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Improving Sustainability Performance for
Public-Private-Partnership (PPP) Projects
Liyin Shen, Vivian W.Y. Tam, Lin Gan, Kunhui Ye and Zongnan Zhao

Abstract: Improving sustainability performance in developing infrastructure projects
is an important strategy for pursuing the mission of sustainable development.
In recent years, the business model of public-private-partnership (PPP) is promoted
as an effective approach in developing infrastructure projects. It is considered that
the distribution of the contribution on project investment between private and public
sectors is one of the key variables affecting sustainability performance of PPP-type
projects. This paper examines the impacts of the contribution distribution between
public and private sectors on project sustainability performance. A model named
the sustainability performance-based evaluation model (SPbEM) is developed for
assisting the assessment of the level of sustainability performance of PPP projects.
The study examines the possibility of achieving better sustainability through proper
arrangement of the investment distribution between the two primary sectors in
developing PPP-type infrastructure projects.

Reprinted from Sustainability. Cite as: Shen, L.; Tam, V.W.Y.; Gan, L.; Ye, K.; Zhao, Z.
Improving Sustainability Performance for Public-Private-Partnership (PPP) Projects.
Sustainability 2016, 8, 289.

1. Introduction

The role of infrastructure projects is significant in socio-economic development
due to their contributions to national competitiveness and social welfare in both
developing and developed countries [1–4]. Traditionally, infrastructure projects are
developed by governments using public budgets. However, the limitations of public
capital and the shortage of management expertise in government departments have
led to the development of an alternative procurement mechanism for developing
and running infrastructure projects. This procurement mechanism is named
public-private-partnership (PPP) approach. PPP mechanism serves for promoting
the engagement of private sectors in the process of developing infrastructure projects,
including project design, financing, construction, maintenance, and project operation.
In recent years, the popularity of PPP-type infrastructure (PTI) projects has been
rising particular in developing countries. Ke noted that the demand for PPP
infrastructures is increasing in China whilst there are increasing number of PPP
projects in the country [2]. According to the PPP Demonstration Project List of
Second Batch announced by Ministry of Finance of China, there are 206 projects
with national financial support in 2015, which is seven times that of 2014 [5]. In fact,
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most developing countries have been actively applying PPP policy as a contractual
arrangement and condition on loans from International Organizations [3,6]. On one
hand, PPP mechanism mitigates the burden of public fiscal shortage and ensures the
timely provision of infrastructures in need [2,7]. On the other hand, the development
of PPP-type projects presents private sectors with good business opportunities
where they can apply innovative technological and the advanced management
skills they have [8,9]. Considering the very important role and significance of PPP
type infrastructures in the built environment sector, it can be seen that improving
sustainability performance for PPP projects can contribute significantly to the mission
of sustainable construction.

Research on examining the applications of PPP approach has been conducted
extensively from many perspectives including technology innovation [10], risk
management [11], critical success factors [12], cooperate governance [13],
concessionaire determinants [14,15], and sustainability performance [16,17]. An
increasing number of researchers have appealed for sustainability performance
appraisal on PPP-type projects as an instrument for striking the trade-off among
economic, social and environmental performance criteria in examining project
feasibility [16,18,19]. This has led to the development of several models for
project sustainability performance appraisal. Ogwu et al. proposed a sustainability
appraisal in Infrastructure projects (SUSAIP) model for evaluating sustainability
of infrastructure projects in Hong Kong, and shed light on various dimensions
(e.g., knowledge, problem analysis, and application) of designing and constructing
for better infrastructure sustainability [16,17]. Dasgupta and Tam synthesized
sustainability indicators of civil infrastructure projects by using a multi-objectives
decision approach to facilitate the choice of practical alternatives for better
sustainability performance [20]. Koo and Ariaratnam employed a sustainability
assessment model to determine the option for implementing a water main
replacement project towards better sustainability performance [21]. The study by
Shen et al. suggested that a concession time period in operating infrastructure projects
must incorporate the benefits, authorities and responsibilities among various project
parties for the interests of better sustainability [14]. Shen and Wu investigated
a risk-based concession time period in developing build-operate-transfer-type
infrastructure projects in ensuring the sustainability interests that benefit to various
project parties [15].

Whilst existing studies present various effective appraisal models for assessing
the sustainability performance of various types of infrastructure projects, it appears
that there is little existing research on examining the ways of improving the
sustainability performance of PPP-type projects. The difficulty of sustainability
appraisal for PPP-type projects is well appreciated [14,15]. Previous studies have
addressed the selection of sustainability indicators for PPP-type projects [16].
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Nonetheless, many of the selected indicators are qualitative and how to quantify
them has not been addressed. In particular, it is noted that the proportion of
investment or contribution between public and private sectors has not been taken
into account in the establishment of sustainability performance indicators. In
fact, investment distribution from the two primary parties has major influence
to project performance across various aspects including economic, social and
environmental performance. These dimensional performances are the determinants
to the sustainability performance of the concerned PPP projects. Furthermore,
public and private sectors have different consideration for involving PPP projects.
According to the study by Ling et al. [21], the typical factor considered by public
clients include suitability to PPP, difficulties in evaluating PPP deals, political fallout,
affordability and profitability, value creation and changing needs. The main factors
considered by private sectors include PPP champion, speed of implementation,
capability of private clients to use PPP procurement route, tendering cost and risk
allocation. Koppenjan and Enserink identified governance practices that help or
hinder the reconciliation of private sector participation in infrastructure projects
with the objective to increase the sustainability of the urban environment. They
further appreciated that private sector participation in urban infrastructure does not
automatically contribute to sustainability as private sector is expected to focus on
short-term financial return on investment whilst the sustainability performance of
project can only be obtained from long-term perspective [22].

Although the two primary sectors have different perceptions on the performance
of a concerned PPP-type project, for example, private sector’s perception is usually
based on short-term performance of project, as appreciated by Koppenjan and
Enserink [22], the main decision at inception stage for a PPP-type project is
the investment distribution between public and private sectors. The investment
distribution is the key variable that determines the interests of both public and
private sectors from the development of a PPP-type project. It can be appreciated that
the investment contributed from private sector is motivated by the expectation to earn
certain level of profits. However, the investment level by private sector will affect the
public interests which can only be realized from long-term perspective. For example,
the public interests of environmentally friendly implementation of an infrastructure
may not be considered as a major criterion if the public sector assumes a very small
proportion of project investment, where the private sector’s profit level is one of
the dominant factors for the consideration in project feasibility study. Robert et al.
identified four major factors which affect the levels of the public and private sectors,
including benefits to local economic development, access to the public sector market,
tax exemptions and reduction, and incentives to new market penetration [3]. These
factors are considered differently when the investment proportions changes between
public and private sectors. The different attention given into the factors will in turn
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affect project sustainability performance. Therefore, a proper investment distribution
in implementing a PPP scheme is the key to gaining better project sustainability
performance which aims to balance social, economic and environmental interests.
The aim of this study is thus to use the investment distribution between public and
private sectors as the key variable in developing a sustainability performance-based
evaluation model (SPbEM). The appraisal results from using the model SPbEM can
help decision-makers know what distribution level of investment between public
and private sectors will enable better sustainability performance of PPP-type projects.

2. Research Method

This paper starts with conducting literature reviews for gaining proper
understanding on the principle of the mechanism for developing PPP-type projects.
The level of investment distribution between public and private sectors is based
on the types of PPP projects and the perceptions possessed by the two primary
sectors. Based on this understanding, the research team develops a sustainability
performance-based evaluation model (SPbEM) to assist in decision making on
the distribution level that can lead to better sustainability performance of an
infrastructure project. In further stage of the study, the research demonstrates the
application of the model SPbEM through a selected practical case. The case study
demonstrates the applicability of the model. In the final stage of the study, discussion
is conducted to address the implications of using the model SPbEM and the ways of
improving project sustainability performance by adjusting investment distributions
between the public and private sectors. The results from analyzing various scenarios
are then presented.

3. Development of the Sustainability Performance Based Evaluation
Model (SPbEM)

The involvement of private and public sectors in PPP-type projects is
characterized with many dimensions such as contractual arrangements, structure of
management organization, investment distribution, and others [14]. Nevertheless,
the investment distribution between the two sectors is the key variable to be
considered in the process of contract negotiation. The level of the distribution
between the two sectors will affect contractual arrangements and the organization
structure of implementing the project under the principle of PPP. According to
previous studies [1,4,23,24], there are sixteen contractual arrangements in line with
the principle of PPP methods, as shown in Table 1.
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Table 1. Contractual arrangements under the principle of PPP methods.

Synonym
Stage

Full Name Private Sponsor Public
Agencies

Impact on
Sustainability Indicators

D B Op L T F M Ow Op Ow En Ec S

DBT Design-build-transfer
‘ ‘ ‘ ‘
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DOT [25]  Design‐operate‐transfer  √    √            √  √ 

BOT  Build‐operate‐transfer    √  √            √  √ 

BOR [1]  Build‐operate‐renewal      √  √            √  √ 

ROT [23]  Refurbish‐operate‐transfer      √        √    √  √ 

DBOM [4]  Design‐build‐operate‐maintain  √  √  √        √    √  √ 

DBFO [4]  Design‐build‐finance‐operate  √  √  √      √      √  √ 

DBO [4]  Design‐build‐operate  √  √  √            √  √ 

BTO [1]  Build‐transfer‐operate    √  √            √  √ 

BOOTT [23]  Build‐own‐operate‐train‐transfer    √  √    √      √  √  √ 

BOOT [24]  Build‐own‐operate‐transfer    √  √          √  √  √ 

BLO [1]  Build‐lease‐own    √  √          √  √   

 
BOOM [23]  Build‐own‐operate‐maintain    √  √        √  √     

ROO [25]  Rehabilitate‐own‐operate      √        √  √     

BOO [1]  Build‐own‐operate    √  √          √     

Note: B—Build; D—Design; Ec—Economic; En—Environmental; F—Finance; L—Lease; M—Maintain; 

Op—Operate; Ow—Own; Pr—Private; Pu—Public; S—Social; T—Train. 
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where IfSV refers to the sustainability index value for a concerned PPP‐type project; Ec, S and En are 

the performance values for economic, social and environmental performance indicators respectively; 

and Wi  (i = 1, 2, and 3) denotes  the weighting values of  the TBL  indicators  (economic, social and 

environmental performance respectively). 

   

BLT [1] Build-lease-transfer
‘ ‘ ‘ ‘

DOT [25] Design-operate-transfer
‘ ‘ ‘ ‘

BOT Build-operate-transfer
‘ ‘ ‘ ‘

BOR [1] Build-operate-renewal
‘ ‘ ‘ ‘

ROT [23] Refurbish-operate-transfer
‘ ‘ ‘ ‘

DBOM [4] Design-build-operate-maintain
‘ ‘ ‘ ‘ ‘ ‘

DBFO [4] Design-build-finance-operate
‘ ‘ ‘ ‘ ‘ ‘

DBO [4] Design-build-operate
‘ ‘ ‘ ‘ ‘

BTO [1] Build-transfer-operate
‘ ‘ ‘ ‘

BOOTT [23] Build-own-operate-train-transfer
‘ ‘ ‘ ‘ ‘ ‘

BOOT [24] Build-own-operate-transfer
‘ ‘ ‘ ‘ ‘

BLO [1] Build-lease-own
‘ ‘ ‘ ‘

BOOM [23] Build-own-operate-maintain
‘ ‘ ‘ ‘

ROO [25] Rehabilitate-own-operate
‘ ‘ ‘

BOO [1] Build-own-operate
‘ ‘ ‘

Note: B—Build; D—Design; Ec—Economic; En—Environmental; F—Finance; L—Lease;
M—Maintain; Op—Operate; Ow—Own; Pr—Private; Pu—Public; S—Social; T—Train.

These approaches can be organized to a list in the order of ascending extent to
which private sectors invest in developing infrastructure projects. Private businesses
are by nature profit-orientated and are keen to invest public facilities provided
they can make profits particularly in short-term. However, public sectors need
to take into account public interests pertaining to non-economic aspects such as
social and environmental interests. It is reasonable to assume that the economic
performance of PPP-type projects will be one of the dominant factors considered
in the decision making for considering project development if the project is fully
invested by private investors. In contrast, the economic performance would not be a
major consideration if a project is wholly invested within public budgets. Therefore,
there exists a proper proportion of project investment between private and public
sectors in order to gain better project sustainability performance which is a balanced
integration among economic, social and environmental performance. In line with
this analogy, the proposed model SPbEM should be enabled to assess the impact
of the investment distribution between the two sectors on economic, social and
environmental performance of the concerned projects.

3.1. The Primary SPbEM Model

The model SPbEM synthesizes the triple–bottom-line (TBL) indicators of
project sustainability performance, namely, economical performance indicator Ec,
social performance indicator S, and environmental performance indicator En. The
contribution of these TBL indicators to project sustainability can be expressed in
Equation (1).

I f SV “ W1Ec `W2S`W3En
3
ř

i“1
Wi “ 1, and 0 ď Wi ď 1

(1)
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where IfSV refers to the sustainability index value for a concerned PPP-type project;
Ec, S and Enare the performance values for economic, social and environmental
performance indicators respectively; and Wi(i = 1, 2, and 3) denotes the weighting values
of the TBL indicators (economic, social and environmental performance respectively).

3.2. Investment Distribution Coefficients (α, β)

As discussed above, the investment distribution between private and public
sectors in developing PPP-type projects has major impact on project sustainability
performance. The investment distribution between the two sectors can be described
by two coefficients, namely, α, denoting for the proportion of public investment;
and β, denoting the proportion of private investment. The two coefficients can be
described in the following model in Equation (2):

α �
Pu

Pu � Pr

β �
Pr

Pu � Pr

(2)

where Pu denotes the investment level (or volume) by public sector; and Pr refers to
the investment level (volume) by private sector.

The relationships between α and β are exhibited graphically in Figure 1. The two
coefficients interacted reversely whilst both the coefficients can assume any value
between 0 and 1.
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Figure 1. Relationships between public and private investment coefficients.

There are infinite number of possible combinations of values between α and β.
Among these combinations, there are three special scenarios:

(1) α = 0 and β = 1, indicating that no financial investment is contributed by
public sector;
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(2) α = 0.5 and β = 0.5, indicating that the project investment is equally contributed
between public and private sectors; and

(3) α = 1 and β = 0, indicating that no financial investment is contributed by
private sector.

These three special scenarios can be described in the following matrix model in
Equation (3):

pα, βq �

�
��

0, 1
0.5, 0.5
1, 0

�
� (3)

3.3. Weighting W1, W2, and W3

For a given PPP-type project, the values of the investment distribution
coefficients α or β will be changed under different contractual terms or arrangements
between private and public sectors. On the other hand, when different types of
PPP-type projects are considered, the investment distribution between the two sectors
will also be changed, namely, the values of α and β will also be changed. Therefore,
α and β change with different types of contractual arrangements and different
types of PPP-type projects. For example, in applying Building-Lease-Transfer (BLT)
type contractual system, private sector will contribute 100% finance investment [1].
In adopting Design-Building-Transfer (DBT) type project, public sector, namely,
government will normally contribute to most part of the investment [9].

The discussion in the previous section suggests that the investment
distribution between the two investment sectors determines the project sustainability
performance. In other words, the change of the investment distribution between the
two sectors will also lead to the changes of project sustainability performance. In this
context, when α and β change with different emphasis placed on economic, social
and environmental aspects, the weighting values for the TBL indicators will change
as well. Consequently, there are certain relationships among α, β and the weighting
values Wi. For example, if 0 ¤ α ¤ 0.5 or 0.5 ¤ β ¤ 1, suggesting that the private
party dominates the project finance investment, economic indicator Ec will be given
a higher weighting value than that to En or S indicators. Likewise, if 0.5 ¤ α ¤ 1 or
0 ¤ β ¤ 0.5, suggesting the dominance of public party over project investment,
En and S indicators should deserve more weights in this case. In line with these
arguments, the relationships between Wi and α(β) can be described in Equation (4).

W1 � f1pα{βq

W1 � f2pα{βq

W1 � f3pα{βq

(4)
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(1) When 0 ď α ď 0.5 (or 0.5 ď β ď 1)

W1 ěW2

W1 ěW3

(2) When 0.5 ď α ď 1 (or 0 ď β ď 0.5)

W1 ďW2

W1 ďW3

3.4. Functional Relationships between α(β) and Wi

The above discussions suggests that α and β determine the weighting values of
W1, W2 and W3. In other words, certain functional relationships exist between α(β)
and Wi. By considering the discussion in the previous sections, the following five
assumptions are adopted to demonstrate the relationships between α(β) and Wi.

(1) When α = 0 (or β = 1), indicating no public investment involved, Ec indicator
shall become the most important factor to be considered in making contractual
arrangements, En has less importance while S has the least importance. In
this circumstance, the reasonable assumptions on the weighting values can be
considered as: W1 = 0.65, W2 = 0.15, and W3 = 0.20 respectively.

(2) When α = 0.25 (or β = 0.75), indicating less investment from public sector and
more from private sector, thus economic aspect still assumes more important
role that of environmental and social aspect. In line with this, reasonable
weighting values are allocated as: W1 = 0.45, W2 = 0.28, and W3 = 0.27.

(3) When α = 0.5 (or β = 0.5), indicating an equal amount of investment from private
and public sectors. In this circumstance, all TBL indicators are considered
equally important, thus the assumption of W1 = 0.34, W2 = 0.33, and W3 = 0.33
is considered reasonable.

(4) When α = 0.75 (or β = 0.25), indicating that public sector contributes more than
that by private sector, the environmental and social dimensions are considered
more important than economic dimension. Nevertheless, as private sector in
this case still makes significant part of investment, economic performance has to
be given reasonable attention. Thus, the assumptions on the weighting values
are W1 = 0.30, W2 = 0.35, and W3 = 0.35.

(5) When α = 1 (or β = 0), indicating no private finance investment involved in this.
The private sector may provide technical service and management skill in the
process of construction and operation of the concerned project. In this case, the
indicators of S and En become significant for consideration in the process of
contract negotiation, and Ec has less importance. Accordingly, the assumptions
on the weighting values between three dimensional indicators are given as
W1 = 0.15, W2 = 0.45, and W3 = 0.40.
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The above five assumptions are summarized in Table 2.

Table 2. Assumptions on the data for Wi and α(β).

α β
Ec

Indicator
S

Indicator
En

Indicator

W1 W2 W3

0 1 0.65 0.15 0.20
0.25 0.75 0.45 0.28 0.27
0.50 0.50 0.34 0.33 0.33
0.75 0.25 0.30 0.35 0.35
1 0 0.15 0.45 0.40

Furthermore, it is assumed that there is a linear relationship between Wi
and α(β):

W “ aα` b

or
W “ aβ` b

These functions are determined by the values of constants a and b, which have
been listed in Table 3.

Table 3. Parameters for the relationship functions between Wi and α(β).

α
W1 W2 W3

a b a b a b

(0,0.25) ´0.80 0.65 0.52 0.15 0.28 0.20
(0.25,0.5) ´0.44 0.56 0.20 0.14 0.24 0.22
(0.5, 0.75) ´0.16 0.42 0.08 0.12 0.08 0.29
(0.75, 1) ´0.60 0.75 0.40 ´0.21 0.20 0.05

β
W1 W2 W3

a b a b a b

(0,0.25) 0.60 0.15 ´0.40 0.45 ´0.20 0.40
(0.25,0.5) 0.16 0.26 ´0.08 0.29 ´0.08 0.37
(0.5, 0.75) 0.44 0.12 ´0.20 0.27 ´0.24 0.43
(0.75, 1) 0.80 ´0.15 ´0.52 0.39 ´0.28 0.66
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By applying the values in Table 3, the following functional relationships are
obtained accordingly:

W1 “

$

’

’

’

&

’

’

’

%

´0.80α` 0.65, p0 ă α ă 0.25q
´0.44α` 0.56, p0.25 ă α ă 0.5q
´0.16α` 0.42, p0.5 ă α ă 0.75q
´0.60α` 0.75, p0.75 ă α ă 1q

or

W1 “

$

’

’

’

&

’

’

’

%

0.60β` 0.15, p0 ă β ă 0.25q
0.16β` 0.26, p0.25 ă β ă 0.5q
0.44β` 0.12, p0.5 ă β ă 0.75q
0.80β´ 0.15, p0.75 ă β ă 1q

W2 “

$

’

’

’

&

’

’

’

%

0.52α` 0.15, p0 ă α ă 0.25q
0.20α` 0.14, p0.25 ă α ă 0.5q
0.08α` 0.12, p0.5 ă α ă 0.75q
0.40α´ 0.21, p0.75 ă α ă 1q

or

W2 “

$

’

’

’

&

’

’

’

%

´0.40β` 0.45, p0 ă β ă 0.25q
´0.08β` 0.29, p0.25 ă β ă 0.5q
´0.20β` 0.27, p0.5 ă β ă 0.75q
´0.52β` 0.39, p0.75 ă β ă 1q

W3 “

$

’

’

’

&

’

’

’

%

0.28α` 0.20, p0 ă α ă 0.25q
0.24α` 0.22, p0.25 ă α ă 0.5q
0.08α` 0.29, p0.5 ă α ă 0.75q
0.20α` 0.05, p0.75 ă α ă 1q

or

W3 “

$

’

’

’

&

’

’

’

%

´0.20β` 0.40, p0 ă β ă 0.25q
´0.08β` 0.37, p0.25 ă β ă 0.5q
´0.24β` 0.43, p0.5 ă β ă 0.75q
´0.28β` 0.66, p0.75 ă β ă 1q

Based on the above relationship functions, the relationships among α(β) and Wi
can be presented graphically in Figure 2.
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3.5. Measuring the TBL Indicators (Ec, S, and En)

The study by Ogwu et al. showed the effectiveness of quantifying the variables
of project sustainability by adopting several methods, including credit-based scoring
system, scaled scoring, comparison with benchmark or other available options,
credit system, and subjective judgments [17]. Scoring method is employed in this
study to measure the contribution of the TBL indicators (Ec, S, and En) for reflecting
sustainability performance of a particular PPP-type project. In scoring the three TBL
indicators, experts are invited to judge the contribution of a concerned project to
each dimensional sustainability indicator on a nine-level Likert scale (9—best, and
1—no contribution). For ensuring the effectiveness of engaging expert participation,
it is suggested that at least 10 experts should be invited to participate in judging the
sustainability performance of a given PPP project [25].

There are many sub-indicators under each of the TBL indicators for measuring
sustainability performance of PPP projects. The significance of individual indicators
varies widely from project to project [17,20,21,26]. The framework proposed by
Gan et al. for appraising sustainability performance of PPP projects in China is
adopted for illustration [26]. The framework is composed of a set of sub-TBL
indicators as shown in Table 4.

As the backgrounds and experience are different among the invited experts in
study, the scores allocated by the experts are considered in probability distributions.
The triangular probability distribution (TPD) is considered effective when small
sample size is used in defining probability distribution [15], which is adopted in
this study. In using TPD, there are three parameters to be defined, namely, the
minimum (Mi), the maximum (Ma) and the mode (Mo). In line with this argument,
the TPDs for defining the score performance for dimensional sustainability indicators
Ec, S and En are shown in Figures 3–5 respectively. In these distributions, parameters

11



Mi and Ma determine the interval of triangle distribution, whilst the parameter Mo

determines whether a distribution is a left (negative) or right (positive) skewed.

Table 4. Effective TBL indicators.

TBL Indicators
Marking Grade

1 2 3 4 5 6 7 8 9

Ec

Economic prosperity and development policy(Ec1) # # # # # # # # #
Complexity of project construction technique (Ec2) # # # # # # # # #
Channel and cost of project financing (Ec3) # # # # # # # # #
Project investment schedule (Ec4) # # # # # # # # #
Project life-cycle cost (Ec5) # # # # # # # # #
Internal return rate(Ec6) # # # # # # # # #

S

Contribution to local socio-economy in terms of
household income and life quality (S1) # # # # # # # # #

Provision of quality services to local economic
activities (S2) # # # # # # # # #

Promotion of public health and sanitation (S3) # # # # # # # # #
Consumption of land and impact on land utility
(S4) # # # # # # # # #

Creation of employment (S5) # # # # # # # # #

En

Impact on geographic condition (En1) # # # # # # # # #
Air pollution (En2) # # # # # # # # #
Water pollution (En3) # # # # # # # # #
Noise pollution (En4) # # # # # # # # #
Environment protection measures (En5) # # # # # # # # #
Energy saving (En6) # # # # # # # # #
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Project investment schedule (Ec4)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Project life‐cycle cost (Ec5)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Internal return rate(Ec6)  ○ ○ ○ ○  ○  ○  ○  ○ ○

S 

Contribution to local socio‐economy in terms of 

household income and life quality (S1) 
○ ○ ○  ○  ○  ○  ○  ○  ○ 

Provision of quality services to local economic activities (S2)  ○ ○ ○ ○  ○  ○  ○  ○ ○

Promotion of public health and sanitation (S3)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Consumption of land and impact on land utility (S4)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Creation of employment (S5)  ○ ○ ○ ○  ○  ○  ○  ○ ○

En 

Impact on geographic condition (En1)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Air pollution (En2)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Water pollution (En3)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Noise pollution (En4)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Environment protection measures (En5)  ○ ○ ○ ○  ○  ○  ○  ○ ○
Energy saving (En6)  ○ ○ ○ ○  ○  ○  ○  ○ ○
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Figure 5. TPD Distribution of expert’s perceived performance score for
environmental parameter.

For further discussion, a general TPD is referred, as shown in Figure 6.
According to the principle of probability density function that the total probability
value is 1, the probability density function in referring to the triangle distribution
Figure 6 can be derived by Equation (5).

f px |Mi , Mo, Maq “

$

’

’

&

’

’

%

2px´Miq

pMa ´MiqpMo ´Miq
pMi ď x ď Moq

2pMa ´ xq
pMa ´MiqpMa ´Moq

pMo ď x ď Mq
(5)
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Figure 6. A general triangle probability distribution.

The generic Equation (5) can be applied to describing the probability density
functions for the triangle probability distributions as shown in Figures 3–5 which
describe the distribution or experts’ perception on the sustainability performance
score for economic, social and environmental dimensions. The sustainability
performance values of Ec, S and En can be calculated by Equation (6).

Ec “
şEcpMaq

EcpMiq
f pxEcqxEc dxEc

S “
şSpMaq

SpMiq
f pxSqxSdxS

En “
şEnpMaq

EnpMiq
f pxEnqxEn dxEn

(6)

By further referring to the sustainability index value for a concerned PPP-type
project, IfSV can be rewritten as Equation (7):

I f SV “ f1pαq
şEcpMaq

EcpMiq
f pxEcqxEc dxEc ` f2pαq

şSpMaq

SpMiq
f pxSqxSdxS ` f3pαq

şEnpMaq

EnpMiq
f pxEnqxEn dxEn (7)

The application of the SPbEM model (Equation (7)) will be illustrated through
a case study in the next section.

4. Case Study

Researchers have identified many types of PPP-type infrastructure projects,
including highways, railways, ports, tunnels, bridges, power plants, hydraulic
structures, mass transit, and municipal facilities [1,26]. A specific PPP project is
selected to demonstrate the applicability of the model SPbEM (in Equation (7)) is an
expressway connecting Anxi County to Xiamen City in China’s Fujian Province. The
expressway is 6.82 kilometers long with six large tunnels crossing many mountains
with the total investment cost of RMB388.5 million (about US$52 million). This
project was procured by adopting PPP mechanism with the concession period of ten
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years. There was an extensive discussions between the two parties on the contract
terms and investment distributions between the public sector and private sector.
The public sector of the project was the Anxi County Government. The private
sponsor was Xiamen Hengxing Industrial Co. Ltd., which paid around 75% of
the total project investment. The main contractor was Changsha Central-South
Construction Engineering Group Corporation of Nuclear Industry. The project
construction commenced in October 2004, finished in December 2009 and would be
transferred to Anxi County Government without any charges upon the end of the
concession period.

By using the data collection framework in Table 4, responses were obtained from
fifteen professionals who were invited to assess the significance of the TBL indicators
in referring to this particular PPP project. The data obtained from the respondents
are used to develop the triangular probability distribution for each TBL indicator.

Take the indicator Ec1 for example, the minimum score is 3 (Mi = 3), the most
likely score is 5 (Mo = 5), and the maximum score is 9 (Ma = 9). By applying these
values to model (5), the probability density function of Ec1 can be obtained by
Equation (8):

f px |mi , mo, maq “

$

’

’

&

’

’

%

2px´ 3q
p9´ 3qp5´ 3q

3 ď x ď 5

2p9´ xq
p9´ 3qp5´ 3q

5 ď x ď 9
(8)

This function can be expressed graphically in Figure 7.Sustainability 2016, 8, 289  12 of 16 
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Thus, the overall performance grade of the indicator Ec1 can be calculated by
using Equation (9):

EpEc1q “

ż 5

3

1
6
px´ 3qxdx`

ż 9

5

1
12
p9´ xqxdx “ 8.67 (9)

Similar to the analysis for the indicator Ec1, the functions for all other TBL
indicators listed in Table 4 can be derived, and the performance values of all the
indicators are derived and presented in Table 5.

Table 5. The performance values of the TBL indicators for the example project.

TBL
Indicators

Performance
Grade

TBL
Indicators

Performance
Grade

TBL
Indicators

Performance
Grade

Ec1 8.67 S1 5.3 En1 8.86
Ec2 6.43 S2 8.21 En2 7.59
Ec3 8 S3 5.89 En3 6.28
Ec4 6.72 S4 6.63 En4 6.86
Ec5 5.5 S5 6.25 En5 6.96
Ec6 5.45 En6 6.47

By using the data in Table 5, the performance values of the three dimensional
parameters in this case study project, namely, Ec, S and En, can be calculated by using
Equation (10).

EpEcq “
6
ř

i
Eci{6 “ 6.80

EpSq “
5
ř

j
Sj{5 “ 6.46

EpEnq “
6
ř

k
Enk{6 “ 7.17

(10)

As regards weighting values between the three sustainability dimensions, the
project information provided shows that the private investment in the case study
project accounts for about 75% of the total project investment, namely, α = 0.25
and β = 0.75. According to this, the weighting values for the three dimensional
parameters can be established by referring to the assumptions in Table 2, namely,

W1 “ 0.45, W2 “ 0.28, and W3 “ 0.27 (11)
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By applying the data in Equations (10) and (11) to the Equation (1), the total
contribution of TBL indicators to the sustainability performance of the case study
project can be calculated as follows:

IfSV “ 0.45ˆ 6.80 ` 0.28ˆ 6.46 ` 0.27ˆ 7.17 “ 6.80 (12)

This value of 6.80 demonstrates a positive project sustainability performance
of this project, indicating that the 75% contribution from private sector to this PPP
project can provide positive contribution to the project sustainability performance.

5. Findings and Discussions

Results of the case study in the above section demonstrate that the level of
sustainability performance for a PPP-type project is affected by the investment
distributions between public and private sectors, and this performance can be
assessed if the investment distributions are defined. This shows the possibility
of achieving an expected level of project sustainability performance (IfSV) by
adjusting investment distributions, denoted by the coefficients α and β In other
words, sensitivity analysis can be conducted to find out the optimal level of
investment distribution between the two sectors in a PPP project towards better
level of sustainability. For example, by referring to the case study discussed in the
previous section, when the coefficient α assumes the value 0, 0.25, 0.5, 0.75 and 1
respectively, the sensitivity analysis results on the value of IfSV for this case study
PPP project will be obtained, as shown in Table 6.

Table 6. Sensitivity analysis results on IfSV values for the case study project.

α IfSV

0 6.783
0.25 6.801
0.5 6.807
0.75 6.808

1 6.792

In further analysis, a curve line can be drawn based on the data in Table 6,
as shown in Figure 8. The curve line indicates the relationship between IfSV and
the coefficient α. The curve shows that an investment wholly contributed either
by private or public sector cannot lead to better project sustainability performance.
There is a point where the investment distributions between public and private
sectors can contribute to the best level of project sustainability performance. In
other words, better sustainability performance can be obtained by arranging proper
investment distributions between the two sectors in a PPP-type project. In the
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current practice, the determination of the investment distribution in a PPP-type
scheme is a complicated decision process, affected by various factors including
economic performance of the given project, private sector’s expected return on project
investment, and the concession period [23,27]. The application of the proposed model
SPbEM to the case study suggests that the effective investment distributions between
the public and private sectors should be arranged in the way that public sector
contributes around 25% investment (α = 0.25), and private sector shares around 75%
investment (β = 0.75). This distribution arrangement can contribute to reasonable
level of sustainability performance in implementing this project. Nevertheless, such
investment arrangement does not contribute to the best level sustainability, as can be
observed in Figure 8.Sustainability 2016, 8, 289  14 of 16 
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Figure 8. Relationship between investment distribution coefficient α and IfSV.

The relationship between the investment distributions and project sustainability
performance, exampled by the case study in Figure 8, provides a valuable mechanism
for determining investment distributions in a PPP-type project towards better
project sustainability performance. Taking the concerned case as an example, the
distribution involving about 60% public investment will lead to the best level of
project sustainability performance.

6. Conclusions

The performance of PPP-type infrastructure projects should be appraised in line
with the sustainable development principles considering the significant impacts of
infrastructure projects to economic, social and environment aspects. In other words,
the appraisal should consider project performance from the perspective of project
sustainability, which is measured by economic, social and environmental indicators.
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The key in implementing a PPP-type project is the investment distribution between
public and private sectors. This study showed that there is a major impact of the
investment distribution on the project sustainability performance, and this impact
can be assessed. A sustainability performance-based evaluation model (SPbEM)
is therefore developed to facilitate this impact assessment. The model developed
in this study can present the relationship between the investment distribution and
the project sustainability performance, from which an optimal level of investment
distribution between two PPP sectors can be identified for contributing best level of
project sustainability. In addition, this has been demonstrated effectively from the
case study in this paper.

The findings from this study not only promotes the application of PPP approach
in the area of infrastructure development, but also provide an effective method for
supporting decision making on the choice for a proper alpha (α), namely, a proper
level of investment distribution between public and private sectors. The value α can
be determined when a certain level of project sustainability performance is defined.
The understanding on this mechanism can help public and private sectors find a
better contractual arrangement to work towards better sustainability performance
during the process of implementing PPP-type projects.

By seeking for collaboration with governmental and industry sectors, it is
planned for future study in this research team to utilize the developed model SPbEM
for different types of prospective infrastructure projects based on IfSV values.
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approved the final manuscript.
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Relationship between Quarry Activity and
Municipal Spatial Planning: A Possible
Mediation for the Case of Sardinia, Italy
Ginevra Balletto, Giovanni Mei and Chiara Garau

Abstract: Despite its economic importance, quarrying activity for the production of
natural aggregates (sand, gravel, and crushed stone) can result in overexploitation
of the natural environment. This paper investigates the current state of natural and
recycled aggregates in Sardinia Italy and how to limit the production of natural
aggregates (NA) and increase the use of recycled aggregates (RA). The municipalities
of Cagliari, Sant’Antioco and Tortolì of Sardinia, Italy, were chosen as case studies
because they fall within a particular territorial context. Owing to its geographic
condition, the island of Sardinia must produce its own raw materials. The results of
this research show how the combined use of NA and RA can help meet local and
regional demand for aggregates. This proposal is derived from a needs assessment
of NA based on urban masterplans for each municipality. Possible strategies for
limiting the consumption of NA, as well as the use of RA, are also described.

Reprinted from Sustainability. Cite as: Balletto, G.; Mei, G.; Garau, C. Relationship
between Quarry Activity and Municipal Spatial Planning: A Possible Mediation for
the Case of Sardinia, Italy. Sustainability 2015, 7, 16148–16163.

1. Introduction

Designing with industrial and recyclable materials leads to more sustainable
buildings. Most certificates for green building recommend such practices; two of the
best-known certification systems are the US Green Building Council’s Leadership in
Energy and Environmental Design (LEED) rating system and the Green Globes Green
Building Initiative. The introduction of these systems encourages the incorporation
of many environmentally friendly programs in urban masterplans (UMPs). With this
work, we intend to introduce a methodology processes of transition that addresses
both certification systems.

Natural resources, which are inherently non-renewable, have been overexploited
for centuries. Mining and quarrying are industrial activities that can cause irreversible
changes to the earth’s surface, leading to the degradation of the environment [1–3].
Improper management of these activities, particularly in the industrial processing
and waste management stages, can result in dangerous consequences for the
environment. Despite its economic importance, quarrying activity for the production
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of natural aggregates (NA) (sand, gravel and crushed stone) is a significant source of
environmental degradation.

Aggregates are used primarily in the construction sector, both without being
laboriously processed (road or railway ballast), and in the production of other
high-quality materials such as concrete, asphalt or pre-cast products. The European
Union produces approximately two billion cubic meters of aggregates per year
in order to meet the demand for this material [4]. Since 2007, the per capita
production of construction aggregates in Europe increased from approximately
6 tons/inhabitant [5]. One possible solution to the environmental costs of aggregate
production is to satisfy a part of the demand for construction aggregates with
construction and demolition waste (CDW), as determined by Directive 2008/98/EC
of the European Union (19 November 2008) and international research [6–8].

Recycled aggregates (RA) can be produced from CDW and reused in the
construction sector. This practice tends to be common in those countries where
high residential density and a shortage of raw materials reduce the opportunity for
new quarry sites. European regulation also strongly recommends using RA to meet
natural resource demand [8,9]. This regulation states that members states should
reach a waste recovery rate of 70% by weight by 2020. Since the regulation was
established, the recycling of aggregates increased in some European countries. In
fact, some States, including Denmark, the Netherlands, and Germany, have been
able to recycle more than 70% of their CDW since the mid-nineties [8]. Germany, for
example, had a recycling rate of 89.2% in 2007 [10], and Denmark recently adopted
a landfill tax to further encourage the recycling of CDW. However, in some other
countries, such as Italy, this practice is still so little diffused that it is very difficult to
determine the amount of RA obtained from the recycling of CDW. Furthermore, the
use of RA in concrete is virtually non-existent.

This paper analyses the use of CDW as RA in the Sardinia region, where CDW
amounted to approximately 1,127,644 tons in 2008 [11]. The Sardinia region must
supply the demand for aggregates with the extraction of its own raw materials
because of its particular insular geographic condition. Therefore, the Sardinia region
can be considered a “closed system” in regard to the supply of NA and RA.

This work is a part of an extensive research project on the recovery of inert
waste [12], in which the use of recycled aggregates is integrated into the urban
masterplans (UMPs) [13], inspired by international literature, in particular a new
approach to waste management demolition in China [14]. In addition, this paper
attempts to innovate the urban masterplan (UMP) [13] to create more sustainable
development strategies that utilize the measurement and evaluation of the use of RA.

This study aims to investigate the production and recycling of natural aggregates
(NA) using the UMPs [13] of three different urban areas in Sardinia, Italy (Cagliari,
Sant’Antioco and Tortolì) as a tool for evaluating demand. These three case
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studies were chosen because they represent the three major urban typologies of
Sardinia. Cagliari is the regional capital of Sardinia and has the densest urban
configuration. Tortolì and Sant’Antioco are two different costal municipalities with
widespread urban configurations. The authors compared the results of this study
with similar municipalities in other countries, but found difficulty comparing data,
usingthe diversity evaluation method [15–18]. The proposed methodology provides
valuable insights, useful at the local, national, and international levels. In fact,
this methodology identifies a correlation between the materials demand and urban
planning processes on an international level, through the main planning tool of urban
government, the UMP [13]. This relationship is especially important in urban contexts
with population and economic growth because optimizes the flow of materials in a
sustainable environmental lens.

This paper is divided into two parts. In the first part, the CDW streams that can
be reused in Sardinia are estimated through a census of recycling facilities in Sardinia
and compared by interpreting the demand for aggregates from each municipality’s
UMP [13]. In the second, the authors focus on the definition of the amount of natural
aggregates (NA)that can be used in combination with RA to meet the municipal
demand for aggregates. This ratio is also derived from each UMP. In all three
case studies, the UMP is valid for 10 years. The paper concludes by analysing the
study’s findings.

2. Estimation and Comparison of Natural and Recycled Aggregates in
Sardinia, Italy

According to the Regional Waste Management Plan (Piano Regionale Gestione
Rifiuti (PRGR)), Sardinia has a per capita CDW production rate of approximately
670 kg/inhabitant/year. This production rate is significantly lower than the national
average of approximately 900 kg/inhabitant/year [19]. The region of Sardinia
has proven to be sensitive to the problem of proper management of the materials
produced in CDW by adopting the PRGR. However, this policy still does not cover
the recycling of materials. Despite lacking means for the import and export of CDW
in Sardinia, the use of certified RA for the construction of public and private works, is
possible. The Regional Plan of Extractive Activities (Piano Regionale Attività Estrattive
(PRAE)) [20] does not identify any initiative aimed at limiting the extraction of
NA. Although these plans are closely related, there are no initiatives with a unified
and sustainable vision for the territory. As such, the authors intend to outline a
proposal for orienting initiatives towards the concept: less quarrying, less landfill. In
particular, this proposal optimizes the flow of materials derived from construction
activities (RA) to their use as a substitute for NA.
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2.1. Natural Aggregates and Recycled Aggregates in the Construction Sector. A Comparison
between Italy and Other European States

Inert materials [21] are of primary importance for the construction industry. In
industrialized countries, inert materials represent 10% of the gross national product
(prodotto interno lordo [PIL]). The analysis conducted at the European level reveals
that the average quantity of extracted aggregates amounted to 2.95 billion tons/year,
which corresponds to approximately 7.9 tons/year per capita [22].

In Italy, 62.2% of mining is inert. Gravel, sand, and limestone for cement make up
27% of the industry. This confirms the close and long-established correlation between
mining and construction activity, which from the second post-war characterized the
building of the historic Italian city [23].

There was a substantial decline in aggregate production from 142 million cubic
meters in 2009, to 89 million cubic meters in 2010, and to approximately 80 million
cubic meters in 2012. This decline is likely linked to the economic crisis in the housing
market, which has affected Italy in particular. Nevertheless, Italy remains the third
largest European producer of aggregates, after Germany and France [24].

In addition, the construction industry and urban architecture are based, as in
all national and international cities, on the principle of availability of construction
materials: aggregates, ornamental rocks and concrete [25]. In Italy, these materials
are strictly inert, ornamental rocks and cement.

In 2012, Italy has held the record for the greatest cement consumption per capita,
at 4322 kg against the EU average of 314 kg [26].

Although the economic crisis drastically reduced production and consumption
(Table 1), demand remained high. In fact, all urban renovation projects generate a
strong demand for materials and provide the opportunity to utilize recycled materials
in the building process [27]. The “extraordinary maintenance” sector plunged in
2011 (Table 1) due to crisis in the international real estate market, then grew to an
estimated +21% in 2015. The “extraordinary maintenance” sector is the only sector
with a positive trend compared to others in Table 1. In addition, Table 1 shows how
the construction sector in Italy is particularly oriented to urban renewal through
“extraordinary maintenance” (recovery of existing buildings), which overshadows
all other types of building intervention.

Meanwhile the European Commission [9] required the recovery of inert
materials from CDW to reach 70% by 2020. Governments could take the following
initiatives concerning the reuse of products and preparing for reuse of waste to
uphold this directive (Legislative Decree of 3 December 2010, n. 205, article 6):

(i) Use of economic instruments;
(ii) Logistical measures, such as the establishment and support of accredited

centres and networks of repair/reuse; or
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(iii) Adoption of the framework of procedures for granting public contracts.

Table 1. Investments in the construction sector [26,28].

2014
Millions (€)

% Variations in Quantity

2008 2009 2010 2011 2012 2013 2014 2015 2008–2014 2008–2015

Buildings 135,332 ´2.4 ´8.6 ´4.7 ´4.2 ´7.6 ´6.9 ´3.5 ´2.4 ´32.0 ´33.6

Houses 66,482 ´0.4 ´8.1 ´0.1 ´2.9 ´6.4 ´5.7 ´2.4 ´1.3 ´28.7 ´29.7

‚ New 20,565 ´3.7 ´18.7 ´6.1 ´7.5 ´17.0 ´19.0 ´10.2 ´8.8 ´62.3 ´65.6

‚

Extraordinary
Maintenance

45,917 3.5 3.1 4.8 0.6 0.8 2.9 1.5 2.0 18.5 20.9

Non-Residential 68,850 ´4.4 ´9.1 ´9.4 ´5.7 ´9.1 ´8.0 ´4.6 ´3.5 ´35.0 ´37.2

‚ Private 43,357 ´2.2 ´10.7 ´6.9 ´2.1 ´8.0 ´7.2 ´4.3 ´3.0 ´23.6 ´25.9

‚ Public 25,493 ´7.2 ´7.0 ´12.6 ´10.5 ´10.6 ´9.3 ´5.1 ´4.3 ´48.1 ´50.3

Some member states are close to, or have already met, the minimum target
for the recovery of waste from construction and demolition imposed by the CE
directive [9]. For Italy, however, this is a particularly ambitious target. The trend in
Italy is to consider the business of mining and digging easier and more profitable
than the business of recovery and reuse.

Lacking a unified building code under the Law of 11 November 2014, n. 164
(also called Unlock Italy—simplification of planning rules), the authors note that
many municipalities have introduced specific measures for the use of CDW through
zoning laws. Although scattered and uncoordinated, the initiatives suggested by the
CE directive listed above assist in the reduction of land consumption [29]. In fact,
use of recycled aggregates can reduce the amount of land occupied by levy mining
and landfills.

In this sense, evaluating the annual demand forNA and RA, asreported to
the civil and public construction sector in reference to the UMP, is the first step to
identifying possible strategies for an environmental compromise.

2.2. CDW Management in Sardinia, Italy

The tool used to analyse CDW management in Sardinia is the Regional Special
Waste Plan (il Piano Regionale dei Rifiuti Speciali (PRRS)), approved on 21 December
2012 [30]. Thisannual report considers allwaste produced, processed, transported
or sent for disposal in the region. According to these data, CDW production
amounted to a total of 658,676,965 kg, which accounts for 9% of the total regional
production of hazardous waste, and corresponds to 670 kg per capita. It should
be noted, however, that this production is considered only part of CDW; this is
just the amount that is declared by treatment plants. The production of CDW in
Sardinia (approximately 670 kg/individual/year) appears to be under-valuedas
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compared to the national average (approximately900 kg/inhabitant/year), and by
comparison with the data obtained from the Model of the Environmental Declaration
(Modello Unico di Dichiarazione Ambientale (MUD) [31]) for other territories in the
national context.

Table 2 shows that most of this type of waste in Sardinia is subject to recovery
(295,092,875 kg, approximately 53% of the total) and the remaining share, 258,736,682
kg, is destined for disposal.

Table 2. CDW production in Sardinia.

Description Production

Waste mixed construction and demolition waste 352,314,211 kg
Mixture of concrete, bricks, tiles and ceramics 120,371,652 kg

iron and steel 120,371,652 kg
cement 79,337,576 kg

bituminous mixtures 35,051,773 kg

The Regional Special Waste Plan (PRRS) does not include items of import/export
for CDW in Sardinia. This plan sets objectives forthe recovery and disposal of this
waste as indicated in Table 2. In 2008, material recovery was 53%, 12 percentage
points below the 2015 objective goal of 65% (Table 3). The rate of landfilling is still too
high to be overlooked. In addition, Table 3 indicates that the percentage of recycling
should be distributed, according to the objectives for 2015 and 2020.

Based on Table 3, the authors decided to focus on how to increase the current
recovery rates in Sardinia, for material recovery in particular. The authors quantified
the demand for aggregate from the UMP, to evaluate the possibility of replacing
the use of NA with RA from CDW. However, before doing so, it was necessary to
understand Sardinia’s situation.

Table 3. Recovery rate for CDW in Sardinia (2008), and Objectives for 2015
and 2020 [32].

Current Recovery Rate in Sardinia 2015 Objective 2020 Objective

Material recovery 53.00% 65.00% 70.00%
Energy recovery 0.10% 0.00% 0.00%

Treatment 46.70% 35.00% 30.00%
Disposal 46.00% 0.00% 0.00%

Total 100.00% 100.00%

3. Strategies to Reduce Quarrying Activity in Sardinia

The sustainable cycle of development represents an important part of green
building materials, in fact establishes a beneficial reutilization of waste resources. In
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this context, reducing not only mining activity but also its impact on the landscape
is urgent. Data from other European countries demonstrate that it is possible to
reduce the amount of material extracted through a policy of reuse of waste from the
construction industry. This is, currently, the only possible way to give a future to
many areas that may otherwise be condemned to increasingly degraded identities
and landscape quality. The countries leading in using RA (United Kingdomand
Denmark) demonstratethat it is possible to promote innovative new jobs associated
with the mining industry, including green jobs in the recovery of aggregates, that
further contributes to the protection of the landscape [24].

The following actions are required in order to reduce quarry activity in Sardinia:

(i) Define a maximum threshold of demand.
(ii) Return to legalizing the transfer of inert materials.

(iii) Introduce concession fee for levy mining of aggregates, which is widespread
in Sardinia and the main source of aggregates production.

The authors note that the first two points are subject to extensive research and
the introduction of a monetary counterpart is completely absent in some Italian
regions (Basilicata, Liguria and Sardinia). In this regard, it is important to show the
situation in Italy by regions (Table 4).

Table 4. Revenues of royalties and profits from the sale of sand and gravel in
Italy [33].

Regions Geographical
Distributions

The Annual
Revenue from the

Royalties (in Euros)

Annual Business Volume
from Mining Activities

with Sales Prices (in Euros)

Revenues of Royalties
Compared to the Selling

Price for Sand and Gravel (%)

Piedmont 5,384,980 137,371,962 3.9
Aosta Valley 62,400 2,600,000 2.3
Lombardy 9,728,796 173,728,500 5.6

Trentino-Alto Adige no data 10,875,000 -
Bolzano-Bozen 471,350 11,783,750 3.9

Veneto 3,786,891 76,348,625 4.9
Friuli Venezia Giulia 420,338 9,553,137 4.4

Liguria 0 0 -
Emilia-Romagna 3,593,716 78,809,562 4.5

Tuscany 1,434,554 37,358,187 3.8
Umbria 229,867 7,662,250 2.9
Marche 811,718 14,290,812 5.6
Lazio 4,494,150 187,256,250 2.4

Abruzzo 2,119,326 20,069,375 10.5
Molise 414,886 5,186,075 7.9

Campania 118,950 1,486,875 7.9
Puglia 827,410 129,282,887 0.7

Basilicata 0 10,051,250 0
Calabria 420,000 14,975,000 2.9

Sicily 208,337 10,416,875 2.1
Sardinia 0 59,625,000 0
ITALY 34,527,669 998,731,372
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Table 4 shows the different weights that individual regions attributed to
royalties, which indicates a lack of unified national vision for aspects of mining,
environmental protection and trade.

In the international scenario, similar conditions occur. However, the cases of
Denmark and the United Kingdom are interesting [24]. Denmark has been struggling
with how to reduce quarry extraction and promote the recovery of waste from
construction and demolition for over 20 years, while the United Kingdom presents
uniform royalties in single regions that are 5–6 times higher than the Italian average.

The fragmented Italian approach distorts the market for aggregates, encouraging
higher production and sales in territories not subject to (or subject to modest) royalties.
This will inevitably lead to the enlargement of the rays of action between places of
origin and destination.

4. Evaluation of the Demand for Natural and Recycled Aggregates Resulting
from Implementation of the Urban Masterplan

Green buildings represent a great market opportunity and, in this sense, that
the assessment of the aggregate resulting from the UMP should contribute. In fact,
the demand for aggregates in Cagliari, Sant’Antioco and Tortolì was derived from
forecasts in the UMP for each municipality by (i) quantitative and qualitative analysis
of the CDW flow in the Sardinian Region; and (ii) the amount of RA that may be
used to meet the demand.

More specifically, the authors proceeded by following these steps:

‚ analyze flow of the Regional Special Waste Plan of Sardinia (il Piano Regionale
dei Rifiuti Speciali (PRRS)) of 2012;

‚ census Sardinian inert material treatment facilities;
‚ interview operators and catalogue plants;
‚ sample the CDW physical and chemical analysis system periodically [34];
‚ derive the aggregate demand from forecasts in UMP; and
‚ compare quantities produced and estimated demand, derived from the

UMP tool.

4.1. Assessment of the Demand for Inert Materials in Cagliari, Sant’Antioco and Tortolì

In order to meet the demand for aggregates in a local context, a crucial step is to
know the amount of material consumed in the territory of interestduring a specified
period. Mining plans use this information to estimate the demand for aggregates
of a territory. Recently, these plans play a major role inmeeting demand for natural
materials by using aggregates in the construction industry. The primary purpose
of these plans is to understand the demand for aggregates and facilitate the use of
recycled material from CDW in place of NA.
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The demand for aggregates within a territory is destined primarily to private
construction and public works, since the construction sector is the primary field of
application for aggregates. Badino et al. [35] identified a number of approaches for
assessing the demand for aggregates, which include using local planning tools (UMP),
the method that was adopted in this paper . This method is based on the estimation
of the possible consumption of minerals. In each case study (Cagliari, Sant’Antioco
and Tortolì, Figure 1), the hypothesis that land consumption is equivalent to the
demand for aggregates, appears to be supported. In fact, Sardinia can only count on
its own resources due to the low market value of aggregates and to the high costs
of transport to and from the island. Therefore, the market of inert materials is fully
represented at the local level in insular regions and, consequently, land consumption
appears to be closely linked to the UMP forecast.Sustainability 2015, 7, page–page 
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Figure 1. The Municipalities of Cagliari, Sant’Antioco and Tortolì. 
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• Tourism zone (“F” zone) 

The achievable volumes were calculated for every homogeneous zone (A, B, C and F zones)  
for each municipality by adding the existing volume to the maximum realized volume (Table 5). 
Subsequently, the coefficients of use were applied according to Italian and Regional law These 
coefficients define the relationship betweenhomogeneous areas and the percentage of aggregates 
required by the corresponding building sector. In this way, the authors deduced the amount of materials 
required for the execution of works envisaged by the UPM [38]. The estimated demand for aggregates 
(deduced from the indices of use) for the municipalities of Cagliari, Sant’Antioco, and Tortolì are 
outlined in Table 5. In particular, Table 5 shows for each homogeneous area of each municipality 
under studied the urban planning volumes, established by the legislation of the UMP, from which 
we can deduct the amount of aggregates required to realize them (for instance, new construction and 
maintenance of construction (construction of buildings, public works, private works, etc.) and road 
infrastructure), The authors determined the results presented in Table 5 using conversion coefficients 
calibrated to the final function of the building. Because these coefficients are numerous and have a 
complex application, the table shows only the results in the last two columns [39–41]. 

Figure 1. The Municipalities of Cagliari, Sant’Antioco and Tortolì.

In Italy, the UMP usually applies to a period of 10 years, which is also the period
used to assess demand for aggregates [36]. According to the adopted methodology,
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the demand for aggregates is derived from expected aggregate volumes. In
accordance with the regional legislation and to Zoppi et al. [37] the zoning rules
of cities’ masterplans categorize urban areas (expressed in square meters) using the
following abbreviationsin parentheses:

‚ Historic centre zone (“A” zone);
‚ Residential completion zone (“B” zone);
‚ Residential expansion zone (“C” zone); and
‚ Tourism zone (“F” zone)

The achievable volumes were calculated for every homogeneous zone (A, B, C
and F zones) for each municipality by adding the existing volume to the maximum
realized volume (Table 5). Subsequently, the coefficients of use were applied
according to Italian and Regional law These coefficients define the relationship
betweenhomogeneous areas and the percentage of aggregates required by the
corresponding building sector. In this way, the authors deduced the amount
of materials required for the execution of works envisaged by the UMP [38].
The estimated demand for aggregates (deduced from the indices of use) for the
municipalities of Cagliari, Sant’Antioco, and Tortolì are outlined in Table 5. In
particular, Table 5 shows for each homogeneous area of each municipality under
studied the urban planning volumes, established by the legislation of the UMP, from
which we can deduct the amount of aggregates required to realize them (for instance,
new construction and maintenance of construction (construction of buildings, public
works, private works, etc.) and road infrastructure), The authors determined the
results presented in Table 5 using conversion coefficients calibrated to the final
function of the building. Because these coefficients are numerous and have a complex
application, the table shows only the results in the last two columns [39–41].
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In order to focus on the residential completion (“C” zone) and tourism areas
(“F” zone), the authors did not consider the enterprise and industrial areas (“D” zone)
and recreational and service areas (“G” zone). In this way, we could compare
C and F zones with the remaining residential areas that have a predominantly
historic fabric (A and B zones). This analysis allowed us to understand how to
contain both the consumption and demand for soil resulting from expansion in these
zones. The authors identified that the highest territorial indices (TI) [42] correspond
to A and B zones, while the remaining zones (C and F) correspond lower values
(Table 6). The values in Table 6 were obtained by total area and maximum achievable
volume (extracted from the values declared by each UMP). An average value of
TI is thus obtained for each homogeneous zone. This average value can express
compactness or spread of the urban configuration of each homogeneous zone in the
three municipalities studied.

Table 6. TI Distribution for A, B, C and F zones in Cagliari, Sant’Antioco and Tortolì,
based on UMP forecasts (Source: data from UMPs under study).

Cagliari

Homogeneous
Zone (TA) Total Area Vmax_R TI =Vmax_R/TA

(Cubic m/sqm)

A zone 1,237,007 5,522,043 4.46
B zone 5,567,059 28,317,489 5.09
C zone 2,846,603 3,116,655 1.09
F zone 0 0 0.00
Total 9,650,669 36,956,187

Sant’Antico

Homogeneous
Zone (TA) Total Area Vmax_R TI =Vmax_R/TA

(Cubic m/sqm)

A zone 41,501 135,500 3.26
B zone 1,049,823 2,544,259 2.42
C zone 1,292,324 884,862 0.68
F zone 6,459,541 985,080 0.15

TOTAL 8,843,189 4,549,701

Tortolì

Homogeneous
Zone (TA) Total Area Vmax_R TI =Vmax_R/TA

(Cubic m/sqm)

A zone 131,262 548,737 4.18
B zone 541,352 1,410,815 2.61
C zone 24,446,262 2,119,832 0.09
F zone 1,999,102 629,484 0.31

TOTAL 27,117,978 4,708,868

High values of TI correspond to an urban form more compact than those
associated with low TI values, which correspond to a dispersed configuration. The
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building and urban density, which is a measure of building volume per square
meter of territorial surface (TS), is determined by the manufacturability of territorial
indices (TIs). Land use decisions with compact, dense configurations have greater
environmental sustainability in terms of the energy use reduction [43] and building
material selection [39]. However, these choices are strongly influenced by national
and regional legislation [44] that can affect decisions made by the designer and
the planner.

4.2. Valuation Assumptions for the Maximum Limit of the Demand for Aggregates

The above analysis shows that the only way to limit levy mining aggregates is
through an urban design that favours compact configurations over dispersed. This is
because it is not possible to encourage the use of CDW when the distance between
production centres and product destinations exceeds (30 km [45]).

Aligning local planning (UMP) forecasts for the reuse of materials with the
targets that the region of Sardinia has established for itself in the period 2015–2020
(Table 3) is not possible. The primary obstacle lies in the distance between the places
of production and those of potential destination. Therefore, rather than acting only on
reuse it is important also to consider limiting the average requirement per capita per
year, making an appropriate reduction of 35%, in line with the guidelines restricting
land consumption [46].

To allow for reduction in per capita demand on the implementation of the UMP,
the authors argue that a specific parameter associated with the UMP should be
introduced. This specific parameter expresses the maximum demand for aggregates,
that, for simplicity, we will call “Da-max (UMP)”.

A generic municipality (n) with a UMP has a demand for aggregates, Da-n
(UMP), that can have the following conditions:

(1) Da-n (UMP) > Da-max (UMP), implies environmental incompatibility
(2) Da-n (UMP) = Da-max (UMP), implies environmental neutrality
(3) Da-n (UMP) < Da-max (UMP), implies environmental compatibility

The best place for discussion about the definition of the parameter “Da-max
(UMP)” is within the Strategic Environmental Assessment (SEA), which delegates
the definition of policies for environmental sustainability. Pursuant to Legislative
Decree no. 152/2006 (Art. 6 and subsequent amendments), all plans that can have
significant impacts on the environment, including UMPs and mining activities must
perform a SEA.

The SEA is a process that accompanies the development and adoption of
the UMP in order to ensure the integration of environmental aspects. The SEA
requires that from the earliest stages of UMP development both local and regional
environmental externalities must be accounted for.
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Three possible scenarios are formulated in the UMPs for Sant’Antioco and
Tortolì. Cagliari constitutes a special case because it lacks C zones.

All scenarios include a compact configuration of A and B zones for which
no reduction is made in relation to the potential levy. Configurations in the
remaining zones were considered based on the reduction of the potential levy. A brief
description of the three proposed scenarios is shown below.

1 Scenario 1: Widespread urban form for the residential C zones, and compact
urban form for the tourism F zone.

2 Scenario 2: Equivalent urban form between C and F zones.
3 Scenario 3: Compact urban form for C zones and widespread urban form

for F zones.

These scenarios represent the unique assets of urban form that are possible in
the drafting process of a UMP.

This proposal builds on limiting the use of natural materials.
The additional contribution that the authors intend to introduce is a portion of

RA use in the implementation of the UMP. The inter-ministerial decree D.M. 203/2003
states that public offices and companies with a majority public capital should cover
the annual demand of manufactured goods, and goods with a portion of products
made from recycled material in not less than 30% of the same demand.

In regards to the construction industry, the procedures for implementing
these prescriptions are contained in the Circular of the Italian Ministry of the
Environment No. 5205 of 15/07/2005 [47]. This Circular defines the technical and
performance criteria that recycled materials should possess, including the frequencies
of control.Furthermore, the annexes of Circular specify the values of the technical
and environmental characteristics of the products, with respect to its destination.

In this sense, the Green Public Procurement (GPP), as defined by the Action
Plan for the environmental sustainability of consumption in the field of public
administration (Decree of 10 April 2013), plays an important role. The GPP is
defined by the European Commission as “[ . . . ] the approach by which Public
Bodies integrate environmental criteria into all stages of their procurement process,
thus encouraging the spread of environmental technologies and the development of
environmentally sound products, by seeking and choosing outcomes and solutions
that have the least possible impact on the environment throughout their whole
life-cycle” [48].

New construction and maintenance viability can be an important test case for
two reasons. First, because these are works for which the literature and recycling
technologies are widely used and second because these are works for which it is
easier to overcome cultural mistrust.
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The imposition in the reuse of RA in UMPs through the GPP, referring to
transport structures with a margin of 30% compared to the demand, is an important
test case for the pursuit of environmental sustainability for public administrations.

Specifically the three case studies as described in Table 7 would occur.

Table 7. Optimizing the use of recycled aggregates.

Aggregates for New Construction and
Maintenance (Cubic Meters)—NA

30% of RA
(Cubic Meters)

Total Demand
of NA

Homogeneous Zone Viability Viability Viability

Cagliari 938,898 1,363,311 40,893 95,418
Sant’antioco 265,101 319,118 95,735 223,383

Tortolì 214,047 542,976 162,893 380,083
Total 299,522 698,884

In other words, a saving of NA equal to about 300,000 cubic meters—that would
be replaced by RA, not necessarily coming from a local basin—could be experienced,
thereby breaking the insularity that has always characterized aggregates.

5. Conclusions

Resource conservation is a national effort to conserve energy and other resources
and reduce greenhouse gas emissions by managing materials more efficiently.
Industrial materials recycling (IMR) helps accomplish these goals by conserving
natural resources and decreasing energy use and greenhouse gas emissions. The
authors estimated and evaluated the demand for natural and recycled aggregates,
and focused on the correlation between implementation of the UMP and its demand
for building materials, which is little discussed in the literature.

This document reviewed the current literature on the relationship between the
aggregate materials demand and urban planning, in order to analyse the Italian
situation and, in particular, the Sardinian Region condition, which is a special case
due to its insularity. In this regard, this paper shows how the assessment of demand
for aggregates, linked to the implementation of the UMP, can provide insight into the
definition of the urban form and planning process. In fact, the urban case studies of
Cagliari, Sant’Antioco and Tortolì, which are representative of the remaining urban
areas in Sardinia, confirmed that the historic areas (A zone) require lower quantities
of aggregates, compared to the surroundings residential expansion (C zone) and
tourism (F zone). The case study of Cagliari is emblematic of demand in the A zone,
equal to about 5522 thousand cubic meters, compared to 31 million cubic meters for
the remaining B and C zones.

The authors have shown that compact and dispersed city forms are associated
with different per capita demands for aggregates. Low demand per capita is
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associated with a compact urban form. The relationships identified above show
that we have the opportunity to quantitatively orient the urban form, by defining the
achievable Da-max (UMP), for every UMP.

Furthermore, the proposed approach allows full control of land use resulting
from the municipal development plan, in accordance with international requirements
of the Europe 2020 Strategy.

This methodological approach to the evaluation of the demand for natural
aggregates associated with the UMP is also consistent in today’s national [49] and
international [50] debate. The correlation with mining, arising from building activities
and the urban planning sector, can no longer be ignored or neglected. Strategic
objectives must be pursued to address these issues. Finding the point of balance
between the form of the city and the delayed impact—that the same city generates
in order to be implemented—is the key to this work. In addition, introducing the
compulsory use of RA, at least for minor works, is a realistic possibility.

In addition, the control of the ecological footprint of aggregate mining through
urban spatial planning constitutes a new approach to pursuing strategic objectives for
environmental sustainability that is repeatable in national and international contexts.
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Glossary

Construction and Demolition Waste (CDW): Unwanted material produced
directly or incidentally by the construction industry. This includes building materials
such as aggregates, many of which can be recycled.

Gross Domestic Product (GDP) (prodotto interno lordo (PIL)): The value of
everything a country produces. The size of a country’s PIL is very important in
assessing the health of an economy.

Green Public Procurement (GPP): An environmental policy tool that aims
to encourage voluntary development of a market for products and services with
reduced environmental impact through the leverage of public demand. Public
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authorities that undertake GPP streamline purchasing and consumption increase
the environmental quality of their supplies and credit lines (The handbook: Buying
Green—http://ec.europa.eu/environment/gpp/pdf/handbook.pdf).

Model of the Environmental Declaration (MUD) (Modello Unico di
Dichiarazione Ambientale): A collection of statements, presented annually by
different actors such as landfills, waste producers and transporters.

Natural aggregate (NA): The component of a composite material that resists
compressive stress and provides bulk to the composite material (e.g., the particles of
stone used to make concrete typically include both sand and gravel). For efficient
filling, aggregate should be much smaller than the finished item, but have a wide
variety of sizes.

Regional Plan of Waste Management Special Sardinia (PRRS)(Piano
Regionale dei Rifiuti Speciali): The document represents a major updating of the
document "Section Special waste" approved by resolution No. 13/34 of 30/04/02.
It is the result of a thorough analysis of the current situation of the installation and
logistics of the regional system of treatment of this category of waste and is aimed,
above all, at a further determination of the needs and to plant more incentive for its
recovery, with regard to the general guidelines set by the EU and national legislation.

Recycled Aggregate (RA): A broad category of coarse particulate material used
in construction, including sand, gravel, crushed stone, slag, recycled concrete and
geosynthetic aggregates. Aggregates are the most mined materials in the world.
Aggregates are a component of composite materials such as concrete and asphalt
concrete; the aggregate serves as reinforcement to add strength to the overall
composite material.

Strategic Environmental Assessment (SEA): A fundamental tool that supports
decision-making processes that characterizes the urban masterplan document.
(Directive 2001/42/CE- D.G.R. n. 8/1563 del 22/12/2005).

Territorial Indices (TI): The ratio between the manufacturable volume,
expressed in cubic meters, and the land area, measured in square meters.

Territorial Surface (TS): Surface area including the areas earmarked for
development in public use sectors. It considers areas of primary and secondary
urbanization, including roads.

Urban Masterplan (UMP): A complex planning tool owned by a city that
regulates and protects the urban and territorial processes of transformation, in
accordance with the Italian National Law no. 1942/1150. This tool has a relevance
of at least one decade. Every Italian municipality, from small village to sprawling
municipality, can have an urban masterplan. Small communities will hire a private
planning firm to prepare a plan and submit it to the local government for approval.
In larger cities or metropolises, the city administrative planning sector prepares the
urban masterplan.
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Life Cycle Assessment and
Optimization-Based Decision Analysis of
Construction Waste Recycling for a
LEED-Certified University Building
Murat Kucukvar, Gokhan Egilmez and Omer Tatari

Abstract: The current waste management literature lacks a comprehensive LCA
of the recycling of construction materials that considers both process and supply
chain-related impacts as a whole. Furthermore, an optimization-based decision
support framework has not been also addressed in any work, which provides a
quantifiable understanding about the potential savings and implications associated
with recycling of construction materials from a life cycle perspective. The
aim of this research is to present a multi-criteria optimization model, which is
developed to propose economically-sound and environmentally-benign construction
waste management strategies for a LEED-certified university building. First,
an economic input-output-based hybrid life cycle assessment model is built to
quantify the total environmental impacts of various waste management options:
recycling, conventional landfilling and incineration. After quantifying the net
environmental pressures associated with these waste treatment alternatives, a
compromise programming model is utilized to determine the optimal recycling
strategy considering environmental and economic impacts, simultaneously. The
analysis results show that recycling of ferrous and non-ferrous metals significantly
contributed to reductions in the total carbon footprint of waste management. On the
other hand, recycling of asphalt and concrete increased the overall carbon footprint
due to high fuel consumption and emissions during the crushing process. Based on
the multi-criteria optimization results, 100% recycling of ferrous and non-ferrous
metals, cardboard, plastic and glass is suggested to maximize the environmental
and economic savings, simultaneously. We believe that the results of this research
will facilitate better decision making in treating construction and debris waste for
LEED-certified green buildings by combining the results of environmental LCA with
multi-objective optimization modeling.

Reprinted from Sustainability. Cite as: Kucukvar, M.; Egilmez, G.; Tatari, O. Life
Cycle Assessment and Optimization-Based Decision Analysis of Construction Waste
Recycling for a LEED-Certified University Building. Sustainability 2016, 8, 89.
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1. Introduction

Residential and commercial buildings generate a significant amount of
construction and debris (C&D) waste in the United States. The estimated total amount
of building-related C&D materials is approximately 170 million tons [1]. Based on
the U.S. Environmental Protection Agency’s (EPA) waste report, 39% of these wastes
are residential and 61% are from commercial buildings [1]. Recycling or appropriate
treatment of these C&D wastes not only reduces the amount of waste land-filled
or incinerated, but additionally minimizes the environmental impacts associated
with producing new materials from virgin resources. In this context, one of the
barriers for effective policy making towards shifting to a more sustainable C&D waste
management is that C&D generation statistics are not rigorously collected [2]. Even
though the statistics vary significantly, a recent report indicates that recycling could
create credible benefits as a sustainable solution [2]. For instance, according to the
same report, in 2012, the estimated magnitude of GHG emissions offset corresponded
to taking 4.7 million passenger cars off the road for an entire year. The green building
movement has adopted several strategies to reduce C&D waste. Among the green
building initiatives, the LEED (Leadership in Energy and Environmental Design)
rating system, which was established by the U.S. Green Building Council (USGBC),
has gained wide acceptance and has been adopted by several federal and state
agencies for evaluating their building designs. LEED green building certification
systems employ a simplified checklist that is mainly used in the design process [3].
To obtain LEED certification, a building must first satisfy certain prerequisites and
then obtain points for credits related to sustainable sites, water efficiency, energy
and atmosphere, materials and resources, indoor environmental quality and design
process. In general, LEED can be applied to new constructions, major renovations,
existing buildings, commercial interiors, core and shell, schools, retail, healthcare,
homes and neighborhood development [4]. LEED has two main construction waste
material diversion credits, which are as follows [3]:

‚ Credit 2.1 (one point): recycle and/or salvage at least 50 percent of construction,
demolition and land-clearing waste.

‚ Credit 2.2 (one point): recycle and/or salvage an additional 25 percent
(75 percent total) of construction, demolition and land-clearing waste.

The credits are proposed to divert construction, renovation and demolition
debris from landfill areas and redirect recyclable materials back to the manufacturing
process. To accomplish this goal, it is necessary to develop a detailed waste
management plan for recycling of various construction waste materials, such as
cardboard, metal, brick, mineral fiber panel, concrete, asphalt, plastic, clean wood,
glass, gypsum wallboard, carpet and insulation materials. However, setting a
goal, such as “50 percent or 75 percent of construction waste must be recycled”
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without defining the possible economic and environmental impacts associated with
recycling of each C&D waste material may lead to a misrepresented understanding
of the comprehensive impact that recycling of that nature may cause. Therefore,
recycling goals should be supported by robust decision making models considering
environmental and economic impacts, simultaneously [5].

Studying the construction materials from a life cycle point of view is critical for
an overall understanding about the sustainability impacts of processes associated
with the entire life cycle of buildings. In fact, the literature is abundant with
works that focus on the process life cycle of construction materials based on case
studies. Several construction materials are analyzed from a life cycle perspective to
quantify the environmental impacts; for example, wood and concrete [6], wood and
alternative materials [7], generic vs. product specific comparisons [8], socio-economic
aspects of life cycle impacts [9] and the case of multiple life cycles [10–13]; for recent
comprehensive reviews, see [14].

Novelty and Organization of the Research

Even though a significant amount of work related to LCA-based sustainability
assessment of construction materials and buildings has been done, the current
literature lacks a comprehensive LCA of the recycling of construction materials that
considers both process and supply chain-related impacts as a whole. Additionally,
a decision support framework has not been also addressed in any work, which
provides a quantifiable understanding about the potential savings and implications
associated with recycling of such construction materials from the life cycle
perspective. The goal of this research is to develop a comprehensive framework
that aids in quantifying and minimizing the environmental impact of C&D waste,
while maximizing the economic value added to the solid waste industry. To realize
this goal, the following tasks were undertaken: (1) assess the net environmental
impacts of C&D waste management strategies using the proposed hybrid LCA model;
(2) optimize C&D waste recycling strategies using a multi-criteria optimization model
considering all direct and indirect environmental and economic impacts of C&D
waste management alternatives; and (3) optimize the sustainable waste recycling
strategies by taking LEED requirements into consideration. Hence, this research
aims at integrating the solid waste requirements of the LEED green building rating
system in order to devise the most environmentally-friendly C&D waste treatment
strategies. For a general research framework, please see Figure 1.
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The rest of the paper is organized as follows: First, the case study is explained.
Then, the proposed methodology that consists of hybrid LCA and optimization
models is presented. Next, the LCA results of the certified green building and the
results of the optimization model are presented. Finally, the conclusion and the
future work are pointed out.

2. Case Study

In this paper, the LEED-certified Physical Science Building at the University of
Central Florida was chosen as a case study for this research. In this analysis, the
amount of C&D waste and its composition data were gathered from the LEED waste
documentation, which is publicly available through the University of Central Florida
(UCF) Office of Sustainability for the Physical Science Building [15]. The percentage
of the waste composition of C&D materials of the building is included, such as
asphalt, concrete, wood, non-ferrous and ferrous metals, cardboard, plastic, glass and
cardboard. Total waste composition shows that concrete and asphalt have the largest
share (over 60% of the total) among the C&D waste materials. The composition of all
other building waste materials is presented in Figure 2, which shows the % shares
of C&D waste of different materials related to the case study. Although the total
composition of these waste materials is important to know, the life cycle impacts
related to treatment of these wastes are critical. Hence, the net greenhouse gas (GHG)
emissions, energy consumption and water withdrawal associated with recycling,
land filling and incineration of C&D materials were quantified using the economic
input-output (EIO)-based hybrid LCA methodology. Later, an optimization model is
developed to optimize the construction waste recycling strategies.
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Figure 2. Percentage distribution of C&D wastes for the LEED-certified
university building.

3. Methodology

Several important life cycle phases, including production of building materials
from virgin and recycled resources, transportation, material recovery, incineration
and conventional land filling, were analyzed for nine C&D waste materials,
namely: asphalt, concrete, wood, non-ferrous and ferrous metals, cardboard,
plastic, glass and cardboard. For the recycling, collection and transportation of
wastes, material recovery process and producing new products from recycled
materials were holistically investigated under the scope of this research. For
the incineration, transportation of waste to the incineration facility, processing of
waste and energy recovery from combustible waste are analyzed. In addition, the
environmental impacts related to a conventional land filling process are quantified
for the transportation of C&D to landfill and land filling of each C&D waste
material, respectively.

3.1. Hybrid LCA Model

The proposed hybrid LCA model consists of process-based LCA (P-LCA) and
economic input-output LCA (EIO-LCA). P-LCA is a commonly-used method to
analyze the life cycle impacts of solid waste management systems. This LCA
approach provides a detailed view of the processes and impacts involved in the
management of waste. The EIO-LCA model, augmented with sector-level water use,
energy consumption and GHG emissions vectors, has been used in this LCA study.
In general, EIO analysis tackles the sector-level interdependencies and represents
sectoral direct requirements, which are represented by the matrix A [16,17]. This
matrix includes the dollar value of inputs required from other sectors to produce
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one dollar of output. The total output of a sector in this economic model with a final
demand of f can be written as [18,19]:

x “ pI´Aq´1ˆ f (1)

where x is the total output vector, I represents the diagonal identity matrix and f
refers to the final demand vector representing the change in the final demand of the
desired sector. After the EIO model has been established, the total environmental
impacts can be calculated by multiplying the economic output of each industrial
sector by the environmental impacts associated with per dollar of output. A vector
of environmental outputs can be expressed as [20]:

Ri “ EiˆX “ EiˆpI´Aq´1ˆ f (2)

where Ri is the total environmental output vector for the environmental impact
category of i and Ei represents a diagonal matrix, which consists primarily of the
environmental impacts per dollar of output for each industrial sector. In this research,
a hybrid EIO-LCA model is built to consider the environmental impacts associated
with different waste management scenarios. This LCA model quantifies the total
environmental burdens associated with the waste management system, which is
presented in the following equation [20]:

Ki “ EiˆpI´Aq´1ˆ f ` Qiˆ ei (3)

where Ki denotes the total environmental impact defined as the summation of
environmental burdens associated with the production of resource inputs (by
tracing all supply chains) and the direct environmental impacts related to waste
treatment processes. Qi is the total input requirement for a process, and ei is the unit
environmental impact factor associated with the consumption of Qi. For example, the
production of reinforced steel, which is widely used in residential and commercial
buildings, has high GHG emissions. During its production process, electricity is
consumed as an energy source for steel manufacturing. In our hybrid LCA model,
to quantify the direct and indirect GHG emissions considering the whole supply
chain of electricity production, we used Equation (2). In addition, Qi represents the
amount of electricity used in the steel production process, and ei represents the
emission factor related to electricity generation. In this way, Equation (3) presents the
total carbon emission related to the indirect supply chains of electricity production
(Ei ˆ (I´A)´1 ˆ f ) and onsite electricity production processes (Qi ˆ ei).
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3.2. Multi-Criteria Optimization Model

After quantifying the total environmental impacts of different waste
management strategies, the next challenge is selecting the best recycling strategy
considering environmental and economic benefits, simultaneously. As mentioned
earlier, several environmental impact categories, such as energy consumption, GHG
emissions and water withdrawals, are quantified using a hybrid LCA model. In
addition, the developed LCA model quantified the direct and indirect economic value
added associated with the recycling of the analyzed C&D materials. At this point,
a multi-criteria optimization model will be critical for finding a feasible alternative
that yields the most preferred amount of recycling for each building waste material.
Hence, a compromise programming model was developed. This approach is widely
used for optimally solving multi-objective linear, non-linear or integer programming
problems [21–24]. The compromise programming model measures the distance
based on the La metric. The La metric defines the distance between two points, such
as Z˚

k pXq and Zk (X). As can been seen from Equation (4), compromise programming
uses a distance-based function in order to minimize the difference between ideal and
compromise solutions. The formulation of the La metric is presented as follows:

La “ Minp
ÿ

πk
apZ˚

kpXq ´ZkpXqq
a
q

1
a (4)

Due to each objective function having different units, normalization is needed before
the optimization analysis is performed. The values after normalization will be
confined to a given range, such as zero to one. The normalization function Z is
presented in Equation (5):

Z “
Z˚

kpXq ´ZkpXq
Z˚

kpXq
(5)

After completing the normalization procedure, the distance-based compromise
programming formulation can be written as [25]:

MinLa “ Minp
ÿ

πk
ap

Z˚
kpXq ´ZkpXq

Z˚
kpXq

qaq

1
a (6)

Subject to:
p

ÿ

k“1

πk
a “ 1 (7)

1 ď a ď 8 (8)

In this formulation, Z˚
k represents the ideal solution for objective k. The

parameter p represents the total number of objectives, and πk
a refers to the
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corresponding weight associated with each objective. Since we give an equal
importance for our economic and environmental objectives, πk

a is assumed to
be equal for each objective function. In general, three points of the compromise
set are calculated for decision analysis, such as a = 1, 2 and 8. After presenting
the theoretical background of the compromise programming, this model has been
used for selecting the best recycling strategy. As mentioned earlier, we have the
following four primary objectives: maximizing economic value added, maximizing
GHG savings, maximizing the net reductions in energy and water consumption.
Based on these objectives, the following equations are solved using a multi-objective
optimization approach, which is presented as follows:

Notation:
Index:
i: Material index
Parameters:
Ci: economic value added per ton recycled waste for material i
GHGi: GHG emission savings per ton recycled waste for material i
Wi: water savings per ton recycled waste for material i
Ei: energy savings per ton recycled waste for material i
Qi: total amount of waste generated by the LEED-certified building for material i
LEEDr f : recycling factor
Decision variable:
Xi: optimal amount of recycled waste allocated for material i
Objective function:

Max Z1pXiq “

M
ÿ

i“1

pCi ˆXiq (9)

Max Z2pXiq “

M
ÿ

i“1

pGHGi ˆXiq (10)

Max Z3pXiq “

M
ÿ

i“1

pWi ˆXiq (11)

Max Z4pXiq “

M
ÿ

i“1

pEi ˆXiq (12)

Subject to:
M
ÿ

i“1

Xi ď LEEDr f ˆ

M
ÿ

i“1

Qi (13)

Xi ď Qi f or i “ 1, 2, . . . , M (14)
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@Xi ě 0 (15)

The first objective is to maximize the total economic value added (Equation (10)).
The second objective maximizes the GHG emission-based savings (Equation (10)).
The water savings are addressed by the third objective, as shown in Equation (11).
The energy savings objective function is also represented in Equation (12). The
total of the optimal waste for each material (i) is less than or equal to the total
recycled waste multiplied by the LEED recycling factor (LEEDrf) (see Equation (13)).
Subsequently, the decision variable (Xi) must be less than or equal to the recycled
waste (Qi), as shown in Equation (14). Finally, all decision variables are greater than
or equal to zero (see Equation (15)).

Since our goal is to select the best combination of C&D materials for 50%
recycling of overall construction waste, the total waste amount multiplied by 0.5,
which is known as the LEEDr f , is used. Due to being one of the most robust
optimization software in the applied optimization field, the LINGO© software
package is used for solving the multi-objective optimization model [26]. Since we
have four objective functions (Z1, Z2, Z3 and Z4) and three compromise programming
functions (a = 1, a = 2 and a =8), the LINGO© program has been run to solve each
mathematical model. By using the mathematical optimization model, the optimal
recycling amount of each construction material has been calculated for the overall
50% recycling goal for single and multiple objectives.

3.3. Data Collection

In this paper, several sources have been used to collect the life cycle inventory
data for different C&D waste management alternatives. First, the process data
for producing each building material from virgin resources and recycled C&D
waste are gathered from Christensen [27]. This detailed data included all electricity,
fuel and other resource inputs, as well as atmospheric GHG emissions associated
with producing building materials from recycled or virgin materials. Additionally,
electricity, fuel consumption and GHG emissions data for the material recovery
process were compiled from the LCA study of Denison [28]. The waste reduction
model (WARM), which was developed by the U.S. EPA, is utilized for quantifying
the emissions related to incineration and landfilling of each C&D waste [29]. The
energy production efficiency and electricity generation associated with incineration
of cardboard, paper, plastic and wood waste are obtained from the Waste Analysis
Software Tool for Environmental Decisions (WASTED) model developed by Diaz
and Warith [30].

For transportation of C&D materials from the building construction site to
both the material recovery facility and final disposal area, a 50-km transportation
distance is assumed for each transfer process. Diesel fuel consumption and emission
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factors data are also provided by the National Renewable Energy Laboratory (NREL)
life cycle inventory database for a diesel-powered single-unit truck [31]. After
quantifying the life cycle inventory data for each waste management alternative,
the producer prices of each energy and material input are obtained, and the
Carnegie Mellon’s EIO-LCA software was used for calculating direct plus indirect
environmental impacts related to C&D waste management [32].

4. Results

4.1. LCA Results

In this part, environmental impacts analysis results are presented in terms of
energy, GHG and water savings.

4.1.1. Energy Savings

The amount of fossil fuel consumption has been quantified in terms of terajoules
(TJ) for recycling, landfilling and incineration of per ton building-related C&D
waste. Results indicated that recycling of non-ferrous metals and plastics resulted
in considerable reductions for the energy consumption among the alternative waste
management approaches (see Table 1). This is due to the recycling of these materials
reducing the production-related fuel and electricity input requirements. Among
C&D materials, recycling of non-ferrous metals and plastics showed the highest
potential to reduce the total energy footprint.

Table 1. Energy savings of construction materials (TJ).

Material Recycling % Share Landfilling % Share Incineration % Share

Cardboard 0.271 3.6% ´0.004 5.6% 0.000 27.2%
Non-ferrous 5.720 75.5% ´0.002 2.8% N/A N/A

Ferrous Metal 0.156 2.1% ´0.002 2.8% N/A N/A
Concrete 0.241 3.2% ´0.024 37.0% N/A N/A

Plastic 0.978 12.9% ´0.002 2.7% 0.000 13.2%
Wood 0.093 1.2% ´0.008 12.3% 0.000 59.6%
Glass 0.010 0.1% 0.000 0.2% N/A N/A

Drywall 0.084 1.1% ´0.004 6.1% N/A N/A
Asphalt 0.027 0.4% ´0.020 30.3% N/A N/A

On the other hand, recycling of some C&D wastes, such as wood, drywall
and cardboard, did not have a significant impact on minimizing the net energy
consumption compared to other C&D materials. Although concrete and asphalt have
the highest percentage contributions to the total waste amount, their recycling did
not significantly reduce the net energy footprint due to high energy consumption
during the recycling process. Additionally, landfilling and incineration did not have
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significant impacts on the overall energy footprint compared to the recycling of
waste materials. Therefore, it is likely to conclude that a high recycling of metals
and plastics, which accounts for almost 90% of the total energy savings of the nine
construction materials, will be critical for reducing the net energy footprint of the
C&D management systems.

4.1.2. GHG Emission Savings

In addition to energy consumption, the current study quantified the amount of
GHG emissions and savings related to C&D waste recycling. We utilize the definition
of carbon footprint as the total emissions of carbon dioxide or GHGs expressed in
terms of CO2 equivalents related to recycling, landfilling and incineration of per ton
C&D waste. Based on the analysis results, recycling of ferrous and non-ferrous metals
are found to have significant benefits for reducing total GHG emissions with a total
percent share of 79.3% (see Table 2). This is because recycling of these metals reduced
the amount of electricity and fuel inputs, which are highly utilized for the production
of metal products. Additionally, on-site emissions are decreased when using recycled
metals instead of virgin resources. Recycling of other C&D materials, such as paper,
glass and cardboard, also contribute to reductions in the net GHG emissions.

Table 2. GHG emission savings of construction materials (Mt CO2-eqv.).

Material Recycling % Share Landfilling % Share Incineration % Share

Cardboard 9.430 7% ´2.714 6% -26.718 18%
Non-ferrous 38.142 30% ´1.370 3% N/A N/A

Ferrous
Metal 61.732 49% ´1.370 3% N/A N/A

Concrete ´23.800 - ´17.918 37% N/A N/A
Plastic 15.733 12% ´1.318 3% ´32.250 22%
Wood ´7.910 - ´5.955 12% ´90.400 61%
Glass 0.436 0% ´0.108 0% N/A N/A

Drywall 0.562 0% ´2.963 6% N/A N/A
Asphalt ´8.930 - ´14.663 30% N/A N/A

On the contrary, recycling of C&D wastes, such as wood, drywall and asphalt,
did not have a significant impact on GHG savings when compared to other
C&D materials. Moreover, recycling of asphalt and concrete is not found to
be an environmentally-friendly option due to increasing GHG emissions. This
is because recycling of these materials requires high fuel consumption during
crushing and emitted on-site GHG emissions in this process. When incineration was
more closely analyzed, wood, plastic and cardboard resulted in additional GHG
emissions. For this reason, combustion of these materials is not found to be an
environmentally-friendly waste treatment option due to increased GHG emissions.
Therefore, recycling has a positive impact on reduced energy consumption, and
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a high recycling of metal and plastic materials will have a key importance for
decreasing the net carbon footprint of the LEED construction management strategies.

4.1.3. Water Savings

Water footprint analysis results are also presented for recycling, landfilling and
incineration of per ton C&D waste. Recycling of non-ferrous metals and asphalt is
found to be beneficial due to reductions in overall water consumption (see Table 3).
This is because recycling of these materials reduced water consumption for the direct
and indirect processes required for the production of these materials.

Table 3. Water savings of construction materials (kgal).

Material Recycling % Share Landfilling % Share Incineration % Share

Cardboard 0.201 0.2% ´1.102 5.6% ´0.048 27.3%
Non-ferrous 5.707 5.2% ´0.556 2.8% N/A N/A

Ferrous
Metal 0.130 0.1% ´0.556 2.8% N/A N/A

Concrete ´0.211 - ´7.276 37.0% N/A N/A
Plastic 0.945 0.9% ´0.535 2.7% ´0.023 12.9%
Wood ´0.058 - ´2.418 12.3% ´0.106 59.8%
Glass 0.007 0.0% ´0.044 0.2% N/A N/A

Drywall 0.009 0.0% ´1.203 6.1% N/A N/A
Asphalt 101.988 93.6% ´5.954 30.3% N/A N/A

Among these C&D materials, asphalt showed the highest potential (94% of total
share) for reducing the overall water footprint. This is due to recycling of asphalt
producing a large amount of natural aggregate, which requires a large amount of
water during its mining process. On the other hand, recycling of C&D wastes, such
as wood, drywall, concrete and cardboard, did not show a significant contribution to
water footprint savings. When compared to recycling, landfilling did not help the
environmental sustainability, due to increasing water consumption.

It is important to note that landfilling of concrete and asphalt showed a higher
water footprint value compared to other materials. This is because the waste
composition of concrete and asphalt wastes was found to be the highest among
C&D materials, and disposal of these materials through landfilling required a higher
amount of water. In conclusion, a high recycling of metals, glass, plastic and paper
should be encouraged by policy makers to diminish the net water footprint of the
building-related construction wastes.

4.2. Optimization Results

Figure 3 presents the optimal recycling percentage of construction wastes
with respect to each single objective. Mathematical optimization results show that
100% of cardboard, ferrous and non-ferrous metals, plastic and glass wastes should
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be recycled for maximizing economic and environmental benefits. For GHG gas
reductions and water footprint savings, recycling of concrete waste, which accounts
for 37% of total waste, is not found to be a feasible option. However, recycling a
small portion of concrete makes a positive contribution to net economic savings
and energy minimization. In addition, 100% recycling of asphalt waste is found
to be a feasible policy when economic and GHG savings are under consideration.
For economic savings, 100% recycling of ferrous and non-ferrous metals, asphalt,
plastic and glass is suggested, whereas recycling of drywall is not found to be an
economically feasible recycling strategy. On the other hand, approximately 100%
of produced drywall should be recycled to maximize energy and GHG emissions
savings, as well (see Figure 3).
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After generating the output of this single objective optimization, a compromise
programming model is used to determine the optimal set of recycling amounts when
considering the maximization of all objectives, simultaneously. For this model, three
points of the compromise set, such as a = 1, 2 and 8, are calculated for decision
analysis, and the percentage recycling rates are presented in Figure 4 for each waste
material. Multi-criteria optimization results revealed that recycling of wood and
concrete is not found to be a feasible solution when all objectives are aimed to
be maximized. However, 100% recycling ferrous and non-ferrous metals, plastic,
glass and cardboard will be a sound policy from economic and environmental
perspectives. The recycling of a small portion of wood is suggested for a compromise
solution in which a is infinity. However, this recycling rate is found to be negligible
when compared to the recycling rates of other construction materials. According
to optimization results, recycling of over 90% of drywall is suggested for the three
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points in the set. Consequently, by using the results of the LCA model in conjunction
with the multi-objective optimization model, the decision makers will have a better
understanding of optimum recycling rates of each building waste material (see
Figure 4).
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solutions (CS).

5. Conclusions, Limitations and Future Work

The overarching goal of this research was to offer a decision making methodology
for recycling of building materials, specifically for LEED-certified green buildings.
This study is the first attempt to combine the EIO-based LCA model with
multi-objective decisions analysis for construction waste management options. First,
the EIO-based hybrid LCA model was used for quantifying the environmental
impacts of building materials associated with different waste management scenarios.
Second, a multi-criteria optimization model was developed to propose sustainable
waste management strategies considering both environmental and economic impacts
all together. Our analysis shows that recycling of asphalt and concrete increased
the net carbon footprints due to high fuel consumption and emissions during the
recycling process. Moreover, recycling of these materials has a minimum impact on
the net energy footprint reductions. On the contrary, ferrous and non-ferrous metals
are critical for reducing the net carbon footprint of waste management systems.
In addition to that, 100% recycling of metals, plastic, glass and cardboard will
be an economically- and environmentally-sound policy based on multi-objective
optimization results. Even though the case study focuses on a LEED-certified

56



university building, the proposed approach can be robustly integrated for other
types of buildings as long as comprehensive C&D waste data are readily available.

It is critical to note that this work presents an integrated decision making
framework combining optimization and LCA methods. Our results are based on
recycling of 50% of total C&D debris for a selected LEED-certified university building
in the United States. Based on assumptions made and the collected data, recycling
of concrete is not found to be a feasible option when environmental and economic
impacts are considered simultaneously. In other words, recycling of other C&D
materials, such as ferrous and nonferrous metals, plastic and glass, is found to be a
better strategy, and policy makers should give priority to these materials for recycling.
On the other hand, our results still showed that recycling of concrete has a positive
contribution to the economy and environment in terms of cost and energy savings.
Keeping in mind that among different types of C&D wastes, the composition of
concrete waste is found to be higher than 80% of the volume of C&D waste in many
countries, such as Australia and Japan, to minimize the concrete waste generated
from construction activities, recycling of concrete waste is one of the best methods,
and many studies propose that recycling concrete as aggregate for new concrete
production can provide a cost-effective method for the construction industry and
help save the environment [33,34].

It is certain that the net environmental impacts of C&D waste management
are not limited to the findings presented in this study. The application domain
of the proposed approach can be extended to other types of buildings, which is a
horizontal research extension. Additionally, the vertical depth of the methodology
can be further extended by adding different weight scenarios for economic vs.
environmental impact domains for policy making. Ecological impacts due to
toxic releases, hazardous waste generation and ground water pollution can also
be considered for analyzing the environmental impacts of different waste treatment
options. Additionally, a multi-criteria decision making model is used to select
the most appropriate building-related waste materials to maximize environmental
and economic savings. However, the social impacts of C&D waste recycling
are still critical and can be considered for a more comprehensive sustainability
analysis. Therefore, we plan to develop a multi-criteria-based decision making
model to consider all economic, social and environmental impacts of waste recycling
strategies for the future. In this way, it is possible to have an optimized solution
for C&D recycling by considering the triple-bottom-line sustainability impacts. In
addition, as a future research direction, further analyzing alternative buildings from
different universities worldwide could provide a more comprehensive framework
that can be used for sensitivity analysis purposes. Consequently, this research
provides an important decision making model, which offers vital guidance for
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policy makers when developing environmentally- and economically-sound waste
management policies.
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Evaluation of the Carbon Dioxide Uptake of
Slag-Blended Concrete Structures,
Considering the Effect of Carbonation
Han-Seung Lee and Xiao-Yong Wang

Abstract: During the production of concrete, cement, water, aggregate, and chemical
and mineral admixtures will be used, and a large amount of carbon dioxide
will be emitted. Conversely, during the decades of service life of reinforced
concrete structures, carbon dioxide in the environment can ingress into concrete
and chemically react with carbonatable constitutes of hardened concrete, such as
calcium hydroxide and calcium silicate hydrate. This chemical reaction process
is known as carbonation. Carbon dioxide will be absorbed into concrete due to
carbonation. This article presents a numerical procedure to quantitatively evaluate
carbon dioxide emissions and the absorption of ground granulated blast furnace
slag (GGBFS) blended concrete structures. Based on building scales and drawings,
the total volume and surface area of concrete are calculated. The carbon dioxide
emission is calculated using the total volume of concrete and unit carbon dioxide
emission of materials. Next, using a slag blended cement hydration model and
a carbonation model, the carbonation depth is determined. The absorbed carbon
dioxide is evaluated using the carbonation depth of concrete, the surface area of
concrete structures, and the amount of carbonatable materials. The calculation results
show that for the studied structure with slag blended concrete, for each unit of CO2

produced, 4.61% of carbon dioxide will be absorbed during its 50 years of service life.

Reprinted from Sustainability. Cite as: Lee, H.-S.; Wang, X.-Y. Evaluation of the
Carbon Dioxide Uptake of Slag-Blended Concrete Structures, Considering the Effect
of Carbonation. Sustainability 2016, 8, 312.

1. Introduction

Portland cement is the principle hydraulic binder used in modern concrete.
The production of one ton of ordinary Portland cement (OPC) generates 0.55 ton of
chemical CO2 and requires an additional 0.39 ton of CO2 in fuel emissions, accounting
for a total of 0.94 ton of CO2 [1]. The word’s yearly cement accounts for nearly
7% percent of global CO2 emissions [1]. On the other hand, ground granulated
blast furnace slag (GGBFS), which is a byproduct of the steel industry, has been
increasingly used in the concrete industry as a mineral admixture to partially replace
cement. Slag blended concrete has many advantages, such as higher resistance
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against sulfate and seawater attack, higher late age strength, lower materials cost,
and lower CO2 emissions [1].

Carbon dioxide in the environment can ingress into concrete and chemically
react with carbonatable constitutes of hardened concrete, such as calcium hydroxide
and calcium silicate hydrate. This chemical reaction process is called carbonation.
Carbonation presents both advantages and disadvantages to reinforced concrete
structures [2]. Carbonation can reduce the porosity of concrete and improve the
compressive strength in the carbonated region of concrete. On the other hand,
carbonation decreases the alkaline in concrete and induces the corrosion of steel
rebar [1].

Many investigations have been conducted regarding the experimental and
theoretical study of the carbonation of slag blended concrete and the life cycle of the
carbon dioxide emission of structural concrete.

Regarding the carbonation of slag blended concrete, Sulapha [3], Elke [4],
Sisomphon [5], Monkman [6], and Bernal [7] experimentally found that carbonation
of slag-blended concrete correlates to water to binder ratios, slag replacement ratios,
and concrete curing methods. By increasing the replacement of slag, the carbonation
depth of concrete will increase. Higher carbonation depth does not necessarily mean
higher absorption of CO2. It might mean that there is faster diffusion of CO2 due to
there being less CSH to react with. Reducing the water to binder ratio and extending
the initial curing period before carbonation tests can reduce the carbonation depth
of slag-blended concrete. Papadakis [8,9] proposed chemical reaction equations
for cement–mineral admixture blends and evaluated the contents of carbonatable
materials and porosity of concrete. Furthermore, carbonation depth was calculated
by considering both concrete chemical components and environmental conditions.

Regarding the life cycle assessment of CO2 emission, Hasanbeigi [10],
Gartner [11], Miller [12], Roh [13], Kim [14], and Tae [15,16] analyzed carbon dioxide
emissions for buildings with different concrete mixing proportions, different building
types, and different life cycle stages. On the other hand, some numerical algorithms
have been proposed to make an optimum design regarding the reduction of carbon
dioxide emission. Using the evolution algorithm, Kim [17] and Roh [18] selected
the optimal concrete mix design method, which minimizes the CO2 emission of
an apartment house. Ji [19] proposed three methods (eco-efficiency, environmental
priority strategy system, and certified emissions reduction price) to support the
decision-making processes that simultaneously consider cost and CO2 emissions.
Yepes [20] proposed a hybrid glowworm swarm algorithm and optimized the cost
and CO2 emissions of concrete beam roads.

However, the carbon dioxide uptake from carbonation was not considered
in References [3–20]. Carbonation is a lengthy chemical reaction process and will
proceed continuously during the service life of buildings. Carbon dioxide will
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be absorbed into concrete due to carbonation. Compared with abundant research
regarding carbonation and the carbon dioxide emission life cycle [3–20], the study
of carbon dioxide uptake is relatively limited. In recent years, References [21–25]
presented some analysis models of the carbon dioxide uptake from carbonation.

Using the carbonation reaction model, Lee [21] analyzed carbon dioxide uptake
due to carbonation in the building use stage. García-Segura [22] made life cycle
greenhouse gas emissions of blended cement concrete, considering carbonation and
durability. The carbon dioxide uptake due to carbonation during the use stage and
after demolition stage was considered.

However, in Lee’s [21], García-Segura’s [22], and other researchers’ [3–20]
studies, they assumed that cement is completely hydrated (i.e., the hydration degree
is 100%) regardless of the water to cement ratio. Lagerblad [23] and Yang [24]
reported that concrete with lower water to cement ratios has a slower rate of
hydration and a lower ultimate degree of hydration. Yang [24] proposed a Portland
cement hydration model, evaluated the contents of carbonatable materials, and
calculated carbonation depth and carbon dioxide uptake during the use stage and
recycling of demolished concrete. Kashef-Haghighi [25] proposed a mathematical
model, evaluated the hydration degree of Portland cement, and calculated carbon
dioxide uptake in accelerated carbonation curing.

However, the hydration model proposed by Yang [24] and Kashef-Haghighi [25]
is only valid for Portland cement. For slag-blended cement, due to the coexistence of
cement hydration and slag reaction, Yang’s [24] or Kashef-Haghighi’s [25] hydration
model is not valid.

In this study, to overcome the weak points in former studies [3–25], we propose a
slag-blended cement hydration model, calculate carbonatable materials’ content and
porosity, and evaluate carbonation depth and carbon dioxide uptake. The flowchart
of the proposed numerical procedure is shown in Figure 1. The input parameters of
the numerical procedure are the shopping drawing of buildings and environmental
conditions. By using shopping drawings, the total volume and surface area of
concrete are calculated. By using the total volume of concrete and unit carbon dioxide
emission of materials, carbon dioxide emissions are calculated. Then, by using a
carbonation model considering material properties and environmental conditions,
the carbonation depth is determined. By using the carbonation depth of concrete, the
surface area of concrete structures, and the amount of carbonatable materials, the
absorbed carbon dioxide is calculated. Finally, the ratio between mass of absorbed
CO2 and mass of emitted CO2 is calculated.
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Figure 1. Flowchart of numerical process.

The contributions of this article are summarized as follows: first, propose a
slag-blended cement hydration model and calculate reaction degrees of cement
and slag. Second, evaluate the carbonatable materials content and porosity using
the reaction degrees of binders. Third, calculate carbonation depth and carbon
dioxide uptake of slag-blended concrete, considering material properties and
environmental conditions.

2. Evaluation of CO2 Emissions and CO2 Uptake of Slag-Blended Concrete

2.1. CO2 Emissions

Emissions of CO2 from Portland cement production include direct emissions
and indirect emissions. As shown in Table 1, direct CO2 emissions mainly come from
carbonate decomposition from raw material and the burning of cement kiln fuel.
Indirect CO2 emissions mainly come from electricity consumption. Considering both
direct and indirect CO2 emissions, to produce 1 ton of ordinary Portland cement,
0.93 ton of CO2 will be emitted [1].

During the production of concrete, cement, water, aggregate, mineral
admixtures, and superplasticizer will be used. Table 2 shows a summary of CO2

emission factors for concrete production. The CO2 emission content of 1 kg of GGBFS
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is 0.034 kg [1], which is much lower than that of ordinary Portland cement. The CO2

emission from concrete production can be calculated as follows:

CO2 ´ e “ CO2 ´ eM ` CO2 ´ eT ` CO2 ´ eP, (1)

where CO2-e is the total CO2 emission from concrete production, CO2-eM is the
emission of CO2 from concrete materials, CO2-eT is the emission of CO2 from
transport, and CO2-eP is the emission of CO2 from the mixing of concrete. CO2-eM

is the sum of CO2 emissions from various components of concrete, such as CO2

emissions from producing cement, water, fine aggregate, coarse aggregate, mineral
admixtures, and superplasticizer. Table 3 shows an example of CO2 emissions
during the concrete production process. The input parameters are concrete mixing
proportions, the CO2 emissions factor, the transportation cycle, and distance. The
output result is total CO2 emissions from the concrete production process.

Table 1. Emission factor of CO2 in Portland cement production process [1].

Emission
Relationship Emission Style CO2 Emission

Factor (t/t)

Direct emission

Carbonate decomposition from raw material 0.527
Kiln dust calcining 0.009
Organic carbon burning of raw material 0.012
Burning of cement kiln fuel 0.235

Indirect emission
Cement clinker electricity consumption

0.15Cement flour electricity consumption

Table 2. Summary of CO2 emissions for concrete production [1].

OPC GGBFS Sand Gravel Water Superplasticizer Truck Concrete
Mixing

9.31 ˆ 10´1

(kg/kg)
3.40 ˆ 10´2

(kg/kg)
0.0037
(kg/kg)

0.0028
(kg/kg)

1.12 ˆ 10´4

(kg/kg)
0.25 (kg/kg) 3 ˆ 10´5

(kg/kg¨ km)
0.007

(kg/m3)

Table 3. Example of CO2 emissions during the concrete production process.

Material Transport

Item

Unit A B C = A ˆ B D E F = A ˆ D ˆ E

kg CO2 kg/kg kg km CO2 kg/kg¨km kg
OPC 300 0.931 279.3 25 3.00 ˆ 10´5 0.225
Sand 890 0.0037 3.293 15 3.00 ˆ 10´5 0.401

Gravel 970 0.0028 2.716 15 3.00 ˆ 10´5 0.436
Water 150 1.12 ˆ 10´4 0.0168 - - -

sum 285.33 sum 1.062

Concrete mixing 1 m3 0.71 kg/m3 0.71

Total 287.102 = 285.33 + 1.062 + 0.71
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2.2. CO2 Uptake from Carbonation of Concrete

Carbon dioxide will be absorbed into concrete due to carbonation. Concrete
carbonation is a complicated physicochemical process. The process consists of several
steps, such as the diffusion of gaseous phase CO2 from the air environment into
concrete pores, CO2 dissolution in the water film of concrete pores, the dissolution
of solid calcium hydroxide (CH) in concrete pore water, the diffusion of dissolved
CH in concrete pore water, CH reaction with dissolved CO2, and the reaction of CO2

with calcium silicate hydrate (CSH). The chemical reaction of carbonation is shown
as follows:

CapOHq2 ` CO2 Ñ CaCO3 ` H2O (2)

p3CaO ¨ 2SiO2 ¨ 3H2Oq ` 3CO2 Ñ 3CaCO3 ¨ 2SiO2 ¨ 3H2O. (3)

As shown in Equations (2) and (3), carbonation closely relates to the compound
compositions of concrete, such as the amount of carbonatable materials CH and CSH.
Moreover, carbonation also relates to the concrete porosity because concrete pores
are necessary paths for the diffusion of atmospheric CO2 into the concrete. Hence, to
evaluate concrete carbonation depth, an accurate evaluation of the concrete material
properties is necessary, such as CH content, CSH content, and porosity.

Concrete material properties closely relate to mixing proportions and the
hydration process. Our former research [26,27] originally proposed a blended
hydration model for slag-blended concrete. The hydration model starts with concrete
mixing proportions. The age-dependent material properties of concrete, such as the
carbonatable materials content and porosity, can be quantitatively calculated. The
hydration model has a wide application range for concrete, with different water to
binder ratios, different slag replacement levels, and different curing methods [26,27].

In our proposed hydration model, the hydration degree of cement and reaction
degree of slag are adopted as fundamental indicators to evaluate properties of
hardening slag-blended concrete. The hydration degree of cement (α) is defined
as the ratio of the mass of hydrated cement to the mass of cement in the mixing
proportion. The value of the hydration degree of cement (α) ranges between 0 and 1.
α = 0 means cement hydration does not start and α = 1 means all the cement has been
hydrated. The hydration degree of cement can be determined using an integration

method in the time domain (α “
şt

0

ˆ

dα
dt

˙

dt, where t is time;
dα
dt

is the rate of cement

hydration. The detailed equation for
dα
dt

is available in our former research [26,27]).
Similarly, the reaction degree of slag (αSG) is defined as the ratio of the mass of reacted
slag to the mass of slag in the mixing proportion. The value of the reaction degree
of slag (αSG) ranges between 0 and 1. αSG = 0 means the slag reaction does not start
and αSG = 1 means all the slag has reacted. The reaction degree of slag can also be
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determined using an integration method in the time domain (αSG “
şt

0

ˆ

dαSG
dt

˙

dt,

where
dαSG

dt
is the rate of the slag reaction. The detailed equation for

dαSG
dt

is
available in our former research [26,27]).

For slag-blended concrete, calcium hydroxide and calcium silicate hydrate
are carbonatable materials. Cement hydration produces calcium hydroxide, while
the slag reaction consumes calcium hydroxide. Considering the production and
consumption of calcium hydroxide, the amounts of calcium hydroxide in cement–slag
can be determined as follows [26,27]:

CHptq “ RCHCE ˆ C0 ˆα´ νSG ˆαSG ˆ P, (4)

where RCHCE denotes the mass of calcium hydroxide produced by 1-unit mass
cement hydration; C0 is the mass of cement; α denotes the degree of cement hydration;
vSG denotes the stoichiometric ratio of the mass of CH to slag (vSG = 0.22 [28,29]);
αSG denotes the degree of reaction of slag; and P is the mass of mineral mixtures.
RCHCE ˆ C0 ˆ α considers the production of calcium hydroxide from cement
hydration, while νSG ˆ αSG ˆ P considers the consumption of calcium hydroxide
from the slag reaction.

For slag-blended concrete, the calcium silicate hydrate (CSH) content, which is
the most critical parameter to strength development, can be calculated as a function
of the binder content, reaction degree of binders, the weight fraction of reactive silica
in slag, and the weight fractions of the SiO2 in the slag and cement. The amount of
CSH in hardening slag-blended concrete can be calculated as follows [26,27]:

CSHptq “ 2.85p fS,C ˆ C0 ˆα` γs ˆ fS,P ˆ PˆαSGq, (5)

where fS,C is the weight fraction of silica in cement and fS,P is the weight fraction
of silica in slag; and γS is the weight fraction of the reactive SiO2 in the slag. The
coefficient 2.85 is the mass ratio between the molar weight of CSH and the weight
of oxide SiO2 in CSH. fS,C ˆ C0 ˆ α considers the CSH production from cement
hydration, while γS ˆ fS,P ˆ P ˆ αSG considers the CSH production from the
slag reaction.

The porosity of hydrating blends is reduced due to the Portland cement
hydration, reaction of slag, and carbonation of concrete. The porosity, ε, can be
estimated as follows [26,27]:

εptq “
W
ρW

´ 0.25ˆ C0 ˆα´ 0.3ˆαSG ˆ P´ ∆εC, (6)
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where ε is porosity, W is water content, and ρW is the density of water. 0.25 ˆ C0 ˆ α

considers the porosity reduction from cement hydration, while 0.3 ˆ αSG ˆ P
considers the porosity reduction from the slag reaction; ∆εC is the reduction of
porosity due to the carbonation of concrete.

The calculation results from Equations (4)–(6) can used as input parameters
for carbonation depth calculation models. For the usual range of parameters
(especially for relative humidity higher than 55%, where CO2 diffusion controls
the carbonation process [8,9]), a carbonation front will take place that distinguishes
concrete as one of two different parts: a fully carbonated part and one part in
which concrete carbonation has not started at all. The distance between this
carbonation front and the outer concrete surface is called the carbonation depth,
and for the most common one-dimensional cases, its evolution with time is given by
a simple analytical expression, in terms of the composition and the environmental
conditions. The evolution of concrete carbonation depth xc with time t is calculated
as follows [8,9,26,27]:

xc “

c

2DCrCO2s0t
0.33CH` 0.214CSH

(7)

DC “ A

¨

˚

˚

˝

ε

C0

ρc
`

P
ρSG

`
W0

ρw

˛

‹

‹

‚

a
ˆ

1´
RH
100

˙2.2
, (8)

where [CO2]0 is the ambient concentration of CO2 at the concrete surface and A and
a are reaction parameters. 0.33CH + 0.214CSH in the denominator of Equation (7)
denotes the CO2 uptake ability of concrete. RH in Equation (8) is the ambient relative
humidity (because carbonation generally occurs at the surface region of concrete,
Papadakis [8,9] assumed that the relative humidity in the carbonated zone is equal
to that in the ambient environment). The effect of relative humidity on the rate

of hydration can be considered using a reduction factor βRH “

„

RH ´ 0.55
0.45

4
for

RH > 0.55 and βRH = 0 for RH < 0.55 [26,27,30,31]). In Equations (4)–(6), to consider
the further hydration of binders during the concrete carbonation period, items α
and αSG should be multiplied by βRH. The influence of temperature on carbonation
depth can be considered using the activation energy [8,9,26,27,32–36].

The CO2 uptake due to concrete carbonation can be determined as follows:

CO2 ´ u “ xc ˆ Sˆ p0.33CH ` 0.214CSHq, (9)

where CO2 ´ u is the CO2 uptake due to carbonation and S is the surface area of
the building. In Equation (9), the unit of xc is m, the unit of S is m2, and the unit
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of carbonatable materials CH and CSH is kg/m3; hence, the unit of CO2 ´ u is kg
(m ˆm2 ˆ kg/m3 = kg).

The CO2 uptake ratio χ due to carbonation can be calculated as follows:

χ “
CO2 ´ u
CO2 ´ e

. (10)

The calculation steps for determining the CO2 uptake ratio are summarized
as follows:

(1) Using building scales and shopping drawings, calculate the total volume and
surface area of concrete. The carbon dioxide emissions are calculated using
the total volume of concrete and unit carbon dioxide emission of materials
(Equation (1)).

(2) Using the blended cement hydration model, calculate carbonatable materials
content and the porosity of concrete (Equations (4)–(6)).

(3) Using the carbonation model, calculate the carbonation depth of concrete
(Equations (7) and (8)).

(4) Using the CO2 uptake model, calculate the content of CO2 uptake due to
carbonation (Equation (9)).

(5) Based on CO2 emission content and CO2 uptake content, calculate the CO2

uptake ratio due to carbonation (Equation (10)).

3. Experimental Study of Accelerated Carbonation of Slag-Blended Concrete

Accelerated carbonation tests are widely used to evaluate the carbonation
durability of concrete. The CO2 concentration employed in accelerated carbonation
tests is much higher than that in the natural environment. Papadakis [8,9] compared
the carbonation of concrete under both a natural environment (0.03% CO2 by volume)
and accelerated carbonation tests (7% and 50% CO2 by volume). Papadakis [8,9]
found that Equation (7) is valid for concrete with different CO2 concentrations.
Because the effect of CO2 concentration on carbonation is considered in Equation (7),
the coefficients in Equation (7) do not vary with CO2 concentration.

To verify the carbonation model, a laboratory experimental study was carried
out on accelerated carbonation tests of slag-blended concrete with different water to
binder ratios (0.3 and 0.5) and slag replacement levels (30% and 50%). The compound
compositions of cement and slag are shown in Table 4. The mixing proportions of
concrete are shown in Table 5. The size of prism specimens is 10 cm ˆ 10 cm ˆ 40 cm.
After 28 days of sealed curing, the specimens were put into a carbonation chamber, in
which the CO2 concentration was much higher than that of the natural environment.
During accelerated carbonation tests, five sides of prism specimens were sealed with
epoxy and one side of each specimen was exposed to CO2. Hence, one-dimensional
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CO2 ingression occurred. The temperature in the carbonation chamber was 20 ˝C, the
relative humidity in the carbonation chamber was 60%, and the CO2 concentration
in the carbonation chamber was 10%. After 1, 4, 8, 13, and 26 weeks of exposure, the
carbonation depth was measured via phenolphthalein spraying.

Table 4. Chemical compositions and physical properties of binder materials.

Used Materials OPC GGBFS

Chemical compositions (%)

SiO2 19.29 35.1
Al2O3 5.16 15.02
Fe2O3 2.87 0.53
CaO 61.68 43.0
MgO 4.17 5.59
SO3 2.53 0.06
K2O 0.92 0.28

Na2O 0.205 0.24

Physical properties
Fineness (cm2/g) 3200 4500
Specific gravity 3.15 2.9
Loss on ignition 1.49 0.02

Table 5. Mix proportions of concrete.

Specimens

Unit Weight (kg/m3)

Water to
Binder Ratio

Slag Replacement
Levels Water OPC GGBFS Sand Gravel Superplasticizer

(%)

0.5S0 0.5 0 174 344 0 811 941 0.68
0.5S30 0.5 30% 174 241 103 811 941 0.68
0.5S50 0.5 50% 174 172 172 811 941 0.68
0.3S0 0.3 0 154 514 0 752 845 4.11

0.3S30 0.3 30% 154 360 154 752 845 4.11
0.3S50 0.3 50% 154 257 257 752 845 4.11

Figure 2 shows the reaction degree of cement (α) in cement–slag blends. For
slag-blended concrete, the addition of slag will improve the water to cement
ratio. Consequently, the reaction degree of cement in cement–slag blends is higher
than in plain cement specimens [26–31]. The more slag additions, the higher the
cement hydration degree. With a lower water to binder ratio (Figure 2b), a higher
replacement of slag will increase the hydration degree of the cement.

Figure 3 shows the reaction degree of slag (αSG) in cement–slag blends. When
the replacement ratio of slag increases from 30% to 50%, the alkali-activated effect
on the slag reaction will be weakened and the reaction degree of slag will decrease.
When the water to binder ratio decreases from 0.5 (Figure 3a) to 0.3 (Figure 3b), due
to the reduction of the capillary water concentration and available deposit space of
reaction products, the reaction degree of the slag will decrease [26–31].
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Figure 2. Reaction degree of cement. (a) Water to binder ratio of 0.5; (b) water to
binder ratio of 0.3.
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Figure 3. Reaction degree of slag. (a) Water to binder ratio of 0.5; (b) water to
binder ratio of 0.3.

Using the concrete mixing proportions and reaction degrees of cement and slag,
the calcium hydroxide (CH) contents can be calculated using Equation (4). As shown
in Figure 4, for slag-blended concrete, due to the consumption of CH from the slag
reaction, the CH content of slag-blended concrete is much lower than that of the
control concrete. When slag replacement levels increase, CH content will decrease.
When the water to binder ratio decreases from 0.5 (Figure 4a) to 0.3 (Figure 4b), the
CH contents will increase [26–31].

Using the concrete mixing proportions and reaction degrees of cement and slag,
calcium silicate hydrate (CSH) contents can be calculated by using Equation (5).
As shown in Figure 5, for slag-blended concrete, in early stages, mainly because
the reaction degree of slag is lower than that of cement, the CSH contents of

71



slag-blended concrete are lower than those of the control concrete. At a late stage,
mainly because the SiO2 content in the slag is higher than that in OPC, the CSH
contents of slag-blended concrete can surpass those of the control concrete. When
slag replacement levels increase, the time corresponding to strength surpassing will
delay. When the water to binder ratio decreases from 0.5 (Figure 5a) to 0.3 (Figure 5b),
the CSH contents will increase [26–31].
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Figure 4. Calcium hydroxide (CH) contents. (a) Water to binder ratio of 0.5;
(b) water to binder ratio of 0.3.

Sustainability 2016, 8, 312  9 of 18 

(a)  (b)

Figure 4. Calcium hydroxide (CH) contents. (a) Water to binder ratio of 0.5; (b) water to binder ratio 

of 0.3. 

(a)  (b)

Figure 5. Calcium silicate hydrate (CSH) contents. (a) Water to binder ratio of 0.5; (b) water to binder 

ratio of 0.3. 

Using  the  concrete mixing  proportions  and  reaction  degrees  of OPC  and GGBFS,  porosity 

reduction in paste due to the hydration of binders can be calculated using Equation (6). As shown in 

Figure  6,  for OPC–slag blends, because  the  reaction  rate of  slag  is  slower  than  that of OPC,  the 

porosity of slag blended paste is higher than that of the control paste. When the water to binder ratio 

decreases from 0.5 (Figure 6a) to 0.3 (Figure 6b), the porosity will decrease [26–31]. 

(a)  (b)

Figure 6. Porosity in paste. (a) Water to binder ratio of 0.5; (b) water to binder ratio of 0.3. 

10
0

10
2

10
4

0

20

40

60

80

100

120

time (hours)

ca
lc

iu
m

 h
yd

ro
xi

d
e

 c
o

n
te

n
ts

(k
g

/m
3 )

CH contents-water to binder ratio 0.5

 

 

water to binder ratio 0.5-no slag
water to binder ratio 0.5-30% slag
water to binder ratio 0.5-50% slag

10
0

10
2

10
4

0

20

40

60

80

100

120

time (hours)

ca
lc

iu
m

 h
yd

ro
xi

d
e

 c
o

n
te

n
ts

(k
g

/m
3 )

CH contents-water to binder ratio 0.3

 

 

water to binder ratio 0.3-no slag
water to binder ratio 0.3-30% slag
water to binder ratio 0.3-50% slag

10
0

10
2

10
4

0

50

100

150

200

250

time (hours)

ca
lc

iu
m

 s
ili

ca
te

 h
yd

ra
te

(C
S

H
) 

co
n

te
n

ts
(k

g
/m

3 ) CSH contents-water to binder ratio 0.5

 

 

water to binder ratio 0.5-no slag
water to binder ratio 0.5-30% slag
water to binder ratio 0.5-50% slag

10
0

10
2

10
4

0

50

100

150

200

250

time (hours)

ca
lc

iu
m

 s
ili

ca
te

 h
yd

ra
te

(C
S

H
) 

co
n

te
n

ts
(k

g
/m

3 ) CSH contents-water to binder ratio 0.3

 

 

water to binder ratio 0.3-no slag
water to binder ratio 0.3-30% slag
water to binder ratio 0.3-50% slag

10
0

10
2

10
4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

time (hours)

p
o

ro
si

ty
 in

 p
a

st
e

porosity in paste-water to binder ratio 0.5

 

 

water to binder ratio 0.5-no slag
water to binder ratio 0.5-30% slag
water to binder ratio 0.5-50% slag

10
0

10
2

10
4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

time (hours)

p
o

ro
si

ty
 in

 p
a

st
e

porosity in paste-water to binder ratio 0.3

 

 

water to binder ratio 0.3-no slag
water to binder ratio 0.3-30% slag
water to binder ratio 0.3-50% slag

Figure 5. Calcium silicate hydrate (CSH) contents. (a) Water to binder ratio of 0.5;
(b) water to binder ratio of 0.3.

Using the concrete mixing proportions and reaction degrees of OPC and GGBFS,
porosity reduction in paste due to the hydration of binders can be calculated using
Equation (6). As shown in Figure 6, for OPC–slag blends, because the reaction rate of
slag is slower than that of OPC, the porosity of slag blended paste is higher than that
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of the control paste. When the water to binder ratio decreases from 0.5 (Figure 6a) to
0.3 (Figure 6b), the porosity will decrease [26–31].

After determination of the carbonatable materials content and porosity of
concrete, the carbonation depth of concrete can be calculated using Equation (7)
(A = 6.5 ˆ 10´6 and a = 3.6). Figure 7 shows experimental vs. analytical results.
The analysis results generally agree with the experimental results. When the
slag replacement levels increase, the carbonation depth increases and more CO2

is absorbed into the concrete. When the water to binder ratio decreases from
0.5 (Figure 7a) to 0.3 (Figure 7b), the carbonation depth of concrete decreases
significantly [26–31].
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Figure 6. Porosity in paste. (a) Water to binder ratio of 0.5; (b) water to binder
ratio of 0.3.
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Figure 7. Carbonation depth of concrete. (a) Water to binder ratio of 0.5; (b) water
to binder ratio of 0.3.
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4. CO2 Uptake in Real Buildings

4.1. Effect of Finishing Materials and Cracks on Carbonation

For calculating carbonation depth, Equation (7) is valid for sound concrete
without cracks or finishing materials. For concrete in real buildings, due to loading
and environmental effects, cracks frequently occur. The diffusivity of CO2 in air is
much higher than that in concrete and surface cracks will aggravate carbonation [32].
On the other hand, finishing materials, such as mortar and waterproof coatings, are
widely used to improve the durability performance of concrete structures [33–36].
Considering the effects of cracks and finishing materials, the calculation equation for
carbonation depth in concrete can be modified as follows [33–36]:

x1c “ βcr ˆβ f m ˆ xc, (11)

where x1c is the carbonation depth considering the effects of cracks and finishing
materials and βcr considers the aggravation effect of cracks on carbonation. βcr

is higher than 1.0 and relates to crack characteristics such as crack width, crack
depth, and crack spacing distance [32]. βfm considers the suppression effect of
finishing materials on carbonation. βfm is lower than 1.0 and relates to characteristics
of finishing materials, such as material type, depth of finishing materials, and
environment influence [33–36]. Yoda [35] conducted field investigations of the
carbonation of slag-blended concrete via 40 years of natural aging and the preventive
effect of finishing materials. Yoda [35] found that the carbonation suppression
coefficients βfm for 20 mm mortar, 5 mm coating, and tile are 0.166, 0.4, and 0.1,
respectively. On the other hand, note that Equation (11) is an empirical equation.
Equation (11) does not accurately simulate the diffusion and carbonation reaction
process. The effect of covering materials on carbonation should be further studied.
First, CO2 diffusivity in covering materials and the chemical reaction between
covering materials and CO2 should be measured. Second, the diffusion–reaction
process in cover materials and substrate concrete should be modeled. Third, the
continuity conditions on the interface between cover materials and substrate concrete
should be established.

4.2. CO2 Uptake in Real Buildings during Use Stage

In this study, a 30-story apartment complex was selected to evaluate the CO2

absorption of concrete. The 1st floor to 3rd floor are a shopping mall and the 4th floor
to 30th floor are for residual usage. The building floor plan (scale = 1/500) is shown
in Figure 8 and the building elevation plan is shown in Figure 9. The structure type
is a frame-shear wall structure.
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Environmental conditions: The environmental data were taken from the Korean
meteorological administration [37]. The site of the building is in the southeast of
Korea. The average CO2 concentration of the indoor environment is 0.08% and
of the outdoor environment is 0.04%. The average relative humidity of the indoor
environment is 55% and of the outdoor environment is 65%. The average temperature
of the indoor environment is 18.5 ˝C. For the local region of the building, the average
outdoor temperature in spring (from March to May), in summer (from June to
August), in autumn (from September to November), and in winter (from December
to February) is 15.7 ˝C, 26.0 ˝C, 19.6 ˝C, and 7.1 ˝C ,respectively. The average outdoor
temperature over one year is approximately 17.1 ˝C.

Material properties: The mixing proportions of concrete are shown in Table 6.
The slag replacement level is 40%. From the 1st floor to 10th floor, the compressive
strength of concrete is 64.8 MPa, and from the 11th floor to 30th floor, the compressive
strength of concrete is 52.3 MPa. The transport distances for OPC, GGBFS, fine
aggregate, coarse aggregate, and superplasticizer are 25 km, 25 km, 20 km, 20 km,
and 10 km, respectively. Using building drawings, we can calculate the volume of
concrete for different floors and different structural members, such as columns, slabs,
beams, stairs, and shear walls. As shown in Table 7, the total volume of concrete is
10,769 m3. Similarly, using building drawings, we can calculate the surface area of
concrete for different floors and different structural members. As shown in Table 8,
the total surface area of concrete is 79,228 m2. The slab and shear wall have a flat
shape and larger surface area than that of other structural elements. Four-millimeter
polymer waterproof coating is used as the finishing material (βfm = 0.48) [33–36].
The average crack depth of a structural member is 0.18 mm (βcr = 1.5) [33–36].

Table 6. Mixing proportions of concrete in building.

Floor
Strength
(MPa)

Water
(kg/m3)

OPC
(kg/m3)

GGBFS
(kg/m3)

Fine Aggregate
(kg/m3)

Coarse
Aggregate

(kg/m3)
Superplasticizer

1F~10F 64.8 165 248 165 780 874 3.5%
11F~30F 52.3 174 209 140 811 941 1.0%

Table 7. Volume of concrete for different floors.

Concrete Volume (m3)

Floor Column Slab Shear Wall Beam Stairs Total

1F–3F 77.32 160.65 150.88 34.12 6.38
4F–30F 51.55 160.65 100.59 34.12 4.25
Total 1623.72 4819.5 3168.48 1023.6 133.98 10,769.28
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Table 8. Surface area of concrete for different floors.

Area of Each Structure (m2)

Floor Column Slab Shear Wall Beam Stairs Total

1F–3F 364.50 1475.90 893.03 243.08 59.55
4F–30F 243.03 1475.90 595.35 243.08 39.70
Total 7654.5 44,277 18,753.63 7292.4 1250.55 79,228.08

Figure 10 shows the carbonation depth of different floors. The compressive
strength of concrete in floors 1–10 (64.8 MPa) is higher than that in floors 11–30
(52.3 MPa). After 50 years of exposure, the calculated carbonation depth for floors
1–10 is approximately 14 mm, while the calculated carbonation depth for floors 11–30
is approximately 22 mm. When the compressive strength of the concrete increases,
the carbonation depth decreases.
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Figure 10. Carbonation depth of different floors.

Figure 11 shows the CO2 uptake of different floors. After 50 years of exposure,
by using Equation (9), the sum of CO2 uptake for floors 1–10 is approximately
3.17 � 104 kg, while the sum of CO2 uptake for floors 11–30 is approximately
8.13 � 104 kg. Hence, the CO2 uptake for the total building is determined to be
approximately 11.3 � 104 kg.

Figure 12 shows the CO2 uptake ratio of all buildings. Using Equation (1), we can
calculate the sum of CO2 emission for floors 1–10 (approximately 9.43 � 105 kg)
and for floors 11–30 (approximately 15.07 � 105 kg). The CO2 emission for the
total building is approximately 24.5 � 105 kg. Furthermore, using Equation
(10), we can calculate the CO2 uptake ratio of all buildings. After 50 years,
the ratio between the absorbed CO2 and the emitted CO2 is approximately
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4.61% (11.3 � 104/24.5 � 105 = 4.61%). As shown in Table 1, using slag in the concrete
industry can reduce CO2 emissions. As shown in Figure 7, using slag will increase
the carbonation depth of concrete and absorb more CO2 from the surrounding
environment. On the other hand, note that after the carbonation depth of concrete
exceeds the protective layer of steel rebar, corrosion of steel rebar will be initiated.
More attention with respect to carbonation-induced corrosion should be paid to
slag-blended concrete.
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Figure 11. CO2 uptake of different floors.
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4.3. Discussion about Life Cycle Assessment, Service Life, Carbonation, and CO2 Uptake
after Demolitions

The life cycle of the construction system consists of four stages: production
stage, construction stage, use stage, and demolition stage. The production stage
involves obtaining raw materials and processing them, transport to the concrete
plant, concrete mixing, steel bar production, and transport to the building site.
The construction stage is the structure building process. The use stage is the
longest-lasting stage. Finally, in the demolition stage, the structure is pulled down
and the demolished concrete is crushed and recycled. During the use stage, carbon
dioxide will be absorbed due to carbonation. During the demolition stage, after
concrete is demolished and crushed, the surface area of concrete will significantly
increase, fresh uncarbonated concrete will be exposed to the environmental air, a
new cycle of carbonation will begin, and more carbon dioxide will be absorbed [22].

On the other hand, durability, such as carbonation, must be considered in the
use stage. The service life of RC structures consists of two distinct phases. The first
phase is the initiation of corrosion; CO2 penetrates the concrete cover and leads to
the loss of reinforcement passivity. The second phase is the propagation of corrosion.
Once a limiting state is reached, beyond which the consequences of corrosion cannot
be tolerated, the service life ends. We can extend the technical lifetime of an RC
structure via maintenance or repair, but this will involve high costs. It is important
to consider service life in the life cycle assessment of buildings [22]. As shown in
Figure 10, after 50 years of exposure, the carbonation depth of concrete (22 mm)
is less than the concrete cover depth (30 mm). This building is in the corrosion
initiation phase.

In this article, the crushed concrete is assumed to be used as back filler after
demolition. The average diameter of crushed concrete in Korea is 25 mm [24], the
average CO2 concentration below the ground is 0.05% [24], and the average relative
humidity below the ground is 75% [24]. Using carbonation rate relations, the crushed
concrete takes 59.51 years to fully carbonate. Considering carbonation both during
the use stage (50 years) and after the demolition stage (59.51 years), the total carbon
dioxide uptake ratio is 19.21%. On the other hand, if we only consider carbonation
during the use stage (50 years), the carbon dioxide uptake ratio is 4.61%. Hence, a
major CO2 uptake will take place when the concrete structures are demolished.

5. Conclusions

(1) This paper presents a numerical procedure for quantitatively evaluating
the amount of carbon dioxide emissions and absorption for slag-blended concrete
structures. The analysis presents theoretical innovations: first, using a slag-blended
cement hydration model, we calculate the reaction degrees of cement and slag and
evaluate concrete material properties, such as carbonatable materials content and
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porosity; second, using a micro-structure-based carbonation model, we calculate
the carbonation depth of slag-blended concrete; third, using building drawings and
carbonation depth, we calculate the carbon dioxide uptake of concrete. The proposed
numerical procedure can be applied for evaluating the CO2 uptake of buildings
with different building types, different concrete mixing proportions, and different
environment conditions.

(2) Using slag in the concrete industry can reduce CO2 emissions, increase
the carbonation depth of concrete, and uptake more CO2 from the surrounding
environment. A real building case study that considered CO2 uptake performance
was carried out. The calculation results show that for concrete containing 40% slag as
binders, 4.61% (113 tons) carbon dioxide will be absorbed during 50 years of service
life. CO2 uptake ability closely relates to the surface area of structural elements.
Slabs and shear walls have a flat shape and larger surface area than other structural
elements and make significant contributions to CO2 uptake. On the other hand, a
major CO2 uptake will take place when the concrete structures are demolished and
crushed because of the increase in the exposed surface area of uncarbonated concrete
to the air.

(3) In the life cycle assessment of concrete buildings, different phases of service
life, such as the initiation of corrosion and the propagation of corrosion, should be
taken into account. Because slag-blended concrete shows higher carbonation depth
than control concrete, more attention with respect to carbonation-induced corrosion
should be paid to slag-blended concrete.

(4) The proposed numerical procedure is not perfect and has some limitations:
first, the diffusion–reaction process in finishing materials and substrate concrete
needs further study. Second, concrete durability includes many aspects, such as
freezing and thawing, chloride penetration, carbonation, sulfate attack, and corrosion.
The interactions between carbonation and other durability aspects require further
study. Third, reinforced concrete structures have many structural styles, such as
buildings, bridges, and dams. This paper focuses on the carbon dioxide uptake of
RC buildings. For other structural styles, the carbon dioxide uptake amount may
differ from that presented in this study.
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Sensitivity Analysis on the Impact Factors
of the GSHP System Considering Energy
Generation and Environmental Impact
Using LCA
Taehoon Hong, Jimin Kim, Myeongsoo Chae, Joonho Park, Jaemin Jeong and
Minhyun Lee

Abstract: The world is facing a crisis due to energy depletion and environmental
pollution. The ground source heat pump (GSHP) system, the most efficient
new/renewable energy (NRE) system that can reduce the load of heating/cooling
equipment in a building, can be used to address this crisis. Designers and contractors
have implemented such systems depending on their experience, although there
are many factors that affect the performance of the GSHP system. Therefore,
this study aimed to conduct a sensitivity analysis on the impact factors in terms
of energy generation and environmental impact. This study was conducted as
follows: (i) collecting the impact factors that affect the GSHP system’s performance;
(ii) establishing the GSHP system’s scenarios with the impact factors; (iii) determining
the methodology and calculation tool to be used for conducting sensitivity analysis;
and (iv) conducting sensitivity analysis on the impact factors of the GSHP system in
terms of energy generation and environmental impact using life cycle assessment.
The results of this study can be used: (i) to establish the optimal design strategy
for different application fields and different seasons; and (ii) to conduct a feasibility
study on energy generation and environmental impact at the level of the life cycle.

Reprinted from Sustainability. Cite as: Hong, T.; Kim, J.; Chae, M.; Park, J.; Jeong, J.;
Lee, M. Sensitivity Analysis on the Impact Factors of the GSHP System Considering
Energy Generation and Environmental Impact Using LCA. Sustainability 2016, 8, 376.

1. Introduction

Today, the world is facing a crisis caused by energy depletion and environmental
pollution. The world’s energy consumption is expected to be three-fold higher than
its present level by 2035, with 60% of the energy to be consumed by developing
countries, like China, India and Middle East countries, with the current rapid
increase in global energy consumption. Alongside this rapid increase in global
energy consumption is a dearth of fossil fuels. The reserves to production ratios are
52.5 years for oil, 54.1 years for natural gas and 110 years for coal, as calculated
by British Petroleum in 2015 [1]. This suggests that the world’s fossil fuel reserves
can be depleted [2,3]. In response to this, the world’s major developed countries
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organized the United Nations Framework Convention on Climate Change based
on the recognition of the need for greenhouse gas (GHG) reduction and energy
savings. In the Conference of Parties 21 held on 12 December 2015, the “Parties’
Agreement” was adopted to replace the existing Kyoto Protocol, which is to expire
in 2020. Consequently, various countries around the world established a national
carbon emission reduction target (CERT) (i.e., 20% by 2020 compared to the 1990
level in the EU, 34% by 2020 compared to the 1990 level in the U.K., 17% by 2020
compared to the 2005 level in the U.S., and 15% by 2020 compared to the 2005 level in
Japan) and have established policies to achieve their respective targets. To keep pace
with such a global trend, the South Korean government established a plan to reduce
the country’s GHG emissions by 37% (850.6 million tons CO2-eq) by 2030 compared
to the current estimates [4–12].

Along with the efforts to overcome the crisis due to the depletion of energy
resources and to achieve the goal of reducing the GHG emissions, there has been a
surge of interest globally in new/renewable energy (NRE) [13–18]. NRE accounted
for 18% of the global electricity generation based on the level in 2009, and the
energy-generating facilities constituted 25% (1230 GW of 4800 GW). According to
the “NRE Medium-Term Market Report” released by International Energy Agency
(IEA), the power generation from NRE is expected to increase by 40% compared to
the 2011 level. This is a high growth rate, exceeding the growth rate from 2006 to
2011, and two-thirds of the new power plants are expected to be owned and operated
by non-OECD countries. As the NRE-related technologies are entering a virtuous
cycle of cost reduction owing to global competition, it is now possible to transfer
these technologies to developing countries [19–23].

Meanwhile, the U.S. and EU have put more emphasis on NRE-related power
stations than on fossil energy-related power stations since 2008. According to a report
released by the United Nations Environment Program, NRE has already accounted
for more than 50% of the power generation in the U.S. and Europe [24–28]. In other
words, IEA forecasted that the NRE production will be double the present amount in
2035. That is, the proportion of electricity production through NRE is expected to
increase by 33%, similar to the power generation from fossil fuels, by 2035 [29,30].

The South Korean government has proceeded with a number of projects for the
revitalization and institutional stabilization of NRE dissemination in South Korea
in line with the global trend. The basic direction of the projects is to expand the
NRE market and to thus induce private investment. It also established the New
and Renewable Energy Centre under the control of the Korea Energy Management
Corporation (KEMCO) and implemented a system of investment incentives, such
as the provision of financial support for NTE businesses, the “1 Million Green
Homes Project” and feed-in-tariff. In addition, it promoted a mandatory system
of public institutions and a renewable portfolio agreement to enhance the leading
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role of the public sector in NRE promotion. Furthermore, it built a foundation for
the support of research and industrialization, such as the establishment of Core
Technology Development Center to improve technologies and enhance product
qualities and designated specialized colleges by area to foster skilled manpower
systematically [31–36].

The ground source heat pump (GSHP) system can reduce the load of
heating/cooling equipment in a building most efficiently and is regarded as a system
that ensures reasonable operation and maintenance costs of the NRE systems [37,38].
Despite these advantages, however, the GSHP system also has a disadvantage:
it involves excessive initial investment costs. Therefore, it is very important to
accurately predict the energy load reduction of the target facility through the
introduction of the GSHP system prior to the introduction of the said system and,
thus, to evaluate the return on investment.

However, the reduction of the load of heating/cooling equipment effects varies
depending on: (i) the regional factors (i.e., ground heat capacity, ground temperature,
ground thermal conductivity); (ii) the system factor; and (iii) the design factors
(i.e., borehole length, number of boreholes) in the case of load reduction by the
GSHP system. There is no accurate analysis of the design variables and prediction
performance, and in most cases, the analysis depends on the experience of the GSHP
system design and construction companies in the existing GSHP system introduction
process. It is considered that this trend exists until today, as the introduction rate of
the system is relatively low, but as the rate of mandatory NRE introduction increases,
an accurate analysis of the alternatives by key impact factor will be more important.

In the previous relevant studies, the factors affecting the GSHP system
performance were analyzed in terms of: (i) energy generation; (ii) economic effect;
and (iii) environmental impact [39–46]. Fujii et al. (2012) conducted a study for the
optimization model of the slinky-coil horizontal ground heat exchanger (GHE) to
be applied in the U.S. and Canada. They measured the average supply temperature
by fraction to be applied to the burial depth of the GHE and the GSHP system and
conducted a sensitivity analysis in terms of energy generation by measuring the
seasonal heat exchange rate according to the soil type and supply direction of the
fluid within the GHE [39]. Casasso et al. (2014) selected the impact factors that
affect the GHE performance and conducted sensitivity analysis. The GHE length
selection was found to be the most important factor in terms of the economic effect,
and the U-pipe spacing and grout materials turned out to have an effect on the
entire system’s performance [40]. Kim et al. (2015) performed an economic and
environmental assessment for the optimization design of GHE. They conducted
an analysis in terms of life cycle cost and LCA by creating a total of five scenarios
according to the entering water temperature (EWT). In terms of the environmental
impact, the best result was obtained at 25 ˝C, and in terms of the economic effect,
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it was achieved at 30 ˝C [41]. Cosentino et al. (2015) analyzed the variables of
the thermal energy storage system of boreholes and presented the optimal heat
charging system considering a variety of design conditions. In the study, the analysis
period was assumed to be 10 and 20 years, and in the case of 10 years, the case in
which the borehole length was set to 125 m and the interval to 7 m showed a 76%
better result in terms of energy efficiency than the case where the interval was set
to 3 m. In the case of 20 years, when the borehole length was set to 125 m and the
interval to 7 m, the energy efficiency was further enhanced by 81.4% compared
to the case where the interval was set to 3 m [42]. Hepbasli (2002) evaluated
the operating performance of the heating/cooling system on the target facility, in
which the GSHP system was installed, to analyze the economic effect of the actual
system. Compared to the conventional heating/cooling system, the GSHP system
was disadvantageous in terms of the initial investment cost, but it was found to be
more economical than the conventional system in terms of energy consumption [43].
Boyaghchi et al. (2015) constructed a new combined cooling heating and power
(CCHP) system and analyzed its heating/cooling performance using the GSHP
and solar photovoltaic systems through optimization. It was found through the
analysis that the performance of the system varies greatly depending on the type of
refrigerant used inside the CCHP system [44]. Essen and Inalli (2009) predicted the
energy performance through artificial neural networks by utilizing the experiment
data on the heating/cooling performance of the GSHP system [45]. Alavy et al. (2013)
analyzed the heating/cooling energy savings according to the applicable percentage
of the GSHP system with ten target facilities. The analysis of the initial investment
cost, payback period and operating costs revealed that the GSHP system is highly
economical, as it assumes more than 80% of the entire load of heating/cooling
equipment on average [46].

As mentioned earlier, various studies have been conducted on several variables
that affect the GSHP system performance, but no research has been done that
comprehensively considers energy generation and environmental impact in the
sensitivity analysis. In addition, the study on the environmental impact analysis was
limited to evaluating the CO2 emission reduction due to the change in performance
that occurs when the GSHP system is installed. Sensitivity analysis is the study of
how the uncertainty in the output of a system can be apportioned to different sources
of uncertainty in its inputs [47–49]. Therefore, this study aimed to conduct sensitivity
analysis on the impact factors of the GSHP system in terms of energy generation and
environmental impact. This study was conducted as follows: (i) collecting the impact
factors affecting the GSHP system’s performance; (ii) establishing the GSHP system’s
scenarios with the impact factors; (iii) determining the methodology and calculation
tool to be used for conducting sensitivity analysis; and (iv) conducting sensitivity
analysis on the impact factors in terms of energy generation and environmental
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impact using LCA (refer to Figure 1). The results of this study can be used in
future research (i.e., development of an analysis model for the GSHP system) as the
impact factors to be intensively considered for the efficient design and analysis of
the GSHP system.Sustainability 2016, 8, 376  4 of 27 
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2. Materials and Methods

2.1. Collecting the Impact Factors Affecting the GSHP System’s Performance

The GSHP system is a highly efficient NRE system that uses the ground
heat energy through the GHE connected to the ground to reduce the load of
heating/cooling equipment in a building and provides heat through a heat pump. In
this study, the adjustable impact factors to be considered in the design of the GSHP
system were divided as follows: (i) regional factors; (ii) system factors; and (iii) design
factors (refer to Table 1) [41]. In addition to the above factors, operation factors and
other factors (e.g., control type, schedule of operation and setting of EWT) exist, and
those could critically affect the energy generation and environmental impact of the
GSHP system [50]. In this study, however, the impact factors affecting the GSHP
system independently are selected. Of the aforementioned factors, control type and
schedule of operation are influenced by the combination of the other factors and an
operating environment according to the type of buildings. Because those are impact
factors of a different level, other methods are required to analyze them. Therefore,
the study of aforementioned factors should be conducted in future research.

Table 1. Overview of the impact factors.

Classification Impact Factor (Unit)

Regional factors Ground temperature (˝C), soil type, ground thermal conductivity
(W/m¨ K), ground heat capacity (kJ/K¨ m3) [51–54]

System factors
Capacity (kW), power input (kW), heat of rejection (kW), heat of
extraction (kW), coefficient of performance, energy efficiency
rating [55–57]

Design factors

Borehole length (m), borehole spacing (m), borehole diameter
(mm), U-pipe position (mm), number of boreholes, arrangement,
grout conductivity (W/m¨ K), borehole thermal resistance
(K/(W/m)), U-pipe type, U-pipe diameter, fluid type, flow rate
(L/s), EWT (˝C) [58–67]

First, the regional factors were classified as non-adjustable impact factors
because they are external factors that affect the performance of the GSHP system
in a given environment (i.e., ground temperature, soil type, ground thermal
conductivity and ground heat capacity). Second, the system factors were classified
as non-adjustable impact factors because the capacity is determined by the
heading/cooling load of a building, and the manufacturer’s technical capability
determines the cost and coefficient of performance. Third, the design factors were
classified as impact factors that can adjust the detailed parameters in the design.
Among the design factors, however, borehole thermal resistance was classified as
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a non-adjustable factor, as it appears in the form of a combination of the borehole
diameter, borehole thermal conductivity, U-pipe diameter and U-pipe position. The
EWT was also classified as a non-adjustable factor, as it is a result value obtained by
the combination of all of the design factors. Meanwhile, the fluid type was excluded
as it has an insignificant effect on the energy generation and environmental impact
of GHE [41]. The borehole arrangement was also excluded because it is limited to the
installation site area and site type, and the flow rate was excluded, as it is determined
by the total installation capacity of the GSHP system. Accordingly, the adjustable
maximum/minimum range of the detailed parameters was calculated with the rest
of the impact factors, except for the above-mentioned factors (refer to Table 2).

Table 2. Adjustable range of impact factors.

Impact Factors Unit Range

Borehole Length m 50 100 150 200
Grout Thermal Conductivity W/m¨ K 0.875 0.99 1.2116 1.6
Borehole Spacing m 4 5 6 7
Borehole Diameter mm 125 150 175 200
U-pipe Diameter mm 25 32 40 50
U-pipe Position - A AS B C

‚ Category 1 (borehole length): The borehole length represents the installed
capacity of GHE. In this study, the installation range was set to 50 to 200 m.
The GSHP system uses geothermal energy and shows a tendency for an up to a
50 m change in the temperature of the ground surface due to the solar radiation
to occur, but an increase in temperature due to the ground heat occurs linearly
from less than 50 m. The maximum design length of the GHE of the vertical
closed loop is limited to 200 m, and the GHE length design programs used
globally, such as “Ground loop design (GLD)” and “professional ground loop
heat exchanger design (GLHEPro)”, show that the design of less than 200 m
represents a reliable result [68].

‚ Category 2 (grout thermal conductivity): This represents the degree of heat
transfer of GHE. As the higher the thermal conductivity is, the lower the
borehole resistance, the efficiency of GHE increases. The degree of grout thermal
conductivity varies depending on the mixing ratio of bentonite, silica sand and
water. Table A1 shows the grout thermal conductivity according to the silica
sand ratio at 20% bentonite.

‚ Category 3 (borehole spacing): As the heat capacity varies depending on the soil
type, the optimal distance where the performance of GHE does not decrease
due to the crossing of the range of the ground heat that each borehole releases
and absorbs is required. In the existing study results and construction field,
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it was designed to be more than 4 m, and if it is less than 4 m, the severe
heat interference that occurs between the boreholes (the ground temperature
rises due to the heat generated from GHE in the ground) will have an adverse
effect on the performance of the GSHP system. In addition, it is impossible
to perform construction in a very wide range due to the restrictions on the
area. Therefore, in this study, the maximum borehole spacing was limited to
7 m after an interview with experts and based on the existing records on the
installation [69].

‚ Category 4 (borehole diameter): It is designed considering the volume of the
grout that fills the borehole and U-pipe through which the fluid flows. As the
higher the thickness is, the higher the borehole thermal resistance and the lower
the performance and, if it is too thick, the borehole or internal components that
protect the grout can be damaged, it should be designed to have an appropriate
thickness. The borehole diameter can be adjusted according to the technical
skills applied in the construction, and as the wider the borehole diameter is, the
higher the material costs, the higher the resistance of the borehole, the lower
the thermal conductivity and, therefore, the lower the efficiency. The minimum
borehole diameter size is normally determined by the diameter of the U-pipe,
and the maximum borehole diameter is calculated to ensure that the U-pipe
is safely embedded and that proper heat exchange is done. In this study, as
the maximum size of the U-pipe diameter is 50 mm, the minimum size of the
borehole diameter was calculated to be 125 mm in order to exceed the sum of the
two sides of the U-tube diameter. The maximum range was limited to 200 mm
based on the standards of the GHSP association in the U.K., the International
Ground Source Heat Pump Association (IGSHPA) [70,71].

‚ Category 5 (U-pipe diameter): There is a need for a combination that satisfies the
heat load considering the low velocity of the fluid that flows inside the pipe and
the subsequent heat transfer. Strength and durability exceeding a certain level
are required for the part with which the fluid has direct contact. The U-pipe
diameter is determined based on the standard predetermined at the time of
construction. The currently-used U-pipe diameters are 25 mm, 32 mm, 40 mm
and 50 mm, and 32 mm is mainly used.

‚ Category 6 (U-pipe position): This refers to the interval at which the U-pipe is
installed, and the proper interval is needed to achieve sufficient heat exchange.
Figure 2 shows the U-pipe position that can be introduced, and it is normally
designed as the B type.
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2.2. Establishing the GSHP System’s Scenario Considering the Range of Impact Factors

2.2.1. Establishment of the Target Building for the Base Case and the
Analysis Scenarios

In this study, the target building was selected to fix the regional and system
factors, in addition to the adjustable impact factors. The target building was selected
based on the following criteria:

‚ Among the buildings that require the introduction of the NRE system, a building
that facilitates the construction of the GSHP system was selected. According
to the 2013 statistics of the Korea Energy Agency, energy-intensive buildings,
which use energy of more than 2000 TOE (tons of oil equivalent) per building
annually, consumed a total of 2,307,000 TOE and emitted a total of 10,083,000 t
CO2 in 2012. Among various types of buildings, universities consumed a total of
336,000 TOE and emitted a total of 1,397,000 t CO2, which accounts for about 15%
of the energy consumed in the entire building sector [72]. In addition, in most
cases, the newly-constructed buildings within a university have adopted the
NRE system, and especially, the GSHP system has actively been introduced [73].

‚ In this study, the GSHP system was analyzed, with a focus on the vertical
closed-loop type among the several existing GSHP system types. This is
because the vertical closed-loop type can yield more accurate simulation results
compared to the other types, and the vertical closed-loop type accounts for more
than 60% of all of the types used, especially in South Korea [74–77]. Therefore, a
building in which the vertical-closed-loop-type GSHP system is installed was
selected as the target building in this study.

‚ For sensitivity analysis, a building where the daily use of the GSHP system is nearly
constant, i.e., a residential building in which the daily electricity consumption does
not change significantly, was selected as the target building [78].

Finally, a dormitory building in a university in Seoul where the GSHP system
had been installed was selected for the sensitivity analysis. The regional factors, like
the underground environment and the building heating/cooling load, were defined,
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and the specifications of the heat pump system were also defined. Meanwhile, the
specifications of the existing GSHP system were set as a base case for the sensitivity
analysis with respect to the target building in which the GSHP system had been
installed. The lot area of the target building is 26,298 m2, and the gross area is
6612 m2. The heating and cooling loads are 283.1 and 349.2 kW, respectively, and
the installation capacities of the existing GSHP system are 352.206 kW (heating)
and 364.42 kW (cooling), respectively (refer to Tables 3 and 4). The GSHP system’s
scenarios were established with GSHP system’s base case and the range of impact
factors (refer to Table 5).

Table 3. Overview of the target building.

Category University Facility

Year established 2014
Location Seoul
Building type Residential facility
Electricity system On-grid
Heating system Individual heating
Progressive tax No
Gross floor area 6612 m2

Major energy service GSHP system
Installation of capacity Heating: 352.2 kW/cooling: 364.4 kW
Borehole Length: 150 m/ Number of borehole: 40

Table 4. Overview of the GSHP system’s base case.

Classification Borehole
Length (m)

Grout Thermal
Conductivity

(W/m¨ K)

Borehole
Spacing

(m)

Borehole
Diameter

(mm)

U-Pipe
Diameter

(mm)

U-Pipe
Spacing

(mm)

Base case 150 0.99 5 150 32 B

2.2.2. Validation of the Designed Model

This was analyzed via CV(RMSE) to verify the validity of the model [79]. The
CV(RMES) was calculated by Equation (1):

CVpRMSEq “

d

n
ř

i“1
pMECi ´ SECiq

2
ˆ 1

n

n
ř

i“1
MECi ˆ

1
n

ˆ 100 (1)

where MEC is the measured energy consumption (kWh); SEC is the simulation-based
energy consumption (kWh) during 40 years; and n is the number of compared
data (months).
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The actual energy consumption data of the building do not exist, because the
service life of the building is less than one year. Therefore, in this study, the actual
heating/cooling load of the building and the COP data of GSHP that was installed in
the building were used to predict the energy consumption data of the actual building.
The validation was conducted as the following steps: (i) estimating the monthly
actual load of the facility (refer to Table A2); (ii) using the coefficient of performance
measured through the experiment with GSHP installed in the building; during the
cooling period, the COP were measured as 6.46, 5.09 and 4.16, respectively, when the
EWT was at 15, 25 and 32 ˝C; during the heating period, the COP were measured
as 3.83, 4.2 and 4.63, respectively, when the EWT was at 5, 10 and 15 ˝C (refer to
Figures A1 and A2); (iii) estimating monthly electricity consumption for 40 years
through simulation (refer to Table A3); (iv) predicting the electricity consumption
with the result of Steps (i) and (ii); and (v) comparing the value of predicting and
comparing the predicted value with the simulation result (refer to Figure 3). The
CV(RESE) value was measured as 8.39%; therefore, it was proven that the model for
the GSHP system’s scenario was feasible.
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2.3. Sensitivity Analysis on the Energy Generation and Environmental Impact of the
GSHP System

2.3.1. Sensitivity Analysis

The previous relevant studies defined sensitivity analysis as consisting of
a quantitative comparison of the changes in the outputs to the changes in the
inputs [80–83]. In this study, the regional and system factors of the GSHP system
were fixed, and the design factors (e.g., borehole length, grout thermal conductivity,
borehole spacing, borehole diameter, U-pipe diameter and U-pipe position) of the
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base case were configured as inputs (e.g., scenarios by category) according to the
range to establish the GSHP system’s scenarios (refer to Table 5). The sensitivity
analysis on the environmental impact and energy generation of the GSHP system was
performed by changing only one design factor. The sensitivity influence coefficient
(IC) has been used in several studies as one of the most adequate forms of sensitivity
coefficients in the assessment of sensitivity (refer to Equation (2)) [80–83].

IC “ p∆OP{OPBCq {p∆IP{IPBCq (2)

where IC is the influence coefficient, 4OP is the change in output resulting from a
4IP change in input, OPBC is the base case output value and IPBC is the base case
output value.

This approach resulted in a unit-less form of sensitivity coefficient, which was
important for comparing parameters with different units (e.g., m for the borehole
length, W/m¨K for the grout thermal conductivity, m for the borehole spacing and
mm for the borehole diameter). For example, an IC value of +0.2 for the borehole
length means that a 1% increase in borehole length will lead to a 0.2% increase in the
performance of the GSHP system. Meanwhile, a negative IC value of ´0.2 for the
borehole diameter means that a 1% increase in the borehole diameter will lead to a
0.2% decrease in the performance of the GSHP system.

2.3.2. Calculating the Energy Generation of the GSHP System

The process of calculating the energy generation of the GSHP system is
presented herein for the sensitivity analysis on the impact factors of the GSHP
system in terms of energy generation. The EWT generated from GHE and supplied
to the heat pump was measured to calculate the heat efficiency of the GSHP system.
EWT is an indicator of the final performance resulting from the combination of
impact factors and serves as the heat pump inlet temperature from GHE that satisfies
the energy demand of a facility. EWT exhibits higher efficiency when provided as a
higher temperature during the heating season and as a lower temperature during
the cooling season. Therefore, the load of the heat pump can be reduced, and thus, it
is possible to reduce the electricity energy consumption of a building. In this study,
“GLHEPro”, the GHE simulation and design program, was used to calculate the EWT
and analyze the scenarios [84,85]. “GLHEPro”, which is used internationally, uses
the combination of a variety of formulas and a database of the various materials of
the GSHP system to design the borehole depth. In addition, through “GLHEPro”, the
energy generation of GHE and the annual/monthly energy consumption of the heat
pump of a building can be analyzed. In this study, the energy consumption pattern,
the result of the simulation, was established to come up with the GSHP system’s
analysis scenarios.
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2.3.3. Calculating the Environmental Impact of the GSHP System

The LCA methodology is still under discussion and continues in the ISO meeting;
the basic configuration is as Figure 4. In this study, LCA was used to analyze the
environmental impact of the GSHP system, and the method of assessment consists
of the following steps that the ISO 14040 defined [86–88].
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‚ Step 1. Practical unit and scope: The target and scope to conduct LCA should be
clear. In this study, the GSHP system supplied from the material manufacturing
and the use and maintenance phase for the whole life cycle is defined as the
practical unit, and the relevant data for the whole life cycle is defined as the
scope to conduct LCA.

‚ Step 2. Life cycle inventory (LCI) analysis: The environmental impact substances
can be calculated by following LCI steps. First, the energy source amount
used to manufacture the components of the GSHP system over the life cycle
was calculated using input-output LCA. Second, the environmental impact
substances produced in the contaminant and energy production process were
measured using the process-based LCA method studied in former research with
the domestic LCI database established in South Korea [87,88].

‚ Steps 3 and 4. Life cycle impact assessment (LCIA) and results: LCIA
defines the environmental impacts using following phases: (i) classification;
(ii) characterization; (iii) normalization; and (iv) weighting [86,87]. The
characterization factor of each category is required for calculating the
characterized impact. In this study, the scenarios of the GSHP system were
analyzed in terms of environmental impact with the following categories (e.g.,
resource depletion potential (RDP), global warming potential (GWP), ozone
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layer depletion potential (ODP), acidification potential (AP), eutrophication
potential (EP) and photochemical oxidation potential (POCP)). The characterized
impacts are calculated using Equation (3).

ICCn “
ÿ

n
Es ˆ CFs,n (3)

where ICCn is the impact category’s (n) characterized impact, Es is the emission
of substance (s) and CFs,n is the substance’s characterization factor (s) to impact
category (n).

3. Results and Discussion

The impact factors of the GSHP system were analyzed through sensitivity
analysis, considering the energy generation and environmental impact. Sensitivity
analyses were performed on one base case and 24 scenarios in six categories. Based
on the simulation results, the average maximum and minimum EWT and the
monthly electricity consumption were analyzed to compare the performance of
the GSHP system in the average heating period with that in the average cooling
period to calculate in terms of energy generation. Furthermore, the environmental
impact was calculated using LCA for the material manufacturing and use and
maintenance stages.

3.1. Sensitivity Analysis on Impact Factors of the GSHP System in Terms of
Energy Generation

The results of the sensitivity analysis on the impact factors of the GSHP system
in terms of energy generation are summarized in Figure 5 and Table 6, which show
the average minimum/maximum EWT and IC values calculated for the different
categories of impact factors. These IC values showed the changing influence of the
impact factors on energy generation (i.e., EWT) of the GSHP system, where the EWT
exhibits higher efficiency if provided as a high temperature in the heating period
and as a low temperature in the cooling period. Accordingly, as the IC values of
the cooling period become greater as negative values, the influence level is large,
and as the IC values of the heating period become greater as positive values, the
influence level is large. For the results, Category 1 (borehole length) showed the
most influential impact factors for the GSHP system. Specifically, the IC of Scenario
1-1 in the cooling and heating periods was´0.54 and 0.67, respectively. In the cooling
period, when the borehole length was reduced by as much as 100 m (66.7%), the
EWT increased by as much as 6.82˝C (36%) compared to that of the base case. In the
heating period, when the borehole length was reduced by as much as 100 m (66.7%),
the EWT decreased by as much as 5.63 ˝C (44.5%) compared to that of the base case.
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Meanwhile, Category 6 (U-pipe spacing) showed the least influential impact
factors for the GSHP system. Specifically, the IC of Scenario 6-1 in the cooling and
heating periods was ´0.02 and 0.03, respectively. In the cooling period, when U-pipe
spacing was reduced by as much as 25.5 mm (88.8%), the EWT was increased by
as much as 0.39 ˝C (2.1%) compared to that of the base case. In the heating period,
the U-pipe spacing was reduced by as much as 25.5 mm (88.8%), and the EWT was
decreased by as much as 0.39˝C (3.1%) compared to that of the base case.

The results of other impact factors are as follows. In the case of Category 2 (grout
thermal conductivity), the IC of Scenario 2-1 in the cooling and heating periods was
´0.07 and 0.10, respectively. When grout thermal conductivity was reduced by as
much as 0.115 W/m¨K (11.6%) in the cooling period, the EWT was increased by as
much as 0.15 ˝C (0.8%) compared to that of the base case. When the grout thermal
conductivity was reduced by as much as 0.115 W/m¨K (11.6%) in the heating period,
the EWT was decreased by as much as 0.15 ˝C (1.1%) compared to that of the base
case. In the case of Category 3 (borehole spacing), the IC of Scenario 3-1 in the cooling
and heating periods were ´0.07 and 0.10, respectively. When the borehole spacing
was reduced by as much as 1 m (20%) in the cooling period, the EWT was increased
by as much as 0.26 ˝C (1.4%) compared to that of the base case. When the bore
spacing was reduced by as much as 1 m (20%) in the heating period, the EWT was
decreased by as much as 0.26 ˝C (2.1%) compared to that of the base case. In the case
of Category 5 (U-pipe diameter), the IC of Scenario 5-1 in the cooling and heating
periods were´0.05 and 0.07, respectively. When the U-pipe diameter was reduced by
as much as 7 mm (21.9%) in the cooling period, the EWT was increased by as much
as 0.2 ˝C (1.1%) compared to that of the base case. When the U-pipe diameter was
reduced by as much as 7 mm (21.9%) in the heating period, the EWT was decreased
by as much as 0.2 ˝C (1.6%) compared to that of the base case. In the case of Category
4 (borehole diameter), the IC of Scenario 4-1 in the cooling and heating periods was
0.02 and ´0.03, respectively. When the bore diameter was reduced by as much as
25 mm (17%) in the cooling period, the EWT was decreased by as much as 0.07 ˝C
(0.4%) compared to that of the base case. When the bore diameter was reduced by as
much as 25 mm (16.7%) in the heating period, the EWT was increased by as much as
0.07 ˝C (0.6%) compared to that of the base case.

To sum up, the borehole length was determined to be the most influential impact
factor, and the borehole diameter and U-pipe spacing were determined to be the
least influential impact factors in terms of the energy generation of the GSHP system
(refer to Figure 5).
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respectively. When grout thermal conductivity was reduced by as much as 0.115 W/m K (11.6%) in 
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case. When the grout thermal conductivity was reduced by as much as 0.115 W/m K (11.6%) in the 
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Category 4 (borehole diameter), the IC of Scenario 4‐1 in the cooling and heating periods was 0.02 

and −0.03, respectively. When  the bore diameter was reduced by as much as 25 mm  (17%)  in  the 

cooling period, the EWT was decreased by as much as 0.07 °C (0.4%) compared to that of the base 

case. When the bore diameter was reduced by as much as 25 mm (16.7%) in the heating period, the 

EWT was increased by as much as 0.07 °C (0.6%) compared to that of the base case. 

To sum up, the borehole length was determined to be the most influential impact factor, and 

the borehole diameter and U‐pipe spacing were determined to be the least influential impact factors 

in terms of the energy generation of the GSHP system (refer to Figure 5). 
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Figure 5. Influence coefficient values of different impact factors in terms of
energy generation.

Table 6. Influence coefficient values of different impact factors in terms of
energy generation.

Classification of Impact Factors Avg Min. EWT (˝C) Avg. Max. EWT (˝C) Influence Coefficient Values

Cooling Period Heating Period Cooling Period Heating Period

Category 1 borehole
length (m)

Scenario 1-1 25.75 7.02 ´0.54 0.67
Scenario 1-2 20.6 10.94 ´0.26 0.41
Scenario 1-3 18.93 12.65 - -
Scenario 1-4 18.09 13.45 ´0.13 0.19

Category 2 grout
thermal conductivity

(W/m¨ K)

Scenario 2-1 19.08 12.5 ´0.07 0.10
Scenario 2-2 18.93 12.65 - -
Scenario 2-3 18.72 12.85 ´0.05 0.07
Scenario 2-4 18.5 13.08 ´0.04 0.06

Category 3 borehole
spacing (m)

Scenario 3-1 19.19 12.39 ´0.07 0.10
Scenario 3-2 18.93 12.65 - -
Scenario 3-3 18.83 12.72 ´0.03 0.03
Scenario 3-4 18.75 12.78 ´0.02 0.03

Category 4 borehole
diameter (mm)

Scenario 4-1 18.86 12.72 0.02 ´0.03
Scenario 4-2 18.93 12.65 - -
Scenario 4-3 18.99 12.59 0.02 ´0.03
Scenario 4-4 19.04 12.54 0.02 ´0.03

Category 5 U-pipe
diameter (mm)

Scenario 5-1 19.13 12.45 ´0.05 0.07
Scenario 5-2 18.93 12.65 - -
Scenario 5-3 18.75 12.82 ´0.04 0.05
Scenario 5-4 18.56 13.01 -0.03 0.05

Category 6 U-pipe
spacing (mm)

Scenario 6-1 19.32 12.26 ´0.02 0.03
Scenario 6-2 19.27 12.31 ´0.02 0.03
Scenario 6-3 18.93 12.65 - -
Scenario 6-4 18.32 13.21 ´0.02 0.02

Scenarios 1-3, 2-2, 3-2, 5-2 and 6-3 stand for the base case; each scenario is described
in Table 5.

3.2. Sensitivity Analysis on the Impact Factors of the GSHP System in Terms of the
Environmental Impact

The results of the sensitivity analysis on the impact factors of the GSHP system
in terms of the environmental impact (i.e., six impact categories) are summarized in
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Figure 6, Figure A3 and Tables 7, A4–A7. In Section 2.3.3, the practical unit of LCA
is defined as “the GSHP system supplied from the material manufacturing and use
and maintenance stages for the whole service life.” Therefore, the environmental
impact was assessed in two stages: (i) the material manufacturing stage; and (ii) the
use and maintenance stage. Table 7 shows the results of the sensitivity analysis in
terms of RDP. Tables A4–A7 show the results of the sensitivity analysis on the other
environmental impact categories.
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The  results of other  impact  factors  are  as  follows.  In  the  case of Category  2  (grout  thermal 

conductivity),  the  ICs  of  Scenario  2‐1  in  the material manufacturing  and  use  and maintenance 

stages were 0.37 and −0.03, respectively. In the material manufacturing stage, even when the grout 

thermal conductivity was decreased by as much as 0.115 W/m K  (11.6%) compared  to  that of  the 
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reduced  by  as much  as  0.115 W/m K  (11.6%)  compared  to  that  of  the  base  case,  the RDP was 

increased by as much as 6 kg‐Sb‐eq (0.3%) compared to that of the base case (2168 kg‐Sb‐eq). In the 

case of Category 4 (borehole diameter), the ICs of Scenario 4‐1 in the material manufacturing and 

use and maintenance stages were 0.88 and 0.01, respectively. In the material manufacturing stage, 

even when the borehole diameter was decreased by as much as 25 mm (16.7%) compared to that of 

the base case, the RDP was decreased by as much as 74 kg‐Sb‐eq (14.7%) compared to that of the 

base  case  (505  kg‐Sb‐eq).  In  the  use  and maintenance  stage, when  the  borehole  diameter was 

reduced by as much as 25 mm (16.7%) compared to that of the base case, the RDP was decreased by 

as much  as  3  kg‐Sb‐eq  (0.1%)  compared  to  that  of  the  base  case  (2168  kg‐Sb‐eq).  In  the  case  of 

Category 5 (U‐pipe diameter), the IC of Scenario 5‐4 in the material manufacturing stage and the IC 

of Scenario 5‐1 in the use and maintenance stage were 0.61 and −0.02, respectively. In the material 

manufacturing  stage, when  the U‐pipe  diameter was  increased  by  as much  as  18 mm  (56.3%) 

compared  to  that  of  the  base  case,  the RDP was  increased  by  as much  as  175  kg‐Sb‐eq  (34.7%) 

compared  to  that  of  the  base  case  (505  kg‐Sb‐eq).  In  the  use  and maintenance  stage, when  the 

U‐pipe diameter was reduced by as much as 7 mm (21.9%) compared to that of the base case, the 

RDP was  increased  by  as much  as  8  kg‐Sb‐eq  (0.4%)  compared  to  that  of  the  base  case  (2168 

kg‐Sb‐eq).  In  the  case  of  Category  6  (U‐pipe  spacing),  the  ICs  of  Scenario  6‐2  in  the material 

manufacturing and use and maintenance stages were 0.00 and −0.01, respectively.  In  the material 

manufacturing stage, even when the U‐pipe spacing was decreased by as much as 25.2 mm (88.8%) 

compared  to  that of  the base case,  the RDP showed no change compared  to  that of  the base case 

(505  kg‐Sb‐eq).  In  the  use  and maintenance  stage, when  the U‐pipe  spacing was  reduced  by  as 

much as 25.2 mm (88.8%) compared to that of the base case, the RDP was increased by as much as 

14 kg‐Sb‐eq (0.6%) compared to that of the base case (2168 kg‐Sb‐eq). As shown  in Tables A4–A7, 

other environmental impact categories showed similar trends. 

In summary, the borehole length was determined to be the most influential impact factor, and 

the borehole spacing and U‐pipe spacing were determined to be the least influential impact factors 

in terms of the environmental impact of the GSHP system (refer to Figure 6). 
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Figure 6. Influence coefficient values of different impact factors in terms of
environmental impact (i.e., resource depletion potential (RDP)).

As shown in Table 7, Category 1 (borehole length) showed the most influential
impact factors for the GSHP system in the material manufacturing and use and
maintenance stages. Specifically, the IC of Scenario 1-4 in the material manufacturing
stage and the IC of Scenario 1-1 in the use and maintenance stage were 1.00 and
´0.17, respectively. In the material manufacturing stage, when the borehole length
increased by as much as 50 m (33.3%) compared to that of the base case (150 m), the
RDP increased by as much as 170 kg-Sb-eq (33.7%) compared to that of the base case
(505 kg-Sb-eq). In the use and maintenance stage, when the borehole length was
reduced by as much as 100 m (66.7%) compared to that of the base case (150 m), the
RDP decreased by as much as 320 kg-Sb-eq (11.6%) compared to that of the base
case (2168 kg-Sb-eq). Meanwhile, Category 3 (borehole spacing) showed the least
influential impact factors for the GSHP system. Specifically, the ICs of Scenario 3-4 in
the material manufacturing and use and maintenance stages were 0.00 and ´0.002,
respectively. In the material manufacturing stage, even when the borehole spacing
increased by as much as 2 m (40%) compared to that of the base case (5 m), the RDP
showed no change compared to that of the base case (505 kg-Sb-eq). In the use and
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maintenance stage, when the borehole spacing was reduced by as much as 2 m (40%)
compared to that of the base case (5 m), the RDP decreased by as much as 2 kg-Sb-eq
(0.2%) compared to that of the base case (2168 kg-Sb-eq).

The results of other impact factors are as follows. In the case of Category 2
(grout thermal conductivity), the ICs of Scenario 2-1 in the material manufacturing
and use and maintenance stages were 0.37 and ´0.03, respectively. In the material
manufacturing stage, even when the grout thermal conductivity was decreased
by as much as 0.115 W/m¨K (11.6%) compared to that of the base case, the RDP
was decreased by as much as 21 kg-Sb-eq (4.2%) compared to that of the base
case (505 kg-Sb-eq). In the use and maintenance stage, when the grout thermal
conductivity was reduced by as much as 0.115 W/m¨K (11.6%) compared to that of
the base case, the RDP was increased by as much as 6 kg-Sb-eq (0.3%) compared to
that of the base case (2168 kg-Sb-eq). In the case of Category 4 (borehole diameter),
the ICs of Scenario 4-1 in the material manufacturing and use and maintenance stages
were 0.88 and 0.01, respectively. In the material manufacturing stage, even when the
borehole diameter was decreased by as much as 25 mm (16.7%) compared to that of
the base case, the RDP was decreased by as much as 74 kg-Sb-eq (14.7%) compared
to that of the base case (505 kg-Sb-eq). In the use and maintenance stage, when the
borehole diameter was reduced by as much as 25 mm (16.7%) compared to that of
the base case, the RDP was decreased by as much as 3 kg-Sb-eq (0.1%) compared to
that of the base case (2168 kg-Sb-eq). In the case of Category 5 (U-pipe diameter),
the IC of Scenario 5-4 in the material manufacturing stage and the IC of Scenario 5-1
in the use and maintenance stage were 0.61 and ´0.02, respectively. In the material
manufacturing stage, when the U-pipe diameter was increased by as much as 18 mm
(56.3%) compared to that of the base case, the RDP was increased by as much as
175 kg-Sb-eq (34.7%) compared to that of the base case (505 kg-Sb-eq). In the use
and maintenance stage, when the U-pipe diameter was reduced by as much as 7 mm
(21.9%) compared to that of the base case, the RDP was increased by as much as
8 kg-Sb-eq (0.4%) compared to that of the base case (2168 kg-Sb-eq). In the case of
Category 6 (U-pipe spacing), the ICs of Scenario 6-2 in the material manufacturing
and use and maintenance stages were 0.00 and ´0.01, respectively. In the material
manufacturing stage, even when the U-pipe spacing was decreased by as much as
25.2 mm (88.8%) compared to that of the base case, the RDP showed no change
compared to that of the base case (505 kg-Sb-eq). In the use and maintenance stage,
when the U-pipe spacing was reduced by as much as 25.2 mm (88.8%) compared
to that of the base case, the RDP was increased by as much as 14 kg-Sb-eq (0.6%)
compared to that of the base case (2168 kg-Sb-eq). As shown in Tables A4–A7 other
environmental impact categories showed similar trends.
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In summary, the borehole length was determined to be the most influential
impact factor, and the borehole spacing and U-pipe spacing were determined to be
the least influential impact factors in terms of the environmental impact of the GSHP
system (refer to Figure 6).

4. Conclusions

This study aimed to conduct sensitivity analysis on the impact factors of the
GSHP system in terms of energy generation and environmental impact. This
study was conducted as follows: (i) collecting the impact factors affecting the
GSHP system’s performance; (ii) establishing the GSHP systems’ scenarios with
the impact factors; (iii) determining the methodology and calculation tool to be used
for conducting sensitivity analysis; and (iv) sensitivity analysis on the impact factors
in terms of energy generation and environmental impact using LCA. A dormitory
building in a university in Seoul where the GSHP system had been installed was
selected for the sensitivity analysis. The average maximum and minimum EWT
and the monthly electricity consumption were analyzed, which could enable the
comparison of the performances of the GSHP system during the heating and
cooling periods based on the simulation results. Furthermore, the environmental
impact was calculated using LCA for the material manufacturing and use and
maintenance stages.

In terms of the energy generation of the GSHP system, the borehole length was
determined to be the most influential impact factor, showing influence coefficient
values of ´0.54 and 0.67, respectively, during cooling and heating period. These
values are relatively high compared to those of other impact factors, such as the grout
thermal conductivity (´0.07 and 0.10, respectively, during the cooling and heating
period), borehole spacing (´0.07 and 0.10, respectively, during the cooling and
heating period), borehole diameter (0.02 and ´0.03, respectively, during the cooling
and heating period) and U-pipe diameter (´0.05 and 0.07, respectively, during the
cooling and heating period), which indicate that the borehole length influences the
energy generation of the GSHP the most. On the other hand, the U-pipe spacing was
determined to be the least influential impact factor, showing influence coefficient
values of´0.02 and 0.03, respectively, during the cooling and heating period. In terms
of the environmental impact of the GSHP system, the borehole length was again
determined to be the most influential impact factor, showing influence coefficient
values of 1.00 and ´0.17, respectively, in the material manufacturing and use and
maintenance. These values are relatively high compared to those of other impact
factors, such as the grout thermal conductivity (0.37 and ´0.03, respectively, in the
material manufacturing and use and maintenance), borehole spacing (´0.07 and
0.10, respectively, in the material manufacturing and use and maintenance), borehole
diameter (0.88 and 0.01, respectively, in the material manufacturing and use and
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maintenance) and U-pipe diameter (0.61 and ´0.02, respectively, in the material
manufacturing and use and maintenance), which indicate that the borehole length
influences the environmental impact of the GSHP the most. On the other hand, the
borehole spacing and U-pipe spacing were determined to be the two least influential
impact factors, showing influence coefficient values of zero and ´0.01, respectively,
in the material manufacturing and use and maintenance for both impact factors.
To sum up, the borehole length was determined to be the most influential impact
factor in terms of both energy generation and environmental impact. Meanwhile,
U-pipe spacing was determined to be the least influential impact factor in terms of
both energy generation and environmental impact

The results of this study can be used: (i) to establish the optimal design strategy
for different application fields and different seasons; and (ii) to conduct a feasibility
study on energy generation and environmental impact at the level of the life cycle.

Research on the following is recommended for future studies: (i) economic
and environmental assessment for selecting the optimal implementation fraction
of the GSHP system using the above-analyzed factors; and (ii) a multi-objective
optimization system for the ultimate decision maker to analyze the uncountable
scenarios in terms of several impact factors.
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Table A1. Ground thermal conductivity according to silica sand mass fraction.

20% Bentonite
Silica Sand Mass Fraction (%)

0 5 10 15 20 25 30 35 40 45 50

DY-100 0.7746 0.8619 0.9055 0.9408 0.9738 1.0567 1.1373 1.233 1.3438 1.4967 1.6107
DY-100S 0.7937 0.9072 0.9279 0.964 1.0157 1.0828 1.1653 1.2634 1.3769 1.5059 1.6504

Montigel F 0.7879 0.8831 0.9211 0.957 1.0082 1.0748 1.1508 1.2542 1.3668 1.4949 1.6383
EZ-SEAL 0.8067 0.9221 0.9431 0.9798 1.0323 1.1005 1.1844 1.32841 1.3995 1.5306 1.6774

Thermal Grout 0.8374 0.9571 0.979 1.0348 1.0716 1.1598 1.2295 1.3504 1.4527 1.5888 1.7531
Volcay Grout 0.7615 0.8746 0.9159 0.9554 0.9897 1.0884 1.1286 1.2116 1.2997 1.4839 1.6052

Table A2. The actual monthly load of the facility.

Month Total Load (kWh) Peak Load (kW)

January 26,946 236
February 19,913 193

March 40,572 142
April 18,521 67
May 14,800 85
June 35,807 213
July 21,312 306

August 20,424 293
September 32,226 191

October 22,965 80
November 29,633 107
December 53,586 188

Table A3. Monthly electricity consumption for 40 years through simulation.

Month Electricity Consumption (kWh) EWT (˝C)

January 5716 13.9
February 4210 14.1

March 8773 13.0
April 3934 15.1
May 1984 15.9
June 5232 17.9
July 3009 17.1

August 2892 17.1
September 4788 18.3

October 4781 14.8
November 6234 14.3
December 11,614 12.8
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Analysis of Environmental Impact for
Concrete Using LCA by Varying the
Recycling Components, the Compressive
Strength and the Admixture
Material Mixing
Taehyoung Kim, Sungho Tae and Chang U. Chae

Abstract: Concrete is a type of construction material in which cement, aggregate,
and admixture materials are mixed. When cement is produced, large amounts of
substances that impact the environment are emitted during limestone extraction
and clinker manufacturing. Additionally, the extraction of natural aggregate causes
soil erosion and ecosystem destruction. Furthermore, in the process of transporting
raw materials such as cement and aggregate to a concrete production company, and
producing concrete in a batch plant, substances with an environmental impact are
emitted into the air and water system due to energy use. Considering the fact that the
process of producing concrete causes various environmental impacts, an assessment
of various environmental impact categories is needed. This study used a life cycle
assessment (LCA) to evaluate the environmental impacts of concrete in terms of its
global warming potential, acidification potential, eutrophication potential, ozone
depletion potential, photochemical ozone creation potential, and abiotic depletion
potential (GWP, AP, EP, ODP, POCP, ADP). The tendency was that the higher the
strength of concrete, the higher the GWP, POCP, and ADP indices became, whereas
the AP and EP indices became slightly lower. As the admixture mixing ratio of
concrete increased, the GWP, AP, ODP, ADP, and POCP decreased, but EP index
showed a tendency to increase slightly. Moreover, as the recycled aggregate mixing
ratio of concrete increased, the AP, EP, ODP, and ADP decreased, while GWP and
POCP increased. The GWP and POCP per unit compressed strength (1 MPa) of
high strength concrete were found to be about 13% lower than that for its normal
strength concrete counterpart. Furthermore, in the case of AP, EP, ODP, and ADP
per unit compressed strength (1 MPa), high-strength concrete was found to be about
10%~25% lower than its normal strength counterpart. Among all the environmental
impact categories, ordinary cement was found to have the greatest impact on GWP,
POCP, and ADP, while aggregate had the most impact on AP, EP, and ODP.

Reprinted from Sustainability. Cite as: Kim, T.; Tae, S.; Chae, C.U. Analysis of
Environmental Impact for Concrete Using LCA by Varying the Recycling Components,
the Compressive Strength and the Admixture Material Mixing. Sustainability 2016,
8, 389.
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1. Introduction

Concrete is a construction material manufactured by the mixing of cement,
aggregate, mixed water, and admixture materials. In the process of producing cement,
which is the main composition material for concrete, not only do natural resources
such as limestone and clay become depleted, but environmental impact substances
are also emitted during clinker manufacturing through pyro process due to large
amounts of energy use [1]. Additionally, the extraction of natural aggregate can lead
to soil erosion or ecosystem destruction, while the waste sludge and wastewater
emitted from a concrete batch plant have harmful effects on the water ecosystem [2].

As concrete has several impacts on the environment, the selection of various
environmental impact categories is needed. When only a single environmental
impact is evaluated, the limited assessment could lead to false interpretations
of concrete’s eco-friendliness. Therefore, efforts and investment to develop a
design standard from the perspective of the life cycle of concrete to minimize its
environmental impact are being conducted. In environmentally advanced nations
such as the U.K. and Sweden, the Royal Institute of British Architects (RIBA) [3]
and the Swedish Environmental Management Council [4] are developing Product
Category Rules (PCRs) and conducting certification focused on construction products
from their production to their disuse. The development of the draft version [5]
of ISO 13315-2 (environmental management for concrete and concrete structures),
an international standard regarding concrete, is ongoing. However, in Korea,
quantitative studies on the environmental impact in the concrete industry are at
their starting points, and data for policymaking and technological support to turn
the concrete industry into a sustainable industry are also lacking [6]. Most research
has a strong tendency to be focused on global warming wherein greenhouse gas
emissions are evaluated. In addition to those concerning global warming, studies
on product category rules and standards development on acidification, ozone layer
destruction, and eutrophication are also in their primary stages [7,8]. The object
of this study is to evaluate the effects of the increase in compressive strength,
admixture material mixing, recycled aggregate mixing, and the amount of binder
on environmental impact in a quantitative manner. The environmental impact
assessment on concrete was based on the life cycle assessment process suggested in
the ISO 14040 series [9,10], and environmental impact assessment index was based
on “Korean Eco-indicator methodology” suggested by the Ministry of Environment
in Korea [11]. Environmental impacts (global warming, acidification, eutrophication,
ozone depletion, photochemical ozone creation, and abiotic depletion) were
evaluated in a quantitative manner using 1000 concrete designs of a mix proportion
database, and the major causes of environmental impact were analyzed.
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2. Method of Environmental Impact Assessment for Concrete

2.1. Goal and Scope Definition

The product selected for environmental impact assessment was ordinary
concrete, and based on various functions of concrete, concrete structures and the
formation of concrete products were selected as major functions. Concrete size of
1 m3 was selected as the functional unit.

The product stage of concrete (Cradle to Gate) was selected as the system
boundary for the life cycle assessment of concrete, as can be seen in Figure 1.
Furthermore, the production stages of concrete were divided into raw material,
transportation, and manufacturing stages, and the environmental impact of factors
in each stage on air and water systems was evaluated [12].
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Figure 1. Process of environmental impact assessment. Figure 1. Process of environmental impact assessment.

2.2. Inventory Analysis

Based on the life cycle assessment ranges (system boundary) of concrete, input
factors and output factors such as energy, raw material, product, and waste were
analyzed. To this end, as can be seen from Table 1, the LCI DB (Life Cycle Index
Database) on each of the input materials and energy sources in concrete production
was investigated.

The LCI DB on the input materials and energy sources used in this life cycle
assessment utilized the existing data of Korea’s Ministry of Land, Infrastructure, and
Transport [13] and Ministry of Environment [14]. As the LCI DB is different for each
country, the DB offered in one’s own country should be used. However, the LCI DB
on ground granulated blast-furnace slag, fly ash, and admixture in Korea’s LCI DB
has not been established yet. Therefore, the DB [15] of ecoinvent, an overseas LCI
DB, was used.
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Table 1. Life Cycle Index (LCI) Database.

Division Reference Nation

Raw material

Cement National LCI Korea
Coarse aggregate National LCI Korea

Fine aggregate National LCI Korea
Blast furnace slag Ecoinvent Swiss

Fly ash Ecoinvent Swiss
Water National LCI Korea

Chemical admixture Ecoinvent Swiss

Energy Electric National LCI Korea
Diesel National LCI Korea

Transportation Truck National LCI Korea

2.3. Environmental Impact Assessment

In general, an impact assessment is divided into the following stages:
classification, in which list items elicited from the list analysis are gathered into
corresponding impact categories; characterization, in which the items are categorized
into impact categories, and the impact for each category is quantified; normalization,
where the environmental impact of each impact category is divided by the total
environmental impact of a specific area or period and, lastly; weighting, where the
relative advantage among the impact categories is identified. Here, the classification
and characterization stages are essential components as per the standards of
ISO 14044, while the normalization and weighting stages can be applied as optional
components. Currently, as normalization and weighting factors customized for
concrete are not yet developed, this study evaluated up to the characterization stage.
Environmental problems arising from this are global warming, ozone depletion,
photochemical ozone creation, abiotic depletion, eutrophication, and acidification.
Therefore, as seen in Table 2, based on the reference material and impact index of
the six environmental impact categories such as Global Warming Potential (GWP),
Abiotic Depletion Potential (ADP), Acidification Potential (AP), Eutrophication
Potential (EP), Ozone Depletion Potential (ODP), and Photochemical Ozone Creation
Potential (POCP), characterization values for each environmental impact category of
concrete were calculated. As for the reference material and impact index for each
environmental impact category, they were based on the database adopted by Korea’s
Ministry of Environment’s Environmental Declaration [16], and classification and
characterization were conducted using the LCI DB selected beforehand.

Classification consists of classifying and gathering impact materials according
to environmental impact categories. Generally, when impact materials taken from
LCI DB are classified by their environmental impact category, and when they are
grouped according to the categories of environmental impact, the impact pattern of
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each material on the environment can be clearly identified. From the classification
details of concrete LCI DB of this study, based on the reference material and impact
index on each environmental impact category, Table 3 shows examples of ordinary
cement and coarse aggregate. The IPCC (Intergovernmental Panel on Climate
Change) guideline [17] defines 23 types in total, including carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O), as substances that have an impact on
global warming, while the reference material is carbon dioxide (CO2). Resource
depletion is based on the standard suggested by Guinee (1995) [18], and considers
89 types of resource items in total including crude oil, natural gas, and uranium (U).
As for the acidification impact index, while it differs by regional characteristics
and atmospheric environment, the impact index suggested by Heijung et al. and
Hauschild and Wenzel [19] was applied as it is applicable to any region. Twenty-three
impact materials in total, including sulfur dioxide (SO2), hydrogen sulfide (H2S), and
hydrogen fluoride (HF), all appear as sulfur dioxide (SO2), the reference material.

Table 2. Characterization value of composition material for concrete.

Composition
Material Unit

Environmental Impact Categories

GWP
(kg-CO2eq/unit)

AP
(kg-SO2eq/unit)

EP
(kg-PO4

3´
eq/unit)

POCP
(kg-Ethyleneeq/unit)

Cement kg 9.48 ˆ 10´1 1.28 ˆ 10´3 1.34 ˆ 10´4 2.43 ˆ 10´3

Fine
aggregate kg 1.49 ˆ 10´3 1.10 ˆ 10´2 1.92 ˆ 10´3 1.07 ˆ 10´4

Fly ash kg 1.50 ˆ 10´2 1.16 ˆ 10´4 6.94 ˆ 10´5 6.57 ˆ 10´5

Water kg 1.14 ˆ 10´1 1.94 ˆ 10´4 6.57 ˆ 10´5 4.86 ˆ 10´7

Table 3. Classification value of composition material for concrete. The six
environmental impact categories are as follow: Global Warming Potential (GWP);
Abiotic Depletion Potential (ADP); Acidification Potential (AP); Eutrophication
Potential (EP); Ozone Depletion Potential (ODP); and Photochemical Ozone
Creation Potential (POCP).

Inventory List
Environmental Impact Categories Composition Material

GWP ADP AP EP ODP POCP Cement Aggregate

Ammonia (NH3) � � 6.95 ˆ 10´7

Carbon dioxide (CO2) � 9.31 ˆ 10´1 3.40 ˆ 10´1

CFC-11 � 2.05 ˆ 10´9 4.02 ˆ 10´13

Methane (CH4) � � 1.71 ˆ 10´2 5.57 ˆ 10´4

Sulfur dioxide (SO2) � � 1.27 ˆ 10´2 4.42 ˆ 10´4

Phosphate (PO43´) � 4.22 ˆ 10´8

As for the eutrophication impact index, Heijung et al. and Hauschild and
Wenzel’s impact index was applied, just as it had been applied in the acidification
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impact index. Among a total of 11 types of impact materials such as phosphate
(PO4

3´), ammonia (NH3), and nitrogen oxides (NOx), the reference material was
phosphate (PO4

3´). In the case of ozone depletion, the impact index suggested by
World Metrological Organization (WMO) [20] was selected, which considers a total
of 23 types of impact materials such as CFC (chlorofluorocarbon)-11, Halon-1301,
and CFC-114, and takes CFC-11 as the reference material. Among a total of 128 types
of impact materials, including ethylene, NMVOC (Non-methane volatile organic
compounds), and ethanol, photochemical ozone creation takes ethylene as reference
material, and the impact index suggested by Derwent et al. (1998) [21] and Jenkin and
Hayman (1999) [22] was applied. Characterization is the process of quantifying the
environmental traits of classified impact materials according to each environmental
impact category. In the classification stage, the corresponding impact materials
in each environmental impact category were identified and linked to, but as the
impact index of each impact material is different, it was hard to identify the extent of
impact in a quantitative manner. Therefore, the characterization value of concrete
was calculated in a quantitative manner by multiplying the environmental load of
impact materials with the impact index for each environmental impact category,
and adding all of them. This process is shown in Equation (1), and here, CIi equals
the characterization value, Loadj equals the impact material j’s environmental load,
and eqvi,j equals the environmental impact index of the impact material j that is
within the environmental impact category of i. Table 3 shows an example of the
environmental impact characterization value of raw material used in the production
of concrete in this study.

CIi “
ÿ

CIi,j “
ÿ

pLoadj ¨ eqvi,jq (1)

Here, CIi is the size of impact that all the list items (j) included in the impact
category i have on the impact category in which they are included. CIi,j is the size of
impact that the list item j has on impact category i, Loadj is the environmental load
of the jth list item, and eqvi,j is the characterization coefficient value of jth list item
within impact category I [23].

(1) Global Warming Potential (GWP)

Global warming is a phenomenon that refers to the rising average surface
temperature of the Earth, primarily due to the increasing level of GHG (Greenhouse
Gases) emissions. The standard substance for GWP is CO2. Global warming causes
changes in the terrestrial and aquatic ecosystems and in coastlines due to rising sea
levels. The category indicator of GWP is expressed by Equation (2):

GWP “
ÿ

LoadpiqˆGWPpiq (2)
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where Load(i) is the experimental load of the global warming inventory item (i) and
GWP(i) is the characterization factor of global warming inventory item (i).

(2) Ozone Depletion Potential (ODP)

Ozone depletion refers to the phenomenon of decreasing ozone density through
the thinning of the stratospheric ozone layer (15–30 km altitude) as a result of
anthropogenic pollutants. This leads to increased UV (Ultraviolet Ray) exposure of
human skin, which implies a potential rise in incidence of melanoma. The standard
substance for ODP is CFCs, and the category indicator of ODP is expressed by
Equation (3):

ODP “
ÿ

LoadpiqˆODPpiq (3)

where Load(i) is the experimental load of the ozone depletion inventory item
(i) and ODP(i) is the characterization factor of inventory item (i) of the ozone
depletion category.

(3) Acidification Potential (AP)

Acidification is an environmental problem caused by acidified rivers/streams
and soil due to anthropogenic air pollutants such as SO2, NH3, and NOx.
Acidification increases mobilization and leaching behavior of heavy metals in soil and
exerts adverse impacts on aquatic and terrestrial animals and plants by disturbing
the food web. The standard substance for assessing AP is SO2. The category indicator
of AP is expressed by Equation (4):

AP “
ÿ

LoadpiqˆAPpiq (4)

where Load(i) is the experimental load of the acidification inventory item (i) and
AP(i) is the characterization factor of inventory item (i) of the acidification category.

(4) Abiotic Depletion Potential (ADP)

Input materials (natural resources) required for concrete production are
classified into renewable resources, such as groundwater and wood, and
nonrenewable resources, such as minerals and fossil fuels. Abiotic depletion refers to
the exhaustion of nonrenewable resources and the ensuing environmental impacts.
The category indicator of ADP is expressed by Equation (5):

ADP “ LoadpiqˆADPpiq (5)

where Load(i) is the environmental load of the ADP inventory item (i) and ADP(i) is
the characterization factor for the ADP inventory item (i).
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(5) Photochemical Oxidant Creation Potential (POCP)

Photochemical oxidant creation refers to the reaction of airborne anthropogenic
pollutants with sunlight that produces chemical products such as ozone (O3), leading
to an increase in ground level ozone concentration; this causes smog that contains
chemical compounds adversely affecting ecosystems and hazardous to human health
and crop growth. Ethylene is used as the standard substance for POCP. The category
indicator of POCP is expressed by Equation (6):

POCP “
ÿ

LoadpiqˆPOCPpiq (6)

where Load(i) is the environmental load of the POCP inventory item (i) and POCP(i)
is the characterization factor for the POCP inventory item (i).

(6) Eutrophication Potential (EP)

Eutrophication is a phenomenon in which inland waters are heavily loaded
with excess nutrients due to chemical fertilizers or discharged wastewater, triggering
rapid algal grow and red tides. The standard substance for EP is PO4

3´. The category
indicator of EP is expressed by Equation (7):

EP “
ÿ

LoadpiqˆEPpiq (7)

where Load(i) is the environmental load of the EP inventory item (i) and EP(i) is the
characterization factor for the EP inventory item (i).

3. Environmental Impact Analysis of Concrete

3.1. Mix Design Database

In order to evaluate the life cycle environmental impact of concrete, about
1000 concrete mix designs were surveyed. As shown in Figure 2, the range of
compressive strength is 18 MPa~80 MPa. Among them, 800 are normal strength
(below 18~40 MPa) concrete mix, and 200 are high-strength (40~80 MPa) concrete mix.

Furthermore, there are 76 concrete mixes that use only OPC (Ordinary Portland
Cement) as binder, 546 concrete mixes in which GGBS (Ground Granulated Blast
furnace Slag) is mixed, 253 concrete mixes where fly ash is mixed, and 125 concrete
mixes where both GGBS and fly ash are mixed. The range of unit binder amount
was distributed the most in 300~400 (kg/m3), and the least in 500~600 (kg/m3).
The effect of the admixture mixing ratio on the unit binder amount was not very
significant. Also, based on the Korean statute regarding the mandatory amount of
recycled aggregate to be used, the recycled aggregate mixing ratio was divided into
0%, 10%, 20%, and 30%.
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3.2. Environmental Impact According to Concrete Strength

The stronger the concrete was, the greater tendency it had to increase the global
warming potential (GWP), photochemical ozone creation potential (POCP), and
abiotic depletion potential (ADP). According to existing research results, it was found
that the mixing amount of ordinary cement had the greatest impact on the increase of
GWP, POCP, and ADP [24,25]. As shown in Figure 3a, when extracting limestone and
iron ore, which are the main raw materials for ordinary cement, sulfur dioxide and
sulfuric acid are emitted due to the use of dynamite, which is composed of sulfuric
acid, nitric acid, and sulfur substances. Also, due to the energy used in extracted ore
and clinker crushing plants, NOx and PO4

3´ are emitted. During the production of
ordinary cement, the pyro process is the stage where maximum energy is inputted
and the most materials with an environmental impact are emitted [26]. This is
because, in the process of increasing the rotary kiln temperature up to 1000~1450 ˝C
in order to produce clinkers, the input of fuels such as Bunker-C Oil, bituminous
coal, waste tires, and waste plastics emits environmental impact substances such
as carbon dioxide (CO2) and ammonia (NH3). This is because most fuels used
are mainly composed of carbon and hydrogen, and are made from crude oil that
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contains oxygen and sulfur [27]. Also, the amount of cement put in high strength
concrete (40~80 MPa) was about 20% more than in normal strength concrete (below
18~40 MPa). Therefore, as natural resources such as limestone, iron ore, and gypsum,
which are the major elements of cement, were used, abiotic depletion potential (ADP)
increased. However, the higher the strength was, the acidification potential (AP)
and eutrophication potential (EP) indices showed a tendency to become slightly
decreased, as shown in Figure 4d,f. It was found that the coarse aggregate mixing
amount of concrete had the greatest impact on AP and EP. Generally, as coarse
aggregate mixing amount of concrete decreased to 850~880 kg/m3 when its strength
was increased to 890~910 kg/m3 on an average, it was found that environmental
impact substances produced in coarse aggregate production process also decreased.
As shown in Figure 3b, lubricating oil and dynamite, which were used in logging and
blasting processes to produce aggregate, were mainly made up of coal-type mineral
and sulfuric acid. Hence, sulfur dioxide (SO2), sulfuric acid (H2SO4), and nitrate
(NO3

´), which have an impact on acidification and eutrophication, are emitted. Also,
when extracting and crushing the blasted rocks, the use of light oil emits ammonia
(NH3), ammonium (NH4), phosphate (PO4

3´), and nitrogen oxides (NOx).

3.3. Environmental Impact According to Admixture

The higher the admixture mixing ratio of concrete was, the lower the global
warming potential (GWP), acidification potential (AP), ozone depletion potential
(ODP), abiotic depletion potential (ADP), and photochemical ozone creation potential
(POCP) became. But the eutrophication potential (EP) index showed a tendency to
increase slightly [28,29].

As shown in Figure 5a,b,e, as the admixture mixing ratio increased to 10%, 30%,
and 50%, compared to OPC (mixing ratio 0%), GWP, POCP and ADP were found to
be decreased to as much as about 10% to 28%. This was because, when producing
GGBS and FA (Fly ash), the effect of by-products of other industrial products, such
as CO2, CH4, N2O, CO, S, soft coal, hard coal, and crude oil on global warming
potential (GWP), the photochemical ozone creation potential (POCP), and abiotic
depletion potential (ADP) were very small compared to the process of ordinary
cement production. As shown in Figure 3c, GGBS is produced by crushing, mixing,
and cooling blast-furnace slag, the by-product of iron ore, and natural gypsum
together [30]. As shown in Figure 3d, FA is produced by saving, selecting, and scaling
fly ash, the by-product. Manufacturing plants of GGBS and FA used electricity and
light oil as their energy sources, and it was found that substances emitted due to
the use of light oil and electricity were of 45 types including carbon dioxide (CO2),
methane (CH4), sulfuric acid (S), ammonia (NH3), and nitrogen oxide (NOx).
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As shown in Figure 5c,d, it was found that, compared to OPC, AP and ODP
were reduced to about 1%~3% as the admixture mixing ratio increased. In the process
of GGBS production, nitrogen oxide (NOx), sulfur dioxide (SO2), halon, and CFC, the
major impact materials of AP and ODP, were emitted in lesser amounts compared to
the production process of ordinary cement, but there was no considerable difference.
As shown in Figure 5f, it was found that compared to OPC, EP increased up to
about 3%~9% as the admixture mixing ratio increased. This was due to the fact
that emissions of NH4, NH3, NO3, N2, and PO4

3´, the main materials that have an
impact on EP in the production process of GGBS and FA, were greater than when
ordinary cement was produced [31].
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3.4. Environmental Impact According to Recycled Aggregate

As the recycled aggregate mixing ratio of concrete increased, acidification
potential (AP), eutrophication potential (EP), ozone depletion potential (ODP), and
abiotic depletion potential (ADP) decreased, but the global warming potential (GWP)
and photochemical ozone creation potential (POCP) increased [32].

As shown in Figure 6a, when the recycled aggregate mixing ratio was increased,
GWP was found to have increased to up to about 14%~29% compared to concrete
in which only natural aggregate was mixed. This was because, in the production
process of recycled aggregate, major impact materials in terms of global warming
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potential (GWP) such as CO2, CH4, and N2O, were emitted more than in the case of
natural aggregate production process. As shown in Figure 3e, recycled aggregate is
produced by crushing, separating, and selecting waste concrete from the demolition
of building structures. The amount of light oil and electricity used in the complicated
process of making 1 ton of recycled aggregate thus becomes greater than the amount
of energy used to produce 1 ton of natural aggregate. As shown in Figure 6c–f, when
the mixing ratio of recycled aggregate was increased to 10%, 20%, and 30%, compared
to the concrete in which only natural aggregate was mixed, AP, EP, ODP, and ADP
were reduced to as much as about 9%~29%. Analysis revealed that it was because, in
the process of producing recycled aggregate, NOx, NH3, SO2, NH4, halon, and CFC,
the major impact materials of AP, EP, ODP, and ADP, were emitted less compared to
the production process of natural aggregate. In particular, as natural resources were
not used in recycling waste concrete which was construction waste, it was found that
soft coal, hard coal, and crude oil, the major impact materials of abiotic depletion
potential (ADP), were significantly reduced. As shown in Figure 6b, as the recycled
aggregate mixing ratio was increased, compared to OPC, POCP was found to be
reduced to about 2%~9%. CH4, CO, S, and C4H10, the major impact materials of
photochemical ozone creation potential (POCP) in recycled aggregate production
process, were emitted less than in the case of natural aggregate production process,
but there was not much difference.
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mixed. This was because, in the production process of recycled aggregate, major impact materials
in terms of global warming potential (GWP) such as CO2, CH4, and N2O, were emitted more than
in the case of natural aggregate production process. As shown in Figure 3e, recycled aggregate is
produced by crushing, separating, and selecting waste concrete from the demolition of building
structures. The amount of light oil and electricity used in the complicated process of making 1 ton of
recycled aggregate thus becomes greater than the amount of energy used to produce 1 ton of natural
aggregate. As shown in Figure 6c–f, when the mixing ratio of recycled aggregate was increased to
10%, 20%, and 30%, compared to the concrete in which only natural aggregate was mixed, AP, EP,
ODP, and ADP were reduced to as much as about 9%~29%. Analysis revealed that it was because,
in the process of producing recycled aggregate, NOx, NH3, SO2, NH4, halon, and CFC, the major
impact materials of AP, EP, ODP, and ADP, were emitted less compared to the production process
of natural aggregate. In particular, as natural resources were not used in recycling waste concrete
which was construction waste, it was found that soft coal, hard coal, and crude oil, the major impact
materials of abiotic depletion potential (ADP), were significantly reduced. As shown in Figure 6b, as
the recycled aggregate mixing ratio was increased, compared to OPC, POCP was found to be reduced
to about 2%~9%. CH4, CO, S, and C4H10, the major impact materials of photochemical ozone creation
potential (POCP) in recycled aggregate production process, were emitted less than in the case of natural
aggregate production process, but there was not much difference.
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4. Conclusions

(1) By using the concrete life cycle assessment (LCA) technique suitable for
the Korean situation, the effects of increase in strength, admixture material mixing,
recycled aggregate mixing, and the amount of binder on environmental impact
(global warming, acidification, eutrophication, ozone depletion, photochemical ozone
creation, and abiotic depletion) were evaluated in a quantitative manner.

(2) It was found that the higher the strength of the concrete, the higher were
the indices of global warming potential (GWP), photochemical ozone creation
potential (POCP), and abiotic depletion potential (ADP). However, the acidification
potential (AP), and eutrophication potential (EP) indices showed a tendency to
decrease slightly.

(3) As admixture mixing ratio of concrete increased, the global warming
potential (GWP), acidification potential (AP), ozone depletion potential (ODP),
abiotic depletion potential (ADP), and photochemical ozone creation potential
(POCP) decreased, but the eutrophication potential (EP) index showed a tendency to
increase slightly.

(4) As the recycled aggregate mixing ratio of concrete increased, the acidification
potential (AP), eutrophication potential (EP), ozone depletion potential (ODP), and
abiotic depletion potential (ADP) decreased, but the global warming potential (GWP),
and photochemical ozone creation potential (POCP) increased.

(5) GWP and POCP per unit compressive strength (1 MPa) of high-strength
concrete (60 MPa) were found to be about 13% lower than that of normal strength
(24 MPa). Also, in the case of AP, EP, ODP, and ADP per unit compressive strength
(1 MPa), high-strength concrete (60 MPa) was found to be about 10%~25% lower
than that of normal strength (24 MPa).

(6) Among the six environmental impact categories, it was found that ordinary
cement had the greatest impact on global warming potential (GWP), photochemical
ozone creation potential (POCP), and abiotic depletion potential (ADP), and
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aggregate had the most effect on acidification potential (AP), eutrophication potential
(EP), and ozone depletion potential (ODP).
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The Use of MIVES as a Sustainability
Assessment MCDM Method for
Architecture and Civil
Engineering Applications
Oriol Pons, Albert de la Fuente and Antonio Aguado

Abstract: Environmental and sustainability assessment tools have an important role
in moving towards a better world, bringing knowledge and raising awareness.
In the architecture and civil engineering sector, these assessment tools help in
moving forward to constructions that have less economic, environmental and social
impacts. At present, there are numerous assessment tools and methods with different
approaches and scopes that have been analyzed in numerous technical reviews.
However, there is no agreement about which method should be used for each
evaluation case. This research paper synthetically analyzes the main sustainability
assessment methods for the construction sector, comparing their strengths and
weaknesses in order to present the challenges of the Spanish Integrated Value
Model for Sustainability Assessment (MIVES). MIVES is a Multi-Criteria Decision
Making method based on the value function concept and the Seminars of experts.
Then, this article analyzes MIVES advantages and weak points by going through its
methodology and two representative applications. At the end, the area of application
of MIVES is described in detail along with the general application cases of the main
types of assessment tools and methods.

Reprinted from Sustainability. Cite as: Pons, O.; de la Fuente, A.; Aguado, A. The Use
of MIVES as a Sustainability Assessment MCDM Method for Architecture and Civil
Engineering Applications. Sustainability 2016, 8, 460.

1. Introduction

Environmental impacts caused by humans have been increasing for decades
with serious consequences such as climate change [1]. During the last decade, some
countries have seriously tackled these ecological problems [2] but their measures have
been insufficient partly due to the high rate of development, resources consumption
and environmental impact in developing countries [3].

Nowadays, more than 50 years after Life Cycle Assessment originated [4], more
than 40 years after the 1973 oil crisis and almost 30 years after the 1987 Brundtland
Commission report [5], the importance of sustainability and its assessment is accepted
worldwide. Brundtland and other reports that followed [6] promoted sustainable
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development in a holistic point of view taking into account economic, environmental
and social impacts.

The building sector causes an important part of these impacts during its
materials production, the buildings usage phase and the buildings demolition or
end of life among other phases [7]. For this sector, there are several tools, database
and methods available to assess sustainability and environmental aspects within the
architectural and civil engineering area [8]. However, there is no unanimity yet as to
which criteria and indicators or which method is better to use in each case [9].

These tools differ both in their scope and approach [10]. Numerous methods
focus on measuring disaggregated indicators in detail [11]. An important group of
well-known tools have been broadly used during decades to assess the environmental
impacts within the construction sector. This is the case of the Life Cycle Assessment
(LCA) [12–16] in which environmental inputs, outputs and impacts are evaluated
through the life cycle of a building or part of it. Some important LCA partial
steps are: the Life Cycle Inventory (LCI) [17], which catalogues and quantifies a
specific product’s inputs and outputs during its life cycle, and the Life Cycle Impact
Assessment (LCIA), which evaluates impacts for a building system throughout the
life cycle of a construction product [18].

On the other hand, Life Cycle Cost (LCC) [19] is a tool that permits analysts to
carry out an economic analysis focusing on the purchasing and operating phases of a
building over a period of time; while Life Cycle Energy Analysis allows assessing
energy inputs during the life cycle of a building [8]. Material Flow Analysis (MFA)
is a related method that can measure and analytically quantify flows and stocks
of construction materials [20]. Material and Energy Flow Analysis (MEFA) also
incorporates the flow of energy [21]. These tools are exemplary in using scientific
methods to measure and apply criteria to assess environmental impacts [9]. However,
numerous researchers agree that is not feasible to apply these LCA related methods
for covering the analysis of complete buildings [22–24].

Other tools and methods include more than one sustainability requirement.
In this regard, methods that add economic and/or social indicators to environmental
requirements have increased in the last decade [25,26], as well as standards for social
indicators [27]. More recently, some of these tools and assessments also include
technical, functional and governance requirements as well [28]. In this category, there
are the certification tools for the building sector [29]. Table 1 presents eight of these
certification tools, which are a representative sample of more than 30 methodologies
studied in review papers [9,30,31].

Most of these exemplify this recent tendency since social and economic aspects
are incorporated. The acceptance of these methods has shown to be variable, as
only two have been internationally applied for decades, while the others are mainly
used in the country of origin. The methods gathered within Table 1 also differ in
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being credits or percentage based rating tools, the application’s complexity and
the outcomes resulting from each method, which is in most of the cases, either a
certification with a qualification of satisfaction or a graphic sustainability index.

Table 1. Different sustainability assessment tools for buildings.

Name Institution Origin Use C E S CR PR C R

BEAM BEAM Hong Kong 1996 N L X L X - L CQ [32]
BREEAM BRE UK 1990 I - X L X - L CQ [33]

DGNB DGNB Germany 2008 N X X X - X H CQ [34]
EcoEffect KTH Sweden 2000 N X X - X - M GI [35]

Green Star GBCA Australia 2003 N - X X X - M CQ [36]
HQE AssoHQE France 1996 N X X X - X M CQ [37,38]
LEED USGBC USA 2000 I L X L X - L CQ [39,40]

VERDE GBCE Spain 2010 N X X X - X M CQ [41,42]

Legend: Use: I = internationally consolidated, N = nationally consolidated; C. Economic
requirements (cost, time, etc.). X means included, L means low consideration;
E. Environmental requirements (energy consumption, CO2 emissions, etc.). X means
included; S. Social requirements (health, safety, quality, etc.). X means included, L means
low consideration; CR. X means credits based rating tool that gives credits to carry out
the assessment; PR. X means percentage based rating tool that assesses the percentage
of satisfaction of each indicator; C. Tool complexity of application. H means high, M
means medium, L means low; R. Result. CQ means certification with a qualification of
satisfaction; I means graphic index.

Most of the mentioned tools and methods can be applied during the design,
construction and use phases of a building and mainly rely on experimental and
quantitative data. On the other hand, some sustainability assessment studies and
research focus on the post occupancy period like Post Occupancy Evaluations [43],
others focus on data from participatory processes [44,45] and other studies are
advancing in order to incorporate both [46]. All the aforementioned tools have
contributed to advance towards a more sustainable construction sector and to raise
awareness of this issue within the sector [9]. However, most of them are specialized
in quantifying specific branches of sustainability, such as the environmental or
the economic branch. Only a few methods are capable of quantifying all the
different social, economic and environmental requirements that permit researchers
to derive a global sustainability index. Finally, when a sustainability assessment
requires a specialized tool for a particular study case, the aforementioned tools are
scarcely representative.

In this regard, this research paper presents a detailed analysis of the
MIVES method (from the Spanish Integrated Value Model for the Sustainability
Assessment). MIVES is a Multi-Criteria Decision Making (MCDM) method capable
of defining specialized and holistic sustainability assessment models to obtain
global sustainability indexes. There have already been numerous applications of
MCDM in engineering [47], most focusing on economic aspects [48–50] and fewer
about environmental issues [51–53] or social aspects [54,55]. Some MCDM tools
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incorporate different sustainability branches [56,57] and some are specialized in
the construction sector [58]. The MIVES method is a unique MCDM based on the
use of value functions [59] to assess the satisfaction of the different stakeholders
involved in the decision-making process. The use of these functions allows
minimizing the subjectivity in the assessment. So far, MIVES has already been
used for industrial buildings [60–63], underground infrastructures [64], hydraulic
structures [65,66], wind towers [67], sewage systems [68], post-disaster sites and
housing selection [69,70] and construction projects [71,72]. It should be highlighted
that in the current Spanish Structural Concrete Code [73], MIVES method is proposed
for assessing the sustainability of concrete structures [74]. Finally, it must be added
that the MIVES method has even been expanded to include the uncertainties involved
in the process of analysis [75].

This present research paper describes the main advantages and weak points of
this method. It also shows these features by presenting two representative examples
of MIVES sustainability assessment tools and their potential applications. Finally,
this research paper concludes providing the area of application for this MCDM and
the main types of sustainability assessment tools.

2. Methodology

MIVES is a methodology that was developed at the start of the new
Millennium [53]. As previously said, it is a unique MCDM because MIVES combines:
(a) a specific holistic discriminatory tree of requirements; (b) the assignation
of weights for each requirement, criteria and indicator; (c) the value function
concept [59] to obtain particular and global indexes; and (d) seminars with experts
using Analytic Hierarchy Process (AHP) [76] to define the aforementioned parts.

Experts from the field of research and from the different institutions and
companies involved in each research project participate in these seminars. These
experts use AHP to define: the requirements tree, their criteria and indicators,
their weights and their value functions. They bring knowledge and expertise and
also take into account related previous research projects and technical bibliography.
These seminars by experts bring objectivity, reality and complexity to the resulting
assessment tool. For example, when defining the requirements tree this objectivity is
crucial in order to obtain the correct assessment. Each case of study needs its own
tree that incorporates exclusively its most significant and discriminatory indicators.
It is also of great importance that the amount of indicators is not excessive.

2.1. MIVES Process

The assessment of the sustainability index by using the MIVES method should
be carried out following these steps: (S1) define the problem to be solved and the
decisions to be made; (S2) produce a basic diagram of the decision model, establishing
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all those aspects that will be part of a requirements tree that may include qualitative
and quantitative variables; (S3) establish the value functions to convert the qualitative
and quantitative variables into a set of variables with the same units and scales;
(S4) define the importance or relative weight of each of the aspects to be taken into
account in the assessment; (S5) define the various design alternatives that could be
considered to solve the previously identified problem; (S6) evaluate and assess those
alternatives by using the previously created model; and (S7) make the right decisions
and choose the most appropriate alternative.

Examples of step S1 are explained in Section 3. The requirements tree in S2
(Figure 1) is a hierarchical diagram in which the various characteristics of the product
or processes to be evaluated are organized, normally at three levels: indicators,
criteria, and requirements. At the final level, the specific requirements are defined and
the previous levels (criteria and indicators) are included in order to desegregate the
requirements; thus permitting: (1) having a global view of the problem; (2) organizing
the ideas; and (3) facilitating the comprehension of the model to any stakeholder
involved in the decision process. There are also examples of requirements trees in
Section 3.
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Afterwards, in S3 the value functions are used to formalize a method to convert
the different criteria magnitudes and units into a common, non-dimensional unit
that will be called value. In this sense, it should be noticed that this method accounts
for both qualitative and quantitative variables related with the indicators.

In any multi-criteria decision problem, the decision maker has to choose between
a group of alternatives [77], these being discrete or continuous. Thus, when the
preferences (x) are known with respect to a set of design alternatives (X), a value
function V:P Ñ R can be fixed such that Px > P’x so that V(Px) > V(P’x), P being
equal to a set of criteria to be evaluated for alternative x. The problem consists of
generating a non-dimensional value function V(Px) that reflects the preferences of
the decision maker for each alternative while integrating all the criteria Px = (P1,x;
P2,x; . . . ; PN,x). The solution is a function V consisting of the sum of N value functions
Vi corresponding to the N criteria which comply with Vi:PÑ R so Pi,x > P’i,x ØVi(Pi,x)
> Vi(P’i,x). For the case of problems structured in the form of a requirements tree, the
resulting Sustainability Index (SI) can be assessed using Equation (1).

SI “ V pPxq “

i“N
ÿ

i“1

αi¨ βi¨γi¨Vi
`

Pi,x
˘

(1)

In Equation (1), V(Px) measures the degree of sustainability (value) of the
alternative x evaluated with respect to various criteria Px = (P1,x;P2,x; . . . ;PN,x)
considered. αi are the weights of each requirement i, βi are the weights of each
criteria i and γi are the weights of the different indicators i. These weights are the
preference, respectively, of these requirements, criteria and indicators. Vi(Pi,x) are the
value functions used to measure the degree of sustainability of the alternative x with
respect to a given criterion i. Finally, N is the total number of criteria considered in
the assessment.

A main objective of the Vi functions is to homogenize the different indicators
values, which have different measurement units, so to obtain a global sustainability
index. In this regard, it is also highly recommended to delimit the values that these
functions can generate. In this way, all the criteria have one single scale of assessment,
normally between 0 and 1. These values represent the minimum and maximum
degree of sustainability, respectively. A second main objective is to make it possible
to weigh the Vi functions by weights αi, βi, and γi. It also makes it easier to obtain
these weights (αi, βi, and γi) since it will only be necessary to establish the relative
priority of certain requirements, criteria, or indicator with respect to other ones,
regardless of whether some may present different scales of quantification.

Once the value functions have been defined, it is necessary to calculate weights
αi, βi, and γi for each branch of the requirements tree (step S4 of MIVES). To this
end, numerical values established by experts in the field are used. These weights
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are obtained using AHP in seminars as explained in the previous section. First, the
weights of each requirement (αi) are calculated. Then, within each requirement,
weights βi for the several criteria are calculated, and finally, the same process is
done for each criteria to obtain the indicator weights γi. AHP is useful when
the resulting initial trees are excessively complex, or discrepancies occur among
the experts, or, simply, it is desirable to carry out an organized process to avoid
difficulties in establishing the weights. Afterward, to compensate for possible
subjective bias because of the use of semantic labels in AHP, a subsequent process
of analyzing, comparing and, in case of being necessary, modifying the resulting
weights is recommended.

The various alternatives x are defined in the following stage S5. After that, these
alternatives are evaluated (step S6), and the sustainability index associated with each
of them is calculated using Equation (1).

2.2. Definition of the Value Functions

Defining value functions is also crucial to add homogeneity to different
indicators, which have different measurement units in order to obtain sustainability
indexes. There is a value function (VIi) for each indicator. Defining each value
function requires measuring preference or the degree of satisfaction produced by
a certain alternative. Each measurement variable may be given in different units;
therefore, it is necessary to standardize these into units of value or satisfaction, which
is basically what the value function does. The method proposed a scale for which 0.0
reflects minimum satisfaction (Pmin) and 1.0 reflects maximum satisfaction (Pmax).

To determine the satisfaction value for an indicator [59], the MIVES model
outlines a procedure consisting in the definition of: (1) the tendency (increase or
decrease) of the value function; (2) the points corresponding to Pmin and Pmax;
(3) the shape of the value functions (linear, concave, convex, S-shaped);
and (4) the mathematical expression of the value function.

The general expression of the value function Vi used in MIVES to assess the
satisfaction of the stakeholders for each indicator corresponds to Equation (2).

Vi � Ki�
�
1� e�mi� p|Pi,x�Pi,min|{niq

Ai
�

(2)

In Equation (3), variable Ki is a factor that ensures that the value function will
remain within the range of 0.0–1.0 and that the best response is associated with a
value equal to 1.0:

Ki �
1

1� e�mi� p|Pi,max�Pi,min|{niq
Ai

(3)

In both Equations (2) and (3): (a) Pi,max and Pi,min are the maximum and
minimum values of the indicator assessed. (b) Pi,x is the score of alternative x
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that is under assessment, with respect to indicator i under consideration, which
is between Pi,min and Pi,max. This score generates a value that is equal to Vi(Pi,x),
which has to be calculated. (c) Ai is the shape factor that defines whether the curve is
concave (Ai < 1), a straight line (Ai « 1) or whether it is convex or S-shaped (Ai > 1).
(d) ni is the value used, if Ai > 1, to build convex or S-shaped curves. (e) mi defines
the value of the ordinate for point ni, in the former case where Ai > 1.

The geometry of the functions Vi allows establishing greater or lesser exigency
when complying with the requisites needed to satisfy a given criterion. For example,
the convex functions experience a great increase in value for scores that are close to
the minimum value, and the increase in value diminishes as the score approaches the
maximum. This type of function is used when one wishes to encourage compliance
with minimum requirements. That may be the case, for instance, with sufficiently
exacting standards in which mere compliance is highly satisfactory. Another
instance may be when the aim is to reward the use of new technologies, and their
implementation is seen as very positive (even when it is a partial or a minor one),
with a view to encouraging better practices. The maximum and minimum value
criteria can be 0, the greatest or worst value of the studied alternatives, etc. depending
on each study case.

It can be seen that the shape of the function depends on the values that the
parameters Ai, ni and mi. The interpretation of these parameters facilitates the
understanding and the use of Equation (2). Tables 2 and 3 give characteristic
values of these parameters for the definition of increasing and decreasing value
functions, respectively. These parameters may vary according to the preferences of
the decision maker.

Table 2. Typical values of ni, mi and Ai for increasing value functions.

Function ni mi Ai

Linear ni « Pi,min «0.0 «1.0
Convex Pi,min `

Pi,max´Pi,min
2 ă ni ă Pi,min <0.5 >1.0

Concave Pi,min ă ni ă Pi,min `
Pi,max´Pi,min

2 >0.5 <1.0

S-shaped Pi,min `
Pi,max´Pi,min

5 ă ni ă Pi,min `
´

Pi,max´Pi,min
2

¯

4
5 0.2–0.8 >1.0

Table 3. Typical values of ni, mi and Ai for increasing and decreasing functions.

Function ni mi Ai

Linear ni « Pi,min «Ao «1.0
Convex Pi,max `

Pi,min´Pi,max
2 ă ni ă Pi,max <0.5 >1.0

Concave Pi,max ă ni ă Pi,max `
Pi,min´Pi,max

2 >0.5 <1.0

S-shaped Pi,max `
Pi,min´Pi,max

5 ă ni ă Pi,max `
´

Pi,min´Pi,max
2

¯

4
5 0.2–0.8 >1.0
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When the shape of the value function for an indicator is unclear, this may be
defined by a working group. In these cases, several value functions (discrete or
continuous) may be defined according to the members of the group. Therefore, a
family of functions is obtained as can be seen in Figure 2.Sustainability 2016, 8, 460  7 of 15 

 

Figure 2. Value function generated by a working group composed of different decision makers. 

The simplest way to solve these differences consists in taking the mean of the different values 

(after excluding extreme cases). The parameters Ai, Ai, ni and mi can  then be estimated  through a 

minimum squares approach. It is also possible to work with a range of values in such a way that two 

values  correspond  to  each y‐value  (the mean  and  the  standard deviation). This would  require  a 

statistical approach in the subsequent decision process.   

This  is  the explanation  that can be applied  to study cases  that have  limited complexity and, 

therefore, a deterministic approach or for studies with homogeneous alternatives like a same building 

typology such as school buildings [71]. Nevertheless, for large and complex cases and assessments 

with uncertainty there are already developed probabilistic approaches [75] using MIVES. There are 

also MIVES methods for heterogeneous alternatives like public infrastructures, which can vary from 

metro lines to a health center building and require a previous homogenization phase [65,66]. 

3. Applications to the Building Sector 

As  explained  in  Section  2,  MIVES  has  already  been  successfully  applied  to  study  the 

sustainability in numerous cases within the building sector [55–69]. Table 4 presents a representative 

sample of cases classified in four levels: energy, urban, edifices and building systems and elements. 

The diversity of these cases, some at an energy or urban  level and some about building elements, 

some assessing broad samples in general and some carrying out analysis in detail, etc., shows MIVES 

versatility. This table incorporates the reference where each sustainability assessment  is explained 

thoroughly. 

Table 4. Different sustainability assessments within the construction sector that have used MIVES. 

Level  Sustainability Assessment Ref. 

Energy 
1. Sustainability index of wind‐turbine support systems  [67] 

2. Electricity generation systems  [78] 

Urban 
3. Sustainable site location of post‐disaster temporary housing in urban areas  [69] 

4. Sustainability assessment of sewerage pipe systems  [68] 

Edifices 

5. Sustainability of post‐disaster temporary housing units technologies  [70] 

6. Sustainable assessment applied to technologies used to build schools  [71] 

7. Environmental analysis of industrial buildings  [61] 

Building systems   

and elements 

8. Sustainability assessment of concrete structures  [74] 

9. Sustainability assessment method applied to structural concrete columns  [72] 

10. Sustainability assessment of concrete flooring systems  [79] 

Figure 2. Value function generated by a working group composed of different
decision makers.

The simplest way to solve these differences consists in taking the mean of the
different values (after excluding extreme cases). The parameters Ai, Ai, ni and mi can
then be estimated through a minimum squares approach. It is also possible to work
with a range of values in such a way that two values correspond to each y-value (the
mean and the standard deviation). This would require a statistical approach in the
subsequent decision process.

This is the explanation that can be applied to study cases that have limited
complexity and, therefore, a deterministic approach or for studies with homogeneous
alternatives like a same building typology such as school buildings [71]. Nevertheless,
for large and complex cases and assessments with uncertainty there are already
developed probabilistic approaches [75] using MIVES. There are also MIVES methods
for heterogeneous alternatives like public infrastructures, which can vary from metro
lines to a health center building and require a previous homogenization phase [65,66].

3. Applications to the Building Sector

As explained in Section 2, MIVES has already been successfully applied to study
the sustainability in numerous cases within the building sector [55–69]. Table 4
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presents a representative sample of cases classified in four levels: energy, urban,
edifices and building systems and elements. The diversity of these cases, some at
an energy or urban level and some about building elements, some assessing broad
samples in general and some carrying out analysis in detail, etc., shows MIVES
versatility. This table incorporates the reference where each sustainability assessment
is explained thoroughly.

These sustainability assessments have their own particularities. In the following
sections, the specific study Cases 6 and 9 are explained in detail. These two cases are
representative of the particularities of the different cases shown in Table 4 and they
show the main differentiate characteristics of MIVES. Case 6 assesses a large sample
of more than 400 educational edifices while Case 9 analyzes a specific construction
element but considering all its constructive and structural characteristics. They
both follow all the methodology steps described in Section 2 but their requirements
tree, weights and value functions are particular for each case, as shown in the
following sections.

Table 4. Different sustainability assessments within the construction sector that
have used MIVES.

Level Sustainability Assessment Ref.

Energy 1. Sustainability index of wind-turbine support systems [67]
2. Electricity generation systems [78]

Urban
3. Sustainable site location of post-disaster temporary housing in
urban areas [69]

4. Sustainability assessment of sewerage pipe systems [68]

Edifices
5. Sustainability of post-disaster temporary housing units technologies [70]
6. Sustainable assessment applied to technologies used to build schools [71]
7. Environmental analysis of industrial buildings [61]

Building systems
and elements

8. Sustainability assessment of concrete structures [74]
9. Sustainability assessment method applied to structural concrete
columns [72]

10. Sustainability assessment of concrete flooring systems [79]

3.1. Sustainable Assessment Applied to Technologies Used to Build Schools

This assessment tool and its application are explained in detail in technical
bibliography [71]. It was a tool designed and applied to assess the sustainability of
more than 400 schools built in Spain in the early 2000s [80]. This tool focused on the
analysis of these educational edifices construction processes and the technologies
used to build them. These schools were public kindergarten and primary centers
for 200 to 400 students, constructed from 2000 to 2014 in short time frames and
tight budgets due to an extreme need for new educational centers in short time.
They each had a surface from 1500 to 3000 m2 in which there were: (a) classes and
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auxiliary spaces for the kindergarten and the primary area; and (b) common areas
like a lunchroom, gym, administration and teachers’ area, etc.

These educational edifices were constructed using different technologies. The
most representative of which were: on site concrete structure system (NC) [81],
off-site concrete framed structure technology (FC) [82], off-site steel modules
structure system (FS) [83] and off-site timber structure system (FT) [84]. Table 5
presents some important characteristics of them.

Table 5. Important characteristics of the main building technologies.

NC FC FS FT

Structural material Concrete Concrete Steel Timber
Structural technology Frames Frames Modules of frames Load-bearing walls

Average building speed (m2/month) 150 250 250 250
Average distance factory-site (km) 85 150 900 1600

Average weight (kg/m2) 1464 946 408 507
Scaffolding required High Low None Low

Disassembly possibilities None Low High High

The definition and application of this MIVES tool solved the endemic necessity
of evaluating the economic, social and environmental impact of these school centers
and their construction as well as new schools in the future. Therefore, this tool
incorporates a simplified Life Cycle Assessment (LCA) [7]. Table 6 shows the
requirements tree of this tool, with its weights and value functions shapes, which
were defined during seminars attended by experts from all the involved parties [71].

The main results of this assessment were the global and the partial sustainability
indexes for the construction alternatives. With the global indexes, it was possible to
qualify the assessed technologies from more to less sustainable and partial indexes
were useful to give advice to their industries in order to improve. These global
indexes were: 0.35 for NC; 0.72 for FC; 0.71 for FS and 0.59 for FT. For example, to the
studied timber technology, this had an unexpectedly low sustainable index although
being a high performance environmental building system.

The reason was its unsuitability for this particular study case due to the
unsustainable distance between the production center and the building site. This
conclusion demonstrated that technologies are not excellent by themselves but
depend on their application. Finally, the authors recommended building future
educational edifices following this study sustainability requirement.
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Table 6. Requirements tree, weights and value functions shapes for the schools
technologies assessment.

Requirements Criteria Indicators

R1. Economic (50%)

C1. Cost (52%)
I1. Production and assembly cost (30%, DCx)
I2. Cost deviation probability (25%, DS)

I3. Maintenance cost (45%, DS)

C2. Time (48%)
I4. Production and assembly timeframe (38%, DCx)
I5. Timeframe deviation probability (62%, DCx)

R2. Environmental (30%)

C3. Phase 1: extraction and
fabrication of materials (30%)

I6. Water consumption (22%, DCx)
I7. CO2 emissions (40%, DCx)
I8. Energy consumption (38%, DCx)

C4. Phase 2: transport (10%) I9. CO2 emissions (100%, DCx)

C5. Phase 3: building and
assembly (15%)

I10. CO2 emissions (58%, DCv)
I11. Solid waste (42%, DCv)

C6. Phase 4: use and
maintenance (30%) I12. CO2 emissions (Weight 100%, DCx)

C7. Phase 5: demolition (15%) I13. Solid waste (Weight 100%, DS)

R3. Social (20%)

C8. Adaptability to changes
(35%)

I14. Neither adaptable nor disassemble
building percentage (theoretical) (50%, DS)
I15. Deviation of neither adaptable
nor disassemble building percentage (50%, DS)

C9. Users’ safety (65%)
I16. Labor risk of accidents during building
and assembly (40%, DCv)
I17. Users risk of accidents during buildings
enlargements (60%, DCv)

Legend: weights are in percentage between brackets; value functions shapes: DCx stands
for decrease convexly, DCv decrease concavely, DS decrease like an S.

3.2. Sustainability Assessment Method Applied to Structural Concrete Columns

This columns sustainability assessment tool was designed to evaluate the
sustainability of this single structural component and it is described in detail in
technical literature [72]. Columns are crucial for the mechanical functionality and
safety of most buildings, in which they are the structural elements that transmit loads
from each floor to the floor below and down to the foundation components. Columns
can total up to 25% of the concrete and steel consumption of a building. Therefore,
they can significantly reduce a building’s environmental impact by being designed
and constructed with the optimum geometry, materials and construction process.

In this sense, this sustainability tool has been applied to analyze alternatives
that use fast hardening, self-compacting and high strength concretes. With these
advanced concretes it is possible to build columns with smaller cross-sections and
higher load capacity. Thus, they permit the building to consume less material, to
reduce the columns section and achieve a more optimum profit in available edifice
space. These concretes also increase the work performance with shorter construction
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timeframes. In consequence, several social impact factors such as construction noises
and special transportation methods are reduced.

This tool has already been applied to evaluate the sustainability of several
alternatives of in situ reinforced concrete columns for medium size buildings with a
maximum of six levels and 500 m2 per floor. The analysis focuses on the third and
fourth floor columns inside the building. These columns are 3 m high and distributed
in a 6 m by 6 m structural net. These have mainly moderated compression stresses
and not have an excessive reinforcement ratio due to bending loads. Nevertheless,
uncertainties such as initial imperfections and building faults have been considered.
To do so, as suggested in Model Code 2010 [85], a minimum eccentricity (emin) of
a value of h/30 has been taken into account, h being the maximum cross-section
dimension. These alternatives differ in their cross-section shapes and dimensions,
concrete compressive strengths and construction processes. This MIVES tool has also
been able to analyze the influence of these variables in the sustainability index of the
assessed alternatives, which are presented in Table 7. The requirements tree, weights
and value functions shapes of this tool are shown in Table 8.

Table 7. Alternatives of columns assessed in this study case.

Alternative C.Ch. Strength (N/mm2) Cross-Section (cm) Construction Process

Circular 1
25 Ø 30

S-C
Circular 2 V

Circular 3
50 Ø 35

S-C
Circular 4 V

Circular 5
75 Ø 50

S-C
Circular 6 V

Square 1
25 25 ˆ 25

S-C
Square 2 V

Square 3
50 30 ˆ 30

S-C
Square 4 V

Square 5
75 40 ˆ 40

S-C
Square 6 V

Legend: C.Ch. strength: Concrete characteristic strength; S-C: Using self-compacting
concrete; V: vibrating the concrete.

As a result of this assessment we concluded that the most sustainable columns
are those with smaller cross-sections and are built using high characteristic
compressive strength concretes. This is the alternative Circular 1 with a global
sustainable index of 0.85. Analyzing the aforementioned variables we also concluded
that: columns executed using self-compacting concretes have a higher sustainability
index than those which require being vibrated; circular columns are more sustainable
than those square or rectangular shaped due to aesthetic and functional reasons;
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circular columns have a higher index when using high performance concrete and
having small cross-section areas; and square and rectangular alternatives are more
sustainable when using conventional concretes and having bigger cross-sections.

Table 8. Requirements tree, weights and value functions shapes for structural
concrete columns.

Requirements Criteria Indicators

R1. Economic (50%)

C1. Construction
costs (67%)

I1. Building costs (85%, DS)
I2. Non acceptance costs (15%, IL)

C2. Efficiency (33%) I3. Maintenance (60%, DS)
I4. Habitability (40%, DCv)

R2. Environmental (33%)

C3. Emissions (67%) I5. CO2 emissions (100%, DS)

C4. Resources
consumption (33%)

I6. Concrete consumption (90%, DCv)
I7. Steel consumption (10%, DCx)

R3. Social (17%)

C5. Negative effects on
the producer industry (80%)

I8. Workers’ inconveniences (20%, DS)
I9. Workers’ safety (80%, IL)

C6. Effects to third
party (20%) I10. Environment nuisances (100%, IL)

Legend: weights are in percentage between brackets; value functions shapes: DCx stands
for decrease convexly, DCv decrease concavely, DS decrease like an S, IL increase lineally.

4. Discussion

MIVES can generate useful sustainability assessment tools in a broad range
of cases within the building sector [55–69]. As seen in previous sections, it can
define holistic tools for specific samples and study cases. In some of these cases, the
suitability of MIVES application has been assessed and this MCDM has proved to be
the best sustainable tool to use in those studies [71]. To use this tool, a rigorous and
complete process must be carried out following the seven steps described in Section 2.
This process is the origin of the main weak points of MIVES. These drawbacks
are the experts’ time and dedication needed to define each specialized assessment
tool following the aforementioned steps. These weaknesses can be overcome with
outstanding results, as proven in tight framed cases in which MIVES has already
been applied [69–71]. Their results prove that these weaknesses exclusively difficult
the methodology process but do not have any effect on the resulting tool or its
sustainability assessment. Therefore, solutions to these weaknesses are based on
advancing the seven steps of this methodology process before the application of the
assessment tool. However, in some assessment cases, these drawbacks will result in
it not being feasible to apply this MCDM.

This is the case of samples that can be assessed successfully using existing
environmental and sustainability assessment tools. The main sample of these tools
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has been presented in the introduction. As has been explained, there are two main
groups with their own field of application:

(a) Environmental evaluating tools for detailed specific and particular studies. This
is the case of LCA, LCC and similar tools, which are the best options to assess
a specific issue during part or the whole life cycle of a construction defined
entity. This issue can be the environmental impact, economic impact, energetic
consumption, materials flow, etc. The defined entity can be a construction
element like a brick, a construction material like concrete, etc.

(b) Certification tools that give a qualification of satisfaction of different
sustainability aspects that are evaluated of a building. A representative sample
of these tools and their main features are presented in the introduction. It can
be seen that they differ in their area of application, rating system, complexity,
result, etc. Choosing between one tool and another is a complex task but
internationally recognized tools have broader experience and reputation while
local tools are more sensible to local features.

There is a third more heterogeneous group comprised of specific research
projects and studies. Some cases could be solved by following the steps of a previous
similar study using MCDM, POE or participatory processes, etc. However, any new
study case should be similar to the previous one in which this new study relies
on. Moreover, any required changes and adaptations would be important time
consuming drawbacks.

Finally, in other cases not described in the previous paragraphs, no other tools
have been found that could be used to carry out the assessment.

5. Conclusions

A thorough review of sustainability assessment tools confirms that there is a lack
of a general method capable of covering all assessment cases. Contrarily, it has been
highlighted that each tool is rather oriented to specific purposes: (a) environmental
evaluating tools for detailed specific and particular studies; (b) certification tools
for sustainability certifications of buildings; (c) MIVES for holistic sustainability
assessments of specific cases; and (d) a more heterogeneous group comprised of
particular sustainability research projects and study cases. It has also pointed out
that the sustainability assessment of some cases cannot be dealt representatively with
the existing tools. This means that from now on there is still work to do to cover all
sustainable assessments, either increasing the application capacity of the existing
tools or defining new ones.

In this research paper, a complete analysis of MIVES has been carried out. This
methodology has been studied in detail by showing and discussing its phases, its area
of application and two study cases. This analysis concludes that MIVES can define
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complete, objective and easy to apply sustainability assessment methods for most
samples within the construction sector. These methods are specific for each case, can
be deterministic or probabilistic, assess homogenous or heterogeneous alternatives
and give integrated sustainability indexes. These MCDM advantages rely on a
rigorous defining process that requires time and dedication from multidisciplinary
experts. In consequence, MIVES is not applicable to urgent assessments that need a
new specific tool. This limitation is common to first time applied tools that need a
definition process prior to the assessment, like previously mentioned MCDM, POE,
etc. Nevertheless, as shown in previous sections, several MIVES study cases have
already solved this limitation anticipating the defining process of each new tool.
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Building Simplified Life Cycle CO2
Emissions Assessment Tool (B-SCAT) to
Support Low-Carbon Building Design in
South Korea
Seungjun Roh and Sungho Tae

Abstract: Various tools that assess life cycle CO2 (LCCO2) emissions are currently
being developed throughout the international community. However, most building
LCCO2 emissions assessment tools use a bill of quantities (BOQ), which is calculated
after starting a building’s construction. Thus, it is difficult to assess building LCCO2

emissions during the early design phase, even though this capability would be
highly effective in reducing LCCO2 emissions. Therefore, the purpose of this study
is to develop a Building Simplified LCCO2 emissions Assessment Tool (B-SCAT) for
application in the early design phase of low-carbon buildings in South Korea, in order
to facilitate efficient decision-making. To that end, in the construction stage, the BOQ
and building drawings were analyzed, and a database of quantities and equations
describing the finished area were conducted for each building element. In the
operation stage, the “Korea Energy Census Report” and the “Korea Building Energy
Efficiency Rating Certification System” were analyzed, and three kinds of models to
evaluate CO2 emissions were proposed. These analyses enabled the development
of the B-SCAT. A case study compared the assessment results performed using the
B-SCAT against a conventional assessment model based on the actual BOQ of the
evaluated building. These values closely approximated the conventional assessment
results with error rates of less than 3%.

Reprinted from Sustainability. Cite as: Roh, S.; Tae, S. Building Simplified Life Cycle
CO2 Emissions Assessment Tool (B-SCAT) to Support Low-Carbon Building Design
in South Korea. Sustainability 2016, 8, 567.

1. Introduction

Since CO2 reduction has been globally established as a paradigm of sustainable
development, governments all over the world are competitively announcing mid-
to long-term goals for the reduction of CO2 emissions [1,2]. The USA has set its
INDC (Intended Nationally Determined Contributions) to reduce CO2 emissions by
26%–28% (compared with the baseline year 2005) by the year 2025. The EU has set
its INDC to reduce CO2 emissions by 40% (compared with the year 1990) by the year
2030. South Korea has set its INDC to reduce CO2 emissions by 37% (compared with
Business as Usual) by the year 2030.
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The building industry, which is a large-scale energy consumer accounting for
more than 30% of all CO2 emissions, poses a major obstacle in CO2 reductions
for all countries [3–7]. Accordingly, a realistic policy to reduce CO2 emissions in
this industry is required [8–10]. Techniques for assessing life cycle CO2 (LCCO2)
emissions of buildings are gaining attention [11–14], and many countries are
performing diverse studies to assess and reduce building LCCO2 emissions befitting
their respective national circumstances [15–19]. Moreover, tools for evaluating
LCCO2 emissions of buildings starting in the early design phase are being developed
to reduce these emissions [20–22], given that a building’s CO2 emissions determined
during the early design phase continue to affect the building for the entirety of its life
cycle [23,24]. A number of programs to address this have already been implemented
throughout the world, e.g., an impact estimator for buildings developed by the ASBI
in Canada, Envest2 developed by BRE in the UK, and LISA (LCA in Sustainable
Architecture) developed in Australia [17,25].

South Korea has also developed diverse building CO2 emissions assessment
tools such as SUSB-LCA [26], K-LCA [27], BEGAS [28], and BEGAS 2.0 [29], in order
to meet global requirements. However, research reveals that previous tools have two
limitations. First, most current CO2 emissions assessment tools focus on assessing
operational CO2 emissions based on energy consumption during the operation
stage [30–34]. Second, most of the LCCO2 emissions assessment tools directly use the
bill of quantities (BOQ) calculated after the construction of a building begins [35,36].
These constraints complicate assessments made during the early design phase, when
LCCO2 emissions can be efficiently reduced [37,38].

The purpose of this study is to develop a Building Simplified LCCO2 emissions
Assessment Tool (B-SCAT) that is applicable in the early design phase for the
facilitation of efficient decision-making of low-carbon buildings in South Korea.
To that end, this study consists of the following steps: (1) proposal of a simplified
LCCO2 emissions assessment model for buildings; (2) development of a B-SCAT; and
(3) a case study comparing the assessment results of an evaluated building using a
B-SCAT and a conventional assessment model based on the building’s actual BOQ.

2. Proposal for Simplified LCCO2 Assessment Model for Buildings

The building LCCO2 emissions represent the total CO2 emissions in all stages
from construction, operation, to end-of-life [39,40], as described in Equation (1):

LCCO2 “ CO2
CS `CO2

OS `CO2
ES, (1)

where LCCO2 represents the life cycle CO2 emissions (kg-CO2) of the evaluated
building; CO2

CS represents the CO2 emissions (kg-CO2) in the construction stage;
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CO2
OS represents the CO2 emissions (kg-CO2) in the operation stage; and CO2

ES

represents the CO2 emissions (kg-CO2) in the end-of-life stage.
This section proposes a simplified CO2 emissions assessment model for each

stage (i.e., construction, operation, and end-of-life) that can evaluate the CO2

emissions of an apartment complex, office building, and mixed-use building during
the early design phase. Figure 1 shows the framework for simplifying building
LCCO2 emissions assessment in this study.

Sustainability 2016, 8, 567  2 of 21 

building’s CO2 emissions determined during the early design phase continue to affect the building 

for  the entirety of  its  life cycle  [23,24]. A number of programs  to address  this have already been 

implemented throughout the world, e.g., an impact estimator for buildings developed by the ASBI 

in Canada,  Envest2  developed  by  BRE  in  the UK,  and  LISA  (LCA  in  Sustainable Architecture) 

developed in Australia [17,25]. 

South Korea has also developed diverse building CO2 emissions assessment tools such as SUSB‐

LCA  [26], K‐LCA  [27],  BEGAS  [28],  and  BEGAS  2.0  [29],  in  order  to meet  global  requirements. 

However, research reveals that previous tools have two limitations. First, most current CO2 emissions 

assessment tools focus on assessing operational CO2 emissions based on energy consumption during 

the operation stage [30–34]. Second, most of the LCCO2 emissions assessment tools directly use the 

bill of quantities (BOQ) calculated after the construction of a building begins [35,36]. These constraints 

complicate  assessments  made  during  the  early  design  phase,  when  LCCO2  emissions  can  be 

efficiently reduced [37,38]. 

The purpose of this study is to develop a Building Simplified LCCO2 emissions Assessment Tool 

(B‐SCAT) that is applicable in the early design phase for the facilitation of efficient decision‐making 

of low‐carbon buildings in South Korea. To that end, this study consists of the following steps: (1) 

proposal of a simplified LCCO2 emissions assessment model for buildings; (2) development of a B‐

SCAT; and (3) a case study comparing the assessment results of an evaluated building using a B‐

SCAT and a conventional assessment model based on the building’s actual BOQ. 

2. Proposal for Simplified LCCO2 Assessment Model for Buildings 

The building LCCO2 emissions represent the total CO2 emissions in all stages from construction, 

operation, to end‐of‐life [39,40], as described in Equation (1): 

LCCO CO CO CO ,  (1) 

where LCCO2  represents  the  life  cycle CO2  emissions  (kg‐CO2)  of  the  evaluated  building; CO2CS 

represents the CO2 emissions (kg‐CO2) in the construction stage; CO2OS represents the CO2 emissions 

(kg‐CO2) in the operation stage; and CO2ES represents the CO2 emissions (kg‐CO2) in the end‐of‐life 

stage. 

This  section  proposes  a  simplified  CO2  emissions  assessment  model  for  each  stage  (i.e., 

construction,  operation,  and  end‐of‐life)  that  can  evaluate  the  CO2  emissions  of  an  apartment 

complex, office building, and mixed‐use building during the early design phase. Figure 1 shows the 

framework for simplifying building LCCO2 emissions assessment in this study. 

 

Figure 1. Framework of the simplification of building LCCO2 emissions assessment. 
Figure 1. Framework of the simplification of building LCCO2 emissions assessment.

2.1. Construction Stage

Construction stage can be subdivided into the material production process and
construction process, as represented in Equation (2):

CO2
CS “ CO2

PP `CO2
CP, (2)

where CO2
CS is the CO2 emissions (kg-CO2) in the construction stage; CO2

PP is the
CO2 emissions (kg-CO2) of the manufacturing of building materials; and CO2

CP is
the CO2 emissions (kg-CO2) of construction process.

2.1.1. Material Production Process

In the material production process, CO2 emitted during the manufacturing
of building materials generally producing 30% of building LCCO2 emissions [29]
are evaluated. The CO2 emissions of this process include those released during
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the production of structural materials and finishing materials, as represented in
Equation (3):

CO2
PP “ CO2

SM `CO2
FM, (3)

where CO2
PP is the CO2 emissions (kg-CO2) in the material production process,

mostly produced by building materials; CO2
SM is the CO2 emissions (kg-CO2) of

structural materials; and CO2
FM is the CO2 emissions (kg-CO2) of finishing materials.

This study categorized the assessment criteria for building elements, which are
included in the structural materials and finishing materials, as shown in Figure 2,
to assess the CO2 emissions of the material production process while considering
the function of the building. In other words, the apartment complex was subdivided
into a residential building, annexed building, and underground parking lot; while
the office building was subdivided into an office building, annexed building, and
underground parking lot. Finally, the mixed-use building was divided into a
residential building, office building, annexed building, and underground parking lot.
In addition, the interior and exterior finishing materials were analyzed according to
the finish schedule, and building elements were divided into the following categories:
wall, wall opening, roof, exclusive space, elevator hall, and staircase.
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(1) Structural Materials

To calculate the CO2 emissions of structural materials, such as ready-mixed
concrete, rebar, and steel frames, the supply quantities of these materials were
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determined after analyzing 60 types of BOQ and construction details of recently
constructed buildings. Table 1 lists the average supply quantities of structural
materials per unit area by building section.

Table 1. Average supply quantities of structural materials per unit area.

Building
Section

Structure
Type

Structure
Form

Plane
Type

Structural Material

Ready-Mixed
Concrete (m3/m2)

Rebar
(kg/m2)

Steel Frame
(kg/m2)

Residential
building

RC 1

Wall
Flat-type 0.66 60.00 -

Tower-type 0.59 62.20 -
Mixed-type 0.63 61.10 -

Column
Flat-type 0.65 63.52 -

Tower-type 0.57 75.56 -
Mixed-type 0.61 69.54 -

Flat slab
Flat-type 0.62 82.34 -

Tower-type 0.56 77.50 -
Mixed-type 0.58 79.92 -

SRC 2 Column
Flat-type 0.35 37.67 74.98

Tower-type 0.32 29.01 74.98
Mixed-type 0.33 33.34 74.98

Office
building SRC

Wall - 0.46 63.00 59.07
Curtain wall - 0.30 41.58 59.07

Annexed
building RC Wall - 0.74 87.00 -

Underground
parking lot RC Column - 1.46 157.00 -

1 RC: Reinforced concrete; 2 SRC: Steel framed reinforced concrete.

For each assessment item, the supply quantities of structural materials can be
determined from the floor area, number of stories, and supply quantities coefficient,
as described in Equations (4)–(6). In the ready-mixed concrete (refer to Equation (4)),
the modification factor was applied in order to consider the decrease in supply
quantity of the vertical members according to use of high-strength concrete [41].
Table 2 lists the modification factor of the supply quantity for high-strength concrete.

The CO2 emissions of the structure materials were then assessed using Equation (7)
as follows:

SQRMC
i “ FASTD

i ˆNSi ˆQCRMC
i ˆα, (4)

SQRB
i “ FASTD

i ˆNSi ˆQCRB
i , (5)

SQSF
i “ FASTD

i ˆNSi ˆQCSF
i , (6)
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and

CO2
SM “

ÿ

i

pSQRMC
i ˆCFRMC

j q `
ÿ

i

pSQRB
i ˆCFRB

j q `
ÿ

i

pSQSF
i ˆCFSF

j q, (7)

where SQi
RMC is the supply quantity (m3) of ready-mixed concrete in vertical

zone i; FAi
STD is the floor area (m2) of a standard floor in vertical zone i; and

NSi is the number of stories in vertical zone i. Furthermore, QCi
RMC is the supply

quantity coefficient (m3/m2) of ready-mixed concrete in vertical zone i (refer to
Table 1); α is the modification factor of the ready-mixed concrete (refer to Table 2);
SQi

RB is the supply quantity (kg) of rebar in vertical zone i; QCi
RB is the supply

quantity coefficient (kg/m2) of rebar in vertical zone i (refer to Table 1); SQi
SF is the

supply quantity (kg) of steel frame in vertical zone i; QCi
SF is the supply quantity

coefficient (kg/m2) of steel frame in vertical zone i (refer to Table 1); CO2
SM is the

CO2 emissions (kg-CO2) of structure materials; CFi
RMC is the CO2 emissions factor

(kg-CO2/m3) of ready-mixed concrete j (refer to Table 3); CFj
RB is the CO2 emissions

factor (kg-CO2/kg) of rebar j; and CFj
SF is the CO2 emissions factor (kg-CO2/kg) of

steel frame j.

Table 2. Modification factors of the ready-mixed concrete.

Strength (MPa) Reduction Ratio (%) Modification Factor

21 - 1.000
24 - 1.000
27 4.77 0.952
30 9.70 0.903
35 16.84 0.852
40 22.61 0.774
50 30.08 0.699
60 32.11 0.679

(2) Finishing Materials

The CO2 emissions of the interior and exterior finishing materials for each
building function and section were calculated using only the limited information
available during the early design phase [42–44]. The assessment items were
categorized according to building element, as shown in Figure 2. The models
to determine the area of the finishing materials for each building element were
developed after analyzing the 60 types of drawings and finish schedules. These
models use the provisional perimeter formula developed in this study to calculate
the element in which a particular finishing material was used for each building
element, encompassing the interior and exterior perimeters of the standard floor for
each major plane type and using the variables of numbers of units and cores, unit
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area, and exclusive use area, as well as the basic information entered during the
first process of the assessment. Table 4 presents provisional perimeter formulas of a
standard floor.

Table 3. CO2 emissions factors of concrete.

Strength (MPa) Admixture Material
Mixture Composition (%) CO2 Emissions

Factor (kg-CO2/m3)Blast Furnace Slag Fly-Ash

21

- - - 346.0

Blast furnace slag

10 0 328.5
20 0 297.2
30 0 266.0
40 0 230.7

Fly-ash

0 10 328.3
0 20 296.8
0 30 265.3
0 40 229.8

Blast furnace slag + Fly-ash

10 10 297.0
10 20 265.5
10 30 234.0
20 10 265.7
20 20 234.2
30 10 234.5

27

- - - 364.0

Blast furnace slag

10 0 329.7
20 0 294.1
30 0 258.5
40 0 226.7

Fly-ash

0 10 329.4
0 20 293.6
0 30 257.8
0 40 225.6

Blast furnace slag + Fly-ash

10 10 293.9
10 20 258.0
10 30 222.2
20 10 258.3
20 20 222.5
30 10 222.7

Table 4. Provisional perimeter formulas of a standard floor.

Classification
Flat-Type Tower-Type

Types 2 and 4 Types 3 and 4

Exterior
material Exterior wall

Front, back, and side walls on high floors p2J`K` 2q
?

A p3J` 1q
?

A
Front and back on low floors p2J`Kq

?
A p2J` 1q

?
A

Side wall on low floors 2
?

A J
?

A

Interior
material Interior wall

Residential exclusive area p4J`Kq
?

a p4J` 1q
?

a
Elevator hall/Staircase 4K

?
a 4

?
a

J: Number of units; K: Number of cores; A: Floor area; a: Exclusive area.
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The walls, which are considered exterior finishing, were divided into the
following categories according to the typical finishing execution: front, back, and
sides of high floors; front and back of low floors; and sides of low floors. The area
of finishing materials can be calculated as the product of exterior perimeter of the
standard floor of the building calculated in Table 4, number of stories, story height,
and wall surface rate as described in Equation (8). For wall openings, such as window
frames and glass, as well as for the exterior walls, the area can be calculated as the
product of exterior perimeter of the building standard floor, number of stories, story
height, and window surface rate (1-the wall surface rate) as described in Equation (9).
In addition, for the interior finishing, such as interior walls of the residential building,
elevator hall, and staircases, the area can be calculated as the product of interior wall
perimeter, which is calculated using the formula presented in Table 4, number of
stories, story height, and number of units as described in Equation (10). The areas of
floor and ceiling of the residential unit (exclusive area), access floor, and staircases in
the building were determined as the area of the locations where the materials were
applied, calculated from the unit area and building area determined in the first step
of the assessment.

The CO2 emissions of the finishing materials can be assessed using the product
of the area of the interior and exterior materials for each building element and the
CO2 emissions factor for each material type, as described in Equation (11):

FAEW
i � EPSTD

i �NSi � SHi �βi, (8)

FAEO
i � EPSTD

i �NSi � SHi � γi, (9)

FAIW
i � IPSTD

i �NSi � SHi, (10)

and
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¸
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¸

i

�
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(11)

where FAi
EW is the area (m2) of the finishing material for the exterior wall in vertical

zone i; EPi
STD is the exterior perimeter (m) of a standard floor in vertical zone i

(refer to Table 4); NSi is the number of stories in vertical zone i; and SHi is story
height (m) in vertical zone i. Furthermore, βi is the wall surface rate of the exterior
wall in vertical zone i; FAi

EO is the area (m2) of finishing material for the exterior
wall opening in vertical zone i; γi is the window surface rate (1-the wall surface rate)
of the exterior wall in vertical zone i; FAi

IW is the area (m2) of finishing material for
the interior wall in vertical zone i; IPi

STD is the interior perimeter (m) of a standard
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floor in vertical zone i (refer to Table 4); CO2
FM is the CO2 emissions (kg-CO2) of

finishing materials; FAER is the area (m2) of finishing material for the roof; FAi
IF is

the area (m2) of finishing material for the floor in vertical zone i; FAi
IC is the area (m2)

of finishing material for the ceiling in vertical zone i; and CFj
FM is the CO2 emissions

factor (kg-CO2/m2) of finishing material j (refer to Table 5).

Table 5. CO2 emissions factors of finishing materials.

Classification Element Finishing Material Units
CO2 Emissions

Factor
(kg-CO2/Unit)

Exterior
material

Exterior wall

Water-based paint m2 0.36
Silicone-based paint m2 0.32

Stone coat m2 11.22
Granite with stone molding m2 13.43

Tile m2 7.06

Window frame

PVC window frame m2 5.91
Aluminum window frame m2 7.57

Curtain wall window frame m2 4.65

Glass
Plate glass m2 9.86

Insulating glass m2 22.43
Tempered glass m2 13.35

(3) CO2 Emissions Factors of Building Materials

This study determined the CO2 emissions factors for each type of building
material using an individual integration method and the South Korean carbon
emissions factor [45] established by the South Korean Ministry of the Environment.
In particular, even though the CO2 emissions factor depends on concrete strength, the
current South Korean carbon emissions factor and South Korean LCI DB [46] include
only some of the types of concrete and their strengths. This study used the CO2

emissions factor determined with the individual integration method for each type
of concrete strength and admixture material obtained from a previous study [47,48].
Furthermore, for consistency in the assessment of the CO2 emissions factor and
assessment results, this study used the South Korean carbon emissions factor as the
CO2 emissions factors of all building materials, excluding ready-mixed concrete.
Tables 3 and 5 present the CO2 emissions factors of concrete and finishing materials.

2.1.2. Construction Process

In the construction process, the CO2 emissions can be evaluated in terms
of energy consumption by freight vehicles transporting building materials to the
building site, in addition to emissions produced by construction machinery, field
offices, and other facilities involved in the construction of the building. However,
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it is difficult to produce a detailed construction schedule in the early design phase.
Moreover, this stage makes up less than 3% of the building LCCO2 emissions. Hence,
this study used the average energy consumption by unit area (i.e., diesel consumption:
5.24 `/m2, gasoline consumption: 0.05 `/m2, electricity consumption: 10.47 kWh/m2)
derived by a previous study [42]. Equations (12) and (13) represent the CO2 emissions
in the construction stage:

CO2
CP “

´

5.24ˆCFEN
d ` 0.05ˆCFEN

g ` 10.47ˆCFEN
e

¯

ˆGA, (12)

and
CO2

CS “ 18.44ˆGA, (13)

where CO2
CP is the CO2 emissions (kg-CO2) in the construction stage; CFd

EN is
the CO2 emissions factor of diesel (2.58 kg-CO2/`); CFg

EN is the CO2 emissions
factor of gasoline (2.08 kg-CO2/`); CFe

EN is the CO2 emissions factor of electricity
(0.46 kg-CO2/kWh); and GA is the gross area (m2) of a building.

2.2. Operation Stage

The operation stage considers the CO2 emissions due to energy consumed
during the service life of the building. This is a major stage responsible for about
70% of the building’s LCCO2 emissions [29]. The emissions from this stage can be
assessed using the service life of the building, amount of energy consumed, and the
CO2 emissions factor as described in Equation (14).

CO2
OS “

SL
ÿ

n“1

p1`RRqn´1
ˆ
ÿ

k

pECk ˆCFEN
k q, (14)

where CO2
OS is the CO2 emissions (kg-CO2) in the operation stage; SL is the service

life of the building (years); RR is the annual reduction rate of operational energy
effectiveness; ECk is the annual energy consumption of the energy source k; and
CFk

EN is the CO2 emissions factor of energy source k (refer to Table 6).
This study proposed three kinds of assessment models (i.e., direct input model,

estimation model, and energy efficiency rating model) based on analysis of the
“South Korea Energy Census Report” [49] and the “South Korea Building Energy
Efficiency Rating System” [50] in order to efficiently assess energy consumption
depending on the timing of the assessment and available data. Moreover, the “2006
IPCC Guidelines for National Greenhouse Gas Inventories” [51] has been analyzed to
evaluate CO2 emissions during the operation stage, and the corresponding database
of CO2 emissions factors has been created, as shown in Table 6. The measured CO2

emissions factors for electricity and district heating as determined by the Korea Power
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Exchange and Korea District Heating Corporation should be applied [52,53]. Gas
and kerosene utilize the basic CO2 emissions factor of the 2006 IPCC Guidelines [51].

Table 6. CO2 emissions factors of energy sources.

Classification CO2 Emissions Factor Unit Source

Kerosene 2.441 kg-CO2/`

2006 IPCC Guidelines for
National Greenhouse
Gas Inventory [51]

Medium quality heavy oil 3.003 kg-CO2/`
Diesel 2.580 kg-CO2/`

Gasoline 2.080 kg-CO2/`
Propane 2.889 kg-CO2/kg

Gas 2.200 kg-CO2/Nm3

Electricity 0.495 kg-CO2/kWh Korea Power Exchange

District heating 0.051 kg-CO2/MJ Korea District
Heating Corporation

2.2.1. Direct Input Model

The direct input model uses the annual amount of energy from various sources
consumed by a building (refer to Equation (14)). This method is used when annual
energy consumption data are available, e.g., if the energy consumption can be
predicted based on computer simulations during the early design phase.

2.2.2. Estimation Model

The estimation model predicts the energy consumption pattern of a building
using an analysis of previously accumulated survey data. The calculated result is
typically in the form of annual energy consumption and depends on the utility and
gross area of the building. To ensure the reliability of the estimation model, this study
investigated and analyzed the average energy consumption based on the heating
system used by the apartment building and the average energy consumption of
the office building determined from the Energy Census Report (2014) [49], which is
published every three years by the Korea Ministry of Trade, Industry, and Energy.
The mixed-use building, which was not specified in the Energy Census Report,
was categorized as part apartment and part office building and, therefore, utilized
the average energy consumption values of both an apartment and office building.
Table 7 lists the average energy consumption for the apartment building analyzed
in this study. Equation (15) represents the estimation model for evaluating the CO2

emissions during the operation stage.

CO2
OS “

SL
ÿ

n“1

p1`RRqn´1
ˆGAˆ

ÿ

k

pECEM
k ˆCFEN

k q, (15)
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where CO2
OS is the CO2 emissions (kg-CO2) in the operation stage; SL is the service

life of the building (years); RR is the annual reduction rate of operational energy
effectiveness; GA is the gross area (m2) of the building; ECk

EM is the annual energy
consumption per unit area based on the estimation model (refer to Table 7); and
CFk

EN is the CO2 emissions factor of energy source k (refer to Table 6).

2.2.3. Energy Efficiency Rating Model

The energy efficiency rating model is the one used by the South Korea Building
Energy Efficiency Rating Certification System for the construction of an apartment
building or commercial building. The annual CO2 emissions per exclusive area due
to air-conditioning, heating, hot water, lighting, and ventilation were inputted into
the model based upon the Building Energy Efficiency Rating Certification System [50].
Equation (16) represents the energy efficiency rating model for evaluating the CO2

emissions during the operation stage:

CO2
OS “

SL
ÿ

n“1

p1`RRqn´1
ˆ EAˆ

ÿ

l

CEEERM
l , (16)

where CO2
OS represents the CO2 emissions (kg-CO2) in the operation stage; SL is

the service life of the building (years); RR is the annual reduction rate of operational
energy effectiveness; EA is the exclusive area (m2) of the building; and CEl

EERM is
the annual CO2 emissions of energy consumption part l, according to the energy
efficiency rating model.
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2.3. End-of-Life Stage

The CO2 emissions of the end-of-life stage include those released during the
building’s demolition process, transportation of the waste building materials, and the
landfill gas produced by the waste building materials, as described in Equation (17).
The demolition process includes an evaluation of the CO2 emissions from the
equipment used to demolish the building. Waste transport emissions include
CO2 emitted during the transport of the generated waste to the landfill. Once
in landfill, an evaluation is performed on the CO2 emissions generated by the waste
building materials as landfill gas. However, it is difficult to obtain detailed disposal
information in the early design phase. Hence, in this study, the oil consumption for
each combination of demolition equipment and landfill equipment was organized
into a database and adapted using CO2 emissions assessment methods based on
an analysis of the results of previous studies [20,54,55]. Table 8 lists the equipment
mileage used during the demolition and landfill processes, and Equations (18)–(20)
represent CO2 emissions in each process of the end-of-life stage:

CO2
ES “ CO2

DP `CO2
TP `CO2

LP, (17)

CO2
DP “ QWˆ EMDP

m ˆCFEN
d , (18)

CO2
TP “ QWˆDTˆCFTR, (19)

and
CO2

LP “ QWˆ EMLP
m ˆCFEN

d , (20)

where CO2
ES represents the CO2 emissions (kg-CO2) in the end-of-life stage; CO2

DP

is the CO2 emissions (kg-CO2) in the demolition process based on demolition
equipment; CO2

TP is the CO2 emissions (kg-CO2) in the transportation process based
on transportation vehicles; CO2

LP is the CO2 emissions (kg-CO2) in the disposal
process based on disposal equipment; QW is the quantities of wasted building
materials (ton); EMm

DP is the mileage (`/ton) of demolition equipment m (refer
to Table 8); CFd

EN is the CO2 emissions factor of diesel (2.58 kg-CO2/`); DT is the
distance (km) that waste building materials are transported to the landfill site; CFTR

is the CO2 emissions factor of a truck (0.249 kg-CO2/ton¨km); and EMm
LP is the

mileage (`/ton) of landfill equipment m (refer to Table 8).
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Table 8. Mileage of demolition and landfill equipment.

Usage Equipment Combination and Dimensions Mileage (`/ton)

Demolition

Backhoe (1.0 m3) + Giant Breaker (0.7 m3) 3.642
Pavement Breakers (25-kg grade) 2 units + Air Compressor (3.5 m3/min) 2.385
Backhoe (1.0 m3) + Hydraulic Breaker (1.0 m3) + Giant Breaker (0.7 m3) 4.286

Backhoe (0.4 m3) + Breaker (0.4 m3) 4.760

Landfill Dozer (D8N, 15 PL, 6 PL) + Compactor (32 tons) 0.150

3. Development of a B-SCAT

This section describes the development of a B-SCAT for supporting low-carbon
building design and efficient decision-making processes in the early design phase
of a building. This tool divides the assessment procedure into basic information,
construction, operation, and end-of-life steps. In particular, it facilitates assessment
by making simple selections of supply materials for each building area in the
construction stage. This process enables diverse alternative assessments to be
made within a limited timeframe. Default values calculated from the database
were provided for the construction process, operation stage, and end-of-life stage in
order to reduce the time and labor required for the assessment.

3.1. Step 1: Basic Information

The basic information includes the architectural scheme data of the evaluated
building. Items, such as site location and zone, are entered; the function and
structural form of the evaluated building are selected; and the gross area, building-to-
land ratio, and floor area ratio within the complex profile are calculated. In addition,
the details of the evaluated building are set, establishing details, such as standard
floor area, exclusive area, number of units, number of stories, structural type, plane
type, and wall surface rate. Figure 3 illustrates the interface of the basic information
in the B-SCAT.

3.2. Step 2: Construction Stage

During the construction stage, the CO2 emissions resulting from the production
of building materials are assessed, and the input interface is established depending
on the function of the building. To assess the CO2 emissions for an apartment
complex, data on the residential building, annexed building, underground parking
lot, and landscaping were entered. To assess the emissions for an office building, data
on the office building, annexed building, underground parking lot, and landscaping
were entered. To assess the emissions for a mixed-use building, data on the
residential building, office building, annexed building, underground parking lot,
and landscaping were entered. In addition, the CO2 emissions were assessed by
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selecting the type of materials supplied as structural and finishing materials for each
assessment item. Figure 4 illustrates the interface of the construction stage.
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3.3. Step 3: Operation Stage

The assessment method of the operation stage is divided into three types. In the
direct input model, the annual energy consumption of the evaluated building is
entered and assessed directly. The estimation model assesses the CO2 emissions
based on annual energy consumption per unit area, which depends on the building
function and heating system. This model utilizes the database included in the tool
and can be useful when energy consumption data is unavailable for the building
of interest. The energy efficiency rating model assesses the CO2 emissions by
directly inputting the assessment results of the CO2 emissions of a building, utilizing
the Energy Efficiency Rating Certification System of the evaluated building or the
energy simulation program provided by the Korea Energy Management Corporation.
Figure 5 illustrates the interface of the operation stage.
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3.4. Step 4: End-of-Life Stage

The end-of-life stage involves an assessment of the CO2 emissions produced
at the end of a building’s life cycle, when structures are demolished and waste
building material is generated and processed. The assessment includes analysis of
the equipment used in the building demolition and waste landfill process. Figure 6
illustrates the interface of the end-of-life stage.
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3.5. Step 5: Assessment Results

The assessment results, as shown in Figure 7, are displayed on one screen that
includes all of the details of the assessment of the LCCO2 emissions. The upper
region of the comprehensive assessment view displays the profile of the building of
interest, the assessment method used for each stage, the details of the database used,
and the basis for the calculations. The lower region presents a comparative analysis
of the CO2 emissions assessment results in each stage according to the standard
building type selected during the assessment.
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4. Case Study

To review the applicability of the B-SCAT, an assessment was conducted using
the basic data for a building that was recently completed. For comparison with the
assessment results, the finishing materials used during the production process of
construction stage were selected based on the same basic drawings and specifications
drafted during the early design phase used for those results.

4.1. Evaluated Building

The project’s evaluated building comprised Apartment Complex M, which
contains 13 residential buildings. Table 9 presents the architectural scheme of the
analyzed building.

4.2. Assessment Conditions

As shown in Table 10, the assessment conditions were selected according to the
input items for each assessment stage, which were based on the plan, drawings, and
specifications of the apartment complex.
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Table 9. Architectural scheme of the analyzed building.

Project Name Apartment Complex M

Zoning district Quasi-residential area Site area 49,698.21 m2

Structure Reinforced concrete structure Building area 16,320.20 m2

Number of buildings 13 Landscape area 22,203.20 m2

Unit type Types 2, 4, and 6
Gross area

Above ground 136,037.57 m2

Plane type Flat type, Tower type Underground 72,355.21 m2

Service life 40 years Total 208,392.78 m2

Heating system Local heating Building-to-land ratio 28.97 %

Construction period 25 months Floor area ratio 239.14 %

Table 10. Assessment conditions.

Classification B-SCAT Conventional
Assessment Model

Construction stage
Basic drawing

and specification BOQ

Default value (=18.44 kg-CO2/m2)

Operation stage Estimation model (local heating) (Reduction rate
of operational energy effectiveness: 0%, 1%, 1.5%)

End-of-life stage
Demolition process Backhoe (1.0 m3) + giant breaker (0.7 m3)

Transportation process 20-ton dump truck (distance: 30 km)

Landfill process Dozer (D8N, 15 PL, 6 PL) + compactor (32 tons)

B-SCAT, and the construction and design provisions of the evaluated building,
were analyzed according to the input items of the residential and annexed buildings.
The plane type and structural form of the residential building were determined to be
the flat-type and tower-type, reinforced concrete structure, and wall type, respectively,
and the wall surface ratio was set at 55%. In addition, the superintendent office,
holding facilities, and sports center were identified as annexes in the analysis, and
their wall surface ratio was also set to 60%. In the construction stage, the materials
used for each assessment item in each building element were analyzed based on an
analysis of the plan of the apartment complex and the table of interior and exterior
finishing materials. In particular, the use of 27 MPa ordinary concrete was assumed
for the first to the sixth floors of the residential buildings, in the interest of structural
stability, while the use of 21 MPa concrete was assumed for the seventh floors and
higher, to achieve economic efficiency. In addition, the exterior walls were assumed
to use granite and stone moldings for the first three floors and water-based paint
for the fourth floors and higher. Aluminum window frames and insulating glass
were assumed for all 13 buildings of the apartment complex. The annexed buildings,
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low-rise buildings with 1 to 3 stories, which comprised the superintendent office,
holding facilities, and sports center, were assumed to use 21 MPa concrete. Given
the function of those buildings, it was assumed the exterior walls were marble and
granite, and the interior walls had terrazzo and water-based paint. In the operation
stage, given the absence of results from a simulation of the energy consumption of the
apartment complex or from the preliminary Energy Efficiency Rating Certification
System, the estimation model was used for analysis. The local heating system, which
is the actual heating system of the evaluated building, was selected to calculate
CO2 emissions. The service life of the evaluated building was set to 40 years,
according to the building durability period of the South Korean Corporate Tax
Act [56]. The reduction rate of operational energy effectiveness was assumed as
0%, 1%, and 1.5% in the end-of-life stage, the equipment selected for demolition
included a backhoe (1.0 m3) and a giant breaker (0.7 m3). Also included was the
30 km distance between the building site and the landfill processing site. A bulldozer
(D8N, 15 PL, 6 PL) and compactor (32 tons) were selected as the equipment used in
the landfill process.

4.3. Assessment Results

Figure 8 presents the results of the LCCO2 emissions assessment of the
apartment complex. The CO2 emissions produced during the construction stage
were assessed as 502.76 kg-CO2/m2 using the tool developed in this study and
515.71 kg-CO2/m2 based on the actual BOQ, yielding an error rate of 2.51%. The
CO2 emissions of the operation stage, which applied 0% of the reduction rate of
operational energy effectiveness, were assessed as 1691.72 kg-CO2/m2. In addition,
the LCCO2 emissions were assessed as 2225.48 kg-CO2/m2 and 2238.43 kg-CO2/m2,
respectively, yielding an error rate of approximately 0.58%.
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4.4. Comparative Analysis of Assessment Results of Construction Stage

From the assessment results from the previously conducted building LCCO2

emissions assessment tool and from the drawings and specifications, this study
conducted a comparative analysis of the assessment results of the production stage
after subdividing the results into residential buildings, annexed buildings, and
underground parking lots.

4.4.1. Residential Buildings

As shown in Figure 9, this study conducted a comparative analysis of the CO2

emissions per unit area of the supply materials for each residential building region
calculated using this tool. The assessment items (Buildings 701, 702, 703, and 704) and
the average CO2 emissions per unit area of the residential buildings were calculated
using the BOQ. Consequently, the results calculated with the tool for Buildings 701,
702, 703, and 704 were 443.74 kg-CO2/m2, 437.13 kg-CO2/m2, 438.42 kg-CO2/m2,
and 445.16 kg-CO2/m2, respectively. Compared with the value of 449.23 kg-CO2/m2

assessed from the BOQ, these values yielded error rates of 1.22%, 2.69%, 2.41%,
and 0.91%, respectively. In addition, the average assessment result of the tool was
441.59 kg-CO2/m2, which closely approximated the BOQ assessment results with an
error rate of 1.70%.
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4.4.2. Annexed Building

For the annexed buildings, as shown in Figure 10, a comparative analysis was
conducted on the CO2 emissions per unit area of supply materials for each building
part in the superintendent office (SO), holding facilities (HF), and sports center (SC).
The annexed buildings’ average CO2 emissions per unit area were calculated from
the BOQ. Consequently, the results assessed using this tool for the SO, the HF, and the
SC were 427.46 kg-CO2/m2, 445.65 kg-CO2/m2, and 432.54 kg-CO2/m2, respectively;
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these are valid results compared with the value of 442.52 kg-CO2/m2 obtained from
the BOQ. In addition, the error rates were 3.40%, 0.71%, and 2.26%, respectively, and
the average error rate was 1.65%.
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4.4.3. Underground Parking Lot

As shown in Figure 11, a comparative analysis was conducted on the CO2

emissions per unit area of supply materials for each building part of the underground
parking lot (PL). The average CO2 emissions per unit area of the underground
parking lot was calculated from the BOQ. Consequently, the results assessed using
this tool for the PL was 676.52 kg-CO2/m2, respectively; this is a valid result
compared with the value of 654.27 kg-CO2/m2 obtained from the BOQ. In addition,
the error rate was 3.40%, respectively.
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4.5. Comparative Analysis of Assessment Results of Operation Stage

As shown in Figure 12, this study conducted a comparative analysis of the CO2

emissions per unit area of operation stage by the reduction rate of operational energy
effectiveness. The assessment results applied 0%, 1%, and 1.5% of the reduction rate
of operational energy effectiveness were 1691.72 kg-CO2/m2, 2493.80 kg-CO2/m2,
and 3023.46 kg-CO2/m2, respectively. Through this evaluation result, it confirmed
that the evaluation result of the operational stage changed according to whether or
not the annual reduction rate of operational energy effectiveness and size of this
value was applied. That is, even if 1% of the annual reduction rate of operational
energy effectiveness was applied, 47% of energy consumption increased, and 79%
of energy consumption increased in 1.5% application during the service life of the
building (40 years). Therefore, in order to achieve the low-carbon building, the
selection of energy equipment, which have low reduction rates of operational energy
effectiveness, is very important.
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5. Conclusions

The purpose of this study was to develop a B-SCAT that is applicable in the
early design phase for low-carbon building design. The conclusions of this study are
as follows:

(1) After separating the life cycle of a building into various stages, including
construction, operation, and end-of-life, a simplified LCCO2 emissions assessment
model and B-SCAT were developed for application to the early design phase
of buildings.
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(2) In the construction stage, the supply quantities coefficient of structural materials
for each building function and section were analyzed, and the equations were
constructed based on an analysis of the types and areas of the finishing materials
used for each building element.

(3) In the operation stage, the model of assessment was identified using models
for direct input, estimation, and energy efficiency rating in order to provide a
proactive assessment according to the time of the assessment and the available
data. An assessment method was subsequently proposed.

(4) The average of the CO2 emissions assessment results for residential buildings
tested during the case study of the B-SCAT was 441.59 kg-CO2/m2 per unit
area; this is close to the assessment result of 449.23 kg-CO2/m2 based on the
BOQ, yielding an error rate of 1.70%.

(5) According to the analysis of the annexed buildings and underground parking
lots using the B-SCAT, the average CO2 emissions were determined to be
435.22 kg-CO2/m2 and 676.52 kg-CO2/m2 per unit area, respectively, which
closely approximates the results of 442.52 kg-CO2/m2 and 654.27 kg-CO2/m2,
respectively, based on the BOQ, with error rates of 1.65% and 3.40% respectively.

The B-SCAT developed by this study for use in the early design phase is
expected to predict the environmental performance of future construction projects
and alternative assessments, leading to low-carbon building designs.

Currently, according to application of the mainly-constructed database in Korea,
it is considered to broaden the range of the B-SCAT database in order that other
countries utilize B-SCAT. Especially, it is considered to be possible to apply identical
building life cycle CO2 emission assessment methods in the early stage of a project,
which is suggested in this paper, to other countries.
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Environmental Impact Analysis of
Acidification and Eutrophication Due to
Emissions from the Production of Concrete
Tae Hyoung Kim and Chang U. Chae

Abstract: Concrete is a major material used in the construction industry that emits
a large amount of substances with environmental impacts during its life cycle.
Accordingly, technologies for the reduction in and assessment of the environmental
impact of concrete from the perspective of a life cycle assessment (LCA) must
be developed. At present, the studies on LCA in relation to greenhouse gas
emission from concrete are being carried out globally as a countermeasure
against climate change. However, the studies on the impact of the substances
emitted in the concrete production process on acidification and eutrophication are
insufficient. As such, assessing only a single category of environmental impact
may cause a misunderstanding about the environmental friendliness of concrete.
The substances emitted in the concrete production process have an impact not only
on global warming but also on acidification and eutrophication. Acidification and
eutrophication are the main causes of air pollution, forest destruction, red tide
phenomena, and deterioration of reinforced concrete structures. For this reason,
the main substances among those emitted in the concrete production process that
have an impact on acidification and eutrophication were deduced. In addition, an
LCA technique through which to determine the major emissions from concrete was
proposed and a case analysis was carried out. The substances among those emitted
in the concrete production process that are related to eutrophication were deduced to
be NOx, NH3, NH4

+, COD, NO3
�, and PO4

3�. The substances among those emitted
in the concrete production process that are related to acidification, were found to be
NOx, SO2, H2S, and H2SO4. The materials and energy sources among those input
into the concrete production process, which have the biggest impact on acidification
and eutrophication, were found to be coarse aggregate and fine aggregate.

Reprinted from Sustainability. Cite as: Kim, T.H.; Chae, C.U. Environmental Impact
Analysis of Acidification and Eutrophication Due to Emissions from the Production
of Concrete. Sustainability 2016, 8, 578.

1. Introduction

Concrete is a major construction material that emits a large amount of
substances with environmental impacts during its entire life cycle (production
process, construction, maintenance, dismantlement, and scrapping).
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Accordingly, technologies for the assessment of and reduction in environmental
impacts of concrete from the perspective of life cycle assessment (LCA) must be
developed. At present, the studies on LCA of greenhouse gas emission from concrete
are being carried out globally as a countermeasure against climate change. However,
the studies on the impact of the substances emitted in the concrete production process
on acidification and eutrophication are insufficient. The substances emitted into the
air and water during concrete production have impacts not only on global warming,
but also on acidification and eutrophication [1]. Acidification is an environmental
problem caused by acidified rivers/streams and soil due to anthropogenic air
pollutants such as SO2, NH3, and NOx. Acidification increases mobilization and
leaching behavior of heavy metals in soil and exerts adverse impacts on aquatic
and terrestrial animals and plants by disturbing the food web. Eutrophication is
a phenomenon in which inland waters are heavily loaded with excess nutrients
due to chemical fertilizers or discharged wastewater, triggering rapid algal growth
and red tides.

Such acidification and eutrophication are the main causes of air pollution, red
tide phenomena, and deterioration of reinforced concrete structures. Emissions such
as NOx and SO2 come down to the ground as acid rain, mist, or snow to be absorbed
into lakes, rivers, and soil. As a result, surface water, ground water, and soil are
acidified in ways that cause devastation of forests and many shelled animals. The
increasing damage to reinforced concrete structures, which are highly resistant to
alkali, is the result of chemical attack by nitrogen oxide (NOx) and sulfite gas (SO2)
contained in acid rain and snow. More specifically, the water pollution caused by the
very large amount of concrete used for the four large river refurbishment projects in
Korea, started in 2008 under the justification of river ecosystem restoration [2], has
become a serious social problem.

Accordingly, in this study, an LCA technique was proposed to assess the impact
of the substances emitted during the concrete production process on acidification
and eutrophication, in accordance with the standards of ISO 14044 [3], 21930 [4],
and 13315 [5].

The substances emitted during the concrete production process were analyzed.
Derived through the analysis, the main substances that had an impact on acidification
and eutrophication were determined. Acidification and eutrophication were
analyzed for 24 MPa concrete using the main substances deduced to have such
impacts. In addition, the analysis was carried out by evaluating acidification and
eutrophication according to increase in the mixing ratios of ground-granulated
blast-furnace slag (GGBS) and recycled aggregate (RA) during concrete mixing.
Based on these findings, a way to reduce acidification and eutrophication from the
concrete production process was developed and presented here.
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2. Review of Environmental Impact According to Concrete Production

Concrete is a construction material comprised of normal cement, mixing water,
and admixture. For normal cement (the main raw material) in particular, a large
amount of energy is used during collection of limestone and clay and production of
clinker, the processes during which environmental impact substances are emitted.
Also, soil erosion and destruction of ecosystems is caused by collection (surface
mining) of natural aggregate.

Substances with environmental impacts are also emitted due to the energy
consumed by the equipment used in the process of transporting the raw materials
(ordinary cement and aggregate) to a concrete factory. In particular, air pollution
and water pollution may be caused by combustion of the energy sources used in
batch plants and concrete manufacturing facilities, as well as by the discharged
sludge waste and wastewater. Figure 1 shows the mechanism for the impact of
the substances emitted in the concrete production process on acidification and
eutrophication. NOx and SO2 emitted into the atmosphere returns to the ground
in precipitation (rain, snow, mist, etc.). NOx and SO2 increase the hydrogen ion
concentration in soil, streams, and oceans, and reduce their pH (they become more
acidic). This increases leaching of heavy metals and adverse impacts on ecosystems,
such as the food supply and nutrition of algae, plants, and fishes, and the body
coverings (shells and exoskeletons) of many other animals. Moreover, NH3 and
PO4

3´ flow into ground water through the sewage systems of concrete factories.
As NH3 and PO4

3´ increase in an ecosystem, the activities of microorganisms also
rise, causing increased consumption of oxygen. As a result, rapid spikes in nutritive
substances in underwater ecosystems cause red tides due to rapid reproduction
of algae.

Also, the nitric acid, sulfuric acid, ammonia, and phosphorus discharged
into the air and water systems gradually generate calcium carbonate (CaCO3)
by chemically reacting with the alkaline calcium hydroxide in concrete. As the
pH falls due to neutralization, the normally alkaline concrete becomes neutral.
This makes the alkaline passive state coating unstable and allows corrosion of the
rebar. Corrosion of the rebar is accelerated by water and air, which flow into the
concrete as cracks form. The weakening of the tensile strength of the rebar results
in deterioration of the durability of the reinforced concrete structure. For concrete,
a construction material that is sensitive to the substances emitted that have such
environmental impacts, categories of environmental impact assessment need to be
selected from diverse perspectives. Assessing a single environmental impact may
cause a misunderstanding about the environmental friendliness of concrete. The
substances emitted during the concrete production process have impacts on the
environment that include air pollution, water pollution, and generation of waste.
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From these arise environmental problems that include not only global warming,
but also acidification and eutrophication.
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Figure 1. Mechanism of acidification and eutrophication potential in the production
of concrete.

The designers are forced to make estimates of CO2 emissions for concrete in
ESD (environmentally sustainable design) based on conjecture rather than data.

Flower et al. presented hard data collected from a number of quarries and
concrete manufacturing plants so that accurate estimates can be made for concretes
in ESD [6].

Tait et al. analyzed the overall environmental impact, with a particular focus
on carbon dioxide (CO2) emissions of three concrete mix designs: CEM I (100% PC
content), CEM II/B-V (65% PC content, 35% Fly Ash (FA) content) and CEM III/B
(30% PC content, 70 % ground-granulated blast-furnace slag (GGBS) content) [7].

Huntzinger et al. evaluated the environmental impact of four cement manufacturing
processes: (1) the production of traditional Portland cement, (2) blended cement (natural
pozzolans), (3) cement where 100% of waste cement kiln dust is recycled into the kiln
process, and (4) Portland cement produced when cement kiln dust (CKD) is used
to sequester a portion of the process-related CO2 emissions. Also, Huntzinger et al.
presented a cradle-to-gate life cycle assessment of several cement products [8].

To make clear the environmental damages and potential improvements of the
Chinese cement industry, Chen et al. conducted the detailed life cycle inventory (LCI)
of cement manufacture with direct input and output in the boundary of the cement
plant as well as corresponding transport [9].

Chen et al. proposed a hybrid life cycle assessment method based on national
and provincial statistics to study pollutants generated by the cement industry
in China, the impacts of these pollutants, and the potential for environmental
improvement. Results showed that the key factors that contribute to overall
environmental burden are the direct emissions of nitrogen oxides (NOx), particulates,
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and carbon dioxide (CO2) into the atmosphere, as well as the use of coal during
cement production [10].

Scott et al. presented a cradle-to-gate framework for design engineers and
concrete ready-mix producers to implement in an effort to optimize mixture
designs across economic, environmental, and mechanical performance criteria. The
framework was assessed through the examination of a newly constructed highway
in South Georgia [11].

Serres et al. analyzed environmental impacts associated with mixing compositions
of concrete made of waste materials by using LCA. Environmental performances
of natural, recycled and mixed 20 mm concrete samples, formulated with the
same mechanical strength regarding the functional unit, were evaluated. The
LCA results are presented using various impact assessment methods, according
to both EN 15804 and NF P 01-010 standards. Recycled samples present good
environmental behavior, even if recycled materials (sand and aggregates) involve
different operations (crushing against extraction, etc.) [12].

3. Methodology of Life Cycle Acidification and Eutrophication for Concrete

3.1. Goal and Scope Definition

This study proposed a concrete LCA (life cycle assessment) method including
the definition of the goal and scope of concrete, inventory analysis, and impact
analysis in compliance with the LCA method meeting the ISO standards. For the life
cycle impact assessment (LCIA), the environmental impact categories of acidification
potential (AP) and eutrophication potential (EP) were selected.

The 1 m3 concrete was set as the functional unit on the basis of the main function
to facilitate data management and application. As the system boundary for the
concrete LCA, the product stage of concrete was selected, as shown in Figure 2.
In addition, concrete production steps were divided into raw material extraction,
transportation, and manufacturing steps, and environmental impacts of the elements
involved in each step on air and water systems were assessed [13].

3.2. Inventory Analysis

Based on the life cycle assessment ranges (system boundary) of concrete, input
factors and output factors such as energy, raw material, product, and waste were
analyzed. To this end, as can be seen from Table 1, LCI DB (life cycle index database)
on each of the input materials and energy sources in concrete production was
investigated.

LCI DB on the input materials and energy sources used in this life cycle
assessment utilized the existing data of Korea’s Ministry of Land, Infrastructure, and
Transport [14] and Ministry of Environment [15]. As LCI DB is different for each
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country, DB offered in one’s own country should be used. However, LCI DB on
ground-granulated blast-furnace slag, fly ash, and admixture in Korea’s LCI DB has
not been established yet. Therefore, the DB of ecoinvent [16], an overseas LCI DB,
was used.
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Figure 2. System boundary of the life cycle assessment (LCA) for concrete.

Table 1. Classification value of composition material for concrete. The six
environmental impact categories are as follow: global warming potential (GWP)
kg-CO2 eq/kg; abiotic depletion potential (ADP) kg-Antimony eq/kg; acidification
potential (AP) kg-SO2 eq/kg; eutrophication potential (EP) kg-PO4

3´ eq/kg; ozone
depletion potential (ODP) kg-CFC11 eq/kg; and photochemical ozone creation
potential (POCP) kg-Ethylene eq/kg.

Inventory List Environmental Impact Categories Composition Material

GWP ADP AP EP ODP POCP Cement Aggregate

Ammonia (NH3) - - � � - - - 6.95 ˆ 10´7

Carbon Dioxide (CO2) � - - - - - 9.31 ˆ 10´1 3.40 ˆ 10´1

CFC-11 - - - - � - 2.05 ˆ 10´9 4.02 ˆ 10´13

Methane (CH4) � - - - - � 1.71 ˆ 10´2 5.57 ˆ 10´4

Sulfur Dioxide (SO2) - - � - - � 1.27 ˆ 10´2 4.42 ˆ 10´4

Phosphate (PO4
3´) - - - � - - - 4.22 ˆ 10´8

�: included, -: not included
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3.3. Life Cycle Impact Assessment

This paper presented the input and output elements of the energy, raw materials,
products, and waste to the scope of concrete LCA as shown in Figure 3.
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According to ISO 14044, the classification and characterization steps are mandatory
assessment steps, and the normalization and weighting steps may be optionally
assessed depending on the assessment purpose. In this study, assessment was
performed for the classification and characterization steps because concrete-related
normalization and weighting factor for Korea are yet to be developed.

Classification is done by categorizing and compiling the inventory items
according to the environmental impact categories. By linking the inventory
items derived from the LCI database to the environmental impact categories and
integrating them by category, the environmental impact of each inventory item
can be clearly identified. For example, inventory items for AP are nitrogen oxide
(NOx), ammonia (NH3), and hydrogen fluoride (HF), sulfuric acid (H2SO4), with
sulfur dioxide (SO2) as the standard substance, and their respective classifications
based on the Korean LCI database for OPC are 7.18 ˆ 10´4 kg-NOx/kg, 1.81 ˆ 10´8

kg-NH3/kg, 1.33ˆ 10´8 kg-HF/kg, 1.78ˆ 10´7 kg-H2S/kg, 5.64 ˆ 10´4 kg-SO2/kg,
5.69 ˆ 10´14 kg-H2SO4/kg [17].

Table 1 shows example classifications for OPC, coarse aggregate, diesel fuel
among the LCI database classification items.

Acidification potential (AP) varies widely according to regional characteristics
and atmospheric environments, and this research was applied to the AP index
presented by Heijung et al. and Hauschild et al. [18] and is applicable to all regional
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types. A total of inventory items linked to the acidification category, including sulfur
dioxide (SO2), hydrogen sulfide (H2S), and hydrogen fluoride (HF), are expressed
in terms of their standard substance SO2. Likewise, the index proposed by Heijung
et al. and Hauschild et al. was applied for the classification of the eutrophication
potential (EP), with phosphate (PO4

3´) used as the standard substance for a total
of 11 inventory items including phosphate (PO4

3´), ammonia (NH3), and nitrogen
oxides (NOx) [19].

Characterization is a process of quantifying the environmental loads of
inventory items itemized for each category in the classification step.

In the classification step, inventory items are assigned to their respective
environmental impact categories, but there is a limitation in quantifying the
potential impacts of inventory items in common metrics due to different impact
potentials. Category indicator results, i.e. characterization values, are calculated in
the characterization step where the environmental load (=inventory data) of each
inventory item is multiplied with the characterization factor (=impact potential)
unique to the impact category concerned, and the resulting environmental loads
thus converted into impacts are aggregated within each impact category to yield the
overall environmental impact of that category. Equation (1) expresses this process:

Taking the acidification category of OPC as an example, which involves
three inventory items in addition to SO2 (standard substance)—H2SO4, HF, and
NH3—the acidification potential (AP) of H2SO4, HF, and NH3 are 1 kg-SO2/kg-SO2,
0.65 kg-SO2/kg-H2SO4, 1.6 kg-SO2/kg-HF, 1.88 kg-SO2/kg-NH3, respectively,
as calculated by multiplying their environmental loads (index data) with the
characterization factor of the acidification category of OPC.

The total environmental impacts (=category indicator) on the acidification of
OPC can be then obtained by adding the AP of the inventory items involved.

CIi “
ÿ

CIi, j “
ÿ

pLoadjˆ eqvi, jq (1)

Here, CIi is the size of impact that all the list items (j) included in the impact category
i have, on the impact category that they are included in. CIi,j is the size of impact that
the list item j has on impact category i, Loadj is the environmental load of the jth list
item, and eqvi,j is the characterization coefficient value of jth list item within impact
category i.

The standard substance for assessing AP is SO2. The category indicator of AP is
expressed by Equation (2):

AP “
ÿ

LoadpiqˆAPpiq (2)

where Load(i) is the experimental load of the acidification inventory item (i) and
AP(i) is the characterization factor of inventory item (i) of the acidification category.
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The standard substance for EP is PO4
3´. The category indicator of EP is

expressed by Equation (3):

EP “
ÿ

LoadpiqˆEPpiq (3)

where Load(i) is the environmental load of the EP inventory item (i) and EP(i) is the
characterization factor for the EP inventory item (i).

4. Deduction of Major Impact Substance

To determine which major substances in the concrete production process have
impacts related to acidification and eutrophication, the LCI DB (life cycle index
database) of the raw materials and energy used (e.g., normal cement, aggregate,
admixture, oil, and electric power) were analyzed as shown in Tables 2 and 3.

Also, the characterized values calculated were divided into those affecting
ecological systems (air and water). The major substances with impacts that
corresponded to 90% or more of the cut-off of the total value were determined.

The major substances with impacts on eutrophication were found to be NOx,
NH3, N2, and NO3 in the case of air, and NH3, NH4+, COD, NO3

´, HNO3, N2,
PO4

3´, and NO2 in the case of water systems. The major substances with impacts on
acidification were found to be NOx, NH3, HF, H2S, SO2, H2SO4, HCL, and SO3 in
the case of air, and HF, H2S, H2SO4, and HCL in the case of water systems.

The major substances in cement (the main raw material of concrete) that impact
eutrophication were found to be NOx, NH4, COD, NO3

´, and PO4
3´, and those that

impact acidification were found to be NOx, SO2, and H2SO4. The major substances in
natural aggregate and recycled aggregate that have an impact on eutrophication were
found to be NOx, NH4

+, COD, and PO4
3´, and NOx was found to have an impact on

acidification. The major substances in GGBS and fly ash that impact eutrophication
were found to be NOx, NH4

+, and PO4
3´, and those that impact acidification were

found to be NOx and H2S.
The major substances in the mixing water and admixture that impact

eutrophication were found to be NOx, NO3
´, and PO4

3´, and those that impact
acidification were found to be NOx, SO2, and H2S. The major substances in the energy
sources related to electric power (e.g., diesel and kerosene) that impact eutrophication
were found to be NOx, NH4

+, COD, and PO4
3´, and those that have an impact on

acidification were found to be NOx and SO2 [20].
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Through this process, the major substances that impact eutrophication during
the entire process of concrete production were deduced to be NOx and NH3 in the
case of the air and NH4

+, COD, NO3
´, and PO4

3´ in the case of water systems.
The environmental emission load of each substance was 4.59 ˆ 10´1 kg NOx/kg,
4.23 ˆ 10´5 kg NH3/kg, 3.33 ˆ 10´4 kg NH4

+/kg, 1.11 ˆ 10´4 kg COD/kg,
7.17 ˆ 10´5 kg NO3

´/kg, and 9.6 ˆ 10´3 kg PO4
3´/kg. These were found to

be mostly attributable to oil, fly ash, and coarse aggregate.
The major substances impacting acidification were deduced to be NOx and

SO2 in the case of the air, and H2S and H2SO4 in the case of water systems [21].
The environmental load emission of each substance was 3.15 kg NOx/kg, 2.31 kg
SO2/kg, 3.49 ˆ 10´6 kg H2S/kg, and 3.94 ˆ 10´9 kg H2SO4/kg, and these were
found to be mostly attributable to oil, fly ash, and cement. In particular, NOx was
found to be a major impact substance that corresponded to the 90% cutoff (or higher)
in relation to acidification and eutrophication for all the items analyzed, such as raw
materials and energy sources.

5. Analysis of Life Cycle Acidification and Eutrophication

5.1. Method

Evaluation of 1 m3 of concrete with a strength of 24 MPa produced by Concrete
Manufacturer A (in Korea), was carried out using the acidification and eutrophication
assessment technique for the entire life cycle of concrete. The production stage (cradle
to gate) was selected as the scope of the LCA and the assessment information shown
in Table 4 was investigated. Also, the quantities of normal cement and natural
aggregate usually mixed into the concrete were substituted with GGBS and recycled
aggregate. The acidification and eutrophication impacts before and after substitution
were compared in Table 5. The mixing ratios of GGBS tested were 0, 10, 20, and
30%, and those of recycled aggregate were 0%, 20%, 30% and 40%, taking into
consideration the law setting a mandatory amount of recycled aggregate that might
be used [22].

Table 4. Information of analysis object concrete.

Raw Material Strength (MPa)
Mixing Design (kg/m3)

C W G S GGBS AE

24 297 160 931 896 33 2.6

Transport Supplier region Chungcheongbuk-do Water supply Incheon Gyounggi-do Chungcheongnam-do Gyounggi-do

Distance (km) 201 - 14 66 122 90

Manufacture
Product amount

(m3/year) Electric (kWh/year) Diesel (L/year) Kerosene (L/year)

506,739 1,895,631 1270 175
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However, the energy consumption during transportation and manufacturing
stages were assumed to be the same. As shown in Table 6, the Korean and overseas
LCI DBs were applied to concrete raw materials, energy, and transportation.

Table 5. Mix design of analysis object concrete.

Strength (MPa) Mixing Design (kg/m3)

OPC GGBS G RG S RS W AE

24

100% 0%

equally application
90% 10%

80% 20%

70% 30%

90% 10%

100% 0 100% 0

equally
application

80% 20% 80% 20%

70% 30% 70% 30%

60% 40% 60% 40%

* OPC: Cement; G: Coarse aggregate; S: Fine aggregate; W: Water; RG: Recycled coarse
aggregate; RS: Recycled fine aggregate; GGBS: Ground-granulated blast-furnace slag;
AE: Chemical admixture.

Table 6. LCI database applied for LCA of concrete.

Division Life Cycle Index Data Base (LCI DB) Reference

Raw material

ordinary cement South Korea
coarse aggregate South Korea

fine aggregate South Korea
recycled coarse aggregate South Korea

recycled fine aggregate South Korea
ground-granulated blast-furnace slag Swiss

fly ash Swiss
water South Korea

chemical admixture Swiss

Energy
electric South Korea
diesel South Korea

kerosene South Korea

Transport truck South Korea

5.2. Result

Acidification and eutrophication were assessed for the entire life cycle of the
concrete, as shown in Tables 7 and 8. In addition, acidification and eutrophication
results were compared according to the mixing ratio of admixture (%) and the mixing
ratio of recycled aggregate (%).
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The contribution to acidification and eutrophication of the test concrete was
shown to be 27.9 kg SO2-eq/m3 and 5.21 kg PO4

3´eq/m3, respectively. The material
that had the biggest impact on acidification and eutrophication was found to
be aggregate. As shown in Figure 4, coarse aggregate was found to contribute
acidification of 18.2 kg SO2-eq/m3, which accounted for about 70% of the total. Fine
aggregate acidification was 9.23 kg SO2-eq/m3, which accounted for about 30% of
the total. As shown in Figure 5, NOx accounted for most of the coarse aggregate
acidification, and NOx and HCl accounted for 90 and 10% of the fine aggregate
acidification, respectively.
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Figure 4. Acidification result of analysis object concrete.

As shown in Figure 6, coarse aggregate eutrophication was found to be
3.42 kg PO4

3´-eq/m3, which accounted for about 65% of the total. Fine aggregate
eutrophication was found to be 1.71 kg SO2-eq/m3, which accounted for about 30%
of the total eutrophication. As shown in Figure 7, NOx and NH4+ were determined
to contribute 70% and 30% of coarse aggregate eutrophication, respectively, and NOx,
NH4, and PO4

3´ accounted for 60%, 20%, and 10% of fine aggregate eutrophication,
respectively. Figure 4 shows the contribution of concrete to global warming,
acidification, and eutrophication.
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Analysis of major impact substance in the eutrophication
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Figure 7. Eutrophication analysis.

As to global warming, the content based on a study of the author was
described [23]. In the LCA of concrete, the material that had the biggest impact
on global warming during the production process was found to be normal cement,
and the impact of coarse aggregate and fine aggregate on global warming was
very small.

The reason why coarse aggregate and fine aggregate, which have almost no
impact on global warming, have big impacts on acidification and eutrophication is
because of major emissions such as NOx, SO2, and H2SO4. It is because of the major
emissions of aggregates that impacts on acidification and eutrophication are greater
than that of normal cement, as analyzed in Tables 2 and 3. As a result of analyzing the
major emissions of aggregate, it was found to have greater emissions of NOx (to air),
NH4 (to water systems), and PO4

3´ (to water systems) than the major emissions of
normal cement.

The impacts of the cement (the raw material of the concrete with strength of
24 MPa) on acidification and eutrophication were very small, with values of 0.38 kg
SO2-eq/m3 and 0.04 kg PO4

3´-eq/m3, respectively. The emissions from cement that
could have an impact on acidification of ecosystems were found to be NOx, SO2, and
H2SO4, which accounted for about 50, 30, and 20%, respectively. Also, the emissions
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that have an impact on eutrophication were NOx, NH4, NO3
´, and PO4

3´, which
accounted for 70%, 10%, 10%, and 10%, respectively [24].

5.2.1. Analysis According to Ground-Granulated Blast-Furnace Slag (GGBS) Mixing

As shown in Figure 8, acidification and eutrophication resulting from mixing
of GGBS with 24 MPa concrete were assessed. There was almost no change in
acidification and eutrophication even when the mixing ratio of GGBS was increased.
This is because the amount of GGBS or normal mixed cement does not have any
impact because the aggregate accounts for 95% of the impacts of concrete production
on acidification and eutrophication. The impacts on acidification and eutrophication
were analyzed in two sectors: air (atmospheric) and water (hydrologic) systems.
As the mixing ratio of GGBS increased, the acidification and eutrophication in the
atmospheric sector decreased.

27.90 27.90 27.90 
27.80 

27

27.3

27.6

27.9

28.2

28.5

Plain 10% 20% 30%

acidification eutrophication

6.00

5.80

5.60

5.40

5.20

5.00

ac
id

ifi
ca

tio
n(

kg
SO

2-
eq

/m
3 )

eutrophication(kgPO
4 3-eq/m

3)

Mixing ratio of GGBS(%)

kgCO2-eq/m3331
300

269

239

9% reduction

18% reduction

28% reduction

global warming

Figure 8. Analysis of acidification and eutrophication potential by GGBS mixing.

The main reason for this is because GGBS has less impact on acidification and
eutrophication via the air than normal cement does. As shown in Figure 9, sulfur
dioxide and sulfuric acid are discharged due to the use of dynamite (which comprises
sulfuric acid, nitric acid, and sulfur) during mining of limestone and iron ore, the
main raw materials of normal cement. NOx and PO4

3´ are emitted by energy sources
used for the electric power used in the pulverization of the mined ore and clinker.
Sintering is the process into which the greatest amount of energy is input. Thus,
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the greatest amounts of substances with environmental impacts are emitted during
production of normal cement.

Mining

Crushing

Burning

Grinding

electric

Ordinary cement

Jarosite

Dynamite

Iron ore

Air emission

Water emission

Solid waste

GypsumSilica 
stone

Bituminous coal

Wasted tire

Wasted plastic

Bunker C oil

Figure 9. Analysis of acidification and eutrophication according to
cement production.

To increase the temperature of the rotary kiln to the range 1000–1450 ˝C for
production of clinker, fuels such as B-C (Bunker C) oil, bituminous coal, waste tires,
and waste plastic are burned. During combustion of these fuels, substances such as
ammonia, nitrate, sulfuric acid, and phosphorus are emitted in large amounts. In the
case of GGBS, electric power and diesel fuel are used in the pulverizing and mixing
process related to blast-furnace slag and natural gypsum. These are the main raw
materials, as shown in Figure 10. Ammonia (NH3), ammonium (NH4

+), phosphate
(PO4

3´), nitrogen oxide (NOx), etc., are emitted as a result of using the diesel and
electricity. The difference between the emissions of NOx and PO4

3´ in the production
processes of normal cement and GGBS was found to be the major cause of reduction
in acidification and eutrophication.

Moreover, as the GGBS mixing ratio increased, acidification in the hydrologic
sector decreased whereas eutrophication increased. The reason why acidification
in water systems decreased was because the amount of H2SO4 (the major emission
that has an impact on acidification) from normal cement was much smaller than that
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of H2S (the major emission from GGBS). The reason why eutrophication in water
systems increased was because the amount of PO4

3´ (the major emission that has
an impact on eutrophication) from GGBS was bigger than the emissions of NH4

+,
NO3

´, and PO4
3´ (the major emissions from normal cement).

However, such increase/decrease phenomena failed to change the total
acidification and eutrophication results for the concrete with which GGBS was mixed.
This is because the impact of aggregate on acidification and eutrophication is large,
as explained earlier. As shown in Figure 8, although global warming (kg CO2-eq)
was shown to decrease by up to 28% as the mixing ratio of GGBS increased, the
increase or decrease in acidification or eutrophication was insignificant [25,26].

Powder

Grinding

Mixing

Cooling

Diesel

GGBS

Electric

Blast furnace 
slag

Natural 
gypsum

Air emission

Water emission

Solid waste

Figure 10. Analysis of acidification and eutrophication according to
GGBS production.

5.2.2. Analysis According to Recycled Aggregate Mixing

As shown in Figure 11, acidification and eutrophication were assessed according
to the mixing ratio of recycled aggregate with 24 MPa concrete. The results of the
analysis showed that, as the mixing ratio of recycled aggregate increased, acidification
and eutrophication decreased. When up to 40% of natural aggregate was replaced
with recycled aggregate during concrete mixing, acidification and eutrophication
were decreased by about 38%. Changes in acidification and eutrophication in the
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ecosystem resulting from mixing of recycled aggregate were analyzed in two sectors:
atmospheric and hydrologic. When recycled aggregate was mixed in, there was no
big impact on acidification and eutrophication of water systems, but the impact on
the atmospheric sector was greatly reduced.
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Figure 11. Analysis of acidification and eutrophication potential by recycled
aggregate mixing.

The reason why acidification and eutrophication in the atmospheric sector
was reduced was determined to be because NOx emission was reduced more by
mixing in recycled aggregate, than by using natural aggregate. The processes such as
logging and pressure blasting are carried out first to produce natural aggregate, as
shown in Figure 12. The main ingredients of the lubricant and dynamite, aside from
the energy used to carry out these processes, are coal-based minerals and sulfuric
acid, respectively.

For this reason, substances that have an impact on acidification and
eutrophication, including SO2 (sulfur dioxide), H2SO4 (sulfuric acid), and NO3

´

(nitrate), are emitted. Also, when pulverizing blasted rocks after collecting them,
energy such as diesel and electricity is used. The substances emitted as a result of
using diesel and electric energy are ammonia (NH3), ammonium (NH4

+), phosphate
(PO4

3´), and nitrogen oxide (NOx). In comparison to this, the amount of energy
input into the production process of recycled aggregate is very small.
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Figure 12. Analysis of acidification and eutrophication according to
aggregate production.

Therefore, the emission of the substances that impact acidification and
eutrophication of ecosystems via the atmosphere is smaller when producing
recycled aggregate than when producing natural aggregate. As the mixing ratio
of recycled aggregate is increased, no change in acidification of water systems
occurred; eutrophication was reduced a little but there was no significant impact on
overall eutrophication.

While global warming (kg CO2-eq) increased to a maximum of 47% as the
mixing ratio of recycled aggregate increased, acidification and eutrophication were
shown to decrease [27,28].

6. Discussion and Limitation

This study attempted to analyze the effects of the matters produced during
concrete production on the acidification and eutrophication of ecosystems. Then, it
proposed a method to reduce concrete causing acidification and eutrophication.

However, this study has limitations in a reliability test.
There are diverse life cycle assessment (LCA) methodologies such as the

conventional process LCA, EIO-LCA and hybrid LCA. This study adopted the
process LCA.
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Under the process LCA, this study assessed acidification (AP) and eutrophication
(EP) during concrete production. However, the results were less reliable because they
were not compared to the results of the other LCA method. Therefore, there should
be additional studies and analyses.

In this study, the effects were assessed by concrete strength, mix rate of
admixtures and mix rate of recycled aggregate, and the results found the following:

As the GGBS mix rate increased at the mix design of concrete, GWP decreased
while AP and EP remained almost unchanged because the increase or decrease in
the mixing amount of cement and GGBS hardly had any influence on AP and EP.

As the mix rate of recycled aggregate increased, GWP increased while AP and
EP decreased because recycled aggregate is lower than natural aggregate in terms of
NOx emissions. Therefore, it would be good for the reduction of concrete AP and EP.

However, this study failed to analyze sensitivity on input and output while
deriving the results.

This limitation should be overcome in future studies.

7. Conclusions

The objective of this study was to analyze the impact of the substances
emitted during the concrete production process on environmental acidification
and eutrophication.

In this study, a Korean model of the life cycle assessment (LCA) technique for
assessing the impact of concrete on acidification and eutrophication was proposed,
in accordance with the international standard. The major substances emitted
during concrete production, with environmental impacts related to acidification
and eutrophication, were determined.

The major substances impacting eutrophication were found to be NOx and NH3

in the case of air, and NH4
+, COD, NO3

´, and PO4
3´ in the case of water systems.

The major substances impacting acidification were found to be NOx, and SO2 in the
case of air, and H2S and H2SO4 in the case of water systems.

As a result of carrying out an LCA of concrete, the mixing ratio of normal
concrete was shown to have almost no impact on the increase or decrease of
acidification and eutrophication, which was different from the result for global
warming. On the other hand, the mixing ratio of aggregate, which had little
impact on global warming, was found to have substantial impacts on acidification
and eutrophication.

Also, when the mixing ratio of ground-granulated blast-furnace slag (GGBS)
(in place of ordinary Portland cement) in concrete mixing was increased by 30%, there
was almost no impact on the increase or decrease of acidification and eutrophication.
This is because the amount of GGBS or normal mixed cement had little relative
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impact because acidification and eutrophication caused by aggregate accounted for
about 85% of the total.

However, when the mixing ratio of recycled aggregate was increased in the
place of natural aggregate, the acidification and eutrophication indices were found
to be reduced by a maximum of about 40%. The major reason for this was found to
be because the NOx emission during the production of recycled aggregate is much
less than that for the production of natural aggregate.

This paper proposed a concrete design in which recycled aggregate is mixed
into the concrete as a way to reduce acidification and eutrophication.

Many studies have already reported that concrete accounts for a large portion of
the greenhouse gas emitted during the construction of a structure, and technologies
to reduce this have been developed. Even though many analyses have been carried
out on global warming using the LCA of greenhouse gas emission resulting from
concrete, this is the only study focused on acidification and eutrophication.

However, the study was limited by the assessment values calculated for
acidification and eutrophication in the current analysis not clearly encompassing
the impacts on all compartments of the ecosystem, such as air, soil, and water.
Accordingly, it is believed that future studies will need to consider application of an
end-point technique that shows the impact of environmental impacts that include
not only global warming, but also acidification and eutrophication, on human health,
social properties, and the extinction of living things.
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An Insight into the Commercial Viability
of Green Roofs in Australia
Nicole Tassicker, Payam Rahnamayiezekavat and Monty Sutrisna

Abstract: Construction industries around the world have, in recent history, become
increasingly concerned with the sustainability of building practices. Inherently, the
development of the built environment results in partial or complete destruction of
the natural environment. Advanced European and North American countries have
turned to green roofs as a means of sustainable development. Australia, on the
other hand, has yet to fully realize the potential of green roof technology. In the
first case, an extensive review of green roof literature was undertaken to establish
the dominant perspectives and over-riding themes within the established body of
international literature. The collection of primary data took the form of qualitative,
semi-structured interviews with a range of construction practitioners and green roof
experts; landscape architects, consultants and academics. The information gained
from the interviews facilitated the primary aim of the paper; to critically analyse
the state-of-practice in the Australian green roof industry. Green roofs, despite their
proven sustainability benefits and their international success, have experienced a
relatively sluggish uptake in the Australian construction industry. With this being
said, the Australian green roof industry is considered to have promising potential
for the future; should there be legislative changes made in its favour or greater
education within the industry. To advance the local industry, it was found that
government authorities are required to adapt policy settings to better encourage the
use of green roofs, whilst industry bodies are required to host better, more targeted
educational programs.

Reprinted from Sustainability. Cite as: Tassicker, N.; Rahnamayiezekavat, P.;
Sutrisna, M. An Insight into the Commercial Viability of Green Roofs in Australia.
Sustainability 2016, 8, 603.

1. Introduction

The construction of the built environment inherently involves some, if not
total degradation of the natural environment [1]. The processes of construction,
operation and ultimate demolition of man-made structures irrevocably alters the
natural ecosystem [2]. In response, the global construction industry has developed an
on-going commitment to rectify unsustainable trends in development [3]. As a result
of this continuing moral conscience, great interest has been shown in sustainable
construction practices; particularly elements of green design.
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One specific aspect of green design, green roofs, has been touted as a tool
for climate change mitigation given the apparent sustainability benefits, socially,
economically and environmentally [4]. The numerous and wide ranging benefits
of green roof technology have been widely recorded in the international body of
knowledge. The fact that green roofs are extensively used in Europe and North
America and even mandated in France is a testament to their efficiency as a
sustainable roofing system. With this in mind, the question is begged: why is
the use of green roof technology not more prevalent in Australia?

A green roof can be defined as an engineered roofing system that features
multiple functional layers, including, but not limited to, a waterproofing membrane,
a drainage system, a substrate layer and, finally, a vegetated surface [5–7]. Green roofs
can be one of two recognized types: “extensive” or “intensive” [8]. The categorization
of green roofs into either an extensive or intensive classification is determined on the
depth of the supportive and vegetative layers.

The green roof industry is very much in its infancy in the Australian construction
industry [9]. The difficulties that have previously hindered the uptake of Australian
green roofs are widely considered to be a lack of standards, high installation costs,
climatic concerns and a lack of reliable research [10]. It is noted within the current
body of knowledge that a lack of national research is one of the most recognizable
barriers to wider implementation of Australian green roofs [11,12]. The current state
of the Australian green roof industry is underpinned by the need for greater domestic
research and the ensuing development of local knowledge.

The aim of this paper is to report a recent study on general perceptions of
green roof technology within the Australian construction industry with the view to
promote the local green roof industry in the years to come. The specific objectives of
the paper are as follows:

(1) To bring together expert views on how to advance the local industry and the
realistic likelihood of doing so.

(2) To determine the critical factors affecting the commercial viability of green roof
implementation; and how these factors currently impact on the local industry.

(3) To determine the most effective ways to promote green roof promotion within
the construction industry at the moment.

2. Green Roof as a Sustainable Technology

The views of Kucukvar and Omer (2013) [13] regarding the inherent conflict
between the natural and built environments are shared by Carter and Laurie
(2008) [14], who determine that natural ecosystems are irrevocably altered through
the process of development. Kibert [15] agrees that there is an obvious need for
construction technologies and development processes to become more sustainable.
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In considering a universal definition of “sustainable development”, the
Brundtland report [16] noted the concept to be “development that meets the needs
of the present without compromising the ability of future generations to meet
their own needs”. A number of key literature pieces recognize that green roofs
represent a solution, either fully or in part, to the requirement of the construction
industry to become more sustainable. Bianchini and Hewage [17] and Fietosa and
Wilkinson [18] all agree that green roofs outperform conventional roofing in specific
sustainability realms—social, economic and environmental aspects; the triple bottom
line of sustainability [19,20].

It is widely recognized throughout the literature that green roofs offer a vast
array of sustainability benefits, such as reduced stormwater runoff, mitigation of
noise, favourable lifecycle costing and significant amenity and aesthetic value [21,22].
The individual benefits of green roofs, however, can all be broadly categorized into
the three aspects of sustainability: social, economic and environmental.

Throughout the international body of literature, economic and environmental
aspects of sustainability are widely researched at the expense of the social
sustainability dimension [23]. After recognizing the lack of research, Claus and
Sandra (2012) [24] converted social aspects of sustainability into quantifiable
measures by undertaking a cost benefit analysis to determine the personal and
social aspects within green roofs. They found that “the inclusion of social costs and
benefits improves their value”.

Interestingly, Gatersleben and White (2010) [25] undertook a unique qualitative
study whereby they assessed the validity of people’s perceptions and opinions on the
aesthetic value of green roofs. They noted that people’s generalizations may impact
on their perception of green roofs, whilst [26] determined that some people consider
green roofs “visually inappropriate”.

In direct contrast to these outlying views, the predominant opinion is that
people generally perceive vegetation to be more favourable than traditional built
forms [27–29]. Hietanen et al. [30] and Farrell et al. [31] evidenced that aspects of
green design within a building will induce a more positive experience for users.

The economic benefits of green roofs are widely documented in the international
body of knowledge. Bruce et al. [32] express that despite the well-documented
environmental benefits of green roofs, the relatively-high initial cost of construction
presents as a significant concern for building owners and developers alike.
Forbes [33] specifically labelled the construction cost of green roofs as “indefensibly
high”, whilst evidencing the statistic [34] that construction costs of traditional roofs
range between $7 and $15/square foot compared to a rate of $15–$70/square foot
for green roof systems. It was widely found from comparative lifecycle studies
that despite higher initial construction costs, green roofs economically outperform
traditional roofing options over their lifecycles [35,36]. It is widely noted that a
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reduction in the maintenance costs of green roofs is the main contributory factor to
favourable lifecycle costings [37,38].

The environmental benefits of green roofs are as equally recognized as the
economic benefits of green roofs within the international body of knowledge.
Forbes [30] recognized that despite the limitation of green roofs to single-handedly
‘solve’ global environmental concerns, they are a “multifunctional approach to
ameliorating many different environmental problems”. The findings of [39,40]
suggest that effective stormwater management is the greatest environmental benefit
offered by green roof systems. McIntyre and Snodgrass [41] reaffirm this dominant
view, explicitly noting that stormwater management is “the green roof benefit that
has been most aptly documented and validated by research”.

The local body of knowledge regarding green roof implementation in Australian
climatic conditions is limited [42]. Beecham et al. [43] established that significant
disparity exists between the green roof body of knowledge in Australia and that
of the advanced European and North American knowledge base. James and
Metternich [44], however, note that despite the apparent lack of local data, there
is enough information to determine that the contribution from green roofs is
positive, and thus, they are worthy of promotion. Elliot [45] indicates that green
roof technology has the greatest potential in the hot-dry climatic conditions that
typify Australia.

3. Methodology

Semi-structured interviews were selected as the most appropriate method
of collecting primary data. The structure of the interviews was not rigid in the
sequencing or wording of the questions; rather, the interviewees’ responses would
guide the direction of the conversation and its findings. The interviews aimed to
subjectively evaluate people’s perception of green roofs

Bearman and Michalski [46] specify that semi-structured interviews are
particularly useful where there is little previously known about the subject
matter. Given the infancy of the green roof industry in Australia, the selection
of semi-structured interviews to elicit qualitative, attitudinal data was deemed
most appropriate for the study. Assessment of the themes is undertaken through
measuring the perceptions and opinions of those who are closely involved with the
subject matter [47].

A purposive collection of academics, practicing consultants and landscape
architects was recruited as the target sample. The sample consisted of nine
individuals, each with a practical or theoretical knowledge of green roofs in Australia.

An indicative number of questions was sent to each of the interviewees prior to
the arranged meeting to ensure that the candidates had the opportunity to familiarize
themselves with the intended content. It was made clear to each interviewee that
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the indicative agenda of questions was flexible and able to be adapted in any way to
suit their experiences. The interview questions, as provided in Appendix A, were
categorized into 4 main sections, which were specifically designed to closely relate to
each of the study’s objectives.

The interview participants were selected from a range of backgrounds (i.e.,
landscape architects, academics and consultants) with varying levels of experience
in the construction industry and with green roofs. The profiles of the interviewees
are included in Appendix B.

4. Results

Figure 1 depicts the outcomes from the interview. It suggests that the key factors
that affect the commercial viability of green roofs include the cost implications
of constructing green roofs, education/awareness among practitioners, as well as
the role of government bodies in facilitating its adoption, for example through the
setting of national policies or the development of incentive schemes. The three
main actors identified to have a critical role to play in the promotion of green
roofs are private clients, government bodies and industry bodies. However, some
concerns were raised about the current effectiveness of industry bodies. Detailed
findings from the interview are further discussed in this section based on the three
objectives highlighted.
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Figure 1. Network of interactions among key factors affecting the promotion of
green roof.

4.1. Collective View Regarding the State of the Local Industry

The holistic construction industry and its sub-industries, such as architecture,
project management and sub-contracting, are generally aware of green roof
technology and its potential in the Australian marketplace. A general observation
from the interviews was that the construction sub-industries were typically
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hyper-aware of the potential for negative outcomes to occur in green roof projects;
such as roof leakages and cost blowouts.

4.1.1. Industry Perception

When asked how positively or negatively the construction industry perceives
green roofs as an alternative to traditional roofing, the answers were typically
dominated by negative bias. The interviewees regularly reiterated the industry’s
trepidation in accepting a relatively unproven technology.

Interviewee C: “Anything new scares people . . . unless you have people
that are really motivated by something else, change usually scares
them away”.

Interviewee F: “If I am honest, from my experience they [construction
contractors] thought that green roofs were a bit painful . . . the contractors
thought ‘well, what are we doing this for?’”.

Interviewee B: “Green roofs are not actively encouraged at the moment. I
mean I think there is an awareness but I think planning won’t drive this”.

Interviewee D: “Sceptical. The immediate thing would be complexity—architects
would think ‘it is just another thing I have to detail’”.

Heller et al. [48] interestingly noted that designers are perceived to have the
greatest ability (of construction professionals) to encourage greater uptake of green
roofs. This raises an important point that, whilst landscape architects are typically in
full support of green roof inclusions on a project [10], the construction professionals
have a tendency to ‘value engineer’ the green roof out of the building design [48].

Interviewee E: “Landscape architects view green roofs very positively . . . ”

Interviewee A: “Typically, the key driver for those innovations on projects
comes from landscape architects . . . The landscape architects, you will
find, are pretty good advocates for green roofs”.

The view of [48] about green roofs typically being ‘value engineered’ out of
construction projects was reaffirmed by the interview data.

Interviewee I: “It was how they structured the green roof into the
renovation build so that there was no option of the green roof getting
dropped off by budget blowouts, it couldn’t even be engineered out”.
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4.1.2. Project Champions

Heller et al. [48] go on to mention that key stakeholders are required to champion
the inclusion of green roofs in building designs to ensure that they are not “value
engineered” out of a project. The interviewees, however, highlighted the impact of
a client suggesting that builders or construction contractors do no tend to push for
green roofs; instead, the onus is on the client side.

Interviewee I: “You have to have a champion for the project who drives
it. So I don’t think a builder will push it. I think you have to have a client
that really wants it, and then it will happen”.

Interviewee C: “Yeah, it is certainly client driven to a large extent”.

Interviewee D: “You really need to dedicate a client that says ‘I am going
to do everything I can”.

Interviewee E: “I’d say it is clients—people who have seen the concept
and want to go on and try it”.

This finding is in opposition to the view of Heller et al. (2014) [48], who consider
landscape architects to be the typical champion.

4.1.3. Potential of the Industry

Despite the negative bias surrounding green roof technology at the moment,
it was agreed with a great deal of recurrence that the local green roof industry has
a realistic potential to evolve in some way in the years to come. Eight of the nine
interviewees answered “yes” to the question “do you believe that there is a realistic
potential for the local green roof industry to evolve in the future?” Answers ranged
from “absolutely, I don’t think we’re anywhere close to the potential of green roofs
in Australia” to “Yes, but it will require policy settings.” One interviewee presented
an opposing view and was particularly sceptical about the future of the Australian
green roof industry, noting:

Interviewee D: “I don’t think there is technical reasons that there isn’t
many green roofs. I think there isn’t enough demand or there isn’t
enough push”.

4.1.4. What Needs to Change

All of the interviewees who agreed that the local industry has potential to evolve
went on to mention aspects of the industry that would need to change in order for
progression to be possible. It was clear from these suggestions that there was one
distinctive theme in advancing the industry, namely the role the government has

221



to play: “government authority”. At the federal level, cities’ portfolios used to fall
under the authority of the Department of Environment until the establishment of
the federal government role of the Minister for Cities and the Built Environment
in the third quarter of 2015, which was soon replaced in the first quarter of 2016
by another newly-created role of Assistant Minister to the Prime Minister for Cities
and Digital Transformation. As far as it relates to the scope of this study, such a
change highlights the enhanced notion in regards to greening cities because now,
policy setting associated with the sustainability and resilience of Australian cities has
entered the Prime Ministerial agenda. However, a closer look at the recent federal
activities around green cities reveals that the Commonwealth government intends to
transfer the responsibility in regards to green infrastructure to the local government.
Accordingly, tangible actions, such as The Sydney Green Grid project and The City of
Melbourne’s Urban Forest Strategy, are initiated by local councils. The interviewees
would tend to clarify the term “government authority” into a specific level: local,
state or national. Most often, local or state governments were nominated to have the
greatest potential in encouraging change. One interviewee went so far as to clarify
that green roofs are not in the jurisdiction of the national government:

Interviewee C: “It is not a Commonwealth issue”.

The primary theme of “government authority” appeared to be categorized into
two distinctive sub-themes: “policy settings” and “government incentives”.

Government Authority: Policy Settings

The existing body of Australian literature does not extensively discuss the role
and the power that governments have to play in promoting the local green roof
industry. Unlike many other advanced countries, like Singapore and France [49],
Australia has very little, to no national-based policies or regulations regarding green
roof implementation. The suggestion of [10], who note that “policy incentives
developed to increase uptake”, is supported with the data collected through
interviews. Five of the nine interviewees flagged a change in policy settings to
be the way forward for the local industry.

Interviewee C: “There may need to be a policy setting that supports it.
I think that the policy environment has to change, around all of these
things. If we don’t [change] we are heading towards a train wreck”.

Rayner et al. [10] further clarify and provide weight to this theme by explicitly
stating that policy conditions have previously been restrictive for the local green
roof industry; “While the absence of policy incentives is a barrier to the widespread
uptake of green roofs . . . ”
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The interviewees predominantly considered the main drivers for policy change
to be the encouragement of green roof uptake and the subsequent reduction in cost.

Interviewee H: “Government policy setting would encourage more
people to put green roofs up and therefore more people enter the market
and they become cheaper”.

Interviewee E: “Green roofs would become more regular, I suppose if
the government made them conform to a certain level of environmental
excellence”.

These two identified drivers are directly supported in the statement of
Rayner et al. (2010) [10], “recommendations and policies have not [previously]
translated into financial incentives likely to stimulate the green roof industry or take
the form of regulations that encourage the construction of green roofs”.

Cost is widely considered to be a very significant barrier for the implementation
of green roofs across the local construction industry. Given the infancy of green
roofs locally, the costs associated with such projects typically present as being too
overwhelming for the private industry alone. Together, the established body of
literature and interviews clearly indicate the need for government assistance in the
form of policy settings. Once implemented, policy settings are able to indirectly
reduce the cost of green roof technology as it becomes more “common practice”.

Interviewee A: “I think that’s important to understand, and without
policy you are really relying on the market to drive it so, if people are
more aware of it or they, I guess, see great examples of what that space
[roof space] can be then the market will start to demand it”.

Interviewee B: “So that will drive it and then the next step is for the local
government to accommodate that. It is not a commonwealth or state
issue, it is a local government issue. The local government needs to have
appropriate policies which will facilitate that [driving force] to happen”.

Interviewee H: “I keep coming back to how do we drive green roofs
. . . that is to construct more of them. How do we do that? We change
our policy settings and there is a number of examples around the world
where they can do that . . . ”

Importantly, a couple of interviewees flagged that the Green Building Council’s
Green Star rating system does not appropriately provide concessions for green roofs.
The Green Star rating system, an initiative of the Green Building Council of Australia,
is legislatively supported in Section J of the National Construction Code [50]. Two of
the nine interviewees explicitly noted their concern over the “inequitable” point’s
concession for green roofs.
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Interviewee H: “Green roofs are not really integrated into the Green Star
systems so they [the key stakeholders of building that won an award
for the most sustainable building in the world] wanted the green roof
because it got the ecology bonus . . . that was how they got the points”.

Interviewee I: “You can get more points through having a bike rack”.

Interviewee H: “I’d argue that those building stars don’t acknowledge
the multiple benefits of green roofs enough”.

In direct comparison to the views presented by the above interviewees reflecting
on the Australian Green Star rating system, a project manager who worked on a
green roof project in London specifically linked the inclusion of a green roof to
the achievement of a Building Research Establishment Environmental Assessment
Method (BREEAM) Excellence rating.

Interviewee F: “I know in London, the only reason unfortunately, it’s
the reality though, the only reason why we did have a green roof on
the project and spent the extra money was that it gave us a BREEAM
‘Excellent’ rating. It was a commercial incentive of leasing the building.
The only reason we included a green roof was because it actually ticked a
box and allowed us to get a BREEAM ‘Excellent’ rating. That additional
rating was a huge driver for us to spend the money”.

BREEAM is the United Kingdom’s Environmental rating system for buildings.
It is evident that in London, the BREEAM rating system played a significant role in
the incorporation of a green roof in that specific project.

Legislative conditions and their influence on the construction of green roofs
are distinctly different between the United Kingdom and Australia. The Green Star
rating system, unlike the U.K.’s BREEAM system, provides very little commercial
incentive to include green roofs within a building’s design.

Enhancing this finding, Rayner et al. (2010) [10] note that “policy makers are
likely to be reluctant to include green roofs in building codes and planning guidelines
until there is quality data assessing their costs and benefits in an Australian context”.
As a solution to this, two of the nine interviewees offered an “evidence-based
approach” to be the way forward in allowing policy changes to be made.

Interviewee H: “I mean it’s also going to be about an evidenced based
approach looking at the benefits of green roofs”.

Interviewee I: “ . . . Melbourne Water [organization] . . . . they need the
evidence base that enables them to argue for a policy change and the
green roof industry”.
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Government Authority: Government Incentives

The central government’s incentives toward green urban environment is
associated with its ultimate impact on attracting highly skilled people who follow the
improved lifestyle, rather than a vision that prioritises environmental programs.
Envisaging New York as the model for further development of Sydney and
Melbourne indeed demonstrates the loose position of greening in the national
strategic plans [51]. In contrast, the central tenet of Green Plan of Singapore [52] is
evolving into a city within a garden rather than revamping green canopies across
a city to moderate the heat island effect or improve inhabitability. Data collected
through this study also emphasizes the vision on perceiving the green roof as an
integral component of the modern landscape.

Interviewee A: “More amenity that people can actually take advantage of
is going to be the focus within developments”.

A comparison between long-term green schemes envisaged by the Singaporean
Government and their Australian counterpart highlights the sizable impact of
governmental support on the uptake of green roof technology at a national scale.
The Department of the Environment in Australia shares comparable accountability
in regards to the urban environment as the Singaporean Ministry of the Environment
and Water Resources does. However, contradictory to Singapore, the Australian
framework does not target urban development directly. While the Sustainable
Singapore Blueprint [53] envisions “a liveable and endearing home [embraced with]
a vibrant and sustainable city”, Australia reinforces “clean up and revegetate urban
environments” as a secondary matter under the “clean land” section of “a cleaner
environment” plan [54]. In other words, a lack of individual attention to “skyrise
greenery” in the Clean Environment Plan compared to the Blueprint surfaces as
one fundamental reason behind the significant difference in the level of green roof
adoption between the two nations. Yet, deploying green technologies for retrofitting
heritage buildings as highlighted by Sibley and Sibley (2013) [55] certainly is aligned
with two out of four core priority areas, clean land and national heritage, targeted by
the Australian Government. The challenges of adopting green roofs as a retrofitting
technique leverage both the design and implementation of the project. However,
interview results indicate that the difficulties in design outbalance construction
problems in the case of heritage buildings, while the proportion is opposite for
new developments.

Interviewee F: “I’ve worked with two green roofs on the project
[in the capacity of project manager]. A green roof was on an existing
building . . . an existing buildings roof, it was a 150 year old building.
Basically we had to change the structure of the roof component and
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obviously also the waterproofing and everything else that goes with
it; so that was quite interesting. As I say I was involved in the design
and implementation of that green roof; the implementation part of these
projects is the easy bit. The second component of the project involved
a large section of green roof to a new building. This was a lot easier in
the sense that the design. The structural design was built in and it (green
roof) wasn’t retrofitted. That was really good.”

Financial incentives were additionally alluded to as being a potential way to
evolve the local green roof industry. Whilst incentives were raised on a couple of
occasions within the transcripts, the interviewees rarely went on to explain the role
that incentives had to play.

Interviewee I: “Some sort of policy and being incentivized”.

Interviewee F: “Green roofs would become more regular if the
government incentivized it”.

Interviewee E: “I think government incentives would help”.

Interviewee G: “You need a series of incentives that encourage green
roofs to happen”.

An observation from within the data corpus was that whilst incentives do have
some value in advancing the local green roof industry, that value is unspecified
and appears to generally be less influential than other forms of government-driven
change, such as the creation of new policy settings.

Interviewee D: “I don’t think it is subsidies, I think that if there were
requirements . . . ”

Interviewee A: “Well, I don’t know if subsidies is the right approach.
Policy can equate to subsidy in some ways . . . ”

4.2. Commercial Viability of Local Green Roof Industry

Three distinctive critical factors, namely cost, education and government
authority, all featured high rates of recurrence across the data corpus. When asked
what the greatest barrier has been for local green roof implementation, six of the nine
interviewees nominated cost as the most critical factor. Conversely to this, when
asked how to overcome the barriers to local green roof technology, five of the nine
interviewees suggested education to be a viable solution, and three interviewees
noted the role that government authorities have to play in promoting the industry.
The other, less significant critical factors were considered to be “value proposition”
and “industry conservatism”.
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4.2.1. Cost Implications

It is widely known, in the literature and amongst practitioners, that the cost of
green roof construction is more expensive than the cost of constructing a traditional
roofing system [48]. What is not widely agreed upon, however, is why the cost
of constructing green roofs is “indefensibly high”, as noted by Forbes (2010) [33].
Without a doubt, the structural and non-structural components that go together
to form the make-up of the green roof are more expensive than the construction
materials of a typical roof. However, many prominent pieces of international
literature agree that the greater initial investment of constructing a green roof as
opposed to a traditional roof will be more than compensated by the savings on
maintenance and the subsequent favourable lifecycle costings. Therefore, why then
is the Australian construction industry, an industry inherently focused on the bottom
line, not embracing green roofs in the way that international construction industries
are? It predominantly comes down to risk. Of the six interviewees who noted cost as
the greatest barrier to local green roof implementation, three of these interviewees
inextricably linked the cost factor to risk.

The study of Rayner et al. (2010) [10] briefly addresses the effect of risk in green
roof projects in Australia. Their study raises the concern that reliance on Northern
Hemisphere research is problematic and highly risky, noting that such practices
“May introduce unacceptable levels of risk and unnecessary expense to development
projects considering green roofs”. Contributing further to this finding, risk is not only
incurred through reliance on international practices, but also inherently exists in the
uncertainties of the local industry in its relative beginnings. Risk, as defined by the
International Standards Organization [56], is “the effect of uncertainty on objectives”.
During the interview process, two interviewees labelled the construction industry
as being “incredibly risk averse”, whilst another one of the interviewees described
the industry as being “conservative and loathed to change”. This view is specifically
supported by Heller et al. (2014) [48], who also note “builders are quite risk averse”.
More broadly than this though, the interviewee explained from personal experience;

Interviewee C: “the Australian construction industry is incredibly risk
adverse . . . when you’re talking about doing something different, because
there is uncertainty that something could go bad, people do really get
nervous because the risk is quite high . . . the costs are quite high”.

The interviewee additionally recognized that the cost of risk is not only
monetary, but also transpires into other facets of a person’s life, such as job security
and reputation. The monetary impact of risk on green roof construction projects is
borne by each project stakeholder—the main contractor, sub-contractors, suppliers
and last, but not least, the client. In an interview with a project manager, it was noted
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that, for contractors, there was a cost associated with owning that commercial risk
and uncertainty;

Interviewee F: “Owning the risk, the contractor is going to obviously cost
that risk of an unproven technology”.

Two of the three interviewees who linked cost to risk raised a discussion about
contractual arrangements and noted that a project’s contract has significant weight in
determining the value of the risk and where it lies. One of the two above-mentioned
interviewees, an academic, disclosed information on a green roof, public-private
partnership project where the contractual arrangement focused on the effect of
cost sharing.

Interviewee C: “Cost sharing between the design and construction
components; there was risk sharing. It was a tender contract where
if things went well and ran smoothly then the contractors got paid more,
whereas if it didn’t then the contractors would lose money. It gave the
contractors the opportunity to deal a little bit more with uncertainty,
otherwise these contracts they just get so tightly restricted . . . ”

The interviewee focused on the partial freedom afforded to a specialist green
roof, or construction contractor in the case of a contractual public-private partnership.
Conversely to this, the project manager specifically highlighted the limitations of a
lump sum contract in relation to green roof projects;

Interviewee F: “Especially in lump sum contracts, it comes back to the
developer and to the client . . . . If you take on a lump sum contract you
are taking on some risk and you price for that. Both at the contractor
and subcontractor levels. If you are smart enough as a contractor to pass
the risk on cheaply to the subcontractor then you would. But you also
have to be there when things go wrong, so you have to tread carefully
and negotiate”.

The project manager suggested that contractors are inherently going to try and
pass on as much commercial risk as possible; lump sum contracts were additionally
labelled, by another interviewee, as being “so tightly restricted”.

4.2.2. Construction and Utilization

The Hanging Gardens of Babylon are probably the most well-known adoption
of the concept of green roofing throughout history. According to United Nations
Educational, Scientific and Cultural Organization (UNESCO), the Persian Garden
evolved in ancient Persia to honour sky, earth, water and plants. Interestingly,
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these core elements not only are entirely consistent with the modern environmental
policy spotlight on air, land and water as advertised, for example, by the Australian
Government, but also exclusively address greenery. Like its contemporary equivalent,
a sophisticated irrigation system, as well as a consistent combination of vegetation
facilitated the adoption of the nowadays called green roof a couple of thousand years
ago [57]. Similarly, engineered solutions aligned with today’s advanced construction
procedures are required to allow widespread implementation of the green roof.
The mounting mechanism, overlooking concerns, maintenance, constructability, flora
selection and, more importantly, understanding the different performance aspects of
the green roof are a few examples articulated by the participants.

Interviewee A: “There is a lot of engineers that are excited by the challenge
of integrating things into their structures”.

Interviewee B: “Whereas green walls [in contrast to green roofs]
are straight forward, they are not visually intrusive and they are
quite aesthetic”.

Interviewee E: “An understanding of both the design but also the
maintenance aspects of having plants on roofs (is essential to promote
the technology)”.

Interviewee F: “Risk is involved with the buildability of these things
(green roof)”.

Interviewee G: “Long, hot and dry summers all with little to no rain
( . . . ) is pretty challenging for any kind of plant.”

Interviewee I: “The industry need to be more realistic about these things
[performance of green roof]. We have evidence around the energy savings,
we have evidence for biodiversity benefits. However, that far that the
coolness (i.e., the reduction in the urban heat island effect) extends we
don’t know”.

4.2.3. Engineered Functions

As the green roof becomes more prevalent, studies on the long-term performance
of this technology emerge. While the positive impact of a green roof on urban
storm water quality and quantity in the short term is well evidenced [58],
Speak et al. [59] highlight the two-fold potential of the technology in dispositioning
urban atmospheric pollutants, as well as becoming a source of legacy metal
pollution in the long term. Advocating the positive side of the results reported
by Speak et al. (2014) [59], one of the interviewees pointed out that customized green
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roof soil is able to accumulate nutrients available in the storm water to support
vegetation growth.

Interviewee E: “It [the advanced green roof design] is a different system
that essentially strips nutrients from storm water basically through soil”.

Concerns regarding the lack of profound knowledge about the multifaceted
performance criteria of the green roofs, specifically the shortage of longitudinal
studies, have been echoed by the interviewees.

Interviewee A: “There hasn’t necessarily been the data there before to
really support the more humanistic elements of design (for green roof)”.

Interviewee B: “The unknown of what comes with green roofs”.

Interviewee D: “I don’t think green roofs have been tested enough”.

Interviewee E: “Landscape architects view green roofs very positively
but maybe with a slight sense of trepidation regarding the number of
unknown factors”.

Therefore, it is interpreted that filling the knowledge gap in the area of green
roofs enhances the competitive advantage of the technology in the construction
market and eventually contributes to extended application. The result of studies on
competing technologies, such as cool roofing [60], is a proper benchmarking tool
to evaluate the competitiveness of the green roof against other advanced building
technologies, particularly in regards to thermal insulation and energy performance.
Pisello et al. [61] suggest that a combination of the two aforementioned technologies,
the cool-green roof, is a promising solution where other invasive mitigation strategies
are not practical to address the urban heat island phenomenon.

Interviewee B: “The way that people are dealing with the heat island
effect in infill cities is to increase the amount of greenery in the place and
again that feeds into the green roof”.

Interviewee C: “You have the heat island effect also.” The interviewee
explained that his source is common knowledge and not actual
measurement “Aside from my government stuff around sustainability
projects and that sort of thing”.

Interviewee E: “Green roofs ( . . . ) could alleviate the Heat Island Effect.
Based on the data I collected, it looked like the green roof would actually
reduce the energy bills of the shopping centre significantly, almost as
much that it would pay for the construction, and then also double the
retail area as well. So, yeah there is really good possibilities for green
roofs in that sense”.
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Interviewee G: “In my role as mayor, we’ve been looking at the role that
green roofs and green walls can play in terms of urban design in the CBD
primarily and around looking at the Heat Island Effect but also around
urban biodiversity”.

Li and Norford [62] demonstrated that with the city-scale implementation, the
two technologies complement each other, as a cool roof is more effective during the
daytime and a green roof adapts to the cooling cycle at night-time.

Interviewee H: “If you want to reduce the urban heat island effect you
need an irrigated green roof on the hottest days. Our substrates here store
a lot of heat and they’ll re-radiate that heat at night but they won’t store a
lot of heat if you irrigate it because that energy will be evaporated off”.

4.2.4. Education

When asked whether or not there was a viable way to mitigate the challenges
presented by green roof technology in Australia, five of the nine interviewees
suggested that education has a significant scope and leverage for improving the
current state of the local green roof industry. Through the process of conducting
interviews, the term “education” was found to be synonymous with “research” and
“raising awareness”.

It was found that every stakeholder group, from project managers to
subcontractors to clients, generally requires some form of further education about
green roofs if the local industry is to progress in the future. The existing body of
local literature supports this finding, in recognizing that the research gap stands as a
barrier to more widespread use of green roofs in Australia [63,64].

Interviewee E: “Well really it is education and greater (more) information
through the construction industry, builders and also the government at
all levels. I think that is quite important”.

Of particular note was an outlying, but informed response, which noted the
education programs currently existing within the industry relating to “green roofs”.
Australasia seminars and workshops are not “hitting” those with the power to make
the required changes in the industry. That is, decision makers rarely have enough
information or education regarding the logistics of how green roof projects work and
thereby do not opt to undertake such work given the uncertainty and associated risks.

Interviewee E: “Education isn’t perhaps available to the people in decision
making positions. If people have been in their industries for 10–15 years
and are at the director level—they are the people that really drive a lot
of change. Something that I have found with green roof infrastructure
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projects is . . . it is not that these people do not want to implement these
things, it is that they weren’t taught how to do them”.

In recognizing that people in upper management positions require greater
education and information about green roofs, the need for education for the other
constituents in a supply chain is not to be ignored. Of the nine interviewees,
five recognized that education is required to increase awareness and subsequently
decrease the inherent uncertainty of current green roof projects.

Interviewee C: “It comes down to research. People who are doing work
around bedding down that uncertainty would then share the info and
take some risk out of them (green roofs)”.

4.2.5. Government Authority

A third of the interviewees recognized that government authorities, whether
they be local, state or national, have the ability to mitigate some of the challenges
identified for the local green roof industry. These participants raised a small range of
government-driven-specific solutions; “the right research and the right incentives”,
“the legislative side of things” and “demonstration projects”.

Governments at all levels are empowered, in some way, to make a positive
change to the local green roof industry. As evidenced in more than one interview,
the government was identified as the stakeholder group that is needed to drive the
local green roof industry. Private companies alone are typically unwilling to take
on green roof projects given the current commercial risk; herein lies the need for
government assistance.

Interviewee G: “There is an important role for both government at the
national level but also at the local level to provide an example of how we
design our cities and I think it needs that level of support because this is
not going to be something that many companies will do on their own”.

Interviewee E: “Certainly developers aren’t so keen to do demonstration
projects because of the risk and monetary expenses”.

The government is a unique stakeholder in the construction industry and is
perhaps the best equipped at dealing with commercial risk.

Interviewee G: “I think this is where governments have a role to play in
terms of having the right incentives and the right research happening to
enable these things to cross from ‘risky’ to ‘mainstream’”.

Public-private partnerships present as an opportunity for the inclusion of green
roofs within building designs. Of course, the approach is not “one size fits all”;

232



not every building constructed under public-private partnerships will be able to
incorporate a green roof practically. However, some success has been shown in
projects with these contractual arrangements due to cost-sharing and risk sharing
between the government and private industry.

Interviewee C: “Well the reason why this project was even able to go
into that territory is because they did a public-private partnership type
thing so there was cost sharing between the design and construction
components; there was risk sharing. It was a tender contract where if
things went well and ran smoothly then the contractors got paid more,
whereas if it didn’t then the contractors would lose money. It gave the
contractors the opportunity to deal a little bit more with uncertainty . . . ”

Additionally, government-led demonstration projects or “pilot projects” were
regularly raised as a solution in removing some of the risk factors and associated
expenses of current green roof projects.

Interviewee C: “Yes, that’s where pilot projects can be really good. Pilot
projects would allow policy makers to get comfortable with ‘ok, maybe
we can change the rules’”.

Interviewee B: “People are incredibly risk averse so yes, pilot projects are
good at creating a bit of comfort”.

Interviewee F: “In time it will become more common place and to do that
you have to go back to the legislative side of things, making green roofs
something that people want to do”.

The proactive strategy applied in Singapore removes the need for further
reactive efforts to rectify issues associated with the micro-climate formed by density
living. Gliedt and Hoicka [65] share a similar notion categorizing green roofs as
an “environmental sustainability initiative”, rather than a “financial investment”.
Actually, from a risk management perspective, Singaporean policy makers have
targeted the root causes of excessive heat amassed in building materials by
looking at natural greenery as a piece of infrastructure, rather than shaping policy
around responsive actions to improve urban residents’ wellbeing compromised by
overdevelopment. Therefore, a vertically-inclusive policy mechanism is required
to facilitate long-term cooperation in all tiers of government in order to transform
the development of green cities in Australia. For example, land value capture
models, which intend to partially shift the cost of infrastructure development
to surrounding land owners that benefit from the development potentially, can
be adopted to promote the diffusion of green roof technology within the local
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construction industry subject to the fundamental change in regards to accepting
urban canopies as infrastructure. Such an interpretation implied in guidelines and
policies issued by local governments needs to be disseminated from the bottom
toward to the top of the regulatory system in Australia. Both the Green Roofs
Policy and the Walls Policy issued by the City of Sydney [66] in 2014 and Victoria’s
Guide to Green Roofs, Walls and Facades [67], issued by four inner Melbourne
local governments in 2013, approach the green roof as a component of “green
infrastructure”. Victoria’s Guide highlights the fundamental need for this type
infrastructure to aid urban cooling, reduce energy consumption, manage storm
water, improve air quality and enhance wellbeing. Sydney’s policy further discusses
the benefit of the green roof as a facility for food production and absorption of
carbon dioxide, a catalyst of solar panels’ performance, as well as a solution to
address biodiversity.

4.3. Green Roof Promotion

Through the interviewing process, green roofs were shown to be familiar to
a range of stakeholder groups within the construction industry. A number of
construction sub-industries are “aware” of the concept of green roofs, but know
little about the technicalities of the roofing system.

Interviewee A: “Inherently it requires a lot more technical input . . . That
is why these things can be viewed by people who have never done green
roofs as being really difficult things to do”.

Whilst many industry stakeholders are “aware” of the green roof concept,
private clients, governments and, to a lesser degree, industry bodies (e.g., Green
Roofs Australasia or the Australian Institute of Landscape Architects) were noted
as being the biggest drivers for local green roof technology. When asked who the
biggest driver for green roofs in Australia was, four interviewees noted “private
clients”, three interviewees noted “government authorities” and the remaining two
interviewees suggested ‘industry bodies’ to be the biggest driver.

4.3.1. Private Clients

Much of the current green roof demand in Australia has seemingly come from
proactive private clients.

Interviewee B: “It is going to be the individuals and we are seeing it now.
They will drive that, they’ve been driving it anyway”.

Interviewee F: “Obviously demand will drive these things”.
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4.3.2. Government Authorities

Once there is sufficient demand from the private clients within the industry,
many interviewees agreed that the responsibility then becomes that of the local
government and policy makers. The onus turns to the policy makers who, in
order to promote the industry, must create policy settings that accommodate and
encourage the demand from private clients. The government authority’s role is one
of facilitation, rather than promotion.

Interviewee A: “I guess through other mechanisms and procedures the
government is able to make the case for green roofs be important”.

The importance of an evidence-based approach to policy making was
highlighted by two interviewees.

Interviewee H: “They [authorities] need the evidence base that enables
them to argue for a policy change . . . ”

Interviewee G: “I mean it’s also going to be about an evidenced based
approach looking at the benefits of green roofs . . . ”

4.3.3. Industry Bodies

Interviewees generally perceived one particular industry body, which cannot be
named for anonymity reasons, as having a positive influence on the development
of the local green roof industry. As one interviewee divulged, the industry body
is assumed to undertake media releases and training workshops as a means of
promoting the local industry.

Interviewee E: “I guess they do media releases. That would be a big one
and also training workshops”.

It was the general consensus amongst interviewees that the industry body is
tasked with providing the promotion of the industry in its ‘early-days’, that is until
the private industry more widely adopts the technology.

Interviewee D: “They [the industry body] push it until green roofs are
taken up by a wide part of the construction industry . . . ”

Interviewee G: “The industry body. They are certainly pushing them”.

Heller et al.’s [48] focus group study found that “professional bodies have a role
to play with the provision of best practice guidelines and notes for members so that
they are able to learn about the technical issues and factors to take into account in
decision making”.
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Despite some interviewee’s support for the industry body, concerns have been
raised about its efficiency in promoting the local use of green roof technology. Two
interviewees, who have previously had working relationships with the organization,
explicitly labelled the unnamed industry body as being “totally defunct”.

Interviewee I: “We don’t take (the industry body) with much weight, they
are defunct.”

Interviewee H: “It is not actually a functional organization at all. It is
pretty much, not an organization, they don’t do anything. I wouldn’t
use their membership as being something that indicates “involvement”
because I know a number of people who do green roof stuff that are not
necessarily members of (the industry body), because it is totally defunct”.

Interviewee I: “People do not see the benefit in being a member”.

Given the specificity of these comments, further investigation into the role of
industry bodies in the Australian green roof industry would be of significance.

5. Verifying the Consistency of the Findings and the Collected Data

As discussed, the green technology adoption in Australia is significantly new,
and consequently, the market is comparatively small. Therefore, the data collected
through the interviews can confidently be used to draw a picture of the market.
According to the nature of the interviews, some of the participants may have not
commented on some particular topics, due to a lack of knowledge, for example.
The authors have tried to reflect where the majority of participants consistently
agree/disagree with something. However, where opposing comments have been
noticed, existing literature has been cited to demonstrate that inconsistency is
inherent to that particular topic and does not compromise the statistical soundness
of the results. However, in order to verify that the results are reflecting participants’
input, free of investigator bias, this study applies a novel statistical approach. The
intention is to ensure that the articulated findings are consistently supported by the
participants’ input. To do so, according to the structure of the paper, we divide the
current manuscript into three categories corresponding to Sections 4.1–4.3. Then,
we extract a library of keywords from each category and use them to develop three
histograms of common vocabularies for each individual interview. This means that
each interview is analysed against the libraries representing the three categories.
We will then test the consistency of the histogram representing each category and
the ones obtained from each distinct interview. The rationale behind using this
manuscript to develop the library is that it is extracted from all interviews inclusively.
Therefore, the procedure of extracting the findings is verified to be statistically sound,
if the comparison of the final product and each interview manuscript results in
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the conclusion that both are comprised of the same building elements. This is, of
course, shown by testing the hypothesis that the two histograms are drawn from
the same distribution. It must be highlighted that this procedure only verifies that
the results emerged from the interview data, but it does not measure the level of
agreement/disagreement on a topic. For example, the outcome of this statistical
analysis is an indicator of the significance of the impact of one particular interview
on the overall conclusions presented in each category.

An online text analyser called VOYANT [68] has been used to screen the Results
Section of this manuscript. The components consisting of literature surveys were
deliberately included in the input as they are mainly used as the grounds for
triangulation to shape different classifications emerging from interview data. In
other words, mining the reference library from the selected pieces of literature
together with interview results enhances the reliability of the discussed findings in
terms of highlighting any potential controversy between the accepted trend in the
body of knowledge and what was outlined in the interviews. Given Ni as the total
number of words and ni as the number of unique words in each category, the average
occurrence of one word in each category, ni, can be calculated.

ni “
Ni
ni

f or i “ 1, 2, 3, (1)

ni is then used to assign an “impact” index, Ii,j, to each unique word, ui,j, in
different categories. Note that j “ 1, ..., n1i for each i; with j “ 1 representing the
highest frequency. The “impact” of each word is assumed to be directly correlated
to its frequency as long as the word passes the first filtration process to confirm
its relevance to provide a discussion in the context of green roofs. The modified
number of words in each category is represented by n1i. To remain on the conservative
side, words such as green, roof(s), etc., that inevitably are used when discussing
green roofs are excluded from the libraries. Including these words will increase the
likelihood of verifying the consistency, while it does not exist, therefore, decaying
the power of the test.

Ii,j “
ni,j

ni
, (2)

where ni,j is the word count associated with word ui,j. The impact index enables us
to classify unique words used in the paper into three tiers:

a. Uniquely important: referring to words that exclusively represent one category.
For example, the word “risk” with n2,1 “ 31, resulting in an impact index of
9.6, is strongly correlated with the content of Category 2 only.
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b. Equally important: covering words with a high impact index in all four
categories. For example, the word “local” with I1,4 “ 5.2, I2,5 “ 5.0, I3,3 “ 3.3
falls in this tier.

c. Mutually important: including words with a high impact index in more than
one category, but not all three. For example, the word “client(s)” with I1,13 “ 1.5
and I3,5 “ 2.5 contributes to both Categories 1 and 3.

The four reference libraries providing the basis for the consistency test are listed
in Table 1.

Table 1. Keyword distributions in the three reference categories.

Reference Library Category 1 Category 2 Category 3

Rank I Tier Rank I Tier Rank I Tier

Australia(n)/national 3 6.8 c
Authority(s) 11 1.8 c 9 1.2 c

Benefit(s)
Body(is) 2 5.7 c

Change(s) 6 4 a
Client(s) 13 1.5 c 5 2.5 c

Commercial 19 1.6 a
Construction 7 4 c 4 5.3 c
Contract(ual) 12 2.8 a
Contractor(s) 7 4.3 a
Cost/Money 3 6.2 c

Demand/Need 12 1.8 c 18 1.9 c 7 2 c
Design 10 2.2 c 15 2.2 c

Development(s)
Education/Knowledge 8 4 c

Energy 20 1.6 a
Environment(al)/Sustainable(ity)

Government(s) 2 7.1 c 6 4.7 c 6 2.5 c
Heat 9 3.4 a

Incentive(s) 8 3.7 a
Industry(s) 4 6.2 b 2 6.5 b 1 9.4 b

Island 16 2.2 a
Local 5 5.2 b 5 5 b 3 3.3 b

People 10 3.1 a
Policy(s) 1 7.7 a
Potential 9 2.8 a
Private 17 2.2 a 4 2.9 c
Risk(s) 1 9.6 a

Technology(s) 13 2.8 a
Uncertainty(s) 14 2.5 a

Urban 11 3.1 a
Value 14 1.5 a

Determining the number of words in each bin, a histogram can be created to
visualize the distribution of the key words in each interview. In our case, we are
only interested in comparing the shape of each interview’s histogram with the one
obtained from the reference library. Accordingly, we test the null hypothesis that
the densities of the two histograms are bin-by-bin equal. The null hypothesis is
tested against the hypothesis indicating that the densities of the two histograms are
not bin-by-bin equal. Attention is required that we are interested in comparing the
bin-by-bin means of the two histograms. For this reason, we normalize histogram
bin contents before calculating the statistic for the chi-square test. The normalization
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is carried out using the ratio of the total number of words included in the histogram
being tested over the word density of the reference library. For example, when
testing the consistency of Section 4.1 of this manuscript and Interview A with a total
of 183 and 81 words in their histograms, correspondingly, the number of words
in each bin of the reference histogram is normalized by multiplying it by 0.44,
which is 81

183 . This way, a normalized histogram is available to be tested against
each interview’s histogram for the purpose of consistency verification. The test
statistic [69] is calculated using Equation (3).

T “
n1
ÿ

t“1

pst ´ vtq
2

s2
t ` v2

t
, (3)

where st and vt are the number of words in each bin of the histogram being tested
and the normalized reference histogram, accordingly. Using the same hypothesis as
mentioned, the chi-square test will be run 27 times to compare each interview against
the three reference libraries. However, it is very unlikely to get the null hypothesis
accepted without eliminating the “deficiency” in histogram being tested. “Deficiency”
refers to bias in the word distribution induced due to the personal preference of
the interviewees that, to some extent, is inevitable without the intervention of the
interviewer to trigger the use of particular words. Of course, because intervention
clearly compromises the reliability of the data collection, deficiency has to be allowed,
but filtered during the consistency test. Deficiency surfaces in terms of a relatively
more significant contribution to the test statistic. Referring to Table 2, the words
“value” and “design” collectively contribute 13 points to the calculated 20.3 statistic.
Hypothesis testing using this statistic will result in the rejection of the null hypothesis
while a closer look at the data contradicts this outcome. The impact index of all
words in the reference histogram add to 56.3. Excluding “value” and “design” still
contains 93.4% (cumulative sum of 52.6) of the total impact compared to the initial
setup. Interestingly, excluding these deficiencies results in enough evidence to accept
the null hypothesis and to confirm the consistency of Interview A and Section 4.1.
In other words, the fact that an interviewee has not used specific keywords does
not necessarily mean that s/he has not sufficiently used the remaining keywords to
assure consistency. As explained, the overall impact can be used to assess links to
the remaining keywords. However, in the case that removing deficiency significantly
reduces the impact, as well, then the null hypothesis must be rejected.
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Knowing that the data have been collected through interviews, a 50% confidence
level seems reasonable to verify the consistency of findings and the interview data.
Setting a higher confidence level is not favourable, because the objective of the
data analysis is not to copy and paste the interview data, but is to extract evidence
from the data corpus. A confidence level below 50%, on the other hand, increases
the probability of incorrectly verifying consistency. Referring to the results of the
consistency tests summarized in Table 3, it can be concluded that discussions and
conclusions provided in this paper are all consistent with the content of the interviews
with at least 50% confidence, except one instance. Of course, Table 3 can be consulted
to determine the significance of different interviews’ inputs on various conclusions
made in the paper. For example, Interview H has the highest impact on determining
the state of the industry; Interview G is the champion in predicting the commercial
viability of the green roof; and Interview A has provided the most insight into the
promotion strategies of the technology.

Table 2. Details of hypothesis testing and the filtration of deficiency (Interview A
against Section 4.1).

Keyword Interview
Histogram

Reference
Histogram

Modified
Reference

Contribution
to Statistic

Impact
Index

Deficiency
Excluded

Impact

Australia(n)/national 10 22 9.7 0.003 6.8 6.8
Authority(s) 2 6 2.7 0.092 1.8 1.8
Change(s) 3 13 5.8 0.866 4 4
Client(s) 2 5 2.2 0.011 1.5 1.5

Construction 2 13 5.8 1.818 4 4
Demand/Need 1 6 2.7 0.750 1.8 1.8

Design 11 7 3.1 4.429 2.2 -
Government(s) 10 23 10.2 0.002 7.1 7.1

Incentive(s) 2 12 5.3 1.500 3.7 3.7
Industry(s) 7 20 8.9 0.216 6.2 6.2

Local 3 17 7.5 1.945 5.2 5.2
Policy(s) 11 25 11.1 0.000 7.7 7.7
Potential 3 9 4.0 0.139 2.8 2.8

Value 14 5 2.2 8.569 1.5 -

Sum 183 81 81 20.34 56.3 52.6

Impact
Covered 100% 93.4%
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Table 3. Outcome of the consistency test of the interviews and their
associated impact.

Insight: Impact (Confidence Level)

State of the Industry Commercial Viability Promotion

Interview

A 0.93 (0.77) 0.64 (0.56) 0.92 (0.62)
B 0.48 (0.53) 0.69 (0.56) Tie 1

C 0.88 (0.51) 0.92 (0.50) 0.50 (0.56)
D 0.53 (0.51) 0.72 (0.50) 0.69 (0.77)
E 0.80 (0.51) 0.66 (0.61) 0.64 (0.58)
F 0.58 (0.59) 0.61 (0.53) 0.61 (0.61)
G 0.86 (0.86) 1.00 (0.72) 0.72 (0.73)
H 0.97 (0.72) 0.73 (0.59) 0.61 (0.61)
I 0.81 (0.59) 0.72 (0.65) 0.74 (0.52)

1 A tie that happens when eliminating deficiencies does not lead to any confidence level
higher than 0.50. Therefore, Interviewee B’s input inn Section 4.3.1 must be used with
more care.

6. Conclusions

The Australian construction industry, not dissimilar to the global construction
community, is faced with the ever-present concern over the sustainability of
development practices. Established literature and examples of functioning green
roof systems prove that the technology has the potential, when used correctly, to be a
sustainable means of development. Despite their benefits, the potential of green roofs
in the Australian construction industry is currently unrealized. A vast proportion of
Australian-based green roof literature concerns the horticultural or scientific aspects
of green roof technology. The construction perspective of this study therefore stands
to add value to the existing literature.

Through the research process, it was decisively found that the Australian
construction industry (holistically) approaches green roof technology with scepticism
and trepidation. The interviewee’s responses demonstrated that the local
construction industry’s perception of green roofs is, in one way or another, dominated
by negative stigmas. Representative of these generally-negative perceptions, terms
such as “painful” and “complex” were used to explain people’s first-hand experience
or perception of local green roof projects.

However negative the current perceptions of green roofs are in the Australian
construction industry, it was found, with overwhelming support, that green roof
technology does have the potential to evolve at some point (unspecified) in the future.
A dominant majority of the interviewees (eight of nine) claimed that the “local green
roof industry has the potential to evolve”. From these responses, “government
authority” was repeatedly suggested as the key stakeholder capable of making the
required changes in order to improve the current state of the industry. Governments
were noted to have the power to change policy settings, which was suggested to
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be the first and significant step in improving the local green roof industry. The
importance of policy settings was additionally addressed and supported in key
Australian literature.

Two interviewees clarified the ‘policy’ aspect of governmental power to be,
for example, energy efficiency legislation, such as the Green Building Council
of Australia’s Green Star Ratings. The Green Star rating system was found to
inappropriately recognize the sustainability benefits of including green roofs in
building designs. To heighten this apparent legislative shortfall, one interviewee
reflected on the efficiency of the United Kingdom’s BREEAM system in promoting
the use of green roofs. It was found that the BREEAM system directly encouraged
developers to spend additional funds to include a green roof within a building’s
design in return for a favourable BREEAM rating, such as BREEAM “Excellent”.

Cost was found to be, by far, the greatest barrier to more widespread
implementation of green roofs in the Australian construction industry. Six of the nine
interviewees nominated cost as being the most apparent barrier, and this finding
is extensively supported in the Australian-based literature. Of the six interviewees
who noted cost to be the most critical factor affecting green roof implementation in
the local industry, a further three noted an inextricable link to commercial risk. The
construction industry was labelled, by two of the interviewees, as being “conservative
and loathed to change”, as well as ‘incredibly risk averse’, a view shared by the
established literature.

The monetary risk of green roof projects is typically born by each of the
project stakeholders; though, it was found that contractual arrangements, such
as public-private partnerships (featuring cost sharing) are a way of “managing” risk
levels. Conversely, lump sum contracts were labelled as being “so tightly restrictive”
when considered in the context of green roof projects.

Education, or more appropriately, a relative lack-thereof, was found to be
another critical factor affecting the implementation of green roofs in the Australian
construction industry. Education was suggested by five of the nine interviewees as
having significant scope to improve the uptake of local green roof projects. Each
stakeholder group, be it the project managers, subcontractors or clients, would
gain from further education in the field of Australian green roofs. Insightfully, one
interviewee noted education to be ill-directed, whereby upper-management, those
with the power to drive change, are not taught how to successfully undertake a
green roof project. It would therefore appear that green roofs are, in some cases,
‘overlooked’ due to uncertainty and ill-directed educational programs.

The third factor considered as being critical by the interviewees was the role of
the government authority, not only promoting the industry through policy settings,
but also conducting ‘pilot projects’. A third of interviewees noted the government
to be a critical factor within the industry; especially in conducting demonstration
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projects within the public realm to reduce the uncertainty associated with green
roofs currently.

It was found that private clients tended to be the stakeholder group that
is currently driving the green roof industry here in Australia. Environmentally-
conscious and proactive private clients are interested in the concept of green roof
technology given the commercial incentives or marketability aspects. It was noted
that despite the private industry’s interest in green roof technology, greater assistance
is needed. Assistance was specifically noted to be adapted to policy settings
(government action) or greater promotion from the industry bodies.

Once people start to demand green roofs, through whatever motives or reasons,
the onus turns to the policy makers who have the power to facilitate their uptake.
Through legislative mechanisms, the government is able to make the case for green
roofs important. Highly regarded literature agrees and further finds that changes to
Australian legislation, be it building codes or planning guidelines, must be based on
comprehensive research; this is the realm of industry bodies.

It was found that the role of professional bodies is to provide best practice
guidelines and members’ support/education. While this, in theory, is the function
of industry bodies, specific concerns were raised about their efficiency. Whilst there
was some support for industry bodies, two interviewees specifically challenged the
role that one industry body is currently playing in the industry. Those interviewees
who supported the work of the industry body, to the knowledge of the researcher
team, have not had close dealings with the unnamed organization. Conversely, the
two interviewees who expressed negative comments have previously had working
relationships with the organization. Opinions on the industry body are divided, with
further investigation into the role of industry bodies within the Australian green roof
industry being a topic with further research potential.

Further research into the effect of policy changes on the cost of Australian green
roofs, an analysis of the role of industry bodies in the promotion of green roofs and a
lifecycle cost benefit analysis of green roofs in an Australian context are some studies
that would all be of significant value for the local green roof industry. Studies that
comparatively assess the cost of green roofs in Australia to the cost of traditional
roofing systems would be invaluable in allowing the industry to see the potential cost
savings of green roofs, which have clearly been demonstrated in the international
arena. Additionally, alternative frameworks for sustainable building funds will need
to be explored in further depth.
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Appendix A. Interview Questions

INTERVIEW QUESTIONS

Section 1: The Future of the Australian Green Roof Industry

1a. Do you believe that the Australian green roof industry has a realistic potential to evolve and
adapt in the years to come?

1b. What would be required to happen to bring about this positive change? (i.e., technological
change, government subsidies/incentives etc.)?

Section 2: Barriers to Green Roof Implementation in Australia

2a. What would you consider to be the greatest barrier to widespread implementation of green
roofs? Is it a stubbornness to change within the industry, cost etc.?

2b. Is there a viable way to mitigate the challenges presented by this barrier, or is it too great of an
issue to overcome?

Section 3: Promotion of the Australian Green Roof Industry

3a. In your experience, who would be the biggest driver for green roof technology in Australia? Is it
the government, private industry, professional bodies etc.?

3b. What do ‘they’ do to promote the industry?
3c. Do you think there is more that ‘they’ can do to promote the industry?

Section 4: Demand for Green Roofs in Australia

4a. How would you describe the construction/design industry’s perception of green roofs? Are
green roofs actively encouraged throughout the industry?

Design Rationale: The first section; “The Future of the Australian Green Roof
Industry”, aims to assess the likelihood of advancing the local green roof industry
and thereby relates directly to the first objective of this study. Questions 1a and 1b
purposely assess the interviewee’s opinion of the industry’s potential, so that the
ensuing questions could be posed in a way to extract greater information on the
matter. For example, if an interviewee considered there to be minimal potential for
the green roof industry in Australia, then the following sections of questions would
be used to assess how or why they have formed that opinion, and vice versa.

“Section 2: Barriers to Green Roof Implementation in Australia” focusses on the
critical factors affecting green roof implementation and how these are impacting
the local industry; the second objective of the dissertation. Questions 2a and 2b
feature an amount of inherent bias, however, focussing on discovering what have
been the constraining factors in the past and how these factors can be mitigated
going forward.
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“Section 3: The Promotion of the Australian Green Roof Industry” inherently focusses
on the positive side of the local green roof industry; a question to directly offset the
negative bias of Section 2. Questions 3a, 3b and 3c critically analyse the sources
of green roof promotion in the local industry and determine what each of the
nominated stakeholders are currently doing within the industry; the third objective
of the dissertation.

“Section 4: Demand for Green Roofs in Australia” directly addresses the level of green
roof awareness and willingness that people perceive within the construction-related
industries; a topic relevant to all of the objectives of the dissertation. Question 4a
enabled significant insight to be gained into the current state of the local green roof
industry, thereby allowing the researcher to objectively gauge the progression of
the industry.

After the “structured” components of the interview had been discussed, the
researcher then asked the lead in question, “is there anything else that you would
like to add, or feel that I have missed?” Participants were afforded the opportunity to
further explain aspects of the local green roof industry and to make recommendations
or comments about the study.

Appendix B.

PROFILE OF INTERVIEWEES

Pseudonym Gender Background with Green Roofs

Interviewee A Male

‚ Practicing landscape architect;
‚ Practiced internationally for a number of years;
‚ Working knowledge of Australian green roofs, particularly

in Perth; and
‚ Worked as a green roof consultant on the Fiona Stanley

Hospital and 140 William Street projects in Perth.

Interviewee B Male ‚ Experience as a consultant in the private industry in
regards to sustainability and town planning.

Interviewee C Female ‚ 10 years’ experience;
‚ Studied a green roof engineering firm’s performance.

Interviewee D Female
‚ Academic background in the field of architecture; and
‚ Involved in construction of a small-scale green roof in

the 1970s.
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Interviewee E Male

‚ Practicing landscape architect;
‚ Royal Melbourne Institute of Technology (RMIT) Qualified;
‚ Research projects into historic green roofs in Perth; and
‚ Green roof experience in Melbourne.

Interviewee F Male

‚ Practicing consultant;
‚ Curtin University Construction Management and

Economics graduate;
‚ Project manager on a large-scale green roof project in

London; and
‚ Experience in green roofs and design, legislation

and compliance.

Interviewee G Male

‚ Practicing consultant;
‚ PhD in sustainability studies; and
‚ Research background in green infrastructure and

its benefits.

Interviewee H Male
‚ Highly regarded Australian green roof researcher; and
‚ Authored a number of published green roof journal articles

and other scholarly articles for an Australian context.

Interviewee I Female
‚ Previous board member of Green Roofs Australasia;
‚ Authored a number of published green roof journal articles

and other scholarly articles for an Australian context;
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Evaluation Analysis of the CO2 Emission
and Absorption Life Cycle for Precast
Concrete in Korea
Taehyoung Kim and Chang U. Chae

Abstract: To comply with recent international trends and initiatives, and in order
to help achieve sustainable development, Korea has established a greenhouse
gas (GHG) emission reduction target of 37% (851 million tons) of the business as
usual (BAU) rate by 2030. Regarding environmentally-oriented standards such as
the IGCC (International Green Construction Code), there are also rising demands
for the assessment on CO2 emissions during the life cycle in accordance with ISO
(International Standardization Organization’s Standard) 14040. At present, precast
concrete (PC) engineering-related studies primarily cover structural and construction
aspects, including improvement of structural performance in the joint, introduction
of pre-stressed concrete and development of half PC. In the manufacture of PC, steam
curing is mostly used for the early-strength development of concrete. In steam curing,
a large amount of CO2 is produced, causing an environmental problem. Therefore,
this study proposes a method to assess CO2 emissions (including absorption)
throughout the PC life cycle by using a life cycle assessment (LCA) method. Using the
proposed assessment method, CO2 emissions during the life cycle of a precast concrete
girder (PCG) were assessed. In addition, CO2 absorption was assessed against a PCG
using conventional carbonation and CO2 absorption-related models. As a result, the
CO2 emissions throughout the life cycle of the PCG were 1365.6 (kg-CO2/1 PCG).
The CO2 emissions during the production of raw materials among the CO2 emissions
throughout the life cycle of the PCG were 1390 (kg-CO2/1 PCG), accounting for a
high portion to total CO2 emissions (nearly 90%). In contrast, the transportation and
manufacture stages were 1% and 10%, respectively, having little effect on total CO2

emissions. Among the use of the PCG, CO2 absorption was mostly decided by the
CO2 diffusion coefficient and the amount of CO2 absorption by cement paste. The
CO2 absorption by carbonation throughout the service life of the PC was about 11%
of the total CO2 emissions, which is about 16% of CO2 emissions from ordinary
Portland cement (OPC) concrete.

Reprinted from Sustainability. Cite as: Kim, T.; Chae, C.U. Evaluation Analysis of the
CO2 Emission and Absorption Life Cycle for Precast Concrete in Korea. Sustainability
2016, 8, 663.
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1. Introduction

Internationally, greenhouse gases (GHGs) are arguably the most prevalent
global environmental problem. In an effort to curb the release of GHGs, there has
been an assortment of international movements that aspire to cap and/or reduce
GHG emissions. To comply with this international trend, and to achieve sustainable
development, Korea has established the GHG emission reduction target of 37%
(851 million tons) of business as usual (BAU) rates by 2030 [1].

The building construction industry has played a role in impoverishing the
environment; developments have occurred for the sake of improving our quality of
life, but at a great cost of impact to the environment [2]. It is therefore incumbent
upon the industry to endeavor to mitigate the effects from building construction
projects on our environment [3,4].

The major construction materials accounting for about 65% of building
greenhouse gas emissions include concrete and reinforcement steel. Among the
CO2 emissions generated by these major construction materials, concrete accounts
for 40% [5,6].

Therefore, an assessment of the CO2 emissions throughout the concrete life
cycle has been conducted. Regarding environmentally-oriented standards such as
the IGCC (International Green Construction Code) [7], there are also rising demands
for the assessment on CO2 emissions during the life cycle in accordance with ISO
(International Standardization Organization’s Standard) 14040 [8]. Recently, concrete
research institutes in Northern Europe, such as the Swedish Cement and Concrete
Institute (CBI) [9], insist that CO2 emissions by concrete are overestimated if only
processes of production are considered, and thus propose that CO2 absorption by
carbonation during the use of a structure should also be considered.

The system boundaries designed to assess CO2 emissions throughout the
concrete life cycle were drawn between the following stages: raw material,
transportation, manufacture, use. However, it has been very hard to find a study
on the assessment method and analysis of CO2 emissions of precast concrete (PC).
PC engineering is defined as a process of transporting the manufactured concrete
member to a construction and civil-engineering site and assembling it properly. It is
widely used in construction sites, such as in the underground spaces of apartments
and stadiums due to its easy process management and great constructability. Now,
PC is perceived as the future of construction engineering because of the shortening of
the construction period, quality improvement, decrease in accidents, and eco-friendly
concrete option that it provides to the construction industry. PC engineering was
first introduced to the Republic of Korea in the early 1970s with the goal of supplying
houses in large quantities. After reaching a peak in the late 1980s, it has lost its
competitiveness due to poor technology and quality. Entering the new millennium,
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it is widely used again in various fields such as in stadium, underground parking lot,
discount store, warehouse, and factory construction [10].

At present, PC engineering-related studies primarily cover structural and
construction-related aspects, including the improvement of structural performance
in the joints, the introduction of prestressed concrete, and the development of half
PC. In the manufacture of PC, steam curing is mostly used for the early-strength
development of concrete. At least 10 h of steam curing is used every day. In steam
curing, a large amount of CO2 is produced, thereby causing an environmental
problem [11].

Hence, this study proposes a method to assess CO2 emissions (including
absorption) throughout the PC life cycle, using a life cycle assessment (LCA) method.
Using the proposed assessment method, CO2 emissions during the life cycle of PC
girders (PCGs) were assessed. In addition, CO2 absorption was assessed for PCGs,
using conventional carbonation and CO2 absorption-related models.

2. Literature Review

2.1. CO2 Emission of Precast Concrete

Victor et al. described a methodology to optimize cost and CO2 emissions
when designing precast-prestressed concrete road bridges with a double U-shape
cross-section: To this end, a hybrid glowworm swarm optimization algorithm
(SAGSO) was used to combine the synergy effect of the local search with simulated
annealing (SA) and the global search with glowworm swarm optimization (GSO) [12].

Duo et al. developed the precast concrete panel by substituting blast-furnace
slag for part of the unit weight of cement in the precast concrete mix. A life
cycle assessment technique was used to estimate the carbon dioxide reduction.
Carbon reduction in the materials, as well as during the production phase, was
considered [13].

Carlo et al. focused on the analysis of the entire main input inventory data used
for assessing the environmental impacts linked to the life cycle of a precast concrete
shed: great importance was given to the use of on-site collected specific data which
was carefully verified in order to assure its quality and reliability [14].

Ya et al. compared the carbon emissions of precast and traditional cast-in-situ
construction methods based on a case study of a private residential building in Hong
Kong [15]. The objective of this study was to develop energy-efficient algorithms of
the steam curing for the in situ production of PC members. The results of this study
will provide basic information for subsequent efforts to implement an energy-efficient
in situ PC production system [16].

Cassgnabere et al. discussed the results of a hydration study performed in
order to explain the significant increase in compressive strength at one day of age
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observed on steam cured mortars when 25% by mass of cement was replaced with a
metakaolin [17].

2.2. Carbonation and Absorption of Precast Concrete

Pade et al. [18] stated that CO2 produced during cement sintering is mostly
absorbed through concrete carbonation if the structure’s life cycle (100 years) is
considered. Liwu et al. established an understanding of the effectiveness of
accelerating the carbonation process. Pressurized CO2 (up to 1.0 MPa) was employed
to enhance the carbonation of mortar blends consisting of Portland cement, fly ash,
and reactive MgO [19].

Lee et al. described a numerical procedure to quantitatively evaluate carbon
dioxide emissions and the absorption of ground granulated blast furnace slag
(GGBFS) blended concrete structures. Based on building scales and drawings, the
total volume and surface area of concrete were calculated [20].

Elke et al. performed accelerated carbonation tests on concrete specimens
containing different amounts of blast-furnace slag (BFS) after different curing times.
The tests revealed that, although BFS concrete has a lower carbonation resistance
than ordinary Portland cement (OPC) concrete, the depth of carbonation at the end
of the concrete’s life (50 years) can still be acceptable in normal environments [21].

Gajda stated that among the service life of concrete structures, carbonation-based
CO2 retention capacity accounted for 3%–4% of the CO2 emissions from the
production of cement [22]. Lee et al. suggested that in concrete structures CO2

retention capacity did not exceed 5% of the CO2 emissions from the production of
concrete [23]. In contrast, Pade et al. noted that if a recycling stage is considered
along with the use stage, CO2 emitted by chemical response during the sintering
process designed to produce clinker can be collected through carbonation [18]. Yang
et al. described a mathematical procedure which can estimate CO2 retention capacity
through the carbonation of concrete in each stage suggested for the assessment of the
CO2 emissions during the concrete life cycle in a reasonable fashion [24].

3. Assessment of CO2 Emission in the Precast Concrete

The PC manufacturing process can be divided into three stages: raw material,
transportation, and manufacture. In the raw material stage, the mixed ingredients of
concrete (e.g., cement, aggregate, admixture, etc.) and reinforcing bar (rebar) used to
produce PC are individually manufactured and transported to the PC manufacturer.
These materials are weighed in a certain ratio and cast into a cement mold to produce
PC. The PC production process is shown in Figure 1:

254



Sustainability 2016, 8, 401 4 of 13 

 
Figure 1. Production process of precast concrete. 

3.1. Raw Material Stage 

(1) Concrete 

Using the CO2 emission factors emitted during the production of concrete mix ingredients (m3) 
which are used to manufacture PC, CO2 emission for concrete is estimated by the accumulation of 
multiplication between the mixing volume of each ingredient per 1 m3 and a greenhouse gas emission 
factor for the production of concrete (kg) [25]. 

For the CO2 emission factors of concrete ingredients (ordinary Portland cement, aggregate, 
admixture, and water), the Korean life cycle inventory (LCI) database was adopted [26]. For the 
chemical admixtures without CO2 emission factors in Korea, a foreign LCI database (Table 1) was 
applied [27]. 

Table 1. Life cycle inventory (LCI) Database (DB) reference. 

Material Unit Reference Basis [26,27] 
Ordinary Portland Cement kg National LCI DB (South Korea) 

Coarse aggregate kg National LCI DB (South Korea) 
Fine aggregate kg National LCI DB (South Korea) 

Blast-furnace slag powder kg Overseas LCI DB (ecoinvent) 
Fly ash kg Overseas LCI DB (ecoinvent) 
Water kg National LCI DB (South Korea) 

Chemical Admixture compound kg Overseas LCI DB (ecoinvent) 
Reinforcing bar kg National LCI DB (South Korea) 

Truck km National LCI DB (South Korea) 
Train km National LCI DB (South Korea) 
Diesel L National LCI DB (South Korea) 

Kerosene L National LCI DB (South Korea) 
LPG m3 National LCI DB (South Korea) 

Electricity kwh National LCI DB (South Korea) 

(2) Reinforcing Bar 

CO2 emission for reinforcing bar is estimated by the accumulation of multiplication between the 
input (kg/rebar) and CO2 emission factor for the production of PC. 
  

Figure 1. Production process of precast concrete.

3.1. Raw Material Stage

(1) Concrete

Using the CO2 emission factors emitted during the production of concrete mix
ingredients (m3) which are used to manufacture PC, CO2 emission for concrete is
estimated by the accumulation of multiplication between the mixing volume of each
ingredient per 1 m3 and a greenhouse gas emission factor for the production of
concrete (kg) [25].

For the CO2 emission factors of concrete ingredients (ordinary Portland cement,
aggregate, admixture, and water), the Korean life cycle inventory (LCI) database was
adopted [26]. For the chemical admixtures without CO2 emission factors in Korea,
a foreign LCI database (Table 1) was applied [27].

(2) Reinforcing Bar

CO2 emission for reinforcing bar is estimated by the accumulation of multiplication
between the input (kg/rebar) and CO2 emission factor for the production of PC.

CO2M “
ÿ

pM(i)ˆCO2 emission factor M)

(i = 1: cement, 2: aggregate, 3: admixture, 4: water, 5: reinforcing bar)
(1)

Here, CO2M is the CO2 emission quantity at the raw material stage of the
production of a unit of concrete (kg-CO2/m3); M(i) is the amount of material used
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(kg/m3) in the concrete; and the CO2 emission factor M is the CO2 emission factor
for each material (kg-CO2/kg).

Table 1. Life cycle inventory (LCI) Database (DB) reference.

Material Unit Reference Basis [26,27]

Ordinary Portland Cement kg National LCI DB (South Korea)
Coarse aggregate kg National LCI DB (South Korea)

Fine aggregate kg National LCI DB (South Korea)
Blast-furnace slag powder kg Overseas LCI DB (ecoinvent)

Fly ash kg Overseas LCI DB (ecoinvent)
Water kg National LCI DB (South Korea)

Chemical Admixture compound kg Overseas LCI DB (ecoinvent)
Reinforcing bar kg National LCI DB (South Korea)

Truck km National LCI DB (South Korea)
Train km National LCI DB (South Korea)
Diesel L National LCI DB (South Korea)

Kerosene L National LCI DB (South Korea)
LPG m3 National LCI DB (South Korea)

Electricity kwh National LCI DB (South Korea)

3.2. Transportation Stage

Among the concrete mix ingredients, ordinary Portland cement (OPC) concrete
is transported from the production plant to a transit point through a bulk train. The
cement at the transit point is then delivered to a ready-mix concrete manufacturing
plant through a bulk cement truck (BCT). If the plant was situated in a coastal area,
railroad transport accounted for about 25% of total cement transportation. When
it was located in an inland region, railroad transport was as high as 60%–70%. For
the assessment of CO2 emissions during the transportation stage, the number of
transportation-related vehicles/pieces of equipment is estimated with the input
of concrete ingredients and reinforcing bars and the load of transportation-related
vehicles/pieces of equipment. Considering distance and fuel efficiency in addition to
the number of the estimated transportation-related vehicles/pieces of equipment, the
consumption of diesel oil and CO2 emissions are assessed. The calculation formula
for CO2 emissions during the transportation stage is shown in Equation (2):

CO2T “
ÿ

rpMpiq{Ltq ˆpd{eq ˆ CO2 emission factor Ts

pi “ 1: cement, 2: aggregate, 3: admixture 4: reinforcing barq
(2)

Here, CO2T is the quantity of CO2 emitted during the transportation of a unit of
produced concrete (kg-CO2/m3); M(i) is the amount of material used (kg/m3) in the
concrete; Lt is the transportation load (tons); d is the transportation distance (km);
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e is the fuel efficiency (km/L); and CO2 emission factor T is the CO2 emission factor
of the energy resource (kg-CO2/kg).

3.3. Manufacturing Stage

The CO2 emissions during the manufacturing stage are estimated after
measuring the amount of energy consumed during the unloading of raw materials
and the manufacturing of reinforcing bars (Figure 2). For this, the amount of energy
consumption should be estimated first. After investigating the type and specification
of the facilities which consume electricity, diesel oil, LNG (Liquefied Natural Gas),
and water, annual energy consumption and output are analyzed. Then, energy
consumption and CO2 emissions can be estimated for the manufacture of the PC
product 1. The calculation formula for CO2 emissions during the manufacturing
stage is shown in Equation (3):

CO2F “
ÿ

rpEpiq{RqˆCO2 emission factor Fs

pi “ 1: electricity usage, 2: oil usage, 3: water usageq
(3)

Here, CO2F is the amount of CO2 emitted during the concrete manufacturing
stage for producing a unit of concrete (kg-CO2/m3); R denotes the annual RMC
(Ready-mixed Concrete) production (m3/year); E(i) denotes the annual energy usage
(unit/year), and CO2 emission factor F is the CO2 emission factor of an energy
resource(kg-CO2/kg).
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Figure 2. Assembly (a); insertion of steel (b); embedment installation (c) of
reinforcing bars for precast concrete.

4. Assessment of CO2 Absorption in Precast Concrete

The CO2 absorption by concrete carbonation during the use of PC only was
considered. In terms of a service life, 40 years are set according to the standard useful
life of buildings under the Enforcement Rules of Corporate Tax Act [28]. The CO2

absorption during the use of PC is determined by the depth of carbonation. To assess
CO2 absorption by concrete carbonation, it is required to predict the exact depth of
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carbonation by age. Since CO2 absorption is assessed during the use of a building,
environmental factors and concrete exposure conditions should also be considered
with significance in predicting the depth of carbonation.

The CO2 absorption (CO2 U(t)) by carbonation for t(days) is stated below:

CO2 Uptq “ ACO2ptqˆWaˆKcptq pgq (4)

Here, ACO2(t) refers to the amount of absorbable CO2 (g/cm3) by carbonation
at age t days while Wa represents the surface area (cm2) of the concrete member
exposed to CO2. In addition, Kc(t) denotes the depth of carbonation at age t days.

4.1. Absorbable CO2

Among the minerals which constitute cement paste and hydrates, ACO2(t) which
is decided by the water concentration of carbonation-enabled factors can be estimated
as follows [29]:

ACO2(t) “ ah(t)ˆMd(t)ˆMCO2ˆ 10´6 (g/cm3) (5)

Here, ah(t) refers to the degree of hydration of cement paste at age t days while
Md(t) represents the water concentration (mol/cm3) of carbonation-enabled factors in
cement paste per concrete unit volume at age t days. In addition, MCO2 (=44 g/mol)
means molar mass of CO2.

Papadakis et al. [29] suggested a mathematical model to set Md(t) in a fully
hydrated state based on the chemical response of hydrates. Because the molar
concentration of carbonation-enabled elements are estimated based on the molar
mass of major cement ingredients, Md(t) is greatly influenced by the amount of unit
cement. Md(t) gradually decreases over time. After one year, it converged to an
almost constant value.

Therefore, Md(t) can be estimated in a simple fashion:

Md(t) “ 8.06 Cpˆ10´6 mol/cm3) (6)

The cement with general fineness is not fully hydrated even for 100 years. The
degree of cement hydration by age reveals a parabola which converges to the extreme
degree of hydration (8). The pores of cement paste decline over time due to the
progress of hydration and carbonation. After 100 days, however, the slope of decrease
is close to zero. Yang et al. [24] modeled ah(t) with a water-cement ratio (W/C) based
on experimental results [30].

Ahptq “ t{p2.0 ` tqˆAp8q (7)
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Ap8q “ 1.03pW{Cq{p0.19 ` W{Cq (8)

In the service life (four decades) of the concrete structure from Equations (7)
and (8) above, the difference between Ah(t) and A(8) is small enough to be ignored.

4.2. Carbonation Depth and CO2 Diffusion Coefficient

In general, the carbonation depth of concrete (Kc(t)) is generalized as a
carbonation velocity-time function as follows:

Kc ptq “

d

2DCO2 ptq
ACO2 ptq

ˆ SCO2 (9)

Here, DCO2 refers to the diffusion coefficient (cm2/day) at age t days while SCO2

represents CO2 mass concentration (g/cm3) on the concrete surface. The volume
concentration of CO2 (ppm) is converted into mass concentration using the ideal
gas theory. In concrete, the diffusion velocity of CO2 is influenced by its exposure
conditions (relative humidity, temperature, concrete surface conditions) as well as by
material properties (water-cement ratio, degree of hydration, pore size distribution,
degree of saturation). As Pommer et al. [31] pointed out, in addition, supplementary
cementing materials (SCMs) also have a significant effect on the diffusion velocity
of CO2. The concrete surface’s finish blocks the penetration of carbonic acid gas
and slows down carbonation [32]. Table 2 reveals calibration coefficients for the
admixture replacement [31] while Table 3 represents calibration coefficients [32] for
the finished material.

Table 2. Correction factor for the substitution of supplementary cementitious
materials (SCMs).

Type Substitution Level of SCMs (%)

0–10 10–20 20–30 30–40 40–50 60–80

FA 1.05 1.05 1.10 1.10 - -
GGBS 1.05 1.10 1.15 1.20 1.25 1.30

SF 1.05 1.10 - - - -

FA: fly ash; GGBS: ground granulated blast-furnace slag, SF: silica fume.

Table 3. Correction factor for the finishing materials on concrete surface.

Finishing
Condition

Indoor Area Outdoor Area

No
Finishing Plaster Mortar +

Plaster Mortar Mortar +
Paint Tile Paint No

Finishing Mortar Paint Tile

Value 1.0 0.79 0.41 0.29 0.15 0.21 0.57 1.0 0.28 0.8 0.7
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5. Case Study: CO2 Emission Assessment of Precast Concrete Girders

The CO2 emissions and CO2 absorption capacity by carbonation were assessed
for precast concrete girders (PCGs) manufactured by a PC concrete manufacturer
(Figure 3) in the Republic of Korea [33–35].
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Figure 3. Production process of precast concrete girders (PCGs): (a) Spreading form oil; (b) rebar 
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The environmental conditions (average temperature: 15 °C, average relative humidity: 66%, CO2 
concentration) were estimated based on Korean data from the year 2012 [36]. The system boundary 
on the CO2 emissions at the concrete production stage is drawn after the pre-construction stage (Figure 
4). The production stage thus includes all of the following: (1) purchase of precast concrete materials 

Figure 3. Production process of precast concrete girders (PCGs): (a) Spreading
form oil; (b) rebar insert; (c) pouring concrete; (d) curing; (e) removal; (f) precast
concrete girder.

The environmental conditions (average temperature: 15 ˝C, average relative
humidity: 66%, CO2 concentration) were estimated based on Korean data from
the year 2012 [36]. The system boundary on the CO2 emissions at the concrete
production stage is drawn after the pre-construction stage (Figure 4). The production
stage thus includes all of the following: (1) purchase of precast concrete materials
from the cradle to gate; (2) transport of components to the precast concrete factory;
(3) manufacturing at the precast concrete factory; (4) transport of the concrete to the
construction site.

In terms of CO2 concentration, 380 ppm and 2000 ppm were assumed for
outdoor and indoor environments, respectively [37]. In terms of the expected life of
concrete structure, 40 years were set.
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5.1. CO2 Emissions throughout the PC Life Cycle 

The CO2 emissions throughout the life cycle of PCGs were 1365.6 (kg-CO2/1 PCG), as shown Table 
4. 

Table 4. Life cycle CO2 emission and absorption of precast concrete girders (PCGs). 

Raw Material Stage 
Transportation Stage (from Gate to Ready-

Mixed Concrete Plant) 
Unit: 1 PCG 

(Concrete 2.2 m3) Concrete Component  

Unit Item 
A B C = A × B D E F = A × D × E 
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5.1. CO2 Emissions throughout the PC Life Cycle

The CO2 emissions throughout the life cycle of PCGs were 1365.6 (kg-CO2/1 PCG),
as shown Table 4.

In particular, the CO2 emissions during the raw material stage were
1390 (kg-CO2/1 PCG), accounting for the highest portion in total CO2 emissions. As
the concrete used to produce one PCG is about 2.2 m3, concrete mixing ingredients
were considered as follows: ordinary Portland cement 1100 (kg/1 PCG), coarse
aggregates 2030 (kg/1 PCG), fine (sand) aggregates 1751 (kg/1 PCG), admixtures
11 (kg/1 PCG), and mixed water 352 (kg/1 PCG). The percentage of the CO2

emissions from the ordinary Portland cement in the raw material stage was
about 67%.

Deformed reinforcing bars were factored into the production of PCG.
The amount of deformed bars consumed for the production of each PCG was
425 (kg/1 PCG). The CO2 emissions from the production of reinforcing bars were
163.6 (kg-CO2/rebar), accounting for 11% of the CO2 emissions form the raw
material stage.
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Table 4. Life cycle CO2 emission and absorption of precast concrete girders (PCGs).

Raw Material Stage Transportation Stage
(from Gate to Ready-Mixed Concrete Plant)

Unit: 1 PCG
(Concrete 2.2 m3) Concrete Component

Unit Item
A B C = A ˆ B D E F = A ˆ D ˆ E

kg/unit kg-CO/kg Kg-CO2/unit Distance (km) kg-CO2/kg¨ km kg-CO2/kg

Ordinary Portland
cement (OPC) 1100 9.48 ˆ 10´1 1.04 ˆ 103 106 6.06 ˆ 10´5 7.07

Water 352 1.31 ˆ 10´4 4.61 ˆ 10´1 - - -
Sand aggregate 1751 1.52 ˆ 10´4 2.66 32 1.16 ˆ 10´5 6.50 ˆ 10´1

Coarse aggregate 2300 7.74 ˆ 10´3 1.78 ˆ 102 32 1.16 ˆ 10´5 8.54 ˆ 10´1

Chemical
admixture 11 2.05 ˆ 10´3 7.22 ˆ 10´1 77 1.16 ˆ 10´5 3.14 ˆ 10´1

Reinforcing rebar 425 3.85 ˆ 10´1 1.64 ˆ 102 161 4.29 ˆ 10´5 2.94

Sum 1.39 ˆ 103 Sum 1.18 ˆ 101

Manufacturing Stage Transportation Stage
(from Batch Plant to Construction Site)

Unit Item
A B C = A ˆ B D E F = D ˆ E

Input/unit kg-CO2/input kg-CO2/input Distance (km) kg-CO2/kg¨ km kg-CO2/kg

Electric (kwh) 57.4 4.88 ˆ 10´1 2.80 ˆ 101

50 2.81 ˆ 10´2 1.41
Kerosene (L) 29.3 3.17 9.29 ˆ 101

Diesel (L) 4.7 3.19 1.50 ˆ 101

Remover (L) 1.3 1.45 ˆ 10´3 1.89 ˆ 10´3

Sum 1.36 ˆ 102

Use stage of structure

A B C D E F G = D ˆ E ˆ F

Service life Type Finishing
material

Exposed
surface area

(m2)

aCO2
(g/cm3) xc (cm)

CO2
absorption

(kg/m3)

40 years Outdoor
area Paint 9.27 0.32 5.79 ´171.8

Total = 1365.6 kg-CO2/1 PCG (=1537.4 (CO2 emission due to concrete) ´ 171.8 (absorption due to carbonation))

In addition, the CO2 emissions from the transport of the concrete mixing
materials and reinforcing bars to the PCG factory were about 12 (kg-CO2/1
PCG). The departure distances for the transport of ordinary Portland cement,
fine and coarse aggregates, and admixtures to the PCG factory (Chungbuk) were
106 km (Gangwon-do), 32 km (Chungcheongbuk-do), and 77 km (Gyeonggi-do),
respectively. Among the mixing ingredients, however, mixing water was excluded
from the assessment because it was supplied through the waterworks of the
PCG factory. Among the concrete mixing ingredients, the CO2 emissions of
ordinary Portland cement which was transported from the most distant region
were about 7.11 (kg-CO2/1 PCG), accounting for about 60% of CO2 emissions from
the transportation stage. Furthermore, in the case of reinforcing bars, the distance
from the deformed bar factory in Incheon to the PCG manufacturing plant is 161 km,
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and the CO2 emissions were 2.9 (kg-CO2/1 PCG), accounting for 25% of those from
the transportation stage.

The CO2 emissions from the consumption of electricity and diesel oil during
the manufacturing stage were 136.2 (kg-CO2/1 PCG). To manufacture PCG, the
following were used: 57.4 kwh (electricity), 29.3 L (kerosene), 4.7 L (diesel oil), and
1.3 L (remover). For the assessment of CO2 emissions from oil, direct and indirect
(production and combustion) emissions were considered.

Regarding wastewater, it is relevant that it is discharged after being filtered
in the factory. Therefore, the influence of wastewater was not applied. The CO2

emissions from the consumption of kerosene among the CO2 emissions from the
manufacture stage were 92.9 (kg-CO2/1 PCG), accounting for the highest portion in
the manufacturing stage. The CO2 emissions (including production and combustion)
from electricity and diesel oil were 28.2 (kg-CO2/1 PCG) and 15.1 (kg-CO2/1 PCG),
respectively (Figure 5).
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xc(t) of the PC concrete from having a 40-year age were 0.32 g/cm3 and 5.79 cm in an
outdoor surface (Table 4).

Therefore, it was concluded that the CO2 absorption throughout the service
life of the PC was 172 (kg-CO2/1 PCG), which is about 11.2% (16.5% of the CO2

emissions by cement) of the CO2 emissions from the production stage, as shown in
Figure 6.
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6. Conclusions

This study proposed the assessment of CO2 emissions throughout the life cycle
of PC and assessed CO2 absorption by carbonation during its service life (40 years).
For the assessment of CO2 emissions during the life cycle of the PC, this study
covered raw material, transportation, manufacturing, and use stages in accordance
with the ISO 14044 (LCA). In case study of CO2 emissions and absorption throughout
the life cycle of a PCG, this study found that CO2 emissions throughout the life cycle
of the PCG were 1365.6 (kg-CO2/1 PCG).

The CO2 emissions during the production of raw materials were 1390 (kg-CO2/
1 PCG), thus accounting for a high portion to total CO2 emissions with approximately
90% of the total. In contrast, the transportation and manufacturing stages accounted
for 1% and 10%, respectively, having little effect on total CO2 emissions.

Among the use of the PCGs, CO2 absorption was mostly decided by the CO2

diffusion coefficient and the amount of CO2 absorption by cement paste. The CO2

absorption by carbonation throughout the service life of the PC was about 11% of
the total CO2 emissions, which is about 16% of CO2 emissions from the ordinary
Portland cement.
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However, this study has the following limitations: First, it has poor reliability for
the assessment of CO2 emissions from the proposed PC because it handled only one
case. Therefore, there should be further verifications through diverse case studies.
Second, the results for the case study on the PC were obtained from the firms in the
Republic of Korea only. Therefore, they would not necessarily be applicable to the
PC abroad. Hence, this study needs to improve reliability through assessment of
CO2 emissions throughout the life cycle of the PC in foreign countries as well.
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Proposal for the Evaluation of
Eco-Efficient Concrete
Taehyoung Kim, Sungho Tae, Chang U. Chae and Kanghee Lee

Abstract: The importance of environmental consequences due to diverse substances
that are emitted during the production of concrete is recognized, but environmental
performance tends to be evaluated separately from the economic performance and
durability performance of concrete. In order to evaluate concrete from the perspective
of sustainable development, evaluation technologies are required for comprehensive
assessment of environmental performance, economic performance, and durability
performance based on a concept of sustainable development called the triple bottom
line (TBL). Herein, an assessment method for concrete eco-efficiency is developed as
a technique to ensure the manufacture of highly durable and eco-friendly concrete,
while minimizing both the load on the ecological environment and manufacturing
costs. The assessment method is based on environmental impact, manufacturing
costs, and the service life of concrete. According to our findings, eco-efficiency
increased as the compressive strength of concrete increased from 21 MPa to 40 MPa.
The eco-efficiency of 40 MPa concrete was about 50% higher than the eco-efficiency
of 24 MPa concrete. Thus eco-efficiency is found to increase with an increasing
compressive strength of concrete because the rate of increase in the service life of
concrete is larger than the rate of increase in the costs. In addition, eco-efficiency
(KRW/year) was shown to increase for all concrete strengths as mixing rates of
admixtures (Ground Granulated Blast furnace Slag) increased to 30% during concrete
mix design. However, when the mixing rate of admixtures increased to 40% and
60%, the eco-efficiency dropped due to rapid reduction in the service life values of
concrete to 74 (year/m3) and 44 (year/m3), respectively.

Reprinted from Sustainability. Cite as: Kim, T.; Tae, S.; Chae, C.U.; Lee, K. Proposal
for the Evaluation of Eco-Efficient Concrete. Sustainability 2016, 8, 705.

1. Introduction

As argued by the “Declaration of Concrete Environment (2010)” of Korea and
the “Declaration of Asian Concrete Environment (2011)” of six Asian countries,
concrete has been shown to have an extremely large impact on environmental issues,
including climate change [1]. Assessment of the environmental impacts of concrete
materials and production has considerable importance. The concrete industry is
shifting its paradigm from a simple construction industry that exploits resources
and has environmental consequences to a sustainable development industry that
preserves and maintains a robust global environment.
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In addition, with the global topicality of energy conservation and greenhouse
gas reduction, it is essential for the green growth of Korea to improve upon the
environmental impacts of conventional cement and concrete industries. Based on
the results of a recent evaluation of greenhouse gas emissions from materials used
during the construction of buildings, concrete was found to be one of the major
construction materials (along with reinforcement, steel frames, glass, paint, and
insulation materials) that contribute to approximately 95% of overall greenhouse gas
emissions. Because concrete is responsible for about 70% of this figure, there is a
demand for techniques to evaluate and reduce greenhouse gas emissions from the
production and use of concrete in construction [2].

However, there are a variety of significant pollution problems related to the
environmental impact of concrete (in addition to global warming due to greenhouse
gas emission), including depletion of the ozone layer, which predates global warming
as an important environmental issue. In fact, the “Montreal Protocol on Substances
that Deplete the Ozone Layer” came into effect in 1989 to stipulate regulations on
the generation and use of chlorofluorocarbons (CFCs) that deplete the ozone layer.
Sulfur dioxide (SO2) and nitrogen oxides (NOx), factors known to affect acidification,
are specified as factors that affect human health, and are regulated as targets in the
management of clean air environments.

Accordingly, diverse substances with an environmental load must be considered
in addition to greenhouse gas emissions. To date, however, most of the research on
concrete focuses almost exclusively on ways to improve the physical performance of
concrete, such as crack control and increased strength and durability.

Currently, the development of eco-friendly concrete is receiving greater attention
due to a growing focus on the effects of concrete production and use on the
global, regional, and surrounding environments. Without comparing environmental
emissions from the unit production of concrete with other construction materials, and
considering the fact that large amounts of concrete and concrete products are required
to construct commercial buildings and civil structures, efforts to quantitatively
evaluate and reduce the effects of concrete production and use on the environment
are essential to move the concrete industry toward sustainability. For this reason,
studies are currently underway to evaluate and reduce the environmental impact
of concrete. Nonetheless, existing domestic studies have mostly concentrated on
technologies that reduce and evaluate greenhouse gas emissions among substances
with an environmental impact.

There is an extreme scarcity of studies on technologies that comprehensively
consider components of concrete, energy costs, and the durability of concrete as a
structural material.

High-strength concrete has been evaluated to determine whether it is responsible
for greater environmental emissions in comparison to normal-strength concrete in the

269



context of environmental impact. It turns out, however, that high-strength concrete
is in fact responsible for a lower proportion of emissions in terms of environmental
impact and compressive strength (Figure 1) [3].
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The importance of ecosystem effects of diverse substances with environmental
impacts emitted during the production of concrete is recognized, but environmental
performance has been evaluated separately from (and prioritized less than) the
economic performance and durability performance of concrete. Eco-efficiency is an
advanced concept used to evaluate the eco-friendliness of concrete [4]. The purpose
of this study is to develop a method of evaluating the eco-efficiency of concrete
based on environmental load emissions, manufacturing costs, and durability in
the concrete production process. The technique proposed in this study intends to
produce environment-friendly and highly durable concrete while minimizing both
the environmental load on the ecosystem and manufacturing costs associated with
the production and use of concrete. Our metrics are based on the results of service life
assessments of various concrete samples. The technique can be utilized to evaluate
the eco-friendly concrete.

Furthermore, the vision of this research is to contribute to broad implementation
of environment-friendly concrete and construction industries, as shown in Figure 2.
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2. Literature Review

2.1. Concept of Eco-Efficiency

Through world summits on sustainable development such as the Rio Summit
(1992) and the Johannesburg Summit (2002), sustainability has become the most
important issue of the twenty-first century.

Eco-efficiency can be defined as a specific methodology to accomplish sustainability
in the behaviors of governments, companies, or individuals. Accordingly, the World
Business Council for Sustainable Development (WBCSD) was established to inspire
companies to recognize the potential importance of eco-efficiency. There are some
differences in the conceptual definitions of eco-efficiency and indicator development
methodologies among nations, but the fundamental concept is identical to the
original definition established by the WBCSD [5]. Eco-efficiency is based on the
logic that companies with better eco-efficiency are more environmentally sustainable
and show better environmental performance [6].

Eco-efficiency was initially utilized as an indicator to measure environmental
efficiency as signified by environmental damage in comparison to the input of
resources. However, eco-efficiency now includes environmental and economic
implications, as it intends to create greater value using fewer resources. Eco-efficiency
is a general concept that combines notions of economic efficiency and technical
efficiency according to the conservation of resources, together with the concept

271



of environmental efficiency, which aims to minimize environmental impacts from
pollution (Equation (1)). As such, eco-efficiency is a concept for the sustainable
development of products with competitive prices that simultaneously satisfies both
environmental and social purposes.

Eco-efficiency “ Economic Value{Environmental Impact (1)

2.2. Eco-Efficiency Evaluation Methodology

Important details of the proposed eco-efficiency evaluation methodology can be
summarized in four points.

First is the measurement of environmental impact and economic value, which
constitute the denominator and numerator of the eco-efficiency index. As shown in
Table 1, this can also be measured as the economic value of each unit element, or we
can use environmental impact as the denominator and conversion factor. In addition,
environmental emissions and economic value can be applied as cradle-to-grave or
cradle-to-gate during the evaluation of product eco-efficiency [7].

Table 1. Evaluation factors for eco-efficiency.

Category Environmental Impact Economic Value

Element type

Unit elements (resources, water, energy, waste) Output

General elements (comprehensive
environmental impact)

Sales

Productivity

ROE, ROI

Evaluation
boundary

Gate-to-gate

Cradle-to-gate

Cradle-to-grave

Second, there is a demand for an alternative to weakness of eco-efficiency as a
relative index. If the economic value of a product increases by four times and the
environmental impact increases by two times, then the eco-efficiency of the product
is increased by two times. However, this leaves some doubt as to whether it is
appropriate to increase environmental emissions by two times.

Third, eco-efficiency evaluation is done in the form of an index.
An index is a dimensionless value that requires the denominator and numerator

to have the same dimension. It is difficult to convert eco-efficiency into an index
because its denominator and numerator have different dimensions.

The fourth point relates to the method of including the effects of recycling in the
evaluation of eco-efficiency from a lifecycle perspective. An increase in eco-efficiency
due to recycling is not included in the scope of evaluation.
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For example, industries and companies that use large amounts of recycled
resources pursue environmental management to reduce their environmental impact.
Regardless, such efforts are not reflected in the evaluation of eco-efficiency according
to the methodology herein.

2.3. Research Trends

The WBCSD has been developing eco-efficiency indicators that can be used
to measure economic development and environmental sustainability in corporate
management. It defines eco-efficiency as a means to minimize environmental impact
from the use of resources, waste, and pollution, and to maximize the creation of
corporate value.

To use indicators more effectively based on the same concept, the WBCSD
classifies indicators into two types. The first type includes generally applicable
indicators, which can be effectively applied to all companies, although the indicators
do not have the same value or importance across varying companies. The second type
includes business-specific indicators, which reflect specific characteristics of each
business. Examples of generally applicable indicators include financial profitability
and value-added benefits of companies in terms of product and service value, and
emissions of acidification substances to the atmosphere and the total amount of waste
in terms of the environmental impact of products and services.

Pacheco has introduced important problems related to crude oil, the main
feedstock of most polymer-based materials. These problems include interstate wars
and environmental disasters. The latter is the most worrisome, such as the recent
Deep Water Horizon oil spill that released approximately 780 million liters of crude
oil on the Gulf of Mexico. Some historical examples on the use of bio-admixtures in
construction materials are presented [8].

Zuoren et al. has focused on the following major issues: (1) introduction to
eco-materials; (2) life-cycle thinking and LCA methodology; and (3) LCA practice for
materials products and development of eco-materials [9].

Agustin et al. has presented the environmental value proposed by the Multilayer
Structural Panels technology. This is an overall approach that considered the
structural aspects and the environmental problems involved [10].

Jiaying et al. has analyzed the eco-footprint and eco-efficiency for the life cycle
assessment of an exhibition hall in China. In addition, the measures were presented
to reduce the eco-footprint and improve the eco-efficiency [11].

Dezhi et al. has presented an analysis methodology for energy evaluation of
building construction. In addition, the amount of energy consumed is selected as the
indicator of product value and the environmental impact [12].

273



3. Proposed Assessment Method for the Eco-Efficiency of Concrete

3.1. Overview

The proposed assessment method for the eco-efficiency of concrete was
developed as a technique to ensure the high durability and eco-friendliness of
concrete, while minimizing both the environmental load and manufacturing costs of
concrete, as shown in Figure 3 [13].
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3.2. Definition of Concrete Eco-Efficiency

There are limitations to assessing the eco-friendliness of concrete according to
environmental emissions alone, without consideration of functionality (durability)
and economic performance of concrete as an essential construction material.

Therefore, the concept of eco-efficiency was applied to assess the eco-friendliness
of concrete, as shown in Figure 4.

The proposed concrete eco-efficiency assessment method is a technique
to ensure the production of highly durable and environment-friendly concrete,
while minimizing both the environmental load and manufacturing costs on the
ecological environment based on the results of the assessment of environmental
load, manufacturing costs, and the service life of concrete. Concrete eco-efficiency
is improved by increasing the service life (years) of concrete and reducing the costs
(KRW, Korea Won) of production. Thus, concrete with a low eco-efficiency value
(KRW/year) among other concrete samples of the same strength is regarded as
concrete with improved eco-efficiency.
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Equation (2) shows the calculation method for concrete eco-efficiency.

CEI “ pEC ` MCq{SL (2)

Here, CEI is the concrete eco-efficiency index (KRW/year), EC is the
environmental cost (KRW/m3), MC is the manufacturing cost (KRW/m3), and SL is
the service life of concrete (year/m3).

3.3. Eco-Efficiency Assessment Process

Concrete eco-efficiency assesses the environmental performance, cost
performance, and durability performance of concrete according to input materials
and energy sources during the production of concrete (cradle-to-gate). The
environmental aspect assesses the environmental load of raw materials and energy
sources used during the production of concrete based on a lifecycle assessment
(LCA) technique.

The lifecycle impact assessment of concrete was performed separately for raw
materials, transportation, and manufacturing stages. For the impact assessment, a
damage-oriented (endpoint) method was applied to identify the degree of effects
of environmental emissions from concrete production on human beings and the
ecosystem [14].

Six types of environmental impacts, global warming, acidification,
eutrophication, resource consumption, effects on the ozone layer, and creation of
photochemical oxides, were selected as subjects of assessment. We analyzed the
effects of these six environmental impact categories on safeguard subjects, including
human health, social assets, fauna, flora, and primary manufacturing.

Database presented in the previous study [15] was applied to convert the effects
into cost values.
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The previous study is the first research of its kind in Korea to create lifecycle
environmental impact indicators in the current unit. Because there are no other
theories or DB specialized for construction materials and concrete in Korea, the
DB of our previous work is appropriate for calculating the environmental costs of
concrete herein.

Economic performance is deduced by combining different lifecycle costs, such as
raw materials and energy sources (oil and electric). This study used DB on standard
unit prices of materials for the production of concrete and energy sources provided
by the Korean Price Information System [16].

Durability evaluates the expected service life of concrete based on carbonation
among diverse deterioration phenomena. Among existing carbonation prediction
equations, a formula presented by the Japanese Society of Civil Engineers was used
herein to derive this study’s equations for the service life of concrete.

3.4. Eco-Efficiency Assessment Method of Concrete

3.4.1. Environmental Performance (EP)

For the assessment of concrete eco-efficiency, environmental performance was
assessed using a lifecycle assessment (LCA) technique.

(1) Definition of purpose and scope

General concrete was selected as the product subject to LCA, and the formation
of concrete structure and concrete product was selected as the primary function
of concrete. The functional unit was defined as 1 m3 of concrete based on the
primary function.

(2) Life Cycle Impact Assessment (LCIA)

Life Cycle Impact Assessment (LCIA) is a process that assesses the potential
effects of indicators (input and output) created during lifecycle impact analysis on
the environment.

Concrete is a mixture of cement, aggregates, and admixtures. Large amounts of
energy are consumed during the collection of limestone or clay and the manufacture
of clinker. Soil erosion or destruction of the ecosystem may occur from the collection
of aggregates. In addition, because energy is also used during the transport of
materials such as cement and aggregate to concrete manufacturers and during the
production of concrete, diverse substances that incur environmental loads on air,
water systems, and soil are emitted.

Because different environmental impacts occur during the lifecycle of concrete,
multiple environmental impact assessments must be conducted on various aspects
from production to use and disposal of functional units of concrete. Indeed,
the assessment of a single environmental impact, such as global warming,
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fails to comprehensively assess the environmental performance of concrete
(Figure 5). Accordingly, Life Cycle Impact Assessment (LCIA) on concrete was
conducted based on standard substances and impact indicators for each of the
six environmental impact categories, global warming, resource consumption,
acidification, eutrophication, effects on the ozone layer, and creation of photochemical
oxides [17].
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Life Cycle Impact Assessment (LCIA) is divided into four steps: (1) classification
in which the inventory items extracted from the inventory analysis are assigned
to the corresponding impact categories; (2) characterization in which the impact
of each item classified into its impact category on each category is quantified;
(3) normalization in which the environmental impact exerted on the environmental
categories are divided into local or global environmental impacts; and (4) weighting
in which relative importance among the impact categories is determined. According
to ISO 14044 [18], the classification and characterization steps are mandatory
assessment steps, and the normalization and weighting steps may be optionally
assessed depending on the assessment purpose. In this study, assessment was
performed for the classification and characterization steps because factors for
concrete-related normalization and weighting suitable for Korean situations are
yet to be developed.

The standard substances and impact potentials for environmental impact
categories were applied in accordance with the respective databases used in the
Ministry of Environment for the eco-labeling of the Environmental Declaration
of Products [19,20]. The classification and characterization steps of assessment
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were performed on the basis of the previously selected LCI (Life Cycle Inventory)
database [21].

Classification is done by categorizing and compiling the inventory items
according to the environmental impact categories. By linking the inventory items
derived from the LCI database to the pertinent environmental impact categories and
integrating them by category, the environmental impact of each inventory item can
be clearly identified.

CO2, CH4, and N2O belong to the 23 GHGs specified in the Intergovernmental
Panel on Climate Change (IPCC) guidelines [22], of which the standard substance
is CO2.

The classification of abiotic depletion potential (ADP) based on the standards
provided by Guinee (1995) [23], takes into account a total of 89 resource items
including crude oil, natural gas, and uranium (U). Acidification potential (AP) varies
widely according to regional characteristics and atmospheric environments, and we
applied the AP index presented by Heijung et al. and Hauschild and Wenzel [24]
applicable to all regional types. A total of 23 inventory items linked to acidification
category, including sulfur dioxide (SO2), hydrogen sulfide (H2S), and hydrogen
fluoride (HF), are expressed in terms of their standard substance SO2. Likewise, the
index proposed by Heijung et al. and Hauschild and Wenzel was applied for the
classification of the eutrophication potential (EP), with phosphate (PO4

3´) used as
the standard substance for a total of 11 inventory items including phosphate (PO4

3´),
ammonia (NH3), and nitrogen oxides (NOx). For the ozone depletion potential
(ODP), we applied the ODP index specified in the World Meteorological Organization
(WMO) [25] for a total of 23 inventory items, including CFC-11, Halon-1301, and
CFC-114, with trichloro-fluoro-methane (CFC-11) as the standard substance. For
the photochemical oxidant creation potential (POCP), a total of 128 inventory items
were considered, including ethylene, NMVOC, and ethanol, with ethylene being the
standard substance, thereby applying the POCP index proposed by Derwent et al. [26]
and Jenkin and Hayman [27].

Characterization is a process of quantifying the environmental impact of
inventory items itemized for each category in the classification step.

In the classification step, inventory items are assigned to their respective
environmental impact categories, but there is a limitation in quantifying the
potential impacts of inventory items in common metrics due to different impact
potentials. Category indicator results, i.e., characterization values, are calculated
in the characterization step where the environmental impact (=inventory data) of
each inventory item is multiplied with the characterization factor (=impact potential)
unique to the impact category concerned, and the resulting environmental impact
thus converted into impacts are aggregated within each impact category to yield the
overall environmental impact of that category (Equations (3)–(8)).
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Global Warming Potential (GWP) “ Environmental impactˆCharacterization factor for GWP (3)

Ozone Depletion Potential (ODP) “ Environmental impactˆCharacterization factor for ODP (4)

Acidification Potential (AP) “ Environmental impactˆCharacterization factor for AP (5)

Abiotic Depletion Potential (ADP) “ Environmental impactˆCharacterization factor for ADP (6)

Photochemical Oxidant Creation Potential (POCP) “ Environmental impactˆCharacterization factor for POCP (7)

Eutrophication Potential (EP) “ Environmental impactˆCharacterization factor for EP (8)

(3) Damage assessment

Environmental cost, shown by Equation (9), converts the damage done to human
beings and the ecosystem by the production of concrete into an economic value.
Environmental cost is calculated by multiplying the damage factor of each safeguard
subject and the economic value of each damage indicator for influential substances
that belong to an environmental impact category (Figure 6).

Dk “
ÿ

pLoadi,jˆDFk,i,jˆKcq (9)

Here, Loadi,j is the environmental load of influential substance j that belongs to
impact category i, DFk,i,j is the damage factor for the damage caused by influential
substance j that belongs to impact category i on safeguard subject k, and Kc is the
economic value (KRW) of safeguard subject k.
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(a) Safeguard subject

From the viewpoint of environmental ethics, the environment is mainly divided
into the human environment and the ecosystem. The human environment can be
subdivided into human health and social assets that sustain human society, such as
crops and resources.

Accordingly, as shown in Table 2, human health, biodiversity, social assets, and
primary production were selected in this study as four safeguard subjects. Rather
than the Eco-indicator 99 [28] (which reflects the environmental situation of Europe),
the Korean lifecycle impact assessment index based on damage-oriented modeling
(KOLID) [29] benchmarks the lifecycle impact assessment method based on endpoint
modeling (LIME) of Japan [30], which clearly describes the philosophical grounds for
the selection of safeguard subjects. Therefore, it is appropriate for the current analysis
to use the safeguard subjects of KOLID for the calculation of the environmental costs
of concrete.

Table 2. Safeguard and damage indicators.

Safeguard Damage Indicators

Safeguard

Human
Human Health DALY *

Social assets Monetary value (KRW)

Ecosystem
Biodiversity EINES **

Primary production NPP ***

Final evaluation result Monetary value (KRW)
* DALY: disability-adjusted life year; ** EINES: expected increase in the number of extinct
species; *** NPP: net primary production.

(b) Damage indicators

Table 2 shows damage indicators for each safeguard subject, unit of each damage
indicator, and scope of assessment necessary for quantification of damage received
by the four safeguard subjects according to environmental load. For human health,
the degree of damage on human health caused by specific disease or physical factor
was quantified as Disability Adjusted Life Year (DALY), a value that expresses the
degree of damage on human health using the concept of life year. DALY can be used
to assess cases of early death from disease or accident and cases of unhealthy life due
to disability. For example, one DALY means that life year during which death from
disease or accident and unhealthy life occurs is 1 year. As shown by Equation (10),
DALY can be expressed as the sum of “Years of Life Lost (YLL)” from disease or
accident and “Years Lost due to Disability (YLD).” YLD can be derived by reflecting
importance of disability (D) and social value of age upon death. However, only
importance of disability was accounted without consideration on importance of age
and time discount originally considered in DALY. DALY was used as an indicator to
show combined years lost from death and disability [31,32].
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DALY “ YLL ` YLD (10)

Social assets [33] can be classified into “production capacity of the ecosystem”
that corresponds to the biological world and “non-biological resources” related
to non-biological elements. In this study, forest resources, marine resources, and
agricultural crops correspond to production capacity of the ecosystem, and fossil
fuels and mineral resources correspond to non-biological elements. Current value
assessment method, which uses actual market price, was applied as an indicator to
measure the amount of damage for each item. When assessing biodiversity, general
method involves classification of species according to the Endangered Species Act of
the United States, the Convention on international angered Species of Wild Flora and
Fauna (CITES), and Red Data Book (RDB) published by the International Union for
Conservation of Nature (IUCN) [34]. The conventional damage oriented methods of
impact assessment reflect such reality and conduct assessment based on quantifiable
species [35,36]. In this study, “Expected Increase in Number of Extinct Species
(EINES)” based on preservation ecology was adopted as damage indicator for ease
of interpretation and agreement with data from Red Data Book. EINES, obtained
from the increase in number of extinct species caused by environmental load, can be
expressed as Equation (11).

EINES “
ÿ

Rs “
ÿ

rp1{Ta,sq ´ p1{Tb,sqs (11)

Here, Rs is the extinction risk increase by environmental impact; Ta,s is the
extinction hours after caused environmental impact; and Tb,s is the extinction hours
ago caused environmental impact.

Damage indicators to assess the effects of primary production include gross
primary production (GPP), net primary production (NPP), and plant biomass. From
the perspective of plant supply to consumers, plant biomass seems to be an optimal
indicator given that a certain critical mass of plants must be accumulated and secured.
Considering, however, that this certain level of plant supply must be consistently
maintained, the provision of large accumulations at specific points in time will not
satisfy the long-term requirements for plants. Plants must be grown at a constant
rate. Accordingly, the damage indicator for primary production is shown by the
change of NPP per unit of environmental load.

(4) Integrated DB for each safeguard subject

The marginal willingness to pay per unit of environmental property was the
unit converted for each unit of the four safeguard subjects considered, as presented
in Tables 3 and 4. Economic values (KRW, Korea Won) in Table 5 form the integrated
DB for each safeguard subject. For reference, the unit conversion assumed that the
loss of social assets (national economy) and economic loss are identical.
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Table 3. Example of global warming potential (GWP).

GWP Human Health
(DALY/kg)

Social Assets
(KRW/kg)

Biodiversity
(EINES/kg)

Primary
Production

(kg/kg)

Ordinary Portland Cement 1.17 ˆ 10´7 2.58 0 0
Coarse aggregate 5.45 ˆ 10´9 1.20 ˆ10´1 0 0
Blast furnace slag 3.81 ˆ 10´9 8.43 ˆ 10´2 0 0

Electric 7.91 ˆ 10´9 1.75 ˆ 10´1 0 0
Diesel 4.71 ˆ 10´5 1.04 ˆ 103 0 0

Table 4. Example of abiotic depletion potential (ADP).

ADP
Human
Health

(DALY/kg)

Social Assets
(KRW/kg)

Biodiversity
(EINES/kg)

Primary
Production

(kg/kg)

Ordinary Portland Cement 0 2.72 ˆ 10´2 1.71 ˆ 10´16 2.93 ˆ 10´4

Coarse aggregate 0 2.58 ˆ 10´1 1.62 ˆ 10´15 2.78 ˆ 10´3

Blast furnace slag 0 3.17 ˆ 10´3 1.98 ˆ 10´17 3.41 ˆ 10´5

Electric 0 6.26 ˆ 10´3 3.92 ˆ 10´17 6.75 ˆ 10´5

Diesel 0 3.30 ˆ 102 2.07 ˆ 10´12 3.55

Table 5. Economic value of safeguard [34].

Safeguard Unit Economic Value
(KRW/unit)

Human health DALY 2.82 ˆ 107

Social assets One thousand KRW 1.00 ˆ 103

Biodiversity Species 5.69 ˆ 105

Primary
production Ton 4.93 ˆ 104

3.4.2. Cost Performance (CP)

Economic performance assessment is performed on raw material production,
transportation, and concrete manufacturing stages. The manufacturing cost per 1 m3

of concrete was calculated using the unit price (Korean price information DB), based
on the amount of materials and energy sources used in each step (Equation (12)).
As shown in Table 6, the standard price information DB of Korea was investigated
and applied to calculate the manufacturing costs for the raw materials and energy
sources used in the production of concrete. Manufacturing cost (MC) was calculated
by multiplying the unit price (KRW/kg) of raw materials, such as normal cement,
slag cement, aggregate, admixtures (GGBS and fly ash), and chemical admixtures
used to manufacture 1 m3 of concrete, with the unit price (KRW/unit) of energy
sources such as diesel, kerosene, electricity, and LNG used in the production of
concrete by transport equipment and manufacturing facilities.
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COSTpf “
ÿ

pInputi,jˆUCiq (12)

Here, Inputi,j is (i) step (j) material and energy and UCj is (j) unit price of material
production (KRW). (i) Step: Raw material, Transportation, Manufacture. (j) Material:
Cement; aggregate, admixture, etc.; electricity; and oil (diesel and kerosene) used by
trains, trucks and batch plants.

Table 6. Unit price of raw materials and energy used in the production of
concrete (example).

Substance Unit Price Unit Reference

Ordinary Portland Cement 3410 KRW 40 kg National information
Aggregate 13,000 KRW ton National information

Electric 110 KRW Kwh National information
Diesel 1700 KRW L National information

3.4.3. Durability Performance (DP)

Durability performance assessment of concrete was assumed to assess the
service life of concrete used on a reinforced concrete (RC) structure based on
carbonation. In addition, the covering thickness was 30 mm. For our purposes,
service life was defined as the duration of utility until the carbonation depth of
concrete reaches the outermost reinforcement. The most appropriate equation was
selected as the standard specification for concrete to indicate that equations other
than the proposed equation should be used. For this, service life was assessed on
covering thicknesses of 30 and 40 mm with a water-binder ratio of 60%.

(1) Selection of prediction equation for the service life of concrete

Service life was assessed for covering thicknesses of 30 mm and 40 mm with
a water-binder ratio of 60%. Although conditions for the calculation of service life
differ, concrete comprised of ordinary Portland cement was assessed under outdoor
conditions in order to apply identical parameters.

As shown in Table 7, an equation from the Architectural Institute of Japan
(AIJ) [37] was used to deduce the results of assessment. The AIJ formula is appropriate
because it yields results that are closest to the average service life of concrete.
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Table 7. Service life evaluation results according to carbonation prediction
equations (W/C 60%).

Prediction Formula
Coating Thickness

30 mm 40 mm

Kishitani [38] 42 years 76 years
Hamada [39] 60 years 109 years

Shirayama [40] 43 years 78 years
KCI [41], JSCE [42] 63 years 114 years

This study (AIJ) 43 years 87 years

(2) Prediction factors of the service life of concrete

Among existing carbonation prediction equations, Equations (13) and (14)
(originating from the Architectural Institute of Japan) were used to derive the service
life of concrete in order to assess the durability performance of concrete. However,
because conditions of temperature and humidity in Japan (as presented in the values
of the equations) are different from the values in Korea for an average year, more
apt coefficients for the conditions of Korea were derived with annual average values
provided by the Korea Meteorological Administration.

Durabilitypf T � pC{Aq2 (13)

A � K�α1�α2�α3�β1�β2�β3 (14)

Here, T is the service life (year), C is the carbonation depth (mm), A is the
carbonation velocity coefficient, K is the Kishitani coefficient, α1 is the coefficient
by type of concrete, α2 is the coefficient by type of cement, α3 is the coefficient by
the water-cement ratio, β1 is the coefficient by temperature, β2 is the coefficient by
moisture, and β3 is the coefficient by the concentration of carbon dioxide.

(3) Selection of covering thickness

Korean structural design standards for reinforced concrete have similar
criteria to the code of the American Concrete Institute (ACI) [43]. Item 7.7.1 of
ACI 318 suggests a covering thickness of 1.5 inches (38 mm) for reinforcement No. 14
and No. 18, and 3/4 inches (19 mm) for reinforcement No. 11 and below in the case of
slabs, walls, and joist structures. The Korean standards suggest a covering thickness
of 1.5 inches (38 mm) for main reinforcement, hoop reinforcement, and stirrup
spiral reinforcement of beams and columns. In addition, the Japanese Architectural
Standard Specification (JASS) [44] suggests covering thicknesses of 30 mm for slabs
and 40 mm for column and bearing walls under the same conditions (i.e., when the
structures do not directly contact soil and air).
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Japan does not apply different criteria according to varying thicknesses of
reinforcement. This study applied version 8.1.1 of the durability assessment criteria
of green building certification standards (2013) [45]. The criteria of green building
certification (2013) were selected based on the “Korean Building Code (KBC-2009) [46]
and Concrete Structure Design Standards (2012)” [47]. Green building certification
presents the legal minimum covering thickness to ensure the safety of structures
by reflecting errors in covering thickness during actual construction. Accordingly,
the covering thickness of reinforced concrete was defined as 30 mm to assess the
service life of concrete based on carbonation according to the standards of green
building certification.

4. Case Analysis

Eco-efficiency was assessed according to compressive strengths of concrete
and mixing rates of admixtures. Changes in eco-efficiency according to increasing
compressive strengths were assessed, and the major causes of any changes
were analyzed.

4.1. Results of Eco-Efficiency Assessment for Different Compressive Strengths

As shown in Table 8, average eco-efficiency increased from 5700 (KRW/year)
to 2200 (KRW/year) with an increase of compressive strength from 21 MPa to
40 MPa. In the case of 24 MPa and 40 MPa concretes, average eco-efficiency was
4700 (KRW/year) and 2200 (KRW/year), respectively (Figure 7).

Table 8. Eco-efficiency according to compressive strength.

Strength
(MPa)

Eco-Efficiency
(KRW/year)

Cost
(KRW/m3)

Service Life
(year/m3)

21 5700 308,000 54
24 4700 318,000 68
27 3800 333,000 89
30 3300 347,000 110
40 2200 387,000 190

The eco-efficiency of 40 MPa concrete was increased by about 50% in comparison
to the eco-efficiency of 24 MPa concrete.

As shown in Figure 7, cost (comprising environmental and manufacturing costs)
increased by about 21% from 318,000 (KRW/m3) to 387,000 (KRW/m3) according to
increasing compressive strengths from 24 MPa to 40 MPa. Importantly, however, the
service life of concrete based on carbonation was greatly increased from 68 (year/m3)
to 190 (year/m3) with rising compressive strengths as well. As such, eco-efficiency
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was found to increase with the increasing compressive strength of concrete, because
the rate of increase in service life is larger than the rate of increase in cost [48].

Sustainability 2016, 8, 705  13 of 19 

(JASS) [44] suggests covering thicknesses of 30 mm for slabs and 40 mm for column and bearing walls 
under the same conditions (i.e., when the structures do not directly contact soil and air).  

Japan does not apply different criteria according to varying thicknesses of reinforcement. This 
study applied version 8.1.1 of the durability assessment criteria of green building certification 
standards (2013) [45]. The criteria of green building certification (2013) were selected based on the 
“Korean Building Code (KBC-2009) [46] and Concrete Structure Design Standards (2012)” [47]. Green 
building certification presents the legal minimum covering thickness to ensure the safety of structures 
by reflecting errors in covering thickness during actual construction. Accordingly, the covering 
thickness of reinforced concrete was defined as 30 mm to assess the service life of concrete based on 
carbonation according to the standards of green building certification. 

4. Case Analysis 

Eco-efficiency was assessed according to compressive strengths of concrete and mixing rates of 
admixtures. Changes in eco-efficiency according to increasing compressive strengths were assessed, 
and the major causes of any changes were analyzed.  

4.1. Results of Eco-Efficiency Assessment for Different Compressive Strengths 

As shown in Table 8, average eco-efficiency increased from 5700 (KRW/year) to 2200 (KRW/year) 
with an increase of compressive strength from 21 MPa to 40 MPa. In the case of 24 MPa and 40 MPa 
concretes, average eco-efficiency was 4700 (KRW/year) and 2200 (KRW/year), respectively (Figure 7). 

Table 8. Eco-efficiency according to compressive strength. 

Strength (MPa) Eco-Efficiency (KRW/year) Cost (KRW/m3) Service Life (year/m3)
21 5700 308,000  54 
24 4700 318,000 68 
27 3800 333,000 89 
30 3300 347,000 110 
40 2200 387,000 190 

 
Figure 7. Eco-efficiency according to increasing compressive strength. 

The eco-efficiency of 40 MPa concrete was increased by about 50% in comparison to the eco-
efficiency of 24 MPa concrete.  

As shown in Figure 7, cost (comprising environmental and manufacturing costs) increased by 
about 21% from 318,000 (KRW/m3) to 387,000 (KRW/m3) according to increasing compressive 
strengths from 24 MPa to 40 MPa. Importantly, however, the service life of concrete based on 
carbonation was greatly increased from 68 (year/m3) to 190 (year/m3) with rising compressive 
strengths as well. As such, eco-efficiency was found to increase with the increasing compressive 

Figure 7. Eco-efficiency according to increasing compressive strength.

4.2. Results of Eco-Efficiency Assessment for Different Mixing Rates of Admixtures

As shown in Table 9, eco-efficiency (KRW/year) was shown to increase at all
concrete strengths as mixing rates of admixtures (GGBS) increased to 30% during
concrete mix design. As representative examples, the eco-efficiency of 24 MPa and
40 MPa concretes was increased by 10%–23% in comparison to OPC when the mixing
rates of admixtures increased from 10% to 30% [49].

Table 9. Eco-efficiency according to admixture ratio.

Strength (MPa)
Admixture Ratio

0% 10% 20% 30% 40% 50% 60%

21 5157 5092 4636 4195 4503 3973 5739
24 4066 3564 3407 3101 3324 2926 3450
27 3874 3860 3527 3179 3398 2980 4272
30 2801 2512 2401 2168 2322 2043 2938
40 2014 1900 1792 1614 1724 1510 2162

As shown in Figure 8, the cost of 24 MPa concrete dropped from 362,000 (KRW/m3)
to 274,000 (KRW/m3) according to increased mixing rates of admixtures due to
reduced environmental impacts and manufacturing costs.
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This tendency was verified in 21 MPa, 27 MPa, 30 MPa, and 40 MPa concretes
in addition to 24 MPa concrete.

5. Discussion and Study Limitations

Two limitations of this study are a need to expand the assessment factors for
durability performance (service life) and to develop an eco-efficiency assessment
method for high-strength concrete (above 40 MPa).

(1) Expansion of assessment factors for durability performance (service life)

Among various deterioration phenomena, this study considers only
neutralization as an assessment factor for durability performance. The assessment
model for service life is based only on the neutralization of concrete, and the model
fails to reflect durability performance for salt damage and freeze–thaw processes.
Because the service life of concrete differs according to deterioration phenomena,
differences may arise during eco-efficiency assessment of the same type of concrete.
When assessment is conducted according to neutralization only, the service life of
concrete is slightly reduced by the mixing of admixtures (GGBS). On the contrary,
salt damage tends to show an increase in the service life of concrete due to the
mixing of admixtures. Therefore, the measure of eco-efficiency will change according
to differing service life values of concrete with the same mix design depending
on the type of deterioration phenomenon. In future studies, the service life of
concrete should be assessed according to various deterioration phenomena, such as
neutralization and salt damage, simultaneously.

(2) Development of an eco-efficiency assessment method for high-strength concrete
(above 40 MPa)

The equation for calculating service life applied herein for the assessment of
durability showed mostly effective results for concrete with a water-binder ratio
between 40% and 60%. The equation was inappropriate for high-strength concrete
with a water-binder ratio below 40%, however.

It is necessary to develop an equation that can calculate the service life of
high-strength concrete against compound deterioration.

6. Conclusions

(1) The concrete eco-efficiency index (CEI), an indicator for the eco-friendly concrete
that accounts for environmental emissions, manufacturing costs, and durability
performance in the production and use of concrete, is proposed as an advanced
concept to assess the eco-friendliness of concrete.

(2) An assessment method for concrete eco-efficiency is developed as a technique
to ensure the manufacture of highly durable and eco-friendly concrete,
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while minimizing both the environmental load and manufacturing costs of
concrete. The mechanism of eco-efficiency is based on the assessment results of
environmental impact, manufacturing costs, and the service life of concrete.

(3) According to our findings, eco-efficiency increased when the compressive
strength of concrete increased from 21 MPa to 40 MPa. This is because the
rate of increase in the service life due to increasing compressive strength is
higher than the rate of increase in costs.

(4) The eco-efficiency of 40 MPa concrete increased by about 50% in comparison to
the eco-efficiency of 24 MPa concrete. While cost (comprising environmental
and manufacturing costs) increased by about 21% from 318,000 (KRW/m3)
to 387,000 (KRW/m3) according to the increase in compressive strength from
24 MPa to 40 MPa, the service life of concrete based on carbonation greatly
increased from 68 (year/m3) to 190 (year/m3) between concretes with increasing
compressive strength. Accordingly, eco-efficiency is found to increase with
increasing compressive strength of concrete, because the rate of increase in the
service life of concrete is larger than the rate of increase in costs.

(5) Eco-efficiency (KRW/year) was shown to increase for all concrete strengths
as mixing rates of admixtures (GGBS) increased to 30% during concrete
mix design. As representative examples, the eco-efficiency of 24 MPa and
40 MPa concretes increased by 10 to 23% in comparison to OPC when the
mixing rates of admixtures increased from 10% to 30%. However, when the
mixing rates of admixtures were increased to 40% and 60%, the eco-efficiency
dropped due to the rapid reduction of service life values to 74 (year/m3) and
44 (year/m3), respectively.

(6) Environmental costs according to increasing compressive strengths of concrete
were assessed, and the safeguard subjects and environmental impact categories
responsible for the greatest part of overall environmental costs were analyzed.
Environmental impact assessment according to the mixing of admixtures
(GGBS) and recycled aggregate was performed to deduce a method of reducing
environmental costs. In addition, manufacturing costs according to the
compressive strength of concrete and the mixing of admixtures were assessed
to analyze which material comprises the greatest proportion of manufacturing
costs and to find a corresponding method of reduction.
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Appendix A.

(1) Example of environmental cost assessment for ordinary cement)= CO2 emission
(kg-CO2) * Damage factor (DALY/kg-CO2)) * (Economic value (KRW/DARY)=
100 kg-CO2/kg (Input) * 1.17 ˆ 10´7 DALY/kg-CO2 (Table 3) * 28,200,000
KRW/DARY (Table 5)= 330 KRW (Korea Won)

(2) Example of eco-efficiency assessment for concrete)

(a) Cost = (Environmental Cost + Manufacture Cost)

* Environmental cost

Cement = (240 kg/m3 * 0.9 CO2 emission factor (kg-CO2/kg)) * 1.17 ˆ
10´7 DALY/kg-CO2 (Table 3) * 28,200,000 KRW/DARY (Table 5)
= 712 KRW (Korea Won)

Water = (160 kg/m3 * 0.001 CO2 emission factor (kg-CO2/kg)) * 1.17 ˆ
10´7 DALY/kg-CO2 (Table 3) * 28,200,000 KRW/DARY (Table 5)
= 0.5 KRW (Korea Won)

Coarse aggregate = (900 kg/m3 * 0.015 CO2 emission factor (kg-CO2/kg))
* 1.17 ˆ 10´7 DALY/kg-CO2 (Table 3) * 28,200,000 KRW/DARY
(Table 5) = 45 KRW (Korea Won)

* Manufacture cost

Cement = 240 kg/m3 * 85 KRW/kg (Table 6) = 20,400 KRW (Korea Won)
Water = 160 kg/m3 * 15 KRW/kg = 2,400 KRW (Korea Won)
Coarse aggregate = 900 kg/m3 * 13 KRW/kg (Table 6) = 11,700 KRW

(Korea Won)

(b) Service life = 54 year (using Equations (11) and (12))
(c) Eco-efficiency = (Cost/Service life) = (35260/54) = 652 (KRW/year)
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Life Cycle CO2 Assessment by Block Type
Changes of Apartment Housing
Cheonghoon Baek, Sungho Tae, Rakhyun Kim and Sungwoo Shin

Abstract: The block type and structural systems in buildings affect the amount of
building materials required as well as the CO2 emissions that occur throughout
the building life cycle (LCCO2). The purpose of this study was to assess the
life cycle CO2 emissions when an apartment housing with ‘flat-type’ blocks (the
reference case) was replaced with more sustainable ‘T-type’ blocks with fewer CO2

emissions (the alternative case) maintaining the same total floor area. The quantity
of building materials used and building energy simulations were analyzed for each
block type using building information modeling techniques, and improvements in
LCCO2 emission were calculated by considering high-strength concrete alternatives.
By changing the bearing wall system of the ‘flat-type’ block to the ‘column and
beam’ system of the ‘T-type’ block, LCCO2 emissions of the alternative case were
4299 kg-CO2/m2, of which 26% was at the construction stage, 73% was as the
operational stage and 1% was at the dismantling and disposal stage. These total
LCCO2 emissions were 30% less than the reference case.

Reprinted from Sustainability. Cite as: Baek, C.; Tae, S.; Kim, R.; Shin, S. Life Cycle
CO2 Assessment by Block Type Changes of Apartment Housing. Sustainability 2016,
8, 752.

1. Introduction

Internationally, greenhouse gases are arguably the most prevalent global
environmental problem. According to International Energy Agency (IEA), buildings
account for almost 30% of greenhouse gas emissions [1–3]. Korea established
the national Greenhouse Gas Reduction Roadmap to reduce greenhouse gas
emissions by 37% for Business-As-Usual (BAU) levels by 2030 [4]. In Korea,
the construction industry accounts for 40% of all material consumption, 24% of
energy consumption and 42% of CO2 emissions. Thus, reduction of the construction
industry’s CO2 emissions is required to reach greenhouse gas reduction goals [5].

Apartment housing is the major type of the residential sector in Korea, making
up 52.4% of residential building stock. The most common apartment building in
Korea is the ‘flat-type’ block, which consists of two rectangular units side by side like
a wide box [6]. Thus far, building types, building forms and structural systems have
not been heavily studied in regard to Life Cycle CO2 (LCCO2) emission. However,
for the majority of apartment housing blocks, it has been shown that a significant
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portion of the CO2 emissions can be reduced by using a more sustainable block type
instead of the ‘flat-type’ block [7–13].

The purpose of this study was to assess the LCCO2 emissions when ‘flat-type’
blocks in an apartment building (the reference case) were replaced with more
sustainable ‘T-type’ blocks with fewer CO2 emissions (the alternative case) while
maintaining the same total floor area. Therefore, this study focuses on changing the
building type rather than by improving the insulation or the heating, ventilation and
air conditioning (HVAC) equipment. The quantity of building materials used and
energy simulations were analyzed on each block type using Building Information
Modeling (BIM) techniques, and the LCCO2 emissions were calculated.

The study results indicate that different block types have significantly different
CO2 emissions over the building life cycle, and ‘T-type’ blocks have the potential to
significantly reduce greenhouse gas emission in the residential sector.

2. Literature Review

Life Cycle Assessment (LCA) that quantifies the consumption of resource and
the occurrence of emissions throughout the entire process of products system is
an environmental impact assessment scheme that evaluates their overall effects
and is defined as ISO14040 [14]. The research on the construction sector began
with the reference to the Product Life Cycle Assessment targeting materials
and products. In order to apply to building structures, in consideration of the
characteristics of having a complicated structure and a long lifetime, the process of
establishing the evaluation subject’s list of analysis and evaluation stages should be
prioritized by setting a life cycle phase and range and by separating the inputs
and outputs [15–17]. The building’s previous LCA includes all processes and
activities, during the life cycle of the building, that are divided into construction,
operation, maintenance, management, dismantling and disposal phases [18]. It
is used as a tool to calculate the environmental load of a quantitative structure.
In addition, the previous LCA’s ultimate purpose is to drive improvements that
minimize the resource, energy consumption, CO2 emissions, etc. at each step for a
sustainable development. In consideration of the building’s previous life cycle for
an environmental impact assessment, European countries were undertaken in the
development of national level since the early 1990s and the studies on building’s
environmental performance evaluation is being conducted in various fields using
the LCA method [19]. Eco-Quantum is the world’s first building LCA-based
computer program and was developed by the IVAM Environmental Research
Institute in Netherlands; it evaluates various aspects, such as the effects of energy
consumption during the building life cycle, maintenance during the operational
phase, differences in the durability of building-related parts, and recycling rates [20].
Becost, developed by the VTT Technical Research Centre of Finland Ltd., is a
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web-based program that is utilized in marketing and system management, and uses
data relating to environmental effects throughout the building life cycle, including
during building material production, transportation, construction, maintenance,
and disposal [21]. Envest, developed by BRE in UK, is used to evaluate the
LCA of building materials from the early phase of building design. Web-based
Envest2 was developed in 2003. The system boundary of this system includes
material extraction and manufacturing, related transport, on-site construction of
assemblies, operation, maintenance and replacement, and demolition. It can evaluate
greenhouse gas (GHG) emissions, acid deposition, ozone depletion, eutrophication,
human toxicity, eco toxicity, waste disposal, etc. using the Ecoinvent database [22].
The analysis results produced by Envest provide information relating to both
environmental performance and economic feasibility, through mean measured
values of environmental effects (referred to as Eco-point) and whole-life cost
analysis results [23,24]. Athena EcoCalculator is a spreadsheet-based LCA tool
developed by the ATHENA Institute in Canada. Architects, engineers and other
design professionals can have instant access to instant life cycle assessment results
for hundreds of common building assemblies using Athena EcoCalculator for
Assemblies [25,26]. The tool was commissioned by the Green Building Initiative (GBI)
for use with the Green Globes environmental certification system. The boundary
of this system includes material extraction and manufacturing, related transport,
on-site construction of assemblies, maintenance and replacement, demolition,
and transport to landfill. It can evaluate GHG emission, embodied primary energy,
pollution to air, pollution to water, weighted resource use using the ATHENA
database (cradle-to-grave) and US life cycle inventory database [27]. This system
makes it easy to obtain the environmental impact result in real time and compare each
other assemblies. However, it is only available custom assembly options. Column
and beam sizes are fixed [25]. LISA, developed in Australia, offers advantages in
terms of ease of analysis of environmental performance during the building material
production phase by utilizing life cycle inventory (LCI) databases (DBs) for various
materials; it also uses simple input methods, thereby reducing evaluation time and
effort [24]. In Korea, SUSB–LCA was developed by the Sustainable Building Research
Center. SUSB–LCA employs direct input of building materials and energy usage,
together with an estimation model. SUSB–LCA can evaluate life-cycle energy, carbon
emissions, and cost. It is also an evaluation program that allows a case comparison
between target and alternative buildings [28].

Compared with the above LCA Method, SUSB–LCA enables easy assessment
of building life cycle CO2, offering outstanding performance of data renewal, and
Becost and Envest2 offer users easy access and various analysis results but require
many hours of in calculating CO2 due to many input items. Moreover, Eco-Quantum
also can perform various comprehensive assessments by the stages based on life
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cycle, but, due to many direct input items, require many hours in the assessment [29].
On the other hand, Athena EcoCalculator and LISA have outstanding capability
to analyze construction material production by utilizing the LCI database of many
materials and require relatively less assessment hours in the assessment owing to
simple input method, but has limitation in detailed analysis of CO2.

3. Assessment Method

Theory of the Building LCA Assessment Method

To compare the LCCO2 of the different block types, an existing apartment
housing project that consisted of all ‘flat-type’ apartment blocks was selected as the
reference case, and CAD drawings (e.g., plans, sections, elevations and details) were
obtained. To compare a more sustainable block type with the reference case, a ‘T-type’
block was proposed with the same levels of insulation and HVAC equipment as well
as with the same total floor area in the block lay-out plan of the existing project. The
‘T-type’ block was developed based on the concepts of less building material used
during the construction stage, and less energy used during the operation stage in
the project life cycle (the alternative case). Second, each representative block for the
base and alternative cases was composed using BIM software (ArchiCAD ver. 13,
Graphisoft, Budapest, Hungary) based on 2D CAD drawings. After developing a 3D
model, the cost of the building materials was assessed with SUSB–LCA, a software
program developed by Sustainable Building Research Center at Hanyang University,
Ansan, Korea. This information was used to quantitatively assess CO2 emissions and
calculate the cost and energy usage from the building’s entire life cycle (construction,
operation, maintenance and demolition and disposal) [28]. Third, the effect of CO2

reduction was assessed by the application of high-strength concrete on the alternative
cases only. This was performed by measuring the reduction in the quantity of
materials used for construction and the life cycle extension of the structural system
due to the use of high-strength concrete [30]. Fourth, CO2 emissions during the
operation stage were assessed by measuring energy consumption of each case using
EcoDesigner, a building energy simulation software compatible with BIM (Graphisoft,
Budapest, Hungary). This program has been validated for fast analysis results by
international standards including IEA-BESTEST, ASHRAE-BESTEST and CEN-15265.

Finally, LCCO2 emissions for the entire building life cycle were assessed: all CO2

emissions were summed from the construction, the operation and the dismantling
and disposal stages. In this study, for the evaluation of manufacturing process
considering the construction materials’ practical aspects and properties, the mixed
analysis method, which the individual integration and the input-output analysis are
complexly used, was applied. Especially, for the concrete CO2 emission intensity
that is different depending on the strength, since the input–output analysis and
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the individual integration currently indicate just the individual or partial intensity,
the CO2 basic unit through the database of concrete strength and CO2 emissions
for each admixtures, which were analyzed by the individual integration, was
applied in the initial research and, in the case of materials other than concrete,
the input–output analysis derived from the direct and indirect parts of the
input–output relations table of the Bank of Korea was applied for consistency in the
per-unit range analysis and evaluation results. In addition, the supply quantity table
by specific-items, which is an attached table of input–output relations table, was
prioritized in applying each material unit price, while the energy consumption and
CO2 emission per unit of each material were calculated by using the price information
data and the construction cost analysis data of the Korea Housing Corporation for
the materials that are difficult to apply the specific item. Figure 1 shows the process
of assessment for this study.
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4. Reference Case and Alternative Case Proposal

The apartment housing project selected as the reference case was composed of
14 ‘flat-type’ blocks ranging from 30 to 35 stories. The land area was 99,744 m2, and
it had 1829 dwelling units with 249,951 m2 of total floor area for residential use. The
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project was completed in 2004. A typical 35-story block in the housing project was
selected as the reference block of the reference case (see Figure 2). The typical floor
plan consisted of the same two units with one vertical circulation core; each unit
area was 162.87 m2, and the total floor area of the reference block was 11,400.9 m2.
The floor height was 2.9 m and the total height of the reference block was 104.8 m.
The structural system was the bearing wall system and the concrete compressive
strengths of the vertical members of the reference block were classified into four
segments: 35 MPa from the ground floor to the 9th floor, 30 MPa from the 10th to 19th
floors, 27 MPa from the 20th to 26th floors and 24 MPa from the 27th to 35th floors
(See Table 1). The alternative case was designed to have the same level of insulation
and HVAC equipment as well as with the same total floor area in the site level of the
reference case. Therefore, the alternative case was composed of 14 ‘T-type’ blocks
ranging from 20 to 35 stories, which had 1820 dwelling units with 250,932 m2 of total
floor area for residential use.

A typical 35-story block was selected as the reference block in the alternative
case. The floor height was 2.9 m and the total height of the reference block was
104.8 m; these dimensions were the same as the reference case. The typical floor
plan of the alternative case was planned as the ‘column and beam’ structural system
with a front 3–4 bay composition, and in the form of four units with one vertical
circulation core to achieve spatial efficiency and openness in each unit (see Figure 3).
Each unit area was 137.88 m2, and the total floor area of the reference block was
19,302.5 m2.
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Table 1. Building overview.

Category Contents

Building Size Above Ground 35 Stories, Basement 3 Stories

Structural system Reference case: reinforced concrete, bearing wall structure

Alternative case: reinforced concrete, column and beam structure

Concrete compressive strength Reference case: Classified into 4 segments: 24, 27, 30, 35 MPa

Alternative case: Classified into 4 segments: 24, 30, 40, 50 MPa

Others Concrete and rebar quantities were reviewed comparatively based
on the sum of the horizontal and vertical members.
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The structural system was the ‘column and beam’ system and the variable
high-strength concrete was used as the structural material. These factors were
selected in order to assess how many CO2 emissions are reduced from each of
these changes.

5. Assessment of CO2 Emissions by Changes in Building Form

5.1. Comparison of the Amount of Major Materials and an Assessment of CO2 Emissions

The bearing wall system of the reference case was changed to the ‘column and
beam’ system and the changes in the amount of major materials were calculated
using the quantity take-off function of the ArchiCAD BIM software. In addition,
the quantity of materials per unit floor area was also assessed (Table 2). The
materials used for each case were ready mixed concrete, rebar, cement bricks, tiles,
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expandable polystyrene, plasterboard, poly vinyl chloride (PVC) windows and glass.
These elements make up 80% of CO2 emissions in Korean apartments [31]. In the
alternative case, the use of cement bricks increased by 236%, porcelain tile (wall) by
3%, expandable polystyrene by 53% and plasterboard by 59.3%. These increases were
caused by changes to the different building types, including the ‘column and beam’
system in the structural system and the ‘T-type’ block in the building form. However,
substituting load-bearing walls for columns and beams decreased the use of concrete
and rebar by 11% and 36%, respectively. The CO2 emissions for the reference case
and the alternative case were calculated with SUSB–LCA (Table 3). The alternative
case decreased CO2 emissions per unit floor area by 9.45% (to 853.63 kg-CO2/m2)
compared to the reference case. This change was mainly due to the decreased use of
rebar and concrete in the alternative case.

Table 2. Comparisons of the major materials required for the reference case and the
alternative case.

Materials

Reference Case (70 Households, Total
Floor Area: 11,400.9 m2)

Alternative Case (140 Households,
Total Floor Area: 19,302.5 m2)

Total Quantity per
Unit Area Total Quantity per

Unit Area

Concrete

Slab 3256.68 m3 0.2856 m3/m2 5999.35 m3 0.3108 m3/m2

Column - - 2207.45 m3 0.1143 m3/m2

Beam - - 1388.93 m3 0.0719 m3/m2

Wall 4706.8 m3 0.4128 m3/m2 2350.6 m3 0.1217 m3/m2

Total 7963.48 m3 0.6984 m3/m2 11,946.33 m3 0.6189 m3/m2

Rebar 944,656 kg 82.8 kg/m2 1026.080 kg 53.1 kg/m2

Cement brick 506,832 EA 44.455 EA/m2 2,883,571 EA 149.388 EA/m2

Tile

Porcelain tile (floor) 64,680 kg 5.673 kg/m2 91,272 kg 4.7285 kg/m2

Porcelain tile (wall) 74,760 kg 6.557 kg/m2 130,416 kg 6.7564 kg/m2

Expandable
polystyrene 7949.4 kg 0.6972 kg/m2 20,599.5 kg 1.0671 kg/m2

Plasterboard 154,918.4 kg 13.5882 kg/m2 417,826.5 kg 21.6462 kg/m2

PVC windows 11,945.85 kg 1.0477 kg/m2 17,159.29 kg 0.8889 kg/m2

Glass 6877.77 m2 0.6032 m2/m2 7466.25 m2 0.3868 m2/m2

5.2. Assessment of Changes in CO2 Emissions Due to High Strength Concrete

The use of high-strength concrete may reduce LCCO2 emissions by both
extending the building life as well as reducing the amount of concrete and rebar
used in the structural members. In this chapter, we specifically analyzed the decrease
in CO2 emissions due to life cycle extension, from 40 years in the reference case to
80 years in the alternative case.
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5.2.1. Consideration of the Building Life Cycle

To extend the building life cycle to 80 years, we considered the carbonation
phenomenon. Carbonation is where CO2 in the atmosphere leaches into concrete
and reacts with calcium hydroxide to form calcium carbonate, reducing the pH
of the concrete pore solution down to 8.3–10.0. Once the pH inside the concrete
is low, the rebar buried inside the concrete rusts thus decreasing its stability, and
corrosion begins. Corrosion in rebar by carbonation is a representative deterioration
phenomenon of reinforced concrete structures [31–34].

Table 3. Comparisons of the CO2 emissions of the reference case and the
alternative case.

Materials Unit CO2 Emissions Unit
(kg-CO2/Unit)

Reference Case Alternative Case

CO2
Emissions
(kg-CO2)

CO2
Emissions

(kg-CO2/m2)

CO2
Emission
(kg-CO2)

CO2
Emissions

(kg-CO2/m2)

Concrete

24 MPa m3 329.37 1,471,295.79 129.05 2,433,385.56 126.07
27 MPa m3 353.02 332,191.82 29.14 0.00 0.00
30 MPa m3 383.77 516,170.65 45.27 749,502.81 38.83
35 MPa m3 406.71 492,119.10 43.16 0.00 0.00
40 MPa m3 429.65 0.00 0.00 559,404.30 28.98
50 MPa m3 508.39 0.00 0.00 661,923.78 34.29

Rebar kg 3.84 3,627,479.04 318.17 3,940,147.20 204.13

Cement Block EA 0.27 136,844.64 12.00 778,564.17 40.33

Tile kg 13.80 1,924,272.00 168.78 3,059,294.40 158.49

Expandable
Polystyrene kg 12.73 101,195.86 8.88 262,231.64 13.59

Plasterboard kg 4.45 689,386.88 60.47 1,859,327.93 96.33

PVC Windows kg 12.10 144,544.79 12.68 207,627.41 10.76

Glass m2 27.33 187,969.45 16.49 204,052.61 10.57

Total 10,748,180.97 942.75 15,988,617.15 853.63

The infiltration rate of CO2 into concrete must be computed in order to
compute the life cycle of the reinforced concrete in a carbonation environment.
In general, it can be expressed as the square root of time, as shown in Equation (1).
In addition, the velocity coefficient A used in Equation (1) is calculated from
Equation (2), where A depends on: (1) the type of concrete; (2) the type of cement;
(3) the water-cement ratio and (4) the temperature and humidity. The coefficient A
for this study was determined using methods proposed by the Architectural Institute
of Japan [35], and carbonation depth versus time was computed. Table 4 shows the
values of the variables that determine the velocity coefficient of carbonation. We
used the values shown in Table 4 to compute the carbonation velocity:

C “ A
?

t (1)
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A “ α1 ˆ α2 ˆ α3 ˆ β1 ˆ β2 ˆ β3 (2)

where C: Carbonation Depth (cm), A: Carbonation Velocity Coefficient, and t:
Time (year).

Table 4. Variables of carbonation velocity coefficient A.

Variable Details Applied Value

α1 Concrete type Normal concrete Ñ 1
α2 Cement type Normal concrete Ñ 1
α3 Water to binder ratio W/B = 0.6 Ñ 0.22
β1 Temperature Annual average temperature 15.9 ˝C Ñ 1
β2 Humidity Annual average humidity 63% Ñ 1

β3 Carbon dioxide
concentration CO2 concentration 0.05% Ñ 1

Figure 4 shows an estimation of the carbonation velocity. Figure 4 illustrates
that concrete with a strength of 30 MPa or less may suffer from steel corrosion as
carbonation may occur in the rebar inside the concrete within 80 years (the target
service life). Therefore, in order to rule out the necessity of structure repair within
80 years, concrete with a minimum strength of 35 MPa should be used.
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5.2.2. Quantifying the Reduction of CO2 Emissions by Using High-Strength Concrete

Based on the results of the above rate of carbonation analysis, the effects of
high-strength concrete were assessed with both cases (Table 5).

Table 5. Overview of the applications of high-strength concrete.

Case-1
(Reference Case)

Case-2
(Alternative Case

1)

Case-3
(Alternative Case

2)
Case-4

(Alternative Case 3)

Structural system bearing wall columns and
beams

columns and
beams columns and beams

If carbonation is
considered or not Not considered Not considered Considered Considered
Concrete strength 24, 27, 30, 35 MPa 24, 30, 40, 50 MPa 35, 40, 50 MPa 35, 40, 50 MPa

Whole repair Once Once Unnecessary Unnecessary

Blast furnace slag Not used Not used Not used Used (substitution rate
20%)

Case 1 represents the reference case and Case 2 represents the alternative case
with repairs once every 40 years. Case 3 shows a situation in which no repair is
required over the target life cycle (80 years) with the use of 35 MPa high-strength
concrete. Case 4 shows a situation in which 20% blast furnace slag is substituted
for the high-strength concrete in Case 3. Relatively more CO2 is emitted when
high-strength concrete is used because the amount of cement used is increased
compared to normal strength concrete. In order to solve this problem, methods
such as substitution of a portion of the cement with industrial waste such as blast
furnace slag have been proposed [36,37]. This study assumed a mixture with 20%
blast furnace slag in the cement.

Based on the actual structural calculations on each case and the quantities
of concrete and rebar required, the CO2 emissions were computed and compared
(Table 6).

As for structural repair, partial repairs were assessed assuming that the entire
repair is done in consideration of inefficiency of construction, and according to the
Japan Society of Civil Engineers [38] research results, the CO2 emissions of materials
consumed for one session of repair were set to 40% of CO2 emitted from the materials
related to the structure for one session of new construction.

When high-strength concrete was used for the alternative cases (Cases 2 to 4),
CO2 emissions of concrete and rebar were reduced by 21.08% compared to the
reference case in Case 2 (structural repairs at 40 years), 35.39% in Case 3 (without
structural repair) and 37.99% in Case 4 (when blast furnace slag is substituted at 20%).
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Table 6. CO2 emissions of concrete and rebar by whether high-strength concrete is
applied or not.

Unit

Case-1
(Reference Case)

Case-2
(Alternative Case 1)

Case-3
(Alternative Case 2)

Case-4
(Alternative Case 3)

Volume
CO2

Emission
(kg-CO2/m2)

Volume
CO2

Emission
(kg-CO2/m2)

Volume
CO2

Emission
(kg-CO2/m2)

Volume
CO2

Emission
(kg-CO2/m2)

Concrete

24 MPa m3 4467 129.05 7388 126.07 - - - -

27 MPa m3 941 29.14 - - - - - -

30 MPa m3 1345 45.27 1953 33.83 - - - -

35 MPa m3 1210 43.16 - - 9301 195.98 9301 183.00

40 MPa m3 - - 1302 28.98 1302 28.98 1302 27.00

50 MPa m3 - - 1302 34.29 1302 34.29 1302 32.00

Repair - - 98.65 - 91.27 0 - 0 -

Sub-total m3 7963 345.28 11,945 319.44 11,905 259.25 11,905 242.00

Rebar kg 944,656 318.17 1,026,080 204.13 851,646 169.42 851,646 169.42

Total - 663.45 - 523.57 - 428.68 - 411.42

Ratio of reduction over case 1 21.08% 35.39% 37.99%

5.2.3. CO2 Emission for the Construction Stage

Based on our assessment of changes in CO2 emissions due to high-strength
concrete, Figure 5 shows CO2 emissions of the construction stage, which is composed
of emissions from construction works on the site (“Construction”), building material
transportation to the site (“Transportation”), and building material production off
the site (“Production”). As shown in Figure 5, Case 4 produced the least amount of
emissions and Case 1 produced the most. In all cases, Production was the stage that
produced the highest percentage of emissions.

Specifically, Case 2, which had the “column and beam” structural system,
showed 11.98% fewer emissions than Case 1 (the reference case), which had
the bearing wall structural system and less concrete and rebar. Therefore, the
‘column and beam’ structural system was effective at reducing CO2 emissions in the
construction stage if the building blocks are in similar conditions. By design, Cases 3
and 4 used high-strength concrete and had twice the building life cycle than Case 1
and 2 (80 years vs. a repair at 40 years). Despite the shorter life cycle, Case 1 had
26.7% more emissions and Case 2 had 11.5% more CO2 emissions than Case 4.

We found that the effects of the structural systems on CO2 emissions were
relatively large and that the ‘column and beam’ system was very effective at
reducing CO2 emissions compared to the load-bearing wall system during the
construction stage. In addition, applying high-strength concrete to apartment
housing is advantageous for reducing not only building material amounts but also
reducing the requirement for repairs due to extending the building’s life cycle.
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5.3. Assessment of Energy Consumption and CO2 Emissions in the Operation Stage

ArchiCAD modeling files and the EcoDesigner add-on energy simulation
program were used to assess changes in energy consumption in the operation stage.
This study did not consider the reduction rate of operational energy effectiveness [39].
Both cases were simulated under the same conditions (see Table 7) in order to assess
the energy consumption due to the different building forms, i.e., “flat-type” blocks
and “T-type” blocks.

Table 7. EcoDesigner input data for each case.

Mechanical Electrical and
Plumbing System Value

Heating and Cooling Hot Water Generation 60 ˝C

Cooling Type Natural

Ventilation
Ventilation Type Natural

Air Change per Hour 0.7 times/hour

Energy Source Heating Natural Gas

Other energy use Electricity

As for the heat transfer coefficient of the wall parts, both cases were set based
on the regional energy code in Korea. The glass used in the windows was 6 mm
thick double glazing with a heat transfer coefficient of 3.1 W/m2¨K, solar heat gain
coefficient (SHGC) of 0.66 and infiltration of 3.06 L/m2.
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Table 8 shows the calculated annual energy consumption and annual CO2

emissions depending on what direction the block is facing. These results were
generated with the EcoDesigner energy simulation software.

Table 8. Annual energy consumption and CO2 emissions per unit area.

Facing
Direction

Annual Energy
Consumption

Annual CO2
Emission

Reference case
South 130.848 kWh/m2 26.43 kgCO2/m2

Southeast 134.234 kWh/m2 27.11 kg CO2/m2

Southwest 137.592 kWh/m2 27.79 kg CO2/m2

Alternative case South 87.547 kWh/m2 17.68 kg CO2/m2

When facing south, the energy used by the alternative case decreased 33.09%
from the reference case. This was mainly due to the 24.9% reduction in the Surface to
Volume ratio (S/V ratio), which is attributed to the 25.3% decrease in the envelope
area by efficient design of four units per floor and one vertical circulation core of the
alternative case. The wall area ratio was also raised from 61.30% to 67.49%.

5.4. Discussion about Assessment of CO2 Emissions for Building Life Cycle

To assess CO2 emissions during the whole life cycle of the building, all CO2

emissions should be totaled from the construction, operational and final stages of the
building life cycle, with the final stage consisting of dismantling and disposal. In this
chapter, we summarize all previous assessments of CO2 emissions on the reference
case and the alternative cases including high-strength concrete alternatives.

Based on the assessments discussed in 5.2 and 5.3 as well as an additional
Dismantling and Disposal Assessment, Figure 6 and Table 9 show LCCO2 emissions
of all the test cases. LCCO2 emission of Case 4 was 4299 kg-CO2/m2, which
consisted of 26% in the construction stage, 73% in the operational stage, and 1%
in the dismantling and disposal stage. The total amount of emissions for Case 4 was
30% less than Case 1.

As shown in Figure 6, “Production” in the construction stage and “Occupancy”
in the operational stage are the most significant contributors to LCCO2 emission.
Therefore, applying effective CO2 emission-reducing technologies to these two sub
stages will substantially reduce total LCCO2 emissions. In addition, CO2 emissions
from heating the building and the electrical energy required for operation, both in
the operation stage, and from “Production” in the construction stage also contribute
a fair amount of LCCO2 emissions. The proportion of LCCO2 emissions from each
stage of the life cycle is similar in all four cases.

307



Sustainability 2016, 8, 752  11 of 14 

of CO2 emissions on the reference case and the alternative cases including high-strength concrete 
alternatives. 

Based on the assessments discussed in 5.2 and 5.3 as well as an additional Dismantling and 
Disposal Assessment, Figure 6 and Table 9 show LCCO2 emissions of all the test cases. LCCO2 
emission of Case 4 was 4299 kg-CO2/m2, which consisted of 26% in the construction stage, 73% in the 
operational stage, and 1% in the dismantling and disposal stage. The total amount of emissions for 
Case 4 was 30% less than Case 1. 

 

Figure 6. CO2 emissions during the building life cycle. 

Table 9. Life cycle CO2 emissions. 

CO2 Assessment Stage 
LCCO2 Emissions (kg-CO2/m2) 

Case-1 Case-2 Case-3 Case-4

Construction 

Production 1381.52 1213.83 1111.87 1086.59 
Transportation 7.39 7.39 7.39 7.39 
Construction 10.96 10.96 10.96 10.96 

Sub-total 1399.87 1232.19 1130.22 1104.95 

Operation 
Occupancy 4656.10 3115.27 3115.27 3115.27 

Maintenance 42.40 42.40 42.40 42.40 
Sub-total 4698.50 3157.67 3157.67 3157.67 

Dismantling 
and Disposal 

Dismantling 32.40 32.40 32.40 32.40 
Transportation 3.60 3.60 3.60 3.60 

Disposal 0.58 0.58 0.58 0.58 
Sub-total 36.58 36.58 36.58 36.58 

TOTAL 6134.95 4426.44 4324.47 4299.20

As shown in Figure 6, “Production” in the construction stage and “Occupancy” in the 
operational stage are the most significant contributors to LCCO2 emission. Therefore, applying 
effective CO2 emission-reducing technologies to these two sub stages will substantially reduce total 
LCCO2 emissions. In addition, CO2 emissions from heating the building and the electrical energy 
required for operation, both in the operation stage, and from “Production” in the construction stage 
also contribute a fair amount of LCCO2 emissions. The proportion of LCCO2 emissions from each 
stage of the life cycle is similar in all four cases. 

Figure 6. CO2 emissions during the building life cycle.

Table 9. Life cycle CO2 emissions.

CO2 Assessment Stage
LCCO2 Emissions (kg-CO2/m2)

Case-1 Case-2 Case-3 Case-4

Construction

Production 1381.52 1213.83 1111.87 1086.59
Transportation 7.39 7.39 7.39 7.39
Construction 10.96 10.96 10.96 10.96

Sub-total 1399.87 1232.19 1130.22 1104.95

Operation
Occupancy 4656.10 3115.27 3115.27 3115.27

Maintenance 42.40 42.40 42.40 42.40
Sub-total 4698.50 3157.67 3157.67 3157.67

Dismantling
and Disposal

Dismantling 32.40 32.40 32.40 32.40
Transportation 3.60 3.60 3.60 3.60

Disposal 0.58 0.58 0.58 0.58
Sub-total 36.58 36.58 36.58 36.58

TOTAL 6134.95 4426.44 4324.47 4299.20

As shown in Table 9, LCCO2 emissions in Case 2 were 27.8% less than that of
Case 1, mainly because the operation stage produced 32.8% fewer emissions than
Case 1. As we discussed in 5.3, the fewer emissions in the alternative cases stemmed
from the different building forms: “flat-type” blocks vs. “T-type” blocks. Therefore,
we recommend energy-efficient design strategies that optimize the S/V ratio and
the wall area ratio in order to minimize the operational energy requirements and
LCCO2 emissions.
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Applying high-strength concrete as well as a “column and beam” system
led to only a 2.9% decrease in total LCCO2 emission, but a 26.7% reduction in
the construction stage is not a small portion of LCCO2 emission. There is a
reason that this amount is usually ignored in the construction process of apartment
buildings. When apartment housing is planned and constructed initially, developers
generally try to reduce the initial construction costs and do not consider LCCO2

emissions. However, when the building is constructed with normal concrete rather
than high-strength concrete, the building generally requires normal repairs after
approximately 40 years. Although initially cheaper, normal concrete will lead to
more CO2 emissions through the whole building life cycle and lower the quality of
the structure.

Based on the comparison of block types, we highly recommend the combination
of an effective structural system such as the ‘column and beam’ system with a
long life cycle technology such as high-strength concrete to help reduce LCCO2

emissions in apartment housing projects. Our results indicate that the block type and
system structure have significant impacts on building environmental load over its
lifecycle, and significantly contribute to optimal greenhouse gas reduction. Therefore,
it is expected that the assessment process of CO2 emission based on the change in
shapes of multi-unit dwellings that are examined in this research would be applicable
in other countries, including Korea, as an alternative technique for estimating and
assessing the environment performance of apartment houses. However, the regional
applicability range could be comparatively limited as the established database of the
research is based on the actual data of multi-unit dwellings that are built in Korea.

6. Conclusions

This paper assessed LCCO2 emissions when an apartment building in Korea
with ‘flat-type’ blocks (the reference case) was changed to a more sustainable ‘T-type’
block structure with fewer CO2 emissions (the alternative case) while maintaining
the same total floor area. The quantity of building materials used and building
energy simulations were analyzed with each block type using BIM techniques, and
the LCCO2 was calculated with high-strength concrete alternatives. The conclusions
are as follows:

1. By changing the bearing wall system of the ‘flat-type’ block to the ‘column and
beam’ system of the ‘T-type’ block, the alternative case decreased the concrete
and rebar used by 11% and 36%, respectively, compared with the ba3se case
and as a result, CO2 emission decreased by 9.45%.

2. When concrete strength was raised in order to decrease carbonation and increase
durability in the ‘T-type’ block, CO2 emissions of the concrete and rebar in
the alternative case decreased by 35.39% compared with the reference case.

309



Moreover, there was an additional 2.6% reduction when the blast furnace slag
was substituted at 20%.

3. By changing the building forms, the envelope volume ratio of the ‘T-type’ block
decreased by 24% compared with the ‘flat-type’ block and, as a result, the CO2

emissions of the alternative case during the operation stage decreased by 33.1%.
4. LCCO2 emission of Case 4 was 4299 kg-CO2/m2, which consisted of 26% of the

construction stage, 73% of the operational stage, and 1% of the dismantling and
disposal stage. The total emissions were 30% less than Case 1.
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