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Abstract 

Energy use during the material, transportation and construction phases up to project 

practical completion is known as initial embodied energy. Contractors have the opportunity 

to capture initial embodied energy data and influence performance due to their significant 

involvement in project procurement and delivery. In this case study practical challenges 

and opportunities were addressed for delivering improved initial embodied energy 

efficiency during construction. A revised framework was applied to a live industrial 

warehouse project to assess the initial embodied energy performance of assorted 

construction activities, packages and sub-contractors. The practices employed by the 

contractor on-site were explored and then improved. Results show that material phase 

impacts represented 95.1% of the total initial embodied energy consumption whereby 

construction packages predominately containing steel and concrete-based materials (i.e. 

ground and upper floor, external slab and frame) were most significant. The overall initial 

embodied impact was deemed greater than the operational impact at the end of the buildings 

25-year lifespan. Findings suggest that future project benchmarks and targets should be 

normalised per site area, as these impacts were found to be significant in this particular 

case.  

Key words: initial embodied energy, efficiency, material, transportation, industrial 

warehouse, construction, contractor. 
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1.0  Introduction 

The UK non-domestic sector is accountable for 18% of the UK’s total CO2 emissions, 

hence providing significant opportunities for CO2 emission and energy consumption 

reduction (BIS, 2010; Carbon Connect, 2011; Carbon Trust, 2009). Project life cycle 

energy is derived from operational and embodied energy. Operational energy relates to the 

energy use during building occupier activity whereas embodied energy relates to the 

indirect and direct energy inputs required for various forms of construction. Initial 

embodied energy specifically relates to the energy use during the material, transportation 

and construction phases up to project practical completion (Cole 1999; Davies, Emmitt, & 

Firth, 2014; Dixit, Fernandez-Solis, Lavy, & Culp, 2010). Many previous studies have 

focused on improving operational energy efficiency through developing standardised 

methods of data capture, benchmarks and exploring common discrepancies between design 

and actual operational energy performance within buildings (Cabeza, Rincon, Vilarino, 

Perez, & Castell, 2014; de Wilde, 2014; Firth, Lomas, Wright, & Wall, 2008; Gill, Tierney, 

Pegg, & Allan, 2011; Menezes, Cripps, Bouchlaghem, & Buswell, 2011; Menezes, 

Nkonge, Cripps, Bouchlaghem, & Buswell, 2012). However, at present the concept of 

addressing initial embodied energy is not as advanced within the industry.  

Opportunities to address project life cycle energy are typically identified through a life 

cycle assessment (LCA). Seemingly the availability and accuracy of LCA data is dependent 

upon many various project factors such as type, scale, location and duration and the 

decisions undertaken by practitioners in terms of system boundary, data source and 

calculation method selection (Dixit, Fernandez-Solis, Lavy, & Culp, 2012; Optis & Wild, 

2010). Variation amongst these project factors and decisions make it difficult for 

practitioners to compare data and highlight consistency within results (Cabeza, Barreneche, 
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Miro, Morera, Bartoli, & Fernandez, 2013; Ding & Forsythe, 2013; Treloar, Love, & Iyer-

Raniga, 2000).  

Understanding the significance of individual project life cycle phases and the relationship 

between them seems essential for project stakeholders to reduce overall project life cycle 

energy (Blengini & Di Carlo, 2010; Davies, Emmitt, Firth, & Kerr, 2013b; Langston & 

Langston, 2008; Optis & Wild, 2010; Sodagar & Fieldson, 2008). Some studies have 

suggested Building Information Modelling (BIM) will support project stakeholders in the 

future to identify opportunities to improve energy efficiency through the creation and use 

of intelligent databases and 3D models (Goedert & Meadati, 2008; Mah, Manrique, Yu, 

Al-Hussein, & Nasseri, 2010; Vilkner, Wodzicki, Hatfield, & Scarangello, 2007). 

However, there appears to be limited comprehensive data available (Davies, Emmitt, Firth, 

& Kerr, 2013b), no coherent method for data capture (BIS, 2010; Dixit, Fernandez-Solis, 

Lavy, & Culp, 2012), and little incentive for project stakeholders (Hamilton-MacLaren, 

Loveday, & Mourshed, 2009) to reduce initial embodied energy. 

The majority of existing studies have not explored practical approaches to initial embodied 

energy assessment or addressed the significance of construction packages and activities in 

terms of individual life cycle phases. Despite the need for improved data and benchmarks 

(BIS, 2010; Ko, 2010) there appears to be no clear understanding of which project 

stakeholders are best equip to capture this data and experience the risk and rewards for 

targeting improved initial embodied energy efficiency (HM Treasury, 2013; RICS, 2012; 

UK-GBC, 2012). Evidently, project stakeholders may decide going forward to develop 

internal bespoke methods, based upon own current practices and data, to facilitate initial 

embodied energy assessment rather than use existing LCA tools (e.g. ATHENA® Impact 

Estimator, EIO-LCA, Eco-LCA, Ecoinvent) and databases (e.g. DEAM™, GaBi, CFP, 

IBO, Synergia, ICE, Defra Guide) due to knowledge, user-friendliness and resource 

availability (Davies, Emmitt, & Firth, 2014; Davies, Emmitt, Firth, & Kerr, 2013b; 
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Scheuer, Keoleian, & Reppe, 2003; Srinivasan, Ingwersen, Trucco, Ries, & Campbell, 

2014; Takano, Winter, Hughes, & Linkosalmi, 2014; Van Ooteghem & Xu, 2012). In 

particular contractors have a vested interest in initial embodied energy and have access to 

primary data due to their significant involvement in project procurement and delivery 

(Davies, Emmitt, & Firth, 2013a; Davies, Emmitt, Firth, & Kerr, 2013b; Goggins, Keane, 

& Kelly, 2010; Li, Zhu, & Zhang, 2010; Monahan & Powell, 2011; RICS, 2010). The study 

aimed to address the practical challenges and opportunities for delivering improved initial 

embodied energy efficiency during construction. A literature review helped develop a 

revised framework intended to assess the initial embodied energy performance of 

construction activities, packages and sub-contractors relative to a UK industrial warehouse 

project. The revised framework was applied to a live project to facilitate the capture of 

primary data. 

1.1 Initial embodied energy phases 

1.1.1  Material phase (cradle-to-factory gate) 

Material phase impacts are derived from the consumption of energy (e.g. petrol, diesel, gas, 

electricity) during the procurement and manufacture of raw materials into finished building 

materials, products and services. The Inventory of Carbon and Energy (ICE) is a commonly 

used dataset which highlights the embodied carbon and energy of materials typically used 

within construction (e.g. concrete, glass, plastic, steel, and timber) (BSRIA, 2011). The 

embodied coefficients detailed within the dataset are typically used by practitioners in 

conjunction with material characteristics (i.e. size, volume and weight) derived from a 

project’s bill of quantities and design drawings (Davies, Emmitt, & Firth, 2014; Davies, 

Emmitt, Firth, & Kerr, 2013b; Hamilton-MacLaren, Loveday, & Mourshed, 2009; Mah, 

Manrique, Yu, Al-Hussein, & Nasseri, 2010; Scheuer, Keoleian, & Reppe, 2003). 

Regardless of project type and location, many previous studies have highlighted the 

significance of material phase impacts and in particular emphasised the importance of 
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building frame and envelop design in order to help reduce initial embodied energy 

consumption (Cole & Kernan, 1996; Kofoworola & Gheewala, 2009; Rai, Sodagar, 

Fieldson, & Hu, 2011; Van Ooteghem & Xu, 2012). 

1.1.2  Transportation phase (factory gate-to-site gate) 

Transportation phase impacts are derived from the consumption of energy (e.g. petrol, 

diesel) during transport of material, plant and equipment, and operatives to and from site 

during the construction phase of a project. Some studies have previously used the publically 

available data within the 2012 Guidelines to Defra/DECC’s GHG Conversation Factors 

Company Reporting document (Defra Guide) to assess these impacts (Davies, Emmitt, & 

Firth, 2014; Williams, Elghali, Wheeler, & France, 2011). The Defra Guide contains a 

series of GHG conversion factors to allow various activities (i.e. litres of fuel used, number 

of miles travelled) to be converted into kilograms of carbon dioxide equivalent (kgCO2e) 

(DEFRA, 2012). Typically to assess these impacts mode and distance of transport data is 

captured post-construction from various contractor current practices (e.g. sign-in sheets, 

delivery records) as this data is only available once the construction phase has commenced 

(Davies, Emmitt, & Firth, 2014; Davies, Emmitt, Firth, & Kerr, 2013b; Hamilton-

MacLaren, Loveday, & Mourshed, 2009; RICS, 2012). Seemingly, the majority of previous 

LCA studies have either: assumed or ignored certain transport data such as distance 

travelled (Adalberth 1997; Cole, 1999); reported this impact collectively with other life 

cycle phase impacts such as the construction phase (Cole & Kernan, 1996; Kofoworola & 

Gheewala, 2009); or overlooked this impact all together (Gustavsson, Joelsson, & Sathre, 

2010; Halcrow Yolles, 2010; Iddon & Firth, 2013). Consequently, there is an apparent view 

within literature that reducing this impact will not result in significant energy reductions 

for a project or wider industry (Hamilton-MacLaren, Loveday, & Mourshed, 2009; RICS, 

2012).  
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1.1.3  Construction phase (site gate-to-practical completion) 

Construction phase impacts are derived from the consumption of energy (e.g. petrol, diesel, 

gas, electricity) during the installation of building materials, products and services up to 

project practical completion. Typically to assess these impacts, along with the Defra Guide, 

construction activity duration, plant and equipment selection, and fuel usage data is 

captured post-construction from various contractor current practices (e.g. programme of 

works, plant register), as this data is only available once the construction phase has 

commenced (Davies, Emmitt, & Firth, 2014; Davies, Emmitt, Firth, & Kerr, 2013b; RICS, 

2012). Currently there is a lack of detailed, accurate data within literature which reflects 

the impact of the construction phase across various projects (Hamilton-MacLaren, 

Loveday, & Mourshed, 2009), especially as significant time, money and effort are required 

by practitioners to capture and assess this data. Hence, construction phase impacts are 

commonly assumed, or even ignored, by practitioners as the impact is viewed to be 

insignificant in comparison to total project life cycle energy (Gustavsson & Joelsson, 2010; 

Iddon & Firth, 2013; Pajchrowski, Noskowiak, Lewandowska, & Strykowski, 2014). 

2.0 Method 

A case study approach was adopted as this provided a useful vehicle for monitoring 

activities on site in relation to initial embodied energy. One of the researchers was 

employed by a principal contractor thus providing the opportunity to capture primary data 

throughout the entire construction phase of the project (lasting 30 weeks). The contractor 

provided an appropriate sample due to their use of current forms of environmental 

measurement (i.e. Building Research Establishment Environmental Assessment Method, 

BREEAM) (BRE, 2011) and overall desire to improve project environmental performance; 

thus supporting the research by allowing access to primary data.   

The case study project was a large design and build industrial warehouse located in the 

south of England. The project contained two pod offices, a single storey mezzanine office 
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and a large chamber for ambient (10°C) operating and storage use. The main building 

comprised: prefabricated steel structure; composite roof and cladding panels; precast 

concrete retaining wall; glazed façade (for the offices); 170 dock levellers; multiple air 

source heat pumps for heating and cooling. Table 1 illustrates the sample of construction 

packages, activities and sub-contractors which were explored due to their relative 

significance towards project value, project duration, operative numbers and quantity of 

materials used.  

<Insert TABLE 1> 

2.1 Desk study   

Given the paucity of work in this area a decision was taken to apply an existing framework 

developed by Davies et al. (2014) whereby practices employed by a contractor were used 

to highlight the significance of initial embodied energy levels of a UK non-domestic sector 

project. The desk study aimed to address key challenges embedded within the existing 

framework in order to develop a revised framework which would be explored throughout 

the case study project.  

The framework comprised five key sections (principles, indicators, structure, equations, 

and alignment) which relied on data captured from practices such as the programme of 

works, plant register, sign-in sheets and an on-site energy management procedure. Davies 

et al. (2014) recognised multiple challenges within these practices which reduced the 

success of the existing framework. In particular the existing framework captured limited 

transportation data and highlighted no direct link between on-site fuel consumption and 

construction packages and activities. Table 2 displays the practices and the corresponding 

improvements to the existing framework derived from the desk study. The revised 

framework was based upon the same key sections as the existing framework. However, 

slight changes were made to how the captured data would be correlated between the 
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indicators and structure, and aligned to each indicator in order to satisfy the full data 

requirements of the revised framework.  

<Insert TABLE 2> 

The case study project consisted of numerous construction packages, all of which were 

derived from an assorted number of construction activities. The impact of each construction 

activity was based upon the associated impact of each life cycle phase (i.e. material, 

transportation, construction). The impact of each life cycle phase derived from the sub-

contractors use of a mixture of project resources such as materials, plant and equipment, 

and operatives to undertake each construction activity. The impact from these project 

resources was captured by the contractor current practices. Hence, the overall initial 

embodied impact of the project was defined in terms of the relationship between 

construction packages, activities and specific life cycle phases (equation 1, after Davies et 

al., 2014), thus:    

EEInitial =  ∑ (∑ (∑ EEijk
3
i=1 )P

j=1 )
Nj
k=1       (1)  

where i represents the three different project life cycle phases, j represents the construction 

package, k represents the construction activity, P represents the total number of 

construction packages, and Nj represents the total number of construction activities. Figure 

1 displays an overview of how the embodied impacts of each project life cycle phase was 

correlated to each construction activity and package for the case study project. Each 

improvement (i.e. Table 2) contributed to changes in contractor current practice. Three 

improvements in particular (improvements no. 5-7) contributed to significant changes in 

contractor current practice and overall alignment of the captured data. These improvements 

were in the form of three new sign-in sheets (Forms ‘A’, ‘B’ and ‘C’), developed in order 

to help highlight the significance of each project life cycle phase relative to specific 

construction packages, activities and sub-contractors.  
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<Insert FIGURE 1> 

The purpose of Form ‘A’ was to illustrate material, plant and equipment transportation 

impacts by capturing data such as vehicle type, distance travelled, load capacity and 

intended recipient. Similarly the purpose of Form ‘B’ was to identify operative 

transportation impacts by capturing data such as vehicle type, distance travelled and 

company name. In contrast the purpose of Form ‘C’ was to recognise construction impacts 

by capturing data such as the number and type of operatives, plant and equipment per 

construction activity.  

Data was captured during different intervals from three groups of individuals based upon 

their role, responsibility and involvement within the project. Forms ‘A’ and ‘B’ were filled-

in daily by delivery drivers and on-site operatives respectively. Form ‘C’ was filled-in only 

once by sub-contractor management (i.e. project manager) when the sub-contractor first 

began on-site. In order to encourage positive response rates, Forms ‘A’ and ‘B’ were 

located within the security gate house at the entrance of the site accompanied by a brief 

introduction guide. In terms of Form ‘C’, an introduction guide and a programme of works 

was provided to each sub-contractor management in order to connect the correct level of 

resources required (i.e. operatives, plant and equipment) for each construction package and 

construction activity. Overall, Table 3 highlights the alignment of the improved contractor 

current practices with the requirements of the revised framework. Current practices such as 

the bill of quantities and design drawings, which are common to all contractors, were 

required as these practices act as the primary source of information for all material impacts.   

<Insert TABLE 3> 

2.2 Quantitative analysis   

Quantitative data was captured through non-intrusive participant observation throughout 

the entire construction phase of the project. This method captured detailed primary data 

resulting from the contractor’s current practices and reduced the need for secondary source 
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data derived from post-construction contractor queries. All project information and data 

was captured, organised and analysed via multiple spreadsheets. Both embodied energy 

and carbon (i.e. carbon dioxide equivalent, kgCO2e) was measured in order to improve 

conformity and comparability with previous studies (Dakwale, Raglegaonkar, & 

Mandavgane, 2011; Dixit, Fernandez-Solis, Lavy, & Culp, 2012; HM Treasury, 2013). 

Thus, regarding equation 1, embodied energy (EE) would be replaced with embodied 

carbon (EC). 

2.2.1  Material phase data 

Construction packages consisted of multiple construction activities which comprised of 

numerous materials. The embodied impact of each material was assessed via the ICE 

material database. This data was linked to material characteristics (i.e. area, volume, 

thickness) highlighted within the contractor’s bill of quantities and design drawings to 

obtain the total embodied energy and carbon levels for each construction package. 

2.2.2  Transportation phase data 

The new sign-in sheets enabled data such as vehicle type, distance travelled and load 

capacity to be captured from sub-contractors during the construction phase on a daily basis. 

Transportation phase impacts were calculated by applying this data to the conversion 

factors addressed within the Defra Guide (DEFRA, 2012).  

2.2.3  Construction phase data 

The contractor’s on-site energy management procedure enabled fuel type and quantities to 

be captured from sub-contractors during the construction phase on a monthly basis. Similar 

to the transportation phase, the embodied impact of the construction phase was calculated 

by correlating these values against the conversion factors addressed within the Defra Guide 

(DEFRA, 2012). 
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3.0 Results and Discussion 

3.1  Quantitative analysis 

Table 4 displays the overall reporting scope of the investigation. Despite only 42% of 

construction activities and 48% of sub-contractors were explored, these represented 

approximately 81% of the total project value. Table 5 displays the response rates for each 

of the three new sign-in sheets used to capture primary data throughout the project duration. 

Forms ‘A’, ‘B’ and ‘C’ captured approximately 92%, 64% and 26% of the total project data 

available whereby 81%, 69% and 53% of the responses respectively were deemed fully 

complete.  

<Insert TABLE 4> 

<Insert TABLE 5> 

3.1.1  Material phase data 

The material phase was overall responsible for total embodied energy and carbon levels of 

558,669.9 GJ and 67,075,540.5 kgCO2e respectively. Table 6 displays the data type, source 

and calculation methods used to evaluate material phase impacts per individual 

construction activities whereby Table 7 and Table 8 summarise these impacts per sub-

contractor. The results highlighted differences between embodied energy and carbon levels 

across the construction packages. In terms of embodied energy (Table 7), the most 

significant construction packages were the ground and upper floors (i.e. in-situ concrete 

slab) (43.6%), external slab (i.e. in-situ concrete slab) (13.3%) and frame (i.e. steel columns 

and beams) (12.8%). In relation to embodied carbon (Table 8) the construction packages 

were responsible for 21.1%, 53.8% and 7.3% respectively. The concrete used within the 

external slab construction package consisted of traditional in-situ concrete (RC 32/40 with 

15% fly ash cement replacement) with steel reinforcement bars (110kg/m3) which was less 

energy intensive (2.1 MJ/kg) (BSRIA, 2011:40) to produce than steel fibre-reinforcement 

concrete (7.8 MJ/kg) (BSRIA, 2011:42) used within the ground and upper floors 
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construction package. The insulated cladding panels included within the external walls and 

roof construction package was the most energy intensive material to manufacture (101.5 

MJ/kg). 

<Insert TABLE 6> 

<Insert TABLE 7> 

<Insert TABLE 8> 

As the original building had been demolished and demolition waste was removed down to 

ground level before the contractor commenced work, the remaining in-situ ground floor 

slab, ground beams and foundations were reprocessed (i.e. organised, crushed and 

transformed into aggregates) by the earthworks sub-contractor on-site; removing the need 

for virgin material to be transported to site. Approximately 55,000 m3 of aggregate material 

was reprocessed and used as a sub-base to support the internal and external slabs, drainage 

and services excavations, and the car park levels.  

3.1.2  Transportation phase data 

The transportation phase was overall responsible for total embodied energy and carbon 

levels of 14,734.7 GJ and 1,004,414.6 kgCO2e respectively. Impacts per sub-contractor are 

summarised within Table 7 and Table 8. In particular material transportation represented 

64% of the total transportation phase impacts (Table 9). In terms of embodied impacts, the 

external walls and roof, racking (i.e. steel racking), and frame construction packages were 

the most significant; representing 36.6%, 11.6% and 9.1% of the total respectively (Table 

7 and Table 8). A total of 357 material movements occurred in order to transport the 

16,277.5 m3 of external wall and roof cladding via an articulated lorry (0.99 kgCO2e/km) 

(DEFRA, 2012:31) to site. In addition a total of 2,561 material movements occurred in 

order to transport the 15,120 m3 of external slab (i.e. in-situ concrete) via a rigid lorry (0.83 

kgCO2e/km) (DEFRA, 2012:31) to site. However, the external wall and roof cladding was 
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sourced from approximately 330 km from site whereas the external slab was only sourced 

from 10 km from the site.  

<Insert TABLE 9> 

Plant and equipment transportation represented 5% of the total transportation phase 

impacts. The contractor was responsible for the largest embodied impact (21.6%) followed 

by the earthworks (12.7%) and groundworks (11.8%) construction packages. Considering 

the contractor, 198 of the 239 movements related to transfer of construction waste (2,202.7 

m3) to a local recycling facility which was located approximately 16 km from the site. 

Despite the earthworks sub-contractor not requiring any materials to be transported to site, 

a number of excavators, dumper trucks, bulldozers, and fuel deliveries were required 

throughout the package duration, as illustrated within Table 10.  

<Insert TABLE 10> 

Operative transportation represented 31% of the total transportation phase impacts. A total 

of 15,124 operative movements occurred, equating to a distance of 832,449 km to and from 

site. In terms of embodied impacts, the most significant construction packages were the 

groundworks, contractor and external walls and roof construction packages; representing 

21.4%, 15.8% and 11.4% of the total respectively.  

3.1.3  Construction phase data 

Throughout the project 349,574 litres of red diesel and 5,402 litres of petrol was delivered 

and consumed by the contractor and sub-contractors; representing 98.5% and 1.5% of the 

total embodied impacts respectively. The earthworks, groundworks and contractor were the 

most significant construction packages signifying 47.0%, 18.6% and 14.1% of the total 

embodied impacts respectively. The earthworks package took 25 weeks (125 business 

days) to complete and primarily consisted of a site cut and fill exercise using the 

reprocessed aggregate material derived from the original building. The plant-intensive 
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construction activities consumed 166,589 litres of red diesel (Table 11). Overall the 

construction phase was responsible for total embodied energy and carbon levels of 13,869.5 

GJ and 1,068,280.8 kgCO2e respectively. Impacts per sub-contractor are displayed within 

Table 7 and Table 8. 

<Insert TABLE 11> 

3.1.4  Key findings and assumptions 

The overall findings clearly highlight the importance of material phase impacts (energy and 

carbon) in comparison to transportation and construction phase impacts (Table 12). 

Construction packages which predominately contained steel and concrete-based materials 

(i.e. ground and upper floor, external slab and frame) were the most significant, reflecting 

similar results to those of Cabeza, Barreneche, Miro, Morera, Bartoli, & Fernandez (2013), 

Chen, Burnett, & Chau (2001), Goggins, Keane, & Kelly (2010) and Halcrow Yolles 

(2010). Decisions to use the original building as a source of aggregates for the earthworks 

package enabled certain material transportation impacts to be offset by additional 

construction impacts as on-site fuel use primarily related to the reprocessing and 

transformation of the demolition building into useable aggregates.  

Throughout the data capture and analysis certain assumptions were necessary due to the 

complex nature of the construction project. It was assumed that only 80% of the total 

material scope within the groundworks, mechanical and electrical construction packages 

was captured primarily due to data discrepancy (i.e. measurement and specification details) 

within the design drawings and BoQ’s, the restricted selection of materials addressed 

within the ICE material database, and overall time constraints for managing large quantities 

of data. Thus, it is likely impacts per construction package and for the overall project would 

be greater than reported.  

<Insert TABLE 12> 
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3.2  Challenges for improved initial embodied energy efficiency 

Many practical challenges for delivering improved initial embodied energy efficiency were 

identified as a consequence of the study. Primarily these challenges related to capturing, 

normalising and organising data.   

3.2.1  Capturing data 

Correlating material data between the contractor current practices and the embodied 

coefficients within the ICE material database proved difficult. Data was represented in 

various inconsistent forms (i.e. weight per unit, weight of total, length, kg/m2) which were 

not easily transferable for computation; highlighting the need for further standardisation of 

units for environmental measurement (BIS, 2010; Carbon Connect, 2011). Previous studies 

have also questioned the validity of the ICE material database to truly reflect the 

environmental impact during material manufacture due to the reliance upon secondary 

sourced data and narrow system boundaries (Doran & Anderson, 2011; Fieldson & Rai, 

2009). Although, HM Treasury (2013) and RICS (2012) previously argued any it is 

important to reduce environmental impacts than necessitate on the accuracy of results. 

Seemingly there is a need for additional research to improve understanding of the material 

phase impacts whereby the recent development of the CEN TC 350 Standards and 

improvements to Environmental Product Declarations (EPD’s) for construction materials 

could potentially fulfil this requirement, as previously noted by BIS (2010) and Halcrow 

Yolles (2010). 

3.2.2  Normalising data 

Within existing studies and forms of environmental measurement (e.g. Simplified Building 

Energy Model, Environmental Performance Certificate; BREEAM, Carbon Profiling) 

operational energy consumption is typically normalised relative to building area (BICS, 

2006; BIS, 2010; BRE, 2011; DECC, 2009a; RICS, 2010). However, the results of the 
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study question whether this particular approach is suitable to address embodied energy as 

a significant proportion of impacts originated from the site area (i.e. total building and 

infrastructure area). As the industrial warehouse was intended for the delivery and storage 

of grocery retail products, the bulk of the site area (56.2%) was taken up by hard 

landscaping (i.e. kerbs, edges, road infrastructure, pathways, and delivery and loading 

bays). The construction activities and packages within this area (i.e. external slab, 

earthworks, groundworks and main contractor packages) contributed to 18.6% and 56.6% 

of the total initial embodied energy and carbon levels respectively. Typically these 

embodied impacts have been overlooked within previous studies (Cole & Kernan, 1996; 

Fay, Treloar, & Raniga, 2000; Kofoworola & Gheewala, 2009; Rai, Sodagar, Fieldson, & 

Hu, 2011; Scheuer, Keoleian, & Reppe, 2003), although it seems impacts derived from the 

site area need to be considered to understand a project’s true life cycle impact and to create 

more meaningful benchmarks and targets for project stakeholders to drive improved initial 

embodied energy efficiency, a requirement previously supported by BIS (2010) and Ko 

(2010).   

3.2.3  Organising data 

Within the revised framework Form ‘C’ was designed to provide a fundamental link 

between transportation and construction impacts per construction activity for each sub-

contractor. However, significant issues emerged during the use of Form ‘C’ as information 

captured from the sub-contractors was either incomplete or varied in terms of content, detail 

and terminology. Hence, it was not possible to accurately assess the embodied impacts for 

all construction activities. In addition, from the responses alone, it proved difficult to 

accurately correlate each construction activity on the programme of works (PoW) to each 

sub-contractor. Primarily this was due to the contractor needing to react to unforeseen 

circumstances during the construction phase (i.e. changes in design, materials, construction 

methods and techniques) which ultimately impacted on the number and duration of many 
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construction packages and activities; consequently the PoW was updated regularly. 

Further, occasionally where no or incomplete responses were received from sub-

contractors the contractor was required to verbally confirm the outstanding data. Thus from 

the data alone, the method does not appear to support autonomy of capturing and assessing 

initial embodied impacts without a contractor employee being present to monitor and 

manage the process.  

3.3  Opportunities for improved initial embodied energy efficiency 

Many practical opportunities for delivering improving initial embodied energy efficiency 

were identified as a consequence of the study. These opportunities relate to individual 

material, transportation, and construction phases and overall project life cycle performance.  

3.3.1  Material phase performance 

Due to the prevailing impact of the material phase, seemingly project stakeholders should 

focus efforts towards material selection in order to significantly reduce a project’s initial 

embodied impact, a view previously supported by Scheuer, Keoleian, & Reppe (2003) and 

Treloar, Love, & Holt (2001). However, it appears consideration should not simply be 

driven towards selecting materials with low embodied coefficient values (energy or carbon) 

as material quantities and characteristics such as volume (m3) and density (kg/m3) also need 

consideration, as noted by Halcrow Yolles (2010) and Harris (2008).  

Similar to Goggins, Keane, & Kelly (2010) and Habert & Roussel (2009), the findings 

suggest significant embodied energy savings could be achieved through the selection of 

alternative concrete mix design and performance specifications. Considering the ground 

and upper floor package, if a traditional in-situ concrete with steel reinforcement bars was 

selected as an alternative to the steel fibre-reinforcement concrete used, this could have 

reduced the package embodied energy level by 73% (i.e. from 243,565.5 GJ to 64, 835.7 

GJ). However, the contractor confirmed that the specific concrete specification was 
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selected as it allowed the incorporation of an additional rapid hardening agent which 

reduced concrete curing time and allowed following construction packages (e.g. the 

sprinklers and syphonic drainage) to commence work shortly after the completed concrete 

pour. In this instance, it appears the contractor’s overarching commitment towards project 

programme was more important than selecting an environmental alternative, a common 

approach for project stakeholders as noted by Anderson & Mills (2002) and Sodagar & 

Fieldson (2008). Despite the apparent environmental benefits, selecting alternative low 

embodied impact materials may result in changes to construction techniques, procurement 

methods, and building maintenance cycles (Buchanan & Honey, 1994; Davies, Emmitt, 

Firth, & Kerr, 2013b; Fieldson & Rai, 2009).  

3.3.2  Transportation phase performance 

Due to the project’s location near many road and rail transportation links, the project team 

had many options when sourcing materials, plant and equipment, and operatives. In 

particular, the project benefited from the use of locally sourced concrete within the ground 

and upper floor, external slab and groundworks packages as this was sourced 

approximately 10 km away from site. Despite concrete deliveries representing 81.4% of 

total number of deliveries to site, these deliveries only signified 12.2% of the total 

transportation phase impacts. In comparison, the 357 deliveries of external walls and roof 

insulation were sourced over 330 km which represented 36.6% of the total transportation 

phase impacts. The environmental and cost benefits experienced by contractors for using 

locally sourced materials, fuel efficient vehicles and consolidation centres to increase 

delivery reliability have been previously highlighted in many studies (BRE, 2003; Citherlet 

& Defaux, 2007; Ko, 2010; Sodagar & Fieldson, 2008), though as emphasised by Halcrow 

Yolles (2010), transportation phase impacts are site specific thus it is difficult to identify 

significant trends across different studies.  
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3.3.3  Construction phase performance 

Red diesel was used as the primary energy source to power initial on-site operations as 

opposed to electricity from the main electrical grid, a common approach previously 

discussed by Monahan & Powell (2011). The contractor confirmed that this decision was 

due to the high initial capital cost for the main electrical grid supply, the limited lead-in 

time between obtaining the project contract and starting the on-site construction phase, and 

the difficulty in agreeing a practical location for the supply that would benefit the temporary 

on-site accommodation and main building positioning. Seemingly, specifying fuel efficient 

plant, accommodation and improving on-site logistics and coordination of activities would 

provide energy and cost reduction benefits for contractors, as previously highlighted by 

ERA (2014) and Ko (2010). 

3.3.4  Project life cycle performance 

Many previous studies have demonstrated the significance of operational energy in 

comparison to embodied energy (Adalberth, 1997; Cole & Kernan, 1996; Kofoworola & 

Gheewala, 2009; Scheuer, Keoleian, & Reppe, 2003). However, for this particular explored 

project, initial embodied energy appears more important than operational energy.   

Table 13 demonstrates a comparison between the impacts of the project’s life cycle phases 

(embodied and operational) throughout the building lifespan. Embodied impact data 

(energy and carbon) was compared against the SBEM (Simplified Building Energy Model) 

data provided by the contractor which identified the predicted operational performance of 

the building per annum. As operational impacts originate from the building footprint only, 

these impacts were normalised across the entire site area in order to equally compare the 

total sum of all project embodied and operational impacts. Within previous LCA studies 

building lifespan can range between 25-75 years (Cole & Kernan, 1996; Gustavsson, 

Joelsson, & Sathre, 2010; Rai, Sodagar, Fieldson, & Hu, 2011; Scheuer, Keoleian, & 
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Reppe, 2003), although in this instance due to the project scope and intentions of the client 

and developer, the contractor confirmed that the building had an expected lifespan (i.e. 

design life) of 25 years. Hence, on this occasion the initial embodied impact would remain 

greater than the operational energy impact at the end of the building’s life. In particular it 

would take approximately 31 years and 28 years for the operational impact to exceed the 

initial embodied energy and carbon impacts respectively. This finding challenges the view 

previously addressed by Gustavsson, Joelsson, & Sathre (2010) stating operational energy 

should be considered before embodied energy as it represents the largest share in project 

life cycle energy. Seemingly, the evidence questions the current direction of industry 

directives (DECC, 2009b; DIAG, 2011; Legislation, 2008) and project stakeholders 

(Davies, Emmitt, Firth, & Kerr, 2013b; Sodagar & Fieldson, 2008; Tassou, Hadawey, & 

Marriott, 2011) as both are primarily focused towards reducing operational energy as 

opposed to total project life cycle energy. The findings emphasise the importance of 

building lifespan and project type when considering the true environmental impact of a 

project, as previously noted by Adalberth (1997), Chau, Yik, Hui, Liu, & Yu, (2007) and 

Cole (1999). Importantly however due to the scope of this study the comparison does not 

take into consideration the impact of recurring embodied energy (Treloar, McCoubrie, 

Love, & Tyer-Raniga, 1999; Chen, Burnett, & Chau, 2001), the decarbonisation of the UK 

national grid (DECC, 2012), the variation between predicted and actual operational energy 

performance of buildings (Menezes, Cripps, Bouchlaghem, & Buswell, 2011); and the time 

value of carbon (Karimpour, Belusko, Xing, & Bruno, 2014); all of which would alter the 

significance and the relationship between both project life cycle impacts.  

5 Conclusions  

The study demonstrated practical challenges and opportunities for delivering improved 

initial embodied energy efficiency from an industrial warehouse project located in the south 

of England. Depending on procurement methods the approach can potentially be replicated 
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by contractors with similar current practices (i.e. programme of works, plant register, bill 

of quantities, design drawings, and sign-in sheets) as the system boundary, data source and 

calculation methods selected have been presented. Seemingly contractors can help provide 

initial embodied energy data for targeting improved energy efficiency within future 

projects, although in this instance, challenges related to capturing, normalising and 

organising data existed.  

In this case study material phase impacts represented a significant proportion (95.1%) of 

the total initial embodied energy consumption, with construction packages predominately 

containing steel and concrete-based materials (i.e. ground and upper floor, external slab 

and frame) being most significant. Thus the need to improve initial embodied energy 

efficiency should be primarily focused towards selecting alternative lower embodied 

impact materials within these packages, although the results indicate that material 

quantities, characteristics and performance criteria also need to be considered. Selecting 

alternative low embodied impact materials may result in changes to on-site construction 

techniques, procurement methods, operational energy efficiency, architectural form, and 

building maintenance cycles. Despite transportation and construction phase impacts only 

representing 4.9% of the total initial embodied energy performance, the results from this 

case study highlight the importance of sourcing high embodied impact materials (e.g. 

concrete) locally and reducing the reliance upon red diesel fuelled plant-intensive 

construction activities (e.g. earthworks) in order to improve initial embodied energy 

efficiency.  

Significant embodied impacts were derived from outside the building footprint area. 

Despite these impacts being commonly overlooked within existing studies and forms of 

environmental measurement, they reflect the project’s true life cycle impact, and therefore 

need to be integrated into future project benchmarks and targets. This will allow project 

stakeholders to drive improved initial embodied energy efficiency. Similarly, the overall 
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initial embodied impact was deemed greater than the operational impact at the end of the 

building’s life.  Hence there is a need to address total project life cycle impacts as opposed 

to just operational impacts in order to make significant reductions in energy and carbon 

levels throughout building design, construction and operation.   

Although the results are derived from one large project within a principal contractor’s 

significant project portfolio, the findings do provide a unique indication of the complexity 

of delivering initial embodied energy during the construction phase. In future research it 

may be insightful to examine the views and current practices of different project 

stakeholders to determine which are best equipped to capture, assess and predict initial 

embodied energy performance during different stages of project development. Similarly it 

may be informative to investigate the relationship between operational and initial embodied 

energy performance across different project types in order to improve understanding of 

how to reduce overall project life cycle impact.  
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Figure Captions 

Framework structure for capturing project life cycle data per construction activity (after 

Davies et al., 2014).  

 


