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Abstract: Establishing an effective long-term maintenance plan is essential to ensure the sustainability
of a building. Among the various components of a building, the mechanical, electrical, and plumbing
(MEP) components are complexly affected by various parameters, such as quality and user pattern,
with respect to the service life. Besides, these components are replaced at different points in
time, which becomes one of the main risks when establishing a maintenance plan for the building.
Therefore, it is very important to consider the uncertainty in calculating the service lives of MEP
components in a systematic and reasonable way. This study aims to systemize the MEP components
of residential buildings and analyze their service life patterns using a probabilistic approach for
long-term maintenance planning. The analysis was performed on 54,318 maintenance cases from
1998 to 2017 at 65 twenty-five-year-old rental apartment buildings in South Korea. Before performing
the analysis, a service life matrix was established by classifying the MEP components into 12 types
and setting the service life time at 6–25 years. Then, the service life distribution was derived for
each MEP component. The probabilistic approach can provide information for rational maintenance
decision-making regarding each MEP component as well as basic service life settings. Since the
performance of the MEP components deteriorates due to various reasons, de facto uncertainty exists
in the service life of each component; thus, the probabilistic approach can serve as an important
decision-making method. If probabilistic methods are developed by acquiring the cost data in
addition to the frequency of maintenance activity used in this study, a more effective long-term
maintenance plan can be established.

Keywords: long-term maintenance plan; frequency; service life distribution; MEP (Mechanical;
Electrical and Plumbing); residential buildings; probabilistic approach

1. Introduction

The importance of building maintenance is emphasized around the world [1,2] because of the
growing complexity of buildings, the increasing proportion of systems in the buildings, higher levels
of service, and the higher portion of maintenance costs in the life cycle costs of buildings [3].

In particular, about 30–40% of the total natural resources that are used in industrialized countries
are exploited by the building industry. Almost 50% of this energy flow is used for climate conditioning
(heating and cooling) in buildings. Almost 40% of the global consumption of materials is for the built
environment, and about 30% of the energy use is due to housing [4,5]. Since the energy consumption,
energy wastage, emissions, and environmental impacts due to buildings are expected to increase in the
next few years, an effective strategy for monitoring and managing the building industry is urgently
required [6]. Effective maintenance of the building performance can minimize the adverse effects of

Sustainability 2018, 10, 3803; doi:10.3390/su10103803 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/2071-1050/10/10/3803?type=check_update&version=1
http://dx.doi.org/10.3390/su10103803
http://www.mdpi.com/journal/sustainability


Sustainability 2018, 10, 3803 2 of 15

buildings on the environment in terms of energy consumption, carbon dioxide emissions, and waste
generation [7–9]. From this perspective, establishment of a proper maintenance plan is important for
maintenance managers [10].

In South Korea, the proportion of buildings that have deteriorated due to aging is considerably
high. In 2016, the number of buildings older than 30 years was 2,543,217 out of a total of 7,043,733
buildings (36%). Recently, public concern regarding the increase of aged buildings has been rising
in the country and it is a pressing matter to find a solution to respond to the rapid increase in
maintenance costs.

“Service life” is the period in which the required performance is met or exceeded [11]. The
International Standardization Organization (ISO) standard series on service life planning for buildings
and constructed assets (ISO 15686) developed by ISO/TC59/SC14, as well as the European Union
thematic network on performance-based building (PeBBu), respond at least partly to the European
Union Construction Product Directive (CPD) [12]. The concept of service life planning aims to enable
managers to have an effective maintenance strategy based on the performance requirements. The
requirements may concern a variety of issues, ranging from lifecycle costs and technical performance
to environmental considerations [11]. In other words, the service life planning of buildings and their
components can lead to improved accuracy of the maintenance plans. In turn, this may add value
(increased longevity) and lead to a more rational management of the resources invested during their
service life [13]. However, the service life of deteriorating buildings is affected by the uncertainties
associated with the load effect, material properties, mechanical and environmental stressors, damage
occurrence, and propagation models, and their associated parameters [14]. For a rational prediction of
the service life of buildings, uncertainty should be considered [14,15].

As the main target of the Operation and Maintenance (O&M) management, improving the
efficiency of the MEP services is critical for the success of a construction project. In fact, costs associated
with the MEP services can be up to 50% of the total investment in large-sized public projects [16]. In
buildings, the MEP provides services to people’s daily needs, and hence plays a critical role in creating a
comfortable and safe environment for building occupants. MEP engineering is a general term referring
to the management of the non-structural functions of a building, such as plumbing, HVAC (heating,
ventilation, and air-conditioning), electricity, energy conservation, and elevator maintenance [17].
Therefore, service life estimations for various MEP components are highly important for systematic
building maintenance planning [18,19].

In reality, various parameters, such as the quality and user patterns, affect the service life of the
MEP components. Hence, the replacement of the components occurs at various times, acting as a risk
for the building maintenance plan [14]. In other words, the fixed service life used in conventional
maintenance plans has a limitation to reflect the uncertainty when predicting the service life of the
MEP components [20,21].

Many studies developed models to predict the life cycle of building components based on the
probabilistic concepts [15,22]. The conventional literature on such probabilistic prediction models
targets a single component or a material. However, a systematic maintenance plan must be established
by comprehensively considering the service life patterns of various building components. This study
aims to systematize various MEP components targeting the residential buildings and analyze the
service life patterns of various components using a probabilistic methodology.

The primary contributions to the maintenance strategy of MEP components are as follows. First,
the loss distribution approach (LDA) is used to create service life distributions by considering the de
facto uncertainty in the performance of MEP components. Based on these distributions, a framework
for analyzing the service life patterns is proposed. Second, the frequency distribution of each cell
of a service life matrix is derived to provide information about the importance of maintenance of
MEP components at each time. Such information contributes to the establishment of an efficient
long-term maintenance plan. Third, the frequency distribution and service life distribution are
combined to set the service life at a more realistic representative value, and various information
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for rational maintenance decision-making regarding each MEP component are provided by presenting
the periodicity, concentration, and time of maintenance activity.

2. Literature Review

MEP engineering consists of more than 10 subsystems, including heating, ventilation, and air
conditioning (HVAC), power distribution, telecommunication, automatic control, fire protection, and
water supply and drainage. Each system is a complex combination of several components, such as
equipment, pipes, and wires, as well as a number of logic relationships among these components [23].
To minimize the construction errors caused by the complexity of MEP works, many studies have
attempted to develop efficient coordination strategies and technical methods from the early design
phase itself. In particular, many studies have been conducted recently on MEP based building
information modeling (BIM) technology to improve the efficiency of MEP coordination [24–28].
Basically, BIM is an effective technical environment in which the sustainability of a building can
be ensured by managing various information generated over the entire life cycle of the building in
a unified manner and continuously utilizing it in each phase [29]. In this regard, BIM technology
is studied in terms of not only enhancing the efficiency of MEP coordination in the design and
construction phases, but also maintaining the MEP components [17,23]. For example, Hu et al. (2018)
proposed a set of solutions, including an approach for building the logic chain automatically, a
mechanism of identifying and grouping equipment, and an algorithm for generating a Geographic
Information System (GIS) map based on the building information during the delivery of MEP
management in the operation and maintenance phase [17]. Hu et al. (2016) developed a facility
management system for MEP engineering based on multi-scale BIM and examined its in-depth
application to the MEP project of a large real-world airport terminal [23]. In other words, BIM
technology can improve the efficiency of maintenance work by providing the maintenance manager
with as-built information of MEP components, such as topologic information, logic relation, position
information, and design performance. Moreover, maintenance strategies are also needed for effectively
using the maintenance-related information of MEP components, which is obtained in such a technical
environment. Especially, since real users’ pattern, deterioration, and other uncertainty factors exist
in the maintenance phase, the studies on maintenance management considering these factors are
very important.

From such a perspective, there have been studies discussing the maintenance planning and
decision-making processes of buildings [2,30–32]. Compared with the construction process, the
operation and maintenance periods take most of the time within the lifecycle and consequently
incur the highest cost [33]. For this reason, some studies have developed maintenance planning [2]
or decision-making models [30–32], which could effectively determine the repair time and cost
by considering various uncertainty factors. All these studies show that the service life should be
considered as one of the essential factors for maintenance management.

In fact, some studies have recognized the importance of service life for maintenance planning, and
have proposed service life prediction models for various components of a building [18,34–37]. However,
the majority of those studies dealing with service life prediction models focused on the exterior
surface parts, such as the exterior surface of the painted wall [18], various exterior claddings [34],
cement-rendered facades [35], ceramic tiling systems [36], and natural stone wall claddings [37].
Besides, a regression model was used as the prediction model in most cases. The exterior wall, which
not only is a part of the building structure, but also can have various types of finishes, is significantly
affected by environmental factors; therefore, service life planning is very important to ensure durability
of the wall. On the other hand, MEP, which is dealt with in this study, shows various service life
patterns based on both environmental factors and occupants’ use patterns. In this regard, MEP is as
important as the exterior wall from the perspective of maintenance planning. In addition, regression
models, which are used for service life prediction, have limitations in solving the uncertainty in service
life pattern analysis.
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Some studies have applied probabilistic models to reflect the uncertainties caused by various
factors during maintenance. Most of these studies have focused on the durability of concrete
structures [38–41]. In other words, apart from the above studies on service life prediction models,
there have been studies on concrete components. Among the maintenance tasks, the operation
management of MEP components has a critical role, and it could account for up to 60% of the total
cost [33]. In addition, MEP systems are critical to the functions of a building, and therefore they must
meet the performance expectations with regard to comfort and safety [24]. Although systematizing
various MEP components and analyzing the service life pattern of each component are identified to
be very important, only a few studies have dealt with this issue. Therefore, the service life pattern
analysis proposed in this study will be beneficial for effective maintenance planning, since it considers
the uncertainties while overcoming the limitations of fixed service life or inspection plans for the
MEP components of residential buildings, which comprise the largest proportion of buildings in
South Korea.

3. Research Methodology

This study aims to derive the implications of long-term maintenance planning that reflects
uncertainties using the periodic maintenance frequency data for the MEP components of residential
buildings. To achieve the objective, the study modified LDA, which is used for operational risk
management in the financial sector, to analyze the service lives of MEP components. LDA is mainly
used by insurance companies for managing risk and estimating losses caused by accidents. As this
method is frequently dealt with by academic studies on operational risk management, insurance
companies or banks use it for a statistical analysis based on data of real accidents. For this reason, LDA
is more explanatory and logical than other methods of assessing operational risks [42].

Figure 1 compares the process of applying LDA for measuring operational risks in the financial
sector and the modified LDA process used in this study for analyzing service life.

To apply LDA, a risk matrix needs to be first defined. In the financial sector, operational risks
are classified into eight business lines and seven event types. Thus, a 7 × 8 risk matrix is constructed.
Such a matrix configuration is flexible and set according to detailed measurement levels and factors.
This study set up and used a service life matrix based on a 20 year maintenance period and 12 MEP
components, and surveyed frequencies of each cell using existing maintenance cases. As a next step,
the existing LDA is used to set the frequency and severity distributions of each cell of the matrix. The
frequency indicates how often a risk occurs. Severity is calculated based on the cost of the risk. This
study has set only the frequency distribution because the service life of an MEP component can be
represented over a period with high frequency. Subsequently, the existing LDA is used to perform
a Monte Carlo simulation with the frequency and severity distributions of each cell. A total loss
distribution is thus derived by integrating the loss distributions of each cell, which are obtained from
the Monte Carlo simulation. This study derives the service life distributions of each MEP component
using Equation (1), which is obtained from a weighted average of the annual frequencies. In other
words, unlike the existing LDA, which derives a single distribution for all cells, the current method
obtains a service life distribution by integrating cells that are linked to each MEP component.

SLCn =
∑
(

FC(t,n) × Pt

)
∑ FC(t,n)

(1)

SLCn = Cn component’s service life time;
FC(t,n) = Cn component’s frequency distribution at time, t; and

Pt = period, t.
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Figure 1. Loss distribution approach (LDA) processes in the field of economics and in this study.

Details on the specific method of utilizing the LDA that has been adopted in the financial sector
for analyzing service lives of MEP components are described in Figure 2 below.

(1) Previous studies related to the conventional MEP systems were investigated and the MEP
components were selected.

(2) The selected MEP components and the repair times were used to establish a matrix-type
classification system. This classification system was used to investigate the repair frequency after the
construction of the MEP components. The frequency investigation was performed for each cell of the
service life matrix.

(3) Based on the results of frequency investigation, the frequency distribution was fitted and set
up for each cell. The frequency distribution of each cell approximates a Poisson distribution, which
is generally used for discrete distributions [43]. Using the frequency distribution, the time point
where the frequency of each MEP component was high was identified (Figure 2) and whether the
maintenance activity was performed periodically or centrally was determined.

(4) A Monte Carlo simulation was performed for the frequency distribution of each cell of the MEP
components based on Equation (1), which is an equation that weight-averages the annual frequencies
of MEP components and can be used to set the service life by deriving the conventional deterministic
average value.

In the proposed method, after inputting the derived frequency distribution instead of inputting
a single value for each variable, the Monte Carlo simulation is performed and the probability
distributions that use various combinations of cases are derived. If the derived service life distribution
of each MEP component is used, the level of uncertainty can be identified by deriving the standard
deviation in addition to simply confirming the mean value, or the centralization of maintenance activity
can be effectively identified through skewness. This will overcome the limitations of the conventional
methods that simply set the service life time and contribute to the long-term maintenance planning.
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Figure 2. Research flow.

4. Experimental Study

4.1. Data Collection

To analyze the service life patterns of MEP components probabilistically, based on the results of
the previous studies listed in Table 1, the MEP components were classified into 12 types: Heating/air
conditioning (M1), ventilation (M2), lighting (E1), power (E2), socket (E3), detector (E4), camera (C1),
communication (C2), broadcast (C3), pipeline (P1), valve (P2), and water pump (P3). The maintenance
cases for conventional residential buildings, i.e., the data source of this study, were for apartment
buildings constructed 25 years ago. Since the maintenance data started to be collected six years after
the completion of the construction, the service life time was set as 6–25 years.

Next, the service life matrix was established as shown in Table 2 and the frequency distribution
for each cell on the matrix was calculated based on the conventional residential building cases.
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Table 1. Mechanical, Electrical and Plumbing (MEP) system classification.

Researcher MEP Classification

Tserng et al. (2011) [44]

- Flanges and shims
- Mechanical joint
- Valves

- Gaskets
- Pipe and Fittings

Wang et al. (2016) [45]

- Cable tray
- Lighting Fixture
- Valve
- Sprinkler
- Mechanical equipment

- Conduit, device
- Pipe
- Plumbing fixture
- Duct
- Air terminal

Hu et al. (2018) [17]

- HVAC: Air handling unit (oval elbow, oval air hose)
- Electric: Power, lighting
- Electronic: Camera, access control, horn, broadcast
- Plumbing: Water pump, pipes
- Anti-power: Smoke detector, fire pump button, manual call button

(alarm), thermal detector
- Anti-water: Valves, pressure gage, pipes

Table 2. Service life matrix.

Period
MEP Components a

M1 M2 E1 E2 E3 E4 C1 C2 C3 P1 P2 P3

6 S(1,1) S(1,2) S(1,3) S(1,4) S(1,5) S(1,6) S(1,7) S(1,8) S(1,9) S(1,10) S(1,11) S(1,12)
7 S(2,1) S(2,2) S(2,3) S(2,4) S(2,5) S(2,6) S(2,7) S(2,8) S(2,9) S(2,10) S(2,11) S(2,12)
8 S(3,1) S(3,2) S(3,3) S(3,4) S(3,5) S(3,6) S(3,7) S(3,8) S(3,9) S(3,10) S(3,11) S(3,12)
9 S(4,1) S(4,2) S(4,3) S(4,4) S(4,5) S(4,6) S(4,7) S(4,8) S(4,9) S(4,10) S(4,11) S(4,12)

10 S(5,1) S(5,2) S(5,3) S(5,4) S(5,5) S(5,6) S(5,7) S(5,8) S(5,9) S(5,10) S(5,11) S(5,12)
11 S(6,1) S(6,2) S(6,3) S(6,4) S(6,5) S(1,6) S(6,7) S(6,8) S(6,9) S(6,10) S(6,11) S(6,12)
12 S(7,1) S(7,2) S(7,3) S(7,4) S(7,5) S(7,6) S(7,7) S(7,8) S(7,9) S(7,10) S(7,11) S(7,12)
13 S(8,1) S(8,2) S(8,3) S(8,4) S(8,5) S(8,6) S(8,7) S(8,8) S(8,9) S(8,10) S(8,11) S(8,12)
14 S(9,1) S(9,2) S(9,3) S(9,4) S(9,5) S(9,6) S(9,7) S(1,8) S(9,9) S(9,10) S(9,11) S(9,12)
15 S(10,1) S(10,2) S(10,3) S(10,4) S(10,5) S(10,6) S(10,7) S(10,8) S(10,9) S(10,10) S(10,11) S(10,12)
16 S(11,1) S(11,2) S(11,3) S(11,4) S(11,5) S(11,6) S(11,7) S(11,8) S(11,9) S(11,10) S(11,11) S(11,12)
17 S(12,1) S(12,2) S(12,3) S(12,4) S(12,5) S(12,6) S(12,7) S(12,8) S(12,9) S(12,10) S(12,11) S(12,12)
18 S(13,1) S(13,2) S(13,3) S(13,4) S(13,5) S(13,6) S(13,7) S(13,8) S(13,9) S(13,10) S(13,11) S(13,12)
19 S(14,1) S(14,2) S(14,3) S(14,4) S(14,5) S(14,6) S(14,7) S(14,8) S(14,9) S(14,10) S(14,11) S(14,12)
20 S(15,1) S(15,2) S(15,3) S(15,4) S(15,5) S(15,6) S(15,7) S(15,8) S(15,9) S(15,10) S(15,11) S(15,12)
21 S(16,1) S(16,2) S(16,3) S(16,4) S(16,5) S(16,6) S(16,7) S(16,8) S(16,9) S(16,10) S(16,11) S(16,12)
22 S(17,1) S(17,2) S(17,3) S(17,4) S(17,5) S(17,6) S(17,7) S(17,8) S(17,9) S(17,10) S(17,11) S(17,12)
23 S(18,1) S(18,2) S(18,3) S(18,4) S(18,5) S(18,6) S(18,7) S(18,8) S(18,9) S(18,10) S(18,11) S(18,12)
24 S(19,1) S(19,2) S(19,3) S(19,4) S(19,5) S(19,6) S(19,7) S(19,8) S(19,9) S(19,10) S(19,11) S(19,12)
25 S(20,1) S(20,2) S(20,3) S(20,4) S(20,5) S(20,6) S(20,7) S(20,8) S(20,9) S(20,10) S(20,11) S(20,12)

a M1 = Heating/air conditioning; M2 = Ventilation; E1 = Lighting; E2 = Power; E3 = Socket; E4 = Detector; C1 =
Camera; C2 = Communication; C3 = Broadcast; P1 = Pipes; P2 = Valve; P3 = Water pump.

In this study, 54,318 cases of maintenance, which were performed during the 20-year period from
1998 to 2107 in 65 twenty-five-year-old apartment buildings in South Korea, were investigated and
allocated to the service life matrix (Table 3). The electrical components accounted for a large proportion
(55.4%) of the total maintenance costs (Table 3). Particularly, frequent repairs were required for lighting
(31.9%) and socket (22.5%) components because there are many lighting and socket items in residential
buildings, and moreover, they are directly used by residents, causing frequent breakdowns. The
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problems of water leakage, corrosion, and noise occurred in heating/air conditioning (14.1%) or pipe
(10.0%) components due to aging.

Table 3. Maintenance cases in residential projects.

Year

MEP Components a

Mechanic (M) Electric (E) Electronic (C) Plumbing (P)

M1 M2 E1 E2 E3 E4 C1 C2 C3 P1 P2 P3

6 7 33 4 1 3 0 0 17 1 21 0 0
7 117 141 117 4 20 10 0 39 568 51 6 2
8 175 129 1980 9 1196 1 2 67 22 77 16 15
9 57 85 89 11 23 0 6 17 13 55 16 11

10 54 76 94 7 13 0 0 40 30 52 10 11
11 47 74 65 4 96 5 0 121 104 63 6 0
12 310 74 3332 3 3189 13 9 47 593 103 97 22
13 298 72 130 7 47 5 0 37 31 172 76 9
14 426 30 121 10 34 6 2 61 34 154 39 11
15 339 16 212 5 69 3 2 56 39 189 48 11
16 214 24 6897 9 6853 7 6 52 52 207 53 2
17 785 20 462 26 117 32 4 60 4297 382 153 9
18 699 34 423 20 100 8 0 49 1339 547 155 11
19 1124 31 512 40 89 20 9 89 73 713 239 20
20 594 35 456 68 89 9 9 67 119 528 84 13
21 346 22 206 10 52 1 0 36 58 619 39 6
22 361 28 75 1 56 3 0 25 28 655 46 9
23 577 39 790 88 52 2 11 50 88 296 66 9
24 638 25 979 47 59 8 15 37 43 277 99 11
25 464 32 402 21 45 29 0 30 55 267 28 20

Subtotal 7632
(14.1%)

1020
(1.9%)

17,346
(31.9%)

391
(0.7%)

12,202
(22.5%)

162
(0.3%)

75
(0.1%)

997
(1.8%)

7587
(14.0%)

5428
(10.0%)

1276
(2.3%)

202
(0.4%)

Total 54,318 (100%)
a M1 = Heating/air conditioning; M2 = Ventilation; E1 = Lighting; E2 = Power; E3 = Socket; E4 = Detector; C1 =
Camera; C2 = Communication; C3 = Broadcast; P1 = Pipeline; P2 = Valve; P3 = Water pump.

The maintenance frequency was relatively low for ventilation (1.9%), power (0.7%), detectors
(0.3%), camera (0.1%), communication (1.8%), valves (2.3%), and water pumps (0.4%) because the
number of units installed in the buildings was relatively small and the residents did not control these
components directly. Maintenance was performed on these components because of the problems due
to aging or equipment malfunction.

4.2. Estimating Frequency Distributions by Cell

The frequency distribution of each cell was derived as shown in Figure 3 and the mean values
for frequency distribution of each cell are shown in Table 4. As confirmed in Table 4, most cells had
a high frequency because the lifetime of MEP components varied greatly due to natural aging and
users’ negligence, which was different from the simple design of the lifetime of each MEP component.
This means that problems will occur if a simple deterministic service life is set up when establishing a
long-term maintenance plan.
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Table 4. Average of frequency distributions by cell.

Year
MEP components a

M1 M2 E1 E2 E3 E4 C1 C2 C3 P1 P2 P3

6 0.35 1.60 0.20 0.05 0.15 0.00 0.00 0.80 0.05 1.00 0.00 0.00
7 5.65 6.75 5.70 0.20 1.00 0.45 0.00 1.85 27.10 2.45 0.25 0.05
8 8.50 6.15 96.65 0.40 58.80 0.05 0.05 3.20 1.05 3.70 0.70 0.35
9 2.75 4.05 4.35 0.50 1.15 0.00 0.15 0.80 0.60 2.65 0.70 0.25

10 1.49 2.09 2.63 0.17 0.37 0.00 0.00 1.09 0.83 1.43 0.26 0.14
11 1.31 2.03 1.80 0.11 2.69 0.11 0.00 3.31 2.83 1.71 0.14 0.00
12 8.57 2.03 92.56 0.09 89.60 0.31 0.11 1.29 16.17 2.83 2.40 0.29
13 8.26 1.97 3.63 0.17 1.31 0.11 0.00 1.00 0.86 4.71 1.89 0.11
14 11.80 0.83 3.37 0.26 0.94 0.14 0.03 1.66 0.91 4.20 0.97 0.14
15 5.05 0.23 3.18 0.08 1.05 0.05 0.02 0.82 0.57 2.78 0.65 0.08
16 4.60 0.51 149.6 0.18 149.7 0.13 0.07 1.11 1.11 4.40 1.02 0.02
17 16.89 0.42 10.02 0.53 2.56 0.62 0.04 1.27 91.16 8.13 2.96 0.09
18 15.04 0.71 9.18 0.40 2.18 0.16 0.00 1.04 28.40 11.64 3.00 0.11
19 24.20 0.67 11.11 0.82 1.96 0.38 0.09 1.89 1.56 15.18 4.62 0.20
20 12.78 0.73 9.89 1.38 1.96 0.18 0.09 1.42 2.53 11.24 1.62 0.13
21 11.17 0.70 6.70 0.30 1.70 0.03 0.00 1.13 1.83 19.77 1.13 0.10
22 11.67 0.90 2.43 0.03 1.83 0.10 0.00 0.80 0.90 20.90 1.33 0.13
23 18.63 1.23 25.70 2.70 1.70 0.07 0.17 1.60 2.80 9.47 1.90 0.13
24 20.60 0.80 31.87 1.43 1.93 0.23 0.23 1.17 1.37 8.83 2.87 0.17
25 14.97 1.03 13.10 0.63 1.47 0.83 0.00 0.97 1.77 8.53 0.80 0.30

Note: The bold values indicate high frequency values. a M1 = Heating/air conditioning; M2 = Ventilation; E1 =
Lighting; E2 = Power; E3 = Socket; E4 = Detector; C1 = Camera; C2 = Communication; C3 = Broadcast; P1 = Pipeline;
P2 = Valve; P3 = Water pump.

Table 4 shows that the largest number of repairs occurred 16 years after the installation of lighting
(E1) and socket (E3) components. The number of repairs after eight and 12 years was also high despite
being smaller than those after 16 years. Therefore, in the long-term, maintenance activities are required
periodically, every three to four years, for lighting (E1) and socket (E3) components. Furthermore, for
broadcast (C3), the largest frequency of repair was observed 17 years after installation, and similar to
lighting and socket, repair activities were required periodically, every four to five years. Heating/air
conditioning (M1) units and pipes (P1) required frequent repairs 19 and 22 years after installation,
respectively. Rather than showing periodicity, the repair frequency was centralized at a certain time
for heating/air conditioning and pipes.

Ventilation (M2) units and valves (P2) showed relatively low repair frequencies and most
maintenance activities occurred seven and 19 years after installation, respectively, and were centralized
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at certain times. Power (E2), detectors (E4), cameras (C1), communication (C2), and water pumps (P3)
showed very low repair frequencies, which were either centralized at certain times or had periodicity.

4.3. Estimating Service Life Distributions of MEP Components

A Monte Carlo simulation was performed based on Equation (1) to produce a service life
distribution for each component (Figure 4, Table 5). Examining the components with a relatively
high frequency in descending order, the service life distributions of heating/air conditioning (M1),
lighting (E1), socket (E3), broadcast (C3), and pipes (P1) were the most suitable components that follow
a normal distribution. Moreover, these components had smaller standard deviations than the other
components. Therefore, the mean value can be used to set the long-term service life.
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Table 5. Statistics of service life distributions.

MEP
Components a

Existing Service
Life (MOLIT b

Standard)

Statistics of Service Life Distributions

Mean Median Mode Standard
Deviation

95% Confidence
Interval of Difference

Lower Upper

M1 15 years 18.34 18.34 18.34 0.35 17.65 19.02
M2 10 years 11.70 11.67 11.61 0.95 9.93 13.64
E1 - 14.80 14.80 14.80 0.24 14.34 15.27
E2 20 years 19.15 19.30 19.63 1.69 15.50 22.13
E3 - 13.53 13.53 13.53 0.20 13.15 13.92
E4 20 years 17.05 17.05 17.05 3.72 6.36 22.73
C1 5 years 10.67 12.21 14.89 9.39 6.96 22.38
C2 - 14.64 14.63 14.62 1.09 12.52 16.80
C3 15 years 15.33 15.33 15.33 0.31 14.71 15.93
P1 15, 20 years 18.88 18.88 18.88 0.38 18.13 19.60
P2 20 years 17.77 17.77 17.77 0.83 16.11 19.37
P3 10 years 14.37 15.25 16.77 5.33 6.31 22.73

a M1 = Heating/air conditioning; M2 = Ventilation; E1 = Lighting; E2 = Power; E3 = Socket; E4 = Detector; C1 =
Camera; C2 = Communication; C3 = Broadcast; P1 = Pipeline; P2 = Valve; P3 = Water pump. b MOLIT = Ministry of
Land, Infrastructure, and Transportation.

Service life distributions of detector (E4), camera (C1), and water pump (P3) show that their
standard deviations are very large, indicating that these components have a very uncertain service
life compared to the designed performance. Therefore, even if a long-term service life is set for each
component, it is necessary to seek various countermeasures in case of a faulty performance, e.g.,
securing parts and manufacturer’s warranty.

The comparison of the service life distributions derived in this study with those of the conventional
MEP components reported officially in South Korea (Table 5) shows that no official service life exists
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for lighting (E1), socket (E3), and communication (C2) components. In general, those reported officially
in South Korea are the service life of the MEP components corresponding to the public/community
use. Therefore, unlike the other MEP components, lighting (E1), socket (E3), and communication (C2)
components are installed for individual households and used solely by residents; they are repaired
whenever they break down without setting an official service life. However, in the rental apartment
buildings used as analysis targets in this study, the service life distribution results can be used by
Operation and Maintenance (O&M) managers for long-term maintenance planning because the service
life of most components must be considered. The officially reported service life and the results of this
study were similar for some components, e.g., ventilation (M2), power (E2), broadcast (C3), and pipes
(P1), while there were some other components that showed relatively large differences.

Table 6 summarizes the implications of the results in maintenance planning. First, since a
low standard deviation means that the uncertainty is relatively low, the service life time is set at
the mean value of the distribution during the planning of the maintenance schedule. In contrast,
when the standard deviation is high, it is highly likely that an error can occur even if the service
life time is set at the mean value of the distribution; thus, continuous maintenance activities are
required. Since skewness is positive or negative depending on the occurrence of high frequency,
the centralization of maintenance activities can be decided accordingly. Furthermore, to confirm
the centralized maintenance activity time or the need for periodic maintenance, the average of the
frequency distributions was tested for each cell in Table 4.

Table 6. Implications for the maintenance planning.

MEP
Components a

Characteristics

Implication
Mean Standard

Deviation Skewness
Frequency

Change
(Table 4)

Heating/Air
conditioning 18.34 Low Zero Centralization

- service life is set at 18 years
- centralized maintenance activity is needed after about

18 years

Ventilation 11.70 Medium Positive Centralization

- service life is set at 11 years
- centralized maintenance activity is required up to about

11 years

Lighting 14.81 Low Zero Periodicity

- service life is set at 14 years
- continuous inspection and maintenance activity are

needed periodically every three to four years

Power 19.15 Medium Negative Centralization

- service life is set at 19 years
- centralized maintenance activity is required after about

19 years

Socket 13.53 Low Zero Periodicity

- service life is set at 13 years
- continuous inspection and maintenance activity are

needed periodically every three to four years

Detector 17.05 High Zero Periodicity

- service life is set at 17 years
- continuous inspection and maintenance activity are

needed since the performance deterioration time of
component is uncertain components

Camera 10.67 High Negative Not clear

- service life is set at 10 years
- continuous inspection and maintenance activity are

needed since the performance deterioration time of
component is uncertain components
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Table 6. Cont.

MEP
Components a

Characteristics

Implication
Mean Standard

Deviation Skewness
Frequency

Change
(Table 4)

Communication 14.64 Medium Positive Periodicity

- service life is set at 14 years
- continuous inspection and maintenance activity are

needed periodically every three to four years since
skewness is very small although positive and
periodicity is shown according to Table 4

Broadcast 15.33 Low Zero Periodicity

- service life is set at 15 years
- continuous inspection and maintenance activity are

needed periodically four to five years

Pipeline 18.88 Low Zero Centralization

- service life is set at 18 years
- centralized maintenance activity is required up to about

18 years

Valve 17.77 Medium Zero Periodicity

- service life is set at 17 years
- continuous inspection and maintenance activity are

needed periodically every five to six years

Water pump 14.37 High Negative Not clear

- service life is set at 14 years
- continuous inspection and maintenance activity are

needed since the performance deterioration time of
component is uncertain components

5. Discussion

This study systematized the various MEP components of residential buildings and analyzed the
service lives of various components through a statistical approach. Some of the existing studies have
analyzed patterns of decreasing durability in concrete structures in a statistical manner [38–41]. These
studies assumed a time-dependent deterioration curve and developed a service life prediction model
by utilizing the existing mathematical models of durability of concrete structures. This trend is based
on the fact that the material properties of concrete are the most important deterioration factors. In other
words, exterior concrete walls of bridges or buildings gradually deteriorate in performance owing to
environmental factors, but are less affected by use patterns. In practice, the service life planning for
various components of a building is affected by the requirements of users, investors, and regulators, or
the work patterns of product manufacturers and designers. Accordingly, if the service life is analyzed
using a theoretical model, the result does not represent the actual service life pattern [11].

Based on such a perspective, the LDA-based model of this study conducted an analysis using real
data to solve this problem. Because there are many influencing factors on economic matters that a risk
management approach based on a theoretical model cannot reflect satisfactorily with respect to real
market trends, the LDA model is actively used in the financial sector. As is clear from the results of this
study, MEP components have various service life patterns, and maintenance activities are dynamically
carried out at each time (Tables 4 and 6). This indicates the importance of a data-driven model for
analyzing the service lives of MEP components.

In addition, the existing LDA model constructs a risk matrix by classifying risks into eight business
lines and seven event types. Accordingly, the LDA model enables a detailed analysis by setting a
loss distribution for each cell of the risk matrix or integrating cells according to business line or a
combination of every type [43]. Because the service life matrix of this study was configured based on
the 20 year maintenance period and 12 MEP components, it cannot accurately identify the causes of
maintenance activities. This limitation is attributable to the limit of data acquisition. However, if data
are classified on the basis of cause of a single MEP component with a service life matrix being set up
based on the data classification, this limitation will be solved.
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The service life distribution in this study has a limitation of analyzing the severity of actual
maintenance work. In other words, this study has not sufficiently considered weights that are necessary
to determine whether maintenance work is required, and if needed, to what extent. The existing
studies have not set any detailed weights to determine the necessity of maintenance for deteriorating
structures. However, there is one study that considers the necessity of maintenance [39]. The LDA
model defines such a weight as the cost of each activity. This study has a limitation in collecting cost
data for various maintenance cases. If the cost data of each maintenance case is acquired and weights
or severity distributions for each maintenance activity can be determined, more data will be generated
and available for maintenance planning. Moreover, maintenance cost will be probabilistically analyzed,
which is the primary goal of maintenance managers or owners.

6. Conclusions

The goal of this study was to systematize various MEP components in residential buildings and
understand the implications for the establishment of long-term building maintenance plans through
analysis of the service life patterns of the components using a probabilistic approach.

To this end, 54,318 maintenance activity data were acquired for 65 twenty-five-year-old residential
buildings in South Korea and the frequency distributions were derived based on a probabilistic
approach to overcome the limitations of the conventional deterministic methods and reflect the
uncertainties in the service life times of MEP components.

The results showed that there were some time points when the centralized maintenance
activity was needed in accordance with the specific service life times for heating/air conditioning,
ventilation, power, and pipe components, which had relatively small uncertainties. Lighting, socket,
communication, broadcast, and valve components needed periodical maintenance even when the
service life time was set at the mean of the service life distribution. Since it was difficult to set up a
performance deterioration time for detectors, cameras, and water pumps, continuous maintenance
activities were required during the entire lifecycle. However, detectors, cameras, and water pumps
occupy a very small portion of the maintenance data used in this paper. Therefore, standard deviations
of these components may appear relatively high owing to the insufficient number of units in the data.
Thus, the repair frequency of these components will be low and relatively less maintenance activity
will be needed. Therefore, maintenance managers should identify the importance of MEP components
and establish effective long-term maintenance plans.

The conventional service life data reported officially in South Korea are derived using a
deterministic approach, but in the probabilistic approach applied in this study, various information
can be provided for rational maintenance decision-making with respect to each MEP component in
addition to basic service life settings. In other words, since the performance of MEP components can
deteriorate in time, de facto uncertainty exists in the service life of each component and the probabilistic
approach can be an effective decision-making method.

For establishing a long-term maintenance plan, not only the frequency of maintenance activities,
but also the cost is an important factor. Although this study focused on the service life time due to
the limitations in data collection, if additional cost data are acquired and probabilistic methods are
developed by considering the frequency and cost simultaneously, it will be possible to establish a
long-term maintenance plan that has strategic flexibility.
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