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Today, increasing rates of energy and resource consumption in the world have led the 

building sector to challenge the development of a new Building Life Cycle Assessment 

(BLCA) method. Moreover, some building designers and decision makers are concerned 

about a group of related aspects of BLCA (e.g. energy and carbon efficiency) in their designs. 

This approach can sometimes cause further negative issues in terms of unregarded values (e.g. 

related to quality of the acoustic environment). The aim of this paper is to determine the 

relationship between energy/carbon efficiency and quality of the acoustic environment based 

on a numerical semi-quantitative method, using various material scenarios in a typical 

building unit. The results present findings of an objective study which would help building 

designers and decision makers to consider the unregarded values as well as to involve 

different aspects of building design (e.g. energy and carbon efficiency, and acoustic comfort) 

in a more sensitive and more precise numerical manner.  

Keywords: Building Lifecycle Assessment, Embodied Energy, Embodied Carbon, 

Reverberation Time, Sound Reduction Index. 

 

1. INTRODUCTION  

A Life Cycle Assessment (LCA) of 

construction materials and complete 

structures measures lifetime environmental 

performance from extraction to 

manufacturing then transportation, 

installation, use, maintenance and finally 

disposal/recycling [1]. Therefore, LCA 

offers an effective way to decrease waste in 

different stages of design, build or 

manufacture. In recent years, this cyclical 

basis has been extended to an investigation 

of energy (embodied and operational) and 

carbon [2-5]. In terms of sustainability and 

environmental impact, the performance of 

materials and structures in a building should 

strive for minimising energy consumption 

and carbon footprint.  

However, improving the performance 

of buildings from the perspective of one or 

two factors (e.g. energy and carbon) will not 

necessarily be good from the perspective of 

other parameters related to comfort in 

buildings e.g. representing the acoustic 

comfort. For example, certain types of 

thermal insulation can actually be bad for 

acoustic insulation, by increasing noise 

reverberation and flanking sound. Moreover, 

it is extremely difficult, if not impossible to 

retrofit proper acoustic performance and 

thus, it should be considered in advance, 

before the building construction or 

reconstruction. Hence, including acoustics in 

the BLCA will help to resolve specific 

problems the building industry is facing in 

terms of multidisciplinary assessment and 

optimisation of buildings performance. 

Accordingly, the main purpose of this 

research is to determine the relationship 

between energy/carbon efficiency and 

parameters essential for acoustic comfort in 

buildings (e.g sound reduction index and 
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reverberation time); moreover to highlight 

the role of each parameter in a 

multidisciplinary building design and 

decision making process. This is realized by 

a comparison of the results of a numerical 

simulation of the performance of three 

simulated scenarios in a typical building unit, 

using various materials. This action has been 

done to examine the results of the 

methodology in terms of showing the best 

choices of design from energy, carbon, and 

acoustics points of view.  

The rest of the paper is organised as 

follows: section 2 presents the methodology 

of the research, section 3 describes the 

semi-quantitative methodology, in section 4 

the CRR model/software is presented, 

section 5 presents the case-study site 

description, section 6 and 7 demonstrate, 

respectively, the results of a preliminary and 

final modelling and comparison between 

simulated scenarios, while in chapter 8 the 

conclusions are given. 

 

2. METHODOLOGY  

The methodology of this research is based 

on a new numerical semi-quantitative 

method recently developed in the University 

of Sheffield, using various material 

scenarios in a typical building unit. It 

considers embodied energy (EE) and 

embodied carbon (EC) of buildings through 

their lifecycle, within a proposed 

spreadsheet [6]. As previously stated, the 

semi-quantitative method [7] tries to answer 

some questions raised from the incomplete 

outputs of the existing BLCA tools in the 

category of ‘design and decision support’ 

[7-9] as follows: How sensitive and reliable 

are these tools?, What is the impact of 

geographical and climate changes on 

building’s lifecycle inventory (LCI) data?, 

Are these building LCA tools having a 

global value or are they just useful for 

developed countries?. Hence, it is designed 

to investigate and propose a complete and a 

more sensitive measurement approach to 

examine case studies, based on more 

credible input data taken from other research 

centres, and programmes e.g. 

Autodesk-Ecotect 2011 [10]. Therefore, the 

methodology is described as 

‘Semi-quantitative’. However, the following 

questions have not been answered yet, 

which are the main challenges of this paper: 

How reliable are the results of BLCA tools 

in a multidisciplinary scope? Are the 

appropriate building scenarios from an 

energy/carbon view appropriate from a view 

of acoustic comfort as well? 

 

Accordingly, a spreadsheet has been 

prepared which measures the total embodied 

energy, and embodied carbon of the construction 

procedure in a simulated building. The acoustic 

parameters such as reverberation time and sound 

reduction index are added to the spreadsheet. 

Moreover, more precise input data are considered 

(using other handbooks, inventories and software) 

[11]. Furthermore, operational energy has been 

achieved through the outcome of Ecotect 2011, 

while reverberation time of simulated spaces have 

been calculated with CRR (Combined Raytracing 

and Radiosity, developed by the University of 

Sheffield) [12]. Sound reduction index data have 

been derived from the literature [19].  

3. THE SEMI-QUANITATIVE 

METHODOLOGY 

The semi-quantitative methodology is 

established on calculation-engine (an Excel 

based spreadsheet) which calculates the 

following values (see figure 1):  

 Section;  

 Detail;  

 Material;  

 Area (m
2
);  

 Height (m);  

 Volume (m
3
);  
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Figure 1. The new semi-quantitative methodology. 
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Figure 2. High sensitivity of the new methodology in details of building materials and components. 

 

 Density (Kg/m3);  

 Total weight (in Kg and Tone);  

 EE per m
3
;  

 EC per m
3
;  

 Total EE;  

 Total EC;  

 Total OE (resulted from Ecotect 2011 

modelling).  

One of the advantages of this methodology 

is the high sensitivity in building materials 

and components in a micro-detailed 

approach (see figure 2). 

 

3.1. Providing the basic data (EE, EC, 

volume of building elements, weights and 

densities of materials)  

The areas (m
2
) have been measured based 

on the plans of the building (it can be 

measured either in AutoCAD based or 

manual approach). The volumes of the 

elements have been calculated based on the 
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Figure 3. Calculation of the volume of concrete and virgin steel in floor of the basement in the 

case-study. 

 

 

Figure 4. Calculation of the volume of wood, recycled paper, and resin in internal walls of the 

basement in the case-study. 

 

 

Figure 5. Calculation of the total weight of materials in the basement of the case-study. 

 

Figure 6. Calculation of the total EE and total EC of the materials. 

 

Figure 7. Calculation of the total EE, EC, OE. 
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following approach: 

Volume of element (m
3
) = (Area of element 

in m
2
) × (height of element in meter) 

e.g. floor area × floor thickness, or wall 

area × height of walls. Hence, in breaking 

down the materials the volume of each 

material has been measured by considering 

the percentage/rate of that material in the 

considered element. For example, the 

volume of steel (as bars and rods) and 

concrete (general type) are being calculated 

by respectively timing the volume of armed 

concrete to 0.1 and 0.9 (the considered rate 

in this case-study) (see figure 3). 

Volume of armed concrete × 0.1 = Volume 

of steel  

Volume of armed concrete × 0.9 = Volume of 

concrete 

In the case of volume of materials in 

the composite walls of this case-study, the 

calculation process is as follows (also see 

figure 4 and 5):  

Volume of walls × 0.4 = Volume of wood 

(timber-general)  

Volume of walls × 0.4 = Volume of recycled 

paper (general-predominantly recycled)  

Volume of walls × 0.004 = Volume of Resin 

(Plastic-resin-general purpose polystyrene) 

The total weights of the materials are 

calculated in the following approach (see 

figure 6): 

Density of 1m
3
 of material × Total volume of 

material = Total Weight (Kg) 

The total EE and EC of each material is 

calculated by multiplying the total weight by 

EE and EC of one Kilo-Gram of that 

material as follows (see figure 6): 

Total weight of material × EE of 1Kg of 

material = Total EE of material in the floor  

Total weight of material × EC of 1Kg of 

material = Total EC of material in the floor 

The total EE and EC of the floor is 

calculated by adding up all total EEs and 

ECs.  

To continue, the results of the preliminary 

modelling of the case-study floors (OE from 

Ecotect 2011) are entered to the spreadsheet. 

This action is being conducted to reach the 

total number of energy consumption and 

environmental impact during construction 

process and service-life of the building (in 

this case the service life has been considered 

as 50 years). In that sense, the total OE 

resulted from Ecotect 2011 is multiplied by 

50 (see figure 7). 

OE (Resulted from Ecotect 2011) × 50 = OE 

in 50 years of building service-life 

 

4. Combined Raytracing and Radiosity 

(CRR)  

CRR is a model/software that simulates 

sound propagation in indoor or outdoor 

space. It combines ray-tracing and radiosity 

models that takes into account specular and 

diffuse reflections from the space 

boundaries [12, 13]. The ray-tracing model 

is built on the concept of a sound ray, which 

is a small portion of a spherical wave with a 

vanishing aperture that originates from a 

source centre point. Radiosity is another 

geometrical method that can be used to 

elucidate the characteristics of a sound field 

with diffusely reflecting surfaces. The 

radiosity method has its basis in the field of 

thermal heat transfer [14], which describes 

radiation as the transfer of energy from a 

source when that source has been thermally 

excited.  

The process of simulation with CRR starts 

with the data presentation of a simulated 

environment called scene modelling. It is a 

collection of audio and visual components 

which creates the simulated space. This is 

then stored in a text-based file. In CRR the 

scene modelling includes dividing the model 

geometry into a set of nodes (patches) (see 

below), defining the size and location of the 

source and receiver, and setting up the 
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absorption and diffusion coefficients of the 

boundaries. The file also stores the camera 

position, camera angle, light illuminations 

and other information for OpenGL 

implementation [15] for visual purposes. 

The scene file is in either .obj or .nff format, 

which are the most widely used text-based 

data description languages. An example of 

the visual rendering using CRR is shown in 

figure 8. 

 

Figure 8. Simulation interface in CRR. 

 

Acoustic simulations in CRR start from 

ray-tracing part. Hence, a number of rays are 

radiated from the sound source in random 

directions. The density of rays radiated in a 

particular direction may be constant for the 

whole space or may in some way reflect the 

spatial characteristics of the sound source. 

Rays then travel through the scene while 

their energy decreases due to the absorption 

in the air and in the boundaries during 

reflections. The energy of sound is obtained 

in predefined time intervals Δti by summing 

all that have crossed the receiver.  

In radiosity calculation, the surfaces in 

the environment are assumed to be perfect 

(or Lambertian) diffusers, which reflect 

incident sound in all directions with equal 

intensity. Such formulation for the system of 

equation is facilitated by dividing the 

environment into a set of small area, called 

patches, and calculates the energy exchange 

between them. The patches are meshes of 

surface boundaries of a simulated space. The 

radiosity of a patch is the total rate of energy 

leaving a surface and it is equal to the sum 

of the reflected energies [16].  

The combination between ray-tracing 

and radiosity is as follows: when a ray hits a 

surface patch, part of the incident energy is 

reflected specular and carried further along 

the reflected ray. If the ray hits a receiver, its 

energy is recorded into the receiver. Another 

part (diffuse energy) is stored into the patch; 

then patches carry out the energy exchange, 

to calculate the diffuse reflection. As a result 

of acoustic simulation with CRR, acoustic 

parameters such as early decay time (EDT), 

reverberation time (RT) and sound pressure 

level (SPL) are calculated at particular 

receiver positions. 

CRR model has been proved to provide 

accurate results through comparison with 

other simulation models and with a number 

of measurement results [13, 17]. A number 

of parametric studies have also been carried 

out for the investigation of parameters, and 

for the investigation of the relationship 

between specular and diffuse reflections [17, 

18].  

 

5. THE CASE-STUDY  

To validate the methodology of this research 

the Arts Tower of Sheffield, UK (see figure 9) 

has been selected as the case-study. This 

selection has been based on the significant 

situation of the tower regarding the recent 

refurbishment procedure (started in 2009). 

This, in turn, has provided a great 

opportunity to investigate the building 

through its 50 years of service-life.  

From the typology point of view the tower is 

designed as a mixture of core and casing 

high-rise families. The structure of the Arts 

Tower building is based on armed concrete 

columns and slabs of floors in 23 stories (20 

plus mezzanine and 2 basement floors). All 

the toilets, lifts, paternosters, stairways, and 
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Figure 9. Arts Tower, the University of Sheffield (left picture), general layout of structure and offices 

of a typical floor (floors 1-18) in the Arts Tower (right picture).  

 

electrical-mechanical utility ducts are 

located in the central core, established on 

armed concrete load-bearing walls (see 

figure 9). 

To continue, three material scenarios of 

the case-study’s typical floor (floor 1-18) 

have been modelled in two phases of 

modelling (preliminary and final modelling) 

as follows:  

Scenario 1  

This scenario is established on the 

original structural system and materials, and 

also utilities of the Arts Tower. In this 

scenario, the structure and central core of the 

building have been considered as reinforced 

concrete made of ‘general’ concrete type 

[11], and virgin steel. Plastic tiling (general 

type) [11], suspended ceilings (made up of 

mineral fibres/mineral wool), windows 

(single glazing - general glass of 6mm width 

+ aluminium profile - UK typical) have also 

been counted.  

Scenario 2  

In scenario 2 the size of the aluminium 

profiles of the windows is changed to 

100×100mm and the single glazing is 

changed to 10mm×12mm with 6mm cavity 

between the glass. The type of ceiling is the 

acoustic suspended ceiling, same as in 

scenario 1. 

Scenario 3  

In this scenario the type of ceilings is 

changed. Therefore, instead of acoustic 

suspended ceilings (used in scenario1) the 

normal ceilings (based on plaster and 

painting) are proposed. The same profile of 

windows as in scenario 1 is considered.  

 

6. PRELIMINARY AND FINAL 

MODELLING 

 

 

 

Figure 10. Modelling of the case-study based on 

all thermal zones. 
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Table 1. Operational energy (OE) of the typical floor in the existing situation in the Art Tower, 

calculated by Ecotect 2011 (scenario 1). 

 

 

Figure 11. Modelling of Sheffield Arts Tower- floors 1-18 in the new semi-quantitative method. 

 

Table 2: Embodied (EE), operational (OE), and total energy; embodied carbon (EC); reverberation 

time (RT) and sound reduction index (Rw+Ctra) in the simulated scenarios. 

 

 

Figure 12. Percentage of changes of operational (EC), reverberation time (RT) and sound reduction 

index (Rw+Ctra) from scenario 1 (S1) to scenario 2 (S2) and from scenario 1 to scenario 3 (S3). 

 

As formerly stated, during the preliminary 

modelling Ecotect-2011 has been employed 

to measure the operational energy in the 

tower based on the original structure and 

materials (scenario 1). Established on the 

nature of the programme, the modelling has 

been done based on thermal zones. 

Accordingly, the spaces in each floor which 

provide separate thermal zones have been 

considered based on the existing materials of 

construction (floors, walls, ceiling, and 

utilities) (see figure 10). The result of this 

modelling which is relevant to this research 

is the operational energy. Thus, the annual 

losses of energy/operational energy of the 

building have been calculated in Mega 

Joules (MJ). The OE has been multiplied by 

50 to show the total operational energy of 

the tower during a 50 year service-life 

considered in the climate situation of 

Sheffield (see table 1). 

The annual usage of energy due to 
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operational energy (OE) of the building has 

been calculated in Wh (Watt-hour). The 

number of OE multiplied by 50 to reach the 

total operational energy of the tower 

building during a 50 year of service-life, 

using the climate data of Sheffield (see table 

1).  

To continue, an acoustic simulation 

with CRR, a model of an inner space of the 

Arts Tower floor that includes a corridor, lift 

and paternoster (see figure 9) has been 

selected. It has been chosen just for the 

purpose of comparison in the simulation 

scenarios. Acoustic properties of the 

materials were based on a previously stated 

material profile of the building scenarios, as 

described in Section 3. Simulation of sound 

propagation has been performed in full 

octave bands. However, in this paper the 

results of RT are presented only for 1kHz 

octave (to be used for the comparison 

purpose). Moreover, the sound reduction 

index has been calculated, established on the 

previously mentioned case-study material 

scenarios. In this case, spectral adaptation 

for traffic noise (as Rw+Ctr) of windows 

represents an ability of glass to reduce the 

road traffic noise [19], applied in a 

simulation of the case-study scenarios.  

In the final modelling phase, the whole 

of the modelling is performed on one 

spreadsheet based on the imported results 

coming from previous modelling faces, 

performed by other mentioned programmes 

(Ecotect 2011, and CRR) (see figure 11). 

The results of previous programmes 

(Ecotect 2011 and CRR), also the input data 

(EE and EC) from the inventory of Bath 

University [11], have been imported to the 

final spreadsheet. This action has been 

conducted to finalise the energy and the 

acoustic comfort evaluation, and to reach the 

total EE, EC, OE, and acoustic parameters 

of each building scenario, as discussed 

above. (Consideration: The ICE 2010 is 

determining EE and EC based on ‘cradle to 

gate’ [11]; hence the scope of determination 

of EE and EC in the present modelling is 

‘cradle to gate’). 

 

7. COMPARISON BETWEEN 

SIMULATED SCENARIOS  

Table 2 shows EE, OE, total energy, EC, 

and acoustic parameters regarding altering 

structural systems and material profiles in 

the three simulated scenarios of the case 

study.  

Analysing results presented in table 2, 

it has been calculated that change from 

scenario 1 to scenario 2 results in an 

increase of OE by 29% (negative impact), 

the increase of EE and total energy are only 

by 2%, and increase of EC by 1%. However, 

scenario 2 significantly increases sound 

insulation of external walls by 21% (positive 

impact) compared to scenario 1. On the 

other hand, in the comparison between 

scenario 3 and scenario 1, a significant drop 

in OE by 25% can be observed; however EE 

and total energy increase only by 1%, while 

EC decreases by 1% and RT is increased by 

33% (negative impact).  

Comparing obtained results, it can be 

noticed that changes in EE, total energy and 

EC are insignificant. Thus, the decisions 

upon selection of the optimal scenario 

should be based on changes in OE, RT, and 

Rw+Ctra. In order to support the 

decision-making, a graph that reflects 

percentages of positive and negative 

changes in these parameters has been 

proposed (see figure 12). In scenario 2 (in 

comparison with scenario 1), it can be seen 

that the only negative impact is in OE. 

However, in scenario 3 although the 

negative impact of OE is less than in 

scenario 2, a significant negative impact of 

RT is highlighted. Thus, it is possible to 
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conclude that scenario 3 is suggested to be 

rejected in favour of scenario 2 established 

on a logic basis.  

The obtained results outline a logic 

basis for building design and decision 

support established on a multidisciplinary 

assessment methodology, in terms of EE, 

OE, carbonic, and parameters that represent 

the quality of acoustic environment in a 

building unit. This, in turn, confirms the 

advantages of the introduced 

semi-quantitative method. 

 

8. CONCLUSIONS  

The paper has compared the results of 

changing material scenarios in energy (EE, 

OE and total) and carbon (EC), as well as 

some parameters related to acoustic comfort 

(RT and Rw+Ctr) in a case-study based on a 

new semi-quantitative method. Accordingly, 

the process of preliminary modelling (in 

Ecotect 2011 and CRR) and the final 

modelling of the typical floor in the new 

methodology have been elaborated. 

Therefore, three scenarios of building 

material profile have been modelled in the 

new methodology/spreadsheet. This action 

has been conducted to examine the results of 

the methodology in terms of showing the 

best choices of design from energy, carbon, 

and acoustics points of view.  

This study has revealed the significance 

of multidisciplinary measurements in 

building design and decision making. 

Accordingly, it has been shown that 

assessing the environmental performance of 

buildings through their lifecycle should be 

completed based on various factors. These 

factors are supposed be the directly related 

factors (e.g. energy, carbon, etc.) as well as 

the other values (e.g. related to acoustic 

comfort, etc.). This attitude will improve the 

preciseness and logic basis of BLCA to 

support designers and decision makers in the 

construction sector. The paper also opened 

new doors to further research and projects to 

provide more sensitive methodologies and 

tools with more credible results in terms of 

BLCA multi-disciplinary measurements. 
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