems are analyzed. Liu [10] designed online anti-blocking
equipment and tested the performance of the winter heating system of sewage source heat
pumps under typical working conditions. The results show that the fouling resistance
of the sewage side accounts for 80% of the total thermal resistance in the sewage heat
exchanger. The COP of the heat pump unit is approx. 4.3, and the COP of the system is
approx. 3.6. Shen Chao [16] proposed a dry shell tube-type sewage source heat pump
device with a deconfouling function. The test results show that after 30 days of operation,
the heat transfer capacity of the system is reduced to 67.5% of that under clean conditions.
The heat transfer rate is improved greatly after decontamination.

At present, the main problem of the sewage source heat pump system is fouling,
especially in the heat exchanger part of the indirect system. Surface fouling will greatly
weaken the heat transfer performance of heat exchangers. Fouling thermal resistance
accounts for 65-85% of the total thermal resistance of the heat exchanger [17]. In order
to reduce the influence of fouling on heat exchangers, a special heat transfer technology
for sewage is proposed in this paper. This technology can effectively alleviate the fouling
caused by blockage, corrosion, and other problems and high heat transfer efficiency. This
paper introduces the engineering application of special sewage heat exchangers in sewage
source heat pump systems in detail. The parameters of a practical project are measured,
and the performance parameters of the heat pump system are calculated. In addition,
the economic and energy-saving benefits of the system are calculated and analyzed. The
research results can provide a reference for the design and operation of sewage source heat
pump systems in practical engineering applications.

2. The Technical Principle and System of Sewage Source Heat Pump
2.1. System Principle

The flow of the sewage source heat pump system is shown in Figure 1. From the Figure,
it can be seen that the system consists of four main parts: the sewage drainage system, the
sewage—intermediate water heat exchange system, the Freon circulation system, and the
terminal air conditioning water circulation system. Among them, the sewage take-off and
drainage system refer to the sewage in the dry canal that is lifted by sewage pump 2 so
that it is heat exchanged in sewage heat exchanger 5. The heat exchange process transfers
the heat of temperature difference within a certain temperature range (approx. 5 °C) in
the sewage to the intermediate water. After heat exchange, the effluent is discharged
downstream of the trunk sewer to realize the heat exchange cycle of the effluent. The
sewage—intermediary water heat exchange system means that after the intermediary
water has completed heat exchange with the sewage through the sewage heat exchanger,
it is lifted by the intermediary water pump so that it enters the heat pump unit for heat
exchange (entering the unit evaporator to release heat in winter and entering the unit
condenser to absorb heat in summer), thus forming a closed cycle. The function of the
Freon circulation system is that the liquid refrigerant absorbs the heat of circulating water
(intermediary water in winter and end circulating water in summer) in the evaporator and
turns from a low-temperature and low-pressure liquid refrigerant into a low-temperature
and low-pressure gaseous refrigerant, and then enters into the compressor. After being
compressed, it becomes a high-temperature and high-pressure gaseous refrigerant, and
then passes through the condenser to release the heat to the circulating water (winter end
circulating water and summer intermediary water), and then becomes a high-temperature
and high-pressure liquid refrigerant. Finally, after being throttled and depressurized by the
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throttling device, it turns into low-temperature and pressure liquid refrigerant and then
enters the evaporator to realize a new cycle. The function of the end air conditioning water
circulation system is that the end user water is transported by the system circulation pump
4, absorbing heat from the unit condenser in winter and releasing cold heat to the building
users after absorbing cold from the unit evaporator in summer to realize the end cycle. The
system is switched between winter and summer functions by opening or closing valves
1-8 on the pipeline.

I 2 3 =
Lo — |

i Valve3 ’7 0, *—‘ Valve4 ‘

= | ¥ - ‘ | l
\ ‘ ‘ i ompressor ‘ i
—‘UUUL ‘ : j | User

W ‘ ‘ Ev 1p?rat0r ® Conden er \

—J\/—— \ **J Valve5 L Expansiolal\i fJ Vel ‘
- -

Valve7 Valve8

Figure 1. Flow chart of wastewater source heat pump system. 1—sewage drainpipes; 2—sewage
circulation pump; 3—heat pump unit; 4—system circulation pump; 5—sewage heat exchanger;
6—medium water circulation pump. (In winter, valves 2, 3, 5, 8 open, valves 1, 4, 6, 7 close; in
summer, valves 1, 4, 6, 7 open, valves 2, 3, 5, 8 close).

2.2. Special Heat Transfer Technology for Sewage

From the system principle introduced earlier, it is clear that the key core technology of
sewage source heat pumps is how to solve the problem of blockage, fouling, and corrosion
in the process of sewage heat exchange. The special heat exchanger [18] can effectively solve
the above problems. Before entering the heat exchanger, the sewage first passes through
the channeling shell on the right side of the heat exchanger, as shown in Figures 2—4. The
interior of the evacuated shell is set up with multiple parallel separation flow channels.
Once the effluent flows in from the effluent inlet, it passes through the first flow separation
port, where part of the effluent flows to the left to the inlet, and part of the effluent flows to
the right to the next flow separation port. The part of the effluent flowing to the right at the
flow separation is divided into two parts; one part flows to the next inlet, and the other
part flows to the next flow separation. This continues until the flow reaches the longest
separated flow channel. In summary, the diversion housing is used to divide the effluent
into two parts by using the flow channel separator so that the flow direction is 180°, which
ensures that suspended matter does not form a blockage at the inlet.

The left side of the heat exchanger is equipped with a number of diversion partitions
and bending partitions on the left and right tube plates, respectively. The partitions divide
the multi-layer heat exchanger tubes into several groups of tube bundles in the direction of
water flow, and each group of tube bundles is not connected to each other. The effluent
enters the heat exchanger tube one by one through the inlet after passing through the
separated flow channel. The effluent will finally flow out from the outlet of the last heat
exchanger tube of each group of the tube bundle, i.e., from the outlet, under the barrier
of the evacuation partition and the bending partition. The effluent will be discharged
through the effluent outlet set in the lower part of the diversion-type housing. Clean water
or refrigerant as a medium enters the heat exchanger from the medium inlet and exchanges
heat with the sewage in the heat exchanger tube, and the clean water or refrigerant flows
out from the medium outlet after the heat exchange is finished.



Buildings 2023, 13, 1342 50f19

|
11 10 2 \9 8

Figure 2. Structure drawing of special heat exchanger for sewage. 1—left tube plate; 2—multi-
layer heat exchanger tube; 3—media outlet; 4—right tube plate; 5—inlet; 6—diversion type
shell; 7—separation flow channel; 8—flow channel separation port; 9—sewage inlet; 10—shell;
11—media inlet.

9

Figure 3. Isoaxial map of special heat exchanger for sewage. 1—left tube plate; 3—media outlet;

4—right tube plate; 5—inlet; 6-diversion type shell; 7—separation flow channel; 8—flow channel
separation port; 9—sewage inlet; 10—shell; 12—diversion bulkhead; 13—folding bulkhead.

The setting of the spacer in the left and right tube plates of the heat exchanger can also
play a certain role in preventing blockage. Because the sewage heat exchange tube of the
heat exchanger is a single tube structure (only one inlet and outlet), the pressure difference
before and after the plugging site is the pressure difference between the inlet and outlet.
If the suspended matter stays in a heat exchanger tube and is about to form a blockage,
the pressure before and after the blockage part will reach tens of kPa. This pressure can
completely push the suspended matter and flow out. The pressure difference between the
inlet and outlet is the pressure difference between the inlet and outlet. This heat transfer
technology can effectively solve the problem of blockage of suspended matter by adopting
the method of pipe mouth separation, inner pipe mouth separation, and pipe group
isolation. Because of the structural characteristics of the special sewage heat exchanger, it



Buildings 2023, 13, 1342

6 of 19

can also solve the existing plate structure heat exchanger method of insufficient pressure-
bearing capacity, serious water leakage accidents, and casing structure of steel consumption
problems. At the same time, the problem of suspended matter and impurity retention in the
flow channel of the plate-type wide flow channel structure can also be effectively solved. At
the same time, both sides open the door design, allowing for convenient transition season
high-pressure water cleaning, conducive to heat exchanger periodic maintenance [19].
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Figure 4. Cross-sectional diagram of the special sewage heat exchanger a-a. 5—inlet; 6—diversion
type shell; 7—separation flow channel; 12—diversion bulkhead; 13—folding bulkhead; 14—outlet;
15—wastewater outlet.

Municipal wastewater contains a large number of microorganisms, such as sulfate-
reducing bacteria, metal-reducing bacteria, and iron bacteria. These bacteria and fungi
will cause some corrosion to the pipeline. In addition, the sewage contains CaZ*,Cl—, HH,
Na*, and NO?*~ plasma, all of which will have chemical reactions with the pipeline and
cause corrosion to the pipeline. For pipeline corrosion protection, the cathodic protection
method of hot dipping zinc and sacrificial anode can be used according to the water quality.
Hot dip galvanizing means that the steel components are de-rusted and then immersed
in a high-temperature zinc solution at approx. 600 °C so that a zinc layer is attached to
the surface of the steel components, thus serving the purpose of corrosion protection. The
cathodic protection method of sacrificial anode means that the more reductive metal is used
as the protective electrode, and the protected metal, which is the sewage pipe, is connected
to form a primary cell. At this time, the more reducing metal will be consumed as a negative
oxidation reaction, while the sewage pipe as the positive electrode can avoid corrosion.

3. Engineering Application Analysis
3.1. Project Overview

The total construction area of an office building in Qingdao is 28,000 m?. Its design
heating heat load in winter is 1400 kW, and the design cooling load in summer is 2016 kW.
This project uses the primary sewage source heat pump technology to heat the building in
winter and air conditioning in summer. The sewage used in this project is from the main
sewage channel of the city, and the water quantity is sufficient. Its flow rate is much higher
than the sewage flow required by the building’s heating and cooling load. According to
the cold and hot demands of the building, the project extracts the sewage required by the
design from the trunk canal for heating and cooling the building. Sewage heat exchanger
adopts the special heat transfer technology of sewage, which can effectively solve system
blockage, corrosion, and other problems. The system equipment selection is shown in
Table 1.
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Table 1. Heat pump system equipment selection.

Equipment Name Quantity Remarks
Sewage circulation pump 3 The flow rate is 170 m?/h, and the head is 28 m
Intermediate water circulation pump 3 The flow rate is 170 m3/h, and the head is 22 m
End circulation pump 3 The flow rate is 180 m3/h, and the head is 35 m
Special sewage heat exchanger 2 Heat exchange area of 350 m?, heat exchange of 1200 kW

Heat pump unit

Single unit heat production of 720 kW with an input power of 165 kW

2 Cooling capacity of 1050 kW, input power of 240 kW

3.2. Engineering System Test Methods

Main test parameters: During system operation in winter and summer, the temperature
and flow rate of the condenser or evaporator in and out of the unit from the end user side,
the temperature and flow rate of sewage inlet and outlet, the temperature and flow rate
of the evaporator in and out of the unit with intermediate water, the power consumption
of the unit compressor, the power consumption of circulating pump and sewage pump
at the end user side [20-22]. During the project testing period, two heat pump units were
operated simultaneously from December to February. During this period, two groups
of special sewage heat exchangers also run at the same time, the corresponding sewage
circulation pump, the intermediate water circulation pump, and the end of the circulation
pump two at the same time. In March, only one heat pump unit was running. During
this period, only one set of special sewage heat exchangers will be operated, along with
one corresponding sewage circulation pump, intermediate water circulation pump, and
terminal circulation pump. Two heat pump units are operated from June to August in
summer. During this period, the operation of two groups of special sewage heat exchangers,
the corresponding sewage circulation pump, intermediate water circulation pump, and
end circulation pump, at the same time to run two. Only one heat pump unit is running
in September. During this period, one special sewage heat exchanger is operated, and
the corresponding sewage circulating pump, intermediate water circulating pump, and
terminal circulating pump are operated. The arrangement of measuring points is shown in
Figure 5, and the main measuring instruments and their accuracy are shown in Table 2.

Il l /l
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Figure 5. Measurement points layout. 1—Scheme; 2—heat users; 3—mediator water circulation
pump; 4—heat exchanger; 5—sewage circulation pump; 6—sewage dry canal; T1-T6—temperature
measurement points; F1-F3—flow measurement points.

3.3. Main Performance Parameters of Heat Pump System

The test data is processed by the following Equations [23].
The heat pump unit heating performance factor can be calculated according to Equation (1):

COP,; = V%—hl 1)
u
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where COP,;; is the heating performance coefficient of the heat pump unit; Qy, is the winter
heat supply of the sewage source heat pump unit, kW; W,; is the power consumption of
the unit during the heating season, kW.

Table 2. Test instruments and accuracy.

Instrument Name Measurement Accuracy
Digital temperature meter o
(remote transmission type) ACT-201 02 level (0.2%)
WSEF-50 intelligent electromagnetic flowmeter +0.5%
8962A1 Multichannel Power Analyzer 0.1level (£0.1%)
Multi-variable low-temperature level and pressure smart meters 0.2% FS

The data of this experiment is automatically stored and recorded by the instruments.

The cooling performance factor of the heat pump unit can be calculated according to
Equation (2):
Qe
Wa2

where COP,;; is the cooling performance coefficient of the heat pump unit; Q. for sewage
source heat pump unit cooling capacity in summer, kW; W, is the electric power consumed
by the unit during the cooling season, kW.

The heat pump system heating performance factor can be calculated according to
Equation (3):

COPy; = 2)

On

COPys1 =
sys

®)
where COPgys; is the heat pump system heating performance factor; Wiy is the system
power consumption in the heating season, kW.

The system power consumption is:

Wsys = Wy + We + W + Ws 4)

where Wy, is the power consumption of the heat pump unit, kW; W, is the power consump-
tion of the end circulation pump, kW; Wy, is the power consumption of the intermediate
water circulation pump, kW; W is the power consumption of the sewage circulation
pump, kW.

The cooling performance factor of the heat pump system can be calculated according
to Equation (5):
Qe

COPgysp = Woris
sys

®)
where COPgyy; is the cooling performance factor of the heat pump system; Wiy is the
electrical power consumed by the system during the cooling season, kW.
The heat transfer coefficient of the effluent heat exchanger can be calculated according
to Equation (6):
Om
Ky =
W= AL (6)

where K, is the heat transfer coefficient of the sewage heat exchanger, W/ (m? °C); A is the
sewage heat exchanger heat transfer area, m?; Aty is the average heat transfer temperature
difference, °C; Qn is the heat exchanger heat transfer, kW.

Among them, the average heat transfer temperature difference Aty, in the sewage heat
exchanger can be calculated according to Equation (7):

Atmax - Atm]’n
= Atmax (7)

Atm
In 3

min
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where Atnax is the difference between the temperature of the sewage water supply and
the temperature of the intermediary water supply, °C; Atyn is the difference between the
temperature of the sewage water return and the temperature of the intermediary water
return, °C.

The heat exchanger heat transfer Q, can be calculated according to Equation (8):

GwAt
Sewage exhaust heat: Q,, = C;“TW
G At
Intermediate water absorption heat : Q, = ¢ 3Z6 z

where c is the specific heat capacity of water k] /(kg-K); Gy is the sewage flow t/h; Aty is
the sewage import and export temperature difference °C; G, is the intermediary water flow
t/h; At, is the intermediary water import and export temperature difference °C. Since the
heat transfer between the pipeline and heat exchanger shell and ambient air is very small
and can be ignored, the heat release of sewage and intermediate water absorption should
be basically equal as the basis for checking the test data. When calculating the heat transfer,
the average value is taken as follows:

vt Q
QO = = e ®)

3.4. Uncertainty Analysis of Each Measured Quantity of the System

The heat supply and cooling capacity of the system, the heat transfer coefficient of
the heat exchanger, and the COP value are indirectly measured or calculated by multiple
parameters, so the measurement accuracy of the relevant parameters will certainly directly
affect the total measurement accuracy. In order to determine the credibility of the experi-
mental test results in this paper, an error analysis is conducted in this subsection for each of
the above three parameters.

The uncertainty of the system heat supply or cooling capacity is derived from the
supply flow rate v, supply temperature t1, and return temperature ¢, i.e., E (6Q) =£ (v, t1,
t). The uncertainty of the heat transfer coefficient of the heat exchanger is derived from the
system heat supply or cooling capacity and the logarithmic mean temperature difference
Atm, ie., E (8K) = f (Q, Atm). The uncertainty of the COP value is derived from the system
heat supply or cooling capacity and the power consumption W, i.e., E (63COP) = (Q, W).
The calculated results are shown in Table 3.

Table 3. Uncertainty of various measured quantities of the system.

Parameters Analyzed Measurement Uncertainty
E (8Q) 7.21%
E (8K) 7.84%
E (6COP) 7.26%

3.5. Heat Pump System Performance Analysis
3.5.1. Temperature Variation

After the stable operation of the unit, the heating supply and return water and sewage
supply, and return water were monitored in winter, and the results are shown in Figure 6.
During the test period, the hot water supply temperature of the heat pump unit was
between 44.6 and 54 °C, and its average temperature was 49.28 °C. At this time, the hot
water return water temperature of the heat pump unit ranges from 39.9 °C to 48.9 °C, and
its average temperature is 44.02 °C. The maximum temperature difference between the hot
water supply and the return of the heat pump unit is 6 °C, the minimum is 3.5 °C, and the
average temperature difference is 5.26 °C. The temperature of sewage supply in winter
ranges from 12 °C to 15.8 °C, and its average temperature is 13.71 °C. At this time, the
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backwater temperature of sewage is between 7.2 and 10.7 °C, and the average temperature
is 8.77 °C. The maximum temperature difference between water supply and return is 5.3 °C,
the minimum is 4.6 °C, and the average temperature difference is 4.93 °C. It can be seen
that this building uses the primary sewage trunk as the heat source in winter, and the hot
water supply temperature can always meet the needs of users.
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Figure 6. Winter heating unit supply and return water and sewage supply and return water temperature.

Summer cooling cold water supply and return temperature and sewage supply and
return temperature are shown in Figure 7. During the test period, the cold-water supply
temperature of the heat pump unit was between 3.2 and 8.5 °C, and its average temperature
was 5.42 °C. At this time, the cold-water return water temperature of the heat pump unit
ranges from 8.8 to 13.3 °C, and the average temperature is 10.93 °C. The temperature
difference between the cold-water supply and the return of the heat pump unit is between
4.8 and 7.6 °C, and the average temperature difference is 5.51 °C. The water supply temper-
ature of sewage in summer ranges from 19.7 °C to 24.2 °C, with an average temperature of
22.08 °C. At this time, the backwater temperature of sewage is 24.8~31 °C, and the average
temperature is 27.96 °C. The temperature difference between the supply and return water
of sewage is 3.5~8.1 °C, and the average temperature difference is 5.87 °C. It can be seen
that this building takes the primary main sewage channel as the cold source in winter, and
the cold-water supply temperature can always meet the needs of users.

3.5.2. System Key Performance Factor Changes

The test data of this wastewater source heat pump system were compiled and analyzed
to obtain the winter and summer coefficients of performance (COP) of its unit and system,
as shown in Figures 8 and 9. During the test period, the maximum value of the unit’s
winter heating performance coefficient COP,;; was 4.47, the minimum value was 3.5, and
the average value was 3.95; the maximum value of the system’s winter heating performance
coefficient COPgys1 was 3.35, the minimum value was 2.63, and the average value was 2.96.
The maximum value of the unit’s summer cooling performance coefficient COP,,, was 4.91,
the minimum value was 4.07, and the average value was 4.45. The maximum value of
COPsys was 3.58, the minimum value was 2.97, and the average value was 3.25.

The test data of the unit was compiled to obtain its heat transfer coefficient, as shown
in Figure 10. The heat transfer coefficient of this wastewater heat exchanger can reach the
maximum value of 2003 W/ (m2~°C) when the unit first starts operation, i.e., when the
wastewater heat exchanger was not yet fouled. However, after the unit has been running
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smoothly for a period of time, a biofouling layer is formed in the wastewater heat exchanger
tube, resulting in a decrease in the heat transfer coefficient of the wastewater heat exchanger,
which finally stabilizes at approx. 982 W/(m?-°C). The heat transfer effect of the sewage
heat exchanger decreased by approx. half, which shows that the fouling thermal resistance
has a great impact on the heat transfer effect of the sewage heat exchanger [24].
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Figure 8. Winter heating unit and system COP.
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Figure 10. Heat transfer coefficient of heat pump heat exchanger.

3.5.3. Unit Heating/Cooling Capacity and Power Consumption

Based on the measured data, the heat supply and compressor power consumption
in winter is calculated as shown in Figure 11. During the test period, the maximum heat
supply of the unit in winter was 1410 kW, the minimum value was 1120 kW, and the
average value was 1266.1 kW; the maximum power consumption of the compressor was

376 kW, the minimum value was 260.45 kW, and the average value was 321.91 kW.

The cooling capacity and power consumption of the compressor in summer are shown
in Figure 12. During the test period, the maximum cooling capacity of the unit in summer
was 2071 kW, the minimum value was 1122 kW, and the average value was 1488.97 kW; the
maximum power consumption of the compressor was 497.57 kW, the minimum value was
240.25 kW, and the average value was 335.6 kW.
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In summary, the sewage source heat pump unit can operate efficiently, safely, and
stably to meet the heat demand of users, and it has a high heating performance coefficient,
and can fully recover the waste heat resources in sewage, and provide sufficient heat for
heating buildings by consuming less electricity [25].
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4. Analysis of System Economy and Energy Saving
4.1. Energy Efficiency Analysis

During the winter heating season, when the available heat of sewage is Qyy, the heating
capacity can be calculated by Equation (9):

COPgy¢1
Qh=cop . 7w ©)
COPgys1 — 1
where Q. is the available heat of sewage, kW.
The primary energy consumption of the sewage source heat pump system can be
calculated by Equation (10):

1 1
f
_ . 1

where Qf, is the primary energy consumption of the sewage source heat pump system for
heating, kW; E,y is the primary energy utilization rate of the driving energy of the sewage
source heat pump unit, taken as 0.31.
Primary energy consumption for heating by coal-fired boilers can be calculated by
Equation (11):
Qf _ % B COPSys1
7 E E(COPyy —1

w 11
)Q (11)

where Q{ is the primary energy consumption of coal-fired boiler heating, kW; E; is the
primary energy utilization rate of coal-fired boiler heating, taken as 0.63.

During the summer cooling season, when the available cooling capacity of sewage is
Qw, the available cooling capacity can be calculated by Equation (12):

COPyyes

Q=17 COPyys

Qw (12)

where Q, is the available cooling capacity of wastewater, kW.
The primary energy consumption of the sewage source heat pump system for refriger-
ation and air conditioning can be calculated according to Equation (13):

1 1

f

Q Ow- 1
" 14 COPgys " Ew 13

where Qf, is the primary energy consumption of the sewage source heat pump system
refrigeration and air conditioning, kW; E,, is the primary energy utilization rate of the
driving energy of the sewage source heat pump unit, taken as 0.31.

The primary energy consumption of the chiller and cooling tower system can be
calculated according to Equation (14):

COP
P Qe sys2 1 (14)
Er 1+ COPyy E

Q
where Qf is the primary energy consumption of the chiller and cooling tower system, kW;
E: is the primary energy utilization rate of the chiller and cooling tower system, taken
as 0.97 [26].

The primary energy consumption of the air source heat pump system in winter and
summer is the same as that of the sewage source heat pump system above. According to
the usage data of several air source heat pump manufacturers and related literature, the
COP of the air-source heat pump system is 2.8 in winter and 3.0 in summer [27].

According to the calculation results of the mathematical model, as shown in Figure 13,
the primary energy consumption of the sewage source heat pump system for heating in
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winter is 1525.72 kW, that of the air source heat pump system is 1612.90 kW, and that of the
coal-fired boiler is 2222.2 kW. Therefore, the energy consumption of the heat pump unit is
only 68.66% of that of the coal-fired boiler and 94.5% of that of the air source heat pump
system. The primary energy consumption of the cooling sewage source heat pump system
in summer is 2000.99 kW, the primary energy consumption of the air source heat pump
system is 2167.74 kW, and the primary energy consumption of the chiller and cooling tower
system is 2078.35 kW. Therefore, the energy consumption of the heat pump unit is 92.31%
of that of the air source heat pump system and 96.27% of that of the water chiller.

Primary energy consumption(kW)

Coal-fired boiler | ASHP for heating | USSHP for heating | ASHP for cooling Chiller USSHP for cooling

Heating season Cooling season

Figure 13. Comparison of primary energy consumption of each air conditioning mode.

4.2. Economic Benefit Analysis

Compared with coal-fired boilers with traditional heating methods, the operation

cost of a sewage source heat pump system in the heating season can be calculated by
Equation (15) as follows:

(& &
@ (qe~17g-1000 Pr= 3600 x COPy © ) X m (15)

where C; is the operation cost saved during the heating season, yuan; Q; is the daily heat
supply in the heating season, which is 4.56 x 10° k]. ge is the calorific value of standard
coal, which is 29,310 kJ/kg. 74 is the efficiency of traditional coal-fired boilers, taking
60%; pr is the standard coal price, taking 1592 yuan /t; P is the power electricity price,
0.79 yuan/kWh; 1y indicates the heating period.

Compared with the traditional refrigeration chiller and cooling tower system, the

operation cost saved by the application of a sewage source heat pump system in the cooling
season can be calculated by Equation (16) as follows:

Co,=AD X P xny (16)

where C; is the operating cost saved by the use of the sewage source heat pump system
during the cooling season, yuan; n, is the cold supply period, 90 days; AD is the daily
electricity saving in the cooling season, which can be calculated according to Equation (17)

as follows: 0 . .
— _ — 2 R —
AP =Dy =Dw = 3555 (su COPu2> 17
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where Dy is the daily power consumption of the cooling water chiller and cooling tower
system, kWh; D,, is the daily energy consumption of the sewage source heat pump system,
kWh; Q; is the daily cooling capacity of 5.36 x 10° k] in the cooling season. ¢, is the
refrigeration performance parameter of the chiller and cooling tower system and is 4.

After calculation, the results are shown in Table 4. It can be seen that the sewage
source heat pump system has significant economic benefits.

Table 4. Operation cost saving of sewage source heat pump system.

Heating Season Cooling Season Total

Saving amount (yuan) 14,355 2698.25 17,377.9

4.3. Environmental Benefit Analysis

Pollutant emission reduction during the heating season can be calculated by Equation (18)

as follows:
Amh,i = Ml X ARh,i (18)

where Amy, ; is pollutant emission reduction in heating season, kg, where i represents the
four types of pollutants calculated: CO,, NOy, SOy, and dust. ARy, ; is the mass of various
pollutants produced by burning 1 kg coal, kg/kg, and its value is shown in Table 5; M;
refers to the daily coal saving in heating season (kg), which can be calculated according to
Equation (19) as follows:

Q1 < 1 1 )
oo Qo (1 19
! e Mg 17.COP 1 1)

where 7. is the output efficiency of the sewage source heat pump unit, taking 30%.

Table 5. Various categories of pollutants produce mass.

ARc,i COZ NOX SOX Dust

Quality of pollutants produced
during the heating season 2.75 0.004 0.03 0.02

(kg/kg)
Quality of pollutants produced
in the cooling season 1.126 0.0016 0.0123 0.082
(kg/kWh)

Pollutant emission reduction during the cooling season can be calculated by Equation (20)
as follows:
Amcfl- = M) x ARC,i (20)

where, Am,; is pollutant emission reduction in the cooling season, kg; AR ; is the mass
of various pollutants produced per 1 kWh power generation, kg/kWh, and its value is
shown in Table 4; M, is the daily coal saving amount in the cooling season (kg), which can
be calculated according to Equation (21) as follows:

M, — AD x 3600 (21)
Ge X 1

where 7¢ is the primary energy efficiency, which is 35%.

The calculation results are shown in Table 6. It can be seen from the results that the
use of sewage source heat pump systems is very beneficial to the environment, especially
for carbon dioxide emissions, and has an obvious carbon reduction effect, which is in line
with the current world emission reduction situation.
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Table 6. Reduction of various pollutants.
Pollutant Reduction (kg) CO, NOx SOy Dust
Heating season 352.11 0.51 3.84 2.56
Cooling season 15.00 0.02 0.16 1.09

5. Conclusions

This paper introduces a sewage source heat pump system using special heat transfer

technology for sewage and details the working principle of the sewage source heat pump
and the key core technology of a special sewage heat exchanger. The system is illustrated
by an actual project in Qingdao, China, which uses raw urban sewage as the heat pump
source to realize a 28,000 m? office building for winter heating and summer air conditioning.
The key equipment of the system was designed and selected, and the system operation
parameters were collected for one year. By compiling and calculating the collected data, the
cooling and heating capacity and performance of the whole system were analyzed. Based
on the calculation results, the following conclusions were drawn:

@

@)

®)

4)

©)

(6)

The temperature of municipal sewage was 12~15.8 °C in winter and 19.7~24.2 °C in
summer, which was very suitable as a low-level cooling and heating source for heat
pump systems;

Fouling has a huge impact on the heat transfer effect of the sewage heat exchanger.
When the system initially operated, the heat exchanger was free of fouling genera-
tion, and the heat transfer coefficient of this sewage heat exchanger could reach the
maximum value of 2003 W/(m? °C). When the unit ran smoothly for a period of time,
the thermal fouling resistance gradually increased, the heat transfer coefficient of the
sewage heat exchanger gradually decreased, and its heat transfer coefficient finally
stabilized at approx. 982 W/(m?-°C);

The system operated stably in winter and summer during the test period, with an
average heat supply of 1266.1 kW and an average power consumption of 321.91 kW
in winter, and an average cooling capacity of 1488.97 kW and an average power
consumption of 335.6 kW in summer;

During the test period, the average COP of the heat pump unit was 3.95 in winter and
4.45 in summer, and the average COP of the heat pump system was 2.96 in winter and
3.25 in summer, taking into account the power consumption of the wastewater pump,
intermediary pump, and end circulation pump;

The energy efficiency analysis shows that the energy consumption of sewage source
heat pump systems in winter is 68.66% of that of traditional coal-fired boilers and
94.5% of that of air source heat pump systems. The energy consumption in summer is
96.27% of that of a chiller and cooling tower system and 92.31% of that of an air source
heat pump system. The results show that the sewage source heat pump technology
has a remarkable energy-saving effect. Through the economic benefit analysis, it is
calculated that the operation cost of the heat pump system can be reduced by 17,377.9
yuan per year. Through the analysis of environmental benefits, the use of a sewage
source heat pump system can reduce CO,, NOy, SOy, and dust emissions; the CO,
emission reduction effect is the most significant;

The sewage source heat pump system has enormous economic and social benefits.
However, the quality of sewage is poor, the heat exchanger has severe scaling, the
flow resistance of sewage heat exchange is high, and the heat transfer coefficient is
low. These unfavorable factors limit the application and promotion of the system.
Suggest future research on sewage heat exchange technology and the invention of
online cleaning and descaling technology to improve the operational performance of
the system.
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