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ABSTRACT
This paper aims to analyze the impact of recycled
materials on energy reduction and clean energy
transition of buildings. The life cycle energy of building
using virgin materials is compared with that of building
using recycled materials, and the energy savings due to
recycled materials is calculated. Also, the impact of
recycled materials on clean energy transition is verified
by calculating the module area of the photovoltaic panel
achieving the same amount of energy savings. As results
of a case study, replacing virgin to recycled materials
reduced 10% of life cycle energy. It means that the use of
recycled materials can reduce 10% of module area of PV
system for achieving clean energy transition. Recycled
materials should be considered for fundamental energy
reduction and effective clean energy transition.
Keywords: recycled material, life cycle assessment, life
cycle energy, clean energy transition
NOMENCLATURE
Abbreviations
LCA
Life Cycle Assessment
LCE
Life Cycle Energy
PV
Photovoltaic
RC
Reinforced Concrete
S
Steel
SRC
Steel-Reinforced Concrete

1.

INTRODUCTION
Additional insulation materials and renewable
energy systems to reduce the operation energy of the
building may increase embodied energy of the building.
Therefore, recent studies suggested that life cycle energy
(LCE) of the building, which can be calculated by life cycle
assessment (LCA) method, should be considered for the
substantial energy reduction and clean energy transition
of buildings [1,2]. That is, building materials with less
embodied energy may be the fundamental solution for
LCE reduction and clean energy transition [3,4]. Previous
studies mentioned that recycling plays critical role in
embodied energy reduction [4,5]. Using recycled
materials instead of virgin materials as building materials
may reduce LCE of building, resulting in less need for
renewable energy systems to achieve the clean energy
transition of buildings.
To analyze the impact of recycled materials, a case
study is conducted for a residential building. First, LCE for
case buildings using recycled materials, as well as that
using virgin materials, was calculated by LCA. Then, PV
module area for clean energy transition is calculated for
case buildings using virgin or recycled materials. Finally,
LCE and PV module area of each case are compared.
2.

MATERIALS AND METHODS
The case study is composed of three steps: (i) Step 1:
Calculating life cycle energy of case buildings; (ii) Step 2:
Calculating PV module area for clean energy transition of
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case buildings; and (iii) Step 3: Comparing calculated
results of case buildings.
2.1 Step 1: Calculating life cycle energy of building
According to the process-based life cycle energy
assessment method defined by Chau et al. [6], LCE of a
building is divided into four major phases, which are
initial embodied energy, recurring embodied energy,
operation energy and demolition energy (Eq. (1)). The
energy of each phase is calculated by following Eqs. (25), suggested by Kong et al. [1]. First, the initial embodied
energy of a building includes energies from building
material production, transportation, and construction
(Eq. (2)). Second, the recurring embodied energy of a
building indicates the energies required for repair and
rehabilitation during the maintenance period. Thus, the
recurring embodied energy is calculated by multiplying
initial embodied energy by maintenance repair and
rehabilitation rate (Eq. (3)). Third, the operation energy
of the building is calculated by multiplying the lifetime of
a building by annual operation energy (Eq. (4)). Fourth,
the demolition energy of a building includes not only the
deconstruction energy of a building but also
transportation, intermediate treatment, and landfill
energy of waste materials (Eq. (5)).
(1)
𝐿𝐶𝐸𝐵 = 𝐼𝐸𝐸𝐵 + 𝑅𝐸𝐸𝐵 + 𝑂𝐸𝐵 + 𝐷𝐸𝐵
𝐼𝐸𝐸𝐵 = ∑[𝑄𝑏 × (𝐸𝐸𝑏 + 𝑡𝐸𝑏 + 𝑐𝐸𝑏 )]

(2)

𝑅𝐸𝐸𝐵 = ∑[𝑄𝑏 × 𝑅𝑏 × (𝐸𝐸𝑏 + 𝑡𝐸𝑏 + 𝑐𝐸𝑏 )]

(3)

𝑂𝐸𝐵 = 𝑎𝑂𝐸𝐵 × 𝐿𝐵

(4)

𝐷𝐸𝐵 = 𝑑𝐸𝐵 + ∑[𝑄𝑤 × (𝑡𝐸𝑤 + 𝑤𝐸𝑤 )]

(5)

Here, LCEB refers to life cycle energy of the building, IEEB
refers to the initial embodied energy of a building, REEB
refers to the recurring embodied energy of the building,
OEB refers to operation energy of a building, DEB refers
to demolition energy of a building, Qb refers to quantity
of building material, EEb refers to the embodied energy
of building materials, tEb refers to the transportation
energy of building materials from plant to site, and cEb
refers to construction/installation energy of building
materials, Rb refers to maintenance repair and
rehabilitation rate of building material, aOEB refers to
annual operation energy of a building, and LB refers to
lifetime of a building, Qw refers to the quantity of waste
materials, tEw refers to the transportation energy of
waste materials, and wEw refers to the intermediate
treatment/landfill energy of waste materials.
The process of producing recycled materials is
different from that of virgin materials. Thus, the system

boundary for calculating embodied energies of virgin and
recycled materials should be considered differently.
Saghafi and Hosseini [5] have defined factors that
should be considered for calculating embodied energies
of virgin and recycled materials. Referring to the previous
study, this study also defines the system boundary for
the embodied energy of both virgin and recycled
materials. A virgin material starts from raw material
extraction to final processing (Eq. (6)). On the other
hand, for recycled materials, the process of transporting
and recycling recyclable materials, which are produced
from deconstructed buildings, should be additionally
considered (Eq. (7)).
(6)
𝐸𝐸𝑏(𝑣) = 𝑥𝐸𝑏(𝑣) + 𝑡𝐸𝑏(𝑣) + 𝑝𝐸𝑏(𝑣)
(7)
𝐸𝐸𝑏(𝑟) = 𝑥𝐸𝑏(𝑟) + 𝑡𝐸𝑏(𝑟) + 𝑟𝐸𝑏(𝑟) + 𝑝𝐸𝑏(𝑟)
Here, EEb(v) refers to the embodied energy of virgin
material, xEb(v) refers to extraction energy of raw
material, tEb(v) refers to transportation energy of raw
material, pEb(v) refers to production energy of virgin
material, EEb(r) refers to the embodied energy of recycled
material, xEb(r) refers to raw material extraction energy,
tEb(r) refers to the transportation energy of recyclable
material and raw material, rEb(r) refers to recycling
energy of recyclable material, and pEb(r) refers to
production energy of recycled material.
2.2 Step 2: Calculating module area of PV system for
clean energy transition
Carbon emission can be reduced by replacing fossil
fuel-based energy with clean, renewable energy. This is
known as clean energy transition and replacement ratio
is known as transition ratio. In South Korea, government
stipulated a mandatory transition ratio for the clean
energy transition of the building energy consumption.
Renewable energy system such as PV system must be
installed in the building in order to generate enough
renewable energy to achieve mandatory transition ratio
[1]. Since LCE of building using recycled materials is
different from that of building using virgin materials,
renewable energy required for clean energy transition
may differ. Based on the mandatory transition ratio and
specifications of PV system, PV module area for the
building is calculated using Eq. (8) [1].
𝑇𝑅 × 𝐿𝐶𝐸𝐵
(8)
𝑀𝐴𝑃𝑉 =
[𝐿𝐵 − (𝑇𝑅 × 𝐸𝑃𝐵𝑇𝑃𝑉 )] × 𝑔𝐸𝑃𝑉
Here, MAPV refers to module area of PV system, TR refers
to mandatory transition ratio, LB refers to lifetime of a
building, EPBTPV refers to the integrated energy payback
time of PV system during the lifetime of a building, and
gEPV refers to energy generation of PV system.
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Table 2 Distribution ratio of recycled materials

2.3 Step 3: Comparing calculated results

Building material
Concrete
Formwork
Steel rebar
Steel section
Plate glass
Aluminum sash
Glass wool panel
Plastic sheet
Polybutylene pipe

Impact of replacing building material from virgin
material to recycled material can be analyzed by
comparing LCE of building using recycled materials and
LCE of building using virgin material. Module area of PV
system required for mandatory transition ratio of
building will be proposed as absolute value.
CASE STUDY
To verify the impact of the recycled materials, a case
study was conducted. This study selected a residential
building, which is designed as three structure types (i.e.,
reinforced concrete (RC), steel reinforced concrete (SRC),
and steel (S)), as a case building. For three cases, the LCE
and PV module area for clean energy transition are
calculated by using Eqs. (1)-(8).

Distribution ratio (%)
50
60
30
30
50
80
50
60
60

Recyclable material
Recycled aggregate
Recycled plastic
Steel scrap
Steel scrap
Recycled cullet
Aluminum scrap
Recycled cullet
Recycled plastic
Recycled plastic

3.

3.1 Calculating life cycle energy of case buildings
Quantities of building materials for the case buildings
are necessary to calculate the LCE of the buildings. This
study considered a standard residential building, rather
than an actual building. As shown in Table 1, the national
preliminary calculation standard defines the quantity of
materials required per unit floor area when constructing
three types of residential buildings [6]. Thus, this study
used the quantity of building materials by structure type
presented in Table 1.
Table 1 Quantity of building materials for residential buildings
Building material
Concrete
Formwork
Steel rebar
Steel section
Plate glass
Aluminum sash
Glass wool panel
Plastic sheet
Polybutylene pipe

Quantity (Qb) (unit/m2)
RC
SRC
S
0.550
4.800
0.057
0

0.450
3.800
0.053
0.040
0.450
1.000
4.680
4.215
0.301

0.250
1.300
0.021
0.055

unit

kg/unit

m3

2300
12.54
1000
1000
12.25
9.153
2.400
2.840
1.000

m2
ton
ton
m2
number
m2
m2
kg

Building materials in Table 1 could be as either virgin
materials or recycled materials. That is, LCE of case
building using recycled materials is calculated based on
the assumption that the recycled material is used for
building materials instead of virgin material. In South
Korea, Good Recycled product (GR) certification is
implemented and it defines standard distribution ratio
between raw and recyclable materials for certification
[7], as shown in Table 2. Therefore, amount of recyclable
materials for the recycled material was calculated based
on the distribution ratio in Table 2.

Next, the embodied energy of virgin and recycled
materials was calculated based on the national life cycle
inventory database, using Eqs (6)-(7) [8]. To calculate the
energies for transportation, construction and installation,
the fuel efficiency of transportation equipment,
transportation distance, and equipment efficiency are
required. This study calculated the energies for
transportation, construction and installation of building
materials by applying the quantity of materials to model
of Tae et al. [9]. Maintenance repair and rehabilitation
rate of building materials refers to Kong et al. [1]. Korea
government provides annual statistics showing the
energy consumption of residential building [10]. This
study assumed the average energy consumption (114.2
kWh/yr∙m2) in the statistics as the annual energy
consumption of case buildings. Also, lifetime of case
buildings was assumed as 40 years [11]. Finally, the
deconstruction energy of building and transportation,
intermediate treatment and landfill energies of waste
materials are calculated by applying the quantity of
materials to model presented by Cha et al. [12].
3.2 Calculating module area of PV system
South Korea government has set the national goal of
clean energy transition as 30% mandatory transition
ratio for the dissemination and proliferation of
renewable energy systems [1]. PV system in the
research includes PV panel, balance of system and power
converter. EPBT of PV system, with expected lifetime of
25 years, was calculated based on input material data to
produce 1m2 module area of PV system [14]. Energy
generation of the PV system was calculated using
RETScreen [14] (Table 3).
Table 3 Information of PV system
Module TR (%)
EPBTPV (yr)
sC-Si
30
10.78

gEPV (kWh/m2∙yr)
218.6

4.

RESULTS AND DISCUSSION
Table 4 shows LCE (kWh) of three case building.
Replacing virgin materials to recycled materials
decreased initial embodied and recurring embodied
energies for minimum 67.9% and maximum 62.0%.
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Neither operation energy nor demolition energy has
been changed by replacing virgin materials with recycled
materials since the same operation energy is used, and
quantities of waste materials were regardless of building
material replacement. LCE are decreased to minimum
87.2% and maximum 86.1%. As embodied energy of
recycled concrete is higher than virgin concrete, RCbuilding with the highest concrete quantity showed the
lowest LCE reduction of 12.8% compared to S-building of
13.9% reduction.
Table 4 LCE result of residential building (kWh)
Structure
IEEB
REEB
OEB
DEB
RC
SRC
S

Virgin
Recycled
Virgin
Recycled
Virgin
Recycled

1960
1566
1992
1559
1522
1112

1119
525.6
1119
525.6
1119
525.6

4568

49.01
49.01
41.85
41.85
24.70
24.70

LCEB

(%)

7695
6708
7720
6694
7233
6230

100
87.2
100
86.7
100
86.1

Using Eq. (8), module area (m2) for the unit floor area
of three major structure types are calculated as Table 5.
S-building using recycled materials showed the lowest
module area of 0.267m2 compared to 0.330m2 of SRCbuilding using virgin materials.
Table 5 Module are of PV system (m2)
Structure
Virgin
RC
Recycled
Virgin
SRC
Recycled
Virgin
S
Recycled

MAPV
0.329
0.287
0.330
0.286
0.310
0.267

Using recycled materials instead of virgin materials
can reduce LCE of building for approximately 10%.
Therefore, less renewable energy systems are required
to satisfy the national clean energy transition goal.
Considering cost of renewable energy systems, these
results prove that using recycled materials has
economic and environmental contributions.
5.

CONCLUSIONS
Using recycled material in the construction industry
has been shown to be essential for substantial building
energy reduction and clean energy transition. Therefore,
recycling should be considered for a national policy
perspective. However, the impact of solid waste and
resource depletion are neglected in the study. If
considered, the necessity of recycling will be more
emphasized.
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