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ولتحسين .  مع زيادة االھتمام بحماية البيئة بدأت شركات التعمير في تطبيق اإلدارة البيئية للمشروعات اإلنشائية

البيئة اإلنشائية في ھونج كونج، فقد تم تصميم نظام لتقييم األداء البيئي للمشروعات وذلك لمراجعة ومراقبة النواحي 
لورقة مجموعة من المدخالت والمخرجات كمؤشرات لألداء البيئي وتقدم ھذه ا.  البيئية للمشروعات اإلنشائية

وقد أوضحت .  للمشروعات وكذلك لتحديد العالقة بين المدخالت والمخرجات باستخدام طرق رياضية مختلفة
ويساعد النظام المقترح في تحسين البيئة وكذلك يمكن .  النتائج وجود ارتباط جيد بين المدخالت والمخرجات البيئية

 .اعتباره كمؤشر مبكر لألداء البيئي للمؤسسات
 

With the rise in the public concern on environmental protection, more construction firms start to 
apply environmental management for their construction activities. As a result, Environmental 
Management System (EMS) has been implemented in construction. However, to improve the 
construction environment in Hong Kong, Environmental Performance Assessment (EPA) has 
been designed for reviewing, monitoring, checking and evaluating environmental performance. 
This paper attempts to develop a series of input (EOIs) and output (EPIs) indicators for EPA and 
measure their relations using spectral methods. The results show that the defined EOIs correlate 
strongly with EPIs. Therefore, EPA can help identifying areas for continuous improvement, and 
also can provide an early indication of the environmental performance for an organization. 
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1. INTRODUCTION 

Environment is the surrounding in which an 
organisation operates, including air, water, land, 
natural resources, humans and their interrelation. 
Thousands of non-compliance and complaints are 
recorded yearly and the worst is a rising trend in the 
number of non-compliance cases and complaints[1]. 
The environment in this context extends from an 
organisation to the global system. Nowadays, 
pollution problems arisen from Hong Kong 
construction industry have not successfully been 
controlled. Environmental impacts of buildings over 
the entire life cycle process have been recognized as a 
serious problem for the construction industry[2,3], 
which presents considerable challenges for 
improvements. Environmental management in 
construction has become a critical issue in recent 
decades[4]. Regrettably, the sense of environmental 
protection remains weak in the Hong Kong 
construction industry.  

The Hong Kong government has launched the 
green manager scheme and eco-business awards in 
1995 and 1999 respectively. Each governmental 
department is appointed a green manager for 
managing environmental performance in the green 

manager scheme; whereas the Hong Kong eco-
business awards are granted to organizations 
demonstrating a strong commitment to environmental 
protection[1]. However, the assessment of 
environmental protection for each organizational 
achievement has not been strongly supported in the 
construction industry.  

2. RESEARCH OBJECTIVES 
This paper aims to evaluate the effectiveness of EPA 
by correlating the input factors at the operational level 
(EOIs) and the output factors of the environmental 
performance outcome (EPIs) for construction in Hong 
Kong. The objectives are to:  
- Highlight the importance of EPA in evaluating 

environmental performance;  
- Identify a series of input (EOIs) and output (EPIs) 

assessment indicators;  
- Examine the relationships between EOIs and EPIs 

in the context of construction by using spectral 
methods; and  

- Provide some implications from the analysis into 
the environmental management for the construction 
industry. 
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3. SPECTRAL METHODS 
3.1 The Fourier Transform 

The Fourier transform is a useful and powerful tool 
employed to study "frequency" components of 
signals and discrete data which are usually 
recorded in the time domain. After transforming 
the data into the frequency domain using the 
Fourier transform, the signal energy distribution at 
different frequencies is revealed. Effectively, the 
Fourier transform can be considered as a prism 
where white light can be split into its individual 
spectra. For the case of the Fourier transform, the 
signal energy is split over the signal's spectrum 
which consists of a number of frequencies at which 
the frequency components are displayed. 
Mathematically, the Fourier transform X( f ) as a 
function of the frequency f is given as[5]: 

dtetxfX ftj π2)()( −

+∞

∞−
∫=   (1) 

where j2 = −1 is a complex constant, π ≈ 3.1415 and 
x(t) the input signal or data. The input data or 
signal is usually a 1-D array or 2-D matrix. To 
recover a time signal from its Fourier transform, 
the inverse Fourier transform is employed, which is 
mathematically given as: 
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It should be noted that the Fourier transform is a 
complex number which is uniquely described by its 
magnitude and phase. Thus, it is clear that there are 
two ways of representing data: in the time domain and 
in the frequency domain using the Fourier transform. 
The transformation from time domain to frequency 
domain is achieved by using the operator e jωt, which 
can be given in Eq.  

e jωt = cos(ωt) + jsin(ωt)  (2) 

Frequency is normally defined as the number of 
repetitions over time and the concept of "frequency 
domain" is believed to be new in the field of 
construction management. Frequency is inversely 
proportional to time, which means the larger the time, 
the smaller the frequency and vice versa. Using the 
concept of frequency and time it can be said that data 
which have a long time span have densely-
concentrated spectra over a short frequency range and 
vice versa. The magnitude of the frequency 
components which are displayed over a frequency 
range or spectrum is defined as proportional to the 
signal energy. Signals which are continuous and 
periodic in time have densely concentrated energy 
spectra. For ease of understanding, the Fourier 
transform can be viewed as a mapping the energy 
distribution in the signal in the frequency domain at 
which harmonic peaks or dominant peaks represent the 
peak energy concentration in the waveform. For 
example, the Fourier transform of a constant signal 
which is continuous from −∞ to +∞ is an impulse 
whose energy concentration is theoretically perfect. A 
common and popular sinusoidal signal of frequency f0 
= 1 Hz has two impulses located at ±1 Hz. 
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Figure 1. The Fourier transforms of a constant straight line signal and a sinusoid y(t) = sin(t).  
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3.2 The Power Spectrum 

The interpolation method is used to estimate the 
results of output tests from input tests. From that, it is 
possible to determine redundancy among the tests, in 
turn, significantly lowers the number of tests. To 
further study the correlation among the tests, spectral 
methods using the power spectrum and bispectrum are 
employed. The power spectrum P( f ) of a data set x(t) 
is given in Eq. (3) as: 

P( f ) = | X( f ) |2 (3) 

where X( f ) is the Fourier transform of the data or 
input signal. It is evident that the power spectrum is 
proportional to the square magnitude of the input 
signal’s Fourier transform as expected because the 
signal energy is directly related to its squared 
magnitude. It is important to stress that energy plays 
an important role in determining data characteristics, 
i.e. periodic, aperiodic or chaotic, detecting transitions 
from one state to another, i.e. a transition from 
periodicity to chaos or from periodicity to transient, 
and working out the energy weighting at different 
frequencies[5] which can be achieved by estimating the 
power spectrum of the input data. In the case of 
studying sample results of tests in construction 
material and management, the power spectrum is 
particularly useful as it can reveal the energy 
distribution of samples in each test. From that, the 
significance of each test can be assessed. In addition, 
the power spectrum can be used to classify different 
types of data including periodic, chaotic, transient and 
noise by interpreting its shapes and frequency range[6]. 
Moreover, as data processing and analyses are 
increasingly important, this further strengthens the 
idea of using spectral methods in the field of 
construction management. It is thus evident that 
spectral methods which have been successfully 
employed in the field of signal and image processing 
can also be employed in the field of construction and 
environmental management. The only drawback of the 
power spectrum is that its phase information is 
suppressed which means that two different data sets 
could have identical power spectra. To overcome this 
problem and to further study the correlation among the 
tests and samples, the bispectral method is employed. 

3.3 The Bispectrum 

To further study the data, a bispectral method is 
introduced which shows the correlation among the 
tests at various "frequencies". The “frequencies” in 
this case is inversely proportional to the time the test 
samples were taken. For example, if the samples are 
taken every 2 seconds, then its frequency is 0.5 Hz. 
The bispectrum B( f1, f2 ) has been widely employed in 
the field of high-order statistics to study data 
correlation in 3-D and is given by[7]: 

B( f1, f2 ) = X( f1 )X( f2)X*( f1 + f2) (4) 

where the symbol " * " means complex conjugate. It is 
clear that the bispectrum is strongly dependent on the 
Fourier transform of the input signal. From Eq. (4) the 
term X*(f1+f2) represents the correlation among various 
frequency terms in the (f1+f2) plane. To estimate the 
bispectrum, the mean value of the data is removed to 
eliminate sudden spikes and pulses which could lead 
to misleading interpretation. In MATLAB, this can be 
done by using a detrend(⋅) function. After that, the 
data are windowed using a Hanning window via the 
command hanning(⋅) provided in MATLAB. In 
addition, the data are also normalised by diving each 
column by its largest item so that abrupt changes are 
nullified. The Fourier transforms of the detrended data 
are then calculated, in this case, there are twenty one 
out of twenty three tests having numerical results, 
yielding twenty one Fourier transforms. For data size 
of more than 1,024, which is very common in signal 
processing, substantial computing work is required 
which makes the bispectrum sometimes hard to 
estimate and not practical. However, it reveals vital 
information to the understanding of data 
characteristics and especially correlation among 
various criteria at different frequencies. In this paper, 
the bispectrum of an error matrix of 210×10 is 
calculated to show correlation among the fitting errors 
and also error uniformness. 

Unlike the power spectrum which suppresses the 
phase information in the data, the bispectrum uniquely 
gives the phase information, i.e. the correlation among 
a number of frequencies, which enable detailed 
studied of correlation among the tests. It should also 
be stressed that because the bispectrum gives both the 
magnitude and phase information, it is considered to 
be unique, i.e. different data possess unique and 
different bispectra. This makes the bispectrum a useful 
tool for data classification and recognition. In 
addition, the phase information gives the bispectrum 
an advantage over the power spectrum method. In fact, 
the bispectrum is the only spectral method which can 
give the phase information of the input data. However, 
because the phase information is usually difficult to 
interpret, the magnitude bispectrum is usually 
employed as the main tool for data analyses. 

4. DEVELOPING PERFORMANCE 
INDICATORS 

Environmental Performance Assessment (EPA) is a 
critical tool of EMS in checking, reviewing, 
monitoring and evaluating environmental performance 
of organizations. It is an ongoing process of collection 
and assessment of data and information to provide a 
current evaluation of performance, as well as trends 
over time[8,9]. A primary role of EPA is to provide a 
comprehensive assessment of the environmental 
performance of a construction project. Environmental 
indicators focus on the use of tangible measures to 
attempt the evaluation of performance. They offer 
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significant and standardized data of environmental 
performance, not only as assessment but also in 
comparison with different site conditions[8,10]. By 
monitoring the indicators, regular evaluation and 
target control can be exercised since they can highlight 
any adverse trends in the process of environmental 
control[11]. Since operational performance is an 
important and indispensable element in evaluating 
environmental performance, this paper focuses on 
evaluation factors of EPA at operational level, as site 
environmental assessment is essential for parties 
within a construction organization[12-14]. The following 
highlights the Environmental Operational Indicators 
(EOIs) and Environmental Performance Indicators 
(EPIs) used in this study. 

4.1 Environmental Operational Indicators (EOIs) 

Organizational operations are defined as being 
physical facilities and equipment, and the supply to 
and delivery from them, during the production 
processes[8]. EOIs are used to assess the major inputs 
including resources, energy and other aspects of 
facilities and equipment, which relate to: i) design, 
operation, and maintenance; ii) materials, energy, 
products, services, waste, and emissions; and iii) 
supply of materials, energy and services to, and the 
delivery of products, services and waste, associated 
with the organization’s physical facilities and 
equipment.  

In this study, some parameters for EOIs have been 
suggested; for example, environmental site planning 
can provide an early preparation for the overall 
environmental performance[8,15]; energy consumption 
should be included in the evaluation criteria of 
EOIs[8,10,12,15-18]; effective maintenance of equipment 
helps improving operating efficiency and so 
operational environmental performance[10,19,20]. There 
is no doubt that air, noise, sewage and waste are the 
four major environmental problems and should be 
given considerable attention to improve environmental 
performance[1]; input of services used to prevent and 
to minimize the generation of these four subjects 
should be considered[8,10,12,19,21,22]. In addition, waste 
indicators should also be included as they are highly 
visible phenomena and their targets can be set and 
easily understood[10,19]. Based on the above, eight 
indicators (EOIs) for inputting operational measures 
are derived as follows. 

EOI-1: Environmental Site Planning  
Site planning is critical in determining and improving 
the performance of on-site activities which allows 
better arrangement of activities in respect of labour, 
plant and equipment, materials, time, cost[8,22]. 
Devising a plan that outlines the environmental 
management programme and the operational practices 
on construction sites can streamline operations, cut 
costs and improve environmental performance. EOI-
11: Initial site planning is the sub-indicator. 
 

EOI-2: Energy Consumption  
Energy is required to support all operations, such as 
use of construction plants and temporary lighting 
system[8,10,19]. It is necessary to understand the 
consumption of energy during construction 
activities[18,23]. EOI-21: Monitor of energy usage is the 
sub-indicator. 

EOI-3: Maintenance of Equipment 
Many aspects of facilities and equipment can influence 
the environmental performance of construction. For 
instance, regular maintenance of equipment can often 
dramatically reduce the generation of emission and 
help improve operating efficiency[10,19, 20]. EOI-31: 
Quality of maintenance is the sub-indicator. 

EOI-4: Air Pollution Control 
Total suspended particulars 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 
contributing 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 [24]. 

EOI-5: Noise Pollution Control 
The high-density development such as Hong Kong 
makes noise as one of the critical construction 
concerns[25]. Noise is an inevitable phenomenon 
resulting from construction work, in which piling is 
the nosiest activity. Therefore, to reduce its impacts, 
EOI-51: Time management and EOI-52: Mitigation 
measures to noise levels are necessary.  

EOI-6: Water Pollution Control 
Generation of polluted water and the ineffective use of 
water are common in construction activities[26]. It is 
necessary to encourage and educate the staff in 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[1]. 
According to the Environmental Protection 
Department [1], the construction 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 development of economics and 
infrastructure, people’s awareness of waste reduction 
is always low on construction sites, which aggravates 
the situation. As a result, excessive loss of materials 
and improper waste management are common. EOI-
71: Purchasing management[27], EOI-72: Waste reuse 
and recycling[28,29], EOI-73: Green construction 
technology[24] and EOI-74: Chemical waste 
treatment[30] are the sub-indicators. 
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EOI-8: Ecological Control 
Ecological impact is not common for building projects 
in Hong Kong but can be significant for civil 
engineering projects. Ecological impact means any 
disturbance to the pre-existing conditions such as 
topsoil, trees and vegetation and living habitats[31]. 
EOI-81-Degree of efforts in reducing ecological 
impact-is the sub-indicator. It can be determined by 
measuring the effort to cope with the potential 
ecological impacts. 

4.2 Environmental Performance Indicators (EPIs) 

EPIs need to be developed to reflect the output 
performance of a project, which are used to evaluate 
the efficiency and effectiveness of environmental 
management systems[32]. On-site activities such as site 
cleanliness do directly affect environmental 
performance. Second, the regulatory compliance 
should be included in EPIs[8,11,33,34] since the 
legislation sets the minimum standard for 
environmental protection. Jasch[8] pointed out that 
environmental auditing activities could also provide 
quality documentation information for controlling and 
monitoring environmental performance. In 
summarizing the previous research, five main 
indicators (EPIs) for output performance are proposed: 

EPI-1: Site Environment 
Site environment including cleanliness and tidiness 
can determine the environmental performance. For 
example, poor positioning 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 the sub-indicator. 

EPI-2: Regulatory Compliance 
There are a number of regulations and ordinances 
related to environmental protection in Hong Kong [1]. 
The EPA program helps assess the achievement in 
environmental regulatory requirements[8,10,17,19, 22]. 
EPI-21: Number of prosecutions received; EPI-22: 
Number of complaints/warnings received; and EPI-23: 
Amount of fines and penalties paid are the sub-
indicators. 

EPI-3: Auditing Activities 
Auditing activities provide information on the 
performance of the system. Further, construction 
organizations need to provide sufficient preparations 
for pre-auditing, auditing and post-auditing activities[8] 
through which it can improve the operational system. 
EPI-31: Non-conformance report and EPI-32: Report 
of marginal cases put under observation, provide 
relevant knowledge in understanding the performance 
on auditing activities. 

EPI-4: Waste Generation 
Waste generation is always the main concern for any 
organization. Whatever the organization does for 
environmental management, the main issue is to lower 

its waste levels. Therefore, EPI-41: Monthly waste 
generation (in tons) should be considered. 

EPI-5: Accident Rate 
Quality, environmental and safety are the main 
constraints for a construction project[4]. Among them, 
safety is directly affected the human life. Therefore, 
EPI-51: Accident rate (per 1,000 mandays) should be 
considered on site.  

5. INTERVIEWING PROJECT MANAGERS 
After identifying the input and output indicators (EOIs 
and EPIs respectively), the relationships among them 
were assessed. A sample of forty-nine construction 
projects managed by five large-sized construction 
firms was studied. Forty-nine project managers were 
interviewed and all EOIs and EPIs have been clearly 
explained to them for clarity. All the interviewed 
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 are involved in the overall project 
management, they can provide the best knowledge on 
the projects regarding the environmental management 
issues. The details of the projects are tabulated in 
Table 1. 

5.1 Collecting the Indicators’ Degree of Importance  

To measure the comparative results for the forty-nine 
construction projects based on the information given 
by project managers which were asked to choose an 
appropriate degree of importance for each indicator 
(EOIs and EPIs). A rating scale of 1 (least important) 
to 7 (most important) was used according to the 
operational measures and the environmental 
performance adopted in the projects.  

6. RESULTS 
The spectral methods using the power spectrum and 
bispectrum aim to estimate the energy contained in 
input and output indicators. From that, it is possible to 
identify the most dominant indicator(s). To do that, the 
peak of the power spectrum of an indicator is located 
and all peaks of individual power spectra are 
compared. The largest spectral peak of an indicator's 
power spectrum is then identified as the most 
dominant indicator. If there exist a number of peaks of 
similar magnitude or in the same range of magnitude, 
then it is difficult to identify the most dominant 
indicator. As a result, the first three largest peaks 
should be considered as the most three dominant 
indicators. The power spectra of input and output 
indicators are separated for comparison purposes. 
The bispectrum of all indicators is used to study 
coupling or correlation among indicators, i.e. internal 
relationships among them. The bispectrum is used to 
further verify findings obtained using the power 
spectra of indicators. The power spectra  of  input  and  
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Table 1. Details of the interviewed construction projects 

Project 
Number 

Project 
Type Location Contract 

Sum 
Construction 

Firm 

1 PBH K 150 millions (M) A 
2 PBH HKI 119M A 
3 PH K 5M A 
4 PH K 470M A 
5 PH HKI 600M A 
6 PH HKI 10M A 
7 CM NW 418M A 
8 CM NW 142M A 
9 S K 43M A 

10 PBH HKI 306M B 
11 PBH NW 260M B 
12 PH NW 180M B 
13 PH HKI 213M B 
14 CM NW 63M B 
15 CM NW 95M B 
16 CP K 63M B 
17 I K 5M B 
18 S K 17M B 

19 PBH HKI 90M C 
20 PBH HKI 48M C 
21 PH NW 65M C 
22 PH K 148M C 
23 CM K 68M C 
24 CM HKI 29M C 
25 I HKI 48M C 
26 I NW 37M C 
27 I NW 79M C 
28 S K 68M C 

29 PBH NW 159M D 
30 PBH HKI 36M D 
31 PBH NW 79M D 
32 PH K 58M D 
33 PH HKI 94M D 
34 PH HKI 284M D 
35 CP NW 147M D 
36 CP K 97M D 
37 I K 260M D 
38 I NW 248M D 

39 PBH HKI 278M E 
40 PBH HKI 169M E 
41 PBH HKI 79M E 
42 PBH K 94M E 
43 PH NW 349M E 
44 PH NW 179M E 
45 PH NW 297M E 
46 CM K 69M E 
47 CP K 37M E 
48 I K 59M E 
49 S HKI 68M E 

Notes: Project type: PBH- Public housing; PH-Private 
housing; CM- Commercial; CP- Composite building; I- 
Industrial; S-School. Location: K- Kowloon; HKI- Hong 
Kong Island; NW-New Territories  
 
 

 

Figure 2. Normalised magnitude power spectra of input indicators 
 
 

 
Figure 3. Normalised magnitude power spectra of output indicators 

 
 

 
Figure 4. Bispectrum of all indicators 

 



Introducing Power Spectra and Bispectra for Environmental Assessment 

Emirates Journal for Engineering Research, Vol. 12, No.2, 2007 29 

 
Figure 5. Contour plot of the bisepctrum of all indicators 

 
output indicators are given in Figure 2 and Figure 3 
respectively. From Figure 2, it is clear that a number 
of peaks in the input indicators are dominant and of 
the same order of magnitude, which means that the 
largest three peaks should be chosen as dominant 
peaks. From Figure 3, indicator EPI-41 waste 
generation can be considered as the most dominant 
indicator for its largest and most dominant spectral 
peak. The bispectrum of all indicators is given in 
Figure 4 and its contour plot is given in Figure 5 in 
which strong coupling and correlation among input 
indicators is present. This means that it is possible to 
reduce the number of input indicators without altering 
the results. Among the output indicators, the 
correlation is weaker which means that these 
indicators are quite independent and it may not be 
possible to establish a strong mathematical link among 
them. More work towards this research direction is 
under progress. 
 

Table 2. Power spectrum peak values 

Indicator Peak 
value Indicator Peak 

value 
EOI-11 41616 EPI-11 47 
EOI-21 30276 EPI-21 2 
EOI-31 42849 EPI-22 3 
EOI-41 50625 EPI-23 5 
EOI-42 40000 EPI-31 4 
EOI-51 56644 EPI-32 7 
EOI-52 50176 EPI-41 17406 
EOI-61 37249 EPI-51 212 
EOI-62 30976   
EOI-63 36100   
EOI-71 40401   
EOI-72 33489   
EOI-73 46656   
EOI-74 35344   
EOI-81 33489   

7. CONCLUSIONS  
Construction and demolition activities can easily 
generate pollution and affect the environment. To 
manage these, Environmental Management Systems 

(EMSs) can be implemented. However, there is no 
evidence regarding the effectiveness of such systems. 
Environmental performance assessment (EPA) is then 
suggested to make regular assessment on sites at 
operational levels. EPA provides information about 
the achievement of the environmental policy so as to 
enable the organization to direct its resources in 
meeting the environmental criteria and identify ways 
for improvement. To support the applications of EPA, 
a set of input (EOIs) and output (EPIs) indicators has 
been developed to provide information on 
environmental operational performance. The EOIs are: 
i) Environmental Site Planning; ii) Energy 
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; and the EPIs are: i) Site 
Environmental; 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 input and output 
factors are evaluated. From the above analysis and 
discussions, the following points and observations can 
be concluded: 
- Spectral methods are effective in establishing 

mathematical relationships among input and 
output indicators in environmental management; 

- Close relationship between input and output 
indicators in predicting environmental 
performance; 

- Water spray for reducing air pollution, and time 
management and mitigation measures for noise 
pollution control are the most dominant factors 
affecting the environmental performance; and 

- Waste generation is the most dominant output 
indicator in the overall performance; 
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