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Abstract: For reliable pressure-driven analysis (PDA) results, it is necessary to reasonably deter-
mine an objective head-outflow relationship (HOR) and the required head for each node. So far,
no methodology has been proposed to objectively determine two factors based on data of real
block. In this study, the HOR was defined using the water supply method, residential environment,
and water consumption data within real blocks. The standard minimum residual pressure criteria
were reviewed to quickly and rationally determine the required head for each node. To validate
the proposed methodology, the HOR and required head application conditions were configured for
different scenarios; the available flow rate of nodes and the water supply capacity of the entire block
were evaluated based on PDA results. Through the results for each scenario, the HOR definition
method was able to provide a reasonable result reflecting the actual block’s conditions, unlike the
conventional orifice-type HOR, and the standard minimum residual pressure criteria as the required
head was evaluated to be more efficient than the conventional time-consuming method. The HOR
uncertainty and the lack of rationality in the selection of the required heads affected the reliability of
PDA results; these problems can be solved using the proposed methodology.

Keywords: pressure-driven analysis (PDA); head-outflow relationship (HOR); required head; water
supply method; standard minimum residual pressure criteria

1. Introduction

The hydraulic analysis method of the water distribution network can be largely
divided into pressure-driven analysis (PDA) and demand-driven analysis (DDA). The PDA
can simulate the available flow rate depending on nodal pressure in the water distribution
network, and it can be used to analyze abnormal conditions, such as pipe failure, leakage,
and unexpected increases in water usage. On the other hand, DDA has limitations in
hydraulic analysis for the abnormal conditions due to the assumption that the base-demand
of nodes is always satisfied regardless of the node pressure condition. For implementing
PDA, a head-outflow relationship (HOR), which can determine the available supply flow
rate, depending on the pressure (head) at the node, needs to be defined first. As the
difference in PDA results can be significant depending on the defined HOR, this is a crucial
step when implementing PDA; it is necessary to select the HOR that best reflects the
characteristics of each node in the target block.

Many previous studies have focused on defining the HOR for water distribution
networks [1–20]. In these studies, the HOR of a water distribution network was defined
based on conceptual, experimental, and hydraulic perspectives. Generally, the HOR
proposed by Wager et al. [2], which can reproduce the hydraulic characteristics of an orifice,
is used. The HOR proposed by Wager et al. [2] is adequate for simulating the characteristics
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of the flow rate supply according to the pressure at individual water supply devices, such as
faucets and fire hydrants; however, it cannot be defined as the representative HOR of a
specific block. This is because different supply methods (indirect or direct water supply) are
adopted in each building. As the area considered in the pressure-driven analysis increases,
it becomes more important to define a representative HOR for each block.

Recently, Chang et al. [20] proposed a methodology that could define the represen-
tative HOR for a block; this method accounted for the differences in the supply methods
for each building. The representative HOR of a block, as defined by Chang et al. [20],
was based on the fact that the available flow rate supply may vary, owing to the difference
in the supply methods (indirect or direct water supply) of each space wherein consumers
reside, even if the pressure remains the same. The HOR is defined according to the water
supply method, residential environment (including factors such as the number of floors in
residential buildings, topography, and water supply conditions inside buildings), and ac-
tual water consumption. The main difference between this method and the methodology
proposed by Ciaponi et al. [17] is that the former accounts for the water supply method
adopted in each building when defining the representative HOR. A conventional high-rise
building with five or more floors generally has an underground water tank installed, which
provides water for all the floors with the help of a pressure-controllable pump.

When determining whether water can be supplied to a building through indirect
water supply, it is more important to consider the required threshold pressure (head)
for supplying water to the water tank than the number of floors in the building. A low-
rise building with less than five floors generally uses the direct water supply method,
whereby the external water pipe is directly connected to the water distribution network
in the building, without requiring a water tank. Thus, the pressure in the external water
pipe is the primary factor determining whether water can be supplied to each household.
An objective and rational representative HOR that accounts for the characteristics of blocks
can only be realized when the abovementioned differences in the water supply methods
are reflected in the process of defining the HOR.

When implementing PDA, it is also important to rationally determine the required
head for each node. There are two methods for determining the required head: (1) applying
the standard minimum residual pressure criteria of a block based on the number of floors in
the building and (2) applying the minimum required head condition of the most hydrauli-
cally unfavorable consumer for each node by incorporating actual consumer data. When
preparing the input data for water distribution network analysis, the number of consumers
included in each node is typically 10 households (buildings) or more, in the case of a small
block; the number of households increases as the size of the block increases. Hence, from a
practical perspective, it is difficult to confirm the required head by checking the residential
environments of all consumers at each node. Based on the maximum number of floors in
a building adopting direct water supply, the method of applying the standard minimum
residual pressure as the representative required head of the block, as proposed by the
Korea Ministry of Environment (MOE) [21], is the most realistic strategy available.

In this study, two demonstration blocks in Y city, Korea, were selected as test beds.
These two blocks contain similar building types, but the ratio of the water consumption
in high-rise buildings with indirect water supply to the total water consumption in each
block is different. To verify the validity of the proposed methodology, the conventional
orifice-type HOR, proposed by Wagner et al. [2], and the method of considering the mini-
mum required head condition for each node as the required head by virtue of consumer
information were set as the control group. Furthermore, the method by which the repre-
sentative standard minimum residual pressure of the block is determined as the required
head in the HOR, as proposed by Wagner et al. [2], and the method of considering the
representative HOR of the block and the representative standard minimum residual pres-
sure as the required head were set as the active group. PDA was implemented on the two
demonstration blocks to evaluate the flow rate supply characteristics of the node for each
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head and the entire water supply capacity of the blocks under the condition of low head
formation, i.e., less than the required head.

Until now, many studies have been conducted on the uncertainty of the PDA result
due to the HOR selection and parameter difference proposed through conceptual or experi-
mentation [9,15,18,19]. However, as in this study, there was no study that applied the HOR
that was defined in consideration of the proportion of the water supply method for each
block based on the actual block data and applied the required head confirmed through field
investigation to PDA. The advantage of this study is that it is possible to determine the
most reasonable design factor application conditions through the PDA results of various
conditions by quantitatively deriving the defined HOR and the required head based on
actual water supply operation data, not the virtual data.

Thus far, significant reliability problems have affected the results of PDA, such as
a lack of objectivity in selecting the required head and HOR, and these have also been
highlighted in practical works. However, it is believed that the uncertainty in the HOR and
the reliability problems associated with the analysis results can be improved through the
results of this study.

2. Methodology
2.1. Definition of Representative HOR of a Block

There can be various residential environments in each block within the water supply
area. The number of floors varies from detached houses to high-rise buildings, and the
water consumption also varies depending on the type of building (such as residential,
commercial, or business). In addition, differences exist in the water supply conditions and
aging of internal water pipes, depending on the location and deterioration of buildings
within the block. Such conditions are ultimately related to differences not only in the
required head for each consumer in each building but also in the base demand.

Chang et al. [20] concluded that the water supply methods in most high-rise buildings
consist of an indirect supply using a water tank, with the water supply being available
only if the head in the external water pipe exceeds the threshold head (Hthreshold

j ) of the
building’s water tank. In contrast, it was concluded that, for low-rise buildings with less
than five floors, the direct water supply method is generally used, and that the water
supply characteristics differ depending on the required head, which is calculated according
to the location of each floor’s water supply system. Figure 1 presents a conceptual diagram
from Chang et al. [20] that displays the differences in the water supply method for each
building. In a block where various residential conditions coexist, considering the water
tank as a node for operating the water tank and internal water supply system, as in the
case of high-rise buildings, and considering the individual floors as nodes, as in the case
of low-rise buildings (where direct water supply is used), a hydraulic perspective that is
geared toward applying a practical method for water supply is obtained. This takes into
account the physical differences between buildings with different water supply methods.
The HOR of each node can be defined as shown in Table 1.

The parameters for defining the representative HOR of a specific block, such that
the water supply method and the type of building are considered, are the number of
floors in the building (n f ), difference in height from the location where the external water
distribution network is buried to the ground floor (Zg), headloss in proportion to building
deterioration (∆Hind), and base demand for the building. In this study, low-rise and high-
rise buildings were differentiated based on the presence of five stories. However, as the
design of the water supply method for each building varies according to the minimum
pressure required for the supply operation of the water service provider in each region, it
is necessary to establish an appropriate standard for the number of floors in the building
through prior investigations. Because the base demand for each building varies depending
on the space utilization conditions (residential, commercial, and complex) of each building,
it is necessary to check the ratio of water consumption for each building with different
numbers of floors through the use of actual water consumption data; it would be rational
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to determine the difference in topographic height (Zg) and headloss (∆Hind) by estimating
an appropriate range that considers the site conditions. Detailed conditions for defining
the representative HOR proposed by Chang et al. [20] are listed in Table 2.
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Figure 1. Conceptual diagram of building water supply methods. Figure 1 was made by referring to Figures 1 and 2
presented in study of Chang et al. [20]. (a) Water supply method in high-rise buildings. (b) Water supply method in
low-rise buildings.

As shown in Figure 2, Chang et al. [20] defined the representative HOR for two
demonstration blocks with almost the same composition of building types but with dif-
ferent water consumption ratios for high-rise buildings throughout the block. These two
equations show the difference in the available flow rate supply for the section with low
head formation. This difference is attributed to the ratio of water consumption in buildings
with different water supply methods to the total water consumption of the block. In this
regard, the representative HOR should be defined differently for each block in the actual
water supply area considered, accounting for the characteristics of the dominant water
supply method and the differences in water consumption.



Sustainability 2021, 13, 2793 5 of 15
Sustainability 2021, 13, x FOR PEER REVIEW 5 of 15 
 

 

푄
푄 =

푒푥푝(−1.7176 + 10.0222 × 퐻
퐻 )

1 + 푒푥푝(−1.7176 + 10.0222 × 퐻
퐻 )

 

(a) 

 

푄
푄 =

푒푥푝(−2.2788 + 9.1301 × 퐻
퐻 )

1 + 푒푥푝(−2.2788 + 9.1301 × 퐻
퐻 )

 

(b) 

Figure 2. Representative HOR of blocks with different percentages of water consumption in high-rise and low-rise buildings. 
(a) Representative HOR of block with high percentage of water consumption in high-rise buildings. (b) Representative 
HOR of block with high percentage of water consumption in low-rise buildings. 

The parameters for defining the representative HOR of a specific block, such that the 
water supply method and the type of building are considered, are the number of floors in 
the building (푛 ), difference in height from the location where the external water distribu-
tion network is buried to the ground floor (푍 ), headloss in proportion to building deteri-
oration (∆퐻 ), and base demand for the building. In this study, low-rise and high-rise 
buildings were differentiated based on the presence of five stories. However, as the design 
of the water supply method for each building varies according to the minimum pressure 
required for the supply operation of the water service provider in each region, it is neces-
sary to establish an appropriate standard for the number of floors in the building through 
prior investigations. Because the base demand for each building varies depending on the 
space utilization conditions (residential, commercial, and complex) of each building, it is 
necessary to check the ratio of water consumption for each building with different num-
bers of floors through the use of actual water consumption data; it would be rational to 
determine the difference in topographic height (푍 ) and headloss (∆퐻 ) by estimating an 
appropriate range that considers the site conditions. Detailed conditions for defining the 
representative HOR proposed by Chang et al. [20] are listed in Table 2. 
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(a) Representative HOR of block with high percentage of water consumption in high-rise buildings. (b) Representative
HOR of block with high percentage of water consumption in low-rise buildings.

Table 1. Head-outflow relationship (HOR) at each node according to the water supply method
of buildings.

Condition Head-Outflow Relationships

High-rise building

Qact
j = Qreq

j if Havbl
j ≥ Hthreshold

j

Qact
j = Qreq

j ×
√

Havbl
j −Hmin

j

Hthreshold
j −Hmin

j

if Hmin
j < Havbl

j < Hthreshold
j

Qact
j = 0 if Havbl

j ≤ Hmin
j

Low-rise building

qact
i = qreq

i if Havbl
b ≥ hreq

i

qact
i = qreq

i ×
√

Havbl
b −hmin

i
hreq

j −hmin
i

if hmin
i < Havbl

b < hreq
i

qact
i = 0 if Havbl

b ≤ hmin
i
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Table 2. Conditions for defining the representative HOR of the study area.

Condition Range Remark

Number of floors (n f ) 1st to 5th Floor Low-rise bldg. with <5 floors
High-rise bldg. with ≥5 floors

Difference in topographic
height (Zg or Zs) −3 to 3 m -

Headloss (∆Hind) 3–10 m -

Available head (Havbl) 0–40 m Each scenario

Base demand (Qreq
j or Qreq

b )
Water consumption for each

building in the block -

2.2. Determining Representative Required Head of a Block

To improve the reliability of PDA results, it is important to determine the required
head such that the physical conditions of each node are considered, in addition to adopting
an HOR definition that best represents the characteristics of the target block. To improve the
accuracy in determining the required head, it is necessary to assess each item of consumer
information in advance. For example, if one node in the analysis input file actually contains
15 consumers, then the water supply conditions (indirect or direct water supply) of each
consumer should be distinguished first. If a mixed water supply method is used, then
the head condition of the most hydraulically unfavorable consumer under direct water
supply should be selected as the required head. Implementing such tasks for all the
nodes during PDA in the field requires considerable time and manpower; the larger the
size of the block requiring water distribution network analysis, the more difficult is the
practical investigation. To improve the practical application of PDA, it is necessary to
quickly and rationally determine the required head. From this perspective, the method of
considering the standard minimum residual pressure, determined based on the number
of floors in the building (n f ) and the water supply method, as the required head for each
node was examined.

The standard minimum residual pressure is generally determined as the minimum
supply pressure that does not cause inconveniences due to a lack of water pressure to
the consumer residing at the highest floor of each building with a unit number of floors.
In Korea, the standard minimum residual pressure criteria for each building with different
numbers of floors have been established according to the water supply facility standard [21],
as shown in Table 3. The water service provider determines and controls the supply
pressure in accordance with the number of floors in the buildings within the supply area.
However, because the frequency and degree of leakages in water distribution networks
increase when a high minimum residual pressure is maintained for an aging area, empirical
control is typically employed to account for maintenance costs.

Table 3. Standard minimum residual water pipe pressure according to number of floors in buildings.

Condition
Standard Minimum Residual Pressure (kPa)

Remark
Design Criteria

2nd Floor or Lower 150

Low-rise building3rd Floor 200

4th Floor 250

5th Floor 300 High-rise building

The required head, determined using the standard minimum residual pressure, sat-
isfies the head condition of the highest floor in a low-rise building when using direct
water supply. The threshold head of a building with indirect water supply is lower than
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the minimum required head of the highest floor in a building with direct water supply.
Therefore, it is rational to consider the standard minimum residual pressure based on the
highest floor of a building with direct water supply as the required head of the node.

In this study, unlike the existing method, the highest floor of each building that
adopted the direct water supply method was identified through site survey and customer
information for each node in order to determine the actual required head of each node.
This surveyed data is of great significance, because it enables an objective comparison of
the method of determining the required head of each node and the method of applying the
standard minimum residual pressure criteria for each node.

2.3. PDA of Each Scenario According to Method for Defining HOR and Criteria for Determining
Required Head

To examine the appropriateness of the proposed methodology for the representative
HOR and determining the standard minimum residual pressure as the required head, PDA
modeling was implemented by setting the control group and active group for each scenario
using WaterGEMS [22], as shown in Table 4. Here, the control group (Scenario 1) comprised
the method of determining the most hydraulically unfavorable condition as the required
head for each node through the application of consumer data for each small block in the
HOR, as proposed by Wagner et al. [2]; this is a commonly used method. The active group
contained the methodology that considers the standard minimum residual pressure as the
required head (Scenario 2) depending on the number of floors in the building with the
HOR proposed by Wagner et al. [2] and the methodology of adopting a representative
HOR definition and determining the standard minimum residual pressure as the required
head (Scenario 3).

Table 4. Scenario configuration for each HOR and required head condition.

Condition HOR Required Head Remark

Scenario 1 Wagner et al. Investigated minimum required head Control group

Scenario 2 Wagner et al. Standard minimum pressure head Active group
Scenario 3 Chang et al. Standard minimum pressure head

3. Application and Results

In this study, two demonstration blocks, A and B, located in Y city, Korea, were
selected to analyze the differences in the PDA analysis results for each scenario. As shown
in Table 5, in Block A, low-rise buildings account for 97% of all the buildings in the block,
but the ratio of water consumption is only around 50%. Most low-rise buildings were
identified as residential buildings with less than five floors; high-rise buildings within the
block were government offices and schools. In Block B, the proportion of low-rise buildings
is similar to that in Block A, but the water consumption of low-rise buildings accounts
for 91% of the total water consumption of the block. Block B has a high proportion of
neighborhood commercial facilities with less than five floors and a market at its center,
resulting in a relatively high proportion of water consumption by the low-rise buildings.

The required heads for each node in Scenario 1 were estimated based on the addresses
of consumers, provided by the water service provider of Y city and using the Street View
function of Google Maps [23]. If the head condition of a building with direct water supply
was more conservative than that of a building with indirect water supply, the minimum
required head of the building with direct water supply was considered as the required head.
In contrast, for a node comprising buildings with indirect water supply, alone, the standard
minimum residual water pipe pressure of 150 kPa (15.3 m), as suggested in the water
supply facility standard [18], was set as the required head; this is because the threshold
head of high-rise buildings (Hthreshold

j ) is assumed to be less than the minimum required
head of detached houses with two or less floors, and most of the water tanks are located
underground.
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Table 5. Comparison of buildings with different numbers of floors and water consumption percentages by block.

Condition
Building Ratio by Number of Floors (%) Water Consumption Ratio (%)

Block A Block B Block A Block B

First floor 81 54 28 17
Second floor 4 13 3 13
Third floor 7 22 14 42

Fourth floor 4 7 6 19
Fifth floor and above 3 3 49 9

Total 100 100 100 100

For the required heads in Scenario 2 and Scenario 3, the standard minimum residual
pressure of 250 kPa (25.5 m), based on the height of the 4th floor, was applied, accounting
for the building characteristics of the target block. To reproduce the occurrence of abnormal
conditions in the water distribution network by using PDA, the supply head of the reservoir
(inflow node) of each block was adjusted such that the average pressure head for each node
was 250 kPa (25.5 m), based on the standard minimum residual pressure for less than five
floors determined in this study. The first head condition is to satisfy the required head of
most buildings, regardless of the water supply method adopted. The second and third
conditions are water pressure conditions causing problems in the use of water by residents
on the third or higher floors of a building with direct water supply. Under the fourth
condition, water supply problems may occur in buildings using direct water supply and
containing 1 or 2 floors. The remaining conditions pertain to those for unsafe water supply
and the failure of supply in high-rise buildings with indirect water supply. The water
supply conditions for buildings under average of head of nodes were shown in Table 6.

Table 6. Water supply conditions for buildings under average pressure head node conditions.

Average Head of Nodes Conditions Remark

Over 25 m Required head of most buildings satisfied

About 20 m Required head of buildings with 4 or more
floors unsatisfied

Limited to buildings with direct
water supplies

About 15 m Required head of buildings with 3 or more
floors unsatisfied

Limited to buildings with direct
water supplies

About 10 m
Required head of buildings with 2 or fewer floors

and high-rise buildings unsatisfied
-About 5 m

About 0 m

The water distribution network in Block A is a small block containing 500 or less
waterworks with one reservoir (inflow node), 87 nodes, and 97 pipes with a diameter of
50–150 mm. Block B is a medium block comprising over 1300 waterworks, consisting
of 1 reservoir (inflow node), 254 nodes, and 270 pipes with a diameter of 45–300 mm.
The Hazen–Williams roughness coefficient for the water pipe in each block was calculated
to be 100, with reference to the current standard of approximately 20 years of usage.
The water distribution network diagram for each block, indicating the representative
indirect water supply nodes and the direct water supply nodes, is shown in Figure 3.
The available flow rate supply for each block scenario under abnormal pressure conditions
was simulated by PDA implementation, as shown in Table 7.
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Figure 3. Water distribution network diagrams for each block in the study area. (a) Block A (block
with high proportion of water consumption by high-rise buildings). (b) Block B (block with low
proportion of water consumption by high-rise buildings).

In the case of Block A, Scenario 3 showed a higher overall water supply capacity than
the remaining two scenarios. This is because, even for abnormal conditions of the water dis-
tribution network, provided the supply head within the block exceeds the threshold head
of the node, the base demand can be satisfied according to the HOR characteristics of the
nodes with the indirect water supply method, as shown in Table 1. In contrast, if the supply
head falls below the threshold head, the available flow rate supply is determined according
to the HOR at all nodes. In the case of Block B, which involves high water consumption
ratio at the node with direct water supply, Scenario 3 exhibits higher water supply capacity
when the average supply head of the nodes exceeds 15 m, as compared to the other two
scenarios where the HOR proposed by Wagner et al. [2] is applied. Overall, Scenario 3
shows a lower water supply capacity than the two scenarios under approximately 12 m in
Figure 4. Such water supply capacity characteristics are estimated to be influenced by the
difference in the HOR considered and the elevation for each node, because the scenario
using the HOR proposed by Wagner et al. [2] can calculate the high flow rate supply, as
shown in Figure 5.
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Table 7. Available flow rate supply for each block scenario under abnormal pressure conditions.

Conditions Block A Block B

Scenario 1 Scenario 2 Scenario 3 Scenario 1 Scenario 2 Scenario 3

Avg. Head of Nodes Total Base Demand
(m3/day) 434.4 1911.8

Over 25 m Flow rate supply 431.5 421.2 434.1 1883.9 1799.0 1900.5

Supply capacity 99.3 97.0 99.9 98.5 94.1 99.4

About 20 m Flow rate supply 416.4 378.0 432.6 1799.6 1629.4 1837.6

Supply capacity 95.9 87.0 99.6 94.1 85.2 96.1

About 15 m Flow rate supply 379.6 326.3 419.9 1600.4 1374.3 1621.3

Supply capacity 87.4 75.1 96.7 83.7 71.9 84.8

About 10 m Flow rate supply 312.1 264.8 370.0 1274.2 1083.0 1214.9

Supply capacity 71.8 61.0 85.2 66.6 56.6 63.5

About 5 m Flow rate supply 217.3 184.5 223.2 741.1 601.8 645.0

Supply capacity 50.0 42.5 51.4 38.8 31.5 33.7

About 0 m Flow rate supply 16.5 14.1 20.1 381.0 324.1 224.1

Supply capacity 3.8 3.2 4.6 19.9 17.0 11.6

Note: Unit of flow rate supply is m3/day, and unit of supply capacity is %.
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Even if the pressure at the node approaches 0, a head of approximately 10 m at a node
with a low elevation can be maintained in the case of a block with a large difference in
node elevation. As a result, Scenario 3, which accounts for the water supply method of the
nodes, is estimated to be able to calculate an objective flow rate supply that, as compared
to the other scenarios, best reflects the characteristics of the water supply method used in
the actual block in the event of abnormal conditions in the water distribution network.

Determining the required head of nodes when conducting PDA is considerably diffi-
cult. Although determining the required head via a field survey and based on consumer
information may be the most rational approach, it requires a significant amount of time
and manpower. In reality, it is considered to be impossible to determine the required head
for each node if the analysis range varies according to the abnormal conditions of the water
distribution network. Therefore, in this study, to confirm the appropriateness of the method
for determining the required head of nodes based on the representative minimum residual
pressure of the block, four nodes with different water supply methods in each block were
selected. The available flow rate supply according to the pressure for each scenario was
analyzed and is shown in Table 8.
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Table 8. Conditions for each scenario for nodes with different water supply methods in each block.

Condition Water
Supply
Method

No. of Rep.
Bldg. Floors

Base
Demand
(m3/day)

Scenario 1 Scenario 2 Scenario 3

Block Node ID HOR Req.
Head (m) HOR Req.

Head (m) HOR Req.
Head (m)

A

4967
In-direct

6 58.7

Wagner

15.3

Wagner

25.5

Chang

25.5
4911 6 27.1

4906
Direct

4 10.6 25.5 25.5 25.5
4863 4 31.2

B

5105
In-direct

10 185.0 15.3 25.5 25.5
5013 12 243.4

5008
Direct

4 94.3 25.5 25.5 25.5
4991 4 72.8

For Blocks A and B, Scenario 3 and Scenario 1 showed similar trends at four nodes
with the indirect water supply method (Node 4967, Node 4911, Node 5105, and Node 5013).
Scenario 1 indicates that the node with indirect water supply can satisfy 100% of the base
demand of the node when the supply head exceeds the threshold head (15.3 m). Scenario 3
exhibits an available flow rate supply of approximately 90% or more of the base demand
when the supply head of the node exceeds 50% of the required head of the node (25.5 m).
Owing to this phenomenon, a difference between the results of the available flow rate
supply of the two scenarios rarely occurs at the node with indirect water supply, as shown
in Tables 9 and 10. However, in the case of Scenario 1 and Scenario 2, which applied the
same orifice-type HOR, there was a large difference in the available flow rate at each node
due to the difference in the required head. It can be estimated that the uncertainty of
the PDA result with the conventional orifice-type HOR is caused by the required head
standard. Meanwhile, as shown in Tables 9 and 10, it was analyzed that the uncertainty
on the PDA result due to the required head can be reduced when the representative HOR
proposed in this study is applied to the PDA.
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Table 9. Water supply capacity by scenario of nodes with different water supply methods in Block A.

Condition
Base

Demand
(m3/day)

Available Supply Flow (m3/day)

Node ID
Water

Supply
Method

Elevation (m)
Average
Pressure
Head of

Block (m)

Actual
Pressure
Head at

Node (m)
Scenario 1 Scenario 2 Scenario 3

4967

Indirect

34.8

25.5 23.0

58.7

58.7 (100%) 56.0 (95%) 58.6 (100%)

20.0 17.6 58.7 (100%) 49.3 (84%) 58.4 (99%)

15.0 12.9 53.9 (92%) 42.3 (72%) 56.0 (95%)

10.0 8.3 43.2 (74%) 33.9 (58%) 47.2 (80%)

5.0 3.7 28.9 (49%) 22.7 (39%) 25.3 (43%)

0.0 −0.8 0.0 (0%) 0.0 (0%) 0.0 (0%)

4911 34.2

25.5 23.7

27.1

27.1 (100%) 26.1 (96%) 27.0 (100%)

20.0 18.2 27.1 (100%) 23.1 (85%) 26.9 (99%)

15.0 13.5 25.4 (94%) 20.0 (74%) 26.1 (96%)

10.0 8.9 20.6 (76%) 16.1 (59%) 22.6 (83%)

5.0 4.3 14.3 (53%) 11.2 (41%) 13.2 (49%)

0.0 −0.2 0.0 (0%) 0.0 (0%) 0.0 (0%)

4906

Direct

34.6

25.5 23.3

10.6

10.2 (96%) 10.2 (96%) 10.5 (99%)

20.0 17.9 8.9 (84%) 8.9 (84%) 10.4 (98%)

15.0 13.1 7.6 (72%) 7.6 (72%) 10.2 (96%)

10.0 8.5 6.1 (58%) 6.1 (58%) 8.7 (82%)

5.0 3.9 4.2 (40%) 4.2 (40%) 4.8 (45%)

0.0 −0.6 0.0 (0%) 0.0 (0%) 0.0 (0%)

4863 33.7

25.5 24.1

31.2

30.3 (97%) 30.3 (97%) 31.1 (100%)

20.0 18.7 26.7 (86%) 26.7 (86%) 31.0 (99%)

15.0 13.9 23.1 (74%) 23.1 (74%) 30.2 (97%)

10.0 9.3 18.9 (61%) 18.9 (61%) 26.7 (86%)

5.0 4.7 13.5 (43%) 13.5 (43%) 16.6 (53%)

0.0 0.2 3.1 (10%) 3.1 (10%) 5.2 (17%)

On the other hand, for Blocks A and B, at the four nodes with direct water supply
(Node 4906, Node 4863, Node 5008, and Node 5991), Scenario 1 was applied to the actual
required head of each node, while Scenario 2 was applied to the standard minimum
residual pressure of the block as the condition of the required pressure. In these two
scenarios, there is no difference in PDA results, because the same required head of 25.5 m
and the conventional orifice-type HOR are applied. If the actual required head of the
four nodes with the direct water supply method was 15.3 m, the PDA result of Scenario 2,
which applied 25.5 m as the standard minimum residual pressure of the block in this study,
would be considerably overestimated, compared to the result of Scenario 1. When the
conventional orifice-type HOR is applied to the PDA, the uncertainty of the PDA result due
to the inaccurate required head naturally increases, and this problem leads to the reliability
of the PDA result. However, in the same way as in Scenario 2, the required head is applied
at 25.5 m, but if the representative HOR of the block is applied, the uncertainty of the PDA
result that occurs when the conventional orifice-type HOR is applied can be significantly
resolved.
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Table 10. Water supply capacity by scenario of nodes with different water supply methods in Block B.

Condition
Base

Demand
(m3/day)

Available Supply Flow (m3/day)

Node ID
Water

Supply
Method

Elevation
(m)

Average
Pressure
Head of

Block (m)

Actual
Pressure
Head at

Node (m)
Scenario 1 Scenario 2 Scenario 3

5105

Indirect

32.6

25.5 28.9

185.0

185.0 (100%) 185.0 (100%) 185.0 (100%)

20.0 23.4 185.0 (100%) 178.0 (96%) 184.6 (100%)

15.0 18.4 185.0 (100%) 156.8 (85%) 182.4 (99%)

10.0 13.4 173.0 (94%) 134.7 (73%) 170.6 (92%)

5.0 8.4 137.3 (74%) 105.4 (57%) 121.5 (66%)

0.0 3.3 86.3 (47%) 67.0 (36%) 48.6 (26%)

5013 42.6

25.5 18.3

243.4

243.4 (100%) 207.6 (85%) 239.9 (99%)

20.0 12.9 223.7 (92%) 175.2 (72%) 221.5 (91%)

15.0 8.0 176.7 (73%) 136.7 (56%) 156.4 (64%)

10.0 3.2 111.0 (46%) 88.3 (36%) 62.7 (26%)

5.0 −1.6 0.0 (0%) 0.0 (0%) 0.0 (0%)

0.0 −6.7 0.0 (0%) 0.0 (0%) 0.0 (0%)

5008

Direct

43.6

25.5 17.3

94.3

77.8 (100%) 77.8 (100%) 94.3 (100%)

20.0 11.9 64.5 (68%) 64.5 (68%) 82.0 (87%)

15.0 7.1 49.6 (53%) 49.6 (53%) 53.0 (56%)

10.0 2.2 27.7 (29%) 27.7 (29%) 18.2 (19%)

5.0 −2.6 0.0 (0%) 0.0 (0%) 0.0 (0%)

0.0 −7.7 0.0 (0%) 0.0 (0%) 0.0 (0%)

4991 33.0

25.5 26.6

72.8

72.8 (100%) 72.8 (100%) 72.8 (100%)

20.0 21.3 66.6 (91%) 66.6 (91%) 72.3 (99%)

15.0 16.7 59.0 (81%) 59.0 (81%) 70.7 (97%)

10.0 12.1 50.2 (69%) 50.2 (69%) 63.6 (87%)

5.0 7.6 39.8 (55%) 39.8 (55%) 42.9 (59%)

0.0 2.8 24.0 (33%) 24.0 (33%) 16.5 (23%)

This is because, even in block with a high ratio of water usage of low-rise buildings
that adopt direct water supply, the characteristics of water supply by the threshold head of
nodes that adopt indirect water supply within the block are reflected in the representative
HOR curve. Therefore, the relative importance of the accuracy of the required head can
be decreased when the representative HOR of the block is applied in PDA for the block
with a high ratio of water usage at the nodes that adopt the direct water supply method.
These effects can be used as the basis for applying the standard minimum residual pressure
criteria of each block as the reasonable required head condition in practice.

Based on these results, the proposed methodology for defining a representative HOR,
while accounting for the water supply method in the block, and adopting the standard
minimum residual pressure as the required head, while accounting for the type of buildings
in the block, offers the advantage of improving the reliability of PDA; it also reduces the
time required for PDA by applying objectivity to the analysis results and employing a
rational assumption.

4. Conclusions

This paper proposes a novel PDA methodology that employs a representative HOR
of the block by considering the difference between the water supply methods of actual
buildings and assuming rational required heads as a method to improve the reliability
of PDA results. So far, no methodology has been proposed to objectively determine
two factors based on data of real block. Unlike the uniform application method for the
conventionally defined HOR with the subjectively selected required head, the proposed
method for defining a representative HOR ensures objectivity and practicality; this because
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the water supply method is considered when calculating the available flow rate supply for
each node, in the case of reductions in the water distribution network pressure. In addition,
the method of determining the required head of nodes based on the standard minimum
residual pressure of the block can derive PDA results more effectively than the method of
determining the required head through the use of field surveys, which require a significant
amount of time and manpower. This makes it suitable for PDA modeling situations
wherein the analysis needs to be completed within a short period of time.

To determine the suitability of the proposed PDA methodology, two demonstration
blocks were selected to compare and evaluate the available flow rate supplies under
abnormal conditions in the assumed water distribution networks. The results can be
summarized as follows:

With regard to the PDA results of the scenario wherein the representative HOR of the
block is applied, blocks featuring higher water usage by high-rise buildings with indirect
water supply show a higher flow rate supply capacity than those in the scenario wherein
the orifice-type HOR is applied. This is because the ability to satisfy the base demand can
be retained, depending on the HOR of the node, provided the supply head within the
block exceeds the threshold head of the node. In particular, when PDA implementation is
required for blocks with a greater concentration of high-rise residential apartments and
office buildings, applying the HOR proposed in this study not only provides the most
reliable result reflecting the actual water supply characteristics, but, also, the uncertainty
problem for the existing PDA method due to the selection of the required head can be
minimized. This result means that the method of determining the required head can be
changed from the existing time-consuming method to the standard minimum residual
pressure of the block in terms of rapidity and rationality.

In a block featuring higher water usage of low-rise buildings that adopt direct water
supply method, it can be seen that the difference in the total water supply capacity of the
block occurs according to the required head, rather than the selected HOR. In particular,
the greater the difference in elevation of each node, the greater the difference in the
available flow rate calculated for each node, according to the required head, when a
lower head condition occurs. As with the previous PDA method, if the required head
is determined subjectively without surveying the residential environment of the block
to be implemented in the PDA, the reliability of the PDA result will inevitably decrease.
Nevertheless, if the representative HOR proposed in this study is applied to the PDA,
the problem for uncertainty of the PDA method can be significantly improved.

This is because, in the process of defining the representative HOR of the block, the char-
acteristics of water supply by the threshold head of the indirect water supply node were
reflected in the representative HOR curve. This is because the HOR proposed in this study
is less sensitive to the calculated available flow rate of the nodes due to the difference in
the required head compared to the orifice-type HOR. The results of this study not only
reduce the burden on the accuracy, time, and cost of the process of selecting the required
head for individual nodes when implementing PDA but also can be used as a basis for
applying the standard minimum residual pressure criteria for each block as a reasonable
required head condition in practice.

Previously, from a practical perspective, a number of problems associated with re-
liability have affected PDA results, such as a lack of objectivity in selecting the required
head and HOR. However, it is believed that the uncertainty in the HOR and the problems
associated with reliability can be alleviated through the results of this study.
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