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Abstract 

The utilization of sewage heat is a novel concept within 

the field of renewable energy development, especially the 

technique of recovering heat through pipelines on a 

regional scale to maximize reutilization of the heat of 

buildings. However, the features and utilization potential 

of sewage heat have not been completely explored to date. 

It may be possible to develop better reutilization strategies 

that exploit the heat generated in urban areas and 

eventually reduce the environmental load. The goal of this 

study was to develop an estimation methodology and 

judging criteria based on a proposed urban sewage state 

prediction model to evaluate and recommend the 

utilization potential of sewage heat in urban areas. In this 

paper, an evaluation methodology is introduced through 

case studies that apply the model to an actual area for 

evaluating the regional sewage heat utilization potential 

and clarifying which buildings are appropriate to utilize 

the sewage heat. 

Key Innovations 

• This study suggested an estimation method and 

criteria for evaluating the regional sewage heat 

utilization potential to make an adequate utilization 

plan for sewage heat on an urban scale. This 

methodology is expected to be used by city planners, 

government agencies, and others in pursuit of 

sustainable city development.  

• The proposed model considers the entire energy 

circulation from the supply side to the demand side, 

including the sewage physical model and sewage 

heat utilization system model. In addition to the 

sewage heat utilization potential, the relationship 

between the spatial distribution of buildings and 

energy consumption can also be elucidated. 

• The prediction model can be applied as long as 

certain statistical databases (original water 

consumption units, hot and tap water consumption 

units, etc.) and geographical information system (GIS) 

databases (buildings and sewer systems) are prepared 

and available. Therefore, the method can be adapted 

not only to existing areas but also to new areas that 

are still under planning to draw up the proper regional 

energy utilization plan. 

• The evaluation methodology can determine the 

priority buildings to utilize sewage heat based on 

features such as building type and spatial distribution 

within urban areas. Moreover, the sewage heat 

utilization potential can be analyzed from a single 

building level, that is, the potential of a specific single 

building, to the entire area. 

Practical Implications 

The urban sewage state prediction model acts as a 

decision-making tool to suggest appropriate utilization 

strategies. It also provides a regional simulation for 

predicting the sewage state and the entire sewage heat 

utilization potential. The results can clarify the sewage 

heat utilization potential of both the area and specific 

buildings. 

Introduction 

Several methods for estimating the different kinds of 

renewable energy for regional applications have been 

proposed to assess available energy resources in certain 

areas, such as geothermal energy, wind power (Ministry 

of Land, Infrastructure, Transport, 2015), and biomass 

energy (Schiel et al., 2016). With regard to the long-term 

energy supply and demand strategy for Japan, it was 

announced in 2015 that the adoption of renewable energy 

should be increased from 5% to 24% by 2030 (Long-Term 

Energy Supply and Demand Outlook, 2015). Therefore, 

there is a strong demand for popularizing, effectively 

utilizing, and enhancing integration of different kinds of 

renewable energy to achieve the national goal.  

Urban areas, with large populations and intense industrial 

development, consume significant amounts of energy. 

Governments seek to expand the types of available energy 

resources in order to meet demands in urban areas. At the 

same time, developing an upgraded energy utilization 

plan for the city is regarded as a policy priority. 

Sewage heat is a stable source for heating and hot water 

supply through heat pumps owing to its minimal 

temperature fluctuations unaffected by season, especially 

in winter. From the perspective of urban energy 

applications, sewage heat can be utilized in urban areas 

where sewer systems are readily available. For instance, 

the penetration rate of sewage pipelines in Tokyo has 

recently become higher than 99.5% (Ichinose &Kawahara, 

2017). Because of the widespread construction of sewer 

system networks, the extraction of sewage heat may 

become practical. Consequently, it is expected that the 

exploitation of sewage heat will be achieved eventually in 

urban areas. 
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Most of the present utilization of sewage heat has been 

limited to sewage treatment plants and sewage facilities 

or to the regional heating and cooling needs of large-scale 

buildings in nearby areas (Alekseiko et al., 2014; 

IKEGAMI et al., 2008). If sewage heat can be more 

widely exploited and distributed through sewage trunk 

and branch pipelines, this novel form of energy can be 

supplied to numerous buildings scattered throughout 

urban areas (National Institute for Land and Infrastructure 

Management Ministry of Land, Infrastructure, 2014). 

With regard to the current status of sewage heat utilization 

on a regional scale, sewage heat has been adopted for 

several large-scale projects in Europe and China (Tian et 

al., 2012). An evaluation method and simulation model 

for clarifying the regional sewage heat utilization 

potential is necessary for drawing up an efficient regional 

energy plan to utilize sewage heat. 

Previous simulations of sewage heat utilization potential 

assumed a fixed value of 5 °C for the heat utilization 

temperature difference (IKEGAMI et al., 2008; Ministry 

of Land, Infrastructure, Transport, 2015).  This allowed 

for an empirical calculation of the amount of sewage heat 

utilized, although the actual utilization temperature 

difference depends on various factors such as building 

heat demand, operating performance of the heat source 

equipment, and the physical state of the sewage, which 

are all variable. In addition, previous studies have mainly 

focused on the heat pump efficiency of a single building 

and did not address the strategy of district sewage heat 

utilization. To maximize the use of sewage heat, it is 

essential to extend the research objective from the 

building scale to the area scale and evaluate the overall 

energy-saving potential. 

In this study, a prediction model and judging criteria for 

evaluating the sewage heat utilization potential are 

proposed for use in recommending utilization objectives 

and defining a suitable layout for building distribution on 

a regional scale (Figure 1). Two cases at different scales 

are explored in this paper to demonstrate the application 

of the model to an actual area and for specific buildings 

to confirm the sewage heat utilization potential. In 

addition, with respect to the simulation results for specific 

buildings, the sewage heat utilization priority can be 

defined. 

Figure 1. Diagram of research purpose 

 

Methods 

In this study, the sewage heat utilization potential is 

defined as the amount of energy saved through the use of 

a sewage heat utilization system by buildings scattered in 

urban areas. To calculate the comprehensive energy 

savings, it was necessary to simulate the energy 

consumption of buildings (demand side) and the amount 

of retained heat in sewer pipelines (supply side). Unlike 

modeling the sewage heat utilization of a single building, 

the urban sewage prediction model (Figure 2) proposed in 

this study evaluated the regional sewage heat utilization 

potential and predicted the sewage state variation. Two 

main sub-models were included in the urban sewage state 

prediction model: the sewage physical model and the 

sewage heat utilization system model. These two models 

are related to the features of heat rejection, energy demand, 

and types of heat utilization of different buildings. 

Detailed descriptions of the models follow.  

• Sewage physical model 

A sewage physical model was used to assess the energy 

supply side and describe the physical state of sewage in 

pipelines. The physical model used geographic 

information system (GIS) data to determine the spatial 

distribution of sewage pipeline networks and buildings. 

Specifically, once the required GIS and sewage system 

databases (Table 1) were prepared, variations of the 

sewage state in pipelines over time could be simulated. 

The essential sewer system data are disclosed in the 

 

Figure 2. Conceptual framework of the proposed urban sewage state prediction model 
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sewage ledger released by the metropolitan sewage 

bureau (Sewage Ledger of OSAKA, 2020), and shown in 

the online GIS map (Figure 3). The sewage physical 

model is divided into two main parts, composed of the 

prediction model of the sewage origins and the partially 

full pipe model. As shown in Figure 4, sewage origins 

were defined from three sources: water from upstream 

pipelines, rainwater, and drainage from buildings. Inputs 

for the partially full pipe model included the amount of 

wastewater generated and the temperature of the water. 

These acted to simulate variations in the sewage physical 

state, such as sewage flow rate, temperature, and velocity. 

Specifically, the theory and formulas for rainwater 

estimation were adopted from the Society of Heating, Air-

Conditioning, and Sanitary Engineers of Japan : Air 

Conditioning Sanitation Engineering Handbook (2010). 

 

 

Figure 3. Synopsis of sewage ledger (Sewage Ledger 

of OSAKA, 2020) 

 

Table 1 Input for urban sewage state prediction model 

Catalogue Contents Source 

Building side 
(Calculation 

of drainage 

amount and 

temperature) 

Building stock 

GIS 
Type of use 

Floor area 

Location (coordinates) 

Water consumption unit 

Statistical data 
Hot  and cold water use ratio 

Daily frequency and duration of 

water use behavior  

Tap water temperature 

Weather data Air temperature 

Soil temperature 

Sewer system 

information 

Pipe and manhole location 

GIS (sewage 

ledger) 

Pipe size (length, diameter, 

shape) 

Bed slope 

Pipe material 

Flow direction 

Figure 4. Composition of sewage water  

The estimates for building drainage amounts and 

temperatures were calculated using a building drainage 

flow rate and temperature model based on statistical data, 

including the original units of water consumption derived 

from the ratio of hot and cold water use (MIKE, 2014).  

The building drainage inflow position was assumed to 

flow into the nearest pipeline. Because pipelines were 

segmented into several sections in this model, the amount 

and temperature of the drainage that flows into the same 

section of the sewage pipeline was aggregated from all 

types of building drainage connected to that pipeline 

section.  

In addition, the heat loss was calculated from the flow rate 

and the distance between the building and the pipeline. 

Temperature and retained heat changed constantly in an 

unsteady state. These variations can be calculated by a 

series of equations based on the thermal equilibrium and 

finite difference method (Eqs.(1)–(3)). Regarding the 

volumetric specific heat of raw wastewater, because this 

is one of the factors that influences the heat retained in 

pipelines, the volumetric specific heat of raw wastewater 

(C𝜌)𝑝𝑖𝑝𝑒 × 𝑉𝑛
𝑡 ×

𝑑𝑇𝑛
𝑡

𝑑𝑡
= 

{[(C𝜌)𝑖𝑛 × 𝐺𝑖𝑛𝑛
𝑡 × 𝑇𝑖𝑛𝑛

𝑡

+ (C𝜌)𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙 × 𝐺𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙𝑛

𝑡

× 𝑇𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙𝑛
𝑡

+ (C𝜌)𝑟𝑎𝑖𝑛 × 𝐺𝑟𝑎𝑖𝑛𝑚
𝑡 × 𝑇𝑟𝑎𝑖𝑛𝑚

𝑡 ]

− (C𝜌)𝑝𝑖𝑝𝑒 × 𝐺𝑜𝑢𝑡𝑛
𝑡 × 𝑇𝑛

𝑡

− 𝑄𝑙𝑜𝑠𝑠,2𝑛

𝑡 } 

(1) 

𝑇𝑛
𝑡 = {(C𝜌)𝑝𝑖𝑝𝑒 × 𝑉𝑛

𝑡 × 𝑇𝑛
𝑡−1

+ [(C𝜌)𝑖𝑛 × 𝐺𝑖𝑛𝑛
𝑡 × 𝑇𝑖𝑛𝑛

𝑡

+ (C𝜌)𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙 × 𝐺𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙𝑛

𝑡

× 𝑇𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙𝑛
𝑡

+ (C𝜌)𝑟𝑎𝑖𝑛 × 𝐺𝑟𝑎𝑖𝑛𝑚
𝑡 × 𝑇𝑟𝑎𝑖𝑛𝑚

𝑡 ]

× ∆𝑡

+ [(𝑙𝑤𝑎𝑡𝑒𝑟𝑛
𝑡 𝐾𝑠𝑒𝑤𝑎𝑔𝑒𝑇𝑠𝑜𝑖𝑙) × ∆𝑡

× ∆𝑥]

+ [(𝑙𝑎𝑖𝑟𝑛
𝑡 𝐾𝑎𝑖𝑟𝑇𝑎𝑖𝑟) × ∆𝑡 × ∆𝑥]}

/{(C𝜌)𝑝𝑖𝑝𝑒 × 𝑉𝑛
𝑡

+ (C𝜌)𝑝𝑖𝑝𝑒 × 𝐺𝑜𝑢𝑡𝑛
𝑡 × ∆𝑡

+ (𝑙𝑤𝑎𝑡𝑒𝑟𝑛
𝑡 𝐾𝑠𝑒𝑤𝑎𝑔𝑒 + 𝑙𝑎𝑖𝑟𝑛

𝑡 𝐾𝑎𝑖𝑟)

× ∆𝑡 × ∆𝑥} 

(2) 

𝑉𝑛
𝑡 = 𝑉𝑛

𝑡−1 + (𝐺𝑖𝑛𝑛
𝑡 + 𝐺𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙𝑛

𝑡 + 𝐺𝑟𝑎𝑖𝑛𝑚
𝑡 − 𝐺𝑜𝑢𝑡𝑛

𝑡 ) × ∆𝑡 (3) 
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was calculated from the proportion of sludge and water 

(Chen, 2020). 

The outflow rate of sewage water is calculated using the 

Manning–Strickler formula (Manning, 1891), which was 

adopted for the unsteady flow related to the flow velocity. 

The Manning–Strickler formula is an empirical formula 

for estimating the average velocity of open channel flow 

(Chen, 2020) (Eqs.(4)–(6)). The heat loss in pipelines 

over time was determined by the wastewater volume, 

residence time, wastewater temperature, and air 

temperature in the pipeline (Eq. (7)). Eventually, the time 

variation of the sewage physical state can be simulated 

through the partially full pipe model, which is based on 

thermal equilibrium, the Manning–Strickler formula, and 

the finite difference method. 

 

 

Figure 5. Symbols used in equations (4)–(7) 

 

 

• Sewage heat utilization system model 

The utilization of sewage heat in upstream buildings will 

affect the heat exchanger inlet temperature of downstream 

buildings in a regional sewage heat utilization system. 

Therefore, it is essential to clarify the variations in sewage 

temperature (IKEGAMI et al., 2008). In addition, it is 

necessary to build a simulation model to reflect the heat 

utilizing temperature difference that is close to the 

practical situation. The proposed sewage heat utilization 

system model focuses on the heat demand and energy 

consumption features of the buildings. For this study, the 

heat utilizing temperature difference was calculated based 

on a reasonable sewage heat utilization system similar to 

practical circumstances. This model calculates the outlet 

temperature of the heat exchanger, which affects 

downstream heat utilization and even the regional sewage 

heat utilization potential. As shown in Figure 6, the 

sewage heat utilization system applied in this study is a 

novel technique that extracts heat directly from pipelines 

(Chen, 2020).  

Regarding the conditions of building heat demand set for 

this study, because sewage heat is recommended for use 

in winter, the utilization types were assumed to be heating 

and hot water supplies and were based on the heat demand 

characteristics of different building types. Specifically, 

residences, hospitals, and hotels are assumed to utilize hot 

water; office and retail buildings are assumed to utilize 

heating. According to the District Heating and Cooling 

Handbook (ASSOCIATION, 2013), the heat load unit can 

be calculated by hour (Eq. (8)).  

With respect to the heat source equipment model, the 

water source heat pump was used in this system. The 

operating type is assumed to be a thermal storage 

operation, in which the heat pump operation schedule is 

basically 20 hours a day. The hourly heat demand for the 

heat pump operation was calculated based on the daily 

heat demand, and then averaged into the operating time of 

20 hours (Eq. (9)) (MIKE, 2014). The heat needed for the 

heat pump provided by sewage water was calculated 

based on the heat pump performance (Eq. (10)); however, 

the actual heat amount needs to be compared to the 

amount of heat that sewage can provide based on the 

sewage physical state. 

 

𝑄𝑙𝑜𝑎𝑑,ℎ𝑟(𝑏) = 𝑄𝑙𝑜𝑎𝑑,𝑦(𝑏) × 𝑟𝑚𝑜𝑛𝑡ℎ(𝑏)

× 𝑟ℎ𝑜𝑢𝑟(𝑏) 

(8) 

𝑄𝐻𝑝_ℎ𝑟 =
∑ 𝑄𝑙𝑜𝑎𝑑,ℎ𝑟

24
ℎ𝑟=1

𝑇𝐻𝑃_𝑑𝑎𝑦

 
(9) 

𝑄𝐻𝑃_𝑠𝑒𝑤𝑎𝑔𝑒 = 𝑄𝐻𝑝_ℎ𝑟 ×
(𝐶𝑂𝑃 − 1)

𝐶𝑂𝑃
 

(10) 

A heat exchanger module that does not require heat 

exchange through sewage water was installed inside the 

sewage pipeline (Figure 6). Specifically, the heat 

exchanger adopted for the study is composed of several 

heat recovery conduits installed at the bottom of the 

sewage pipelines, which are arranged in parallel.  

According to the heat exchange area and heat transfer 

coefficient, the heat exchange amount can be calculated 

using the NTU method. The condition of the heat 

exchange area setting is determined by the features of the 

pipeline, including the pipe diameter and water depth, 

which can be calculated by Eq. (11) and Eq. (12). With 

reference to previous research, the sewage water depth 

was empirically set to 10%–15% (Ministry of Land, 

Infrastructure, Transport, 2015); therefore, the width of 

the heat exchanger was assumed to be 10% of the water 

depth (𝜃 = 2𝑎𝑟𝑐 𝑠𝑖𝑛(0.6)) in this study. 

𝐺𝑜𝑢𝑡𝑛
𝑡 = 𝐴𝑛

𝑡 × 𝜈𝑛
𝑡  (4) 

𝐴𝑛
𝑡 =

𝑉𝑛
𝑡

𝑝𝑙𝑛
 (5) 

𝑣 =
1

𝑚
𝑅2 3⁄ 𝑆1 2⁄ =

1

𝑚
(

𝐴

𝑙𝑤𝑎𝑡𝑒𝑟
)

2 3⁄

𝑆1 2⁄  (6) 

𝑄𝑙𝑜𝑠𝑠,2𝑛

𝑡 = [𝐾𝑠𝑒𝑤𝑎𝑔𝑒 × (𝑇𝑛
𝑡 − 𝑇𝑠𝑜𝑖𝑙) × 𝑙𝑤𝑎𝑡𝑒𝑟 𝑛

𝑡

+ 𝐾𝑎𝑖𝑟 × (𝑇𝑛
𝑡 − 𝑇𝑎𝑖𝑟)

× 𝑙𝑎𝑖𝑟 𝑛
𝑡 ] × ∆𝑥 

(7) 

 

Figure 6. Diagram of the sewage heat utilization 

system model 
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𝐴𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 = 𝑝𝑙 × 𝑏 × 𝜋 (11) 

𝑏 = 𝐷 ×
𝜃

2
× 𝜋, 𝜃 = 2𝑎𝑟𝑐 𝑠𝑖𝑛(0.6) (12) 

 

Figure 7. Symbols used in equations (11)~(12) 

 

For the heat exchange model, the number of transfer units 

(effectiveness-NTU) method was adopted to calculate the 

sewage outlet temperature of the heat exchanger. The 

variation in sewage temperature after utilizing the sewage 

heat and the quantity of heat that can be recovered from 

sewage water are defined by the maximum possible 

amount of heat transfer and effectiveness (ε) (Eqs. (13)–

(16)). (Mitsuhiro, 1986). 

 

𝑄𝑚𝑎𝑥 = (𝑐𝐺)𝑠 × (𝑇𝑠𝑒𝑤𝑎𝑔𝑒1 − 𝑇𝑐1) (13) 

(𝑐𝐺)𝑠 = 𝑚𝑖𝑛(𝑐ℎ𝐺ℎ, 𝑐𝑐𝐺𝑐) (14) 

𝑇𝑠𝑒𝑤𝑎𝑔𝑒2 = 𝑇𝑠𝑒𝑤𝑎𝑔𝑒1 −
𝑄𝑠𝑒𝑤𝑎𝑔𝑒

𝑐ℎ𝐺ℎ

 (15) 

𝑄𝑠𝑒𝑤𝑎𝑔𝑒 = 𝜀(𝑐𝐺)𝑠 × (𝑇𝑠𝑒𝑤𝑎𝑔𝑒1 − 𝑇𝑐1) 

= 𝑐ℎ𝐺ℎ(𝑇𝑠𝑒𝑤𝑎𝑔𝑒1 − 𝑇𝑠𝑒𝑤𝑎𝑔𝑒2)  
(16) 

Based on the models for heat source equipment and heat 

exchangers, the required heat output of the heat pump at 

the building side and the actual amount of heat that the 

sewage can supply was calculated. However, the amount 

of heat reclaimed from sewage is determined by the 

sewage physical state and the effectiveness of the heat 

exchanger. The reclaimed heat cannot be guaranteed to be 

a sufficient heat source that always fulfills the building 

heat demand; therefore, a backup system is taken into 

consideration to supplement potential insufficiencies 

(Chen, 2020). Besides, the backup system is also activated 

to replace the sewage heat utilization system when the 

sewage temperature is lower than 10℃ , which is the 

minimum temperature limited to the water treatment 

plant(National Institute for Environmental Studies, 2010). 

When the heat reclaimed from sewage was greater than 

the amount required for heat pump operation, it was 

determined that the amount of heat needed for heat pump 

operation was fully recovered from the sewage; therefore, 

the heat pump outlet temperature was calculated by 

Eqs.(17)–(19). 

𝑄𝑠𝑒𝑤𝑎𝑔𝑒  > 𝑄𝐻𝑃_𝑠𝑒𝑤𝑎𝑔𝑒 :  

 𝑄𝐻𝑃_𝑠𝑒𝑤𝑎𝑔𝑒 =  𝑐𝑐𝐺𝑐(𝑇ℎ𝑝_𝑖𝑛 − 𝑇ℎ𝑝_𝑜𝑢𝑡) (17) 

𝑇ℎ𝑝_𝑜𝑢𝑡 = 𝑇ℎ𝑝_𝑖𝑛 −
 𝑄𝐻𝑃_𝑠𝑒𝑤𝑎𝑔𝑒

𝑐𝑐𝐺𝑐

 (18) 

𝑇ℎ𝑝_𝑜𝑢𝑡(𝑡) = 𝑇𝑐1(𝑡 + 1) (19) 

When the amount of heat that can be reclaimed from 

sewage was less than that required for heat pump 

operation, it was determined that all the sewage heat 

possible had been recovered, and the outlet temperature 

of the heat pump was calculated by Eqs. (20)–(21). In 

addition, when the sewage heat is insufficient, the amount 

of heat that had to be provided by the backup system was 

calculated using Eq. (22). 

 

𝑄𝑠𝑒𝑤𝑎𝑔𝑒  < 𝑄𝐻𝑃_𝑠𝑒𝑤𝑎𝑔𝑒 :  

𝑄𝑠𝑒𝑤𝑎𝑔𝑒 =  𝑐𝑐𝐺𝑐(𝑇ℎ𝑝_𝑖𝑛 − 𝑇ℎ𝑝_𝑜𝑢𝑡) (20) 

𝑇ℎ𝑝_𝑜𝑢𝑡 = 𝑇ℎ𝑝_𝑖𝑛 −
𝑄𝑠𝑒𝑤𝑎𝑔𝑒

𝑐𝑐𝐺𝑐

= 𝑇𝑐1(𝑡 + 1) (21) 

𝑄𝑏𝑎𝑐𝑘𝑢𝑝 = 𝑄𝐻𝑝_ℎ𝑟 −
𝑄𝑠𝑒𝑤𝑎𝑔𝑒 × 𝐶𝑂𝑃

𝐶𝑂𝑃 − 1
 (22) 

 

Based on the heat obtained from the sewage heat 

utilization system and the backup system, the total energy 

consumption was calculated using Eq. (23). 

𝐸𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐸𝐶𝐻𝑃 + 𝐸𝐶𝑏𝑎𝑐𝑘𝑢𝑝 (23) 

Results and discussion  

An actual area in Osaka, Japan, was used for verification 

and the case study. Referring to the GIS data for locations 

of the sewer system and buildings, the allocation of 

sewage pipelines and scattered buildings are shown in  

Figure 8. The sewage pipelines are represented by gray 

lines; the manholes are represented by gray points, color 

points represent buildings. Besides, different color points 

represent the building of different floor area ranges. 

There were 460 buildings in the study area. The 

simulation period was set for winter, which was the 

appropriate season for utilizing sewage heat. The sewage 

physical model was first verified using existing 

measurement data (MIKE, 2014). The simulation results 

for sewage flow rate and temperature at measurement 

point 7 (downstream) were compared to the measurement 

data. In addition, the result of flow velocity was also 

compared to the standard design value of sewage flow 

velocity (Chen, 2020).  

According to the simulation results of the flow rate 

(Figure 9), although there are slight differences in values, 

the trends of the simulation results and measurement data 

are similar. The measurement data for sewage 

 Figure 8 Spatial distribution of the study area 
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temperature produced an extremely stable result with no 

obvious variation (Figure 10). However, as the simulation 

estimates sewage flow rates and temperatures based on 

the original units of water consumption and the ratio of 

cold and hot water use, the temporal fluctuation of sewage 

temperature is thought to be directly affected by the 

fluctuation of the building drainage. Regarding the flow  

velocity, the standard design value of the sewage system 

is in the range of 0.6 to 3.0 m/s. As shown in Figure 11, 

the simulation value of sewage flow velocity is confirmed 

to be in the standard range and regarded as a reasonable 

result. In brief, there are minimal differences between 

measured data and simulated values; however, as 

simulations were conducted on a regional scale, the 

results were regarded as in the normal ranges. 

Sewage heat utilization potential is defined as the 

reduction of building energy consumption through the use 

of a sewage heat utilization system compared to baseline 

case where sewage heat is not utilized. Conditions for the 

baseline case are that the building heat demand is fulfilled 

by the water source heat pump system using tap water as 

heat source. The calculation settings are listed in Table 2. 

In addition, the annual heat load units of hot water supply 

and heating in February were used as input data for 

simulating the building heat demand. 

Table 2 Setting conditions of simulation model 

Sewage side Temperature of the sewage remaining in 

pipeline: 15 ℃ 

Tap water temperature: 9.4 ℃ (Average 

tap water temperature of February) 

Hot water temperature: 55 ℃ 

Building side 

(Sewage heat 

utilization type) 

Hot water supply: Residence, hospital 

and retail 

Heating: Office and retail 

Calculation 

interval 

Time step (∆t): 2 s  

Spatial step (∆x): 5 m  

• Application to the entire study area 

The model was first applied to the entire study area 

without considering particular strategies for confirming 

its feasibility. The goal of the initial step was to define the 

approximate regional sewage heat utilization potential. 

Based on the heat exchange area, this study was restricted 

to pipelines where the average retained water volume was 

at least 10%; 146 buildings were found to be connected to 

pipelines possessing the proper conditions to install the 

system. The proportion of building types is shown in 

Figure 12. 

 

Figure 12. Proportion of building types in the study 

area 

Four scenarios were run to investigate the effects of 

sewage heat utilization potential under four kinds of 

utilization rates. Utilization rate is defined as the ratio of 

heat pumps installed in these buildings and the number 

that the building exactly needs to fulfill the heat demand. 

According to Table 3, the most effective sewage heat 

utilization potential occurs when the utilization rate is 

80%; the energy savings is even greater than when the 

utilization rate is 100%. However, we did not conduct the 

more specific simulation cases of the utilization rate 

between 80%~100%, this paper only demonstrated the 

results of a relatively optimal utilization rate of 80%. 

The reason for the result is potentially related to the inlet 

sewage temperature of the heat exchanger, which 

influences the inlet temperature of the heat pump and 

affects the performance, eventually influencing energy 

consumption. From the perspective of heat balance, when 

the utilization rate of sewage heat is 100%, the substantial 

extraction of heat from the sewage reduces the average 

sewage temperature in an entire area more significantly 

than a utilization rate of 80%. Therefore, if excessive 

sewage heat utilization systems are installed and the 

sewage heat is densely recovered, the sewage temperature 

will not be high enough for proper utilization, leading to 

a lower performance of the sewage heat utilization system. 

The results show that there is a limitation of maximum 

utilization rate for achieving more significant sewage heat 

utilization potential. 

Table 3 Sewage heat utilization potential of each case 

Case 
Whole-

A-HP 
Whole-

B-HP 
Whole-

C-HP 
Whole-

D-HP 

Utilization rate  0% 50% 80% 100% 

Sewage heat 

utilization 

potential 

Standard 

case 
9.73% 10.69% 10.38% 

 

Figure 9. Verification result of sewage flow rate 

 

Figure 10. Verification result of sewage temperature  

 

Figure 11. Verification result of sewage flow velocity  

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
252

 
 

https://doi.org/10.26868/25222708.2021.30475



• Application in specific buildings 

However, from a practical viewpoint, it is challenging to 

install the system in most of the qualified buildings in an 

urban area for several reasons, such as the financial state 

and the willingness of the users. It is essential to assess 

the priority of the recommended buildings based on 

features like spatial distribution. Specific buildings were 

investigated to determine recommendations for utilizing 

the sewage heat system prioritized by higher energy 

savings and better performance. As shown in Figure 13, 

two office buildings at different locations (upstream and 

downstream) in the study area were selected to compare 

which building would receive the greater benefits from 

utilizing sewage heat and to analyze the relationship 

between the building locations and energy consumption.  

The building information for the two cases is shown in 

Figure 14 and Figure 15. The first case, identified as Off-

A, has sewage heat utilization systems installed in 

Objective 1 and all the residential buildings located 

upstream. Regarding case Off-B, the sewage heat 

utilization system is only in Objective 2; the conditions of 

the other buildings located downstream of Objective 2 

were ignored, because the situations of buildings located 

downstream do not make influences on Objective 2. 

From Figure 16 and Figure 17, it can be observed that total 

energy consumption and sewage heat are almost opposing 

trends because while the retained heat in the sewage 

increases, the heat provided by the high-efficiency 

sewage source heat pump also increases, and therefore 

leads to a decrease in the overall building energy 

consumption. In addition, as the upstream and 

downstream sewage temperatures are different, it 

influences the energy consumption, COP, and the heat 

retained in the sewage. Specifically, the daily energy 

consumption units of Objective 1 were 504.7 kJ/day.m2 

and Objective 2 was 401.2 kJ/day.m2. The proportion of 

heat provided by sewage was 64% in Objective 1 and 78% 

in Objective 2 (Table 4). 

Conclusions 

This study proposed construction of an urban sewage state 

prediction model. It also verified the model and 

considered possible applications. Specifically, the urban 

sewage state prediction model was applied to an actual 

urban area to assess the overall regional energy saving   

Figure 14 Diagram of case. Off-A 
 

Figure 15. Diagram of case. Off-B 
 

 

Figure 16. Daily operation of the sewage heat 

utilization system of Objective1 

 

Figure 17. Daily operation of the sewage heat 

utilization system of Objective 2 
 

Table 4  Simulation result of Objective 1 and Objective 2 

 Objective 1 Objective 2 

Proportion of 

heat provided 

by sewage and 

backup system 

  

Average inlet 

sewage 

temperature 

17.6 ℃ 20.3 ℃ 

Average COP 3.4 3.7 

Tap water temperature: 9.4 ℃ (COP: 2.15) 

 

from the utilization of sewage heat. The case study 

investigating relationships between utilization rate and 

sewage heat utilization potential found limitations on the 

maximum utilization rate for sewage heat, where 

excessive recovery of sewage heat reduces the efficiency 

of the regional system. The case study of two specific 

buildings found that the building located upstream had 

better conditions to recover sewage heat, because of a 

higher temperature and a greater amount of heat provided 

by the sewage upstream. Thus, the sewage source heat 

pump can operate with greater efficiency and lead to a 

reduction in total energy consumption. Because all the 

buildings located upstream utilize the sewage heat, the 

Figure 13. Spatial distribution of the assessed 

buildings  

Building NO.Res-3421
Floor area : 702.8 m2

Upstream Downstream 

Building NO. Res-3423
Floor area : 702.8 m2

Building NO. Off-33162
Floor area : 691.8 m2 Building NO. Res-33062

Floor area :273.4  m2

Objective 1

Pipe NO.80090027 Pipe NO.80090028 Pipe NO.80090012

Building NO. Res-33061
Floor area : 273.4 m2 

Case. Off-A Utilizing sewage heat

Building NO. Off-33162
Floor area : 691.8 m2 

Objective 1

(Downstream)
Building NO. Off-33091
Floor area : 502.5 m2 

Objective 2

(Upstream)

Upstream

Downstream

Building NO. Off-33091
Floor area : 502.5 m2 

Objective 2

Pipe NO.80090073

Upstream Downstream 

Case. Off-B
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utilization potential of the building located downstream is 

worse. The results showed that spatial distribution is an 

important factor when considering sewage heat utilization 

strategies. Several patterns for utilizing or not utilizing the 

sewage heat by buildings located at different positions can 

be investigated in the future to decide priorities for 

buildings to install the system from a practical perspective. 

However, the model is constructed under several 

assumptions, for instance, the target sewage pipelines are 

set as the most common shape of circular in the sewage 

physical model whereas this model is not applicable for 

other shapes of sewage pipeline; the simulation of 

regional sewage heat utilization potential is currently hard 

to be validated due to the large scale, and it may therefore 

lead to calculating deviation. In future works, it is 

expected to conduct the further research to replenish the 

prediction model. 
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Nomenclature 
𝐴𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 heat exchange area (m2), 

𝐴 Cross-sectional area of sewage water (m2), 

𝑏 width of the heat exchange area 

(C𝜌)𝑝𝑖𝑝𝑒 volumetric specific heat of sewage water (MJ m3K⁄ ),  

(C𝜌)𝑖𝑛 volumetric specific heat of sewage water flow in from upstream 
pipe (MJ m3K⁄ ),  

(C𝜌)𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙 volumetric specific heat of building drainage (MJ m3K⁄ ), 

(C𝜌)𝑟𝑎𝑖𝑛 volumetric specific heat of rain (MJ m3K⁄ ), 

(𝑐𝐺)𝑠 smaller one of the heat capacity rates of hot and cold fluids 

𝑐ℎ𝐺ℎ , 𝑐𝑐𝐺𝑐 the heat capacity rates of hot and cold fluids. 

𝐷 is the diameter of pipeline (m). 

𝐺𝑟𝑎𝑖𝑛 rainwater flow-in rate (m3 s⁄ ), 

𝐺𝑖𝑛 flow rate of sewage water flow in from upstream pipeline (m3 s⁄ ), 

𝐺𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙  total water drainage of buildings connected to the same 
pipeline (m3/s), 

𝐺𝑜𝑢𝑡 outflow rate (m3 s⁄ ), 

𝐾𝑠𝑒𝑤𝑎𝑔𝑒 heat transmission coefficient of sewage water(MW m2K⁄ ), 

𝐾𝑎𝑖𝑟 heat transmission coefficient of air in pipe (MW m2K⁄ ), 

𝐾 heat transfer coefficient (MW m2K⁄ ), 

𝑙𝑤𝑎𝑡𝑒𝑟 wetted perimeter (m), 

𝑙𝑎𝑖𝑟 air perimeter in pipe (m), 

𝑚 Gauckler–Manning coefficient (𝑚 = 0.013 s/[m1/3]) 

𝑝𝑙 pipe length (m),  
𝑄𝑙𝑜𝑠𝑠,2 heat loss in sewage pipeline (MJ/sec), 

𝑄𝑙𝑜𝑎𝑑,ℎ𝑟 hourly heat load unit (kWh/m2), 

𝑄𝑙𝑜𝑎𝑑,𝑦 annual heat load unit (kWh/m2) 

𝑄𝐻𝑝_ℎ𝑟 required heat output of the heat pump (MJ), 𝑄𝑙𝑜𝑎𝑑 is the heat load 
of the building (MJ).  

𝑄𝐻𝑃_𝑠𝑒𝑤𝑎𝑔𝑒 heat needed for heat pump provided by sewage water (MJ). 

𝑄𝑚𝑎𝑥 maximum heat that can be transferred between the fluids per unit 
time (MJ),  

𝑁𝑇𝑈 number of transfer units 

𝑄𝐻𝑃_𝑠𝑒𝑤𝑎𝑔𝑒 heat needed for heat pump provided by sewage (MJ) 

𝑟𝑚𝑜𝑛𝑡ℎ monthly variation ratio (%) 

𝑟ℎ𝑜𝑢𝑟 hourly variation ratio (%), b is the building type. 

𝑅 hydraulic radius (m), 

𝑆 bed slope of pipeline (%), 

𝑇𝑖𝑛 temperature of sewage water flow in from upstream pipeline (℃), 

𝑇𝑤𝑎𝑠𝑡𝑒,𝑡𝑜𝑡𝑎𝑙 wastewater temperature from all the buildings (℃), 

𝑇𝑟𝑎𝑖𝑛 Rainwater temperature (℃), 

𝑇 sewage temperature (℃), 

𝑇𝑠𝑜𝑖𝑙 soil temperature (℃) 

𝑇𝑎𝑖𝑟 air temperature in pipe (℃), 

𝑇𝐻𝑃_𝑑𝑎𝑦 operating time of heat hump per day, COP is the coefficient of 
performance, 

𝑇𝑠𝑒𝑤𝑎𝑔𝑒1 inlet sewage temperature (℃) 

𝑇𝑐1 inlet temperature of circulating water (℃),  

𝑇𝑠𝑒𝑤𝑎𝑔𝑒2 outlet sewage temperature (℃), 𝑄𝑠𝑒𝑤𝑎𝑔𝑒 is the heat recovered 
from sewage (MJ).  

𝑇ℎ𝑝_𝑖𝑛 inlet temperature of the heat pump (℃), 

𝑇ℎ𝑝_𝑜𝑢𝑡 outlet temperature of the heat pump (℃), 

𝐸𝐶𝑡𝑜𝑡𝑎𝑙 Total energy consumption (MJ), 

𝐸𝐶𝐻𝑃 Energy consumption of sewage heat pump system (MJ), 

𝐸𝐶𝑏𝑎𝑐𝑘𝑢𝑝 Energy consumption of backup system (MJ), 

𝑡 time step (s)  

𝑉 sewage water volume (m3),  

𝑣 flow velocity (m s⁄ ), 

∆𝑥 distance interval (m), ∆𝑡 time interval (s). 
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