
water

Article

Establishment of an Inventory for the Life Cycle Cost
(LCC) Analysis of a Water Supply System

Hyundong Lee 1,2,*, Hongcheol Shin 3, Usman Rasheed 1 and Myeongsik Kong 1,2

1 Environment and Plant Engineering Research Institute, Korea Institute of Civil Engineering and Building
Technology, Daehwa-dong 315, Goyangdae-Ro, Ilsanseo-gu, Goyang-si, Gyeonggi-do 10223, Korea;
usman.rasheed@kict.re.kr (U.R.); mskong@kict.re.kr (M.K.)

2 Smart City Construction Engineering, University of Science & Technology (UST), 217, Gajeong-ro,
Yuseong-gu, Daejeon 34113, Korea

3 Water Supply & Sewerage Department 2, SAMAN Corporation, Gwangnaru-ro 56-gil 85, Gwangjin-gu,
Seoul 05116, Korea; hcshin@kict.re.kr

* Correspondence: hdlee@kict.re.kr; Tel.: +82-10-9100-297

Received: 7 March 2017; Accepted: 1 August 2017; Published: 15 August 2017

Abstract: This paper aimed to develop an inventory that is necessary for the life cycle cost (LCC)
analysis of a water supply system. Based on an established inventory system, data items for each asset
category were defined. The water supply system was divided into pipelines, pumps and distribution
facilities. Pipeline facilities that account for the majority of water supply systems were grouped,
according to the purposes and functions of pipes, into conveyance facilities, transmission facilities,
distribution facilities and supply facilities. The inventory of water supply systems were divided into
five levels, and the higher the level, the more detailed facilities were classified. Basically, 12 items and
diagnosis results were included in the system to distinguish the characteristics of each asset, and it
was ensured that administrators could add or change items later if necessary. The data used in this
study were established based on real data from the Yeong-Wol (YW) pipeline systems.

Keywords: water supply system inventory; waterworks management; inventory establishment;
inventory for LCC analysis; waterworks inventory

1. Introduction

The purpose of water supply systems is to provide water to consumers in a stable way while
satisfying both the demand of consumers and the goals of the supplier. To accomplish this purpose,
it is necessary to operate and maintain water supply facilities in a systematic way. A water supply
facility is a type of infrastructure that owns and operates a range of equipment and buildings, and in
order to operate these, ongoing maintenance by a facility manager is required [1].

About 161 regional waterworks operators (special metropolitan cities (7), special self-governing
cities (1), special self-governing provinces (1), cities (75), guns (77)) and multi-regional waterworks
operators (1))) covered 98.6% of the total population (approximately 51,712,000 persons) as of the end
of December 2014 [2] in South Korea

The life cycle cost (LCC) is the cost of an asset, or its parts throughout its life cycle, while fulfilling
the performance requirements. (BS ISO 15686-5, 3.1.1.7).

LCC may be used during following four stages of the life cycle of any constructed asset:

(a) Project investment and planning; Whole life costing/ Life cycle cost (WLC/LCC) strategic option
analyses; preconstruction;

(b) Design and construction; LCC during construction, at scheme, functional, system and detailed
component levels;
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(c) During occupation; LCC during occupation (cost-in-use); post-construction; and
(d) Disposal; LCC at end-of-life/end-of-interest. (BS ISO 15686-5:2008).

According to a literature review of life cycle costing and life cycle assessment, there are four
important steps in life cycle costing:

1. The first step is to generate cost profiles corresponding to each considered option. Each cost
profile is a series of planning, construction, maintenance, support, use, and disposal cost estimates
calculated over the intended service life of the corresponding facility option.

2. Next, each cost profile is translated to an equivalence measure to support a common and credible
basis of comparison among the considered options.

3. Third, the results of the time value of the money computations are used to rank the options
according to life cycle cost.

4. Finally, the results of the LCC procedure are passed on to the infrastructure owner to support
rational decision making.

Life cycle assessment (LCA) is a technique for assessing potential environmental aspects and
potential aspects associated with a product (or service), by:

1. Compiling an inventory of relevant inputs and outputs;
2. Evaluating the potential environmental impacts associated with those inputs and outputs; and
3. Interpreting the results of the inventory and impact phases in relation to the objectives of the

study. (ISO 14040.2 Draft: Life Cycle Assessment—Principles and Guidelines)

According to ISO 14040, LCA is divided into four phases:

1. Goal and scope definition;
2. Inventory analysis;
3. Impact assessment; and
4. Interpretation.

Life cycle assessment (LCA) is necessary for defining the best environmental management
strategies. Anna [3] studied the environmental impacts of a sewer system and determined the most
environmentally friendly design strategy for small to medium sized cities by composing an inventory
of the materials and energy. Establishing an inventory is the basic step for LCA or LCC analysis.
Sanjuan [4] statistically analyzed 50 cities to find the relations between different variables regarding
water consumption linked with the environmental impact of a network.

Social life cost assessment (SLCA) is defined as the methodology for the assessment of positive
and negative social impacts that are generated by a product/service in its life cycle and in relation
to the different groups of stakeholders involved, with the aim of promoting the improvement of a
product’s socio-economic performance throughout its life cycle [5].

Studies of the introduction of maintenance and management systems with the life cycle cost (LCC)
analysis technique applied have been continuously conducted in an effort to efficiently utilize the
limited amount of budget and prevent costs for maintenance and management from rapidly rising. One
of the important things about the maintenance of a water supply network is calculating the optimum
time for the replacement of water supply pipes. For that purpose technical–economic analyses have
been used to take into account all kinds of costs for the repair or replacement of trouble-causing parts of
a network [6]. Yoon [7] reviewed and compared the advantages of four different design cases, presenting
the optimal techniques and tasks that should be carried out in order to maximize the economic utility
of a project through LCC analysis. Applying the LCC method, Lee [8] compared the LCCs of modern
hanok housing and apartment housing in order to provide basic information for the choice of housing
A series of systems which are carried out to satisfy the minimum life cycle cost of a water supply
system and to reach the desired level of service are defined as asset management [9]. Previously, life
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cycle assessment research in the area of water cycle management has mainly discussed specific aspects
of wastewater systems, i.e., quantifying the environmental load of wastewater systems [10–14] or
biosolid systems [15,16]. Life cycle assessment has also been used for the definition of environmental
sustainability indicators for wastewater systems [17,18] and more recently for urban water systems [19].
Son [20] analyzed the economic valuation of sewage disposal facilities and suggested, based on the
results of the LCC analysis, that it would be more economically feasible to directly operate such facilities
for the first four to five years and then switch to a consignment operating system.

Heo [21], in his study, selected a strategic simulation for the repair, rehabilitation and improved
performance of existing dam structures using LCC analysis techniques. Life cycle assessments consist of
three main steps and a generally acknowledged fourth step: (1) goal definition and scoping (generally
included); (2) inventory analysis; (3) impact analysis; and (4) improvement analysis [22,23].

The work that is pre-required to analyze an LCC is the classification of the asset according to
the classification systems of water supply systems. Any facility must be arranged to determine the
current status of the management. To analyze the LCC of water supply systems, it is necessary to grasp
the current status of assets and classify the assets of the water supply system in advance. That is, the
management of any facility should be preceded by the understanding of the current conditions.

This paper focuses on the classification of an inventory of a water supply system that is the basis
of an LCC analysis of the water supply system. This classification makes inventory establishment for
LCC analysis easy because, in a water supply system, there are many machines and items involved,
and with the help of this classification each and every item can be identified in more depth. It also tells
the waterworks manager when, where and which item needs to be repaired, rehabilitated and replaced.

Methodology of the Classification System of a Water Supply System

Water supply systems are classified into three levels, and the types are classified at the first level
(category), and sub-facilities under each category item are classified at the second level (subcategory).
The composition of each sub-facility is defined at the third level (sub-sub category).

The types of water supply system are classified at the level of “category”, and target water
supply systems are divided into six categories including water intake facilities, water conveyance
facilities, water treatment facilities, water transmission facilities, water distribution facilities and water
supply facilities.

The sub-facilities of each category are classified at the level of “subcategory”, and they are
distinguished by function and use, or structure and form.

At the level of sub-sub category, civil engineering structures, facilities and equipment that compose
each type of sub-facility are classified according to sub-sub category items by function or structure or
form. They are, in turn, divided in detail into pipe, pump, valve, water gate, tank, machine, special,
measurement, and others as shown in the following table. Table 1 shows the sub-sub category items
and their descriptions.
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Table 1. Sub-sub category classification and a detailed description of the water supply system.

Sub-Sub Category
Details

Item Classification

Pipe Pipe system Corresponding to the detail pipe of facilities of various functions and
equipment

Pump Pump station Corresponding to the pump station, which is involved in the functioning of
the detailed facilities

Valve Valve equipment Corresponding to the valve equipment which is involved in the functioning
of the detailed facilities

Watergate Hydrological equipment Corresponding to the water gate equipment which is involved in the
functioning of the detailed facilities

Tank Tank equipment Corresponding to the water tank equipment which is involved in the
functioning of the detailed facilities

Machine Machinery equipment Corresponding to the general or special equipment which is involved in the
functioning of the detailed facilities

Special Special equipment
Pipe, pump, valve, water gate, tank, machinery, other features of the
instrumentation and telecontrol equipment, structure, in order to separately
manage the facilities/equipment that are not formally specific

Table 1. Cont.

Sub-Sub Category
Details

Item Classification

Measurement Measurement and Control Corresponding to the weighing, measurement and control equipment
involved in the functioning of detailed facilities

Etc. Other additional facilities Distinguish the fixtures/equipment that are not involved in the functioning
of detailed facilities

2. Materials and Methods

2.1. Procedure of the Construction of the Asset Inventory

To establish an asset inventory, target assets should be surveyed in detail first. Asset surveys can be
divided into open source surveys and field surveys. Collected information is analyzed, and, if necessary,
additional surveys are conducted to supplement it. When information on acquisition costs are available,
they can be directly used. If not, acquisition costs should be estimated based on relevant factors.

The next step is to select items, classify them by level, and establish the inventory of assets by
level. The classified inventory is later used for LCC analysis. The flow chart for establishing an asset
inventory is shown in Figure 1.
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Water supply systems are largely divided, according to the functions of the facilities, into water
intake facilities, water conveyance facilities, water treatment facilities, water transmission facilities,
water supply facilities and water distribution facilities [24]. The scope of objective facilities is defined to
include general civil engineering structures of each water supply system, pipe, pump, valve, machinery,
MEP (mechanical, electrical, plumbing) facilities such as electronic and instrumentation/control
devices, and other accessory equipment.

2.2. Establishment of the Inventory of the Water Supply System

2.2.1. Investigation of Test Bed (TB)

Test bed is the name of the particular area from which data was provided and the application was
performed. It is the common name of a test area.

YW Yeong-Wol
YH Yeong-Heung
DP Deog-Po
JR Jang-Leung
PG Pal-Goe
SN South and North

The water supply system of the TB section with the YW pipeline systems constructed is shown in
Figure 2, and its main facilities are as follows:

- YW water intake facility: 13,500 m3/day



Water 2017, 9, 592 6 of 13

- YW water treatment facility: 13,500 m3/day, rapid filtration method
- Pump stations (four sites): YH, DP, PG, JR
- Distribution facilities (five sites): YW, YH, DP, PG & SN
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2.2.2. Subjects and Division of Water Supply System

The water supply systems in this research were divided into water supply pipelines (including
pipeline structures), pump stations, and distribution facilities as shown in Table 2.

The assets of water supply systems can be divided into pipelines and valves that account for the
majority of pipeline networks, pump stations, and distribution facilities.

Pipeline facilities that account for the majority of water supply systems can be grouped according
to the purposes and functions of the pipes, into the intake and conveyance pipes, transmission
pipes, distribution pipes, supply pipes, and fire protection pipes. Valves with various functions are
installed throughout water supply systems. Pump station facilities include a pump station building,
underground Reinforced Concrete (RC) box structures, booster pumps and control panels, and supply
water to target regions. Distribution reservoir facilities include valves, control panels and water level
gauges, and supply water to houses.

Table 2. Subjects of water supply system.

Subject Classification Investigation Details

Pipeline
Pipe Conveyance Pipe, Transmission Pipe, Distribution Pipe,

Supply Pipe, Circulation Pipe
Machine Drain Valve, Air Valve, Reducing Pressure Valve, Stop Valve

Telecontrol Flow Gauge, Water Pressure Gauge,
Water Quality Measurement Mechanism

Pump Station

Land Pump Station Land
Buildings Pump Station Building
Structure Pump Station Structure
Machine Booster Pump, Motor-operated Valve, Off-take Valve

Telecontrol Control Station, Water Level Gauge, Pressure Gauge, Flow Gauge

Distribution Facility

Land Distribution Reservoir Land
Buildings Distribution Reservoir Building
Structure Distribution Reservoir Structure
Machine Booster Pump, Motor-operated Valve, Off-take Valve

Telecontrol Control Station, Water Level Gauge, Flow Gauge
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2.3. Classification According to Pipe Type

Based on the information on pipe types acquired from the YW pipeline systems, the main pipe
types used in individual facilities were identified, and information on their diameters was collected.

2.3.1. Water Conveyance Facility

There were various kind of pipes such as Cast iron pipe (CIP), Ductile cast iron pipe (DCIP),
Polycarbonate (PC) and Polyethylene (PE), and especially DCIP accounted for 59% of the pipes used
in the facilities. Pipes of different diameters were used, and those ranging from 150 mm to 600 mm
took up 53% of the pipes used in the facilities as shown in Figure 5.
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2.3.2. Water Transmission Facility

DCIP and Steel Pipe (SP) were mainly used in the water transmission facilities, and especially
DCIP accounted for 71% of the pipes used in the facilities. Pipes of different diameters were used,
and those ranging from 100 mm to 400 mm took up 80% of the pipes used in the facilities as shown in
Figure 6.
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2.3.3. Water Distribution Facility

There were various kind of pipes such as CIP, DCIP, High impact PVC pipe, 3 layers (HI-3P),
Polyethylene (PE), Polyethylene power fused pipe (PFP), Steel Pipe (SP) and High Impact PVC pipe
(HI-VP), and especially DCIP accounted for 71% of the pipes used in the facilities. Pipes of different
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diameters were used, and those ranging from 50 mm to 500 mm, and 100 mm took up 32% of the pipes
used in the facilities as shown in Figure 7.
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2.3.4. Water Supply Facility

There were various kinds of pipes such as, Galvanized steel pipe (GSP), High density polythylene
(HDPE), PFP, Stainless steel (STS), HI-VP and Pre-Insulated pipe (PIP), and especially PFP accounted
for 74% of the pipes used in the facilities. Pipes of different diameters were used, and those ranging
from 13 mm to 50 mm, and 50 mm took up 36% of the pipes used in the facilities as shown in Figure 8.
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3. Results and Discussion

Based on the theoretical review, the standards of water supply systems were systematically
revised and supplemented. The developed program was set to ensure administrators can modify
levels or content.

In analyzing the water supply systems in this study, water treatment facilities were excluded
to focus on pipelines. The data used in this study were established based on real data from the YW
pipeline systems.

Inventories of water supply systems were divided into five levels, and the higher the level, the
more detailed facilities are classified. The Tables 3–7 show the classification of facilities from Level 1 to
Level 5.
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Table 3. Inventory composition of Level 1.

Classification Level 1

Water Supply System Water Conveyance Facility, Water Transmission Facility
Water Distribution Facility, Water Supply Facility.

Table 4. Inventory composition of Level 2.

Classification Level 2

Water Conveyance Facility Conveyance Pipe, Conveyance Culvert, Raw Regulating Well.
Water Transmission Facility Transmission Pipe, Pump Station, Regulating Well.
Water Distribution Facility Distribution Pipe, Distribution Reservoir, Distribution Tower & Elevated Tank.

Water Supply Facility Supply Pipe, Reserve Tank.

Table 5. Inventory composition of Level 3.

Classification Level 3

Conveyance Pipe Structure (Pipe), Structure (Except pipe), Telecontrol.
Conveyance Culvert Structure (Except pipe), Telecontrol.
Raw Regulating Well Structure (Except pipe), Machine Buildings.

Transmission Pipe Structure (Pipe), Structure (Except pipe), Telecontrol, Machine.
Pump Station Structure (Except pipe), Telecontrol, Machine, Buildings.

Regulating Well Structure (Except pipe), Buildings.
Distribution Pipe Structure (Pipe) Structure (Except pipe) Telecontrol Machine.

Distribution Reservoir Structure (Except pipe) Telecontrol Machine Buildings.
Distribution Tower & Elevated Tank Structure (Except pipe) Telecontrol Machine Buildings.

Supply Pipe Structure (Pipe) Structure (Except pipe) Telecontrol Machine.

Table 6. Inventory composition of Level 4.

Classification Level 4

Structure (Pipe) Wrapped Steel Pipe, Gray Cast Iron Pipe, Ductile Cast Iron Pipe PVC Pipe, PE Pipe,
Hume Pipe, Galvanized Steel Pipe, STS Pipe ,PB Pipe Metapol Pipe.

Structure (Except pipe)

Distribution facility, Pipe Protection Facility, Pressure Regulating Tank, Junction Well,
Cutoff Wall, Water Pipe Bridge, Fitting Protection, Valve Station Structure,
Manhole/Inspection hole, Conveyance Culvert, Conveyance Tunnel, Aqueduct Bridge,
Regulating Gage, Screen, Water Level Regulating Board, Overflow Facility, Overflow
Pipe, Common Utility Tunnel, Overflow Weir, Elevated Tank Structure, Underground
Reservoir, Elevated Tank, Pressure Feed Tank, Small Water Tank, Air Tank, Basement
Structure, Training Wall Structure, Retaining Wall Structure, Storage.

Telecontrol
Valve, Pump, Flow Guage, Water Level Gauge,
Water Pressure Gauge, Water Quality Measurement Mechanism
Control Station, CCTV, Wager Gauge.

Machine

Regulating Well Pump, Regulating Well Valve, Pipe Corrosion Protection Equipment,
Water Hammer Prevention, Non-cutoff Facility, Additional
Chlorine Disinfection Facility, Sampling Facility Ventilation
Facility,Mixed Oxide Producer , Water Saving Supply Equipment.

Buildings Regulating Well Structure, Transmisstion Pump Station, Distribution
Reservoir Structure, Distribution Tower Structure, Underground Reservoir Station,
Elevated Tank Station.
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Table 7. Inventory composition of Level 5.

Classification Level 5

Details

Pipe Diameter, Regulating Valve, Drain Valve, Air Valve, Reducing
Pressure Valve, Conveyance Pump, Drainage Pipe, Distribution Station,
Outlet, Anti-Water Hammer Facility, Water Pipe Bridge Structure,
Bridge Pipe, Open Culvert, Ditch, Safety Valve, Fire Hydrant, Blocking
Valve/Control Valve , Check Valve, Emergency.

Blocking Valve, Flow Control Valve, Saddle Ferrule, Curb Valve, Icefree
Tap, Hydrant, Foot Valve, Stop Valve, Flush Valve, Vacuum Breaker, Oil
Control Valve , Intake/Exhaust Valve, Cold/Warm Water Mixing Valve,
Feed Water Pump, Motor Control Panel, Equipment Control Panel,
Power Control Panel, Automatic Control Panel, Water Hammer
Prevention Panel, Ultrasound Water Level Gauge, Ultrasound Flow
Guage, Transmission Pump, Gate Valve, Ball Valve, Distribution
Reservoir Panel, CCTV, Water Hammer Prevention, Off-take Valve,
Mixed Oxide Panel, Generator, Heat Exchanger, Grouting Pump,
Storage Tank, Pressure, Air Chamber, Filter.

The tables above indicate that the classification scheme has a hierarchical structure. All the
detailed contents above are just listed by level, not in order of any importance.

The paper divided the water supply system broadly into five different levels for the establishment
of an inventory, that is, the basic step for LCC analysis. The above table indicates that the classification
scheme has a hierarchical structure. The hierarchical structure is shown in Supplementary Materials.
In the previous literature there is no such kind of classification. Water supply systems were divided
into five levels, and the higher the level, the more detailed facilities were classified. The preceding
tables show the classification of facilities from Level 1 to Level 5. In conclusion, water supply systems
were divided into five levels, and to analyze each facility, data from the YW pipeline system were
utilized. In Levels 4 and 5, the types and diameters of pipes were identified to easily distinguish their
different characteristics. The following table shows an example of the establishment of an inventory.

Generalization of Inventory Composition

The establishment of an inventory of water supply systems was prioritized first in this study, but
it was also important to select inventory items. There were certain necessary items that should exist in
an inventory program when LCC is analyzed or data are accumulated.

Based on the data acquired from fields, the necessary items for LCC analysis were established in
consultation with experts in water supply systems as shown in Tables 8 and 9.

Table 8. An example of inventory construction.

Level 1 Level 2 Level 3 Level 4 Level 5

Water Conveyance Facility Conveyance Pipe Structure (Pipe) CIP 400

Water Transmission Facility Pump Station Telecontrol Water Level Gauge Ultrasound Water Level Gauge

Water Distribution Facility Distribution Pipe Structure (Pipe) DCIP 500

Water Supply Facility Reserve Tank Buildings Elevated Tank Station Elevated Tank Station

Table 9. Composition of inventory items.

Inventory Items

Asset name Designated code Installation year Installed area
Min. depth Max. depth Acquisition cost Legal durable years
Pipe length Type of surrounding roads Type of soil Type of joint
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Also, diagnosis result should be contained in the inventory items. To prevent any loss of data or
items caused by the careless operation of some users, only administrators are allowed to change, add
or delete inventory items.

4. Conclusions

The procedure was defined to develop an inventory for the water supply system, which is the
basic step for LCC analysis of a water supply system comprised of many items and machines. This
paper developed an inventory that in-depth classified each item of a water supply system. To increase
the management efficiency of a water supply system, inventory items were systematically classified
using a tree shaped structure that also helps the waterworks manager to know when and which item
need to be replaced, repaired or rehabilitated. The water supply system was divided into pipelines,
pump stations and distribution facilities. According to their use and function, pipes are also classified
into different facilities. Based on the field data acquired from the Yeong-wol (YW) pipeline systems, an
inventory structure with five levels was developed The higher the level, the more detailed facilities
were classified. In this study, water treatment facilities were excluded to focus on the water supply
system. In particular, the types and diameters of pipes were identified by level for convenient data
management, and 12 items required for the inventory were suggested.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/8/592/s1.
Figure S1. Hierarchical structure of water conveyance facility. Figure S2. Hierarchical structure of water
transmission facility. Figure S3. Hierarchical structure of water distribution facility. Figure S4. Hierarchical
structure of water supply facility.
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