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ABSTRACT

Recently, an Environmental Management System (EMS) has been used to promote effective environmental protection.

Environmental Performance Assessment (EPA) is a critical tool of the EMS in checking, reviewing, monitoring and

evaluating environmental performance of organizations. To implement EPA, the relations between Environmental Op-
erational Indicators (EOIs) used in EPA and Environmental Performance Indicators (EPLs) are required, which, how-
ever, are lacking in the construction industry. This paper attempts to develop a series of EOIs and EPIs of individual con-
struction projects for EPA and to measure their relations by using least-squares fitting and robust fitting methods. The
results show that the defined EOIs correlate strongly with EPLs. Therefore, EPA can be used to identify areas for continu-
ous improvement, and also can provide an early indication of the environmental performance for an organization.
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1. INTRODUCTION
All over the world, environmental protection is an
important issue (Tse 2001). Comparing with other
industries, construction generates a larger amount
of pollutants, including noise, air, solid waste and
water (Ball 2002; Morledge 2001). There are sug-
gestions that the environmental effects of the con-
struction industry can be studied under the follow-
ing headings: (i) energy consumption; (ii) dust and
gas emission; (iii) noise distribution; (iv) waste
generation; (v) water discharge; (vi) use of water re-
sources; (vii) unnecessary building consumption;
(viii) pollution by building materials; (ix) land use;
and (x) use of natural resources (Clements 1996).
Environmental impacts of buildings over their en-
tire life cycle process have been recognized as a seri-
ous problem for the construction industry (Polster
et al. 1996). Nevertheless, the construction indus-
try has not been shown much concern on environ-
mental issues (Ball 2002).

The Hong Kong Government launched a Green
Manager Scheme in 1995, requiring every govern-

mental department to appoint a Green Manager in
managing the environmental performance of individ-
ual organizations (Environmental Protection Depart-
ment 2006). As a re-echo to the scheme, all sectors in-
cluding construction have started to pay attention to
environmental issues. Since then, Environmental Per-
formance Assessment (EPA) has become important to
construction contractors. Since EPA is a new concept
for the construction industry in Hong Kong and
there is not a commonly accepted standard assess-
ment tool for measuring environmental performance,
an attempt is made to identify the tool.

2. RESEARCH OBJECTIVES

This paper aims to evaluate the effectiveness of EPA
by correlating the operational level (EOIs) and the
environmental performance outcome (EPIs) for indi-
vidual construction projects in Hong Kong. The ob-
jectives are to:

* Highlight the importance of EPA in evaluating

environmental performance;
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* Identify a series of EOIs and EPIs;

* Examine the relationships between £OIs and EPIs
in the context of construction by using least-
squares fitting and robust fitting methods; and

* Provide some implications from the analysis into
environmental management for the construction
industry.

There are five construction companies conducting
49 projects which have been recorded for this study.
Each project has been given an actual sub-indicator
score by the in-charge project manager. It should be
stressed that the paper is only devoted to individually
analyse the projects by using their actual sub-indica-
tor scores. The performance of each company is not
considered in this paper.

3. RESEARCH METHODOLOGY

The methodologies presented in this paper are con-
veniently supported by the SPSS and MATLAB pro-
gramming packages including all plots and mathe-
matical equations.

3.1 Least-Squatres Fitting Method

Consider a problem of fitting a set of NV data points

of (x;, ) to a straight-line model (Press et al. 1994),
() =y a, b) = a+ bx (1)

by assuming that the probability of finding y; is ©;
and that x/’s are given.

FIGURE 1. A comparison of robust-
fitting and least-squares linear regression 6
methods [7].

After some lengthy mathematical manipulations,
the final values of # and 4 are given as:
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The least-squares fitting method can be used to lin-
early fit a given set of data. However, in practice, if
there exist measurement errors, there are outliers which
do not belong to the recorded data population and se-
verely affect the performance of the linear regression
technique. One effective solution to this problem is to
assign a lesser weight to outliers and more weight to
data points which belong to the population. This
method is called robust fitting of data points.

3.2 Robust Fitting Method
The robust fitting method uses an iteratively re-
weighted least-squares algorithm, with the weights at

Outlier ignored by robust fitting method
but severely affects the least-squares method

Least-squares
fitting method
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each iteration are calculated by apply a bisquare
function to residuals from the previous iteration.
This algorithm gives a lower weight to points that do
not fit well and a larger weight to points which likely
belong to the data population. The results are thus
less sensitive to outliers in the data as compared with
the ordinary least-squares linear regression method.
It should be noted that an outlier is usually identified
as the odd-one-out data point compared to the re-
maining data points which belong to a predefined
population. Therefore, the outlier cannot be a gen-
uine data point and it is caused by measurement er-
rors or external disturbances.

The effectiveness of the robust fitting linear re-
gression method is best demonstrated by using an ex-
ample. Consider a set of data points which are gener-
ated by using simulations. The input vector x; is a
column array of values from one to ten. The output
y; is given as a function of x; with some added ran-
dom noise. Linear regression is then applied to fit the
data using the least-squares and robust fitting meth-
ods. The results of both methods are shown in Figure
1 in which the robust-fitting method clearly gives a
better fit than the least-squares method as the former
gives less weight to erroneous points caused by meas-
urement errors. The least-squares method is severely
affected by the outlier resulting in a lesser-slope
straight line.

3.3 Interviewing Project Managers

After identifying the EOIs and EPIs, the relation-
ships among them were assessed. A sample of forty
nine construction projects managed by five construc-
tion firms was studied. Forty nine project managers
were interviewed in which all EOIs and EPIs have
been clearly explained to them for clarity. All the in-
terviewed project managers were engaged in all levels
of on-site activities and had site experience of at least
fifteen years. As the interviewees are experienced
project managers and they have been involved in the
overall project management, they can provide the
best knowledge on the projects’ environmental man-
agement issues. The details of the projects are tabu-
lated in Table 1.

The comparative results for the forty nine con-
struction projects were measured based on the infor-
mation given by project managers which were asked
to choose appropriate actual sub-indicator scores

TABLE 1. Details of interviewed construction projects

Project  Project
Number  Type

Contract

Sum

Location (millions)

Construction
Firm

1 PBH
2 PBH
3 PH
4 PH
5 PH
6 PH
7 cM
8 cM
9 D

10 PBH
11 PBH
12 PH
13 PH
14 M
15 M
16 cp
17 |

18 s

19 PBH
20 PBH
21 PH
22 PH
23 M
24 ™M
25 |

26 |

27 |

28 S

29 PBH
30 PBH
31 PBH
32 PH
33 PH
34 PH
35 cp
36 cp
37 |

38 |

39 PBH
40 PBH
41 PBH
42 PBH
43 PH
44 PH
45 PH
46 M
47 cp
48 |

49 S

K
HKI
K
K
HKI
HKI
NwW
NW

HKI
NW
NW
HKI
NW
NW

HKI
HKI
NwW

HKI
HKI
NwW
NwW

NW
HKI
NwW

HKI
HKI
NwW

NwW
HKI
HKI
HKI
K
NwW
NwW
NwW
K
K
K
HKI

150M
119M
5M
470M
600M
10M
418M
142M
43M
306M
260M
180M
213M
63M
95M
63M
5M
17M
90M
48M
65M
148M
68M
29M
48M
37M
79M
68M
159M
36M
79M
58M
94M
284M
147M
97M
260M
248M
278M
169M
79M
94M
349M
179M
297M
69M
37M
59M
68M

mmmmmmmmmmmOOOO0OO0OTO0OO0OTONONONONNDNNNTIIIIIII®EPP®Z>I>>T>> > > >

Notes: Project type: PBH — Public housing; PH — Private
housing; CM — Commercial; CP — Composite building;
| — Industrial; S — School. Location: K — Kowloon; HKI —

Hong Kong Island; NW — New Territories
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TABLE 2A. Actual sub-indicator scores from project managers

EOI- EOI- EOI- EOI- EOI- EOI- EOI- EOI- EOI- EOI- EOI- EOI- EOI-
31 51 71 81

EOI-
21

Project EOI-
number

74

73

72

63

62

61

52

42

41

11
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10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

48
49

355 422 459 408 486 4.57 394 359 388 410 373 441 384 3.73

4.16

Mean

Standard

119 147 154 176 176 176 159 180 137 129 148 150 1.33

1.32

deviation 1.64
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which are described in Section 4. The score
of each sub-indicator is given in Table 2. A
rating scale of one (least important) to
seven (most important) was used according
to the operational measures and the envi-
ronmental performance adopted in the
projects.

4. DEVELOPING PERFORMANCE
INDICATORS

Environmental Performance Assessment
(EPA) is a critical tool of EMS in checking,
reviewing, monitoring and evaluating envi-
ronmental performance of organizations. It
is an ongoing process of collection and as-
sessment of data and information to pro-
vide an up-to-date performance evaluation
(Jasch 2000; Tam et al. 2002a). A primary
role of EPA is to provide a comprehensive
assessment of the environmental perform-
ance of a construction project. Environ-
mental indicators focus on the use of tangi-
ble measures to evaluate environmental
performance. They offer significant and
standardized data for environmental per-
formance, not only as assessment but also
in comparison with different site conditions
(Benneth 1999; Jasch 2000). By monitor-
ing the indicators, regular evaluation and
target control can be exercised since they
can highlight any adverse trends in the
process of environmental control (Tam et
al. 2002b). Since operational performance
is an important and indispensable element
in evaluating environmental performance,
this paper focuses on evaluation factors of
EPA at an operational level, because site en-
vironmental assessment is essential for par-
ties within a construction organization
(Clayton Group Services 2001; Crawley
1999; Ren 2000). EOIs and EPIs are used
in this study as main indicators. Under each
main indicator, there are sub-indicators
which are used to further describe different
conditions under which environmental per-
formance is performed. It should be
stressed that the values of sub-indicators
cannot experimentally be measured but

TABLE 2B. Actual sub-indicator scores from project managers

Project EPI- EPI- EPI- EPI- EPI- EPI- EPI- EPI-
number 17 21 22 23 31 32 41 51

1 5 0 0 1 0 0 20 25
2 6 1 0 2 0 0 1.5 10
3 4 0 0 1 0 1 50 0.02
4 5 0 0 1 0 1 120 34.2
5 6 0 0 1 2 5 750 12
6 6 0 0 1 3 6 360 17
7 5 0 0 1 1 3 171 21
8 5 0 0 1 4 5 438 36
9 5 0 0 1 4 5 135 6
10 6 2 2 2 2 2 882 1
11 3 0 0 1 0 0 0 0.2
12 6 3 0 2 0 0 400 0.3
13 6 0 0 1 0 0 1 0
14 5 0 0 1 0 0 1 0
15 5 0 0 1 5 0 0 40
16 6 0 0 1 0 0 0 40
17 3 0 0 1 0 0 0 36
18 4 0 0 1 0 0 0 38
19 4 4 2 3 5 6 5 2
20 4 1 2 1 2 4 5 0.1
21 5 2 1 2 1 4 1.3 1
22 2 4 3 3 5 6 1.3 10
23 1 1 2 2 3 0 0 3
24 3 4 10 3 1 1 0.5 0.2
25 4 2 2 2 1 1 0.4 0
26 6 0 1 1 1 1 0.7 1.1
27 3 0 0 1 1 1 1 0
28 4 0 0 1 0 0 1 0
29 5 1 2 2 1 1 0.8 0
30 4 0 0 1 0 0 500 10
31 2 2 2 3 4 2 2 0
32 6 0 0 1 2 3 0.5 1
33 6 0 0 1 0 0 0 0
34 5 0 0 1 0 0 0 0
35 4 1 0 2 4 1 0 2
36 5 0 4 1 0 5 80 1.69
37 2 0 0 1 1 0 1.15 0
38 4 0 2 1 0 2 0 0.6
39 3 0 1 1 0 0 0.01 0
40 3 1 1 1 0 1 0.6 0
41 5 1 0 2 2 1 0 45
42 6 0 0 1 0 1 1 121
43 7 0 0 1 0 0 0.34 0
44 1 4 8 3 5 6 80 21
45 2 4 5 3 4 5 80 21
46 1 3 4 2 3 4 80 12
47 7 0 0 1 0 0 0 0
48 6 1 0 1 0 0 0 0
49 6 0 0 1 0 0 0 0
Mean 443 0.56 1.10 145 137 1.71 85.14 9.40
Standard

deviation1.59 1.34 207 0.71 1.73 211 212.50 13.87
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they are given by project managers after rigorously
assessing the performance of each project under the
sub-indicator conditions. Thus, it can be said that
the sub-indicator scores are subjective and qualita-
tive, and are significantly dependent on the project
managers. Even though the sub-indicator scores are
subjective, the scores reported in this paper are con-
sistent among the forty-nine projects which means
that they can be used to effectively analyse individual
project environmental performance. The characteris-
tics of EOIs and EPIs are discussed as follows.

4.1 Environmental Operational Indicators
(EOIs)

Organizational operations are defined as being physi-
cal facilities and equipment, during the production
processes (Jasch 2000). EOIs are used to assess the
major inputs including resources, energy and other
aspects of facilities and equipment, which relate to: )
design, operation, and maintenance; i7) materials,
energy, products, services, waste, and emissions; and
111) supply of materials, energy and services to, and
the delivery of products, services and waste, associ-
ated with the organization’s physical facilities and
equipment.

In this study, some parameters for £OIs are sug-
gested; for example, environmental site planning can
provide an early preparation for the overall environ-
mental performance (Jasch 2000; Kuhre 1998); en-
ergy consumption should be included in the evalua-
tion criteria of £OIs (Bennett 1999; Clayton Group
Services 2001; International Organization of Stan-
dardization 2006; Jasch 2000; Kuhre 1998; Meyer
2001; Tibor 1996); effective maintenance of equip-
ment helps improving operating efficiency and hence
operational environmental performance (Benneth
1999; HK-BEAM 1999). There is no doubt that air,
noise, sewage and waste are the four major environ-
mental problems and should be given considerable
attention to improve environmental performance
(Environmental Protection Department 20006);
input of services used to prevent and to minimize the
generation of these four subjects should be consid-
ered (Bachas and Tomaras1994; Benneth 1999; Ben-
neth and James 1999a; Clayton Group Services
2001; Jasch 2000; Kuhre 1998). In addition, waste
indicators should also be included as they are highly
visible phenomena and their targets can be set and

easily understood (Benneth 1999; Benneth and
James 1999a). Based on the above, there are eight in-
dicators for inputting operational measures.

EOI-1: Environmental Site Planning. Site plan-
ning is critical in determining and improving the
performance of on-site activities which allows better
arrangement of activities in respect of labor, plant
and equipment, materials, time, and cost (Jasch
2000; Kuhre 1998). Devising a plan that outlines the
environmental management program and the opera-
tional practices on construction sites can streamline
operations, cut costs and improve environmental
performance. Hence EOI-11: Initial site planning is a
sub-indicator.

EOI-2: Energy Consumption. Energy is required to
support all operations, such as use of construction
plants and temporary lighting systems (Benneth and
James 1999a; 1999b; Jasch 2000). It is necessary to
understand the consumption of energy during con-
struction activities (Henderson and McAdam 2000;
Tibor 1996). EOI-21: Monitor of energy usage is thus
a sub-indicator.

EOI-3: Maintenance of Equipment. Many aspects
of facilities and equipment can influence the envi-
ronmental performance of construction. For in-
stance, regular maintenance of equipment can often
reduce the generation of emission and help improve
operating efficiency (Benneth and James 1999a;
1999b; HK-BEAM 1999). Hence EOI-31: Quality
of maintenance is a sub-indicator. Under this sub-in-
dicator conditions, equipment are assumed to be of
the same age which means equipment being properly
maintained will have less emission than those being
pootly maintained.

EOI-4: Air Pollution Control. Total suspended par-
ticulates have increased in our environment, which
affect the respiratory system, reduce visibility, lead to
dirty clothing and buildings, and increase the rate of
corrosion. Construction activities generate a lot of
dust and significantly contribute to air pollution.
This situation needs to be controlled by EOI-41:
Water sprays for minimizing dust airborne particles,
and EOI-42: Mitigation measures to the generation of
polluted air (Chen and Wong 2000). As explained
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earlier, the scores of these sub-indicators cannot ex-
perimentally be measured but given by project man-
agers after rigorously assessing the project perform-
ance under the sub-indicator conditions. The same
concept is applied for subsequent sub-indicators.

EOI-5: Noise Pollution Control. The high-density
development such as Hong Kong makes noise as one
of the critical construction concerns (Cole 2000).
Noise is an inevitable phenomenon resulting from
construction work, in which piling is the nosiest ac-
tivity. Therefore, to reduce its impacts, EOI-51: Time
management and EOI-52: Mitigation measures to
noise levels are sub-indicators.

EOI-6: Water Pollution Control. Generation of
polluted water and the ineffective use of water are
common in construction activities (Hong Kong Pro-
ductivity Council 2000). It is necessary to encourage
and educate the staff according to sub-indicators
EOI-61: Monitor of water usage; EOI-62: Water
reusing and recycling systems; and EOI-63: Wastewater
treatment.

EOI-7: Waste Pollution Control. The amount of
waste is increasing at a fast rate (Environmental Pro-
tection Department 2006). According to the Envi-
ronmental Protection Department (2006), the con-
struction industry generated about 32,710 tons of
C&D waste per year in 1998, nearly 15% above the
figure in 1997. Inconsistent with the continuous de-
velopment of economics and infrastructure, public
awareness on waste reduction is always low on con-
struction sites, which aggravates the situation. As a
result, excessive loss of materials and improper waste
management are common. EOI-71: Purchasing man-
agement (Hong Kong Housing Authority 2002),
EOI-72: Waste reuse and recycling (Lawson et al.
2001; Poon 1997), EOI-73: Green construction tech-
nology (Chen and Wong 2000) and EOI-74: Chemi-
cal waste treatment (Tilford et al. 2000) are hence
used as sub-indicators.

EOI-8: Ecological Control. Ecological impacts are
not common for building projects in Hong Kong
but can be significant for civil engineering projects.
An ecological impact means any disturbance to the
pre-existing conditions such as topsoil, trees and veg-

etation and living habitats (CIRIA 1999). EOI-81:
Degree of efforts in reducing ecological impact is hence
a sub-indicator. It can be determined by measuring
the effort to cope with potential ecological impacts.

4.2 Environmental Performance Indicators
(EPIs)

EPIs need to be developed to reflect the output per-
formance of a project, which are used to evaluate the
efficiency and effectiveness of environmental man-
agement systems (Canadian Institute of Chartered
Accountants 1994). First on-site activities such as site
cleanliness do directly affect environmental perform-
ance. Second, the regulatory compliance should be
included in EPIs (Jasch 2000; Tam et al. 2002;
Thoresen 1999; White and Zinkl 1999) since the
legislation sets the minimum standard for environ-
mental protection. Jasch (2000) pointed out that en-
vironmental auditing activities could also provide
quality documentation information for controlling
and monitoring environmental performance.

EPI-1: Site Environment. Site environment includ-
ing cleanliness and tidiness can determine the envi-
ronmental performance. For example, poor position-
ing and maintenance of storage areas for materials
always result in accidental damages. Proper control
and documentation on material flow can minimize
material wastage. EPI-11: Overall site environment is
hence a sub-indicator. It should be noted that this
sub-indicator is not part of site planning but it indi-
cates the project overall performance which can also
be considered as a project outcome.

EPI-2: Regulatory Compliance. There are a number
of regulations and ordinances related to environmen-
tal protection in Hong Kong (Environmental Protec-
tion Department 2006). The EPA program helps as-
sessing the achievement in environmental regulatory
requirements (Benneth and James 1999a; 1999b;
Jasch 2000; Kuhre 1998; Meyer 2001). EP[-21:
Number of prosecutions received; EPI-22: Number of
complaints | warnings received; and EPI-23: Amount
of fines and penalties paid are hence sub-indicators.

EPI-3: Auditing Activities. Auditing activities pro-
vide information on the performance of the system.
Further, construction organizations need to provide
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sufficient preparations for pre-auditing, auditing
and post-auditing activities (Jasch 2000) through
which it can improve the operational system. Simi-
lar to EPI-11, it should be noted that auditing per-
formance of the project is not considered as an £O/
but rather an outcome of the project which is indi-
cated by the EPI. Thus, it is clear that EPI-31: Non-
conformance report and EPI-32: Report of marginal
cases put under observation, provide relevant knowl-
edge in understanding the project performance on
auditing activities. These sub-indicators are usually
in the form of written reports which are provided
by auditors after audition. In this case, the sub-indi-
cators’ scores are given by the auditors instead of
the project manager.

EPI-4: Waste Generation. Waste generation is al-
ways the main concern for any organization in which
the main issue is to lower its waste levels. Therefore,
EPI-41: Monthly waste generation (in tons) should be
considered as a sub-indicator. At the time of record-
ing the data, all forty nine projects were in the con-
struction stage of concreting, formworking and steel-
bar fixing which explains why the data are consistent
and hence can be used for comparison. Data col-
lected from these projects when they are in different
stages apart from those aforementioned cannot be
therefore used for comparison purposes.

EPI-5: Accident Rate. Quality, environmental and
safety are important for construction projects (Shen
and Tam 2002). Among them, safety directly affects
human life. Therefore, EPI-51: Accident rate (per
1,000 mandays) should be considered as a sub-indi-
cator on site.

5. RESULTS
5.1 Least-Squares Fitting Method

The linear-regression using least-squares and robust-
fitting methods are used to establish mathematical
relationships among environmental indicators with
the following advantages

1. Be able to estimate the performance of a particu-
lar EPI based on a number of given sub-indica-
tors;

2. Be able to predict the value of a particular £PF;

©

Be able to identify the most dominant EOJs;

4. To simplify the work of managers and organiza-
tions for long-term investment; and

5. To enable organisations to effectively control the

output indicators by lowering the weight on less-

dominant £OIs and increasing more weight on

more-dominant £OJs.

The R factors of all equations are estimated to as-
sess the goodness-of-fit of the method applying to
each sub-indicator on EP/ based on the given EOIs.
Egs. (6) to (13) give mathematical relations of EPIs
in terms of EOIs.

EPI-11 = 0.313EOI-11 — 0.231EOI-21 +
0.203EOI-31 + 0.079EOI-41 +
0.023EOI-42 + 0.263EOI-51 +
0.138EOI-52 — 0.184EOI-61 —
0.102EOI-62 + 0.091EOI-63 —
0.016EOI-71 + 0.049EOIL-72 +
0.125E0I-73 + 0.289EOI-74 +
0.087EOI-81 (with R Square of 0.822)  (6)

EPI-21 = —-0.031EOI-11 + 0.182EOI-21 —
0.376EOI-31 — 0.316EOI-41 +
0.228EOI-42 + 0.113EOI-51 —
0.294EOQI-52 — 0.051E0I-61 +
0.252E01-62 - 0.101EOI-63 +
0.239EOI-71 — 0.319EOI-72 —
0.139EOI-73 — 0.181EOI-74 +
0.089EOI-81 (with R Square of 0.293)  (7)

EPI-22 = —0.159E0I-11 — 0.049EOI-21 —
0.450EOI-31 — 0.305EO0I-41 —
0.269E0I-42 — 0.396EOI-51 —
0.221EOI-52 + 0.176EOI-61 +
0.480EOI-62 — 0.029E0I-63 +
0.411EOI-71 — 0.226E0OI-72 —
0.170EOI-73 — 0.485EO0I-74 +
0.289EOI-81 (with R Square of 0.357)  (8)

EPI-23 = —0.104EOI-11 + 0.113EOI-21 —
0.234EO[-31 - 0.171EOI-41 +
0.142EOI-42 + 0.092EOI-51 —
0.169E0I-52 + 0.068EOI-61 +
0.126EOI-62 — 0.112EOI-63 +
0.231EOI-71 — 0.245E0I-72 —
0.045EOI-73 — 0.110EOI-74 +
0.070EOI-81 (with R Square of 0.380)  (9)
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EPI-31 = 0.024EOI-11 + 0.266EOI-21 —
0.3EOI-31 + 0.321EOI-41 —
0.320EOI-42 — 0.319EOI-51 —
0.391EO0I-52 + 0.044EOI-61 +
0.338E0I-62 — 0.035EOI-63 —
0.181EOI-71 + 0.330EOIL-72 +
0.449EO0I-73 — 0.167EOI-74 +
0.318EOI-81 (with R Square of 0.317) (10)

EPI-32 = —0.406EOI-11 + 0.320E0OI-21 —
0.285EOI-31 — 0.029E0OI-41 —
0.181EOI-42 + 0.441EOI-51 —
0.495EOI-52 — 0.097EOI-61 —
0.641EOI-62 — 0.256EOI-63 +
0.136EOI-71 + 0.207EOI-72 +
0.146EOI-73 — 0.137EOI-74 —
0.239EOI-81 (with R Square of 0.406) (11)

EPI-4] = 34.276EOI-11 + 29.277EOI-21 +
62.453EOI-31 + 4.512EOI-41 —
95.311EOI-42 - 57.835EOI-51 +
50.081EO0I-52 + 1.571EOI-61 +
1.689E0I-62 + 39.426EOI-63 —
57.338EOI-71 + 39.808EOI-72 +
64.872EOI-73 + 18.613EOI-74 —
65.244EOI-81 (with R Square of 0.335) (12)

EPI-51 =—1.551EOI-11 + 4.262EOI-21 —
1.464EOI-31 + 0.353EOI-41 +
5.9EOI-42 — 1.445EOI-51 —
1.934E0OI-52 — 1.237EOI-61 +
1.036EOI-62 — 1.042EOI-63 —
3.193E0I-71 + 2.992E0I-72 —
1.615EOI-73 + 2.015EOI-74 —
0.903EOI-81 (with R Square of 0.361) (13)

From Egs. (6) to (13), it is evident that the
least-squares linear regression method yields low
R? factors except for EPI-11 as seen in Eq. (6).
This means that only EPI-11 is suitable for the
least-squares linear regression method and other
EPIs cannot be accurately modeled. From Eq. (6),
it is clear that EPI-11 site environment is domi-
nantly dependent on EOI-11 environmental site
planning with regression coefficient of about
0.313. To further explain this relationship, an
early site environmental planning enhances envi-
ronmental awareness, which can help providing an
early alert to environmental problems which may

occur in the project, thus improve the overall envi-
ronmental performance. Eq. (6) also shows that
the least-squares fitting linear-regression method
can be used to study a mathematical relationship
between environmental planning and the overall
performance.

The other remaining sub-indicators (EPI-21 to
EPI-51) cannot be expressed in terms of £Os due to
their low R’ factors as shown in Eqs. (7) to (13)
which shows the major disadvantage of this method.
It should be noted that the R* factor represents the
goodness-of-fit of the fitting model. The closer the
factor to unity, the better the fit. For the least-squares
linear regression method, the main reason why its &
factors are low is that there are outliers in the given
EOIs which severely affect its performance as shown
in Figure 1.

5.2 Robust Fitting Method

The robust-fitting linear regression method is used to
mathematically link the same set of EOJs and EPIs as
carried out in Section 5.1 using the least-squares lin-
ear regression method. The main advantage of this
method is that it assigns a lower weight to outliers
which are considered as measurement errors. As a re-
sult, a better fit to the data can be achieved. Egs. (14)
to (21) mathematically describe the relationship
among the £OIs and EPIs. The R factors of all equa-
tions are also estimated.

EPI-11 = 0.2870EOI-11 — 0.1241EOI-21 +
0.1437EOI-31 + 0.0649EOI-41 +
0.0902E0I-42 + 0.0557EOI-51 +
0.3456EQI-52 — 0.2041EOI-61 —
0.0919E0I-62 + 0.0118EOI-63 —
0.0812EOI-71 + 0.1902EOI-72 +
0.0752EOI-73 + 0.4374EOI-74 —
0.1202EOI-81 (with R Square of 0.99) (14)

EPI-2] = —0.0831EOI-11 + 0.1637EOI-2] —
0.3762EOI-31 — 0.3091EOI-41 +
0.2054EOI-42 + 0.0991EOI-51 —
0.2808E0I-52 + 0.0325EOI-61 +
0.2172E0I-62 — 0.0803E0OI-63 +
0.2620EOI-71 — 0.2798E0I-72 —
0.1135E01I-73 — 0.1876EOI-74 +
0.0895E0I-81 (with R Square of 0.98) (15)
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EPI-22 = —0.2443FEOI-11 — 0.2135EO0I-21 +
0.1556E0I-31 — 0.0698EOI-41 —
0.3799EO0I-42 — 0.1538EOI-51 —
0.1370EOI-52 + 0.3290EOI-61 +
0.2340EO0I-62 — 0.0753EOI-63 —
0.1512EOI-71 + 0.4247EOI-72 +
0.0985E0I-73 — 0.3137EOI-74 +
0.0388EOI-81 (with R Square of 0.99) (16)

EPI-23 =—-0.1138EOI-11 + 0.1076EOI-21 —
0.2368E0I-31 — 0.1747EOI-41 +
0.1372EOI-42 + 0.0960EOI-51 —
0.1716EOI-52 + 0.0733E0I-61 +
0.1216EOI-62 — 0.1100EOI-63 +
0.2475E01-71 — 0.2372EOI-72 —
0.0432EOI-73 — 0.1104EOI-74 +
0.0691EOI-81 (with R Square of 0.97) (17)

EPI-31 = —0.4104EOI-11 + 0.0630EOI-21 —
0.3601E0I-31 — 0.5230E01-41 —
0.3749EOI-42 + 0.4186EOI-51 —
0.1717EOI-52 — 0.4423EOI-61 +
0.8759E0I-62 — 0.0431EOI-63 +
0.6806EOI-71 + 0.7597EOI-72 —
0.0300EOI-73 — 0.2529E0I-74 —
0.7343EOI-81 (with R Square of 0.99) (18)

EPI-32 = 0.0304EO0I-11 + 0.2856E0I-21 —
0.3065E0I-31 + 0.2836EOI-41 —
0.2999EO0I-42 — 0.3404EOI-51 —
0.3928E0I-52 — 0.0414E0OI-61 +
0.3566E0I-62 + 0.0205E0I-63 —
0.1657EOI-71 + 0.3422EOI-72 +
0.4520E0I-73 — 0.1404EOI-74 +
0.2685E0I-81 (with R Square of 0.99) (19)

FIGURE 2. R square plot of Equations (6)
to (21).

EPI-41 = —1.6740EOI-11 + 0.9179EOI-21 +
2.4328EOI-31 + 2.9321EOI-41 —
2.4342EOI-42 — 1.3383E0I-51 —
12.3228EOI-52 + 11.5250E0I-61 +
0.6660E0I-62 — 1.5464EOI-63 +
0.6320EOI-71 + 4.2996EOI-72 —
8.2585E01-73 — 1.9137EOI-74 +
6.8380EOI-81 (with R Square of 0.99) (20)

EPI-51 = 0.3851E0I-11 + 4.1705E0I-21 +
0.6068EOI-31 + 1.3474EOI-41 +
1.8506EOI-42 — 0.2591E0I-51 —
4.0959E0I-52 — 0.6672EOI-61 +
1.9631EOI-62 — 0.8706EOI-63 —
3.2431EOI-71 + 3.0415EOI-72 +
0.0862E0I-73 + 0.7523E0OI-74 —
1.0677EOI-81 (with R Square of 0.99) (21)

From Equations (6) to (21), the R square values of
the least-squares and robust fitting methods are plot-
ted in Figure 2 in which it is evident that the latter
method yields much larger R square values which
shows its effectiveness compared to the least-squares
fitting method. As a result, the robust fitting method
can be used to reliably express £PIs in terms of dom-
inant EOIs as shown later.

From Eq. (14), it can be noted that EOI-74 chem-
ical waste treatment is the dominant sub-indicator for
EPI-11 overall site performance with the regression co-
efficient of about 0.4374. From one of the interview
discussions with a project manager, it was high-
lighted that chemical materials need to be continu-
ously taken care of using storage management and
waste treatment. The aim of the project was to lower

EFR11

ER21

EPLI2 EPLT3 EPE3 EP-32 EPl-41 EPIS"
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chemical waste which is sent for special treatment be-
fore being dumped to a landfill, thus incurring a
high dumping charge. Further, if one can provide ef-
ficient chemical waste management, the other envi-
ronmental management can be easily dealt with
using the experience gained from chemical waste
management. Therefore, sub-indicator EOI-74
chemical waste treatment directly affects the overall
site performance.

From Egs. (15) and (17), EOI-31 maintenance of
equipment is one of the dominant sub-indicators af-
fecting EPI-21 prosecutions received and EPI-23 fines
and penalties paid with regression coefficients of
about 0.3762 and 0.2368 respectively. This result is
consistent with the interview discussions with the
project managers who explained that noise pollution
is the main element, rather than air, water and waste
pollution, which caused prosecution. As noise pollu-
tion is the main concern of the nearby sensitive par-
ties, if construction activities cause high noise pollu-
tion, the company will receive prosecutions leading
to fines and penalties. Therefore, regular mainte-
nance of equipment is important for efficient opera-
tions and to effectively control noise generation.

From Egs. (18) and (19), EOI-72 waste reuse and
recycling is one of the main sub-indicators affecting
EPI-31 non-conformance auditing report and EPI-32:
auditing report of marginal cases with regression coef-
ficients of about 0.7597 and 0.3422 respectively.
Wiaste is considered to be a major pollution problem
contributing to about 38% of the total environmen-
tal pollution along with noise, air and water pollu-
tion (Environmental Protection Department 2006).
Thus, if waste reuse and recycling are carried out ef-
fectively, then auditing performance can be im-
proved.

From Eq. (20), it is clear that EPI-41 is strongly
affected by EOI-52: mitigate measure of noise pollu-
tion control with the regression coefficient of about
12.3228. From the interview discussion with site
managers, this relationship can be laterally viewed as
effective control of noise level creates better working
environment for workers on site and for the sur-
roundings as less complaints from noise sensitive par-
ties are filed, thus reducing waste generation. The use
of more efficient machinery instead of old and less-
efficient equipment can significantly lower noise and
waste levels generated by the machine. This means

that old machinery could one day become waste it-
self and new machinery generates less waste by itself
than the old ones. For example, maintenance waste
generated by the machine such as old tires, dirty oil
and the required transport to move the old machine
to geographically difficult locations can be signifi-
cantly reduced if a more efficient and advanced ma-
chine is employed instead of an old machine.

From Eq. (21), it is clear that the accident rate is
also dependent on EOI-52: mitigate measure of noise
pollution control with the regression coefficient of
about 4.095. As explained earlier, the use of better
equipment instead of old and insufficient equipment
results in lower waste generation and a lower acci-
dent rate. It should also be noted that EOI-21 energy
consumption possesses inverse effects to those of EOI-
52: mitigate measure of noise pollution control, in
which the effects of both sub-indicators can cancel
each other. Under this condition, the accident rate is
dependent on EOI-72 waste reuse and recycling with
the regression coefficient of about 3.0415. The can-
cellation of EOI-21 energy consumption and EOI-52:
mitigate measure of noise pollution control occurs when
too-expensive equipment are used to minimise the
noise level which is not unusual in the construction
industry. In addition, a positive score of FOI-52
means that more efficient machines are used to re-
duce the noise pollution level which yields a negative
score for £OI-21. This means by using more ad-
vanced equipment, energy can be saved.

It is clear that the robust-fitting method pro-
vides satisfactory fitting to the data with its R* fac-
tors of all equations are in the range of 0.97 and
0.99, meaning that these equations can be effec-
tively used to predict the results of £PIs. Individual
coefficients can also be used to identify the domi-
nant £OIs with respect to a particular £P/. From
that, it is possible to reduce the number of £OIs by
using only the dominant EOIs, resulting in a sim-
pler measurement process of analyzing EPIs. For
example, in Equation (10), the coefficients of EOI-
52 and EOI-74 are the most dominant compared
to the remaining FOIs’ coefficients, and therefore
EPI-11 can be approximately expressed in terms of
EOI-52 and EOI-74. The same method can also be
applied to the remaining Equations (15) to (21) to
work out the simplified equations for the remain-
ing EPIs based on the dominant EOIs.
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6. CONCLUSIONS
Construction and demolition activities can easily
generate pollution and affect the environment. To
manage these, Environmental Management Systems
(EMSs) are implemented. However, there is no evi-
dence regarding the effectiveness of such systems.
Environmental performance assessment (EPA) has
been suggested to make regular assessment on sites at
operational levels. EPA provides information about
the achievement of environmental policy to enable
organizations to direct its resources in meeting envi-
ronmental criteria and to identify ways for improve-
ment. To support the applications of EPA, a set of
EOIs and EPIs has been developed to provide infor-
mation on operational performance. The £OIs are
identified as: 1) Environmental Site Planning; ii) En-
ergy Consumption; iii) Maintenance of Equipment; iv)
Air Pollution Control; v) Noise Pollution Control; vi)
Water Pollution Control; vii) Waste Pollution Control,
and viii) Ecological Control. The EPIs are: i) Site En-
vironmental; ii) Regulatory Compliance; iii) Auditing
Activities; iv) Waste Generation; and v) Accident Rate.
By studying the correlations between EOIs and
EPIs, the effectiveness of these sub-indicators is ex-
amined. From the above analysis and discussions, the
following points and observations can be concluded:

* Linear regression is effective in establishing math-
ematical relationships between E£OIs and EPIs in
environmental management;

* The robust fitting method is more accurate and
more efficient than the least-squares fitting
method, yielding better prediction on environ-
mental performance; and

¢ Mathematical, relationships between £OIs and
EPIs in predicting environmental performance by
using the dominant £OJs have been established.
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