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Abstract: The building sector accounts for approximately 40% of national energy consumption,
contributing to the environmental crisis of global warming. Using energy saving measures
(e.g., improved thermal insulation, highly energy-efficient electrical and mechanical systems) provides
opportunities to reduce energy consumption in existing buildings. Furthermore, if the life cycle cost
(i.e., installation, operation and maintenance cost) of the measures is considered with their energy
saving potential, it is possible to establish a cost-effective energy retrofit plan. Therefore, this research
develops an energy saving strategy model considering its saving potential and life cycle cost of
the measures for reducing energy consumption in existing buildings. To test the validity of the
proposed model, a case study is carried out on an educational facility in South Korea, in response to
its overconsumption of energy. The results demonstrate that in terms of energy saving and life cycle
cost, the optimal energy retrofit plan is more cost-effective than the existing plan. Also, the break-even
point for the optimal energy retrofit plan is within five years, and then revenue from energy saving
continually occurs until 2052. For energy retrofit of existing buildings, using the proposed model
would enable building owners to maximize energy savings while minimizing the life cycle cost.

Keywords: energy retrofit; building energy saving; life cycle cost; genetic algorithm

1. Introduction

The building sector accounts for about 40% of national energy consumption and for about
one-third of greenhouse gas emissions [1,2]. In order to reduce energy use in the building sector,
it is necessary to apply energy saving measures (ESMs) to new construction and existing buildings
(e.g., improvement in of thermal insulation, use of energy-efficient electrical and mechanical equipment).
Several researchers [3-5] have emphasized that improving the energy efficiency of existing buildings
has more potential than new buildings to achieve energy saving in the building sector. In particular, in
developed countries where the ratio of new construction to existing buildings is gradually decreasing,
the retrofit of existing buildings is more influential to reduce energy consumption in the building
sector [5,6].

In general, existing buildings have lower efficiency of energy consumption than that of new
construction, due to the deterioration of building materials and electrical and mechanical (E&M)
equipment with time, which leads to an increase in operating and maintenance cost [7,8]. Issa et al. [9]
have found that conventional schools incur higher operating and maintenance cost compared to green
and energy-retrofitted schools. The results are due to the installed equipment and materials being
unable to deliver the initial performance originally planned in the design phase [10]. In addition,
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existing buildings cannot reflect the current standard, which is enhanced compared with that of
the past [6]. For example, South Korea enforced Design Guidelines for Energy Saving in Building
in 1985 [11]. However, the outdated buildings constructed prior to the enforcement date were not
addressed in the previous guideline. Hence, the cooling and heating loads of these existing buildings
have increased. For this reason, in order to improve building energy performance, existing buildings
are required to comply with the current guidelines.

Substantial decision support models to date have been proposed for the energy retrofitting of
existing buildings [12,13]. The majority of the proposed models focuses on the early design phase
of retrofit projects due to the following two reasons [14]. First, establishing an energy retrofit plan
in a manual way is time consuming. Second, the level of details that is required for proper decision
making is limited at the early design stage. The primary goal of retrofit projects is to achieve the
sustainability of existing buildings (i.e., energy saving, reduction in greenhouse gas emissions) [13,15].
Additionally, considering life cycle cost (i.e., installation, operation, maintenance, demolition cost) of
ESMs during the decision making process is emphasized because it maximizes energy saving while
minimizing building owners’ financial burdens [14,16,17]. Until recently, several multi-criteria decision
making models have received a significant attention [15-22]. For example, Alanne [15] has developed
a multi-objective knapsack model for energy saving and applied this model to housing facility for
validation. In the course of selecting ESMs, environmental and functional performance indices are
used as selection criteria. Also, Hong et al. [16] have evaluated the life cycle cost of ESMs as well as
energy saving. In the case study, 15 scenarios are analyzed based on the life cycle cost. Juan et al. [17]
have developed a decision support system which considers the trade-offs between life cycle cost and
quality for selected ESMs. Unfortunately, despite such significant efforts, two significant obstacles
remain when finding a cost-effective energy retrofit plan. First, the current models (e.g., Energy Plus)
require detailed information (e.g., weather condition, building characteristics), making it time-intensive
for energy consumption calculation. This is important because limited time is given for the design
alternative generation and its performance evaluation at the early design phase [14]. Although the
knapsack model [15] shows a high computational efficiency, it does not analyze the life cycle cost as
well as the actual amount of energy saving occurring during the life cycle of ESMs. Second, since
the available ESMs in the current models are targeted to certain spatial contexts (e.g., building type,
climate region), its usability to other buildings is limited. Therefore, in order to overcome these
limitations in literature, this study develops an energy saving strategy model considering energy saving
potential together with life cycle cost of diverse ESMs. In order to validate the proposed model, this
research conducts a case study on university facilities, due to an increasing concern about their energy
overconsumption [23]. With the proposed model, building owners would be allowed to establish a
cost-effective energy retrofit plan for existing buildings. In other words, it is possible to maximize
energy savings while minimizing the life cycle cost in existing buildings.

2. Methodology

In order to establish an optimal energy retrofit plan for improving the energy efficiency of existing
buildings, previous studies have considered heuristic approaches and optimization methods. In
general, the heuristic approach depends on the subjective experience of experts or decision makers
to solve the problem, thus making it difficult to ensure that solutions are optimal under the given
conditions [24]. On the other hand, optimization methods correspond to the process for finding an
optimum using an optimization algorithm [25]. According to Goldberg [26], optimization methods
can be divided into calculus-based methods, enumerative schemes, and random search algorithm.
Calculus-based methods find an optimum in a local area, and can easily converge on a local extreme.
Enumerative schemes are considered to search for an optimum that satisfies an objective function in
many shapes and sizes. However, if the actual search area is large and discontinuous, this method
takes significant time to find a global optimum. Random search algorithms are most widely used
for optimization methods by researchers, and randomly explore all the search areas. To summarize,
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while the heuristic approach, calculus-based methods, and enumerative schemes have problems in
converging upon a local solution, random search algorithms permit the finding of a global optimum in
a large space. Considering the large number of ESMs, random search algorithms, such as the genetic
algorithm, are appropriate optimization methods for this research.

The genetic algorithm, introduced by John Holland in 1975, is one of the random search algorithms
that find an optimal solution in an extensive search area. The concept of the genetic algorithm is based
on the survival of the fittest, and natural selection, which processes are claimed by Darwin. As shown
in Figure 1, the creatures living in a specific environment repeat mutation and crossover as generations
progress [27]. From this process, the most suitable creature in a given environment finally survives.

In this study, genetic algorithms randomly determine the usage of ESMs in the search process and
produce a chromosome (Figure 2). Each gene (A to]) is listed with value, where 0 means that the ESM
is not used, and 1 indicates the ESM is used. For example, the ESMs A, C, D, H, I, and ] will be used for
reducing energy consumption in existing buildings. Also, each gene includes information about the
life cycle cost and the amount of energy saving of each ESM.

Random selection

of entities
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ABCDEFGHIJ
1

I
(110111 oo ept

B CD 5 Suitability evaluation
mnnnh 0111 of the selected entities

Crossover

ABCDE FGHIJ
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Figure 1. Process of the Genetic Algorithm [27].

A B C D E F G H I J— Energy Saving Measures

nn 0 PO T T 0 =unused, 1 =used

Figure 2. Expression of Energy Retrofit Plan.

3. Energy Saving Measure Database

3.1. Energy Saving Measures

In order to reduce energy consumption in existing buildings, the low energy-efficient equipment
and materials should be replaced with highly energy-efficient ESMs. For this study, the available ESMs
were selected as follows: (1) investigate ESMs that have been applied to historical retrofit projects by an
energy service company (ESCO); (2) investigate ESMs that have been used in previous studies; (3) refer
to ESMs that should be satisfied according to the Design Guidelines for Energy Saving in Buildings; (4)
reflect ESMs that have been used for energy retrofit in universities; and (5) determine whether the
collected ESMs can be used or not through an interview with an employee working in the Facility and
Technology Division of a University, Seoul in South Korea. In total, 74 ESMs are available for energy
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retrofit in existing buildings, and can be classified depending on their saving sector, solution, and
option layer (Figure 3).

Energy Saving Measures
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Figure 3. Hierarchical Classification of ESMs.
3.2. Energy Saving Calculation

In order to calculate the amount of energy saving, this study introduces the following two
approaches. The first calculation approach (i.e., mathematical approach) is based on the physical
property of ESMs. The amount of energy saving is calculated by subtracting the new energy
consumption from the existing consumption as follow.

S, = E.- E, (1)

where, S, is the amount of energy saving for the nth ESM, E. is the amount of existing energy
consumption, E; is the amount of new energy consumption, and e, is the percentage of energy saving
for the n'" ESM. For example, when a 20 W incandescent lamp is replaced with a 7.2 W LED bulb under
the same usage condition, the amount of energy saving is represented by Equation (2).

Sp = (20W X 1EA x 250d x 8h x 0.001) — (7.2W X 1EA x 250d x 8h x 0.001) = 25.6kWh 2)

The second calculation approach (i.e., case-based approach) uses the percentage of energy saving
derived from previous experiments. The amount of energy saving is calculated by multiplying the
percentage of energy saving by the existing energy consumption, as presented in Equation (3).

S, = E.Xe, (©)]

where, ¢, is the percentage of energy saving for the n'" ESM. For instance, when installing a counter
sensor contributes to 80% energy saving compared to existing energy consumption of 20 kWh, the
amount of energy saving can be calculated using Equation (4).

Sc = 20kWh x 80% = 16kWh 4)

The usage of the proposed calculation approaches is determined based on the availability of
physical data for ESMs (Figure 4). Additionally, the amount of energy saving for ESMs can vary
depending on weather condition and thus need to be normalized. However, this process requires a
substantial effort to predict weather conditions during the life cycle of ESMs and then to investigate
their energy saving effect at a temporally high level (e.g., hourly, daily). Considering that limited time



Energies 2019, 12, 1626 50f17

and information are provided to building owners in the early design phase of retrofit projects, it is
difficult to consider dynamic weather conditions during the energy saving calculation process [14].
For this reason, we calculate the amount of energy saving using the proposed two approaches. After
calculating the individual amount of energy saving for the selected ESMs, the total amount of energy
saving is calculated using Equation (5).

Si=Y (anx5Sy) )

where, 5; is the total amount of energy saving; and a;, is (0 = unused, 1 = used) for the nt" ESM.

Start
n=1)

Availability of
Physical Data
for n» ESM?

Mathematical Case-based
Approach Approach

il Aggregation of Individual
i Energy Saving from n* ESM

n = Total Number
of Selected ESMs?

Figure 4. Energy Saving Calculation Process.

3.3. Analysis of Life Cycle Cost

From a life cycle perspective, ESMs continue to generate various expenses in the course of their
installation, operation, maintenance, and demolition. Several studies [28-31] discovered that the
demolition cost accounts for less than 5% of the overall cost. For this reason, this study only considers
the installation, operation, and maintenance cost, and excludes the demolition cost from the analysis of
life cycle cost. Equation (6) indicates a method to estimate the life cycle cost for the available ESMs Cjyg.

75
Clong = Z{Ci-n + Con + Comen + Cpm-n} X ay (6)

n=1

where, C;,, is the installation cost for the n" ESM, C,., is the operation cost for the nt" ESM, Cypp.p is the
maintenance cost for the n'" ESM and a, is (0 = unused, 1 = used) for the n" ESM.

The installation cost is a cost that is required to apply ESMs to existing buildings, including
material, labor, and expense. It is calculated by multiplying the quantity of the n ESM Q, by its
unit cost C;., (Equation (7)). According to Jaggs and Palmer [6], there are two indices to estimate
the installation cost: (1) tender price indices, and (2) building cost indices. They consider that tender
price indices are more accurate than building cost indices, since the former includes profit for a
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constructor. Thus, in this study, the installation cost is based on tender price indices. In order to collect
the information about unit price for each ESM, we refer to the Monthly Construction Market Price:
May 2012 [32].

Cin = Cun X Qn (7)

The operation cost is caused by electricity, gas, and water consumption. In this research, the
operation cost is defined as the amount of energy saving from ESMs during the operation phase. Thus,
there should be a negative value if ESMs contribute to energy saving. The mathematical terms of Co.,
can be described by the following equation.

Con =Sy xXTyxC, (8)

where, S, is the amount of energy saving the n'" ESM, T}, is the total operation periods (i.e., hours)
during the life cycle of the n" ESM and C, is the energy cost. For the total operation periods, we made
the following two assumptions due to its dynamic variations over time, making it difficult to calculate
the operation cost. First, buildings are used under the same operation conditions (e.g., the number of
occupants, the time of use of electrical and mechanical equipment). Second, the life cycle of ESMs
(e.g., bulbs) does not vary by its usage patterns. Moreover, the energy price varies according to the
total amount of energy consumed in South Korea. However, in order to make an easier comparison
with energy retrofit plans, this study uses the average price of energy provided by MKE in 2011 [33].

The maintenance cost is caused when repairing or replacing equipment during its life cycle. To
determine the maintenance cycle and cost for each ESM, this study follows A Guideline for Long-term
Maintenance Plan [34]. According to this guideline, maintenance is divided into two types: (1) partial,
and (2) overall maintenance. In general, partial maintenance is more frequent and more economic than
overall maintenance, due to the maintenance level. As a method to estimate the maintenance cost, this
guideline also suggests the rate of maintenance level, which means the percentage of maintenance cost
compared to the installation cost, as indicated in Equation (9).

Cp

R
Ci

)
where, R is the rate of maintenance level, C,, is the maintenance cost, and C; is the installation cost. For
example, given that the installation cost is $1000 and the rate of partial maintenance level is 20%, the
partial maintenance cost is $200. In this manner, the overall Cyy,., and partial Cpmn maintenance cost is
calculated using the following equations, respectively.

L

Com~n - Ci-n X Rom-n X - (10)
om-n
Ly

Cpm~n = Ci~n X Rpm-n X P_ (11)
pm-n

where, Ryy.q is the rate of overall maintenance for the n" ESM, Ry, is the rate of partial maintenance
for the n" ESM, P,,,., is overall maintenance cycle for the nt" ESM, Py is overall maintenance cycle
for the n" ESM and Ly, is the life cycle for the n'" ESM.

Additionally, as the values of operation and maintenance costs tend to fluctuate with time, it is
necessary to consider a discount rate while calculating a life cycle cost. To discount a single cash flow
to present value, we use Equation (12) with the real discount rate of 2.54%, which is derived from the
average value from 1993 to 2011 in South Korea [35]. When the cumulative present value of the nth

ESM is negative, it is profitable.
FV,

(1+1i)"

where, PV is the present value, FV is the future value, and i, is the real discount rate (%).

PV = (12)
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4. Energy Saving Strategy Model
4.1. Applicable Energy Saving Measure Selection Process

4.1.1. Compeatibility among Energy Saving Measures

As described in Section 3.1, there are a number of ESMs in each saving sector. Various options
included in a solution are classified by the physical property of material or equipment. According
to this classification, only one option in each solution has an opportunity to be selected as an energy
retrofit plan. For example, when single glazing is replaced with double glazing with a thickness of 18
mm, no other double glazing with a different thickness can be selected as an energy retrofit plan. In
this way, this study determines the compatibility among ESMs in the solution and option layer.

In the solution layer, the compatibility occurs in the following four ESMs (Table 1): (1) Outside
Insulation and Inside Insulation, and (2) LED Bulb and Reflector.

Table 1. Compatibility in the Solution Layer.

Solution Installation Location Equation
. . 11 27
Outside Insulation Wall Y an+ Yap <1
& n=1 17
. . 16 39
Inside Insulation Roof Y an+ Yan<1
n:5%)2 28
LED bulb Toilet Y on+ oz <1
& n=49
54
Reflector Stairs Y an+ xep <1
n=>53

In the option layer, the compatibility occurs in the following solutions (Table 2): Outside insulation
in wall and roof, inside insulation in wall and roof, window glazing, LED bulbs in toilet, hallway and
stairs, high-efficiency transformer, electric heat pump, and photovoltaic system.

Table 2. Compatibility in the Option Layer.

Solution Installation Location Equation
Wall 5
<
Outside Insulation a nél o <1
16
Roof Y an<1
n=12
Wall ¥
<
Inside Insulation 4 n§17 n <1
39
Roof Y oan<1
n=28
47
Glazing Window Y an <1
n=40
50
Toilet Y an<1
LED Bulb "5
Hallway Y an <1
n=51
54
Stairs Y an<1
n=>53
66
Improvement of Exit Lighting Emergency Exit Y, an <1
n=64
73
High-efficiency Transformer Machine Room Y an<1
n=68
88
Electric Heat Pump Room Y an <1
n=87
91
Photovoltaic System Roof Y an<1
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4.1.2. Correlation between Energy Saving Measure and Energy Consumption

In general, buildings consume energy for heating, cooling, lighting, and personal purpose
(e.g., laptop). This study defines the relation between ESMs and the purpose of energy consumption as
a correlation, which is classified into primary and secondary energy saving. Primary energy saving is
basic energy saving, and occurs in the directly related purpose of energy consumption. For example,
applying the insulating materials to the building envelope will improve the heat insulation property.
This leads to a decrease in energy consumption for heating and cooling. Secondary energy saving is an
additional energy saving caused by primary energy saving. For example, primary energy saving by
LED bulb results in a reduction in cooling loads, because the lighting affects the increase and decrease
of cooling loads [36]. Table 3 shows the correlation according to the cause of energy saving;:

Table 3. Correlation between ESMs and the Purpose of Energy Consumption.

. Pri E Savi S dary E Savi
Saving Sector Solution " rlmaéy nergy Lavmg b " econ Cary nergyL aving b
Outside insulation (6] (¢] X X X X X X
Architect Inside insulation (¢] (¢] X X X X X X
rehtecture Glazing o) o) X X X X X X
Greenery Cover X O X X X X X X
LED bulb X X (¢] X X (¢] X X
Electrical Occupancy sensor X X O X X (@) X X
Equipment Counter sensor X X (¢] X X (6] X X
Reflector X X (@] X X (6] X X
Improvement of exit lighting X X O X X (@] X X
High-efficiency transformer X X X O X X X X
Mechanical Heat recovery system (@] X X X X X X X
Equipment Replacement of trap o X X X X X X X
quip Insulation of piping system o X X X X X X X
Electric heat pump (@) O X X X X X X

Renewable Energy Photovoltaic system Subtracted from the total amount of energy saving

1H= Heating, C = Cooling, L = Lighting, D: Device.

4.2. Development of Energy Saving Strategy Model

This study proposes an Energy Saving Strategy Model (ESSM), which facilitates to find an optimal
energy retrofit plan. This model is implemented on Excel Spreadsheet using genetic algorithm, and
divided into three modules, depending on its main task (Figure 5).

[1] Input Module 2] Decision Module

Physical properties of buildings Energy consumption Physical properties of ESMs

Physical // Hours Efficiency

Optimal alternative
selection

» Energy saving
« Life cycle cost

Physical
property

property

b [ [ S Y. S .
: . - - Na
Satisfaction? Energy consumption calculation Life cycle cost estimation
v v v Vv vV
No % of Energy Saving || Physical Property| | Maintenance || Operation H Installation |
¢ ¢ A

Figure 5. Energy Saving Strategy Model using Genetic Algorithm.
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4.2.1. Input Module by User

The user inputs data about building’s physical properties, such as the area of outside wall, inside
wall, and window, as shown in Table 4. The input data is transferred to module 3, and then used to
calculate the amount of energy saving and the life cycle cost for energy retrofit plans. In addition, the
user inputs the annual energy consumption according to its purpose, which is utilized for calculating
the amount of energy saving by Equation (3) in Section 3.2.

Table 4. Information about case building (Example).

Area of Exterior Wall Area of Interior Wall Area of Slab Area of Window Glass
(m?) (m?) (m?) (m?)
1428 1384 631 407

4.2.2. Decision Module by User

The user selects the applicable ESMs that can be used for energy retrofit plans. However, users
need to carry out the pre-investigation about the current conditions of case buildings. Based on the
results of pre-investigation, users should determine one of four options, as shown in Figure 6. The
description of each option is as follows:

e  Not installed: The ESM has not been applied to the case building, therefore it is available to
be installed.

e  Pre-installed: Already installed in the case building.

e  Unavailable to be installed: Due to the physical property of the ESM, it is unsuitable to be installed
in the case building.

e Rejection of installation: The user does not want to apply this ESM.

Option | Applicability |
Extruded and Expanded Poly-ethylene Panel_Special Grade_90mm Not Installed
Extruded and Expanded Poly-ethylene Panel_Special Grade_100n{iileislli=El=E]
p Pre—installed

Extruded and Expanded Poly-ethylene Panel_Special Grade_110n | inayailable

Extruded and Expanded Poly-ethylene Panel_Special Grade_120n Relected

Extruded and Expanded Poly-ethylene Panel_1lst Grade_90mm Not Installed
Extruded and Expanded Poly-ethylene Panel_1st Grade_100mm Not Installed
Extruded and Expanded Poly-ethylene Panel_1st Grade_110mm Not Installed
Extruded and Expanded Poly-ethylene Panel_1st Grade_120mm Not Installed
Heat Reflective Insulator_6mm Not Installed
Heat Reflective Insulator_10mm Not Installed

Figure 6. Determination of Applicable Energy Saving Measures.
4.2.3. Optimization Module by Operator

In this module, an optimal energy retrofit plan will be selected by comparing the energy saving
and life cycle cost of various energy retrofit plans. The search process using genetic algorithm is
performed as follows:

e  Step 1 - After users set up an objective, constraints, stop condition, and parameters for a retrofit
project, genetic algorithms randomly produce a number of energy retrofit plans which include
multiple ESMs. In this production process, the ESMs that can be applied to existing buildings
have the value 0 or 1, whereas ESMs that have been already applied should have the value 0.

e Step 2 - The operator determines whether the randomly selected ESMs are simultaneously
compatible for an energy retrofit plan. When the energy retrofit plan is comprised of compatible
ESMs, it survives, and is transferred to the next step (i.e., survived energy retrofit plans). On the
other hand, the energy retrofit plan that has incompatible ESMs is removed.
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e  Step 3 - For the survived energy retrofit plans that have compatible ESMs, the operator calculates
the life cycle cost and the amount of energy saving. The life cycle cost is estimated based on the
physical properties of case buildings in module 1, and the cost data from the ESM DB. The data
used for energy saving calculation is different according to the calculation method. Equation (1)
in Section 3.2 utilizes the physical properties of case buildings and ESMs input in module 1. On
the other hand, Equation (3) is based on data about annual energy consumption transferred from
module 1.

e  Step 4 - The operator finally selects an optimal energy retrofit plan compared to other survived
energy retrofit plans. Until the stop condition is satisfied, each generation continually produces
new energy retrofit plans by mutation and crossover.

5. Results and Discussion

5.1. Profiles of Case Building

To validate the proposed model, we carry out a case study. The case building belongs to the
college of Liberal Arts on a university campus in South Korea, which was constructed in 1974. Itis a
non-insulated building built prior to the enforcement of the Building Energy Saving Clause. Table 5
shows profiles of the case building where the energy retrofit project is in progress.

Table 5. Profile of Case Building.

Liberal Arts Building #6

Completion Date 1974.08.27
Building Area 763 m?
Surface Area 3107 m?
Size 4 Floors
Structure Reinforced Concrete
Purpose Education and Research

Table 6 shows the annual energy consumption of the case building in 2011. Since the meter
installed in the case building measures only the total amount of energy consumption, an occupant
survey is conducted to calculate the energy consumption according to its purpose. The questionnaire
consists of a number of questions, such as type of energy consuming device, quantity, and duration of
device usage.

Table 6. Annual Energy Consumption.

Energy Source Energy Consumption
Heating 54,716 kWh
- Cooling 61,833 kWh
Electricit !

ey Lighting 54,240 KkWh
Device 122,439 kWh

Heating 3983 Nm?
Gas . 3

Cooling 18,229 Nm

5.2. Existing Energy Retrofit Plan

To investigate the energy saving technologies planned from ESMs, we refer to the bills of quantities
(BoQ) used in the case building, which is a document that represents the quantities and unit costs of
material, labor, and equipment by work type. Also, in order to analyze the life cycle cost, it is assumed
that the case building will serve for the next 40 years. From the BoQ), it is found that Inside Insulation,
Glazing, LED bulb, Occupancy Sensor, and Counter Sensor are utilized as ESMs. Table 7 shows that
the life cycle cost is $148,931, and the total amount of energy saving is 19.7113 toe.
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Table 7. Annual Energy Saving and Life Cycle Cost for Existing Energy Retrofit Plan.

Energy Energy Saving Measure Install Life Cycle Annual Energy
Source Solution Option Location Cost ($) * Saving (toe)
Heat Reflective
Inside Insulation Insulation_10mm Wall —91,500 7.7764
Architecture Non-combustible ceiling Roof 56,533 50892
panel_12mm
Glazing Double-Glazing Window +34,370 1.0095
Transparent_18mm
Toilet +3572 Courl?tcell(j1 Steoznsor
LED Bulb 9.6 Watts
Electrical Add to
. Hallway +4167 Occupancy
Equipment
Sensor
Stairs —-2131 0.3283
Occupancy Sensor - Hallway -21,776 2.9303
Counter Sensor - Toilet -19,101 2.5774
Total —148,931 19.7113

* While positive values (+) of life cycle cost indicate a loss, negative values (—) indicate a benefit.

5.3. Validation Procedure

The validation procedure for the ESSM is as follows.

Step 1. Input the physical properties of the case building.

With help from the facilities and technology division in the university, the information about the
physical properties of the case building can be collected, as shown in Table 8. This information will be
used to calculate the amount of energy saving, and analyze the life cycle cost for energy retrofit plans.

Table 8. Physical Properties of the Case Building.

Saving Sector Quantitative Information

Area of Outside Wall: 1357 m?
Area of Inside Wall: 1243 m?
Area of Roof: 744 m?
Area of Window: 507 m?
Number of Lecture Rooms: 8
Number of Laboratories: 30
Number of Offices: 15
Number of Toilets: 7

Architecture

Number of 32 W Fluorescent Lights in Lecture Room: 144
Number of 32 W Fluorescent Lights in Laboratory: 144
Number of 32 W Fluorescent Lights in Office: 110
Number of 20 W Down-lights in Office: 12
Number of 32 W Fluorescent Lights in Hallway: 68
Number of 20 W Down-lights in Hallway: 2
Number of 32 W Fluorescent Lights in Stairs: 9
Number of 32 W Fluorescent Lights in Toilet: 34
Number of 20 W Down-lights in Toilet: 26
Number of 20 W Down-lights in Emergency Exit: 8
Rated Power of Transformer: 500 kVA

Electrical Equipment

Number of Boilers: 1
Length of Piping: 985 m
Number of Steam Traps

Electric Heat Pump: Not installed

Mechanical Equipment

Renewable Energy Photovoltaic System: Not installed
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Step 2. Draw the applicable energy saving measures.

On the basis of the information input in step 1, this step determines the available ESMs to be
applied to the case building. In the architecture sector, all of the 41 options in ESM DB are applicable,
since single glazing and non-insulated wall were installed in the case building. In the electrical
equipment sector, there are 13 out of 14 options available, due to the transformer capacity. The existing
transformer is 500 kWh, leading to the possibility of selecting only 3 transformer options less than
500 kWh as ESMs. In the mechanical equipment sector, there is only one option in each solution, except
for the electric heat pump. Similar to the previous sector, installing a heat recovery system depends on
the air volume in ducts, where only one 350 CMH of six options is available. For steam traps, 20 mm in
diameter could be installed as an ESM. For insulation of the piping system, although the diameter of
the existing pipe is 15 mm, we selected 40 mm insulating material, without considering the thickness
of 25 mm. Accordingly, it is possible to apply five options to the case building. In the renewable energy
sector, it can be judged to apply three options to the case building. In summary, there are 63 options
applicable for this case study (Table 9).

Table 9. Applicable Energy Saving Measures.

Saving
Sector

Saving

luti .
Solution Option Sector

Solution Option

Extruded and Expanded
Poly-ethylene Panel_Special (@] Double Glazing_Blue_18mm (€]
Grade_90mm

Extruded and Expanded
Poly-ethylene Panel_Special (¢] Double Glazing_Blue_24mm (¢]
Grade_100mm

Ol Extruded and Expanded
Poly-ethylene Panel_Special (@] Double Glazing_Low-e_24mm (@]
Grade_110mm

Extruded and Expanded
Poly-ethylene Panel_Special (@]
Grade_120mm

Extruded and Expanded
Poly-ethylene Panel_Special (¢] 7.2 Watts (¢]
Grade_160mm

Extruded and Expanded
Poly-ethylene (@] 9.6 Watts (@]
Panel_1st Grade_90mm

Extruded and Expanded
A Poly-ethylene (¢] oS Occupant Heat-sensing (¢]
Panel_1st Grade_100mm

Extruded and Expanded
Poly-ethylene (@] CS Counter Sensor (@]
Panel_1st Grade_110mm

Extruded and Expanded
Poly-ethylene O HR High-reflector O
Panel_1st Grade_120mm EE

Extruded and Expanded
Poly-ethylene (¢] 1.7 Watts (¢]
Panel_1st Grade_160mm IEL

Heat Reflective Insulator_6mm (@] 3.8 Watts (@]

Double Glazing_High-performance
Low-e_24mm

LED

Heat Reflective Insulator_10mm (@] 4.5 Watts O

Heat Reflective Insulator_15mm O 3-Wire Lighting (@]

Extruded and Expanded
Poly-ethylene Panel_Special (@] 100 kVA (@]

I Grade_60mm TR

Extruded and Expanded
Poly-ethylene Panel_Special O 200 kVA O
Grade_70mm
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Saving
Sector

Saving

Sector Solution

Solution Option Option

Extruded and Expanded
Poly-ethylene Panel_Special
Grade_80mm

Extruded and Expanded
Poly-ethylene Panel_Special
Grade_90mm

Extruded and Expanded
Poly-ethylene Panel_Special
Grade_110mm

Extruded and Expanded
Poly-ethylene Panel_Special
Grade_120mm

300 kVA

400 kVA
EE TR

500kVA

1000 kVA

Extruded and Expanded
Poly-ethylene Panel_Special
Grade_130mm

Extruded and Expanded
Poly-ethylene
Panel_1st Grade_60mm

Extruded and Expanded
Poly-ethylene
Panel_1st Grade_70mm

Extruded and Expanded
Poly-ethylene

1 Panel_1st Grade_80mm

Extruded and Expanded
Poly-ethylene
Panel_1st Grade_90mm

Extruded and Expanded
Poly-ethylene
Panel_1st Grade_110mm

Extruded and Expanded
Poly-ethylene
Panel_1st Grade_120mm

Extruded and Expanded
Poly-ethylene
Panel_1st Grade_130mm

Heat Reflective Insulator_6mm

Heat Reflective Insulator_10mm

Heat Reflective Insulator_15mm

Noncombustible ceiling
panel_9mm

Noncombustible ceiling
panel_12mm

Noncombustible ceiling
panel_15mm

Double
Glazing_Tranparent_18mm

150 CMH

250 CMH

350 CMH
HRS

500 CMH

800 CMH

ME 1000 CMH

15 mm

RT

20 mm

25 mm

1I5mmx25T

s 1I5mmx40T

O x| =

25mm x 25T

b

25mm x40 T

EHP_2.5 Horsepower
EHP

EHP_4.0 Horsepower

GL Double
Glazing_Tranparent_24mm

(@]

Double Glazing_Green_18mm

(@]

Double Glazing_Green_24mm

(@]

40 Wp
RE PS

60 Wp

(@]

100 Wp

o

* Saving Sector: A (architectural), EE (electrical equipment), ME (mechanical equipment), RE (renewable energy)

* Solution: OI (outside insulation), II (inside insulation), GL (glazing), LED (LED bulb), OS (occupancy sensor), CS (counter sensor), HR
(high-reflector), IEL (improvement of exit light), TR (transformer), HRS (heat recovery system), RT (replacement of trap), IPS (insulation
of piping system), EHP (electrical heat pump), PS (photovoltaic system)

Step 3. Carry out the optimization.

Before the optimization, we set the objective function, constraints, parameters of genetic algorithm
and stop condition for this case study. The objective of this optimization is to maximize the total
amount of energy saving and minimize the life cycle cost. As a constraint, the budget limit is set at
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$55,900. The parameter value for population, crossover rate, and mutation rate is 60, 0.6%, and 0.05%
respectively. With these parameters, the termination criterion is to not change the improvement in
reliability of optimization results for two hours.

5.4. Optimization Results

Table 10 shows the optimization results of this case study. For the optimal energy retrofit plan,
the total amount of energy saving is 36.5688 toe per year, and applying the ESMs incurs the life cycle
cost of —$401,744 for the next 40 years. When compared with the existing energy retrofit plan, its
annual energy consumption and life cycle cost tend to be higher than that of the optimal energy retrofit
plan. In terms of investment efficiency, the existing energy retrofit plan requires $2591 to reduce 1 toe,
whereas the optimal energy retrofit plan is $1358. This phenomenon results from a reduction in energy
overconsumption of the transformer by reducing its capacity from 500 to 100 kVA. Also, such amount
of energy saving leads to an increase in operation cost as revenue.

Table 10. Annual Energy Saving and Life Cycle Cost for Optimal Energy Retrofit Plan.

Saving Energy Saving Measure Install Life Cycle Annual Energy
Sector Solution Option Location Cost ($) Saving (toe)
Heat Reflective
Wall -101,271 191
Architecture Outside Insulation Insulator_10mm a 01, 9.1913
Heat Reflective Roof 56,981 5.1490
Insulator_15mm
Add to
LED Bulb 7.2 Watts Hallway 2879 Occupancy Sensor
Stairs —2582 0.3635
Electrical Occupancy Sensor - Hallway 23,154 3.1000
Equipment Counter Sensor - Toilet ~18,500 2.5035
Impro"fgﬁt OFEXIt 5 Wire Lighting ~ Emergency Light ~ —4514 05679
High-efficiency 100 kVA Transformer ~144,911 13.1400
Transformer
Mechanical Heat Recovery System 350 CMH Boiler —-20,840 0.8996
Equipment  Insulation of Piping 15\ . 40T Piping System -31,872 1.9991
System
Total —401,744 —36.5688

* While positive values (+) of life cycle cost indicate a loss, negative values () indicate a benefit.

Figure 7 indicates the change in life cycle cost for the existing and optimal energy retrofit plan.
The average slope of the existing energy retrofit plan tends to be lower than that of the optimal energy
retrofit plan, due to the relatively low efficiency of investment, as mentioned earlier. Break-even points
for the existing and optimal energy retrofit plan occur in 2024 and 2017, respectively. After that time,
the revenue from energy saving occurs until 2052. Also, it is found that at the end of this period, the
slope of both plans is slightly increased, due to the overall maintenance. In the existing energy retrofit
plan, the double glazing is replaced with new glazing in 2043. In the optimal energy retrofit plan, the
overall maintenance for the transformer takes place in 2038.
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Figure 7. Changes in Life Cycle Cost for Existing and Optimal Energy Retrofit Plan.

5.5. Limitation and Challenges

From the case study, it was found that the proposed ESSM generates a cost-effective retrofit plan
for the university building. The optimized ESMs would be expected to not only maximize energy
saving but also to minimize life cycle cost. Additionally, it seems that such benefits will increase
through integrating the proposed model with heating, ventilation and air-conditioning (HVAC) system
control. In general, HVAC systems account for approximately 50% of building energy consumption [37].
Yang et al. [38] reported that HVAC system control (i.e., adjustment of temperature setpoint) contributes
to reducing building energy consumption up to 33.6% against the reference period. Particularly, HVAC
system control has a high compatibility with other ESMs (e.g., LED bulbs, outside/inside insulation).
Therefore, using HVAC system control would provide an additional energy saving even though an
optimized retrofit plan is found.

For the proposed ESSM, additional efforts are required to enhance its effectiveness. For example,
the percentage of energy saving which is used for the case-based energy saving calculation needs
to be updated periodically because it can decrease over time (i.e., decreased performance of ESMs).
Also, as various ESMs have been being proposed in the field of building energy use management, it is
necessary to explore its availability for energy retrofitting of existing buildings and then to include
them into the energy saving measure database.

6. Conclusions

The environmental crisis of climate change is leading to energy saving in the building sector.
In particular, developed countries, where the ratio of new buildings is gradually decreasing, should
reduce energy consumption in existing buildings to achieve their energy-saving goal. Using decision
support models enables building owners to establish a cost-effective energy retrofit plan for existing
buildings. However, the current models are time-intensive for energy consumption calculation and are
targeted to certain spatial contexts. Therefore, this study develops an Energy Saving Strategy Model
that considers energy saving potential of diverse ESMs together with their life cycle cost. In addition,
to deal with convergence onto a local optimum, this study adopts genetic algorithms as a means to
find an optimized energy retrofit plan. To validate the proposed model, a case study is carried out
on a building of a university campus in South Korea. From the case study, it is found that in terms
of energy saving and life cycle cost, the optimal energy retrofit plan is more cost-effective than the
existing energy retrofit plan. In particular, the break-even point for the optimal energy retrofit plan is
within five years, and then revenue from energy saving continually occurs until 2052. Therefore, it can
be said that using the proposed model searches for all of the energy retrofit plans in the global area,
and finally select optimal ESMs. The contribution of this research is to enhance the knowledge about
how life cycle cost of ESMs affects the effectiveness of energy retrofit projects in existing buildings.
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With the proposed model, building owners would be allowed to establish an optimal energy saving
strategy to maximize energy saving while minimizing life cycle cost.
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