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Abstract 
The incorporation of sustainability principles into structural engineering design of buildings 
has been poorly conducted. Numerous Green Building Ratings Systems (GBRS) exist to 
attempt to improve this. These systems have focused largely on Operational Energy (OE) 
efficiencies and management aspects to attain high assessment scores. Previous research has 
identified this focus to be inconsistent with published data in comparison with the overall 
Building Life Cycle (BLC) impacts. The consideration of structural elements, through which 
structural engineers have the greatest ability to influence outcomes, was shown to account 
for over 20% of BLC considerations.  However these elements only account for 
approximately 10% of points achievable under existing GBRS. The advent of Zero Energy 
Buildings (ZEB) will result in the gap between these values increasing, further highlighting 
the requirement for the improvement in the focus of existing GBRS if they are to achieve 
any quantifiable overall improvements to buildings environmental performance. This 
research builds on the outcomes of previous research and the identification of these 
discrepancies. The research proposes methods to improve the focus of GBRS in order to 
bring them into line with the current understanding of total BLC energy consumptions and 
environmental impacts.        

Keywords:  building life cycle, embodied energy, green building rating system, operational 
energy. 
 

Introduction  
The construction, operation and maintenance of buildings are estimated to account for 
approximately 40 - 50% of all energy usage and anthropogenic GHG emissions globally 
(Hasegawa 2003, Smith 2005, Asif et al. 2007, Citherlet and Defaux 2007, Wood 2007, 
Dimoudi and Tompa 2008, Stephan et al. 2011, Dixit et al. 2012, Baek et al. 2013, Langston 
and Langston 2013, Miller and Doh 2014, Miller et al. 2014). In addition to these, it has been 
reported that the OE contribution from buildings to total energy consumption in the United 
States, European Union and the United Kingdom are 40%, 37%, and 29% respectively 
(Pérez-Lombard et al. 2008, Environmental Protection Agency (EPA) 2009). In states that 
rely heavily on a service driven economy, for example Hong Kong, this proportion can be 
as high as 80% (Chau et al. 2012). The factors contributing to this and requirement for its 
improvement have been previously extensively discussed (Miller and Doh 2014).  
Specifically, in Australia, in order to keep pace with growing demand, approximately 30 
million tonnes of finished building products are produced each year. Over 56% of this 
quantity, by mass, attributed to concrete and a further 6%, steel (Walker-Morrison et al. 
2007). Similar observations are made in other parts of the developed world with for example 
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- the development industry consuming over 40% of all raw stone, gravel and sand material, 
25% of all raw timber, 40% of energy and 16% of water in the United States (Lippiatt 1999, 
Chong et al. 2009). It is also reported that globally, the production of cement alone causes 
between 5 and 7% of CO2 emissions due to the consumption of fossil fuels (Flower and 
Sanjayan 2007, Oh et al. 2014).  

The focus of environmental performance in a given structure is on the OE phase of a 
BLC compared with embodied energy (EE) (Yeo and Gabbai 2011, Miller and Doh 2014). 
Significantly, these OE requirements are increasingly negated by the emergence of ZEB. A 
number of studies are beginning to appear in the development of these ZEB (Crawford 2011, 
Marszal and Heiselberg 2011, Monahan and Powell 2011, Zuo et al. 2012). If achieved, the 
contribution of the OE phase would be removed entirely resulting in a major shift in 
assessing the environmental performance of structures. In concurrence with this shift, GBRS 
have been developed by the construction industry to attempt to mitigate the environmental 
impact of the industry. The potential for these GBRS to effectively assess, and promote, 
sustainable development is well documented with numerous studies identifying their 
importance (Bilec et al. 2007, Department of the Environment and Water Resources (DEWR) 
2007, Deane 2008, Ding 2008, Clark n.d). Conversely, issues with these assessment tools 
have also been identified (Ding 2008, Dixit et al. 2012). Ding (2008) noted that while there 
is no doubt these assessment methods contribute to the goal of sustainable development (SD), 
the current assessment systems have limitations in their effectiveness and usefulness. Ding 
(2008) concluded that there is a requirement for greater collaborations across the building 
industry to promote and improve these existing GBRS.  

Previous research has identified shortfalls in both the consideration of BLC components 
when considering environmental performance of structures and the specific requirement for 
changes in the assessment of GBRS to match the existing state of knowledge (Miller et al. 
2014, Miller et al. 2015). The outcome of the assessment conducted by Miller et al. (2014) 
highlighted the consideration of EE by establishing that Greenstar allocated 7% of points 
available to structural design, while BREEAM and LEED allocated 11% and 8% of credits 
respectively to the structural system. This was further extended by Miller et al. (2015) to 
incorporate the results of an industry survey to establish baseline data for the EE 
consumption in total BLC by structural systems. Through all factors considered – the mean 
EE consumption determined was 18.6% of the BLC energy consumption (Miller et al. 2015). 
When compared with the consideration of the points available through GBRS presented, the 
requirement for their improvement is clear.   

Previous progress has remained languid in the generation of the identified requirements 
of universally applicable solutions. This research was conducted to detail a more short-term 
solution to assist in the adoption of quantifiable environmental improvements for the 
construction industry. The research proposes adjustments to GBRS to close the existing gap 
between literature and the existing GBRS mechanisms. This research focused on the selected 
GBRS due to the popularity of these systems and existence of other relevant research, 
however, similar approaches would be applicable to all existing GBRS incorporating 
criteria-based assessment processors. The aim of this manuscript was to present an 
alternative to the current approach of popular GBRS, promoting their improvement through 
increased EE considerations in criteria-based assessment methods.  

Methods 
Previous research outcomes were utilised for the consideration of both points allocated to 
structural systems in existing GBRS (Miller et al. 2014), and understanding of the existing 
literature in this field (Miller et al. 2015). By identifying the disparity between these two 
factors, improvement was suggested through two potential alternatives: 1) The redistribution 
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of points in the existing GBRS and 2) The addition of a new complimentary assessment 
category. The methodology applied for the approach to each of these potential options was 
described in detail below.   

The methodology adopted for the completion of this research enabled the determination 
of outcomes consistent with the identified required improvements by Miller et al. (2015). 
For the GBRS considered, Greenstar allocated 7% of points available to structural design, 
while BREEAM and LEED allocated 11% and 8% of credits respectively to the structural 
system through EE (Miller et al. 2014). These were used as the input data for the 
redistribution of points with appropriate weightings applied to increase the corrected EE 
contributions of Greenstar, BREEAM and LEED to be in line with the average value of 18.6% 
of the BLC energy consumption determined by Miller et al. (2015). 

Redistribution of Points 
Weighting factors were assigned to categories of the GBRS considered based on the 

outcomes of previous research (Miller et al. 2015). Two methods were identified to adjust 
the weight of credits. Method 1 involved applying a single factor to all rating criteria that 
either wholly or partially allocated points to the structural system. Method 2 involved 
identifying the category with the most points allocated to the structural system. This category 
could be re-weighted as a whole. This method was proposed due to the reliance on “Materials” 
(or equivalent) categories in the three GBRS for EE considerations.    

Method 1: An example of the process described for Method 1 was presented (Table 1). 
This details the results of proportionally adjusting the distribution of points based on the 
outcomes of Miller et al. (2014) to become consistent with the average BLC energy 
contributions identified by Miller et al. (2015). The factors listed in Table 1 were applied to 
all relevant marks.  

Method 2: An example of the methodology proposed for Method 2 was presented (Table 
2). This required identification of the largest contributor to structural points achievable in 
the GBRS assessed (materials or equivalent). Similarly to Method 1, this aimed to achieve a 
redistribution of points to be consistent with published literature and previous research 
findings (Miller et al. 2014, Miller et al. 2015).  

Development of a complimentary GBRS category 
A new category was proposed to more appropriately implement additional rating criteria. 

The addition of a new rating category to assess more specific structural consideration would 
provide manifold potential benefits. A new category titled here: Construction Energy and 
Structural System (CESS) would compliment the current GBRS categories for concrete 
structures. The development of this category was conducted based on extensive previous 
knowledge and research by the authors including (Miller and Doh 2014, Miller et al. 2014, 
Miller et al. 2015, Miller et al. 2015). It proposed the inclusion of criteria detailed below for 
addition as a new category to compliment the GBRS assessed.  

Results and Discussion 
Outcomes detailed the potential suitability of these two options as short-term resolutions to 
the existing identified shortfalls of GBRS (Ding 2008, Dixit et al. 2012). The outcomes of 
this research calibrate these existing GBRS to be in accordance with the knowledge of the 
field in relation to equivalent BLC energy consumption contributions. Miller et al (2014) 
and Miller et al. (2015) identified the discrepancies between these existing OE vs EE energy 
requirements when compared with the current approach of existing GBRS. After conducting 
the re-calibration of these GBRS outcomes, the percentage of points allocated to the 
structural system of a building using Method 1 have been presented in Table 1.  
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Table 1. Re-weighting of points for criteria contributing to EE in the GBRS assessed 

  
% Allocated to 
structural design 

Total 
points   

 Factor 
Before 
factoring 

After 
factoring 

Before 
factoring 

After 
factoring Difference 

Green Star       
Education 4.5 4% 20% 146 178.4 32.4 
Healthcare 3.5 6% 21% 157 182.6 25.6 
Industrial 3 7% 20% 128 146 18 
Multi-
residential 5 4% 20% 141 180.1 39.1 
Office 3 7% 20% 133 152.6 19.6 
BREEAM*       
Education 4 11% 21% 130 196 66 
Healthcare 4 11% 21% 130 196 66 
Industrial 5 11% 21% 129 201 72 
Multi-
residential 3.5 11% 20% 135 192.5 57.5 
Office 4 8% 21% 133 199 66 
LEED       
Schools 5 5% 20% 110 142 32 
Healthcare 4.5 6% 20% 110 141.5 31.5 
New 
Construction 4 6% 20% 110 137 27 
Core & Shell 3 8% 20% 110 132 22 
Average 4.0 7.5% 20% 128.7 169.8 41.1 

*Allocating 20% to the structural system was only possible by removing the weighting of the categories. 
 
It was aimed to achieve an overall mark allocation to structural design of approximately 

20% (Miller et al. 2014, Miller et al. 2015). This was the approximate proportion of BLC 
energy consumption attributed to EE. To achieve this, large weighting factors  (ranging from 
3 to 5) were required, depending on GBRS and building end-use option. As noted, additional 
modifications would be required for other GBRS using this methodology.  

Similarly, after conducting the re-calibration of these GBRS outcomes, the percentage 
of points allocated to the structural system of a building and therefore the EE requirements 
of a structure using Method 2 have been presented in Table 2.  

The outcomes of both Method 1 and 2 enabled the outcomes of criteria-based assessment 
scores to accurately reflect the correct distribution of points in accordance with Miller et al. 
(2015). 

A summary of the CESS category recommended was provided in Table 3. A total of 23 
marks were proposed based on the previous research outcomes and knowledge of the 
existing GBRS. The proposed was in agreement with the suggested requirements for 
improvement of the mechanisms by (Ding 2008, Dixit et al. 2012, Miller et al. 2015). The 
weighting of the category was dependent on the building type due to specifics in the existing 
GBRS.  
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Table 2. Re-weighting of points in a single category of the GBRS assessed 

 Category Factor of category 
% Allocated to 
structural design Total points   

  Before After Before  After Before After Difference 
Green Star                 
Education Materials 10% 75% 4% 20% 146 N/A N/A 
Healthcare Materials 17% 85% 6% 20% 157 N/A N/A 
Industrial Materials 15% 60% 7% 20% 128 N/A N/A 
Multi-
residential Materials 10% 65% 4% 20% 141 N/A N/A 
Office Materials 14% 60% 7% 20% 133 N/A N/A 
BREEAM          
Education Materials 12.50% 30% 11% 19% 130 N/A N/A 
Healthcare Materials 12.50% 30% 11% 19% 130 N/A N/A 
Industrial Materials 12.50% 30% 11% 19% 129 N/A N/A 
Multi-
residential Materials 12.50% 30% 11% 20% 135 N/A N/A 
Office Materials 12.50% 30% 8% 19% 133 N/A N/A 
LEED          
Schools **M & R 1 6.0 5% 20% 110 175 65 
Healthcare **M & R 1 6.0 6% 20% 110 190 80 
New 
Constructio
n **M & R 1 5.0 6% 20% 110 166 56 
Core & 
Shell **M & R 1 3.0 8% 20% 110 136 26 
Average     7.5% 20% 110* 166.8 56.8 
* Average for LEED only 
**Materials and Resources 

 
 

Table 3. Summary of marks in the proposed CESS category 
Category Subcategory Points earned 
Height / Footprint Ratio 
Structural Engineering 
Professional 
 
Structural Waste Reduction 
Span Efficiency 
 
Concrete & Steel Efficiency 
 
Mineralisation of the Frame 
Life Cycle Design 
 
Advanced Design Technologies 

Certification 
Involvement in the Project 
 
Preliminary Design 
Detailed Design 
Concrete 
Steel 
 
Planning 
Level of Recycling 

2 
1 
1 
2 
2 
1 
2 
2 
3 
2 
2 
3 

Total  23 
 
Table 4 shows how the CESS category integrates with the existing Greenstar GBRS as an 
example. The weight of this category was 14% or 15%, dependent on building end-use type. 
It was determined that an allocation of approximately 20% of points to the structural system 
was desired to be consistent with previously published literature (Miller et al. 2014, Miller 
et al. 2015). 
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Table 4. Recommended weighting of the CESS category for the GBRS considered 
Category Weight (%) 

 Education Healthcare Industrial 
Multi-
residential Office 

  O* P** O* P** O* P** O* P** O* P** 
Managemen
t 10% 8% 9% 7% 10% 8% 8% 6% 9% 7% 
IEQ 20% 16% 20% 16% 17% 14% 20% 16% 20% 16% 
Energy 25% 25% 24% 24% 24% 24% 25% 25% 25% 25% 
Transport 10% 8% 7% 6% 8% 7% 10% 8% 8% 7% 
Water 15% 12% 12% 10% 9% 7% 15% 12% 12% 10% 
Materials 10% 8% 17% 14% 15% 12% 10% 8% 14% 11% 
Land Use & 
Ecology 5% 4% 8% 6% 8% 7% 7% 6% 6% 5% 
Emissions 5% 4% 3% 2% 9% 7% 5% 4% 6% 5% 
CESS 0% 15% 0% 15% 0% 14% 0% 15% 0% 14% 
Weight of 
structural 
contributio
n 4% 19% 7% 20% 6% 20% 4% 18% 7% 20% 

* Original weighting of corresponding categories 
**Proposed weighting of corresponding categories 

 
Both the “original” and “proposed” results were presented in Table 4, for comparison of 

the current approach against that proposed by this research. Variations in existing weightings 
using the CESS category were minor while concurrently enabling the more appropriate 
distribution of weighting to be consistent with known BLC energy consumptions (Miller et 
al. 2015). It was also important to consider these outcomes were based on the current 
discrepancies observed, ignoring the influence the advent of ZEBs will have on these results 
by removing the OE considerations of structures entirely (Crawford 2011, Marszal and 
Heiselberg 2011, Monahan and Powell 2011, Zuo et al. 2012). 

Conclusions 
Reconsidering existing weighting of credits was considered a less effective approach to 
allow GBRS to consider proportions of OE and EE appropriately. Concerns were raised for 
both methods proposed, including the potential truncation errors and the reliance of major 
adjustments. These modifications could compromise the overall intent of the scoring systems. 
In addition, it was stated that all credits related to the structural system were earned through 
material selection. Efficient design, and therefore efficient use of materials, was not awarded 
or considered. The addition of the CESS category involving EE of the structural system was 
considered a more comprehensive approach. 

The concern with rescaling the GBRS without adding additional rating criteria was the 
large weighting factors required for EE and OE to be represented appropriately (Method 1 
and Method 2). The proposed CESS category requires minimum downscaling of the other 
categories. No more than four percentage points were removed from any category. Given 
the significance of the ‘Energy’ category (or equivalent), this weighting was maintained.  

Further validation of the proposed approach would be recommended using case studies 
and examples for refinement of the distribution of points proposed using the developed 
CESS category. While the existing GBRS play an important role in the progress of the 
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construction industry to matters of environmental performance, these outcomes have further 
highlighted the potential for their improvement.  
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