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Chapter 1: Introduction

1.1 Research background

For the purpose of mitigating global warming, the strategies for both aspects of energy-saving, and
the utilization of renewable energy are essential nowadays. In the field of building construction
industry, the strategies for reducing CO; emission are indispensable not only in the field of the
energy demand side of buildings but the application of energy supply in an area as well (Figure 1-
1).

With regards to the regional energy application, there are several methods for estimating different
kinds of renewable energy that have been proposed to comprehend the energy quantities retained in
a certain area, such as geothermal energy, wind power[1], and biomass energy which are widely
known[2,3]. Concerning to the long-term energy supply and demand strategy for Japan in 2015, it
was announced that the renewable energy adoption ratio should be promoted from 5% to 24% until
2030[4]; therefore, there is a strong demand for effectively utilizing, widely spreading out and the
enhancive integration of different kinds of renewable energy in order to achieve the goal[5—10].
Urban area, with a massive population and exuberant development of industry, brings about the
huge energy consumption that the governments are eager to expand much more energy sources in
order to apply to the urban area. At the meanwhile, making the upgraded energy utilization plan for
the city is regarded as a priority policy. By 2030 it is predicted that almost 60% of the world's
population will live in urban areas. In the European Union (EU) 74% of the total population lives in
areas classified by national statistical offices as urban. With such growth in the urban centers,
sustainability has become a key concept when planning for the future[2]. Therefore, it is essential
to focus on the energy demand of the urban areas and the utilization of renewable energy instead of
fossil fuels.

As an aspect of realizing the sustainable city and the low carbon society, renewable energy is highly
expected to be applied and exploited to the greatest extent. In addition to the existed and well-known
renewable energy which has been widely utilized, there are some kinds of obscure renewable energy

that their utilizing method and using potential are still under reviewing and investigating; for
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instance, geothermal, waste heat from sludge, waste heat from sewage, etc[11,12]. These kinds of
renewable energy were called unutilized renewable energy, and it is believed that the utilizing
potential of these energy sources is prolific that cannot be ignored especially in urban area[13]. Thus,

the exploitation of the unutilized renewable energy is now vigorously under development.

Supply side Demand side

Figure 1- 1 Concept of mapping the energy demand and supply side in an area
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1.1.1 Development of renewable energy and the current situation

As an aspect of reducing the CO, emission and replacing the utilization of fossil fuels, the expansion
of renewable energy has grown significantly since 2004 (Figure 1- 2), and the increasing trend is
still under progressing. In regards to the sources of renewable energy, the classification of renewable
energy can be mainly classified into two types, one is the conventional renewable energy that has
been widely utilized and well-known nowadays; for instance, solar PV, wind, bioenergy which are
shown in Figure 1- 3. According to the figure, it is shown that the average annual growth rates of
these renewable energies began increasing since 1990 and have been developed for a long period so

far.
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Figure 1- 2 Low-carbon electricity generation by source, World 1990-2017[14]
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Figure 1- 3 Average annual growth rates of world renewables supply, 1990-2017[14]
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In addition to conventional renewable energy, there are some novel types of renewable energy which
are called unutilized renewable energy. The unutilized renewable energy is the energy that has not
been completely explored, it means there is still some potential to make use of these kinds of
renewable energy; for instance, the energy of temperature difference, energy from waste heat, energy
from waste[15]. These kinds of unutilized renewable energy are expected to be exploited more
widely in order to make maximum use of renewable energy.

The introduction of unutilized renewable energy is elaborated in the next section.

1.1.2  Unutilized renewable energy and using potential

Unutilized renewable energy is the energy source that existed with a great amount but still
underutilized. The reasons that these kinds of renewable energy have not been widely used is
because of the mismatch of time or space between demand side and supply side, dramatic time
fluctuation of the energy source, etc. In order to take advantage of the unutilized renewable energy,
it is important to grasp their features and temporal variation to evaluate the using potential in
advance; furthermore, make suitable energy using strategy to efficiently utilize the energy[15].

The unutilized renewable energy can be classified into three main groups; the classification and
utilizing pattern of the energy are listed in Table 1- 1. According to Table 1- 1, the exploitation of
energy of temperature difference and energy from waste heat is now gradually developed for
expanding the sources of renewable energy due to its massive heat occurrence; for instance,
extracting sewage heat from the sewage pipelines, utilizing the temperature difference from stream,
river or ocean[16], waste heat from factories, underground shopping centers, and subway stations.
The exploit method of each energy source has its merits, demerits, features, and limitation; thus, it
is important to draw up the appropriate utilization approaches and strategies in order to effectively

make use of them.



Introduction — 6

Table 1- 1 The classification and utilizing pattern of unutilized renewable energy[15]

Range of temperature

Energy source Form Utilization pattern
O
Heat source of heat pump,
Ocean Water 5~25
cooling water
Heat source of heat pump,
River Water 5~25
cooling water
Energy of
Heat source of heat pump,
temperature Groundwater Water 10~20
. cooling water
difference
Heat source of heat pump,
Raw wastewater 5~30
cooling water
Sewage
Heat source of heat pump,
Treated water 5~30
cooling water
High-temperature Heat source, power
200 ~
gas generation
Factory Warm water ~50 Heat source water
Power generation, cold
LNG ~5
and heat source
Power station Warm water ~50 Heat source water
Energy from Electrical Cooling water,
waste heat ) ) 20 ~ 40 Heat source of heat pump
substation coolant oil
Subway and
underground Air 10 ~30 Heat source of heat pump
street
Waste heat
Air, water 20 ~40 Heat source of heat pump
from building
High-temperature Heat source, power
200 ~
Garbage gas generation
burning
Warm water ~50 Heat source water
Energy from
Heat source, power
waste Burning heat 200 ~
generation
Sludge burning
High-temperature
~50 Heat source water

drainage
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1.1.3  Characteristics of sewage heat

Sewage heat, one of the unutilized renewable energy, is considered to be as a stable heat source for
air conditioning and hot water supply through efficient heat pumps and heat exchangers due to its
small temperature fluctuation affected by season[17]. For instance, when comparing the annual
average air temperature and sewage temperature, the sewage temperature is about 6.2 °C higher than
the air temperature.

According to Figure 1- 4, the monthly average sewage temperature during winter is significantly
higher than the average air temperature, and the maximum temperature difference can reach up to
10 degrees; In contrast, there is just a little difference between the average air temperature and
sewage temperature in summer. Specifically, the average sewage temperature is lower than the air
temperature for about 2 °C to 3 °C in July and August. Besides, due to the sewage pipelines are
buried underground and the great thermal insulation of soil, the sewage temperature is rarely
affected by air temperature especially in winter[10]. Based on the reasons mentioned above, sewage
heat is recently considered as an effective energy source to act as the heat source water that applied
to air conditioning systems, hot water supply systems, and snow melting systems.

From the perspective of urban energy application, sewage heat is possible to be utilized in the urban
area which the sewer system is highly penetrated; for instance, the penetration rate of sewage
pipelines in Tokyo has recently become higher than 99.5%[18], owing to the wide construction of
sewer system network, the extraction of sewage heat can be relatively approachable. Consequently,
it is expected that the exploitation of sewage heat can achieve certain consequent in the urban area.
Nevertheless, most of the utilization of sewage heat has been limited to sewage treatment plants and
sewage facilities or regional heating and cooling system of large-scale buildings in nearby areas
currently[19,20]. If the mechanism of sewage heat utilization can be widely exploited and spread
out through not only sewage trunk pipelines but branch pipelines[21], the utilization of sewage heat

can be expanded to numerous buildings that scattered in the urban area.
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Difference of usable renewable energy heat

Temperature of
sewage water

Temperature (°C)
"

4 5 6 7 8 o 10 11 12 1 2 3
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Figure 1- 4 Comparison between air temperature and sewage temperature[1]

1.1.4  Overview the sewer system

The sewer system is classified into two types: the combined sewer system and the separated sewer
system. The combined sewer system (Figure 1- 5) is a sewage collection system composed of
pipelines and tunnels designed to simultaneously collect surface runoff and sewage in a shared
system[22], and all of the sewage water can travel towards treatment plants via piping and in a flow
aided by gravity and pumps. Briefly speaking of the composition of surface runoff and sewage, the
surface runoff is the flow that including rainwater, snow and ice melt (stormwater), or other sources
flows over the earth's surface; as for the sewage, it is the wastewater generated by residential,
institutional, commercial and industrial establishments.

The design of the combined sewer system was common when urban sewerage systems were first
developed in the late 19th and early 20th centuries; therefore, many cities and towns which have
been early developed continue to operate the previously constructed combined sewer systems[22].
In Tokyo, Japan, the proportion of the combined sewer systems is about 80% so far, though the
separated sewerage systems are under upgrading. Owing to the reason that the combined sewer
system currently takes account of the majority, the combined sewer system was determined to be

the research object of sewage physical model in this study.
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Figure 1- 5 Combined sewer system[22]

1.1.5 Overview the application of GIS data

The Geographic information system (GIS) is a computer system for capturing, storing, checking,
and displaying data related to positions on Earth’s surface. By relating seemingly unrelated data,
GIS can help individuals and organizations better understand spatial patterns and relationships. GIS
technology is a crucial part of spatial data infrastructure, it can use any information that includes
location, and the location can be expressed in many different approaches, such as latitude and
longitude, address, or ZIP code.

Many different types of information can be compared and contrasted through GIS. The information
about different properties such as the location of streams and different kinds of soil are all included
and can be shown in different layers respectively. Besides, it can illustrate the building types, land
use, and infrastructure information that include their distribution, such as factories, farms, and
schools, or storm drains, roads, and electric power lines (Figure 1- 6). With GIS technology, people
can compare the locations of different things in order to discover how they relate to each other[23].
In order to construct the urban sewage state prediction model, it is essential to clarify the distribution
and relationship between sewerage system network and buildings; thus, the GIS data of urban layout,
building information, and sewerage system are used for constructing the regional spatial allocation
of pipelines and buildings in the study.

In recent years, the application of GIS has been gradually used in the field of energy utilization for

evaluating the relationship of spatial distribution between the energy demand side and supply
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side[2,8,24]. according to the function of visualization of GIS, the features and distribution of energy
and buildings can be clearly realized by mapping the data, and can furthermore analyze the matching

condition of energy supply and demand side.
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Figure 1- 6 Image of GIS data[23]

1.1.6  Current status and application of sewage heat

The utilization of sewage heat can be divided into two types by the place of sewage heat source is
being extracted: sewage heat extracted at sewage treatment plants or pump stations, sewage heat
extracted from pipelines directly[1]. The utilization type of recovering sewage heat at sewage
treatment facilities is a common and well-known way in the field of regional heating and cooling
system, and have been utilized for many years; on the other side, the way that extracts sewage heat
in pipelines is regarded as a relatively newer method which has been gradually used recently. In
order to popularize the utilization of sewage heat, extracting the heat from pipelines directly is
believed to be an effective way that can be exploited by more buildings[25].

In addition, the optimal location for the installation of a heat exchanger in the sewer system depends
on several criteria. First of all, it is important that the energy consumers are located close to the site
where the heat is recovered. More heat can be reclaimed from the wastewater if the discharge is
high, which is typically the case towards the end of the sewer system[26]. On the other hand, the

wastewater temperature is usually highest in the initial part of the sewer system such as sewage
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pipelines. An additional aspect to be considered is that the efficiency of a nitrifying wastewater
treatment plant is reduced if its influent wastewater temperature is lowered[24].

In order to clarify the sewage physical condition in the pipelines, David J. Du"rrenmatt and Oskar
Wanner proposed a new interactive simulation program for the estimation of the wastewater
temperature in sewer, and it has been attempted to be applied. For instance, there is an undergoing
project in Switzerland, about 30 facilities for heat recovery from wastewater already are in operation.
A heat exchanger of 200 m in length which is installed in the sewer system of Zurich, Switzerland,
produces heat and warm water for 800 apartments [27].

Regarding the application in Asia, for the purpose of maximum utilizing the sewage heat, the
utilization type of recovering sewage heat through the pipelines has been widely conducted in
Harbin, Shijiazhuang and Beijing, China, which are the cities located frigid zone [28-31]. For
instance, there are several projects that the scale of these projects is very significant. Specifically
speaking, there are three noticeable application projects in Harbin, the scale of the objective areas
are respectively 18,000 m?, 16,000 m?, and 34,000 m?; besides, the scale of one of the application
projects in Beijing is about 50,000. Furthermore, one of the projects in Shijiazhuang is more
markable that its application scale is even larger than Harbin and Beijing, the scale of the project in
Shijiazhuang is about 550,000 m?. According to the application examples in China, it is known that
widely utilized the sewage heat in urban areas can achieve apparent energy conservation [30].
Based on the perspective of reclaiming more heat from the origin of heat source, in the past years,
there are many cases of extracting sewage heat from pipelines in some countries, such as Germany
Swiss, and China[25,32], and the application in Japan has been obviously increased nowadays. The
application cases of both of the two sewage heat utilization types are introduced in the following
article. In this study, we focus on the newer technique of extracting sewage heat from pipelines, its

application cases will be mainly introduced in this study.
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The application case of sewage heat extracted at sewage treatment facilities[25]:

® Sony City building (Sony's corporate headquarter in Tokyo.)

The Sony's corporate headquarter is adjacent to the Shibaura Water Reclamation Center of the Tokyo
Metropolitan Sewerage Bureau, and the sewage heat is applied to the energy supply for air-
conditioning of Sony City building, and the treated water used for air-conditioning is returned to the
water reclamation center. Besides, this case is the first privately-owned building utilizing sewage
heat, it was executed when the Japan government started to examine the possibility of using sewage
heat as a new heat source for air-conditioning. Regarding to the utilization effect, the CO, emission
can be reduced by about 22 tons per year (planned value), and the project information is outlined in

Table 1- 2[25].

Table 1- 2 Sony City building project information

Begin time October, 2006

Utilizing object Sony City building

Utilizing type Heat source for air-conditioning

Building floor area 162,888 m?

Amount of supply heat source | 60,000 m*/day of treated water (maximum)
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Figure 1- 7 Location of Shibaura Water Reclamation Center and Sony City [25]
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Figure 1- 8 Sony city building [25]
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Figure 1- 9 System diagram of Sony City [25]
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The application cases of sewage heat extracted from pipeline[25]:

® Asama Nanroku Komoro Medical Center

In Komoro City, Nagano, sewage heat is used as a heat source for hot water supply in Asama Minami
Komoro Medical Center. It is the first case of installing heat exchanger directly in sewage pipeline;
in addition, it was executed by a privately-owned corporation. Concerning to the utilization effect,
the available heat amount extracted from pipeline is about 1,030 MJ/day, which is equal to 10% of

the heat demand for hot water supply per day (10,000MJ/day). The project information is shown in

Table 1- 3.

Table 1- 3 Asama Nanroku Komoro Medical Center project information

Begin time

December, 2017

Utilizing object

Asama Nanroku Komoro Medical Center

Utilizing type

Heat source for hot water supply

Execute company

Cenergy Co.

Load condition

1,030 MJ/day (available sewage heat amount)

Pipe condition

Pipe diameter: 250 mm

Length of heat exchange pipe: 85m

Utilizing heat temperature

Raw sewage water temperature:13~14°C

(February) Temperature difference for heat exchange: 5~6°C
Water source heat pump 171C Hot water supply
D Hot water tank
52C _& —
= e
- 5 SihR1S EEEBCE3EREZYSY—
#04C  #133C ?ﬂe?n?:;:le? Asama Nanroku Komoro
Medical Center
13~14C
Sewage
pipeline

Heat exchange mat

Heat exchange pipe

Figure 1- 10 System diagram of Asama Nanroku Komoro Medical Center [25]
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® Suwa Red Cross Hospital

The sewage heat utilization is applied to the Suwa Red Cross Hospital in Suwa City, Nagano. The
energy plan of the hospital follows the energy policy suggested by the Suwa city government, which
includes sewage heat, geothermal and other waste heat. The effect of exploiting several kinds of
unutilized renewable energy (sewage heat, geothermal, etc.) is expected to reduce the CO2 emission

by 55%, which is compared to the existed system.

Table 1- 4 Suwa Red Cross Hospital project information

Begin time April, 2018 (scheduled)

Utilizing object Suwa Red Cross Hospital, new administration building
Utilizing type Heat source for air-conditioning

Execute company Cenergy Co.

Load condition 200 kW

Building floor area 21,272 m?

. .. Pipe diameter: 2,000 mm
Pipe condition .
Length of heat exchange pipe: 50 m

Heat exchange type Heat exchange pipe installed under the pipelines

Hot water supply system Gas boiler and water source heat pump

o Raw sewage water temperature:28°C
Utilizing heat temperature

Heat exchange temperature: 15~25°C

Water source heat pump  $150°C

Air conditioning
W15C —
2)
— B
(<
‘—..7
#10C #H45C NI +FslR
Sewage pipeline SIREHE

Suwa Red Cross Hospital, new
administration building
Heat exchange mat

28Chi#% Heat exchange pipe

Figure 1- 11 System diagram of Suwa Red Cross Hospital, new administration building [25]
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The application cases of sewage heat extracted from pipeline:

® York Benimaru supermarket

In Sendai City, a research project which related to sewage heat utilization is proposed by Sendai city
government and Sekisui Chemical Co., Ltd. The York Benimaru supermarket located at
Wakabayashi Ward, Sendai is one of the building that adopted the technique of exchanging sewage
heat from pipeline through the spiral heat exchanger. In this case, the sewage heat is applied to
provide the heat demand for hot water supply. Comparing the utility costs between former hot water
supply system and the existed sewage heat utilization system, after installing the sewage heat

utilization system, the utility costs can be cut down for about 360,000 yen per year (from 700,000

yen to 340,000 yen).

Table 1- 5 York Benimaru supermarket project information

Begin time

November, 2013

Utilizing object

York Benimaru supermarket

Utilizing type

Heat source for hot water supply

Execute company

Sekisui Chemical Co.

Load condition

Using temperature: 40°C
Using water volume: 4600 L/day

Pipe condition

Pipe diameter: 1,200 mm
Length of heat exchange pipe: 45 m
Sewage water level: 15%

Heat exchange type

Heat exchange pipe installed around the pipelines
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Figure 1- 12 System diagram of York Benimaru supermarket [25]
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The application cases of sewage heat utilization in Europe[25]:
The utilization of sewage heat was widely spread out in Europe; for instance, there are about 30
cases in Germany[32], and 80 cases in Swiss. Two cases in Germany is briefly introduced in the

following article.

® [KEA (furniture mall)

The sewage heat utilization system is adopted to an IKEA’s mall located in Berlin since 2010, and
its utilization at IKEA is applied to the air-conditioning system. In this case, the sewage water is
extracted to conduct heat exchange through double pipe heat exchanger. Comparing to the former
gas boiler system, the CO2 emission has been cut down for 1,270 ton per year by utilizing sewage

heat.

2y

Utilizing building
(IKEA)

e bt o5 T T Heat exchanger

g. gm—-z v (double pipe)
i

¥

Heat exchanger

Figure 1- 14 System diagram of IKEA [25]
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® Junior high school in Berlin

The case of utilizing sewage heat at a junior high school in Berlin was executed in 2006. Regarding
to the heat exchange type, the heat exchanger pipes were installed under the existing sewage pipeline
(Figure 1- 16) in front of the facility to conduct the heat exchange directly from sewage pipeline,

and utilized the sewage heat through water source heat pump.

Installation
place of heat
exchanger

Figure 1- 16 Image of installation place of heat exchanger [25]
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1.2 Literature review

The possibility of sewage heat utilization and its estimation methods have been discussed in some
previous researches. Several review papers highlighted different perspectives to estimate the sewage
flow rate, temperature, sewage heat and its utilization possibility. In this section, the previous studies
related to sewage heat utilization are narrated by two parts, the evaluation of sewage physical state

and the sewage heat utilization.

1.2.1  Evaluation of sewage physical state

At the former step of utilizing the sewage heat, it is necessary to quantify the sewage heat amount
retained in pipelines. Besides, in order to widely expand the utilization of sewage heat in urban area,
it is important to clarify the variation of sewage flow rate and temperature in sewage
pipelines[11,33]. However, such the databases are not completed, and still not clear, either. As for
the current research related to the sewage flow simulation model for regional scale[34], there are
still some possibility to improve the model to pursue the realistic situation. The previous studies and
issues related to the estimation of sewage flow rate and temperature are listed in the following

section.

(1) Estimation method of sewage flow rate and temperature in sewage trunk line[34]

In the study proposed by Takashi IKEGAMI, two models including sewage trunk line model and
district heating and cooling plant model were proposed. In this model, sewage temperature variation
after utilizing sewage heat and the minimum sewage flow rate which required for adoption of
sewage heat utilization in area cooling and heating plant has been analyzed. According to the sewage
trunk line model, the sewage flow rate and temperature were estimated at the target manhole which
sewage water flow in at the setting area, and the sewage amount was calculated basing on the water
consumption unit and building area. Besides, the distance between target manhole and the building
which installed the sewage heat utilization system was also considered in order to simulate the
usable sewage flow rate and temperature.

However, the model was limited to calculate the sewage flow rate in the main trunk sewer pipelines
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within the sewage treatment area without considering the possibility of sewage utilization in other
tributary pipelines. In addition, regarding to other sewage flow physical conditions, the sewage flow
velocity was assumed to be as a fixed value of 1 m/sec even the flow velocity is a crucial factor that
affect the calculation of flow rate. As for the estimation method of sewage temperature in the study,
the temperature was settled basing on the measurement data of Korakul-Chome, and the timely
sewage temperature variation trend was assumed to be as same in the whole study area, instead of
considering the regional individual differences which may make influence on sewage temperature.
According to the above, the accuracy of regional sewage flow rate and temperature estimation model

can be improved.

(2) Estimation method of sewage flow rate and temperature based on measurement data

MIKE et al. [35] performed actual measurements of sewage flow rate and temperature at some areas
in Osaka, Japan. Based on the measurement data, the research proposed an estimation model to
obtain the sewage flow rate and temperature at the manholes in study area. Specifically, the hourly
sewage flow rate was estimated by combining the daily integrated flow rate and the hourly variation
rate basing on measurement data. As for the sewage temperature, the regression analysis between
air temperature and sewage temperature are proposed in the study; however, the sewage temperature
is not only affected by the weather condition, but also directly affected by the building drainage.
Thus, when discussing the sewage temperature, it is essential to take the factor of building drainage
into consideration.

In this study, the measurement points were far away from each other which means the study was
conducted in a large scale that was difficult to accurately simulate the temperature and flow rate
variation in pipelines. In addition, the simulation objective was set as manholes instead of pipelines;
therefore, the variation of sewage water flow rate and temperature in pipeline between two manholes
were not able to be clarified through this model though the variation existed between two manholes
influenced by building wastewater, heat loss, etc. If the sewage physical features in pipelines are not
exactly clarified, while adopting sewage heat utilization system, it is possible to be over or

underestimated the utilizing potential.
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(3) Estimation method of sewage flow rate in large scale by GIS data

ICHINOSE et al. [18] proposed an estimation model basing on GIS system to analyze the spatial
consistency of heat demand and sewage heat in order to effectively reuse the unutilized heat
extracted from sewage pipelines in urban area. In this study, the position of the sewage pipelines
and sewage treatment facilities are located by 250 m mesh to clarify the distribution of sewage
pipeline system based on the coordinates of the sewage trunk lines and their connection. In order to
quantify the sewage heat retained in the area, the study conducted a simulation model to estimate
the sewage flow rate only for sewage trunk line, and the flow rate of each trunk line was estimated
at the end of the inflow area covered by each trunk line. The annual average of the hourly sewage
flow can be estimated at each joint mesh of sewage trunk lines. Regarding to the generated amount
of wastewater, it was calculated by the water consumption unit and building area, and all of the
generated amount of building wastewater was accumulated at the end of the inflow area covered by
same trunk line.

However, the sewage flow rate was only roughly estimated at the end of trunk line and the connected
point of trunk line in this study, the sewage flow rate of tributary pipelines was not taken into
consideration though the utilization possibility of sewage heat in tributary pipelines should not be
ignored. In addition, when making a plan of installing the sewage heat utilization system, the timely
variation of sewage flow rate is an important factor when simulating the equipment performance of
sewage heat utilization system; however, the estimation method of timely flow was still not clear.
Although there were several studies related to the estimation method of sewage flow rate and
temperature, most of them did not propose a sewage physical model which is closed to the realistic
status in pipelines. For instance, the influence from velocity, wastewater from buildings or even the
heat capacity of sewage water that may affect the retained heat in pipelines. Therefore, in order to
clearly grasp the sewage status in pipeline, a simulation model which considered the fluid physical
features and pipe features is essential to be constructed. According to the model, while making a
sewage heat utilization plan in an area without measurement data of flow rate or temperature, it can
provide the sewage physical status before conducting the simulation of sewage heat utilization

system.
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1.2.2  Sewage heat utilization

When concerning to the sewage heat utilization, the most important issue is to clarify the usable
amount and extracted amount that can obtain from sewage. According to the previous studies, the
simulation of the sewage heat utilization were discussed; however, most of the heat utilization
temperature difference was supposed to be a fixed value as 5°C[1,20]to calculate the sewage heat
utilization amount empirically, though the utilization temperature difference should be considered
depending on the practical factors such as building heat demand, operating performance of heat
source equipment, sewage physical state which are all unsteady.

In addition to the perspective of temperature difference of sewage heat utilization, there are
numerous of previous research discussed the possibility of sewage heat utilization from the aspect
of the heat source equipment and heat exchanger. For instance, the performance of the sewage source
heat pump is discussed under different inlet temperature range by field testing; as for the heat
exchanger, the application of different types of heat exchanger ware discussed to compare the heat
amount recovered from sewage[5,7,40—43,7,9,19,32,36-39].

However, these previous studies were mainly focused on the application of a single building instead
of evaluating the sewage heat utilization potential in an urban scale and did not concentrate on the
perspective of district sewage heat utilization strategies. Owing to the sewage heat is a kind of waste
heat that discharges from buildings all the time, it is regarded as a type of renewable energy with a
great amount of utilization potential. In order to maximize the using amount of sewage heat, it is
essential to extend the research objective from building scale to the area scale to evaluate the energy-
saving potential.

The previous research related to the sewage heat utilization is elaborated as below.

(1) Sewage heat utilization system in field testing

There are several previous studies proposed field testing of sewage heat utilization through
discussing the performance of the heat pump and the utilization effect of single to triple buildings.
However, these studies were almost concentrated on discussing the sewage heat utilization from the

aspect of the equipment, instead of the perspective of regional energy planning.
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Specifically speaking, MIKE et al. [6,37]proposed a field testing of sewage heat utilization system
in actual buildings to verify the availability of sewage heat and compared the simulation accuracy
of heat exchange amount, equipment performance which affected by sewage physical status and the
equipment operating capacity. In this study, the objective sewage heat utilization system was the
type that conducting heat exchange through extracting sewage water, which is the conventional
utilizing type usually adopted to the large-scale buildings. According to the study, the performance
of the actual equipment operating was verified through the field testing which was based on the
realistic building energy consumption, and the simulation accuracy of the hot water supply system
was verified as well. In addition, the performance of different kinds of heat exchangers were
compared and their merits and demerits are suggested in the study. The results of the experiment,
field testing and simulation proposed by the study are useful for other researchers when conducting
the related simulation, especially the setting conditions of the heat source equipment, heat
exchangers, etc.

However, as mentioned above, the sewage heat utilization system settled in the study was the type
it is essential to extract the sewage water to conduct heat exchange; therefore, the capacity of heat
exchange is limited by the sewage flow rate. Thus, this kind of utilization system is applied to the
district heating and cooling system or large-scale buildings which are located at the nearby area of
sewage treatment plant or pump station. As an aspect of drawing up the strategies for regional
sewage heat utilization, this conventional system may be difficult to widely exploited by more

buildings in the urban areas.

(2) The sewage heat utilization temperature difference

While evaluating the utilization potential of sewage heat, the sewage heat utilization temperature
difference is an important issue. The evaluation method of sewage heat utilization potential was
proposed by “Sewage heat utilization manual” published by Ministry of Land, Infrastructure,
Transport, Water management, Homeland preservation department. According to the manual, the
utilization temperature difference was defined to be as 5 degree to calculate the sewage heat utilizing
potential[1]. However, the utilization temperature difference is not proper to be determined as a

fixed value due to the value is affected by the sewage temperature fluctuation, performance of
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equipment, and building heat demand. Furthermore, the heat utilization efficiency may change
during different time period within a day due to the timely variation of heat demand and sewage
status.

In order to promote greater use of sewage heat utilization system, MIKE et al.[44] proposed a study
related to the estimation of available heat based on temperature of sewage water on treating process.
The potential was calculated by the utilization temperature difference, and the temperature
difference was assumed to be limited by the minimum inflow sewage temperature at sewage plant.
In this study, several buildings located from upstream to downstream were appointed to install the
sewage heat utilization system, after these buildings extracted sewage heat, the variation of the
potential within the area is shown as the result. However, the simulation did not perform a model to
clarify the variation of sewage temperature during the sewage flow process in pipelines which may
make influence on the feasibility of sewage heat utilization. Therefore, it is essential to suggest a
model based on grasping the temperature variation in pipelines for recognizing the sewage
temperature is proper to extract or not, and furthermore make sure the usable amount of sewage heat.
Regarding to the sewage heat utilization, most of the simulation and field testing focused on the
objective of single building; as for urban scale, however the general utilizing strategy and the
estimation method has been suggested, there is still lack of regional simulation model which can
reflect the actual variation after the sewage heat is extracted by different conditions of buildings or
different utilization parameters.

Briefly speaking, the regional simulation model of sewage heat utilization potential is expected to
simulate the case that sewage heat is not only utilized by a single building but several buildings

located at the nearby area, and then eventually proposed the regional energy-saving potential.
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1.3 Research objective

According to the research background and the unresolved issues mentioned in the previous studies,
the research related to sewage heat utilization can still be improved. Especially, it is necessary to
develop a regional simulation model for clarifying the sewage heat utilization potential in an urban
scale.

In this study, we aim at suggesting an estimation methodology and judging criteria for evaluating
the sewage heat utilization potential, recommended utilization objects, and suitable layout of
building distribution in a regional scale (Figure 1- 17). Moreover, it is able to propose the optimal

strategy for utilizing regional sewage heat based on the methodology.

Recommended
o Unrecommended
Residential
B office Building l I
Commercial Building ./
—— Sewage Pipeline l

Figure 1- 17 Diagram of research purpose

An urban sewage state prediction model (Figure 1-18) is proposed in the study, which can predict
the sewage state without measurement data, and conducting the regional simulation for evaluating
the sewage heat utilization potential in order to make the regional optimal utilization of sewage heat.
The urban sewage state prediction model is able to simulate the whole circulation from the energy
supply side to the demand side, which including sewage physical model and sewage heat utilization
system model. The two models are both established from the perspective of the urban energy
utilization and were related to the features of heat rejection, energy demand, and heat utilization

types of different building types.
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Urban Sewage State Prediction Model
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Figure 1- 18 Urban sewage state prediction model

With regards to the sewage physical model, the characteristics of the sewage pipeline, such as pipe
materials, size, and the physical properties of the fluid were all taken into consideration. As for the
sewage heat utilization system model, it was based on the heat demand of different building types,

the performance of heat source equipment, and the heat exchanger model to calculate the outlet
temperature which makes an influence on the sewage temperature after utilizing the sewage heat.
Through the urban sewage state prediction model proposed in the study, the timely variation of
sewage state in pipelines can be simulated at the step before and after utilizing sewage heat
simultaneously. Furthermore, the model can be applied to the area as long as certain statistical
databases are prepared, the measurement data of sewage flow rate and temperature are not essential
in this model; therefore, the estimation method can be adapted to not only existed areas but new
areas which are still under planning. In addition, through the urban sewage state prediction model,
it is able to clarify the buildings which are recommended to utilize the sewage heat efficiently, and
can thus draw up a suitable district energy utilization plan. The points that this research intends to

clarify are listed as follows:

(1) To detailed clarify the amount of retained heat, the variation of sewage flow rate, and

temperature in sewage pipelines, a theoretical sewage physical model is developed at the step
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)

©)

(4)

(%)

(6)

before extracting the sewage heat.

To detailed simulate the sewage physical state, the discrete-time and space steps are applied to
perform the simulation which is similar to the fluid features.

To verify the properness of the theoretical sewage physical model, the model is verified by the
measurement data in an actual area.

To simulate the sewage heat utilization under different building conditions, a sewage heat
utilization system model is constructed based on the heat demand side.

To clarify the sewage temperature variation and the energy-saving potential after utilizing the
sewage heat, the simulation is conducted under several different scenarios.

To propose the strategy for the optimal utilization of sewage heat in urban areas, the simulation
under different setting parameters and scenarios are conducted to compare the utilization

potential.
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1.4 Originality of this study

According to the current situation of sewage heat utilization for a regional scale, as mentioned in
the research background, it is known that the sewage heat utilization method of directly recovering
heat through the sewage pipelines has been widely applied to several large scale projects in Europe
and China. For the purpose of drawing up an efficient regional energy plan for utilizing sewage heat,
an evaluation method for clarifying the regional sewage heat utilization potential is necessary.

The study suggested an estimation method and criteria for evaluating the sewage heat utilization
potential in order to make the regional optimal utilization plan for sewage heat; in addition, the
evaluation methodology is able to determine the proper buildings which are the priority one to be
recommended for utilizing the sewage heat based on building features such as building types and
spatial distribution in the urban area.

According to the urban sewage state prediction model proposed in the study, the timely variation of
sewage state in pipelines can be simulated at the step before and after utilizing sewage heat;
furthermore, the model can be applied to the area as long as certain statistical data is prepared, the
measurement data of sewage flow rate and temperature are not essential for the model; therefore,
the estimation method can be adapted to not only existed areas but new areas which are still under
planning. Specifically speaking, from the perspective of reducing the environmental load and energy
saving in the urban area, the optimal strategies for sewage heat utilization proposed in this study can
be applied to urban planning when drawing up the regional energy utilization plan for a new area

which is still under developing.

1.5 Thesis structure

This study consists of seven chapters, and the configuration of the study is shown in Figure 1- 19.
In chapter 1, the research background, literature review, purpose, and the structure of this study were
presented.

In order to clarify the sewage physical features and sewage heat utilization method, the sewage
physical model and sewage heat utilization system model were respectively established in chapter

2 and chapter 4, which was called the urban sewage state prediction model (Figure 1- 18).
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In chapter 2, the sewage physical model is constructed to simulate the sewage physical state. The
sewage physical model can be mainly separated into two parts, the partially full pipe sewage flow
model, and the generated amount of sewage water and its temperature. The variation of sewage flow
rate and temperature in pipelines can be simulated through the theoretical model.

In chapter 3, the sewage physical model is verified by the measurement data in an actual area. In
this chapter, the simulation results of sewage flow rate, sewage temperature, and velocity are
compared to the measurement data and the designed value.

In chapter 4, the sewage heat utilization system model is constructed based on the aspect of the heat
demand side, including building types, the performance of heat source equipment, and the heat
exchanger model. The outlet temperature which affects the sewage water temperature after utilizing
the sewage heat can be simulated by the model. In addition, the energy consumption including the
sewage heat utilization system and the backup system is calculated.

In chapter 5, the application of the urban sewage state prediction model is applied to an actual urban
area. According to the sewage physical model, the regional timely sewage state is simulated in order
to clarify the sewage physical condition of each pipeline in the study area. Based on the simulated
sewage condition, the sewage heat utilization system model is integrated to conduct the simulation
of regional sewage heat utilization potential through several scenarios.

In chapter 6, in order to propose the strategy for the optimal utilization of sewage heat in urban areas,
the simulation under different setting parameters and scenarios are conducted to discuss the
utilization potential. Moreover, the recommended buildings and proper layout of building
distribution for utilizing sewage heat can be clarified through analyzing the simulation results.

The conclusion and the brief findings obtained in this research are summarized in chapter 7, and the

future works are described in the chapter as well.
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Chapter 1 Introduction

* Research background
* Literature review

* Research purposes

*  Structure of the thesis

Chapter 2 Sewage physical model

¢ Generated amount of sewage water and temperature
*  Specific heat capacity of sewage water
*  Variation of sewage flow rate and temperature in sewage pipeline
* Amount of heat retained in sewage pipeline * System type (Sewage heat utilization system and backup system)
l *  Building heat demand
*  Performance of heat pump and heat exchanger

Chapter 4 Sewage heat utilization system model

Chapter 3 Verification of sewage physical model

* Integration of the measured data and application area
* Building and sewage pipeline information of the area
*  Verification result

Chapter 5 Application of urban sewage state prediction model

* Integration of the regional building and pipeline information
* Simulation result of different scenario

Chapter 6 Case studies for utilization potential of district sewage heat

* Influence of different parameters on district sewage heat utilization potential
* The optimal strategy of district sewage heat utilization

Chapter 7 Conclusion

*  Conclusion and future work

Figure 1- 19 Structure of the thesis



Introduction — 32

Reference

[1]

(2]

[3]

[4]
[5]

[6]

[7]

8]

[9]

[10]

[11]

[12]

[13]

Ministry of Land, Infrastructure, Transport W management -H preservation department SD.
Sewage heat utilization manual. 2015.

Schiel K, Baume O, Caruso G, Leopold U. GIS-based modelling of shallow geothermal energy
potential for CO2 emission mitigation in urban areas. Renew Energy 2016;86:1023-36.
https://doi.org/10.1016/j.renene.2015.09.017.

Suzuki K, Tsuji N, Shirai Y, Hassan MA, Osaki M. Evaluation of biomass energy potential
towards achieving sustainability in biomass energy utilization in Sabah, Malaysia. Biomass and
Bioenergy 2017;97:149-54. https://doi.org/10.1016/j.biombioe.2016.12.023.

Ministry of Economy T and | (METI). Long-term Energy Supply and Demand Outlook. 2015.
Tian L, Chen XD, Yang QP, Chen JC, Li Q, Shi L. Effect of silica dioxide particles on the
evolution of biofouling by Bacillus subtilis in plate heat exchangers relevant to a heat pump
system used with treated sewage. Chem Eng J 2012;188:47-56.
https://doi.org/10.1016/j.cej.2012.02.004.

MIKE M, SAWABE K, KAWAI H, SEGAWA Y, WAKITA S, NAKAO M, et al. Study of
sewage heat utilization and heat interchange system that utilizes a network of sewer line in
urban areas : Case study of sewage heat utilization and heat interchange system and the method
for matching possibility of sewage heat utilization. Techinical Pap Annu Meet Soc
Heating,Air-Conditioning Sanit Eng Japan 2012;2012.1:857-60.
https://doi.org/10.18948/shasetaikai.2012.1.0_857.

Tian L, Chen XD, Yang QP, Chen JC, Shi L, Li Q. Effect of calcium ions on the evolution of
biofouling by Bacillus subtilis in plate heat exchangers simulating the heat pump system used
with treated sewage in the 2008 Olympic Village. Colloids Surfaces B Biointerfaces
2012;94:309-16. https://doi.org/10.1016/j.colsurfb.2012.02.015.

Hasegawa K, Muraki M. Effectiveness of Development Control with Sewage Heat Recovery
DHC. J City Plan Inst Japan 2013;48:573-8.
https://doi.org/https://doi.org/10.11361/journalcpij.48.573.

Hepbasli A, Biyik E, Ekren O, Gunerhan H, Araz M. A key review of wastewater source heat
pump (WWSHP) systems. Energy Convers Manag 2014;88:700-22.
https://doi.org/10.1016/j.enconman.2014.08.065.

MIKE M, NABESHIMA M, NISHIOKA M, SAWABE K, NAKAO M, KANJO Y. Proposal
for Estimating Sewage Flow on Sunny Days in Sewer Line using Sewage Heat. Trans Soc
Heating,Air-Conditioning Sanit Eng Japan 2014;39:47-55.
https://doi.org/10.18948/shase.39.204_47.

Cipolla SS, Maglionico M. Heat recovery from urban wastewater: Analysis of the variability of
flow rate and temperature. Energy Build 2014;69:122-30.
https://doi.org/10.1016/j.enbuild.2013.10.017.

Mufpz M, Garat P, Flores-Aqueveque V, Vargas G, Rebolledo S, SepUveda S, et al.
Estimating low-enthalpy geothermal energy potential for district heating in Santiago basin-
Chile (33.5<5). Renew Energy 2015;76:186-95.
https://doi.org/https://doi.org/10.1016/j.renene.2014.11.019.

Meggers F, Leibundgut H. The potential of wastewater heat and exergy: Decentralized high-
temperature recovery with a heat pump. Energy Build 2011;43:879-86.



Introduction — 33

[14]
[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

[29]

[30]

[31]

https://doi.org/10.1016/j.enbuild.2010.12.008.

Agency IE. Data and Statistics 2015:13-27. https://www.iea.org/.

Energy agency for natural resources and. proposal for the unutilized renewable energy 2007.
Kinouchi T, Yagi H, Miyamoto M. Increase in stream temperature related to anthropogenic
heat input from urban wastewater. J Hydrol 2007;335:78-88.
https://doi.org/10.1016/j.jhydrol.2006.11.002.

MIKE M, NABESHIMA M, NISHIOKA M, SAWABE K, NAKAO M, KANJO Y. The
Evaluation of Sewage Temperature and Flow Rate for Estimating Sewage Temperature and
Flow Rate in Sewer Line. Trans Soc Heating,Air-Conditioning Sanit Eng Japan 2014;39:11—
21. https://doi.org/https://doi.org/10.18948/shase.39.202_11.

Ichinose T, Kawahara H. Regional feasibility study on district sewage heat supply in Tokyo
with geographic information system. Sustain Cities Soc 2017;32:235-46.
https://doi.org/10.1016/j.5¢s.2017.04.002.

Alekseiko LN, Slesarenko V V., Yudakov AA. Combination of wastewater treatment plants
and heat pumps. Pacific Sci Rev 2014;16:36-9. https://doi.org/10.1016/j.pscr.2014.08.007.
IKEGAMI T, Aramaki T, Hanaki K. LIFE CYCLE INVENTORY ANALYSES FOR C0O2
EMISSION AND COST OF DISTRICT HEATING AND COOLING SYSTEMS USING
WASTEWATER HEAT. Doboku Gakkai Ronbunshuu G 2008;64:107-22.
https://doi.org/https://doi.org/10.2208/jscejg.64.107.

National Institute for Land and Infrastructure Management Ministry of Land, Infrastructure T
and T. .” B-DASH Project No. 5, Guideline for introducing utilization of heat from sewage
with a pipeline-based heat recovery technology". Technical note of National Institute for Land
and Infrastructure Management. 2014.

Combined Sewer Overflows\nDemographics n.d.
https://en.wikipedia.org/wiki/Combined_sewer.

Geographic N. GIS ( Geographic Information System ) n.d.
https://www.nationalgeographic.org/encyclopedia/geographic-information-system-gis/.
IKEGAMI T, ARAMAKI T, HANAKI K. CO2 EMISSION REDUCTION POTENTIAL AND
COST OF DISTRICT HEATING AND COOLING SYSTEMS USING WASTEWATER
HEAT IN TOKYO 23 WARDS. Doboku Gakkai Ronbunshuu G 2009;65:114-29.
https://doi.org/https://doi.org/10.2208/jscejg.65.114.

Ministry of Land, Infrastructure T and T. Proposal of sewage heat utilization. 2016.

Wanner DJD and O. TEMPEST (computerprogram for the simulation of the wastewater
temperature in sewers) n.d.

DUrenmatt DJ, Wanner O. Simulation of the wastewater temperature in sewers with
TEMPEST. Water Sci Technol 2008;57:1809-15. https://doi.org/10.2166/wst.2008.291.
Rong WU, De SUN, Cheng Z, Guang MA. Application and progress of urban wastewater as a
cool and heat source 2006;38:6-9.

Zhang Chenghu, Sun Dexing, Wu Ronghua ZZ. Summary on air conditioning design of urban
sewage source heat pump systems. HV&AC 2008;38:67-71.

XU Meng, XU Ying SD xing. Chief Technology and Project Practice of Urban Sewage Heat
Pump. ENERGY Conserv Technol 2009;27:74-7.

Zhang C, Zhuang Z, Sun D. Design generalization of urban sewage source heat pump heating
and air conditioning engineering. Proc - 3rd Int Conf Meas Technol Mechatronics Autom



Introduction — 34

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

ICMTMA 2011 2011;1:926-9. https://doi.org/10.1109/ICMTMA.2011.232.

Alnahhal S, Spremberg E. Contribution to Exemplary In-House Wastewater Heat Recovery in
Berlin, Germany. Procedia CIRP 2016;40:35-40. https://doi.org/10.1016/j.procir.2016.01.046.
MIKE M, NABESHIMA M, NISHIOKA M, SAWABE K, NAKAO M, KANJO Y. the
evaluation of sewage temperature and flow rate for estimating sewage temperature and flow
rate in sewer line. Techinical Pap Annu Meet Soc Heating,Air-Conditioning Sanit Eng Japan
2013.

IKEGAMI T, ARAMAKI T, Keisuke HANAKI. EFFECTS OF ENVIRONMENTAL LOAD
REDUCTION BY STRATEGIC IMPLEMENTATION OF DISTRICT HEATING AND
COOLING SYSTEMS USING WASTEWATER HEAT. Environ Syst Res 2005;33:343-54.
https://doi.org/https://doi.org/10.2208/proer.33.343.

MIKE M. The study on feasibility method on the use of sewge heat recovery system from
sewer line networks considering the energy conservation potential and thermanl supply and
demand. 2014.

Liu Z, Ma L, Zhang J. Application of a heat pump system using untreated urban sewage as a
heat source. Appl Therm Eng 2014,62:747-57.
https://doi.org/10.1016/j.applthermaleng.2013.08.028.

SEGAWA Y, MIKE M, SAWABE K, NISHIOKA M, NABESHIMA M, NAKAO M.
Experiments on heat transfer rate of heat exchangers for wastewater heat recovery Basic study
on heat transfer rate of sewage pipe peripheral wall heat exchanger. Techinical Pap. Annu.
Meet. Soc. Heating,Air-conditioning Sanit. Eng. Japan, 2013, p. 27-30.
https://doi.org/https://doi.org/10.18948/shasetaikai.2013.10.0_225.

Culha O, Gunerhan H, Biyik E, Ekren O, Hepbasli A. Heat exchanger applications in
wastewater source heat pumps for buildings: A key review. Energy Build 2015;104:215-32.
https://doi.org/10.1016/j.enbuild.2015.07.013.

Song J, Liu Z, Ma Z, Zhang J. Experimental investigation of convective heat transfer from
sewage in heat exchange pipes and the construction of a fouling resistance-based mathematical
model. Energy Build 2017;150:412-20. https://doi.org/10.1016/j.enbuild.2017.06.025.

Ni L, Tian J, Shen C, Zhao J. Experimental study of the separation performance of a novel
sewage hydrocyclone used in sewage source heat pump. Appl Therm Eng 2016;106:1300-10.
https://doi.org/10.1016/j.applthermaleng.2016.06.093.

Tassou SA. Heat recovery from sewage effluent using heat pumps. Heat Recover Syst CHP
1988;8:141-8. https://doi.org/10.1016/0890-4332(88)90006-3.

Funamizu NA, lida M, Sakakura Y, Takakuwa T. Reuse of heat energy in wastewater:
Implementation examples in Japan. Water Sci Technol 2001;43:277-85.
https://doi.org/10.2166/wst.2001.0640.

Baek NC, Shin UC, Yoon JH. A study on the design and analysis of a heat pump heating
system using wastewater as a heat source. Sol Energy 2005;78:427-40.
https://doi.org/10.1016/j.solener.2004.07.009.

Cui L, Nabeshima M, Nishioka M, Nakao M. study of sewage heat utilization and heat
interchange system that utilizes a network of sewer line in urban areas (part 14 study of sewage
heat amount available). vol. 10, 2014.

Society of Heating, Air-conditioning and Sanitary Engineers of Japan : Air Conditioning
Sanitation Engineering Handbook. vol. 4. 14th ed. 2010.



Introduction — 35

[46]

[47]
[48]
[49]

[50]
[51]

[52]

[53]

[54]

[55]
[56]
[57]
[58]
[59]
[60]

[61]

[62]
[63]

TAKATA H, MURAKAWA S. A STUDY ON THE CALCULATING METHOD FOR COLD
AND HOT WATER SUPPLY DEMANDS IN APARTMENT HOUSES BY THE MONTE
CARLO SIMULATION TECHNIQUE. J Environ Eng (Transactions AlJ) 2004;69:39-45.
https://doi.org/https://doi.org/10.3130/aije.69.39_1.

Shoji K. Books of sewer system 2018.

Components of sewer system n.d. https://www.ladpw.org/landing/wr/sewer/wwCollection.cfm.
Sewage ledger of OSAKA 2020:2020.
https://www.gesuikanro.city.osaka.lg.jp/emap/html/bbs/gmap.jsp.

Technology WU of. Drainage engineering. 2006.

Manning R. On the flow of water in open channels and pipes. Trans Inst Civ Eng Irel
1891;20:161-207.

Chiang K-Y. Review and evaluation of urban sewage sludge conversion energy technology.
Ind Pollut Prev 2014;128.

INSTITUTE EIl. Composition of Sewarage Sludge 2020.
http://www.eic.or.jp/ecoterm/?act=view&serial=724.

MOROHASHI Y, YAMANE R, Namioka T, YOSHIKAWA K. A Study on Improvement of
Dehydration Performance of Sewage Sludge by the Hydrothermal Treatment. Trans Japan Soc
Mech Eng 2008;74.

Li W, Zhang Q, Luo X, Chen X. New Method of Flow Measurements Based on CFD for
Partially Filled Pipe 2019;164:49-53. https://doi.org/10.2991/mmssa-18.2019.12.
Demonstration of sewage heat utilization system installed in small and medium diameter
pipeline. 2013.

ASSOCIATION JDHC. Japan District Heating and Cooling Association: District Heating and
Cooling Handbook. 2013.

Corporation MM. Catalog of water source heat pump. 2016.

SEKISUI CHEMICAL CO. L. Proposal of heat exchanger installed inside the pipeline. 2017.
Wikipedia. NTU method n.d. https://en.wikipedia.org/wiki/NTU_method.

Government TM. Annual Report on Technical Research & Development Bureau of Sewerage.
vol. 40. 2016.

Mitsuhiro U. Air conditioning calculation method by computer. 1986.

Base, Engineered Software Knowledge J. Difference Between the Effectiveness-NTU and
LMTD Methods 2020:1-15.



Sewage physical model — 36

Chapter 2: Sewage physical model



Sewage physical model — 37

Chapter 2: Sewage physical model

2.1 Introduction and objective

The purpose of chapter 2 is to build up a theoretical physical model which is close to the realistic
situation of sewage pipeline in order to clarify the sewage physical state in sewage pipelines at the
step before exploiting the sewage heat utilization system.

The sewage physical model proposed in this study integrates the GIS data of polygon data for
sewage network coordinates, the raster data for building types and areas in order to know in detail
the spatial distribution of sewage pipeline networks and buildings. In addition, combining the
statistical data[35,45,46] as input data for conducting the simulation of sewage flow rate,
temperature, and the heat retained in pipelines. For instance, the essential data used for entering into
the model including basic pipeline information (pipe length, size, material, GIS coordinate),
building information (building type, floor area, GIS coordinate), the original unit of water
consumption, etc. The main factors that affect the quantity of heat retained in sewage pipelines are
the variation of flow rate and temperature; therefore, it is essential to clarify the variation of these
two factors.

According to the sewage physical model, the generated amount of sewage water and its temperature
which included the timely drainage from all types of buildings, rainwater and water from upstream

pipelines can be calculated.
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2.2 Overview the structure of sewage physical model

Regarding the composition of sewage physical model, it can be mainly separated into two main
parts. As shown in Figure 2- 1, first of all, a prediction model for calculating the generated amount
and temperature of the wastewater origins is proposed. The calculation result of wastewater
generated amount and temperature act as input databases to conduct the simulation of sewage
physical state variation in pipelines. Secondly, the variation of physical features such as sewage
flow rate, temperature and velocity in pipelines are simulated depends on the theory formulas which
are adopted to the partially full pipe model. At the final step, the variation of sewage flow rate,
temperature, and the retained heat in pipelines can be clarified. Each of the simulation subsystem is

elaborated in the following subsections.
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Figure 2- 1 Image of sewage physical model
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2.3 Composition of sewer system

At the former step of depicting the sewage physical model, the composition of the sewer system and
the main components related to the research are introduced briefly in this chapter to clarify their

function and role in the sewer system.

2.3.1  Terms definition of sewer system

The sewer system is composed of many components (Figure 2- 2), the function of the main

components and their definition are described to clarify their roles in the model[47].

®  Regional trunk line

The regional trunk line is an underground sewer pipeline or tunnel system for transporting sewage
to treatment facilities or disposal which collected the sewage from tributaries of the nearby area
including residential area, commercial area, etc. Generally speaking, the diameter of trunk lines is
above 1 meter due to its primary role is to transport the massive amount of sewage.

The recent studies of sewage heat utilization used to put focus on trunk lines as study objective due
to their massive flow rate and steady sewage temperature; however, comparing to the tributaries,
the trunk lines are usually far from the heat demand side.

® [ ocal main sewer line

The local main sewer line is the tributary that mainly collects building drainage in the nearby area,
and then subsequently aggregates sewage to the trunk line. The design of local main sewer line is
determined by the drainage population and area; generally, the pipeline diameter is in the range of
0.1 meter to 1 meter, the sewage flow velocity is normally designed to be as 0.6 m/sec to 1.5 m/sec,
and the maximum design velocity is acceptable to 3 m/sec.

®  Manhole

A manbhole is an opening to access the sewage pipelines; besides, it usually acts as a buffered space
in case of a dramatic increase of sewage flow rate. According to the sewerage ledger, a sewage
pipeline is divided by two manholes, and the features such as diameter, slope and material of the

pipeline between the two manholes are the same. In this study, only pipelines are set to be the study
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objective, the impact of the manhole is ignored.

®  Private service lateral

The building wastewater is draining to the public sewage pipelines through the private service
laterals. According to the sewerage ledger, the allocation of private service laterals and the flow-in
position to the sewage pipeline are not revealed in detail, only the rough area flow direction is shown.
In this study, while constructing the estimated model of sewage origins related to building drainage,

the flow-in position of building wastewater is set to be as the nearest section of the pipeline.

BUSINESS
Grease Trap Cleanout
== Manhole
RESIDENCE
Private
Service

cleanott Laterals \

Local Main
Sewer Line

- Manhole -
3

——]
Regional
Trunk Line Wastewater
Sewer Treatment

Plant

Figure 2- 2 Components of sewer system[48]

2.3.2 Components of sewage pipeline network and sewage ledger

The major components of public sewer system including trunk lines, tributaries, manholes, and the
private part including private service laterals, grease traps. According to the sewage ledger released
by the metropolitan sewage bureau[49], the basic information of public sewer system such as
pipeline and manhole are shown in the online GIS map, which includes pipe and manhole number,
pipe length, pipe diameter, shape, material, bed slope of pipeline, and the flow direction (Figure 2-
3). Basing on the information, we can realize the critical conditions related to the simulation of

sewage flow physical model; for instance, pipe diameter and pipe slope are the main impact factors
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of flow velocity and flow rate. Besides, the pipe slope can be positive or minus numbers which lead
to the different calculation method of flow rate and sewage volume which will be described in the

later section.
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Figure 2- 3 Synopsis of sewage ledger [49]

2.3.3  GIS information of pipeline network and buildings

In this study, for clarifying the spatial relationship and distribution of pipelines and buildings, it is
essential to build up the spatial distribution map of the study area basing on the GIS data of sewer
system and building GIS data (Figure 2- 3). Specifically speaking, by inputting the coordinate
information obtained from GIS data, the program proposed by the study is able to draw up the
distribution graph and recognizing the connection of pipeline through upstream to downstream in
advance; afterwards, the layout of pipelines and buildings can be connected to conduct the regional

simulation. With regards to the building information, all of the essential data for conducting the
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simulation are provided in the building GIS file; for instance, building location, building type, floor

area, and coordinate (Figure 2- 4)
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2.4 Prediction model of generated amount of wastewater and temperature

At the former step of simulating the sewage physical conditions, it is essential to construct the
prediction model to estimate the water amount and temperature of wastewater origins. The

subsystem of the simulation model is elaborated in the following section.

2.4.1  Origins of sewage

The research objective of the sewer system is determined to be the combined sewer system which
currently takes account for the majority. The origins of sewage in the combined sewer system are
composed of building drainage and rainwater. With regards to the building drainage, it is generated
by residential, institutional, commercial and industrial establishments which include household
waste liquid from toilets, baths, showers, kitchens, and sinks draining into sewers[47].

In this study, the building types are classified into five types including residence, office, hospital,

hotel, and retail. The building drainage from all types of buildings is taken into consideration.
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2.4.2  Simulation subsystem of sewage origins

The sewage physical model proposed in this study focused on the scale from a single pipeline
between two manholes to the whole area which includes several connected pipelines. Basing on a
simple single pipeline, we analyzed the composition of sewage sources and the timely variation of
sewage physical state through the finite difference method that a pipeline is segmented into tiny
intervals. According to Figure 2- 5, the origins of sewage are defined to be composed of three
sources, water from upstream pipelines, rainwater, and drainage from buildings, the generated

amount of each part is calculated respectively.

% "'I;:-

moees |
m =y A

o =l L

Building drainage

Figure 2- 5 Composition of sewage water

In regard to the part of building drainage, referring to the actual situation, the building drainage is
designed to discharge into the nearest sewer branch; therefore, we set up a model which can
recognize the location of buildings and pipelines by GIS data to determine which segmentation of
pipeline is the inflow point for the drainage of each building supposed to flow in; besides, the setting
condition related to building wastewater path is described in the simulation subsystem of building
drainage in detail.

The generated amount of sewage water from the three sources is calculated by the following
subsystems, and then combining into the simulation of sewage physical conditions through the

partially full pipe sewage flow model at the meanwhile.
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O  Water from upstream pipelines

The flow rate and temperature of sewage water flow in from upstream is calculated by Eq. (1)~(2),
which all the converging pipelines have been taken into consideration. In this study, all the
wastewater from upstream pipelines is assumed to be assembled into a single source called “Gin”,
which is regarded as integrated inflow fluid before flowing into the downstream connected pipeline.
In the following equations, the calculation time step is represented by superscript, and the spatial

step is represented by subscript.

k
t t
Ginn = Z Goutn_llj Eq. (1)
=1

K t t
T. t _ Z]zl (Goutn_llj X Toutn_llj)

inp k t
j=1 Goutn_llj

Eq. (2)

Where G;, is the flow rate of sewage water flow in from upstream pipe (m3/sec), G,y is the
outflow rate (m3/sec), T;, is the temperature of sewage water flow in from upstream pipe (°C),
Toye 1s the temperature of sewage water flow out from upstream pipe (°C), tis the time (sec), and
n is the pipe number, n-/ is the upstream pipelines adjacent to pipe n, £ is the numbers of

converging pipelines.
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@ Rainwater

The calculation of rainwater is affected by the following factors such as precipitation patterns,
rainwater penetration rate of different kinds of ground materials, etc. To reasonably estimate the
rainwater amount which is possible to make influences on sewage heat, the theory formula for
rainwater estimation is adopted in this study (Eq. (3)~(4))[45]. The rainwater flow-in rate can be
estimated by the rainwater flow-out coefficient, rain-fall intensity, and rainwater discharge area'?).
According to the model, the rainwater flow-in rate was assumed to be calculated at only each
manhole, and the rainwater temperature is assumed to be same as tap water temperature, which is

related to the air temperature.

t

Grainm = % XCXIX Adischarge Eq. (3)

Trainfn = Teota Eq. (4)

Where C is the rainwater flow-out coefficient (Table 2- 1), is the rain-fall intensity (mm/hr),
Agischarge 18 the rain water discharge area (ha), m is the manhole number (The rain water is only
happened at the initial manhole adjacent to pipe n), Ty4in is the rain water temperature (°C),

T.o1a 1s the supply water temperature (°C).

Table 2- 1 Standard of rainwater flow-out coefficient[45]

Areatype Runoff coefficients Areatype Runoff coefficients
Road 0.8~0.9 Residential and Commercial premises 0.80
Roof 0.85-0.95 Residence with gardens, industrial district 0.65
Water surface 1 Detached house 0.5
Ground 0.10~0.30 Suburb district 0.35
Park 0.05~0.25
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@  Drainage from buildings

The estimation of building drainage amount and temperature is calculated by timely building
drainage flow rate and temperature model proposed by the study which is based on the statistical
data including original unit of water consumption, using ratio of hot and cold water. In this study,
the building type is classified into five types, residence, office, retail, hotel, and hospital, which the
classification criteria is congruence with the statistical data of original unit of water
consumption[35].

Regarding to the original unit of water consumption, the existed statistical data is the value of each
hour; however, in order to conduct the simulation that meets the fluid characteristics with proper
calculation time interval, the hourly data is interpolated into second.

Referring to the sewage ledger released by the metropolitan sewerage bureau, the specific inflow
position of building drainage is not shown in the sewage ledger. Therefore, at the former step of
simulating the building drainage, it is essential to clarify the position of where the building
wastewater flows in; in the other words, the connection node from the private service laterals to
local sewer line should be set as a reasonable condition to conduct the simulation.

According to the previous research[35], the flow-in point of building drainage was assumed to be
as flowing into the nearest manhole instead of the pipeline; however, the setting is not similar to
reality. In this study, the building drainage is assumed to flow into the nearest pipeline. Owing to a
pipeline is segmented into several sections in the model proposed by the study, the drainage amount
and temperature that flows into the same section of sewage pipeline is aggregated from all types of
building drainage that connected to the same pipeline section. Therefore, the simulation of sewage
flow rate and temperature may be closer to the actual situation that affected by building drainage.
As shown in the simulation process of building drainage flow rate and temperature (Figure 2- 6),
according to this model, the using water volume and temperature of buildings are first calculated,

and the using and drainage time is assumed to be simultaneous.
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Timely building drainage flow rate and temperature model
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Figure 2- 6 Timely building drainage flow rate and temperature model

Based on the using temperature and the heat loss in the pipeline connected from building to sewage
pipeline, the drainage temperature can be calculated (Eq. (5)~(9)). Specifically, the heat loss is
calculated through the distance between the building and the sewage pipeline, in which the distance

is estimated through the coordinate of building and pipeline.

t _ t t t t t
Gwaste,totaln - Guse,Residencen + Guse,officen + Guse,Retailn + Guse,Hospitaln + Guse,Hoteln Eq. (5)
t _ t t t t t t
Tuse,totaln - (Guse,Residencen X Tuse,Residencen + Guse,Officen X Tuse,Officen + Guse,Retailn X Tuse,Retailn E (6)
t t t t t q
+ Guse,Hospitaln X Tuse,Hospitaln + Guse,Hoteln X Tuse,Hoteln)/Gwaste,totaln
t _ t t

Qloss,ln - [Ksewage X (Tuse,totaln - Tsoil) X lwater + Kai‘r X (Tuse,totaln - Tai‘r) X lair] X LB £q. (7)
L = Cpaste X x (T LT L)% G ' Eq.(8
Qloss,ln — “waste Pwaste usetotal waste,total,, waste,total q. ()

t

Qloss 1

t _ t n

Twaste,totaln = luse,total,, — C G 3 Eq.(9)
waste X Pwaste X waste,total,

The calculation of building using water volume and temperature are separated into two main types
in the study, residence and the building types except residence (Figure 2- 6). The drainage amount
and using temperature of residence is calculated by the using water volume, daily using frequency,

hourly using ratio of each water using behavior, and hot and cold water using ratio [46] (Eq.

(10)~(17)).
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9

Guse,Residencef1 = Z Guse,i(t) X AResidence,n Eq. (10)

i=1
Guse,i(t) = Gagy,i X Ni X fi(0) Eq. (11)
Guse,i(t) = Geoia,i(€) + Gpog,i(£) Eq. (12)
Gcold,i(t) :Guse,i(t) X Teold,i Eq. (13)
Ghrot,i (t) =Guse,i(t) X Tho,i Eg (14)
Teotd,i + Thot,i = 1 Eq. (15)

Geora,i(t) X Teorq + Grot,i(€) X Thop

Tuse,i(t) =
use,i Geota,i(t) + Gpop,i (t)
T, i @®) = Z?:l Gcold,i(t) X Teola + Z?:l Ghot,i(t) X Thot
use,Residence ?:1 Gcold,i(t) + Z?zl Ghot,i(t)

Where Gyse resigence 1S the total using water volume of residence (m3®/hr.m?), Gy, ; isthe using
water volume of different behavior (m3/hr), Agesigence is the floor area of residence (m?), Ggq,
is the daily using water volume of different behavior (m3/day), N; is the daily using number of
times (number of times/day), f is the hourly using frequency (%), G..q IS the supply water
volume (m3/hr), 1,44 isthe supply water ratio(%), G, is the hot water volume (m3/hr), 1yo:
is the hot water ratio (%),T,s.; is the using water temperature of different behavior (°C), T,q1q is
the supply water temperature (°C), Ty, is the hot water temperature (°C), Tyse pesidence 1S

the using water temperature of residence (°C), i is the water using behavior(i = 1~9).

Regarding other building types (office, retail, hotel, and hospital), the drainage amount and
temperature is calculated by the original unit of water consumption, hot water consumption unit,
and hourly using frequency [45]. Owing to the calculation of the drainage amount and temperature

from these four types of building are the same, it was presented as the same equation as below (Eq.

(18)~(21)).

Eq. (16)

Eq. (17)
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t
Guse,Bn = (Gcold,B (t) + Ghot,B (t)) X AB,n
Gcold,B )= Gcald,day,B X Tcold,B ®)

Ghot.s(t) = Grotday X Thot,s (t)

cold,B (t) X Tcold + Ghot,B (t) X Thot
Gcold,B (t) + Ghot,B (t)

G
Tuse,B )=

Eq. (18)

Eq. (19)

Eq. (20)

Eq. (21)

Where G p is the total using water volume of building (m*/hr), Ag is the building area (m?),

Geotd,aay is the unit of daily water consumption (m?/daym?), Gp,, is the unit of daily hot water

consumption (m3?/daym?), T,sp is the using water temperature of building, B is the

building type (office, retail, hotel, hospital)

Based on the original unit of water consumption, the calculation result of the drainage amount from

different building types is shown in Figure 2-7; as for the using water temperature of all the building

types are shown in Figure 2-8. (Calculation condition of water temperature was based on supply

water: 15°C, hot water: 60°C)
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Figure 2- 7 Drainage amount from different building types
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Figure 2- 8 Using water temperature from different building types

2.5 Construction of sewage physical model

While constructing the sewage physical model, it is indispensable to discuss different sewage
situations in pipelines basing on its features; for instance, pipe slope, flowing and transportation
type.

Regarding the features of sewage, the sewage flow rate is constantly changing and is difficult to be
accurately measured due to many uncertainties, such as the timely drainage from buildings is
different from different building types or scales, rainfall intensity, and the water infiltrating from
unknown sources. Therefore, it is necessary to leave some reserved space in the pipeline section as
a partially full pipe status for the intervention of unforeseen water volume, to prevent the overflow
of sewage from obstructing environmental sanitation, and to allow the leakage of wastewater to
drain smoothly [50] . In this section, we will briefly introduce the transportation type of sewer

system and focusing on the partially full pipe model which is the majority of sewage pipelines.

2.5.1 Configuration of pipeline transportation system

There are two types of sewage transportation way within the sewage pipeline transportation system,
gravity sewer system and vacuum sewer system. A gravity sewer system is a conduit utilizing the
energy resulting from a difference in elevation to remove sewage water, and most of the sewage
pipelines are the type of gravity sewer system[50]. Besides, during the path that transporting the

wastewater to the water treatment plant or pump station, owing to some limitations caused by
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topography or techniques, the vacuum sewer system is constructed in some cases. In this study, we
focus on the gravity sewer system which is the main type of sewage pipelines distributed in the
urban area[22].

With regards to the gravity flow, the slope of the pipeline can be a positive number and minus, which
are all included in the flow type of gravity (Figure 2- 9). The calculation methods adopted to the

different types of bed slope are suggested in the study.

manhole
. manhole Gravity Flow :
pipe
. Manning-Strickler formula
\ pipe
pipe

- i - *

Pipe slope is positive - P— i ey

number (+) Pipe slope is minus number (-) Pipe slope is positive number (-)

Figure 2- 9 Synopsis of pipe slope

Specifically speaking, two methods that mainly used for calculating the flow rate and flow velocity
of gravity flow are Manning—Strickler formula [51] and Ganguillet-Kutter formula [47], both of
these two mathematic methods are generally used to calculate the design value of velocity in the
sewage system. In this study, Manning—Strickler formula is selected to solve the flow velocity of
sewage water.

The Manning—Strickler formula is an empirical formula estimating the average velocity of a liquid
flowing in a conduit that does not completely enclose the liquid, i.e., open channel flow. However,
this equation is also used for calculation of flow variables in case of flow in partially full conduits,
as they also possess a free surface like that of open channel flow. All flow in so-called open channels
is driven by gravity. It was first presented by the French engineer Philippe Gauckler in 1867, and
later re-developed by the Irish engineer Robert Manning in 1890 [51].

According to the Manning—Strickler formula, the hydraulic radius, Gauckler—-Manning coefficient,
and slope of the hydraulic grade line are related to the calculation of flow velocity. Specifically, the

hydraulic radius is one of the properties of a channel that controls water discharge which related to
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the flow rate; in addition, in the case of sewage pipeline, the slope of the hydraulic grade line means
the slope of pipeline and the Gauckler—Manning coefficient is determined by the material of pipeline.
In brief, once the features of the pipeline such as material, pipe length, diameter and slope are known,

the flow rate and flow velocity can be calculated by the Manning—Strickler formula.

2.5.2  Partially full pipe model

Under the normal circumstances of the sewage network system, the water flow in pipelines is the
status of open channel flow, and the designed fullness limitation of water level is determined by the
pipe diameter. The fullness of the pipeline is represented by the ratio between water depth (h) and
pipe diameter (D). It is called full pipe flow while the ratio of water depth and pipe diameter equal
to 1 (h/D=1); while the ratio is smaller than 1 (h/D<1), it is called partially full pipe flow [50].

Based on the designed theories of sewage system mentioned above, in order to capture the unsteady
timely wastewater flow rate variation in pipelines, we set up a partially full pipe sewage flow model

to simulate the timely inflow and outflow rate between the connected pipelines.

®  (Calculation of outflow rate

Under the situation of gravity flow, when the slope of the pipeline is the positive number, the outflow
rate of sewage water is calculated by Manning—Strickler formula which is adopted to the unsteady
flow that related to the timely flow velocity. The velocity is a variable value depends on the features
of the sewage pipeline and timely sewage status.

Based on the Manning-Strickler formula, the flow velocity is determined by the cross-sectional area,
wetted perimeter and hydraulic radius which are related to timely sewage amount, bed slope of the
pipeline, and the Gauckler—Manning coefficient which depends on the material of conduit (Figure
2- 10). The calculation of the outflow rate and flow velocity are listed in the equation below (Eq.
(22)~(24)) [51].

With regards to the situation that the slope of the pipeline is a minus number, the outflow rate of

sewage water is assumed to be the same as the inflow rate in this study.
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Gouts, = Ab X v} Eq. (22)
VL’
AL’ — _n Eq. (23
"= q.(23)
2/3
v = L R2/351/2 — i( 4 ) §1/2 Eq. (24)
m m lWafET

Where A is the Cross-sectional area of sewage water (m?), v is the flow velocity (m/sec), pl is
the pipe length (m), m is the Gauckler-Manning coefficient (m=0.013 s/[m']), R is the hydraulic

radius (m), S is the bed slope of pipeline (%), and 1,,,4:. 1S the wetted perimeter (m)

Pipeline

Pipe
diameter

A ( Cross-sectional area
of sewage water )

lWﬂtET (m)

Figure 2- 10 Symbolic mark in equation (22) ~ (24)

®  Setting of the initial condition

The calculation of the initial condition in pipelines is separated into two parts through the slope of
the pipeline as well. When the pipe slope is a positive number, the initial water volume retained in
pipelines is set as the water depth of 10% (Eq. (25)). While the pipe slope is a minus number (Figure

2- 11), the initial water volume retained in pipelines is calculated half of the cone volume (Eq. (26),

Figure 2- 12).

DZ
Vo = 5 X (60 —sin @) X Ax, 0 = 2arcsin(0.6) kg (25)
D\? (D 2 pl
() = G-n) snxr) <Py
Vo = 2

Where V, is the initial water volume retained in pipeline (m?), D is the diameter of pipeline (m),

Ax is the distance interval (m), h is the water depth, pl is the pipe length.
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Figure 2- 11 Diagram of the initial water in pipeline with slope Figure 2- 12 Half of the cone volume

of minus number

2.5.3  Thermal equilibrium in pipeline

The sewage heat retained in pipelines and the timely sewage temperature variation can be calculated
by the series of equations (Eq.(27)~Eq.(33)), which was based on the thermal equilibrium and finite
difference method. In the following equations, the calculation time step is represented by superscript,
and the spatial step is represented by subscript, ¢is the time (sec), and n is the pipe number.

In this study, the sewage composition is divided into three parts, including the wastewater from the
upstream pipelines, building drainage, and rainwater. According to Eq.(27), while calculating the
timely heat variation, heat quantity from three parts of wastewater are taken into consideration
separately, and the heat loss in pipeline is taken into account as well. In addition, the outflow rate

of sewage is calculated by the Manning—Strickler formula mentioned in the former section.

.
(€P)pipe X V' X dr

{[(Cp)in X Gin,t1 X Tin,t1 + (Cp)waste,total X Gwasl.‘e,totalf1 X Twaste,total; Eq.(27)
+ (Cp)rain X Grain:n X Train:n] - (Cp)pipe X Gout; X Trf - Qloss,zfl}
Trf = {Vnt X Trf_l + [(Cp)in X Gin,t1 X Tin,t1 + (Cp)waste,total X Gwaste,total; X Twaste,total;

+ (Cp)rain X Grain:n X Train:n] X At + [(lwater;KsewageTsoil) X At X Ax] Eq (28)

+ [(lair;KairTair) x At x Ax]}/{(cp)pipe X Vnt + (Cp)pipe X Gout; x At
t t
+ (lwaternKsewage + lairnKair) X At X Ax}

— t t t t
Vnt = Vnt '+ (Ginn + Gwaste,totaln + Grain Goutn) x At £q.(29)

m
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Where (Cp)pipe is the volumetric specific heat of sewage water in pipe (MJ/m3K), Vis the
sewage water volume (m°), (Cp);, is the volumetric specific heat of sewage water flow in from
upstream pipe (MJ/m3K), G, is the flow rate of sewage water flow in from upstream pipeline
(m3/sec), T, is the temperature of sewage water flow in from upstream pipeline (°C),
(CP)wasterotar is the volumetric specific heat of building drainage (MJ/m3K), Gyaste corar 1S the
total water drainage of buildings connected to the same pipeline (m3/sec), Tyastecorar 1S the
wastewater temperature from all the buildings (°C), (€p)yqin is the volumetric specific heat of rain
(MJ/m3K), G,qin isthe rainwater flow-in rate (m3/sec), Tyqin is the Rainwater temperature (°C),
Goye is the outflow rate (m3/sec), T is the sewage temperature (°C), Qo552 iS the heatloss in

sewage pipeline (M]), Ax is the distance interval (m), At is the time interval (m).

Regarding the volumetric specific heat of raw wastewater, due to the volumetric specific heat is one
of the factors that make influence on heat retained in pipelines, the volumetric specific heat of raw
wastewater is also considered in the study. The volumetric specific heat of raw wastewater is
calculated by the proportion of sludge and water (Table 2- 2) [52]. According to the design
instructions of sewage pipeline, the design of sewage pipeline should be prevented from the
accumulation of sediment [50], and the sewage basin is installed before the drainage installed before
drainage flows into the sewage pipeline; therefore, the proportion of sediment in sewage pipelines
is only about 5%~8% [53]. According to the previous study [54], the specific heat of sludge is
estimated as 1.7 [MJ/kgK], and the density of sludge is 1.26 [kg/m?]. Based on the design value, the
raw wastewater in this study is composed of sludge of 8% and water of 92%; therefore, the setting

condition of volumetric specific heat of raw wastewater is set as 4.01 [MJ/m3K].

Table 2- 2 Setting condition of volumetric specific heat of raw wastewater

Specific heat | Density

0, [ 0
[MJ/kgK] [kg/m?] 100% water | 95% water | 92% water

Water 4.18 1 . 1 0.95 0.92
Proportion of water

and sludge

0 0.05 0.08

Sludge 1.7 1.26

Volumetric specific heat 4.18 4.0781 4.01696
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In regard to the heat loss, the timely heat loss in pipelines is determined by the timely wastewater
amount, wastewater temperature and the air temperature in the pipeline. In this study, heat loss is
considered to be related to two parts, from sewage water to soil, and from sewage water to the air
in pipelines. The wastewater and air temperature, the heat transmission coefficient of wastewater
and air in pipelines are all different, and these factors are all taken into consideration in Eq.(30).
According to the previous research [37], the heat transmission coefficient of sewage is set as 53.4

[W/(m? K)] and the heat transmission coefficient of air in pipe is set as 25.6 [W/(m* K)].

Qloss,zf1 = [Ksewage X (Trf - Tsoil) X lwater; + Kair X (Tnt - Tair) X lair;] X Ax Eq.(30)

Where Kewage is the heat transmission coefficient of sewage water(W/ m?K), T is the soil
temperature (°C), lyqter 1S the wetted perimeter (m), K,; is the heat transmission
coefficient of air in pipe (W/m?K), T, is the air temperature in pipe (°C), l,; is the air

perimeter in pipe (m), Ax is the distance interval (m).

The wetted and air perimeter are related to the proportion between sewage and air in the pipeline,
and the wetted perimeter and air perimeter is respectively calculated through the cross-sectional area

of sewage by Eq.(31) to Eq.(33) [55]. The Symbolic marks in the series of equations are shown in

Figure 2- 13.

@ =nD? 1 D? D?
A%ZEXT-FEXTSL'H(ZTC—Q)2?(9—51'719) Eq.(31)
¢ 6
lwatern =Dx 2 Eq.(32)
¢ )
lair,, =D X sin> Eq.(33)

The sewage physical model is composed of the prediction model of the sewage origins and the
partially full pipe model. By integrating the two models, the variation of sewage physical state can

be calculated by the series of theoretical formulas proposed in this chapter.
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Figure 2- 13 Symbolic mark in equation (30) ~ (33)

2.6 Summary

In chapter 2, the sewage physical model is constructed to simulate the sewage physical condition
including sewage temperature, flow rate, and flow velocity. The sewage physical model is proposed
basing on the partially full pipe model which is close to the realistic sewage state that respectively
discusses the different situations of the slope of the pipeline which may be a positive or minus
number. Moreover, the factors that make the influence on retained heat amount in pipelines are all
taken into consideration such as heat loss in the pipeline, the volumetric specific heat of raw
wastewater.

For making an overall view of the sewage physical model, we can clearly realize the model through
the calculation flow (Figure 2- 14). First of all, the basic information of pipeline and building needs
to be prepared through the GIS data, such as pipe length, diameter, material and pipe slope; as for
the building information, floor area, location and building type are the essential information.
Afterwards, the timely generated amount of sewage origins can be calculated through the statistical
data of the original water consumption unit; furthermore, combining to the location of pipelines and
building, the inflow position of building drainage is determined. Before conducting the simulation
of sewage flow rate and temperature variation in pipelines through the partially full pipe model, the
initial condition of retained water volume is calculated respectively basing on the condition of pipe
slope which considered the situation of positive and minus pipe slope.

Eventually, the timely variation of sewage physical state including flow rate, temperature, and flow
velocity can be simulated through the partially full pipe model which is based on the thermal

equilibrium, Manning-Strickler formula, and finite difference method.
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Figure 2- 14 Calculation flow of sewage physical model
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Chapter 3. Verification of sewage physical model

3.1 Introduction and objective

The purpose of chapter 3 is to verify the adequacy of the sewage physical model proposed in chapter
2. Owing to the sewage physical model is a theoretical model constructed based on mathematical
formulas, it is necessary to confirm the appropriateness of the physical model.

The sewage physical model is verified by the measurement data of sewage flow rate and sewage
temperature in an actual area to confirm the daily variation trend. In this chapter, input data is
verified as well, and the simulation results of sewage flow rate and sewage temperature are
compared to the measurement data, as for the sewage flow velocity, it is confirmed by the design

value.

3.2 Overview of the verification area

The simulation results are verified by the measurement data in an actual area in Osaka city. The
provided measurement data was conducted by Professor Masaki Nakao and his research team of
Osaka City University [10], and the sewer system GIS map was provided by the Osaka City Sewer
Bureau [49].

The measurement data is within the range of the red block in Kita-Ku, Osaka, which the area is in
northern Osaka city (Figure 3- 1 and Figure 3- 2). In this study area, the sewer system is the type of
combined sewer system which is the same type with the objective system set in this study.

There are two measurement points in the study area(Figure 3- 3), which are respectively of
measurement point 10 (manhole number NO. 80100005), and measurement point 7 (manhole
number NO. 80270060), the distance between the two measurement point is about 2 kilometers; in
addition, the two measurement points are both set at the manholes on the main trunk line that
connected the tributaries which aggregated the building drainage from the nearby areas. With
regards to the flow direction, the measurement point 10 is located at the upstream side, and the

measurement point 7 is located at the downstream of the area.
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Figure 3- 3 Distribution of measurement point 10 and measurement point 7

3.2.1 Integration and overview of the GIS data of regional building and
pipeline

In order to utilize the GIS data of the building and sewer system efficiently, it is necessary to arrange
the GIS data at the initial step. The intelligence of buildings and pipelines are integrated to clarify
the composition in the study area. Besides, the spatial distribution and the relationship between
buildings and pipelines can be revealed.

The allocation of sewage pipelines and buildings scattered in the study area is as shown in Figure
3- 4. In Figure 3- 4, the sewage pipelines are presented by gray lines, the manholes are presented by
gray points, and the color points are represented as buildings. The numbers of buildings that existed

in the study area are 460. Regarding the building types, there are 315 residential buildings, which
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take the majority in the area, and the remaining buildings are 130 office buildings, 1 hotel and 14
retail stores. As for the sewer system, the numbers of pipelines are 396, and 397 manholes. The

distribution of pipelines and manholes are shown respectively in Figure 3- 5 and Figure 3- 6.

Measurement point 10
(upstream)
Manhole No. 80100005

Measurement point 7

3 (Downstream)
’ Manhole No.80270060

Figure 3- 4 Distribution of sewage pipelines and buildings in study area
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Figure 3- 6 Distribution of sewage pipelines in study area
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According to the measurement data, the two measurement points are both set at the manholes on
the main trunk line that connected the tributaries which aggregated the building drainage from the
nearby areas.

For the purpose of clarifying the amount of wastewater, not only the trunk line is discussed in this
study, other connected tributaries and the amount of wastewater in these pipelines are considered as
well. Basing on the GIS data of the sewer system and the program proposed by this study, the
relationship of pipe connection and their elevation can be illustrated; in addition, we can efficiently
grasp the spatial distribution through the graph. The information of trunk lines is shown inFigure 3-
8; as shown inFigure 3- 8, the features of the trunk lines such as pipe diameter, pipe length and pipe
slope are listed in detail. The distribution of the tributaries is shown in Figure 3- 7, in this figure,

the trunk lines are presented by the color lines, and the tributaries are presented by the gray lines.

ributa d /
(;rat:/ltin:eys) —_— / /
ﬂ/“/
~ ey
Trunk line - /

(Color lines) L

Figure 3- 7 Distribution of trunk lines and tributaries
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3.2.2  Overview of the measurement data

The annual measurement results of sewage flow rate and sewage temperature are included in the
measurement data provided by Professor Masaki Nakao and his research team. The measurement
was conducted from March, 2011 to February, 2012 in Osaka city [10].

According to the previous research, sewage heat is considered to be as renewable energy which is
proper to utilized especially in winter due to its temperature is higher than the air temperature.
Owing to the reason, this study focuses on the simulation results in winter [1]. Therefore, the

measurement data in winter will be mainly discussed in this section.

® Measurement data of sewage flow rate

Annual sewage flow rate data at measurement point 10 (upstream) and measurement point 7
(downstream) are shown in Figure 3- 9 and Figure 3- 10. According to the measurement data of two
measurement points, the sewage flow rate is increasing from the upstream measure point to
downstream, which means that there is building drainage aggregated into the main trunk line and
then flow through the sewage flow path to downstream.

As shown in Figure 3- 9, the maximum value of sewage flow rate at measurement point 10 which
is located at upstream is about 8 o’clock in the morning, and the increasing trend began from 5
o’clock; from 0 o’clock to 5 o’clock, the flow rate shows a decreasing trend. The result is thought
to be caused by the pattern of water consumption that closed to the behavior of general household,
due to the building composition in the study area is mainly composed of residential buildings.
Specifically speaking, the water consumption after midnight decreased during the period of sleeping
time, and then increased after people waking up in the morning.

With regards to the result of measurement point 7 shown in Figure 3- 10, as mentioned above, the
flow rate at downstream is higher than upstream. Besides, the variation trend of the sewage flow
rate is similar to the result of measurement point 10. Concerning to the maximum value of sewage
flow rate, it occurred at 9 o’clock, which was an hour later than upstream; in addition, the sewage
flow rate at downstream began increasing from 6 o’clock in the morning, which is an hour later than

upstream as well. According to the result, it can be speculated that the increasing flow rate is caused



Verification of sewage physical model — 70

by the building drainage that aggregated through the sewage flow path from upstream to
downstream; moreover, the aggregated and flowing time of wastewater within the path lead to an
hour time lag which results in the peak time occurred at downstream is later than upstream.

With regards to the measurement data of sewage flow rate in different season, it was shown that the
sewage flow rate is relatively higher in summer and winter. It was speculated that the frequency of
people taking shower in summer is higher than other seasons; as for winter, the behavior of bathing

may increase. Both of the reasons lead to the result of increasing flow rate.

Measurement Data of Sewage Flow rate at Measurement point 7 (Downstream)
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Figure 3- 9 Sewage flow rate at measurement point 7[35]
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Figure 3- 10 Sewage flow rate at measurement point 10[35]

®  Measurement data of sewage temperature

The annual sewage temperature at measurement point 10 (upstream) and measurement point 7
(downstream) are measured by an interval of 15 minutes. There is a massive amount of existed
measurement data, we focused on the results of February and the represented day in February. In
addition, the simulation conducted in this thesis is supposed to be in winter, and certain calculations
selected the statistical data of February as input data; therefore, the measurement data of sewage

temperature in February was selected to be mainly discussed.
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The measurement results of sewage temperature in February at measurement point 10 (upstream)
and measurement point 7 (downstream) are shown in Figure 3- 11. According to the measurement
result, it was shown that the sewage temperature of the upstream measurement point is higher than
the sewage temperature at downstream at most of the time. Besides, the temperature variation in the

whole month is not obvious except for four to five days that occurred at a relatively low temperature.
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Figure 3- 11 Sewage temperature of February at measurement point 10 and measurement point 7[35]

In addition, the measurement data of represented days in February is selected to discuss the daily
variation of sewage temperature. As it was shown in Figure 3-11, the variation trend of sewage
temperature at two measurement points is similar; besides, the sewage temperature of the upstream
measurement point is higher than the measurement point at downstream except the time period from
3 o’clock to 7 o'clock in the morning. It was speculated that the sewage temperature is directly
affected by building drainage while the building types that located nearby the measurement points
are different. According to the wastewater discharged from different building types, it may lead to
the result of different sewage water temperature at different location.
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Figure 3- 12 Daily measurement data of sewage temperature [35]
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3.3 Verification of the model

According to the features of sewage heat that it is a kind of renewable energy that is recommended
to be utilized effectively in winter, the setting conditions of the simulation in this thesis are set to
discuss the cases in winter. In this section, the simulation results of sewage temperature and flow
rate are verified by the measurement data in February. In this study, the verification of the model
was separated into two parts, the verification of input data and the verification of the sewage

physical state.

3.3.1  Verification of input data

At the former step of conducting the simulation of the regional sewage physical state, it is essential
to verify the adequacy of the input data at the first step.

According to the sewage physical model proposed in chapter 2, the generated amount of building
drainage is calculated by the original unit of water consumption[45], which is classified into five
building types, including residence, office, retail, hospital, and hotel [35]. Basing on the original
unit of water consumption, the timely building drainage is assumed to be the same with the value.
In this section, the increasing amount of daily sewage accumulated flow rate from measurement
point 10 (upstream) to measurement point 7 (downstream) is compared to the simulation result.
First of all, we input the measurement data of daily accumulated flow rate at measurement point 10
(upstream); afterwards, referring to the simulation model proposed in chapter 2, the daily
accumulated amount of building drainage discharged from all the buildings in the study area is
calculated through the original unit of water consumption based on the building type and floor area.
The calculation result of building drainage from each building in the study area is shown in Figure
3-13. In Figure 3- 13, each building is represented by each color point. In addition, the relationship

between building floor area and drainage amount in the study area is shown in Figure 3- 14.
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Figure 3- 14 Relationship between building floor area and drainage amount in the study area

At the final step, the sum of the daily accumulated amount of building drainage and daily
accumulated flow rate at measurement point 10 (upstream) is compared to the daily accumulated
flow rate at the measurement point 7 (downstream). According to the increasing sewage water
amount between two measurement points, the accuracy of building drainage amount calculated by
the statistical data can be confirmed.

The increasing amount of daily accumulated sewage flow rate between two measurement points of

each month is shown inFigure 3- 15. With regards to the result of February, the calculation value of
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the daily increasing amount of sewage water is very closed to the measurement data. It was
speculated that the daily accumulated sewage flow rate was an average value calculated by the
average flow rate in February, and the simulation result is a statistical data of February and therefore

lead to the approximate result.
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Figure 3- 15 Daily average increasing sewage amount from upstream to downstream

The increasing amount of daily accumulated sewage flow rate between two measurement points in
February is shown in Figure 3- 16 . As shown in the figure, the daily accumulated sewage increasing
amount of measurement data is 3301.62 [m’/day], and the result of the simulation is 3385.42
[m%/day]. The difference in sewage increasing amount between input data for simulation and
measurement data is about 2.4%, and the relative error is thought to be acceptable.

After verifying the input data of the simulation model, the boundary condition and initial condition
for simulating the sewage physical state are elaborated in the following article; afterwards, the

sewage flow rate, sewage temperature and velocity will be verified.
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Figure 3- 16 Daily average increasing sewage amount from upstream to downstream in February

3.3.2 Boundary condition and initial condition

The setting of boundary conditions and initial conditions for simulating the sewage physical state
are described in this section.

®  Boundary conditions at upstream manhole (Starting point):

In this simulation model, the starting point is set at the same point with the measurement point 10
(manhole NO. 80100005) located at upstream. Basing on the measurement data, the existed flow
rate measurement data is the average value of an hour; therefore, the measurement data is
interpolated by time in 2-second intervals. The sewage flow rate which is interpolated into 2 seconds
is set to be the inflowing sewage flow rate at the beginning point. Regarding the inflow sewage
temperature, the measurement data of sewage temperature at measurement point 10 (manhole NO.

80100005) is set to be as the inflow temperature.

® Initial condition of sewage water temperature in pipelines
The initial sewage water temperature in all the pipelines including trunk line and tributaries is set to

be 18 degrees, which is the average sewage temperature of February [10].

® Initial condition of sewage water volume retained in pipelines

According to the sewage physical model proposed in chapter 2, the calculation of the initial
condition in pipelines is separated into two parts based on the slope of pipelines. When the pipe

slope is a positive number, the initial water volume retained in pipelines is set as the water depth of
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10% (Eq. (25)). While the pipe slope is minus number, the initial water volume retained in pipelines

is calculated half of the cone volume (Eq. (26)).

DZ
Vo = ) X (6 —sin6) x Ax, 0 = 2arcsin(0.6) Eq. (25)

( (%)2 _ (% - h)z x h x n') x pl/3 Eq. (26)

2

Where V, is the initial water volume retained in pipeline (m?), D is the diameter of pipeline (m),

Ax is the distance interval (m), h is the water depth, pl is the pipe length.

3.3.3  Verification of the time variation of sewage temperature and flow rate

Basing on the setting of the initial condition and boundary condition mentioned above, the sewage
physical state is verified by the measurement data. The results of sewage flow rate and sewage
temperature simulated by the sewage physical model proposed in chapter 2 are compared to the
measurement data of measurement point 7 which is located at downstream. In addition, after
verifying the simulation result of sewage flow rate and sewage temperature by the measurement
data of downstream measurement point 7 (manhole NO. 80100005), the simulation results of other
branch pipelines are shown in this chapter as well. In addition, the simulation of the sewage flow
rate and temperature are conducted by the time interval of 2 seconds and the spatial interval of 6

meters; the results are shown by hour.

®  Verification result of sewage flow rate

The verification result of sewage flow rate is shown in Figure 3- 17, in order to mitigate the influence
of initial condition, the results of the second day are shown; besides, the result shown in the figure
is the instantaneous result by hour. According to Figure 3- 17, the simulation result occurred higher
sewage flow rate than measurement data during certain time periods, and during certain time periods,
the simulated value is lower than the measurement data; however, the variation trend of simulation

results and measurement data is similar.
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Specifically, regarding the simulation result, the maximum sewage flow rate value occurred at 10:30
in the morning, which the sewage flow rate is 0.36 [m3/hr]; as for the measurement data, the
maximum sewage flow rate value is about 0.31 [m3/hr] at 22:30. Concerning to the increasing trend
of sewage flow rate, the simulation result shows that the sewage flow rate increased from 5 o'clock
in the morning, and reached the first peak value at 10:30; as for the measurement data, the sewage
flow rate increased from 6:30, and reached the first peak value at 10 o’clock in the morning.
Afterwards, both the result of measurement data and simulation value of sewage flow rate decreased
and remained moderate trend until 17:00 in the evening.

Besides, the sediment or sludge in pipelines that may make an influence on the simulation result of
flow rate are ignored in the sewage physical model, it was speculated to be as the reason that the
simulated flow rate is higher than measurement data.

In general, there is a certain difference between the measurement data and simulation result of the
sewage flow rate; however, as a scale of regional simulation, the relative error is thought to be

acceptable.

Comparison of Sewage Flow Rate
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Figure 3- 17 Verification result of sewage flow rate

®  Verification result of sewage temperature

The verification result of sewage temperature is shown in Figure 3-17, in order to mitigate the
influence of initial condition, the results of the second day are shown; besides, the result shown in
the figure is the instantaneous result by hour. According to the result shown in Figure 3-17, the
measurement data of sewage temperature performed an extremely stable result that the variation is
not obvious. However, unlike the measurement data, since the simulation model estimates the
sewage flow rate and temperature based on the origin unit of water consumption and the using ratio

of cold and hot water, it was thought that temporal fluctuation of sewage temperature is directly
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affected by the fluctuation of building drainage.

While discussing the simulation result from the perspective of domestic water using behavior, it was
shown that the sewage temperature decreases after midnight and increase in the morning which was
affected by the living behaviors. Furthermore, during the time period from 18:00 to 24:00, the
sewage temperature remaining at a relatively high temperature. The reason resulted in the
phenomenon was thought that it is the time period for people to take a shower and continued to
midnight.

Generally speaking, the comparison result of sewage temperature between measurement data and
simulation value existed certain errors; however, as a simulation conducted in a regional scale, the
simulation result of sewage temperature can be regarded as a reasonable result that the temperature

is in the normal range.

Comparison of Sewage Temperature

Temperature [°C]
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Figure 3- 18 Verification result of sewage temperature

®  Verification result of sewage flow velocity

The verification result of sewage flow velocity is shown in Figure 3- 19, in order to mitigate the
influence of initial condition, the results of the second day are shown; besides, the result shown in
the figure is the instantaneous result by hour. Owing to the measurement data of timely sewage flow
velocity does not exist, the simulation result is compared to the standard design value of sewage
flow velocity.

The standard design value of sewage flow velocity is considered to be in the range between 0.6
[m/sec] to 3 [m/sec]. According to the result shown in Figure 3- 19, the simulation value of sewage
flow velocity is confirmed to be in the standard range; therefore, it can be regarded as a reasonable

result.
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Simulation Result of Sewage Flow Velocity
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Figure 3- 19 Verification result of sewage flow velocity

®  Simulation result of sewage flow rate and temperature in tributaries

Not only the results of the pipeline which measurement data is provided have been confirmed, but
all the simulation results of each pipeline in the study area have been checked as well. The
simulation result of sewage temperature and sewage flow rate in every branch pipeline are shown
in the following contents. In addition, certain special cases occurred in the simulation are described
in this section, for instance, the situation of full pipe and the result of the pipeline with small amount
of water.

The simulation results of sewage temperature in all the pipelines in the study area are shown by an
hour from Figure 3- 20 to Figure 3- 23. According to the results, the general variation trend of
sewage temperature is similar to the simulation result of the pipeline which the measurement data
is provided. Specifically speaking, the sewage temperature from 1:00 to 5:00 remaining at relatively
low temperature; afterwards, the sewage temperature increased from 5:00 in the morning. Take the
result of 5:00 for example, sewage temperature in several pipelines remaining at low temperature,
but the temperature in certain pipelines begin increasing.

While confirming the composition of the buildings that connected to these pipelines with higher
sewage temperature, it can be found that one of the reasons is the floor area of the buildings
connected to these pipelines are larger than others; another reason is that the connected numbers of
buildings are more than other pipelines. It means, there is a relatively larger amount of building
drainage discharged into these pipelines at that time. Once a large amount of wastewater with higher
temperature discharged into these pipelines, the sewage temperature in these pipelines increased in

a short time.
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Figure 3- 20 Simulation result of sewage temperature in tributaries (0:00~5:00)
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Figure 3- 21 Simulation result of sewage temperature in tributaries (6:00~11:00)
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®  Simulation results of special cases in the study area

Within the simulation results of the pipelines in the whole study area, there are some special cases
that occurred in the simulation; for instance, the situation of full pipe and the pipelines with a small
amount of sewage water. In this section, the speculated reasons for these situations are briefly
discussed.

Referring to Figure 3- 24, take one of the simulation results of the full pipe as an example, the
situation of a full pipe occurred at pipe NO. 80080003 to pipe NO. 80080004 which is the tributaries
before the confluent point at the trunk line (pipe NO. 80080001). It was speculated that these
pipelines are the connection that connected between tributaries and trunk lines; therefore, the
sewage amount is larger than other pipelines.

The occurrence rate of full pipe in the study area is about 1.8%; in the other words, within the total
396 pipelines in the study area, the situation of a full pipe occurred to 7 pipelines. This situation

only occurred at tributaries which are the pipeline before the confluent pipeline.

Figure 3- 24 Diagram of pipelines in study area



Verification of sewage physical model — 83

Regarding the situation of full pipe, the simulation results of sewage flow rate and temperature under
the full pipe situation is shown in Figure 3- 25 and Figure 3- 26.

According to the simulation result of the sewage temperature in the full pipe situation, it is
speculated that there is a great amount of high-temperature sewage keeps flowing into the pipelines;

therefore, the sewage temperature in this kind of sewage pipelines is higher than other pipelines.
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Figure 3- 25 Simulation result of sewage flow rate under the situation of full pipe
45
40
35
; 30
g
g s
5 20
E 15
2

10

0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Timeffhr]

Figure 3- 26 Simulation result of sewage temperature under the situation of full pipe
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Regarding the results of the pipelines with a small amount of sewage water, as shown in Figure 3-
27, the pipelines with a small amount of sewage water occurred at the pipelines located at the most
upper stream or the pipelines connected with a few numbers of buildings. The occurrence rate of

the pipelines with a small amount of sewage water in the study area is about 10%; the situation

occurred to 40 pipelines within 396 pipelines in the study area.

Figure 3- 27 Diagram of pipelines in study area
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With regards to the situation of the pipelines with a small amount of sewage water, the simulation
results of the sewage flow rate and temperature under this situation is shown in Figure 3- 28 and
Figure 3- 29. According to the results, the sewage flow rate and sewage temperature in these
pipelines are relatively unstable. In addition, the sewage temperature in this kind of pipelines is
lower than other pipelines. One of the reasons is that the building connected to these pipelines is the
building types with smaller drainage such as office building and retail store which the drainage
amount is smaller than other building types, and the sewage temperature is relatively lower.

Another reason is speculated that these pipelines are connected to fewer buildings or the floor area
of the buildings connected to the pipelines is small. Besides, the sewage flow rate is calculated by

the finite difference method in this study; therefore, it is a possible reason lead to unstable results.
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Figure 3- 28 Simulation result of sewage flow rate under the situation of full pipe
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Figure 3- 29 Simulation result of sewage temperature under the situation of full pipe
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3.4 Summary

In chapter 3, the sewage physical model is verified by the measurement data in an actual area in
Osaka city to confirm the adequacy of the model; besides, the synopsis of verification area and the
provided measurement data have been overviewed to make an overall understanding for readers to
comprehend the data which was utilized in the study.

At the former step of conducting the simulation of regional sewage physical state, it is essential to
verify the adequacy of the input data at the first step; therefore, the appropriateness of input data is
confirmed in this chapter as well. According to the comparison results, the sewage flow rate and
temperature variation simulated by the model have a similar trend with the measurement data though
the value existed certain differences. However, owing to the simulation conducted in this study is
the regional scale, so the error is thought to be acceptable. Besides, the main purpose of this thesis
is to propose the methodology of the comprehensive evaluation instead of constructing a high
precision model. Therefore, at this stage, it is thought that once the more accurate input data can be
provided in the future, the precision of this physical model can be improved.

Regarding the verification results proposed in this chapter, the sewage physical model is considered
as a reasonable model for simulating the sewage physical state including sewage flow rate,
temperature and flow velocity. Consequently, the sewage physical conditions are able to be
simulated through the sewage physical model proposed in chapter 2 which provides the databases
of sewage flow rate and sewage temperature before conducting the simulation of sewage heat

utilization.
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Chapter 4: Sewage heat utilization system model

4.1 Introduction and objective

The sewage heat utilization system model is constructed in chapter 4. The main purpose of the model
is to simulate the outlet temperature which makes an influence on the sewage water temperature
after utilizing the sewage heat due to the outlet temperature is a pivotal factor of evaluating the
regional sewage heat utilization potential.

Regarding the issue of the regional sewage heat utilization potential, owing to the heat exchanger
outlet temperature of the buildings located at relatively upstream which utilized the sewage heat
make an influence on the heat exchanger inlet temperature of the downstream buildings which
intend to extract sewage heat; therefore, it is essential to clarify the variation of sewage temperature
while utilizing the sewage heat [20]. In addition, it is necessary to build up a simulation model to
reflect the heat utilizing temperature difference which is close to the practical situation. In this study,
the heat utilizing temperature difference is simulated based on the reasonable sewage heat utilization
system which is similar to practical circumstances.

When concerning the sewage heat utilization, the most important issue is to clarify the usable
amount and extracted amount that can be obtained from sewage. The critical part of how much
sewage heat needs to be extracted or can be extracted from sewage heat are determined by the heat
utilization types and the techniques and method of extracting heat. Therefore, it is vital to grasp the
timely variation of sewage state in order to confirm the retained amount and usable amount of
sewage heat which depends on different conditions of pipelines and buildings.

According to the previous research, the simulation of the sewage heat utilization was discussed;
however, most of the heat utilizing temperature difference was supposed to be a fixed value as 5°C
to calculate the sewage heat utilization amount empirically [1], though the utilization temperature
difference should be considered depending on the heat demand, the operating performance of
equipment, sewage status, etc. In addition, certain novel techniques for extracting sewage heat was
developed in the recent year [38,56], the discussion of sewage heat utilization potential can therefore
be updated through the certain setting conditions of the novel system.

With regards to the sewage heat utilization system, the diagram of the sewage heat utilization system
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applied in this study is shown in Figure 4 - 1 [21]. Based on this system, the outlet temperature is
calculated according to the heat demand of different building types, the performance of heat source
equipment and heat exchanger, which are all included in the sewage heat utilization simulation
model. The setting condition of each part of the sewage heat utilization system will be introduced

in the following section.

Heat demand
(air conditioning, hot
water supply)

(Hot water tank ) W

e Heat
| pump || @ |
Sewage water L) ) A Circulating water
Circulating Circulating
Heat exchanger installed in pipeline pump pump

Heat exchanger Heat source equipment

Figure 4 - 1 Diagram of sewage heat utilization system [21]

4.2 Overview of the sewage heat utilization system

The sewage heat utilization system can be mainly divided into two types by the place of sewage
heat source is being extracted: sewage heat extracted at sewage treatment plants or pump stations;
sewage heat extracted from pipelines directly [25].

The utilization type of recovering sewage heat at sewage treatment facilities is a common and well-
known way in the field of regional heating and cooling system, and have been utilized for many
years; on the other side, the way that extracts sewage heat in pipelines is regarded as a relatively
novel method which has been gradually utilized recently. In order to popularize the utilization of
sewage heat, extracting the sewage heat from pipelines directly is expected to be as an effective way
that can be exploited by more buildings [21]. In addition, the wastewater temperature usually is
highest in the initial part such as pipelines, and more heat can be reclaimed from the wastewater if
the discharge is high; therefore, the sewage heat utilization type is focused on the method of
extracting heat inside the pipelines in the recent years. Based on the perspective mentioned above,
the sewage heat utilization type of recovering sewage heat from pipelines is mainly elaborated in

this section.
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Regarding to the utilization type of recovering sewage heat directly from sewage pipelines, as shown
in Figure 4 - 2, there are two system types to conduct the heat reclaiming: recovering sewage heat
outside the pipeline through extracting sewage water and recovering sewage heat inside the pipeline

without extracting sewage water.

Inlet Outlet

Sewage
Pl —
pipeline A Water

R ; treatment

plant

! Heat
Water utilization

H Water
H
intake

H Specific ; '
toeene > heat poomoeet
exchanger

Heat
utilization

[T ' |:| ) Technique of heat recovery inside
7777777777777 " the pipelines

- Technique of heat recovery
outside the pipelines (Previous)

Figure 4 - 2 Diagram of sewage heat utilization system [21]

The comparison and features of two different techniques for recovering sewage heat from sewage
pipelines are respectively listed in Figure 4 - 3 below [21]. The technique of conducting heat
exchange outside the pipeline through extracting sewage water is the conventional utilizing type
usually adopted to the large-scale buildings or regional heating and cooling system due to there is a
requirement of minimum sewage flow rate; therefore, this type of sewage heat utilization system is
usually applied to the sewer trunk line which an abundant of sewage amount exists.

Owing to the limitation, the technique of recovering heat outside the pipeline is thought to be
relatively difficult to be installed and utilized widely. Besides, due to the technique of conducting
heat exchange outside the pipeline reclaiming sewage heat through sewage water, the specific water
intake equipment is needed. Moreover, the sewage water flows into the heat exchanger that leads to
the maintenance and inspection costs of the system increased [25]. Briefly speaking, the technique
of heat recovery outside the pipeline is harder to be extended widely due to its limitation caused by

water intake equipment and sewage flow rate.
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Another technique of recovering sewage heat is the type of conducting heat exchange inside the
pipeline which the heat exchanger is installed at the bottom or around the pipeline. Recently, the
technique of heat recovery inside the pipeline has been promoted by the government and some

related companies in order to popularize and expand the utilization of sewage heat.

Technique of heat recovery outside the Technique of heat recovery inside the pipelines

pipelines
® The application is limited to the @ Utilization area can be expanded.
Installed area and surroundings buildings of sewage treatment | ® Energy consumers are located close to the heat
Characteristic facilities recovery site
® Difficult to be installed widely ® The system can be applied to tributary pipelines
Specific water intake . .
P Required Unrequired

equipment

The raw wastewater flows into the heat
Sewage treatment exchanger, the maintenance and inspection
costs is increasing

It is possible to conduct heat exchange directly with
the raw wastewater flowing in the sewage pipeline.

Sewage Sewage

inlet outlet . N
|T Heat exchanger inside the pipelines

= Sewage

Sewage
outlet

Py inlet
P

Heat
exchanger
outside the
pipelines

System diagram Specific

water intake
‘Heat pump

equipment < -
g e e l
demand i i
) o Circulating water Circulating water
Circulating Circulating
water water

Figure 4 - 3 Comparison of different sewage heat recovery techniques [21]

Concerning to the heat exchanger which is installed inside the sewage pipeline, it is a novel
technique for reclaiming sewage heat without extracting sewage water. The principle of the
technique is to install the heat recovery conduits under the sewage pipeline or around the pipeline
to reclaim the sewage heat through the circulating water inside the heat recovery conduits [25]. The
installation pattern is determined by the size of the pipeline [56]. Specifically speaking, as shown in
Figure 4 - 4, the pattern of heat recovery conduits installed under the sewage pipeline is able to
install at the tributary; moreover, it is suitable for even the diameter of the pipeline is under 800 mm.
As for the pattern of installing the heat recovery conduits around the pipeline is applied to the larger
pipeline.

Generally speaking, basing on the perspective of reclaiming more heat from the origin of heat source,
the sewage heat can be extracted directly through the technique of heat recovery inside the pipeline.

Furthermore, the energy consumers (heat demand side) are located close to the site where the heat
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is recovered, and the heat can therefore be efficiently utilized without extra profligacy [26].
In brief, through applying the technique of recovering heat inside the pipeline, the utilization objects
of sewage heat are expected to be expanded owing to the possibility of conducting heat exchange

straightly with the raw wastewater flowing in the sewage pipeline.
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—_ Ly
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Figure 4 - 4 Demonstration of sewage heat utilization system installed in pipeline [56]
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4.3 Construction of sewage heat utilization system model

In order to clarify the variation of sewage temperature while recovering the sewage heat, it is
essential to build up the simulation model of sewage heat utilization system. The following factors
are all taken into consideration in the sewage heat utilization system model proposed in this study
such as the heat demand of different building types, the performance of heat source equipment and
heat exchanger.

With the objective of simulating the sewage heat utilization potential which is similar to the actual
situation as much as possible, the simulation conditions are set up under certain reasonable
assumptions and are all elaborated in the following section. In addition, the construction of the
sewage heat utilization system is introduced to begin from the heat demand side to the heat supply

side (Figure 4 - 5).

Heat demand side

Heating or Hot water supply

I
E Heat source equipment: !
1 Water source heat pump
Heat supply side } (Back-up system)

Building types:

facility, c ial facility,

Heat exchanger: facility and medical institution

Recovery heat from sewage water

Heat load unit:

PP Annual heat load unit, monthly variation ratio, and hourly variation ratio

Sewage pipeline

Figure 4 - 5 Diagram of sewage heat utilization system model
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4.3.1 Introduction of building heat demand

When concerning the discussion of regional sewage heat utilization, the sewage heat is regarded as
the energy supply side, and the buildings are regarded as the energy demand side. In order to clarify
the heat demand for buildings, it is necessary to calculate the heat demand amount.

In this thesis, the building heat demand and heat load are defined as the same. However, the heat
demand of different building types is not the same, it is essential to clarify the heat demand of
different building type which is classified in the study. After clarifying the building heat demand,
the conditions of sewage heat utilization types are assumed based on the heat demand characteristics
of different building types. The classification of building type is classified into five types, including
residence, office, retail, hotel, and hospital. The classification of building types and the building
examples are listed in Table 4-1; in addition, the building types included in the classification are

listed as well.

Table 4- 1 Classification of building type

Building type Building examples
Residence Mansion, apartment, (single-family) house, etc.
Office Office, civic center, administrative center, etc.
Retail Department store, convenience store, etc.
Hotel Accommodation facility, dormitory, nursing home, etc.
Hospital Medical institute, clinic, etc.

According to the “District heating and cooling handbook” [57] published by the Japan district
heating and cooling association, the heat load unit of heating and hot water supply are sorted by
different building types. Referring to the annual heat load unit, monthly variation ratio, and hourly
variation ratio revealed in the district heating and cooling handbook, the heat load unit can be

calculated by hour (Eq. (34)).

Qload,hr (b) = Qload,y (b) X Tyontn (B) X Thoyr (b) Eq. (34)

Where Qoqqnr is the hourly heat load unit (kWh/m?), Qioaa,y 1s the annual heat load unit
(KWh/m?), Tyonen is the monthly variation ratio (%), T,y is the hourly variation ratio (%), b is

the building type.
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The essential databases for calculating the building heat demand of different building types
including annual heat load unit, monthly variation ratio, and hourly variation ratio are list from Table
4- 2 to Table 4- 4.

In this study, due to the sewage heat is supposed to be recommended to utilized in winter, the
utilization type is assumed to be heating and hot water supply. Specifically speaking, according to
Table 4- 2, the annual heat load unit for the hot water supply of residence and hospital are higher
than the annual heat load unit for heating; as for the hotel, the annual heat load unit for hot water
supply and the annual heat load unit of heating is the same. With regards to the office and retail, the
annual heat load unit for heating is higher than the annual heat load unit of hot water supply.
According to the annual heat load unit, the sewage heat utilization type of residence, hospital, and
hotel are assumed to be as hot water supply; as for the sewage heat utilization type of office and

retail are assumed to be as heating in this study (Table 4- 2).

Table 4- 2 Annual heat load unit of heating and hot water supply [57]

Building type Residence Office Retail Hotel Hospital
Utilization type Heating Hot water Heating Hot water Heating Hot water Heating Hot water Heating Hot water
supply supply supply supply supply
Annual heat load unit | ., 30 31 2.2 35 23 80 80 74 80
(Mcal/m year)
Utilization type . .
Hot water supply Heating Heating Hot water supply | Hot water supply

assumed in this study
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Table 4- 3 Seasonal variation ratio of the heat load unit [57]

Building type

Residence

Office

Retail

Hotel

Hospital

Variation ratio (%)

Variation ratio (%)

Variation ratio (%)

Variation ratio (%)

Variation ratio (%)

Hot water Hot water Hot water Hot water Hot water
Utilization type Heating Heating Heating Heating Heating
supply supply supply supply supply
1 12.08 24.03 13.79 25.93 7.66 32.8 10.14 20.54 9.51 27.94
2 12.55 20.03 17.24 22.79 8.02 19.64 10.07 17.87 9.98 21.2
3 12.32 20.08 13.79 17.66 9.17 15.87 9.51 14.41 10.05 19.92
4 10.32 8.11 10.34 4.27 9.07 0 8.65 3.07 9.85 2.67
5 9.04 0 6.9 0 7.83 0 7.78 0 8.09 0
Season 6 6.76 0 3.45 0 7.26 0 7.33 0 7.88 0
7 5.41 0 3.45 0 7.99 0 7.33 0 7.13 0
8 3.76 0 3.45 0 7.84 0 6.23 0 5.54 0
9 3.87 0 3.45 0 8.12 0 7.02 0 5.76 0
10 6.22 0 6.9 0 7.62 0 7.58 0 7.88 0
11 7.1 8.95 6.9 7.98 9.07 0 8.72 12.77 8.19 8.65
12 10.57 18.77 13.34 21.37 10.35 21.69 9.64 18.83 10.14 20.07
Table 4- 4 Variation ratio of heat load unit by hour (Winter) [57]
Building type Residence Office Retail Hotel Hospital
Variation ratio (%) | Variation ratio (%) | Variation ratio (%) | Variation ratio (%) | Variation ratio (%)
Utilization type Hot water Heating Hot water Heating Hot water Heating Hot water Heating Hot water Heating
supply supply supply supply supply
1:00 2.7 4 0 0 0 0 2.37 3.05 0.58 0.2
2:00 0.3 2.6 0 0 0 0 1.43 3.43 0.45 0.3
3:00 0.2 1.8 0 0 0 0 0.64 3.81 0.35 0.3
4:00 1.8 0 0 0 0 0.38 3.43 0.29 0.3
5:00 18 0 0 0 0 0.73 3.05 0.48 0.3
6:00 0.3 2.3 0 0 0 0 2.35 3.05 145 5.1
7:00 2 3.1 1.97 0.3 0 0 4.64 3.24 0.97 4.7
8:00 35 5.6 0.33 16.99 0 0 4.53 4.19 0.39 4.7
9:00 2.9 4.4 1.64 12.29 1.25 16.9 3.97 5.71 7.58 10.3
10:00 35 4.5 6.57 8.09 9.17 12.8 3.8 4.95 9.39 8.3
11:00 2.9 2.7 5.75 10.29 10.1 10.3 451 5.14 10.06 7.5
Time | 12:00 2.6 4 14.78 10.49 25 9.4 3.25 4.95 8.1 6.9
(hr) 13:00 21 3.9 12.48 10.29 8.41 7.5 3.59 4.95 8.9 6.4
14:00 21 3.9 27.09 8.39 17.15 6.9 4.08 5.14 9.52 5.2
15:00 18 3.9 8.7 8.19 17.12 5.6 3.8 4.95 8.71 5
16:00 18 4.1 4.43 9.09 5.36 5.4 3.95 6.1 6.87 4.8
17:00 3.6 4.1 4.27 5.59 3.67 7.3 4.23 7.24 5.65 49
18:00 7.2 5.7 4.27 0 10.54 8.8 4.68 6.86 5.77 5
19:00 8.5 6.1 3.78 0 13.54 9.1 5.36 6.1 497
20:00 11.8 6.1 3.94 0 1.19 0 7.48 5.33 3.9 35
21:00 13.3 6.2 0 0 0 0 8.57 1.52 2.24 35
22:00 11.3 6 0 0 0 0 8.97 1.14 1.29 3.6
23:00 9 5.8 0 0 0 0 7.73 0 1.03 4
24:00 6.6 5.6 0 0 0 0 4.96 2.67 1.06 0.2
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The calculation results of hourly heat load for heating and hot water supply in February of different
building types are shown in Figure 4 - 6 and Figure 4 - 7. According to the annual heat load unit, it
is known that the heat load for heating and hot water supply of hotel and hospital are extremely
larger than other building types, and are thought to be as the high heat demanded building types; the
heat demand of residence and business facility is regarded to be as relatively small.

When conducting the simulation of sewage heat utilization potential, the setting conditions of the

heat demand of different building types can be set up based on the heat load unit of heating and hot

water supply.
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Figure 4 - 6 Heat load for heating of different building types
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Figure 4 - 7 Heat load for hot water supply of different building types
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4.3.2 Heat source equipment model

The simulation setting conditions of heat source equipment are elaborated in this section including
operating type, operating schedule, and the performance of the heat pump. In this study, the heat
source equipment is set to be the water source heat pump which is able to recover heat from sewage
water.

®  Operating type of heat source equipment

Referring to the heat pump operating design guidebook and previous research [35], it is
recommended to operate the heat pump by the type of thermal storage operation for basically 20
hours a day. Thermal storage operation is an operating type that averaged the daily heat load into
operating hours and the influences from peak load are lessened. There are several merits of the
thermal storage operation. For instance, by thermal storage operating, the daily heat load is averaged
into the time period of operating hours; therefore, the peak load of heat demand is mitigated and the
required heat capacity of a heat pump can be diminished; furthermore, the initial cost of the heat
pump can be decreased. According to the reasons, thermal storage operation is gradually spread out
nowadays. Basing on the reasons mentioned above, the setting condition of the heat pump operating
type is assumed to be as thermal storage operation in this study.

®  (Operating schedule of heat source equipment

The operation time of the heat pump is set to be operating from 6 o'clock in the morning to 1 o’clock
of the next day. Regarding the setting condition of operating schedule, it is determined by the sewage
physical state simulated by the sewage physical model proposed in chapter 2.

Take the simulation results of sewage temperature and sewage flow rate at manhole NO.80270060
for example, according to Figure 4 - 8 and Figure 4 - 9, it is shown that the sewage flow rate during
2 o’clock to 5 o’clock is relatively smaller than other time periods; as for the sewage temperature,
the temperature between 2 o’clock to 5 o’clock is lower than other time periods as well.

Referring to the result, it can be considered that during 2 o'clock to 5 o'clock, the retained heat in
sewage pipelines is fewer than other time periods. Consequently, because it is inefficient to recover
sewage heat during 2 o’clock to 5 o’clock, the operation of the heat pump is assumed to stop

operating during the time period.
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Figure 4 - 8 Simulation result of sewage flow rate
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Figure 4 - 9 Simulation result of sewage temperature

In this study, the sewage heat utilization type of residence, hospital, and hotel are assumed to be as
hot water supply; as for the sewage heat utilization type of office and retail are assumed to be as
heating. Regarding different building types and their setting conditions of heat utilization, the results

of heat demand for heating and hot water supply are shown in Figure 4 - 10.

1.0
~
E 03
-
_i 0.6
o
g 0.4
g o
@
T 02
(1]
Z

0.0

o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time [hr]
——Residence ——Hotel ——Hospital —— Office —— Retail

Figure 4 - 10 Building heat demand by utilization type setting in the study
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The hourly heat demand for heat pump operating is calculated based on the daily heat demand, and
then averaged into the operating time of 20 hours (Eq. (35)) [35]. The heat needed for the heat pump
that provided by sewage water is calculated based on the heat pump performance (Eq. (36)); however,
the actual heat amount need to be compared to the heat amount that sewage heat can provide

according to the sewage physical state.

Z’214-=1 Ql d,h
Qup.nr == Eq. (35)
HP_day

(cop—-1)

QHP_sewage = QHp_hr X CO—P Eq. (36)

Where Qpp pr 1s the Required heat output of heat pump (MJ), Qjpqq is the heat load of building
(MJ), Typ qay is the operating time of heat hump per day, COP is the coefficient of performance,

Qup_sewage 1 the heat needed for heat pump provided by sewage water (MJ).
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The results of daily heat load and the daily heat output of the heat pump which is averaged into 20

hours are shown in the figures from Figure 4 - 11 to Figure 4 - 15 by different building types.
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Figure 4 - 11 Heat load and heat output of the heat pump (Residence)
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Figure 4 - 12 Heat load and heat output of the heat pump (Office)
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Figure 4 - 14 Heat load and heat output of the heat pump (Hotel)
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Figure 4 - 15 Heat load and heat output of the heat pump (Hospital)

®  Performance of the heat pump

While conducting a simulation of sewage heat utilization potential, it is essential to set up the heat
pump numbers and heat capacity that suitable for each building in which the sewage heat utilization
system is installed. According to the building area and building types, the building heat demand can
be clarified; afterwards, it is able to determine the proper heat pump with an adequate heating
capacity based on the daily operation time of the heat pump (Eq. (35)).

The water source heat pump (CRHV-P650A) [ 58] with three different heating capacities are adopted
to the study for simulation. According to the specification of the heat pump provided by the maker,

the relationship between the inlet temperature of heat source water and COP is shown in Figure 4 -
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16 to Figure 4 - 18; in addition, the hot water supply temperature is set to be 55 degrees.

When recovering the sewage heat through the circulating water, the circulating water connected to
the heat pump and heat exchanger installed in the pipeline act as the inlet temperature of heat source
water for the heat pump. Therefore, the performance of the heat pump is affected by the sewage

temperature and the performance of the heat exchanger installed in the sewage pipeline.
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Figure 4 - 16 The relationship between COP and inlet temperature of heat source water
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Figure 4 - 17 The relationship between COP and inlet temperature of heat source water
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Figure 4 - 18 The relationship between COP and inlet temperature of heat source water
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4.3.3 Heat exchanger model

The heat exchanger module set up in the study is the form that installed inside the sewage pipeline
(Figure 4 - 19), which is no need to executing heat exchange through sewage water. Besides, it is a
novel heat exchange type to utilize the sewage heat in the recent. There are many merits to adopt
the heat exchanger that installed in pipelines, such as it is slightly affected by the sewage flow
because of the heat exchanger does not need to set up a particular water intake equipment and can
therefore decrease the maintenance fees; moreover, the sewage heat utilization area can be expanded
due to the equipment can be installed in the small size of branch pipelines [25]. According to the
reasons mention above, with the objective of widely utilizing the sewage heat, the heat exchanger
installed at the bottom of the pipeline is determined to be set up as the heat exchanger type in this
study.

At the former step of elaborating the heat exchange model, the setting conditions related to the heat
exchanger are first introduced in this section, including the heat exchange area and heat transfer
coefficient. Afterwards, the heat exchange model including the calculation method of heat amount
that can be reclaimed from sewage water and the variation of sewage temperature after heat
exchange is clarified in the following contents.

TAsEFIAEL
MIRLF—EDLDET
MIRNF—

g-e-8

WATFNF-  MIFLE—

,

PAEIRE

Figure 4 - 19 Diagram of the heat exchanger installed inside the pipeline [59]
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®  Condition setting of heat exchange area and heat transfer coefficient
The heat exchanger adopted to the study is the type which composed of several heat recovery
conduits installed at the bottom of sewage pipelines (Figure 4 - 20), these conduits are abreast

arranged, and then form a shape like a mat.

P

Figure 4 - 20 Diagram of the heat recovery conduit [60]

For the purpose of simulating the heat amount that can be recovered from sewage water, a reasonable
assumption of heat exchange area and a suitable transfer coefficient related to the material of the
conduit are essential to be assumed in advance. According to the heat exchange area and heat
transfer coefficient, the heat exchange amount is able to be calculated through a method called NTU
method which will be introduced in detail in the next section.

The setting condition of the heat exchange area is determined by the features of the pipeline,
including pipe diameter and water depth, which can be calculated by Eq.(37) and Eq.(38). Referring
to the previous research [1], when discussing the setting condition of sewage water depth, the water
depth is usually empirically set as 10% ~ 15%; therefore, the width of the heat exchanger is assumed

to be 10% of the water depth in this thesis.

Aexchange =plxXbXxXm Eq.(37)
b=DXx g X 1, 8 = 2arc sin(0.6) Eq. (38)

Where Aexchange 1S the heat exchange area (m?), pl is the pipe length (m), b is the width of
the heat exchange area, D is the diameter of pipeline (m).

According to Figure 4 - 21, the width of heat exchange area is set to be as the range which is
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equivalent to 10% of water depth (6 = 2arc sin(0.6)), and the length is equivalent to the length of
the pipeline; in this study, the length of heat exchange area is assumed to be as the same with the

spatial calculation interval.

Pipe
‘ diameter
-y | "
\'\\\ v
I 1 ==
:4- -————
. b(m) :

Figure 4 - 21 Symbolic mark in equation (37)~(38)

With regards to the setting condition of heat recovery conduit, according to the previous research,
stainless steel pipe and polyethylene tube are the materials that generally used to be as the heat
recovery conduit. In this study, when conducting the simulation, the material of the heat recovery

conduit is assumed to be stainless steel (Table 4- 5).

Table 4- 5 Setting condition of heat recovery conduit [61]

Material Tube thickness Thermal conductivity Heat transfer coefficient
(mm) (W /mK) (W /m?K)
Stainless steel pipe
(SUS304-TP) 34 16 4706
Polyethylene tube
(PE) 3.4 0.42 123.5
Reference:

Annual report on technical research & development, Vol.40, 2016. Bureau of Sewerage, Tokyo Metropolitan Government.
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®  Number of Transfer Units (Effectiveness-NTU) Method [62]

When concerning the heat exchange model, The Effectiveness-NTU and Log Mean Temperature
Difference (LMTD) are two solution methods that approach heat exchanger analysis from different
angles. Both methods share common parameters and concepts and will arrive at the same solution
to heat exchanger thermal capacity [63].

The Effectiveness-NTU method is a method generally used to calculate the rate of heat transfer in
heat exchangers (especially counter current exchangers) when the information for calculating the
Log-Mean Temperature Difference (LMTD) is insufficient. Specifically speaking, regarding the
heat exchanger analysis, if the inlet and outlet temperature of fluid are specified or can be
determined by simple energy balance, it can be analyzed by the LMTD method. In the contrast, if
more than one of the inlet and outlet temperature of the heat exchanger is unknown or not available,
The Effectiveness-NTU method which related to the effectiveness of a heat exchanger is used [60].
In this study, owing to the inlet and outlet temperature of the heat exchanger is insufficient; therefore,
the Number of Transfer Units (Effectiveness-NTU) method is suitable for applying to the heat
exchange model proposed in the study to calculate the outlet temperature of heat exchanger which
return to the sewage water. In addition, the exchanger type of counter-current flow is assumed in

this study.

Countercurrent Flow

Figure 4 - 22 Diagram of concurrent and counter-current flow of heat exchanger[60]

The application of The Effectiveness-NTU method is elaborated in the below contents. The

Effectiveness-NTU method solves the heat exchange analysis by using three dimensionless



Sewage heat utilization system model — 112

parameters: Heat Capacity Rate Ratio (Wg/W),), Effectiveness (), and Number of Transfer Units
(NTU). The relationship between these three parameters depends on the type of heat exchanger and
the internal flow pattern.

To define the effectiveness of a heat exchanger we need to find the maximum possible heat transfer
(Omax) that can be hypothetically achieved in a counter-current flow heat exchanger of infinite length.
Therefore, one fluid will experience the maximum possible temperature difference; in this study,
which is the difference of Tgeyqge1 — Ter (The temperature difference between the inlet sewage
temperature of the hot stream and the inlet circulating water temperature of the cold stream). The
method proceeds by calculating the heat capacity rates (i.e. mass flow rate multiplied by specific
heat) ¢, G, (heat capacity rates of hot stream fluid) and c.G. (heat capacity rates of cold stream
fluid) for the hot and cold fluids respectively, and denoting the smaller one as (cG), (Eq.(39),
Eq.(40)) [62]. In this study, the sewage water means the hot stream fluid, and the circulating water

means the cold stream fluid.

Qmax = (CG)S X (Tsewagel - Tcl) Eq. (39)

(CG)S = min(chGh: Cch) Eq' (40)

Where Q,,,, is the maximum heat that can be transferred between the fluids per unit time (MJ),
(cG); is the smaller one of the heat capacity rates of hot and cold fluids, Tiepqge; is the inlet
sewage temperature (°C), T.; is the inlet temperature of circulating water (°C), ¢,Gy,c.G, is

respectively the heat capacity rates of hot and cold fluids.

Based on the quantity of the maximum possible heat transfer and Effectiveness (€), the heat that
recovers from sewage water can be calculated [60]. In addition, the relationship between the inlet
sewage temperature of the heat exchanger and outlet sewage temperature of heat exchanger which
return to the sewage water can be clarified. The Effectiveness (g), the quantity of the heat that
recover from sewage water, and the outlet sewage temperature of the heat exchanger are calculated

by the series of equations from Eq.(41) to Eq.(47).



Sewage heat utilization system model — 113

Qsewage

Tsewagez = Tsewagel - Eq. (41
chGp
Qsewage = S(CG)S X (Tsewagel - Tcl) = ChGh(Tsewagel - Tsewagez) Eq. (42)

Where Tsepagez is the outlet sewage temperature (°C), Qsewqge iS the heat recovered from

sewage (MJ), ¢ is the effectiveness of heat exchanger.

The effectiveness (e : epsilon ) is the ratio between the actual heat transfer rate and the maximum
possible heat transfer rate, which is a dimensionless with ranging between 0 to 1. For any heat
exchanger, the effectiveness is the function of Heat Capacity Rate Ratio (Ws/W,;) and Number of
Transfer Units (Eq.(43)) [62].

_ Qsewage

= f(NTU, Wg/W,) Eq. (43)

Qmax

W,
(1- e-B)/(l—Wje-B),Ws W,

.= Eq. (44)
NTU/(1 + NTU), W, = W,
B = (1— W,/W,)NTU Fq. (45)
NTU = KAexcnange/ Ws Eq. (46)
W = min(c, Gy, c.G.), W, = max (¢, Gp, c.G) Eq. (47)

Where NTU is the number of transfer units, K is the heat transfer coefficient (W /m?K), the
Heat capacity rates of hot and cold fluids respectively, denoting the smaller one as

min(c, Gy, c.G.) = W,, and the bigger one as max(c,Gy, c.G.) =W},

According to the heat exchanger model based on Effectiveness-NTU method, the variation of
sewage temperature after utilizing the sewage heat and the quantity of heat that can be recovered

from sewage water is clarified in this section.
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4.3.4 Combination of heat source equipment and heat exchanger

Based on the heat source equipment model and heat exchanger model proposed in section 4.3.2 and
section 4.3.3, the required heat output of the heat pump at the building side and the actual heat
amount that sewage can provide is clarified. However, the heat amount that can be reclaimed from
sewage is determined by the sewage physical state and the effectiveness of heat exchanger, it cannot
be guaranteed to be as a sufficient heat source that always fulfilled the heat demand of the building
side. Consequently, the backup system needs to be taken into consideration.

In this section, the required heat for heat pump operation provided by sewage water is compared to
the quantity of heat that can be exactly recovered from sewage. Specifically, the required heat
amount that expected to be recovered from sewage water is calculated through the COP of the heat
pump (Eq.(36)), and the maximum heat amount provided by the heat exchanger which is installed
in the pipeline is calculated by the Effectiveness-NTU method; at the meanwhile, according to the
relationship between the required heat for heat pump operation provided by sewage and the recovery
heat amount from sewage, the outlet temperature of the heat pump is calculated. Besides, whether
the backup system is needed or not can be determined.

The output temperature of the heat pump is calculated depends on different situations of the required
heat for heat pump operation provided by sewage and the recovery heat amount from sewage. The
equations for calculating the outlet temperature of the heat pump under different circumstances are
separately listed below (Eq.(48) ~Eq.(53)); in addition, the quantity of heat need to be provided by
the backup system is calculated as well (Eq.(53)).

Under the circumstance that the heat amount can be reclaimed from sewage is larger than the
required heat amount for heat pump operation, instead of recovering all the sewage heat, it is
determined to barely recover the heat amount for heat pump operation from sewage; in this case,

the outlet temperature of the heat pump is calculated by Eq.(48) ~Eq.(50).

Qsewage > QHP_sewage :

QHP_sewage = CCGC(Thp_iTl - Thp_out) Eq. (48)

QHP,sewage
Thp,out = Thp,in - G Eq. (49)
c
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Thp_out O =T4(+1 Eq. (50)

Where Qup sewage 18 the heat needed for heat pump provided by sewage (MJ), Ty, i is the inlet
temperature of the heat pump (°C), Thy oy is the outlet temperature of the heat pump (°C), t is

the time step (sec)

While the circumstance that the heat amount can be reclaimed from sewage is less than the required
heat amount for heat pump operation, it is determined to recover all the sewage heat that can obtain
from sewage, and the outlet temperature of the heat pump is calculated by Eq.(51) ~Eq.(52). In
addition, due to the sewage heat is insufficient to fulfill the required heat amount for heat pump
operation, the backup system is essential in this case; the heat amount provided by the backup

system is calculated by Eq.(53).

Qsewage < QHP_sewage

Qsewage = ¢.Ge (Thp_in - Thp_out) Eq. (51)
_ Qsewage _
Thp_out = Thp_in - cG. e t+1) Eq. (52)
cbc

Qsewage x COP

Qbackup = QHp_hr - COP — 1 Eq.(53)

After confirming the heat amount respectively obtained from sewage heat utilization system and

backup system, the total energy consumption is calculated at the final step through Eq.(54).

Energy consumption,,, = Energy consumptionyp + Energy consumptiony,cyyy Eq. (54)

Where Energy consumption;,;q; is the total energy consumption including sewage heat
utilization system and backup system (MJ), Energy consumptionyp is the energy consumption
of sewage heat utilization system (MJ), Energy consumptionygcyy, 1s the energy consumption

of backup system (MJ).



Sewage heat utilization system model — 116

4.3.5 Setting condition of backup system

Owing to the sewage heat may not be always sufficient for the required heat of heat pump in the
sewage heat utilization system, it is essential to set up a backup system in case the heat demand
cannot be fulfilled by sewage heat.

The backup system assumed in this study is set up as the water source heat pump which the water
source is tap water. When the sewage physical condition is unable to provide sufficient heat for the
sewage heat utilization system; for instance, the sewage temperature is low or lack of sewage flow

rate, the backup system is set to operate under this circumstance.

4.4 Summary

In chapter 4, the sewage heat utilization system model is constructed. From the aspect of building
heat demand which is the energy demand side to the sewage water of the energy supply side, the
connection between energy demand and supply side is all taken into consideration in the sewage
heat utilization system model.

According to the sewage heat utilization system model, the pivotal factors of evaluating the regional
sewage heat utilization potential can be simulated. For instance, the outlet temperature which makes
an influence on the sewage water temperature after utilizing the sewage heat, the sewage heat can
be recovered from sewage, and the required heat amount of building side. Moreover, the building
energy consumption is calculated at the final step of the simulation based on the required heat
amount for heat pump operation which is provided by sewage heat utilization system and backup
system if needed.

Referring to the calculation flow of the sewage heat utilization system (Figure 4 - 23), the setting
parameters are divided into three parts at the initial stage, the sewage physical condition, building
features, and heat demand of heat pump operation. The parameters of building features such as
building type, location, and floor area act as a connection to link up the parameters of pipeline and
heat source equipment. Specifically speaking, according to the location of buildings and pipelines,
the connection between pipeline and building is assumed that the building is making a pair to the

nearest pipeline; besides, this setting condition is the same as the connection of building drainage
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and flow-in pipeline proposed in chapter 2. Regarding the setting of this study, when utilizing the
sewage heat in a specific pipeline, the sewage heat is recovered by the building which is connected
to this pipeline.

Through the parameters of sewage physical condition simulated by the sewage physical model
proposed in chapter 2, and the heat exchanger model based on Effectiveness-NTU method, the
quantity of heat retained in sewage pipeline and the heat amount can be reclaimed are able to be
known; at the meanwhile, according to the parameters of the building, heat demand, and the
performance of heat source equipment, the required heat amount that expected to reclaim from
sewage can be clarified by each building.

After clarifying the heat amount that can be extracted from sewage water and the heat demand of
the building, the exact heat amount that needs to be recovered from sewage water can be confirmed.
Based on the logic mentioned above, the outlet temperature after utilizing sewage heat and the
energy consumption which includes sewage heat utilization system and the backup system can be
calculated.

The Urban Sewage State Prediction Model proposed in this study is composed of the sewage
physical model proposed in chapter 2 and the sewage heat utilization system model proposed in
chapter 4, through integrating this two model, the simulation of regional sewage heat utilization
potential can be conducted, and the application of the urban sewage state prediction model is

elaborated in chapter 5.
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Figure 4 - 23 Calculation flow of the sewage heat utilization system model
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Chapter 5: Application of urban sewage state prediction

model

5.1 Introduction and objective

In chapter 5, the application of the urban sewage state prediction model is applied to an actual urban
area in order to discuss the variation of sewage temperature and the regional energy saving potential
after utilizing the sewage heat. According to the sewage physical model proposed in chapter 2, the
regional timely sewage state is simulated in order to clarify the sewage physical condition of each
pipeline in the study area; based on the simulated sewage condition, the sewage heat utilization
system model is integrated to conduct the simulation of regional sewage heat utilization potential
through several scenarios from different perspectives.

In this section, the application of the model is discussed by two different scales of the study areas.
First of all, in order to simply clarify the factors that may make influences on sewage heat utilization;
for instance, building scale and location, the model is initially applied to a part of the study area,
which was defined as a small-scale arca. Based on the simulation in the small-scale area, the
simulation results are discussed in detail; for example, the relationship between building scale,
location, the utilization efficiency of sewage heat utilization system, and energy consumption. The
simulation results of different building scales and their location in the study area can be clarified in
detail.

After attempting the application of the model in a small-scale area, the study area is expanded to the
whole area. The main purpose of this section is to clarify the comprehensive sewage heat utilization
potential from a general aspect. Therefore, the scenarios are set from two perspectives, such as the
influence on the sewage utilization potential at the downstream area which is related to sewage
temperature, and the relationship between sewage heat utilization potential and penetration rate.
According to the two scenarios, the relationship between sewage heat utilization patterns in the

upstream area, the penetration rate, and the sewage heat utilization potential can be clarified.
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®  Definition of sewage heat utilization potential and the setting condition of standard system

In this study, the sewage heat utilization potential is defined as the reduction of building energy
consumption between the cases that sewage heat utilization system is utilized by the building and
the case that sewage heat is not utilized. In other words, the building energy consumption is
compared by a standard system and sewage heat utilization system, and then clarify the sewage heat

utilization potential (Figure 5- 1).

Energy ‘:
consumption of |
sewage heat

utilization system

1

i Energy
=P consumption of

E standard system

1

Sewage Heat Utilization Potential

Figure 5- 1 Definition of sewage heat utilization potential

Regarding the sewage heat utilization system which is introduced in chapter 4 in detail, part of the
building heat demand is provided by the sewage heat through the heat exchanger installed in the
sewage pipeline. As shown in Figure 5- 2, part of the heat required by the water source heat pump
is supplied by the sewage heat. In addition, when the recovery quantity of sewage heat is insufficient
for the required heat output of the heat pump, the remaining heat will be provided by the backup
system which is set to be as the tap water source heat pump.

Concerning the standard system, it is set for comparing the energy consumption with other cases
that sewage heat is utilized in order to clarify the energy saving potential, and the setting condition
of the standard case is that the building heat demand is fulfilled by the heat pump of tap water source

without utilizing sewage heat (Figure 5- 3).
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Figure 5- 2 Diagram of sewage heat utilization system
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Figure 5- 3 Diagram of standard system

®  Setting condition of the simulation

In the following simulation, the simulation time period is set in winter, the general input data and
the setting condition introduced here are applied to the following simulation in chapter 5 and chapter
6. According to the introduction of input data, it can be divided into two parts which including
sewage side and building heat demand side.

Regarding the calculation setting of sewage side, the average tap water temperature of February
(9.4°C) and the hot water temperature (55°C) are adopted to the input data of sewage physical model
to set as the cold water temperature and the supply hot water temperature. Based on the water
temperature, timely water consumption unit, and the sewage physical model introduced in chapter
2, the sewage physical condition in pipelines can be calculated.

As for the calculation setting of the building heat demand side, the average heat demand of hot water
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supply and heating in February are set to conduct the simulation (Table 4- 2~Table 4- 4). Based on
the annual heat load unit of hot water supply and heating, the building heat demand of residence,
hospital and retail are set to be utilizing the objective system for hot water supply, and the office
and retail are set as heating. Specifically speaking, the annual heat load unit for hot water supply
accounts for a large proportion in residence hotel, and hospital, on the contrary, the annual heat load
units for heating of office and retail are larger; therefore, the objective systems in residence, hotel,
and hospital are set to be supplying the building heat demand for hot water supply, and the setting
for office and retail are assumed as heating.

According to the sewage physical model proposed in chapter 2, and the sewage heat utilization
model constructed in chapter 4, these two models are integrated as the urban sewage state prediction
model to conduct the simulation of regional sewage heat utilization potential in chapter 5 and

chapter 6.
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5.2 Overview of the application area

The application area of urban sewage state prediction model is the same area with the verification
area in chapter 3, which is a part of Osaka city. According to the GIS map of the sewer system, there
are six confluent points in the study area; based on the confluent points, the whole study area is
divided into 6 small areas. Referring to Figure 5- 4, Area 1 to Area 6 is distributed from upstream

to downstream.

Area2.

O Confluent point

Pl % .r.:!}'.}ff_.‘.‘ easurement point 10
.."‘}k? upstream)
" Manhole No. 80100005

+
P
) Measurement point 7

(Downstream)
Manhole No.80270060

Figure 5- 4 Spatial distribution of Area 1 to Area 6 in the study area

At the former step of conducting the simulation of sewage heat utilization potential, it is essential
to determine which pipelines are possible to install the sewage heat utilization system. In this study,
based on the heat exchange area is set up as 10% of water depth, we filtered out the pipelines that
the average retained water volume is less than 10%, and the buildings that connected to these
pipelines are assumed to be incapable to utilize sewage heat.

According to the result, the pipelines in Area 1 and Area 2 are regarded as unsuitable to install the
sewage heat utilization system owing to the buildings in Area 1 and Area 2 are mostly small scale;
therefore, the average sewage flow rate in these two area is too small to utilized. As a result, the
sewage heat utilization system is assumed not to be installed in Area 1 and Area 2. Specifically
speaking, after filtering out the buildings that connected to the pipelines which the average retained
water volume is less than 10%, within the total building amount of 460 in the study area, there are
146 buildings connected to the pipelines that the sewage physical conditions in these pipelines are

regarded as a proper condition to install the sewage heat utilization system. Therefore, the simulation
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objectives of sewage heat utilization focusing on the 146 buildings located in Area 3 to Area 6. The
building amount, building type, and composition ratio of the objective buildings in each area which
are intended to utilize sewage heat are listed in Table 5- 1. According to Table 5- 1, the total numbers
of buildings that intend to install the sewage heat utilization system are 146; within the 146 buildings,
there are 105 residences, 32 office buildings, 8 retail stores, 1 hotel, and there is no hospital in the

study area.

Table 5- 1 Composition of building type and building area in Area 3 to Area 6

Area 3 Area 4 Area 5 Area 6
Building type Residence | Office Retail Residence Office Residence | Office Retail Residence Office Retail Hotel
Building numbers 17 7 5 39 4 29 3 2 20 18 1 1
Total building area(m?) 7257.66 | 2886.474 | 2601.62 | 41027.99 | 3869.41 | 16055.92 | 2943.41 649.63 5746.48 7778.29 | 134.0002 986
Ratio 57% 23% 20% 91% 9% 82% 15% 3% 39% 53% 1% 7%

In the following simulation cases in this chapter, based on the sewage heat utilization system model
proposed in chapter 4, the operation schedule of the heat pump is set as 20 hours operation. Besides,
the setting of the heat utilization type for different building types follows the setting in chapter 4 as
well. Specifically, the residence, hotel, and hospital are assumed as hot water supply; office and
retail are assumed as heating. In addition, when conducting the simulation of sewage heat utilization,
under the circumstance that inlet sewage temperature for heat exchanger is lower than 10 degrees,
the sewage heat utilization system is assumed to stop operating and the required heat will be
provided by backup system. When the sewage temperature is less than 10 degrees, the efficiency of
the sewage source heat pump will be reduced significantly. In this situation, the heat pump system
using tap water will be more energy-saving. Therefore, when the temperature of the sewage is less
than 10 degrees, the standby system is used instead.

Regarding the proportion of total building area in Area 3 to Area 6, as shown in Figure 5- 5, Area 4
is the largest area within Area 3 to Area 6, which the total building area is the largest one, followed
by Area 5, Area 6 and Area 3. As for the proportion of building types in Area 3 to Area 6, according
to Figure 5- 6 this area is mainly composed of residence, the residence takes a majority of the

proportion for 76 %, office for 19 %, retail for 4 %, and hotel for 1%.
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Figure 5- 5 Proportion of building area from Area 3 to Area 6
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Figure 5- 6 Proportion of building types from Area 3 to Area 6

Concerning the proportion of building areas of different building types in each area are shown in
Figure 5- 7 to Figure 5- 10 in detail. According to the figures, the residence takes a majority of the
proportion in Area 3 to Area 5 except Area 6. Different from other areas, office is the main building
type in Area 6 for 53%, in addition, there is one hotel located in Area 6.

After clarifying the composition of building type and building area in Area 3 to Area 6, the

simulation of sewage heat utilization potential is discussed from the following section.
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Figure 5- 10 Proportion of building types in Area 6
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5.3 Application in small-scale area

In this section, we firstly discuss the sewage heat utilization potential in a small area in several cases.
To clarify the relationship between total energy consumption and the ratio of energy provided by
the sewage source heat pump, which means the ratio of heat amount that can be recovered by sewage,
the simulation scenarios are set on a small scale to discuss and analyze the simulation results simply.

In this section, Area 3 is set as an example of an objective area.

5.3.1  Scenario 1: Utilization strategy decided by building scale

The sewage heat utilization rate of large-scale buildings and small-scale buildings located in Area 3
is set in five cases of different utilization rates, the setting condition and the simulation result of
energy saving potential of the cases are listed in Table 5- 2. Regarding the definition of large-scale
building, it is determined by the heat pump numbers installed in the building. Specifically, according
to the setting condition of heat source equipment proposed in chapter 4, the maximum specification
of heat pump capacity is selected as the equipment of 50 kW; therefore, the heat output of the heat
pump per hour should be 50 kWh, and the heat pump number required for each building can be
calculated by Eq.(55). Under the circumstance that the required heat pump numbers of the building

are above 5, then the building is defined as the large-scale building in this scenario.

Qup 1
Nup =—2o— Eq. (55)

Where Nyp is the required number of heat pump, Qpyp - is the required heat output of heat pump

(kWh).

The proportion of large-scale buildings and small-scale buildings located in Area 3 is shown in
Figure 5- 11, the percentage is calculated by the total floor area of large-scale buildings and small-
scale buildings. As shown in the figure, the large -scale buildings take the majority in Area 3 of 66%,

and the proportion of small-scale is 34%.
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Figure 5- 11 Building composition of different scale in Area 3

As for the definition of the sewage heat utilization rate (Table 5- 2), for instance, when the utilization
rate of large-scale building is 100 %, it means the heat pump numbers installed in these large-scale
buildings meet the required numbers (Ny;;); similarly, the utilization rate of 50 % means the installed
numbers of the heat pump is half of the numbers it required.

Concerning the standard case, it is set for comparing the energy consumption with other scenarios
in order to clarify the energy saving potential, and the setting condition of the standard case is that
the building heat demand is fulfilled by the heat pump of tap water source.

In addition, when the recovery quantity of sewage heat is insufficient for the required heat output
of the heat pump, the remaining heat will be provided by the backup system which is set as the tap
water heat pump.

The simulation result of each case is elaborated respectively, and the sewage heat utilization

potential of different cases is compared in the following article.

Table 5- 2 Case setting

Case Area 3-A-HP | Area 3-L-HP |Area 3-M-HP | Area 3-N-HP | Area 3-O-HP | Area 3-P-HP
Utilization rate of large-scale buildings 0% 100% 50% 100% 0% 100%
Utilization rate of small-scale buildings 0% 0% 100% 50% 100% 100%
Sewage heat utilization potential Standard case 9.91% 10.54% 11.87% 4.16% 10.29%

® Simulation result of case. Area 3-L-HP
The simulation result of case. Area 3-L-HP is shown in Figure 5- 12. The result shown in Figure 5-

12 is the energy consumption of all the buildings in Area 3, which includes the energy consumption
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of sewage source heat pump and backup system. As shown in Figure 5- 12, the orange bar, gray bar,
and blue fold line represent the energy consumption of the sewage source heat pump, backup system,
and the proportion of energy consumption of sewage heat pump in the total energy consumption.
The simulation results show that at 1:00 in the morning, the percentage of sewage source heat pumps
in the overall energy consumption decreases. It is speculated that the reduction of the drainage
amount and temperature from all buildings at 1:00 led to a shortage of heat that can be recovered
from the sewage. Therefore, when it is insufficient to meet the heat demand of the building, the
backup system is activated. The increase in the proportion of backup systems at this time just proves
this statement. Besides, we can find that there are two peaks of the proportion of sewage source heat
pump usage in a day, respectively occurred at 10:00 and 19:00. Considering the heat demand of the
building, due to these two time periods are the peak period of building heat utilization, this also
means a considerable degree of high-temperature drainage from buildings. Therefore, during this
period, the sewage in the sewer has a relatively higher flow rate and temperature, which means that
there is a lot of heat that can be recovered from the sewage. Therefore, the utilization rate of the
sewage source heat pump becomes higher, and lead to the proportion in the total energy consumption
increases.

Reflecting the demand of the building, there is the highest heat demand at 19:00, and the sewage
flow rate is high in the meanwhile; therefore, the energy consumption ratio of the sewage heat pump
in total energy consumption at 19:00 became higher than 10:00 owing to the sufficient heat in

sewage water can be recovered by the heat pump.
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Figure 5- 12 Simulation result of case. Area 3-L-HP (February)
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® Simulation result of case. Area 3-M-HP

Figure 5- 13 shows the simulation results of case3-M-HP. In case3-M-HP, the sewage heat pump
utilization rate for large-scale buildings is 50%, while the sewage heat pump utilization rate for
small-scale buildings is set as 100%. Compared with the previous case 3-L-HP, it is known that the
trend of the energy consumption of the sewage heat pump in the total energy consumption during
the whole day is almost the same as the previous case.

Compared with the previous case, it can be found that the trend of the energy consumption of the
sewage heat pump in the total energy consumption during the day is almost the same as the previous
case 3-L-HP. Different from the last case, in case 3-M-HP, during the two peak periods in the
morning and evening (10:00 and 18: 00 ~ 23: 00), the utilization rate of sewage heat pumps exceeded
50%. Therefore, it is speculated that there is a sufficient amount of sewage heat that can be utilized.
Due to the sewage heat is also utilized in the small-scale buildings in this case, compared to the case
3-L-HP without utilizing sewage heat in small-scale buildings, the results show that the sewage heat
utilization potential is greater than the case 3-L-HP. It can be speculated that there is a great amount
of sewage heat that can be recovered in the area, through broadly utilized the sewage heat, the
sewage heat utilization potential of this case is 10.54%.

However, compared to the result of case 3-P-HP, if the utilization rate of the large-scale building
reduces to 50%, the sewage heat utilization potential increase. It means that if excessively utilize
the sewage heat, it may lead to the worse result. In other words, there is still a limitation of the

utilization rate of sewage heat.
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Figure 5- 13 Simulation result of case. Area 3-M-HP (February)
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® Simulation result of case. Area 3-N-HP

Figure 5- 14 shows the simulation results of case 3-N-HP. Contrary to case 3-M-HP, in this case, the
utilization rate of sewage heat pumps for large-scale buildings is 100%, and the utilization rate of
sewage heat pumps for small-scale buildings is 50%. By comparing the results of case 3-L-HP and
3-M-HP, it can be confirmed that there is sufficient heat in sewage in this area, and the utilization
of large-scale buildings can obtain better sewage heat utilization potential. Compared with the
standard case, the final result shows that the sewage heat utilization potential of this case is 11.87%,
which is higher than the results of case 3-L-HP and 3-M-HP.

Compared with case 3-M-HP, the utilization ratio of sewage heat pumps reached 70% during the
peak period in the evening period. Therefore, it is known that the total energy consumption in the
same time period is the lowest in a day. In addition, by comparing to case 3-M-HP, it can be known
that when there is a limitation for the utilization building numbers, priority to meet the needs of
large-scale buildings will get better sewage heat utilization potential than meet the needs of small-
scale buildings. In fact, the sewage heat utilization potential will be affected by building types as
well; the relationship between sewage heat utilization potential and building type will be discussed

in the next chapter.
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Figure 5- 14 Simulation result of case. Area 3-N-HP (February)

® Simulation result of case. Area 3-O-HP
Figure 5- 15 shows the simulation results of case 3-O-HP. Contrary to case 3-L-HP, in this case, the
utilization rate of sewage heat pumps for large-scale buildings is 0%, and the utilization rate of

sewage heat pumps for small-scale buildings is 100%. By comparing to the results of case 3-L-HP
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and 3-M-HP, it is speculated that there is sufficient heat in sewage, broadly utilized the sewage heat
utilization system in the whole area will achieve the better sewage heat utilization potential.
However, due to the large-scale buildings do not utilize the sewage heat in this case, it can be
expected that the total sewage heat utilization potential will be insufficient. As shown in Table 5- 2,
by comparing to the standard case, the final result shows that the sewage heat utilization potential
of this case is 4.16%, which is the lowest value of all cases.

Regarding the reason, first of all, the sewage heat is not fully utilized in this case (the utilization rate
of large-scale buildings is 0%), which means the operation mode of merely using the backup system
results in a lower sewage heat utilization potential.

On the other hand, as shown in Figure 5- 11, large-scale buildings account for 66% of the total area
of the buildings in Area 3, while small-scale buildings stand for 34%. Obviously, the use of efficient
and high-efficiency sewage heat pump systems for massive areas will lead to lower energy
consumption. Therefore, the result of case 3-O-HP is lower than that of case 3-L-HP, which is 100%

utilized by large-scale buildings.
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Figure 5- 15 Simulation result of case. Area 3- O-HP (February)

® Simulation result of case. Area 3-P-HP

Figure 5- 16 shows the simulation results of case 3-P-HP. In this case, the utilization rate of the
sewage heat utilization system of large-scale buildings is set as 100%, and the utilization rate of the
sewage heat utilization system of the small-scale buildings is 100% as well to maximize the

utilization of sewage heat. According to the final result, it is known that the utilization rate of the
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sewage heat pump reached almost 80% during the peak period at night, which is the highest value
in all cases.

By comparing the results of case 3-L-HP and 3-M-HP, it is speculated that due to there is sufficient
heat in sewage, broadly utilize the sewage heat in the whole area will obtain better sewage heat
utilization potential. Therefore, Case 3-M-HP and Case 3-N-HP, which have a large amount of
utilization of sewage heat utilization system, achieved excellent sewage heat utilization potential.
Comparing to the standard case, although the utilization rate of the sewage heat pump system is the
highest of all cases, the final result shows that the sewage heat utilization potential of case 3-P-HP
is 10.29%, which is slightly lower than the results of Case 3-M-HP and Case 3-N- HP. We argue
that the primary reason for this result is the inefficient use of sewage heat rather than the insufficient
use of sewage heat. As shown in the results, the energy consumption of Case3-P-HP is slightly
higher than Case 3-N-HP from 17:00 to 23:00. This result may be caused by the excessive utilization
of sewage heat. In this calculation, the set value of the tap water, which is the heat source of the
backup system is 9.4 degrees. The lower limit of the operation of the sewage source heat pump is
10 degrees. To ensure sufficient efficiency, when the sewage temperature is less than 10 degrees,
the sewage heat pump is assumed to stop operating, and the backup system will be used. Assuming
that the temperature difference between the sewage and the circulating water is 1 degree, the sewage
heat pump will keep operating when the inlet sewage temperature is between 10 degrees and 10.4
degrees. However, the efficiency of the sewage source heat pump will be lower than the backup

system under this situation, which may result in relatively high energy consumption.
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Figure 5- 16 Simulation result of case. Area 3-P-HP (February)
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Figure 5- 17 shows the comparison results of each case. As shown in the figure, the results of case
3-M-HP, 3-N-HP, 3-P-HP show the outstanding sewage heat utilization potential. It is speculated
that owing to there is a great amount of sewage heat retained in Area 3, and the utilization rates of
these three cases are higher than other cases. In other words, the sewage heat utilization system is
broadly utilized in these three cases. In contrast, the sewage heat utilization potential of case 3-L-
HP and case 3-O-HP are low; both of the results are below 10%. The reason is that in both cases,
there are buildings of different scales that do not utilize the sewage heat. Due to the utilization of
relatively low-efficiency backup systems, energy consumption can not be reduced.

At the same time, the sewage heat utilization potential of case 3-M-HP is higher than the potential
of case 3-N-HP because the large-scale buildings account for a large proportion in Area 3. Case 3-
M-HP uses a high-efficiency sewage source heat pump to provide heat to a relatively large number
of buildings, thus achieving higher energy savings. However, it is worth noting that through the
comparison of case 3-P-HP with case 3-M-HP and case 3-N-HP, it can be known that excessive use
of sewage heat may cause the opposite effect. Therefore, it is necessary to discuss the utilization

strategy of sewage heat in detail.
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Figure 5- 17 Comparison of sewage heat utilization potential of different cases (February)
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5.3.2  Scenario 2: Utilization strategy decided by area location

In this section, the regional sewage heat utilization potential is discussed by the scenario of different
area locations to clarify the impact of heat recovery location in a regional scale.

Different installation rates of sewage heat utilization system in three locations including upstream
area, middle, and downstream in Area 3 are respectively set up in order to clarify the energy saving
potential. Based on the building location in Area 3, all the buildings are classified into three parts
that located at relatively upstream, middle and downstream, the proportion of total building area at
the upstream, middle, and downstream is shown in Figure 5- 18. As for the aspect of regional energy
saving potential, due to the heat recovery at upstream buildings may make an influence on the
recoverable heat amount at the downstream building, it is essential to clarify the relationship
between sewage heat utilization potential and the heat recovery place.

The setting condition of each case is listed in Table 5- 3, and the simulation result of sewage heat
utilization potential of each case is listed in the table as well. The setting condition of the standard
case is that the building heat demand is fulfilled by the heat pump of the tap water source, which is

the same as the former section (5.3.1).

m Upstream Middle Downstream

31%

21%

Figure 5- 18 Proportion of building area at different location in Area 3 (February)
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According to the definition of the sewage heat utilization rate, for instance, when the utilization rate
of upstream is 100 %, it means all the buildings located at the upstream area installed the sewage
heat utilization system and the heat pump numbers installed in the buildings meet the required
numbers. Regarding the backup system, when the recovery quantity of sewage heat is insufficient
for the expected heat output of the heat pump, the remaining heat will be provided by the backup

system, which is set as the tap water heat pump.

Table 5- 3 Case setting

Case Area 3-A-HP | Area 3-Q-HP | Area 3-R-HP | Area 3-S-HP | Area 3-P-HP
Utilization rate of upstream 0% 100% 0% 0% 100%
Utilization rate of middle 0% 0% 0% 100% 100%
Utilization rate of downstream 0% 100% 100% 100% 100%
Sewage heat utilization potential Standard case 9.49% 4.43% 7.35% 10.29%

The simulation results of the cases under different installation rates of sewage heat utilization system
in three locations, including upstream area, middle, and downstream are shown in Figure 5- 19. In
the previous section, we can know from the comparison results of the sewage heat utilization
potential of different building scales, because there is a considerable amount of available heat in the
sewage pipelines in Area 3. Broadly utilize the sewage heat can obtain better energy conservation.
Therefore, in this scenario, it can be known from the results that case 3-R-HP has the lowest sewage
heat utilization potential due to its low utilization rate, though the utilization area of sewage heat is
mainly concentrated in the downstream area, which can receive a great amount of high-temperature
sewage. Because of the lowest utilization rate of the sewage heat utilization rate, case 3-R-HP has
the lowest sewage heat utilization potential in all cases. For the same reason, the case 3-P-HP, which
the sewage heat utilization system is introduced into the upstream, middle, and downstream area,
has the highest sewage heat utilization potential within all cases.

The results also indicate that, compared to the standard case, case 3-Q-HP and case 3-S-HP
respectively obtain 9.49% and 7.35% of the sewage heat utilization potential. Comparing to the
standard case, case 3-Q-HP and case 3-S-HP respectively get 9.49% and 7.35% of the sewage heat

utilization potential. Regarding the result of case 3-Q-HP is higher than that of case 3-S-HP, it is
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speculated that the different utilization rates at different locations of sewage heat utilization lead to
the difference of sewage heat utilization potential. The sewage heat utilization location of Case 3-
Q-HP is set as upstream and downstream, and there is no sewage heat utilization in the midstream.
After the sewage heat recovered by the buildings located in the upstream area, the sewage obtains
extra heat from the drainage of the buildings in the midstream. Hence, the sewage temperature return
to a relatively higher temperature.

Regarding the heat utilization location of case 3-S-HP, it is set to be at the middle and downstream.
After a part of the heat recovered by the buildings in the midstream area, there is no additional heat
discharged into the sewage and therefore lead to a lower sewage temperature in the downstream
area. Thus, from the perspective of sewage heat utilization in the downstream area, the sewage heat
utilization system in case-Q-HP will have higher efficiency because of the higher sewage

temperature; therefore, there is a high sewage heat utilization potential in this case.
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Figure 5- 19 Comparison of sewage heat utilization potential of different cases (February)
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5.4 Application in large-scale area

After discussing the possibility of sewage heat utilization potential in a single area (Area3) in the
previous section, the study range is expanded to the whole area including Area 3, Area4, Area 5, and
Area6 to discuss the temperature variation at the final downstream point (manhole NO. 80270060),
and respectively discuss two main scenarios by several cases; for instance, the aspect of impact on
downstream temperature and the relationship between utilization penetration rate and sewage heat

utilization potential.

5.4.1 Scenario 1: Discussion of impact on downstream temperature

According to Table 5- 4, these seven cases discuss the pattern of respectively utilizing sewage heat
in every single area, and the pattern of utilizing sewage heat in multiple regions to clarify the
relationship between temperature variation at the downstream area and the sewage heat utilization
rates at upstream areas. In addition to the setting condition of each case, the simulation results of
sewage heat utilization potential are shown in the table as well.

Regarding the definition of the standard case in this scenario, it is the same as the setting of the
former section. In the standard case, the building heat demand is fulfilled by the heat pump of the
tap water source.

As the aspect of sewage heat utilization potential of this study area, the result shows that utilizing
sewage heat in the whole area has the highest sewage heat utilization potential (case. Whole-D-HP).
However, when discussing the utilizing potential of the relative downstream area, it is essential to
discuss the final downstream temperature of this study area, because this temperature will make an

influence on the next downstream area.

Table 5- 4 Case setting

Case Whole-A-HP | Whole-E-HP | Whole-F-HP | Whole-G-HP | Whole-H-HP | Whole-I-HP | Whole-J-HP | Whole-D-HP
Utilization rate of Area 3 0% 100% 0% 0% 0% 100% 100% 100%
Utilization rate of Area 4 0% 0% 100% 0% 0% 100% 100% 100%
Utilization rate of Area 5 0% 0% 0% 100% 0% 0% 100% 100%
Utilization rate of Area 6 0% 0% 0% 0% 100% 0% 0% 100%
Sewage heat utilization potential| Standard case 1.53% 6.00% 2.02% 2.61% 7.53% 9.55% 10.38%
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As shown in Figure 5- 20, when respectively installed the sewage heat utilization system in the
single area, the energy saving potential is related to the scale of the area. Specifically speaking,
comparing the results of case. Whole-E-HP, case. Whole-F-HP, case. Whole-G-HP, and case.
Whole-H-HP, there is the greatest sewage heat utilization potential in case. Whole-F-HP, which is
the case that installed the sewage heat utilization system in Area 4. It is speculated that owing to
Area 4 is the largest area within Area 3 to Area 6 which the total building area is the biggest one;
therefore, the building numbers of utilizing the sewage heat are more than other areas, and
consequently lead to the result.

Concerning the results of installing the sewage heat utilization system in multiple areas, it is shown
that when broadly utilize the sewage heat in the whole area including Area 3 to Area 6, the result of
sewage heat utilization potential has a more significant effect (Whole-D-HP), and the maximum

sewage heat utilization potential in the study area is about 10.38 %.
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Figure 5- 20 Comparison of sewage heat utilization potential of different cases (February)

Regarding the variation of sewage temperature at the downstream, the simulation results of the
sewage temperature at the final downstream manhole (manhole NO. 80270060) under different
cases are compared to the sewage temperature before utilizing the sewage heat, and the simulation
results are shown in Figure 5- 21 to Figure 5- 26.

According to the simulation results of respectively utilized the sewage heat in a single area, the
temperature variation is not obvious in the results of Area 3, Area 4, and Area 5 (case. Whole-E-HP,
case. Whole-F-HP, case. Whole-G-HP), only the result of Area 6 (case. Whole-H-HP) shows a

noticeable change, it is speculated that due to the manhole NO. 80270060 is located in Area 6, which
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is the most downstream area; therefore, the variation of sewage temperature is affected by the
sewage heat utilization directly. Referring to Figure 5- 21 and Figure 5- 22, the maximum
temperature difference between the sewage temperature before utilizing the sewage heat and after
using the sewage heat is less than 5 degrees. As for the result shown in Figure 5- 23, the temperature
variation is in the range from 0.3 °C to 4 °C, which is not apparent.

Concerning the reason why the variation of sewage temperature is not apparent, it is speculated for
two reasons. First of all, based on the sewage heat utilization system model proposed in chapter 4,
the effectiveness principle of the heat exchanger leads to the result that sewage heat is unable to be
massively recovered by the buildings immediately; in other words, there is a limitation of recovery
heat amount related to the heat exchanger model. Therefore, there is no dramatic variation in sewage
temperature. Secondly, when utilizing the sewage heat, the wastewater is also discharged from the
buildings in the meanwhile. Consequently, when extracting the heat from sewage, the waste heat is
exhausted into the sewage through building drainage as well and therefore achieve a certain balance

between the heat demand side and the supply side.
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Figure 5- 21 Sewage temperature at manhole NO. 80270060 (case. Whole-E-HP, February)
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Figure 5- 22 Sewage temperature at manhole NO. 80270060 (case. Whole-F-HP, February)
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Regarding the result of utilizing the sewage heat in Area 6 (case. Whole-H-HP), the temperature
variation, in this case, is more evident than other results of using sewage heat in a single area. As
mentioned above, it is speculated that due to the manhole NO. 80270060 is located in Area 6;
therefore, the variation of sewage temperature is affected by the sewage heat utilization directly.
Referring to Figure 5- 24, the maximum temperature difference, in this case, is about 5.2 degrees,
and the minimum temperature difference is about 1.4 degrees. It is apparent than the results of

utilizing sewage heat in Area 3, Area 4, and Area 5.
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Figure 5- 23 Sewage temperature at manhole NO. 80270060 (case. Whole-G-HP, February)

)
s
— 25
e
3 20
©
5 15
o
£ 10
8
) 5
Qo
S 0
3 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time [hr]
——Before sewage heat utilization ——Case Whole-H

Figure 5- 24 Sewage temperature at manhole NO. 80270060 (case. Whole-H-HP, February)
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Concerning the simulation results of utilizing the sewage heat in multiple areas, the variation of
sewage temperature in case. Whole-I-HP, case. Whole-J-HP, case. Whole-D-HP is evident than the
results of utilizing the sewage heat in a single area owing to the increase of building numbers that
extracting the sewage heat. The result of utilizing the sewage heat in Area 3 and Area 4 (case. Whole-
I-HP) is shown in Figure 5- 25. The maximum temperature difference, in this case, is about 5.6
degrees, and the minimum temperature difference is about 1.2 degrees; in fact, the range of the
temperature difference is similar to the result of utilizing the sewage heat in only Area 6 (case.
Whole-H-HP). It is speculated that owing to Area 3 and Area 4 is relatively far from the downstream
manhole (manhole NO. 80270060); therefore, within the process of sewage flow from Area3 to the
downstream manhole, the building drainage with relatively high temperature discharged into the
pipelines and led to the result of inapparent temperature variation.

Regarding the result of utilizing the sewage heat in Area 3, Area 4 and Area 5 (case. Whole-J-HP),
the temperature variation between the sewage temperature of before using the sewage heat and after
utilizing the sewage heat is noticeable (Figure 5- 26). Specifically, the maximum temperature
difference, in this case, is about 6.5 degrees, and the minimum temperature difference is about 1.4
degrees. Owing to this significant decrease in sewage temperature, it may cut down the effect of

sewage heat utilization potential in the downstream areas.
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Figure 5- 25 Sewage temperature at manhole NO. 80270060 (case. Whole-I-HP, February)
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Figure 5- 26 Sewage temperature at manhole NO. 80270060 (case. Whole-J-HP, February)

With regards to the result of utilizing the sewage heat in the whole study area (Figure 5- 27), from
the perspective of energy saving potential, it performs the greatest potential of sewage heat
utilization. However, the range of the temperature variation, in this case, shows the most significant
temperature difference. In other words, after the sewage heat has been utilized in the whole study
area, including Area 3 to Area 6, the sewage temperature decreases to a quite low temperature. If
there are certain areas located at the relative downstream of the study area that intends to utilize the
sewage heat, it may cut down the sewage heat utilization effect in this area. Therefore, when
concerning the energy utilization on the regional scale, it is essential to clarify the optimal strategy

to achieve the balance of energy saving potential and practical situation from an overall perspective.
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Figure 5- 27 Sewage temperature at manhole NO. 80270060 (case. Whole-D-HP, February)
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5.4.2  Scenario 2: Discussion of utilization penetration rate

In this scenario, four cases are set to clarify the relationship between the penetration rate of sewage
heat utilization and the sewage heat utilization potential in the study area. The cases set in this
scenario are just some simple cases to roughly evaluate and comprehend the effect of sewage heat
utilization under different penetration rates.

The setting condition of each case and the sewage heat utilization potential are listed in Table 5- 5.
In this section, the definition of the standard case and utilization rate is the same as the setting
condition of the previous part. Briefly speaking, the setting condition of the standard case is that the
building heat demand is fulfilled by the heat pump of the tap water source. As for the setting of
backup system, when the inlet sewage temperature for the heat exchanger is lower than 10 degrees
or the recovery quantity of sewage heat is insufficient for the required heat output of the heat pump,

the remaining heat will be provided by the backup system which is set as the tap water heat pump.

Table 5- 5 Case setting

Case Whole-A-HP Whole-B-HP Whole-C-HP Whole-D-HP
Utilization rate of Area 3 0% 50% 80% 100%
Utilization rate of Area 4 0% 50% 80% 100%
Utilization rate of Area 5 0% 50% 80% 100%
Utilization rate of Area 6 0% 50% 80% 100%
Sewage heat utilization potential Standard case 9.73% 10.69% 10.38%

According to the energy saving potential shown in Figure 5- 28, it is known that there is the most
effective sewage heat utilization potential when the utilization rate is 80 %, the energy saving
amount is even greater than the case of the sewage heat utilization rate is 100 %. The reason leads
to the result is speculated to be related to the inlet sewage temperature for the heat exchanger, which
makes an influence on the inlet temperature of the heat pump and affects the performance of the
heat pump; eventually, it makes an influence on the energy consumption.

Specifically speaking, if excessively install the sewage heat utilization system and recover the
sewage heat densely, the sewage temperature can not be raised to a higher temperature for proper

utilization, it may lead to the lower performance of sewage heat utilization system. Owing to the
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setting condition of this study is that while the inlet sewage temperature for the heat exchanger is
lower than 10 degrees, the sewage heat utilization system is assumed to stop operating. However,
for instance, when the circumstance that sewage temperature is 10 degrees and the temperature
difference between sewage and the circulating water of heat exchanger is 1 degree, the inlet
temperature of the sewage source heat pump becomes 9 degrees. Under this situation, the 9 degrees
is lower than the temperature of the tap water (9.4°C), which is set as the standard case. Therefore,
it leads to the lower performance of the sewage heat pump than tap water source heat pump, which
causes the higher energy consumption of the sewage heat pump.

In addition, from the perspective of heat balance, when the penetration rate of sewage heat
utilization is 100%, owing to extracting heat from sewage densely, the influence on the decreasing
of average sewage temperature in an entire area is more serious than the case of the penetration rate
is 80%. Therefore, it leads to worse performance of the sewage source heat pump. Moreover, under
the case of the penetration rate is 100%, the numbers of the heat pump with worse performance are
more than the case of the penetration rate is 80%. Due to the total required quantity of the building
heat demand is fixed, and the numbers of the heat pump with worse performance take a majority
proportion in case Whole-D-HP; thus, the energy consumption of case Whole-D-HP is larger than
case Whole-C-HP.

Based on the result, it is known that there is still a limitation of maximum utilization rate for
achieving more significant sewage heat utilization potential. In other words, the relationship
between the sewage heat utilization rate and sewage heat utilization potential is not proportional.
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Figure 5- 28 Comparison of sewage heat utilization potential of different cases (February)
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5.5 Summary

In chapter 5, the application of the urban sewage state prediction model is applied to an actual urban
area to discuss the variation of sewage temperature and the regional energy saving potential after
utilizing the sewage heat. Specifically speaking, by integrating the physical sewage model proposed
in chapter 2 and the sewage heat utilization system model proposed in chapter 4, the simulation of
regional sewage heat utilization potential is conducted through several scenarios from different
perspectives. The setting conditions of the cases which are discussed in this chapter are set from a
general perspective of approximately comprehend the sewage heat utilization potential in the whole
area, and simply discuss the objective result of different setting conditions without considering the
optimal strategies.

In this chapter, the application of the urban sewage state prediction model is respectively be
discussed the scenario in small-scale areas and large-scale areas. Firstly, the objective area is set as
a part of the study area (Area 3) to begin the simulation on a small scale to clarify the energy
consumption and sewage heat utilization potential through discussing the utilization strategy, which
is decided by building scale and location. Secondly, after discussing the possibility of sewage heat
utilization potential in a single area, the study range is expanded to the whole area including Area3,
Aread, Area 5, and Area6 to clarify the temperature variation at the final downstream point (manhole
NO. 80270060), and respectively discuss two main scenarios to analyze the downstream sewage
temperature and the relationship between utilization penetration rate and energy saving potential.
According to the simulation result, it is known that there is an excellent potential of sewage heat
utilization in the urban area. Besides, reclaiming the sewage heat in the upstream area indeed makes
an influence on the effect of recovering heat in the downstream area. However, when recovering the
sewage heat, the buildings are discharging waste heat in the meanwhile; thus, the sewage heat
temperature does not dramatically decrease immediately.

Besides, it is notable that according to the scenario of the relationship between penetration rate and
sewage heat utilization potential, it is known that there is still a limitation of maximum utilization
rate for achieving more significant sewage heat utilization potential, excessively recover the sewage

heat may lead to the worse effect, it means the relationship between the sewage heat utilization rate
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and sewage heat utilization potential is not absolutely proportional.
Based on the approximately comprehending of sewage heat utilization potential and the factors that
may make influences utilizing sewage heat proposed in this chapter, the optimal strategies of

utilizing sewage heat will be discussed and elaborated in the next chapter.
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Chapter 6: Case studies for utilization potential of

district sewage heat
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Chapter 6: Case studies for utilization potential of district

sewage heat

6.1 Introduction and objective

In chapter 6, in order to propose the strategy for the optimal utilization of sewage heat in urban areas,
the simulation under different setting parameters and scenarios are conducted to analyze the sewage
heat utilization potential. Specifically speaking, within the scenarios proposed in this chapter, the
study cases are respectively set up by the specific buildings in the actual study area and the cases of
hypothesis building distribution. Owing to the building types in the study area are mainly composed
of residence, the diversity of building types is insufficient to discuss the relationship between
sewage heat utilization potential and building types under different pattern. Therefore, the cases of
hypothesis building types and distribution are also set in this chapter to analyze the optimal
strategies and the relationship between the composition of building types and distribution.

Based on the simulation result of the cases suggested in this chapter, the optimal strategies of
utilizing sewage heat such as the buildings which are recommended to utilize sewage heat and the
proper layout of building distribution can be clarified through the urban sewage state prediction

model proposed by this study.

6.2 Overview of the regional sewage heat utilization potential

According to the simulation results proposed in chapter 5, it is shown that the sewage heat utilization
potential can achieve a better effect when broadly utilized the sewage heat by more buildings.
However, from the perspective of a practical view, it is difficult to install the sewage heat utilization
system in most of the buildings scattered in the urban area due to several reasons from the aspect of
the economy, initial cost, the willingness of the users, etc. Therefore, it is essential to clarify the
optimal sewage heat utilization strategies in order to evaluate the priority of buildings which are
recommended to utilize the sewage heat based on building features such as building types and spatial
distribution in the urban area in order to achieve efficient sewage heat utilization. Moreover, from

the perspective of reducing the environmental load and energy saving in the urban area, the optimal
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strategies for sewage heat utilization proposed in this study can be applied to urban planning when

drawing up the regional energy utilization plan for a new area which is still under developing.

6.3 Influence of different parameters on district sewage heat utilization potential

In this section, the influence of different parameters on district sewage heat utilization potential, for
instance, building location and building type, are discussed by two scenarios including the cases of
the specific buildings in an actual area and the hypothesis cases. The simulation results are

elaborated in the following section.

6.3.1  Scenario 1: Discussion of the sewage heat utilization potential of specific
buildings

The discussion in the first scenario begins from the cases of building scale. Two cases are set in this
section including case. Off-A and case. Off-B. Specifically speaking, two office buildings located
at different location (upstream and downstream) in the study area (Area 3) are set as objectives to
compare which building is proper to utilize sewage heat.

Instead of discussing the regional sewage heat utilization potential, the purpose of this scenario is
to clarify the sewage heat utilization potential from the perspective of building scale in order to
analyze the relationship between different building locations and building energy consumption.
Furthermore, the performance of the sewage source heat pump installed in the objective buildings
and the variation of the inlet sewage temperature are discussed in detail as well.

As shown in Figure 6- 1, two buildings (Building NO. Off-33162 and Building NO. Off-33091)
located in downstream and relative upstream are selected as the study objectives. Regarding the
spatial distribution of objective 2 (Building NO. Off-33091) which is defined as the building that
located at upstream in this scenario, as shown in the figure, there are some buildings located at
relative upstream of objective 2; however, these buildings are set to be unable to recover the sewage
heat based on the setting condition of sewage heat utilization proposed in chapter 5. Specifically,
when the average amount of sewage retained in the pipelines is less than 10% of water depth, the

buildings connected to these pipelines are supposed to be unable to utilize the sewage heat.
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Therefore, objective 2 is regarded as a building located at upstream and it is also assumed as the
first building which utilizes the sewage heat from the sewage flow process. As for the spatial
distribution of objective 1 (Building NO. Off-33162) which is defined as the building that located
at downstream, concerning the possibility of utilizing the sewage heat by the buildings that located
at the relative upstream of objective 1, after filtering out the buildings that are unable to utilize the

sewage heat, there are four buildings is regarded as able to recover the heat from sewage.
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Figure 6- 1 Spatial distribution of objective buildings

The simple diagram and the building information of the two cases are shown in Figure 6- 2 and
Figure 6- 3. Regarding the setting condition of the case. Off-A, the sewage heat utilization system
is installed in objective 1 and all the buildings located at the relative upstream of objective 1; the
buildings located at the relative upstream of objective 1 are four residences, from upstream to
downstream are Building NO.Res-3421, Building NO.Res-3423, Building NO. Res-33061, and
Building NO. Res-33062. As for case. Off-B, the situation of other buildings located at the

downstream of objective 2 are ignored, due to the main purpose of this scenario is focusing on the
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sewage heat utilization potential of the two objective buildings, whether other buildings that located
at downstream utilize sewage heat or not does not make influences on the sewage heat utilization

potential of objective 2, therefore, the setting conditions of other buildings in case. Off-B can be

ignored.
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Figure 6- 2 Diagram of case. Off-A
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Figure 6- 3 Diagram of case. Off-B

®  Simulation result

With regards to the simulation results, the results from two perspectives will be discussed in this
section, including the sewage side and building side. For instance, the variation of sewage heat
amount that retained in the pipelines which are connected to the study buildings and the variation
of sewage temperature; as for the building side, building heat demand, heat demand of heat pump,
total energy consumption, heat pump energy consumption, and the performance of sewage source
heat pump are all be elaborated. In addition, not only the two objective buildings, but the simulation
results of the buildings located at upstream of objective 1 are also analyzed in order to clarify the
variation of sewage heat amount that retained in the pipelines and the variation of sewage
temperature from upstream to downstream. Eventually, the energy consumption, performance of
sewage source heat pump, and the inlet sewage temperature of two objective buildings are mainly

discussed.
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Figure 6- 4 to Figure 6- 7 show the simulation results of case.off-A, which represent the daily
operation of the sewage heat utilization system of building NO.Res-3421, 3423, 33061 and 33062,
respectively.

As shown in Figure 6- 4, due to the building NO.Res-3421 is a residence located at the most
upstream, the drainage temperature of the building is high and lead to the relatively high sewage
temperature. Therefore, as shown by the solid blue line in Figure 6- 4, there is a great amount of
sewage heat retained in the connected pipelines, and reached the highest amount at night.
Comparing to other buildings, the sewage heat that can be recovered by building NO.Res-3421 is
the highest of all cases, and the average value per hour at night time reaches 120 kJ. On the other
hand, because there is more retained heat in the sewage, high-efficiency sewage source heat pumps
can be used to fulfill most of the heat demands of the building. In addition, the total energy
consumption of building NO.Res-3421 is smaller than that of building NO.Res-3423, which is

similar in size but located relatively downstream.
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Figure 6- 4 Daily operation of the sewage heat utilization system of Building NO.Res-3421 (February)

Besides, It is worth noting that in addition to the amount of retained heat in sewage, the lower
sewage temperature in the downstream leads to the worse performance of the sewage source heat
pump, and therefore leads to a relatively increasing energy consumption of the building NO.Res-
3423 (Figure 6- 5). However, due to the similar location, the previous building is discharging hot
water while recovering heat in the meanwhile. The variation of sewage temperature is not obvious
when the sewage flows through the next building. Therefore, according to the results, there is not

much difference in energy consumption between the two buildings.
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Figure 6- 5 Daily operation of the sewage heat utilization system of Building NO.Res-3423(February)

The building located in the relative downstream is represented by the building NO.Res-33061
(Figure 6- 6) and NO.Res-33062 (Figure 6- 7). As shown by the solid yellow line in the figure,
owing to the scale of these two buildings are small, the overall heat demand of the buildings are
correspondingly reduced compared to the previous two buildings. Comparing to the buildings in the
upstream, the simulation results show that the sewage heat amount that can be recovered by the
buildings located downstream is significantly reduced, due to a large amount of sewage heat has
been recovered by the large-scale buildings located upstream, and caused the decrease of sewage
temperature. In the other words, there is no sufficient heat remaining in the sewage when it flows
by the downstream buildings. The lower sewage temperature leads to the worse performance of
sewage source heat pump installed in the downstream buildings. Therefore, comparing to the result
of building NO.Res-3421 and building NO.Res-3423, the retained sewage heat in the pipelines
indicated by the green dotted line significantly reduced.

Besides, due to the building NO.Res-33061 is a small scale building, the sewage heat that can be
recovered at night can still meet its heat demand, so it is still possible to make use of the sewage
source heat pump for supplying heat. However, it is worth noting that during the same night time
period, the sewage heat that can be recovered by the most downstream building NO.Res-33062
cannot meet the heat demand of it due to the heat extraction from the three upstream buildings.
Under this situation, the required heat is provided by the backup system, and the total energy

consumption higher than building NO.Res-33061.
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Figure 6- 6 Daily operation of the sewage heat utilization system of building NO.Res-33061(February)
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Figure 6- 7 Daily operation of the sewage heat utilization system of building NO.Res-33062(February)

Comparing the results of the four buildings, we can know that under the circumstance that when the
building types are all residence, and all the buildings are set to recover the sewage heat, the buildings
located upstream have the best condition to recover the sewage heat, due to there is higher
temperature at upstream, which means there is a greater amount of heat can be provided by the
sewage at upstream. In the meanwhile, the higher temperature means the sewage source heat pump
can operate with better efficiency, and lead to the reduction of total energy consumption of the
building. On the other hand, although the buildings located at downstream can only recover the less
heat amount from the sewage, there are still opportunities to meet the heat demand of the buildings
depending on the building scale.

Figure 6- 8 to Figure 6- 12 show the results of objective 1 and objective 2. As shown in Figure 6- §,
as explained in the previous section, the variation of the heat amount that can be recovered form the
sewage is affected by the building drainage. There are two peaks of the retained heat in the sewage
flowing by the building objectivel in a day. As the building drainage increases, the first peak appears

at 10:00, and the second peak appears at 20:00. Building Objective 2 has the same variation trend.
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The value of the retained heat in the sewage flowing by the two buildings is different due to the
different location of the pipelines.

It is also worth noting that the red dotted line and the solid blue line in the figure are almost in the
opposite trend. The reason is that as the retained heat in the sewage increases, the heat provided by
the high-efficiency sewage source heat pump increases, and therefore lead to the overall energy

consumption of the building decreases.
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Figure 6- 8 Daily operation of the sewage heat utilization system of Objectivel (February)
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Figure 6- 9 Daily operation of the sewage heat utilization system of Objective2 (February)
Figure 6- 10 shows the performance of every sewage source heat pumps installed in the buildings
of case.off-A. As shown in the figure, the solid green line is the result of the objective office building
(objective 1) located downstream, which indicates a relatively lower COP than buildings at upstream.
Simultaneously, comparing all the COP curves, we can know that the COP of the sewage source
heat pump in the upstream building is higher than the downstream buildings. The reason is that the
sewage temperature gradually decreases from the upstream pipeline to downstream due to the heat
is recovering by buildings. The highest temperature in the upstream indicates that the sewage source

heat pump of the building in the upstream has the greatest operating efficiency.
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Figure 6- 10 Simulation result of the performance of the sewage source heat pump (February)

Figure 6- 11 shows the relationship between inlet sewage temperature and COP of sewage source
heat pump in objective 1 and objective 2. Due to the objective 1 is located at downstream, and the
buildings at the upstream of it are recovering sewage heat in the meanwhile; therefore, the inlet
sewage temperature at objective 2 is lower than objective 1 which is located at upstream. Besides,
the relatively low sewage temperature also makes influence on the COP of the sewage source heat
pump. Figure 6- 12 shows the energy consumption of objectivel and objective2. Corresponding to
the results in Figure 6- 11, the lower inlet sewage temperature of objectivel which located at
downstream leads to the low efficiency of the sewage source heat pump operation and eventually
result in an increased of energy consumption.

The sewage source heat pump of the objective2 located at the upstream has higher efficiency;
therefore, the energy consumption of the building is relatively lower. However, due to the different
scale of the buildings, the performance of the sewage source heat pump is not the only factor leading
to this result. The scale of the building objectivel is relatively large, and the sewage heat that can
be recovered in this case is relatively less than objective2. Therefore, more heat needs to be provided
by the backup system with lower efficiency in order to meet the heat demand.

Although the floor area of objective 1 is about 1.4 times than the floor area of objective 2, the energy
consumption of objectivel is about 1.75 times than objective2. This result proves that the reduction
of sewage temperature still makes a considerable influence on building energy consumption when

utilizing sewage heat.
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Figure 6- 11 Relationship between inlet sewage temperature and sewage source heat pump COP (February)
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6.3.2  Scenario 2: Discussion of building type and location

In this scenario, the relationship between sewage heat utilization potential, building type, and
building location is discussed from the perspective of the features of drainage and heat demand of
different building types through setting up several objective buildings in hypothesis areas.

Based on the results of these simulation cases, it is expected to clarify the heat demand and drainage
characteristics of different building types in order to suggest the proper layout in the urban areas.
Specifically speaking, according to the building drainage and heat demand characteristics, buildings
can be classified that which building types are proper to act as the role of offering waste heat, and
which building types are the priority types of utilizing sewage heat. Furthermore, it is able to propose
an optimal layout for building distribution in urban areas from the aspect of sewage heat utilization
potential.

First of all, from the perspective of discharging waste heat from buildings, the features of drainage
from different building types are shown in Figure 6- 13, which is calculated by the sewage physical
model proposed in chapter 2. Regarding the drainage temperature, it is calculated based on the using
water temperature and the using ratio of hot and cold water. The results shown in Figure 6- 13 are
calculated based on the hot water temperature of 60°C and the cold water temperature of 9.4°C.
Specifically speaking, as mentioned in chapter 2, concerning the drainage temperature of residence,
it is calculated by the daily using frequency, hourly using ratio of each water using behavior, and
hot and cold water using ratio [46]. As for other building types (office, retail, hotel, and hospital),
the drainage amount and temperature is calculated by the original unit of water consumption, hot
water consumption unit, and hourly using frequency [45]. After calculating the hourly drainage
amount and temperature, the average values are shown in Figure 6- 13. According to the figure, it
is known that the daily accumulate drainage amount from the hotel is the largest one within all the
building types, followed by the hospital, residence, retail, and office. The daily average wastewater
temperature of the hotel is also the highest one, followed by the residence, hospital, office, and retail.
As shown in the figure, the daily average wastewater temperature of retail is the lowest one for
barely 15 degrees which is much lower than other building types.

Regarding the result, it is speculated that the using behaviors in hotel and residence such as taking



Case studies for utilization potential of district sewage heat — 165

shower and bath or water using in the kitchen are the behaviors that the hot water consumption takes
a majority proportion; in addition, the hot water using ratio in hotel and residence keep a relatively

stable trend during a whole day and therefore lead to the higher drainage temperature.
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Figure 6- 13 Features of drainage from different building types

Secondly, as for the heat demand for different building types, the average heat demand for different
building types are shown in Figure 6- 14. According to the figure, it is known that the heat demand
for the hotel is the largest one, followed by hospital retail, office, and the residence is the smallest

one within all the building types.
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Figure 6- 14 Average heat demand for different building types
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Integrating the building drainage and heat demand features of different building types mentioned
above, it is sequenced form level 1 to level 5, and the sequence is listed in Table 6- 1 and Figure 6-
15. According to the sequence, the relationship and balance between heat demand and heat
discharged of different building types can be clarified. Specifically speaking, take the building type
of hotel for example, hotel is a building type which has the highest heat demand than other building
types; in the meanwhile, the drainage temperature and amount from the hotel are also the highest
one. Therefore, the hotel is regarded as a building type that can discharge a great amount of heat,

and a large amount of heat is required by the hotel as well.

Residence Heat demand

Drainage amount

Temperature

Hospital Retail

Hotel Office

Figure 6- 15 Features of heat demand and discharging heat

Table 6- 1 Features of Heat Demand and Discharging Heat

Features of Heat Demand and Discharging Heat
(From level 1 to 5)
Heat demand Drainage amount Temperature

Residence 1 3 4
Retail 3 2 1
Office 2 1 2
Hotel 5 5 5
Hospital 4 4 3
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®  Sectting condition of scenario 2

After describing the features of building drainage and heat demand of all the building types, the
cases of different building locations including upstream and downstream are set by building types
to discuss the sewage heat utilization potential. In these cases, in order to discuss the overall sewage
heat utilization potential in a regional scale, residences are assumed as existed in all the cases due
to there is usually a great amount of residence in urban areas. In other words, the residence is
assumed as the basic building type in the hypothesis area set in this scenario, and then assembled
with another building type. In order to clarify the relationship between heat demand of different
building types and their location, all the building scale in this scenario is assumed as the same. In
addition, the setting condition of the standard case is that the building heat demand is fulfilled by
the heat pump of tap water source. As for the backup system, when the recovery quantity of sewage
heat is insufficient for the required heat output of the heat pump, or the circumstance that inlet
sewage temperature for the heat exchanger is lower than 10 degrees, the sewage heat utilization
system is assumed to stop operating, and the remaining heat will be provided by the backup system
which is set as the tap water heat pump.

The setting condition and simulation results of each case discussed by different building types are

elaborated in the following contents.

® Simulation result of retail

In this section, the simulation is set to discuss the sewage heat utilization potential of two building
distribution patterns including the situations that the retail is located in a relatively upstream and
downstream area than the residences. The setting condition and the simulation result of sewage heat
utilization potential are list in Table 6- 2. According to Table 6- 2, the definition of the utilization
rate of 100% means the condition that the heat pump numbers of sewage source heat pump installed
in the building are the numbers that can fulfill the numbers required by the building. As mentioned
above, when the recovery quantity of sewage heat is insufficient for the required heat output of the
heat pump, or the circumstance that inlet sewage temperature for the heat exchanger is lower than
10 degrees, the remaining heat will be provided by the backup system which is set as the tap water

heat pump.
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Table 6- 2 Case setting

Case.Hypo-L |Case.Hypo-M Case.Hypo-L|Case.Hypo-N

Utilization rate of NO.Hypo-Ret2 L

0% 100% Utilization rate of NO. Hypo-Res1 0% 100%

(Upstream)
Utilization rate of NO. Hypo-Res1 0% 100% Utilization rate of NO. Hypo-Res2 0% 100%
Utilization rate of NO. Hypo-Res2 0% 100% Utilization rate of NO. Hypo-Res3 0% 100%
Utilization rate of NO. Hypo-Res3 0% 100% Utilization rate of NO. Hypo-Res4 0% 100%
S Utilization rate of NO. Hypo-
Utilization rate of NO. Hypo-Res4 0% 100% 0% 100%
Ret3 (Downstream)
Sewage heat utilization potential |Standard case| 3.96% Sewage heat utilization potential [Standard case| 12.04%

Table 6- 2 shows the simulation settings and calculation results of retail buildings. Case hypo L is
the standard case, and all buildings do not utilize the sewage heat utilization system. In case hypo-
M and case hypo-N, all buildings are set to utilize the sewage heat utilization system. The difference
between cases M and N is that the target retail building in case M is located upstream, while in case
N the target building is located downstream. Therefore, we discuss the impact of different locations
of building with same type on the the overall sewage heat utilization potential.

Figure 6- 16 shows the simulation results of cases M and N. Compared with the standard case, the
total energy consumption of cases M and N is respectively reduced by 3.96% and 12.04%. At the
same time, compared to case M, when the target retail building is located downstream, the total
energy consumption is reduced by 8%. Regarding the reason, we argue that due to the drainage
characteristics of retail buildings, the drainage temperature of it is not high, so it can not discharge
the sufficient heat into the sewage. Briefly, the retail buildings discharge moderate amounts of low-

temperature water, and its heat demand is also at the middle level.
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Figure 6- 16 Comparison of sewage heat utilization potential of different cases (February)
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On the other hand, even the retail building itself intend to utilize the sewage heat from the pipelines
connected to it, the sewage heat pump may not efficiently operate with good performance, due to
the temperature of building drainage from retail buildings is relatively low.

According to the result, it is known that when the retail building is placed upstream, it can not
achieve optimal efficiency for the entire area, due to its drainage characteristics, neither itself nor
other buildings located downstream can obtain a good effect of sewage heat utilization potential.
On the contrary, under the circumstance that the retail building is placed downstream (Case.Hypo-
N), the heat demand of the upstream residential is not significant, so it may not recover too much
heat from the sewage. Besides, because of the drainage characteristics of the upstream residence
discharge high-temperature wastewater into the sewage, it increases the heat retained in the sewage,
and the downstream retail buildings can accordingly recover more sewage heat. In addition, the
sewage with a higher temperature increases the efficiency of the sewage source heat pump, so the
total energy saving of buildings in the area will be significantly improved. Through the simulation
results, it is known that when the retail building is placed downstream, the energy saving of the case

increased by about 2 times than the cases that it is placed upstream.

®  Simulation result of office

In this section, the simulation is set to discuss the sewage heat utilization potential of two building
distribution patterns including the situations that the office is located in a relatively upstream and
downstream area than the residences. The setting condition and the simulation result of sewage heat
utilization potential are list in Table 6- 3. In these case, the definition of utilization rate and the

setting of backup system are same as the cases of retail mentioned above.

Table 6- 3 Case setting

Case.Hypo-O| Case.Hypo-P Case.Hypo-O|Case.Hypo-Q

Utilization rate of NO.Hypo-Offl e

0% 100% Utilization rate of NO. Hypo-Res1 0% 100%

(Upstream)
Utilization rate of NO. Hypo-Res1 0% 100% Utilization rate of NO. Hypo-Res2 0% 100%
Utilization rate of NO. Hypo-Res2 0% 100% Utilization rate of NO. Hypo-Res3 0% 100%
Utilization rate of NO. Hypo-Res3 0% 100% Utilization rate of NO. Hypo-Res4 0% 100%
L Utilization rate of NO. Hypo-
Utilization rate of NO. Hypo-Res4 0% 100% 0% 100%
Off2 (Downstream)
Sewage heat utilization potential [Standard case| 5.08% Sewage heat utilization potential [Standard case| 15.52%
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Table 6- 3 shows the case settings. Same as the retail buildings, case P and case Q indicate the
situation when the office building is located upstream and downstream respectively. As shown in
Figure 6- 17, when all the buildings are set to utilize the sewage heat, and the office buildings are
located upstream and downstream, the total energy consumption of the area is reduced by 5.08%
and 15.52%.

According to the drainage features of the office building, the office buildings discharge small
amounts of low-temperature wastewater, and the heat demand feature of office buildings is similar
to the retail buildings. Due to the characteristics of drainage, the drainage temperature of the office
is usually low. On the other hand, owing to the office buildings do not have a large heat demand,
comparing to the upstream retail buildings of the same scale, the total energy saving of the whole
region is 5.08%, which is higher than 3.96% of retail buildings.

It is worth noting that if the office building is located downstream, its drainage temperature is higher
than retail buildings, and there is high-temperature building drainage from upstream residences;
therefore, a considerable amount of sewage heat discharged into the pipelines from upstream to
downstream. In the meanwhile, the high-temperature sewage also ensures the high-efficiency
operation of the sewage source heat pump; thus, comparing to the retail buildings, the overall energy
saving of office buildings is higher. Similar to retail buildings, when office buildings are located

downstream, energy savings are increased by approximately 2 times than the case of located

upstream.
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Figure 6- 17 Comparison of sewage heat utilization potential of different cases (February)
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®  Simulation result of hospital

In this section, the simulation is set to discuss the sewage heat utilization potential of two building
distribution patterns, including the situations that the hospital is located in a relatively upstream and
downstream area than the residences. The setting condition and the simulation result of sewage heat
utilization potential are list in Table 6- 4. In this case, the definition of utilization rate and the setting
of the backup system are the same as the cases of retail mentioned above. As shown in Table 6- 4,
case S and case T respectively represent the case setting when the hospital is located upstream and
downstream. No building in the standard case R utilize the sewage heat, while all buildings in case
S and T recover the sewage heat.

The results are shown in Figure 6- 18. When the hospital is located upstream, the energy savings
compared to the standard case is 2.41%; when the hospital is located downstream, the energy

savings reached 7.36%. In other words, the energy saving when the hospital is located downstream

Table 6- 4 Case setting

Case.Hypo-R [ Case.Hypo-S Case.Hypo-R|Case.Hypo-T
Utilization rate of NO. Hypo-Hospitall
s P 0% 100% Utilization rate of NO. Hypo-Res1 0% 100%
(Upstream)
Utilization rate of NO. Hypo-Res1 0% 100% Utilization rate of NO. Hypo-Res2 0% 100%
Utilization rate of NO. Hypo-Res2 0% 100% Utilization rate of NO. Hypo-Res3 0% 100%
Utilization rate of NO. Hypo-Res3 0% 100% Utilization rate of NO. Hypo-Res4 0% 100%
Utilization rate of NO. Hypo-
Utilization rate of NO. Hypo-Res4 0% 100% . b 0% 100%
Hospital2 (Downstream)
Sewage heat utilization potential Standard case 2.41% Sewage heat utilization potential [Standard case] 7.36%
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Figure 6- 18 Comparison of sewage heat utilization potential of different cases (February)
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increased about 5% than the case located upstream. The hospital discharges a lot of medium-
temperature building drainage; however, the heat demand of the hospital is significant. Therefore,
due to the heat demand of the hospital itself is huge, if the hospital is located upstream, it may
recover a large amount of sewage heat from the pipelines, which leads to a dramatic drop of sewage
temperature and heat. As a result, the possibility of the sewage heat utilization for the residences
downstream reduced, and the energy saving of the entire area reduced as well.

On the other hand, if the hospital is located downstream, although there is no great amount of sewage
heat recovered by the upstream residence, the heat demand of the hospital is very significant. In
addition, due to the limitation of the capacity of the heat exchanger (heat exchanger effectiveness),
it cannot completely rely on the sewage heat to supply the required heat demand of the hospital, it
means the hospital can not recover all the sewage heat immediately to fulfill its entire heat demand.
Therefore, comparing to other building types with smaller heat demands, although they are all
located downstream, the total energy saving has not been significantly improved in the case of
hospital. In brief, according to the results, the total energy saving in this case is 2.41%, which is less

than 3.96% in retail buildings and 5.08% in office buildings.

®  Simulation result of hotel

In this section, the simulation is set to discuss the sewage heat utilization potential of two building
distribution patterns, including the situations that the hotel is located in a relatively upstream and
downstream area than the residences. The setting condition and the simulation result of sewage heat
utilization potential are list in Table 6- 5. In this case, the definition of utilization rate and the setting
of the backup system are the same as the cases of retail mentioned above. As shown in Table 6- 5,
case V and case W respectively represent the case setting when the hotel is located upstream and
downstream. No building in the standard case R utilize the sewage heat, while all buildings in case
V and W utilize the sewage heat.

Figure 6- 19 shows the total energy consumption and energy savings of the area when the hotel is
located upstream and downstream. When the hotel is located upstream, the total energy saving is
2.37%, when the hotel is located downstream, the total energy saving increases to 7.19%. Different

from the previous building types, the building drainage of the hotel has the characteristics of high
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temperature and a significant flow rate. In the meanwhile, the heat demand of the hotel is also huge;
it is expected that the hotel will have a considerable impact on the overall energy consumption of
the area. Since the heat demands of the hotel and the hospital are very high, the simulation results
of the two types are very similar. When the hotel is located upstream, the drainage temperature of
the hotel is high; however, simultaneously, its heat demand is also very significant, and therefore
leads to the phenomenon that after the hotel recovering the sewage heat, the sewage temperature
dropped significantly; besides, the flow rate of low-temperature water discharged from the hotel
(after recovering sewage heat) is also significant, although the downstream residence discharges
high-temperature water, its flow rate is lower than hotel relatively. Therefore, it is difficult to

discharge sufficient heat into the sewage to raise the sewage temperature.

Table 6- 5 Case setting

Case.Hypo-U|Case.Hypo-V Case.Hypo-U| Case.Hypo-W
Utilization r(aLt;);)ter;I)—iypo-Hotell 0% 100% Utilization rate of NO. Hypo-Res1 0% 100%
Utilization rate of NO. Hypo-Res1 0% 100% Utilization rate of NO. Hypo-Res2 0% 100%
Utilization rate of NO. Hypo-Res2 0% 100% Utilization rate of NO. Hypo-Res3 0% 100%
Utilization rate of NO. Hypo-Res3 0% 100% Utilization rate of NO. Hypo-Res4 0% 100%

Utilization rate of NO. Hypo-
Utilization rate of NO. Hypo-Res4 0% 100% P 0% 100%
Hotel2 (Downstream)

Sewage heat utilization potential |Standard case 2.37% Sewage heat utilization potential |Standard case 7.19%
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Figure 6- 19 Comparison of sewage heat utilization potential of different cases (February)
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® Simulation result of all the building types

Figure 6- 20 shows the comparison results for all cases. According to the results, the numbers of
residence are the largest in the urban area; besides, its drainage temperature is high, the flow rate is
relatively stable, and the heat demand of the residence is small. Comprehensively, residence is a
building type that suitable to act as a heat provider in the urban area.

As for hotel or hospital, although both of them are the building types that highly exhausted heat,
their heat demand is also significant. If they are placed upstream, it is easy to recover a large amount
of sewage heat, and lead to a rapid drop of sewage temperature. Therefore, based on the result, they
are recommended to be placed downstream so that the upstream buildings with small heat
requirements can utilize the sewage heat as well, and eventually achieve a greater sewage heat
utilization potential in an entire area.

It is worth noting that the energy saving of buildings with great heat demand can significantly
increase the total energy saving potential of the entire area. Therefore, if the buildings located
upstream do not utilize the sewage heat, the building types with higher heat demand are also suitable
to be placed in the downstream in order to utilize the sewage heat preferentially.

Additionally, based on the comparison result of retail and office buildings, the drainage features of
these two building types are small drainage amount with relatively low temperature; however, it is
known that due to the much lower drainage temperature of retail buildings, the total energy saving

potential of the area is less than the case of the office building.
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Figure 6- 20 Comparison of sewage heat utilization potential of all cases (February)
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6.4 The optimal strategy of district sewage heat utilization

In chapter 5 and the former section of chapter 6, several scenarios and cases under different patterns
are set to clarify the effect of some parameters that possibly make influences on district sewage heat
utilization potential; besides, the study cases are set up from the scale of buildings, small area to the
whole study area. Specifically speaking, for instance, the study cases of specific buildings located
at upstream and downstream in the actual area are set to clarify the performance of sewage heat
utilization systems installed in the buildings, which the study objective is focused on the building
scale. As for the urban scale, several scenarios are set to discuss the factors that generally make
influences on the sewage heat utilization potential of the whole area; for instance, the influences on
the sewage temperature of the downstream area while the sewage heat is utilizing at upstream
buildings in the meanwhile, utilizing sewage heat by different building types, and utilizing sewage
heat by the buildings located at different locations.

After analyzing the cases which are set up to clarify the influence of different parameters on district
sewage heat utilization potential through realistic and hypothesis area, the study cases in this section
are set up in the actual area from the practical perspective to discuss the optimal strategies of sewage
heat utilization potential.

In the following two sections, the study cases are set up by the strategies of utilizing sewage heat
by different building types and different building locations in two study objective areas. Briefly
speaking, Area 6 which is located at downstream of the entire study area is firstly set as an objective
area to analyze the influences on sewage heat utilization potential of the downstream area when
there are different sewage heat utilization strategies at upstream areas. In the final section, the
optimal strategies which are generalized by the study are eventually applied to the entire study area

by an optimal case to discuss the district sewage heat utilization potential.



Case studies for utilization potential of district sewage heat — 176

6.4.1  Scenario 1: Discussion of sewage heat utilization potential of the
downstream area

In this scenario, the simulation of district sewage heat utilization potential is conducted in the actual
area. Area 6, which is located in downstream of the whole study area (Figure 6- 21) is selected as
the study objective to analyze the influences on sewage heat utilization potential of the downstream
area when there are different sewage heat utilization strategies in upstream areas. Owing to the
purpose of this scenario is focusing on the sewage heat utilization potential of the downstream area,
it is essential to clarify which patterns of sewage heat utilization in the upstream areas can lead to
the greatest heat utilization potential for the downstream area. Briefly speaking, the following case
studies are classified by two main strategies of utilizing sewage heat, including the strategy decided

by building types and the strategy decided by the heat demand scale of areas.
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Figure 6- 21 Spatial distribution of Area 6 in the study area

® Sewage heat utilization strategy decided by building types

First of all, the sewage heat utilization strategy is decided by building types. Based on the setting
condition proposed in chapter 4, physical sewage conditions are used to determine the objective
buildings which are proper to utilize sewage heat at the initial step of the simulation. Within the 460
buildings in the whole study area, there are 146 buildings determined to be able to utilize the sewage

heat from the pipelines connected to them.



Case studies for utilization potential of district sewage heat — 177

Specifically, the composition of building types in the study area is shown in Figure 6- 22, only the
composition of building types in Area 3 to Area 6 is discussed due to the buildings in Area 1 and
Area 2 are filtered out and assumed as unable to utilize sewage heat. After filtering out the buildings
which are unable to utilize the sewage heat, the composition proportion of the remaining building
types is shown in Figure 6- 22. In other words, the proportion of building types shown in the figure
is sorted based on the buildings that are set to utilize the sewage heat. As shown in the figure, the
residence is the majority building type within all the building types that are set to utilize the sewage

heat, followed by office, retail, and hotel.

= Residence = Office = Retail = Hospital = Hotel

Retail, 4%

Hotel, 1%
. Hospital, 0%

Office, 19%

# Residence, 76%

Figure 6- 22 Composition of building types for utilizing sewage heat in the study area

After clarifying the building composition in Area 3 to Area 6, the study cases discuss the strategy
of different utilization rates of different building types in the upstream area (Area 3, Area 4, and
Area 5) in order to analyze the sewage heat utilization potential in the downstream area (Area 6).
The setting condition and the simulation result of sewage heat utilization potential are shown in
Table 6- 6. As shown in Table 6- 6, in order to clarify the sewage heat utilization potential in Area
6, the setting condition of the standard case is that buildings of all the building types located in the
upstream areas are assumed to utilize the sewage heat. By comparing to the standard case, it is able
to analyze that installing the sewage heat system in what kinds of buildings makes the greatest
influence on the sewage heat utilization potential in the downstream area.

As shown in Table 6- 6, the utilization rate of the sewage heat source heat pump system in all types

of buildings in the standard case of whole-K is 100%. The setting of case whole L, M, N is to discuss
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the influence of retail building, residential, and office building separately. By utilizing the sewage
heat in certain building types, the influence factor can be determined based on the value of sewage

heat utilization potential.

Table 6- 6 Case setting

Case Whole-K Whole-L Whole-M Whole-N
Retail 100% 0% 100% 100%
Office 100% 100% 100% 0%
Residence 100% 100% 0% 100%
Sewage heat utilization
potential in Area 6 Standard case 0.03% 1.50% 0.10%
E 60 52.64 52.63 52.64 51.85 52.64 52.59
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Figure 6- 23 Comparison of sewage heat utilization potential in Area 6 (February)

Figure 6- 23 shows the calculation results of 4 cases, including the standard case. Comparing to the
standard case, when retail buildings and office buildings stop recovering heat from sewage, the heat
utilization potential of sewage decreased by 0.3% and 0.1% respectively. However, when the
residence stopped recovering heat from the sewage, the potential for sewage heat utilization
decreased by 1.5%. Since the buildings in the study area are mostly residence, retail buildings
account for only a small proportion, when retail buildings stop recovering heat from sewage, the
variation of sewage heat utilization potential is not so noticeable.

It is worth noting that for residence, the heat demand of the residence is not high, however the
building drainage temperature is high. Simultaneously, the numbers of residence are the largest in
the urban area, so it is suitable to act as a heat provider. Besides, it can also be seen from the results

that if upstream residences do not recover the sewage heat, the sewage heat utilization potential of
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Area 6 can be increased the most. It can be known from the results that if the downstream area needs
to recover more heat from sewage, it should prevent the residences located upstream from
recovering the sewage heat to achieve a greater effect in the downstream area. Due to the residence
account for the largest proportion in the study areas, it makes an great influence on the sewage heat.
According to the results, we can also know that for retail buildings and office buildings, because
there is a small proportion of these two building types, the impact on the downstream is not obvious.
® Sewage heat utilization strategy decided by the heat demand amount of areas

Secondly, the sewage heat utilization strategy is decided by the heat demand amount of the upstream
areas. In fact, sewage heat utilization potential is not only affected by the scale of building area
which related to the heat demand but the heat recovery locations. Therefore, there is a need to discuss
the cases that combining the parameters of the heat demand of the area and the sewage heat recovery
location. The heat demand proportion from upstream to downstream (Area 3 to Area 6) is shown in
Figure 6- 24. Regarding the definition of heat demand mentioned here, it is the total building heat
demand of all the building types. As shown in Figure 6- 24, it is known that the heat demand of area
4 is the largest one, followed by Area 5, Area 6 and Area 3. After clarifying the heat demand
proportion of each area, four cases are set to discuss the relationship between the sewage heat

utilization potential of Area 6 and the scale of the upstream areas.

® Area 3 Area 4 Area 5 Area 6

Area 6,18% = Area3,15%

Area5,21%

Area 4, 46%

Figure 6- 24 Heat demand proportion of Area 3 to Area 6
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The setting conditions and the simulation result of the sewage heat utilizing potential in Area 6 are
shown in Table 6- 7. According to Table 6- 7, the setting condition of the standard case is similar to
the former section that all the buildings in the study area are assumed to utilize the sewage heat.
Regarding the case Whole-P, it is set to discuss the sewage heat utilization potential of the downstream
area under the situation that when the upstream area with the largest heat demand does not utilize the
sewage heat. The case whole-Q is set to discuss the impact on the downstream area when only the area
with the greatest heat demand in the upstream recovers heat from the sewage. The case whole-R is set to
discuss the impact on the downstream area when the upstream area recovered the minimal heat
amount from sewage. The final case whole-S is set to discuss the sewage heat utilization potential
in area 6 when there is no sewage heat recovery in the upstream area. Figure 6- 25 shows all
calculation results, including the standard case. As shown in the figure, the result indicates that when
none of the upstream areas recover the sewage heat, the sewage heat utilization potential in Area 6

shows the greatest result due to the sewage heat does not recover in the upstream. Therefore, there

Table 6- 7 Case setting

Case Whole-O Whole-P Whole-Q Whole-R Whole-S
Utilization rate of Area 3 100% 100% 0% 100% 0%
Utilization rate of Area 4 100% 0% 100% 0% 0%
Utilization rate of Area 5 100% 100% 0% 0% 0%
Utilization rate of Area 6 100% 100% 100% 100% 100%

Sewage heat utilization | ¢\ i cace | 0.98% 0.88% 1.3% 1.9%

potential in Area 6

E 60 52.64 52.13 52.64 52.18 52.64 51.94 52.64 51.63
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Figure 6- 25 Comparison of sewage heat utilization potential in Area 6 (February)
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is the sewage with high temperature flowing into Area 6, and leads to the considerable amount of sewage
heat. Besides, the higher sewage temperature ensures the high efficiency of the sewage source heat pump
as well, and therefore increases the sewage heat utilization potential.

If the sewage heat does not be recovered in Area 4, which is the area of the largest scale, the sewage heat
utilization potential of Area 6 is only 0.98%. It is speculated that Area 5 which is right next to Area 6 is
recovering the sewage heat, and the low-temperature sewage caused by the Area 5 makes an influence
on the sewage temperature of Area6; therefore, the sewage heat utilization potential is not obvious.

By comparing case whole-P with case whole-Q, it can be seen that if the largest Area 4 recovers heat
from the sewage and the neighboring Area 5 dose not utilize the sewage heat, the sewage heat utilization
potential of Area 6 is lower than the case whole-P. The reason is that the large amount of low-temperature
sewage produced by Area 4 after recovering heat from sewage makes an influence on the downstream
area. Besides, Area 5 is a small scale area, even if the sewage heat does not be recovered in Area 5, it
still cannot provide sufficient heat to balance a large amount of low-temperature sewage from the
upstream. Therefore, this pattern leads to the sewage heat utilization potential of Area 6 decreased.

It is also worth noting that owing to the office accounts for nearly 50% in Area6, if Area 4 and 5,
which is mainly composed of residence does not recover heat from sewage, and accumulate the heat
in sewage to the downstream area, the sewage heat utilization potential of Area 6 can be increased to
1.3%.

In this section, the relationship between the sewage heat utilization potential of the downstream area
and the sewage heat utilization patterns in upstream areas is clarified by discussing the strategy
decided by building types and heat demand scale of upstream areas. Through the results of sewage

heat utilization potential, the impacts of the utilization patterns in upstream areas are clarified.
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6.4.2  Scenario 2: Discussion of sewage heat utilization potential of the entire
study area

As mentioned in section 6.2, according to the simulation results proposed in chapter 5, it is known
that the sewage heat utilization potential can achieve a better effect when broadly utilized the sewage
heat by more buildings. However, from the perspective of a practical view, it is difficult to install
the sewage heat utilization system in most of the buildings scattered in the urban area. Therefore, in
the final section of the study, a case that applied the optimal strategies suggested by the study is set
up to conduct the simulation. In other words, the sewage heat utilization strategies summarized by
the former sections are set as the conditions of this optimal case in order to propose and clarify the
district sewage heat utilization potential of the study area from a practical perspective.

In addition, another case that the setting conditions are contrary to the optimal case is also proposed

to compare the sewage heat utilization potential with the optimal case.

® Setting condition of the optimal case

Based on the simulation results of the study cases and the analysis of sewage heat utilization
potential under different circumstances, it can be clarified by two main points to suggest the optimal
strategies of sewage heat utilization, including the recommend building types and their spatial
distribution. Specifically speaking, regarding the recommended building types of utilizing sewage
heat, it is known that the building types with great heat demand such as hotel and hospital are
suggested to be as the priority building types to utilize sewage heat, especially when these types of
buildings are located in the downstream area, the effect of regional sewage heat utilization can
achieve a greater potential.

As for the residence, which is the majority building type in the urban areas, it is recommended to
act the role as offering its waste heat due to the stable and large amount of drainage with high
temperature. In fact, it is suggested that utilizing sewage heat to more buildings can achieve better
regional sewage heat utilization potential, and there is a great amount of residence in the study area.
Therefore, it is regarded that the sewage heat utilization system can be reasonably installed in the

residences; besides, the heat demand of residence is small, and it can discharge more waste heat
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than the heat it needs.

Briefly speaking, regarding the setting condition of this optimal case (Table 6- 8), it is assumed that
all the buildings located in the downstream area are set to utilize the sewage heat. The reason why
the residences located in the downstream area are also determined to utilize the sewage heat is owing
to that when the sewage heat recovered by these residences in the downstream area will not make
an obvious influence on the utilization potential of other building types because the residences are
discharging a great amount of waste heat in the meanwhile. Regarding the situation of the upstream
area, when the retail is located at the upstream, it is assumed not to utilize the sewage heat due to
its low drainage temperature; the residence and office are the building types with small heat demand,
when residence and office located at the upstream, they are also assumed not to utilize the sewage
heat in order to storage more sewage heat for the high heat demand building types in the downstream
area. As for the hotel and hospital, which the high heat demand building types, no matter they are
located in the upstream or downstream area, they are always assumed to utilize the sewage heat.
Comprehensively speaking, in the study area, as mentioned in the former chapter, there are 146
buildings that are able to utilize sewage heat based on the physical sewage state of the pipelines that
connected to the buildings. Under the setting condition of the optimal case, 94 buildings, which
include different building types and locations, are recommended as the priority buildings for
utilizing the sewage heat to clarify the sewage heat utilization potential of the optimal case.
Regarding the definition of the buildings that are belonging to the upstream or downstream area, it
is respectively classified in each area (Area 3 to Area 6) based on the GIS map of the sewer system
and determined by this study. The proportion of total building area in the upstream and downstream
area are shown in Figure 6- 26 ~ Figure 6- 29, and the composition of building types in the upstream

and downstream are respectively shown as well (Figure 6- 30 ~ Figure 6- 37).

Table 6- 8 Case setting

Residential Retail Office Hotel Hospital

Up* Down* Up Down Up Down Up Down Up Down
Case T 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Case U 0% 100% 0% 100% 0% 100% | 100% 100% 100% | 100%
Case V 100% 0% 100% 0% 100% 0% 0% 0% 0% 0%

*Up means upstream, Down means downstream.
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® Simulation result

Figure 6- 38 shows the calculation results of case T, U, and V. Where T is a standard case. In case
T, which is the standard case, all types of buildings in the study areas do not recover the sewage
heat. Regarding case U, the utilization rate in residences, retail buildings, and office buildings, as
well as all hotels and hospitals in the downstream, is set as 100%, and other buildings are set as 0%.
Compared with the standard case, the sewage heat utilization potential of case U reached 8.6%.
The setting in case V is the opposite of case U. Concerning the setting condition of case V, the
utilization rate in residential buildings, retail buildings, and office buildings in the downstream, as
well as all hotels and hospitals are all 0%, and other buildings are 100%. In this situation, the heat
utilization potential of case V reached 3.7%, which is less than 8.6% of case U.

Briefly speaking, comparing the result of the optimal case and the contrary case, the sewage heat
utilization potential of the optimal case is significantly greater than the contrary case. This result

proves that the optimal strategies proposed previously in the study are reasonable.
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Figure 6- 38 Comparison of sewage heat utilization potential of optimal case and the contrary case (February)
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6.5 Summary

In this chapter, in order to propose the strategies for the optimal utilization of sewage heat in urban
areas, the simulation under different setting parameters and scenarios are conducted to analyze the
sewage heat utilization potential from the practical perspective. Specifically speaking, within the
scenarios proposed in this chapter, the study cases are respectively set up by the specific buildings
in the actual study area and the cases of hypothesis building distribution.

Owing to the building types in the study area is mainly composed of residence, the diversity of
building composition is insufficient to discuss the relationship between sewage heat utilization
potential and building types under different pattern. Therefore, the cases of hypothesis building
types and distribution are also set in this chapter to analyze the optimal strategies and the relationship
between the composition of building types and distribution.

Based on the simulation results, we can know that for hotels or hospitals, although both are high
heat exhaust types, their heat demand is also significant. If they are placed upstream, it is easy to
recover a large part of the available heat in the sewage, resulting in a rapid drop of sewage
temperature. Therefore, based on the result, they are more suitable to be placed in downstream area,
so that the upstream buildings with small heat requirements can also utilize the available heat in
sewage.

It is worth noting that the energy saving of buildings with significant heat demand can significantly
increase the total energy saving potential of the whole area. Therefore, if the buildings located in
the upstream do not recover the sewage heat, buildings with higher heat demand are also suitable to
be placed in the downstream area to utilize the sewage heat preferentially.

From the perspective of practical view, it is difficult to install the sewage heat utilization system in
most of the buildings scattered in the urban area. Therefore, in the final section of the study, a case
that applied the optimal strategies suggested by the study is set up to conduct the simulation in order
to propose and clarify the district sewage heat utilization potential in the entire study area. In
addition, another case that the setting conditions are contrary to the optimal case is also proposed to
compare the sewage heat utilization potential with the optimal case.

According to the simulation result of the optimal case and the contrary case, it is known that the
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sewage heat utilization potential of the optimal case is significantly greater than the contrary case.

This result proves that the optimal strategies proposed by the study are reasonable and effective.
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Chapter 7: Conclusion and future work
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Chapter 7: Conclusion and future work

7.1 Conclusions

This thesis proposed an estimation methodology to evaluate the sewage heat utilization potential
and suggested the optimal strategies for utilizing sewage heat in urban area by the urban sewage

state prediction model.

Chapter 1 elaborated on the research background, literature review, research objective, the
originality of this research, and the overall structure of this thesis. From the perspective of reducing
the environmental load and energy saving in the urban area, an estimation methodology for
evaluating the sewage heat utilization potential based on the urban sewage state prediction model is
proposed in this thesis in order to suggest the optimal plan for utilizing sewage heat. In addition, the
evaluation methodology can be applied to urban planning when drawing up the regional energy

utilization plan for not only the existed areas but new areas that are still under development.

Chapter 2 build up a theoretical sewage physical model which is close to the realistic situation of
sewage pipeline in order to clarify the sewage physical state in pipelines at the step before utilizing
the sewage heat utilization system. Specifically specking, the timely variation of sewage physical
state including flow rate, temperature, and flow velocity can be simulated through the partially full
pipe model which is based on the thermal equilibrium, Manning-Strickler formula, and finite
difference method. Moreover, the factors that make the influence on retained heat amount in
pipelines are all taken into consideration such as heat loss in the pipeline, the volumetric specific

heat of raw wastewater.

Chapter 3 verified the sewage physical model by the measurement data in an actual area in Osaka
city to confirm the adequacy of the model; besides, the synopsis of verification area and the provided
measurement data have been overviewed to make an overall understanding for readers to
comprehend the data which was utilized in the study.

According to the verification results proposed in chapter 3, the sewage physical model is considered
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as a reasonable model for simulating the sewage physical state including sewage flow rate,
temperature and flow velocity. Consequently, the sewage physical conditions are able to be
simulated through the sewage physical model proposed in chapter 2 which provides the databases
of sewage flow rate and sewage temperature before conducting the simulation of sewage heat

utilization.

Chapter 4 build up a sewage heat utilization system model. From the aspect of building heat demand
which is the energy demand side to the sewage water of the energy supply side, the connection
between energy demand and supply side is all taken into consideration in the sewage heat utilization
system model.

According to the sewage heat utilization system model, the pivotal factors of evaluating the regional
sewage heat utilization potential can be simulated. For instance, the outlet temperature which makes
an influence on the sewage water temperature after utilizing the sewage heat, the sewage heat
amount that can be recovered from sewage, and the required heat amount of building side. Moreover,
the building energy consumption is calculated at the final step of the simulation based on the
required heat amount for heat pump operation which is provided by sewage heat utilization system

and backup system if needed.

Chapter 5 applied the urban sewage state prediction model to an actual urban area in order to discuss
the variation of sewage temperature and the regional energy saving potential after utilizing the
sewage heat. Specifically speaking, by integrating the sewage physical model proposed in chapter
2 and the sewage heat utilization system model proposed in chapter 4, the simulation of regional
sewage heat utilization potential is conducted through several scenarios from different perspectives.
The setting condition of the cases which are discussed in this chapter is set from a general
perspective of approximately comprehend the sewage heat utilization potential in the whole area,
and simply discuss the objective result of different setting conditions without considering the
optimal strategies.

According to the simulation result, it is known that there is a great potential of sewage heat

utilization in the urban area. Besides, reclaiming the sewage heat in the upstream area indeed makes
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an influence on the effect of recovering heat in the downstream area. However, when recovering the
sewage heat, the buildings are discharging waste heat in the meanwhile; thus, the sewage heat
temperature does not dramatically decrease immediately. In addition, it is notable that according to
the scenario of the relationship between penetration rate and sewage heat utilization potential, it is
known that there is still a limitation of maximum utilization rate for achieving greater sewage heat
utilization potential, excessively recover the sewage heat may lead to the worse effect and lead to

the increase of energy consumption.

Chapter 6 proposed the strategies for the optimal utilization of sewage heat in urban areas through
several case studies and eventually proves by an optimal case. Based on the approximately
comprehending of sewage heat utilization potential and the factors that may make influences on
utilizing sewage heat proposed in chapter 5, the optimal strategies of utilizing sewage heat are
discussed from the perspective of a practical view in chapter 6.

Specifically speaking, the sewage heat utilization strategies summarized by the former sections are
set as the conditions of an optimal case in order to propose and clarify the district sewage heat
utilization potential of the study area. In addition, another case that the setting conditions are
contrary to the optimal case is also proposed to compare the sewage heat utilization potential with
the optimal case. According to the simulation result of the optimal case and the contrary case, it is
known that the sewage heat utilization potential of the optimal case is significantly greater than the
contrary case. This result proves that the optimal strategies proposed by the study are reasonable

and effective.
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7.2 Recommendations for future work

The utilization of sewage heat is a novel issue within the field of the development of renewable
energy in the world. However, the features and the utilization potential of sewage heat have not been
completely explored so far; therefore, there is still the possibility to draw up the sewage heat
utilization plan and strategies in detail to efficiently take advantage of the sewage heat which
abundantly exists in urban areas, and eventually reduce the environmental load.

Consequently, this thesis proposed an evaluation methodology to estimate the regional sewage heat
utilization potential; furthermore, the optimal strategies for utilizing the sewage heat are proposed
as well. However, there are still some issues and limitation that can be improved, including
improving the precision of the model and the evolutionary study of sewage heat utilization and
regional energy planning.

According to the issues listed in the following article, it is expected to utilize the sewage heat more
accurately without extra profligacy.

First of all, the sewage physical model proposed in the study is based on several kinds of statistical
data; however, the statistical databases applied in this study are sorted by an hour. According to the
urban sewage state prediction model proposed in the study, for the purpose of conducting the
simulation that closes to the realistic situation of the fluid features, the value of input data which is
provided by the statistical databases are interpolated by second; therefore, it may lead to certain
calculation errors during the calculation. In order to accurately estimate the sewage heat utilization
potential, if there are the high accuracy input databases for the simulation, it is expected to make
the results more precise.

Secondly, the setting condition of the flow-in point of building drainage is under the assumption set
by the study, due to the information of the connection between private service lateral and the public
sewer system is not provided by the GIS map of sewer ledger. Therefore, the inflow position of
building drainage in the model is determined by the study which is set as flowing into the nearest
pipelines. In fact, the sewer ledger provides the sewage flow direction of a wide range of the block,
so it is regarded that the setting condition proposed by the study is a reasonable assumption that

does not far from the actual situation. However, there might still exist certain impact and lead to the
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calculation errors of retained heat on the pipelines although the eventual simulation of sewage
physical state shows acceptable results. Similar to the previous point mentioned above, if there is
precise information of the pipeline network which includes the private drainage pipelines, it is
expected to conduct an accurate simulation.

Thirdly, as for the development of sewage heat utilization and regional energy planning, the
comprehensive evaluation method which including social impacts, such as economic effect, the
initial cost, and the construction techniques are expected to be implemented in future studies to
complete the evaluation methodology.

Fourthly, the integrated evaluation method which including multiple types of renewable energy such
as sewage heat, solar energy is expected to be developed. According to this integrated evaluation
method, the overall regional energy plan can be upgraded.

Moreover, regarding the application of the evaluation methodology proposed in this study, it is
particularly expected to be applied to the frigid zone. Specifically speaking, the evaluation
methodology is proper to be used for the sewage heat utilization type that recovers the heat at its
original generated location to lessen the loss of heat within the heat transportation. Especially in the
frigid zone, in order to maximum utilize the heat without additional heat loss, it is considered to
exploit the heat efficiently through the sewage pipelines to recover the sewage heat directly. As a
result, the methodology suggested by the thesis is looking forward to being expanded and applied
to especially the frigid zone for drawing up the energy plan.

According to the points mentioned above, if the issue can be improved, it is expected to utilize the
sewage heat and other types of renewable energy more accurately without extra profligacy.
Comprehensively, the evaluation methodology proposed by this thesis can be also applied to urban
planning for a whole new area at the design phase in order to discuss the spatial distribution of
different building types for analyzing the optimal sewage heat utilization potential and furthermore
draw up the effective regional energy utilization strategies.

Based on the evaluation methodology of sewage heat utilization potential proposed in this thesis, it
is expected to take better advantage of sewage heat in the future and realize the ultimate goal of

energy conservation.
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