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Abstract: The impacts of concrete on global warming through its use in structures such as buildings
and infrastructure must be identified and better understood, as concrete is known to have a very high
global warming potential (GWP). However, in contrast with ordinary on-site constructed reinforced
concrete, GWPs of off-site factory-made prefabricated concrete products such as precast concrete
(PC) and concrete piles that are widely used in construction are rarely evaluated, owing to the
complicated manufacturing processes that make the determination of greenhouse gas emission
difficult. In this study, the embodied life cycle GWPs were derived for PC and pretensioned spun
high-strength concrete (PHC) piles to enable precise assessment of the global warming impact of
concrete structures and the concrete industry of Korea. The determined embodied GWPs of PC and
PHC piles were 1.77 x 107! kg CO, eq/kg and 1.87 x 10~! kg CO, eq/kg, respectively. As a result,
both prefabricated concrete products were determined to have high GWP due to input materials,
such as cement rebars, while the GWP contributions of the off-site prefabrication processes were low.
Moreover, the embodied GWPs of both prefabricated concrete products were significantly higher
than those of ordinary reinforced concrete, and the impact of both products on global warming was
found to be approximately 4% of the impact of the Korean concrete industry. This indicates that it
is necessary to consider the impacts of the PHC pile and PC industries when assessing the impacts
of greenhouse gas occurring in the concrete industry at the national level. It is expected that these
findings will be widely used to obtain a more accurate assessment of the impact of concrete structures
and industry on global warming.
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1. Introduction

Owing to the seriousness of global warming, the Intergovernmental Panel on Climate
Change report published in 2018 recommended that carbon dioxide emissions be reduced
to zero by 2050 and net-zero greenhouse gas (GHG) emissions be achieved by 2063 to 2068
to limit the global temperature increase to no more than 1.5 °C [1]. Sixty-five countries
pledged toward carbon neutrality by 2050 at the 2019 Climate Summit. Europe announced
the European Green Deal for carbon neutrality by 2050, followed by similar declarations
from China and the United States (US). Korea also pledged to achieve carbon neutrality by
2050 [2-5]. Before this global movement for carbon neutrality, efforts had been made in
the construction sector for many years to reduce global warming with respect to buildings,
and such efforts have been realized through green building certification systems, such
as the US Green Building Council’s Leadership in Energy and Environmental Design
(LEED) in the US and the Building Research Establishment Environmental Assessment
Method in the United Kingdom (UK) [6-9]. In Korea, efforts have been made to reduce
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the environmental load that construction causes by implementing the Green Standard for
Energy and Environmental Design (G-SEED) in 2002 [10,11]. In addition, the standard has
been reinforced by adopting life cycle assessment (LCA) as an additional certification in
G-SEED from 2016 to quantitatively evaluate environmental impacts that can be caused
during the life cycle of a building [12].

The LCA of a building is generally conducted for the following four stages, based
on the ISO-14040 series [13,14]: material production, construction, operation, and disman-
tlement/disposal. According to several studies on building LCA, the impact due to the
use of energy in the operation stage and that of the material production stage represent a
large proportion of the entire life cycle of a building in terms of carbon emission [15-18]. In
particular, concrete is known as a major contributor to global warming, and the production
of cement, which is the main component of concrete, generates the largest amount of GHG
emissions across all industries, representing 8% of total industrial emissions [19]. The
environmental impact of the material production stage is calculated using the life cycle
inventory (LCI) database (DB) of construction materials developed in each country. The
global warming potential (GWP) emission factors of each construction material derived
through the LCI DB play a key role in determining the global warming impact. Notably,
concrete was found to be the material with the highest embodied GWP in the material
production stage related to building LCAs. Similarly, concrete also has a great effect on
calculating the global warming impact of concrete-based infrastructure, such as bridges, as
well as buildings [20-23]. Therefore, it is important to understand the precise embodied
GWPs of concrete-based products.

Meanwhile, off-site construction (OSC) has become one of the top rising topics in
the construction industry due to its benefits [24-27]. Prefabrication technology such as
OSC has been put forward as a major goal in the construction sector owing to its sustain-
ability, low energy use, embodied carbon and waste reduction, as well as productivity
improvement [24-28]. Compared to on-site fabrication, prefabricated concrete products
such as precast concrete (PC) and concrete piles are manufactured in off-site factories before
being sent to on-site construction fields. Therefore, the global warming impact of the
manufacturing process at off-site factories influences the embodied GWP of prefabricated
concrete products at the material production stage.

In the case of Korea, the GWP of the material production stage of concrete structures
has mostly been simply calculated by using the national LCI of ready mixed concrete (RMC)
and rebars, even for prefabricated concrete products that are produced in off-site factories.
However, it is not possible to calculate the precise GWP of buildings and infrastructure
that are built of PCs and piles using only the LCI of RMC and rebars. In contrast with
ordinary cast-in situ reinforced concrete (RC), which is made with RMC and rebars during
the on-site construction phase of structures, PC and concrete piles are mostly manufactured
at factories with a special manufacturing process before moving on to the construction
phase. Consequently, the life cycle GWP of concrete structures that employ these products
has been underestimated due to the neglect of GWPs from the prefabrication process of the
concrete products.

The life cycle system boundary of a prefabricated concrete product could be different
depending on whether the product is considered as a material of a structure or as a
structure itself. Recent studies on carbon emission of fabricated concrete products have
mostly considered the products as a structure and included the construction phase within
the system boundary of building LCA [29-33]. However, to use the life cycle GWP of
concrete products as an upstream emission factor for building or infrastructure LCA, the
system boundary of the concrete products should be applied for the material production
stage of structures. Hence, environmental product declarations (EPD) of various fabricated
concrete products certified in many countries could be used in building or infrastructure
LCA as an upstream process. However, EPD data of such products are rare owing to the
difficulty of collecting the field data from factories.
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In this study, the embodied life cycle GWPs were derived for PC and pretensioned
spun high-strength concrete (PHC) piles to enable precise global warming assessment of
concrete structures and the concrete industry of Korea in the future. The life cycle process
of each prefabricated concrete product was therefore defined first through actual PC and
PHC pile production factories, and the data required for assessment were collected. The
embodied GWP of each product was then calculated using the collected field data and
LCA methodology. Finally, the appropriateness of the embodied GWPs of PC and PHC
piles derived in this study was verified and discussed by comparing the embodied GWPs
of prefabricated concrete products and ordinary RCs. In addition, the global warming
impact of PC and PHC piles within the concrete industry of Korea is discussed. Since the
Korean construction industry recently focused on developing OSC technology while global
warming became a serious problem for all industries, this study provides an important
framework for assessing representative GWP values for the use of construction LCA at a
national level and fills the blank of emission factors of prefabricated materials.

2. Materials and Methods

This study consists of three stages: life cycle process definition and data collection,
life cycle GWP assessment, and result analysis. In the life cycle process definition and
data collection stage, the manufacturing processes and the input/output data of PC and
PHC pile production were investigated. Embodied life cycle GWPs of PC and PHC pile
production were continuously assessed, and the appropriateness of the assessed values
of both productions was verified. Finally, the embodied GWPs of PC and PHC pile were
comparatively analyzed with those of conventional RC. Figure 1 shows the framework of
this study.

1. Life cycle process defhn itibn & data co lection

Inputs —— Manufacturing process ————» Outputs

D ata co llection

DTS Rawmaterials | | Ancillary materials | |  Transportation |
Outputs Product i Emissions b Waste i{ Transportation !

2. Life cycle GW P assessm ent

PHC pile

Verification

Embodied life cycle GWP i EPD data of i Embodied life cycle GWP
(kg CO2-earkg) ! off-site manufactured | (kg CO2-ea/kg)
! concrete products |

3. Com parative analysisofem bodied GW Ps

Embodied GWP of RC i
(Ready-mixed concrete and rebar) !

Embodied GWP of PHC pile Comparative analysis Embodied GWP of PC

v

Figure 1. Research framework.

2.1. Life Cycle Process Definition and Data Collection

In this study, the life cycle process of each material was defined, and data correspond-
ing to each process were collected to conduct LCAs on PHC piles and PC. To ensure the
reliability of the information, field data on inputs, manufacturing processes, and outputs
for producing each material were collected from three representative PHC pile production
factories and five PC production factories in Korea. No significant differences were found
among the life cycle processes of the materials obtained from different factories. Therefore,
the life cycle processes of PHC piles and PC were defined as shown in Figure 2.
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Figure 2. Life cycle process of (a) PHC pile and (b) PC.

According to the life cycle process of each material, the inputs can be mainly divided
into raw materials and ancillary materials. Both are used in the manufacturing process;
however, raw materials remain in the final products, and ancillary materials do not. Ancil-
lary materials are used in the manufacturing process among the life cycle processes, and
they mostly contribute to energy supply. It was found that both PHC piles and PC consume
energy for the operation of machinery and boilers for steam curing. Outputs can be mainly
divided into waste, emissions, and final products. The waste materials (other than waste
emissions) from all factories were transported to recycling companies for treatment. In
the case of emissions, it was determined that the emission values calculated in this study
should be considered as the total emission of the system boundary. As the environmental
impacts of transporting materials of inputs and outputs must also be considered, informa-
tion on the transport distance was investigated. Therefore, the contents to be considered for
data collection were summarized, as shown in Table 1. Finally, based on the summarized
considerations, the annual quantity and transport data of inputs and outputs were collected
for PHC piles and PC. For all these data, annual data for 2018 were used.
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Table 1. Considerations for PHC piles and PC data collection.
Considerations X
Process Detailed Survey Items N xt
PHC Pile PC otes
A . 58% of coarse aggregate, 42% Quantities of coarse and fine
ggregate ) aggregates collected
of fine aggregate
separately
Cement ] Ordinary Portland cement . OPC and white cement for
(OPC) repair
Silica . Used for strength B
development (a)
Raw Blast furnace slag - . Not used in some factories
materials ?;iig:tlmace slag . Not used in some factories -
Rebars - PC steel strands and rebars . PC steel strands and rebars
] Molds recycled and reused . Molds recycled and reused
Admixtures ] Other raw materials . Other raw materials
Inputs . Used for concrete mixing . Used for concrete mixing
Water n Tap water and groundwater ] Groundwater and industrial (c)
are used water are used
Form release oil ] Used for pile form release . Used for PC form release
Lubricating oil = Used for equipment . Used for equipment
] Used for steam curing . Used for steam curing
Water . Tap water and groundwater . Tap water, groundwater, and
Ancillary are used industrial water are used
materials Electricit . Used throughout the - Used throughout the ©
y manufacturing process manufacturing process
Ié;gtziﬁlézg)natural . Used for steam curing = Used for steam curing
Diesel - . Used for steam curing
Bunker C oil - . Used for steam curing
Electricity ﬁgiiduf:(;ir:; and steel foundation Mold form production
Manufacturin Electricity Mix and deposition of concrete Rebar application
process 8 Electricity Centrifugal compaction Mix and deposition of concrete -
. . Steam curing Steam curing
Electricity, LNG, diesel, bunker C (Electricity, LNG) (Electricity, LNG, diesel, bunker C)
Electricity Form removal Form removal
Steel scrap . Recycle Recycle
Waste Waste concrete . Recycle . Recycle (b)
Outputs Waste oil . Recycle . Recycle
Emissions ?I;rir;cs)isgrierlc . Calculated values . Calculated values are used
Product PHC pile = Managed in m® and kg = Managed in m® and kg

% Notes: Transportation data. (a) ltems for which the transport distance from the actual production site was
surveyed. (b) Items for which the transport distance within the same area was assumed to be 30 km [34]. (c) Items
that are purchased separately so that it is difficult to calculate the transport distance from the production site or
items that are not procured through transportation.

2.2. Life Cycle GWP Assessment

In this study, the GWPs of PHC piles and PC were calculated using the data collected
through an LCA based on the ISO-14040 series. The functional units of PHC piles and
PC were set to kg, considering the unit that is generally used for EPDs of prefabricated
concrete products and LCIs. Units other than the unit of this study could be used when the
reference flow of piles or PC products are specified [35-37]. For instance, EPDs of some
precast products in Europe show detailed reference flows by defining the cross-section
size and the amount of reinforcement within a unit length. In this case, the unit length
of the specific product becomes the functional unit. However, because the purpose of
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this study is to verify the embodied life cycle GWP for general use, the reference flow
was set to 1 kg without specifying the details of a specific type of product. In addition,
the system boundary for deriving the life cycle GWP of each material was set from the
collection of inputs, which are raw materials, to the production of 1 kg of PHC piles and
1 kg of PC to conduct the assessment. Moreover, since one of the major purposes of this
study is developing representative GWP emission factors to replace the lack of LCI DBs
for construction LCA, the life cycle range of the assessment was set to cradle-to-gate by
following the rules of LCI DB development [38]. As research was conducted by collecting
data from multiple off-site factories in this study, the average input and output values
collected from the PHC pile and PC factories were used for GWP calculations. Table 2
shows the function, functional unit, and reference flow defined in this study.

Table 2. Definition of function, functional unit, and reference flow.

c Definition
atego
g1y PHC Pile PC
PHC piles (compressive strength: 800 kgf/cm? or PC products made in factories in a transportable
Function higher) that are concrete products used for shape and size to be used as members, such as

foundation fabrication of structures columns, beams, slabs, and walls in buildings

Functional unit 1 kg PHC pile production 1 kg PC production

Reference flow 1 kg PHC pile 1kg PC

In the ISO-14040 series, the cut-off criterion for inputs when conducting an LCA is
generally the top 99% of all raw materials based on weight. In this study, the weight
contribution of each raw material was calculated for cut-off, and materials not in the top
99% were excluded from the assessment. Among the collected data, the use of water
was categorized based on the usage as follows: use as a raw material in each product
and use as an ancillary material. As the water consumption data for each off-site factory
cannot be collected separately for each product, the total annual water consumption was
determined. The water consumption as a raw material was then calculated based on the
average product mix proportions for each factory, and this was used for the LCA in this
study. The GWP was calculated for all processes within the system boundary of PHC piles
and PC, as shown in Figure 3. The national LCI DB developed by the Korean government,
supported where necessary by the Ecoinvent DB version 3.3, was used for the calculations,
as seen in Table 3 [38,39]. Consequently, the embodied life cycle GWPs of PHC piles and
PC were derived based on the assessment results.

: ; Inpuu 2. ManUfadure e _

Figure 3. System boundary of assessment.
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Table 3. List of LCI DB applied for GWP assessment.
No. LCI DB List % Notes No. LCI DB List % Notes

1. Gravel aggregates (a) 10. Industrial water (a)
2. Forest sand aggregates (a) 11. Supplied water (a)
3. Portland cement type 1 (@) 12. Electricity (@)
4. Cement (a) 13. LNG (a)
5. Silica (a) 14. Diesel (a)
6. Rebar production (a) 15. B-Coil (a)
7. Blast furnace slag cement (@) 16. Land transportation truck (@)
8. Ground granulated blast furnace slag (b) 17. Disposal, concrete (b)
9. Lubricating oil (@) - - -

% Notes: (a) National LCI DB of Korea [38]. (b) Ecoinvent database [39].

2.3. Verification and Comparative Analysis of Embodied GWPs

In this study, the appropriateness of the assessed GWPs of PHC pile and PC production
was verified by comparing the values with GWP values of other similar prefabricated
concrete products. Many prefabricated concrete products in Europe, including walls, slabs,
stairs, beams, and piles, have been actively certified EPDs in recent years. Referring to
the International EPD System, GWP data of 53 products (20 concrete piles and 33 PC
products) were collected, and the embodied GWPs for the same system boundary as
this study were derived as in Table 4 [40]. Continually, the average GWPs of the overall
53 data, 20 concrete pile data, and 33 PC product data were calculated to compare with
the embodied GWPs of PHC piles and PC derived in this study. Moreover, the data were
statistically analyzed by using a box and whisker plot to find the proper GWP range and
check the appropriateness of the embodied GWPs of PHC piles and PC. Additionally, this
study analyzed the difference in embodied GWPs between conventional RC structures
composed of 8 types of RMCs and reinforcing rebars and off-site manufactured PHC piles
and PC products.

Table 4. Embodied GWP data of EPD-certified prefabricated concrete products [40].

GWP Data % Notes GWP Data % Notes GWP Data % Notes
(kg CO; eq/kg) ’ (kg CO, eq/kg) ’ (kg CO; eq/kg) ’

0.1797 (a) 0.2636 (a) 0.1770 (b)
0.1805 (a) 0.3062 (a) 0.1810 (b)
0.1805 () 0.1090 (b) 0.1950 (b)
0.1827 (@) 0.1132 (b) 0.1960 (b)
0.1844 () 0.1180 (b) 0.2010 (b)
0.1869 @) 0.1263 (b) 0.2020 (b)
0.1894 (a) 0.1316 (b) 0.2050 (b)
0.1904 @) 0.1329 (b) 0.2200 (b)
0.1908 @) 0.1330 (b) 0.2210 (b)
0.1930 (@) 0.1350 (b) 0.2240 (b)
0.1930 a) 0.1360 (b) 0.2280 (b)
0.1941 @) 0.1370 (b) 0.2290 (b)
0.2005 (@) 0.1550 (b) 0.2360 (b)
0.2103 () 0.1600 (b) 0.2360 (b)
0.2270 @) 0.1660 (b) 0.2510 (b)
0.2361 (@) 0.1690 (b) 0.2590 (b)
0.2425 () 0.1690 (b) 0.2710 b

0.2500 () 0.1720 (b) - -

% Notes: (a) Concrete piles. (b) Walls, slabs, beams, stairs, and general PC productions for construction.

3. Results
3.1. Life Cycle GWP Results and Impact Analysis

Among the raw materials for PHC piles and PC considered in this study, an analysis
was conducted to determine the materials that should be excluded from the assessment. It



Buildings 2023, 13, 2590

8 of 15

was found that admixtures must be excluded for both PHC piles and PC because they were
not included in the top 99% based on weight, as shown in Table 5. Accordingly, the LCAs
of PHC piles and PC concrete were performed, considering the raw materials and ancillary
materials other than admixtures, and the analysis results are presented in Tables 6 and 7,
respectively. For PHC piles, the process of producing cement, rebars, and slag cement,
together with the input transportation and manufacturing process, represented more than
94% of the total GWP. Among them, the production of cement, which is the main raw
material of PHC piles, exhibited the highest GWP. The GWPs for the production of rebars
and the transportation of input materials were also high. Consequently, the calculated life
cycle GWP emission of PHC piles was 1.87 x 10! kg CO, eq/kg. For PC, the process
of producing rebars, cement, and electricity, together with the input transportation and
manufacturing process, represented more than 96% of the total GWP. Among these, the pro-
duction of rebars and cement, which are the main raw materials of PC, exhibited the highest
GWPs. The GWP of the electricity generation process, which is a representative ancillary
input source, and that associated with the transportation of input materials were also found
to be high. As a result, the calculated life cycle GWP of PC was 1.77 x 10~! kg CO, eq/kg.
Thus, these analyzed results indicated that the improvement of the discussed processes
must be considered a priority to reduce GHG emissions during the production of PHC
piles and PC.

Table 5. Materials to be included in assessment based on weight contribution.

PHC Pile PC
. Cumulative . Cumulative
Material We.lght. Weight Inclusion Material We'lght. Weight Inclusion
Contribution 2 Contribution o
Contribution Contribution
Coarse 44.28% 44.28% 0 Coarse 44.07% 44.07% o
aggregate aggregate
Fine 32.06% 76.34% o Fine 33.74% 77.81% o
aggregate aggregate
Cement 14.28% 90.62% O Cement 14.14% 91.95% (@)
Silica 4.49% 95.11% O Rebar 6.38% 98.33% (@)
Rebar 2.62% 97.73% (@) Blast furnace slag 1.55% 99.88% o
Blast furnace slag 2.01% 99.74% 0 Admixtures 0.11% 100.00% X
cement
Admixtures 0.26% 100.00% X - - - -
Table 6. Life cycle GWP assessment of PHC piles.
GWP (kg CO; eq/kg)
Major Embodied Emissions
Inputs . Other Total GWP
Input Transport Manufacturing Process
Cement Rebar Slag Cement
134 x107! 116 x1072 940 x 1073 1.12 x 1072 9.90 x 1073 112x 1072 1.87 x 107!
Table 7. Life cycle GWP assessment of PC.
GWP (kg CO; eq/kg)
Major Embodied Emissions
Inputs . Other Total GWP
. Input Transport Manufacturing Process
Cement Rebar Electricity
1L13x 1071 275x1072  7.07 x 1073 1.88 x 1072 513 x 1073 599 x 1073 177 x 107!
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5.28%

Meanwhile, as shown in Figure 4, the GWP contribution rates of off-site manufacturing
processes for PHC piles and PC were 5.28% and 2.89%, respectively, among the whole life
cycle GWPs. The global warming effects of the manufacturing processes, especially, were
assessed very low compared to the GWP contribution rates of cement (71.53% for PHC
piles and 63.63% for PC). Cement is well known to contain high levels of embodied CO,
because of the dissolution process of limestone (CaCO3), which generates CO,. However,
the GWPs generated from the prefabrication process were only 7.38% (for PHC piles) and
4.54% (for PC) of the embodied GWP of cement input solely. This result implies that
the off-site prefabrication process affects low GWP compared to the whole life cycle of
prefabrication products and signifies the importance of reducing the embodied carbon of
the inputs rather than the prefabrication processes to produce a low-carbon product.

5.98% 2.89%  3:38%

3.99% _ 10.58% ‘
‘,A ‘

BCement Rebar BCement Rebar
Slag cement Input transportation Electricity Input transportation
B Manufacturing process Other B Manufacturing process Other

(a) (b)
Figure 4. Embodied GWP contribution rates of (a) PHC piles and (b) PC.

3.2. Verification of Embodied Life Cycle GWPs

To verify the appropriateness of the life cycle GWP values assessed in this study,
previously assessed EPD data of prefabricated concrete products were collected and used
for analysis. A total of 53 groups of data (overall data) were used, and 20 of them were
concrete pile data, and 33 were PC products. The average GWPs of the overall, PCs, and
concrete piles were 0.1920, 0.1798, and 0.2121, respectively, which were slightly higher than
the GWPs of PC and PHC piles assessed in this study, as in Figure 5. The GWPs of PC and
PHC piles assessed in this study were 7.65% and 2.37% lower than the average of overall
EPD data, respectively, while the GWP of PC assessed in this study was 1.40% lower than
that of PC EPD data, and the GWP of PHC pile was 11.62% lower than that of concrete
pile EPD data. The GWP of PC assessed in this study was mostly similar to the estimated
averages of EPD data, while the GWP of PHC piles had a difference of more than 10%.

However, according to the box and whisker plots in Figure 6, GWPs of both PC and
PHC piles were found to be within the interquartile range (IQR) of the estimated EPD
data. The estimated range of overall EPD data was 0.1675 kg CO; eq/kg (lower quartile) to
0.2255 kg CO, eq/kg (upper quartile), the range of PC EPD data was 0.1355 kg CO; eq/kg
(lower quartile) to 0.2255 kg CO, eq/kg (upper quartile), and the range of concrete pile EPD
data was 0.1851 kg CO, eq/kg (lower quartile) to 0.2338 kg CO; eq/kg (upper quartile).
Compared to the gap between the GWPs of PHC piles and EPD concrete piles, the results
show that the GWP of PHC piles assessed in this study is within a reliable range, as well
as the GWP of PC. Therefore, it was found that the assessed embodied GWPs of both
PC and PHC piles are appropriate to use in other environmental evaluations related to
off-site construction.
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Figure 5. Comparison of GWP values between PC and PHC piles assessed in this study and (a) overall
EPD data, (b) PC EPD data, and (c) concrete pile EPD data.
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0.1851

01355
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- : EPD data of PCs - : EPD data of concrete piles

Figure 6. Verifying the appropriate ranges of embodied GWPs for PC and PHC piles.

3.3. Comparative Analysis of GWPs

The GWPs of the material production stage of concrete structures in Korea have, up to
now, been simply calculated by using the Korean national LCI of RMC and rebars, even for
prefabricated concrete products such as PC and concrete piles, treating them as ordinary
RC. According to the input and output data collected in this study, 1 kg of PHC piles
consists of 0.97 kg of concrete and 0.03 kg of reinforcement, whereas 1 kg of PC consists of
0.94 kg of concrete and 0.06 kg of reinforcement. Figures 7 and 8 compare the embodied
GWPs of the conventional RC that was made in these concrete and reinforcement ratios
with those of the PHC piles and PC products produced through prefabrication. To calculate
the embodied GWPs of RC, the GWP emission factors for each compressive strength of
RMC from Korea’s national LCI DB and those for reinforcement were applied [38].
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Figure 8. Unit life cycle GWP comparison between PC and RC.

When the embodied GWPs of PHC piles and PC were assessed, it was found that
both products showed generally higher embodied GWPs compared to RC produced with
RMC and reinforcement. In particular, emission factors corresponding to 21 and 24 MPa
were mainly applied to the LCA of fabricated structures in Korea. The GWP of RC that
applied these was found to be approximately 58% of that of PHC piles and 67% of that of
PC. This means that the GWP may be significantly underestimated compared to the actual
GWP when the quantities of off-site prefabricated concrete products are assumed to be
RC when conducting LCA on concrete structures. In addition, RC that used 50 MPa RMC
showed similar values to the GWPs of PHC piles and PC within the error of 5%, indicating
that it can be used as an alternative factor in the absence of the emission factors of PHC
piles and PC when conducting an LCA on prefabricated concrete structures. Moreover,
this also indicates that GWPs of high-strength concrete structures could be reduced by
changing on-site fabrication to prefabrication because extra GWP emission during the
construction stage should be considered for the on-site process, while less GWP emission
will be expected for the construction stage of prefabricated structures.

3.4. Short Discussion on the Global Warming Impact of the Korean Concrete Industry

In this study, the annual GWPs were additionally calculated and compared based on
the annual production of PHC piles, PC, and RMC to examine the impacts of PHC piles
and PC on global warming. The GWP for the total production of each material in 2018 (the
field data collection year of this study) was used, and the results are shown in Table 8. The
sum of emissions from PHC piles and PC was approximately 4% of the annual impact of
RMC on global warming. This is a value that cannot be neglected in the concrete industry,
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indicating that the impacts of the PHC piles and PC industries, as well as those of the RMC
industry, should be considered when assessing the impacts of global warming that occur in
the concrete industry at the national level.

Table 8. Comparative analysis of annual total GWPs.

Category PHC Pile PC RMC %Notes
A. Annual production (kg/y) 6.30 x 10° 257 x 10°  4.01 x 101! -
B. GWP emission factor (kg CO,-eq/kg) 1.87 x 107! 177 x 1071 1.14 x 107! ()
C. Annual emissions (kg CO,-eq/y) 1.18 x 10° 455 x 108 4.57 x 1010 (b)

% Notes: (a) The emission factors calculated in this study were applied for PHC piles and PC, while the average
GWP data of Korean EPD were applied for RMC [41]. (b) C = A x B.

4. Discussion

In this study, the embodied life cycle GWPs of PHC piles and PC from a range of
concrete products that constitute the main components of prefabricated structures were
derived. They were compared with the embodied GWP of RMC, and it was deduced that off-
site manufactured PHC piles and PC, as well as RMC, ought to be considered for the precise
global warming assessment of concrete structures in Korea. It is expected that the results
of this study can be a useful reference for examining the state of carbon neutrality in the
construction sector amid global campaigns arising to realize carbon neutrality in industry.
Specifically, in many studies in the construction sector, the total concrete consumption is
still assumed to only be in the form of RC for the purposes of assessment of the impact of
concrete on global warming. The embodied GWPs of PHC piles and PC presented in this
study are expected to be widely used in Korea as new emission factors to obtain a more
accurate assessment of the impact of concrete structures and industry on global warming.

The data used in this study were collected from certain factories; however, broader
data on various kinds of concrete products from more factories are required to increase the
reliability of the results. It is well known that the embodied GWP value depends highly on
the characteristics of concrete, such as strength, ductility, and rigidity [42,43]. Moreover,
the characteristics of concrete products could be classified in many ways according to the
chemical compositions and input material properties [44,45]. Therefore, it is necessary to
collect more data to calculate the GWPs of more detailed types of prefabricated concrete
products in future studies.

In addition, as there may be differences in the production process and input trans-
portation methods between countries, additional field surveys will be required to use the
results of this study in countries other than Korea. In particular, the LCI DBs used in this
study are mostly developed by the Korean government for use in national-level LCAs.
However, many other previous studies use LCIs and emission factors referring to other
studies or LCI DBs generally used in many countries [46,47]. Therefore, the results derived
in this study are expected to be most applicable for structure LCA studies conducted in
Korea, while there are some limitations in applying the results to other countries. The
LCIs and emission factors should be thoroughly analyzed in further studies to derive the
optimal GWP value that could be used worldwide.

5. Conclusions

In this study, the embodied life cycle GWPs were derived for PC and PHC piles to
obtain a highly precise global warming assessment of concrete structures. The conclusions
can be drawn as follows.

1.  The life cycle embodied GWPs were found to be 1.87 x 10~! kg CO, eq/kg for PHC
piles and 1.77 x 10~! kg CO, eq/kg for PC;

2. The GWP contribution rates of off-site manufacturing processes for PHC piles and PC
were only 5.28% and 2.89%, respectively, among the whole life cycle GWPs, while the
GWP contribution rates of cement input solely were 71.53% for PHC piles and 63.63%
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for PC. The results imply that the off-site prefabrication process affects low GWPs
compared to the whole life cycle of prefabrication products and signifies the impor-
tance of reducing the embodied carbon of the inputs rather than the prefabrication
processes to produce a low-carbon product;

3. According to the analysis of the EPD data of prefabricated products, the accurate
GWP range of overall prefabricated products was from 0.1675 kg CO, eq/kg to
0.2255 kg CO; eq/kg, that of PC was from 0.1355 kg CO, eq/kg to 0.2255 kg CO; eq/kg,
and that of concrete piles was from 0.1851 kg CO, eq/kg to 0.2338 kg CO, eq/kg.
Since the assessed GWPs of this study were within the ranges, it was found that the
assessed embodied GWPs of both PC and PHC piles are appropriate to use in other
environmental evaluations related to off-site construction;

4. The embodied GWP of ordinary RC used for concrete structure LCA in Korea was
found to be approximately 58% of that of PHC piles and 67% of that of PC. This implies
that the life cycle GWPs of concrete structures may be significantly underestimated
when the quantities of PC and PHC piles are assumed to be conventional RC;

5. In addition, the impact of the production of PHC piles and PC on global warming
in Korea was found to be approximately 4% of that of RMC. This indicates that it is
necessary to consider the impacts of the PHC piles and PC industries as well as those
of the RMC industry when assessing the impacts of global warming on the concrete
industry at the national level.

Since the recent construction industry of Korea focuses on developing OSC technology
while global warming became a serious issue for all industries, this study provides an
important framework for assessing representative GWP values for the use of construction
LCA at a national level and fills the blank of emission factors of prefabricated materials.
For more reliable results, it is necessary to collect broader data to calculate the GWPs of
more detailed types of prefabricated concrete products in future studies.
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EPD environmental product declaration

GHG greenhouse gases

GWP global warming potential

G-SEED Green Standard for Energy and Environmental Design
LCA life cycle assessment

LCIDB life cycle inventory database

LEED Leadership in Energy and Environmental Design
PC precast concrete

PHC pretensioned spun high-strength concrete

RC reinforced concrete

RMC ready mixed concrete
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