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Construction and building sectors consume a considerable amount of energy and release 
greenhouse gases into the atmosphere as other industrial sectors. Thus, their energy 
consumption and greenhouse gas emission have to be kept under control. In this study, 
the entire life cycle of the selected building stock in a district that has 79 residential 
buildings together with their retrofitting process was examined via the life cycle 
assessment method, including the material production, building in use, and end of life 
stages. Three intensive studies were performed to provide rational data for LCA by 
developing GIS, BIM, and energy performance models of buildings. According to the 
results, the total primary energy demand of the building was decreased 41%, while the 
emission was reduced by 40% in the retrofitted version. The most energy-intensive life 
cycle phase was the building in use stage with an impact of 82% on energy consumption 
while the manufacturing stage 17% and the end of life stage 1%. In emission, use stage 
impact was 66%, the product 14%, and end of life 20%. Additionally, the most effective 
materials were brick and concrete. The energy recovery rate increased 0.83% in the 
retrofitted scenario due to applied recyclable materials during retrofitting. 
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1. Introduction 
Energy consumption and global warming potential 
are serious and critical problems that should be 
managed carefully by authorities and countries. 
These two indicators are associated with all types 
of industries including the building sector. 
Processes related to the building sector consume 
energy and release greenhouse gases into the 
atmosphere. The amount of consumed energy and 
released greenhouse gases have critical 
contributions overall. Sectors that are related to 
building construction and in use utilize 50% of total 
extracted materials and are responsible 50% of total 
energy demand in the EU [1]. Energy and material 

consumption come from every life cycle stage of a 
building but they vary through the life cycle.  The 
building in-use stage is responsible for most of the 
energy consumption and the construction stage is 
responsible for most of the material consumption. 
The amount of energy consumption on operational 
energy could be up to 70% of the entire life cycle 
[2-5].  
 The amount of construction and demolition 
wastes was 821 million tons in 2012 in Europe; 
furthermore, this amount was 32.7% of total 
European waste [6]. This result has shown that 
construction and demolishing waste are also 
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significant and have to be taken into account within 
the waste management policies. 
 To address these environmental challenges, 
policy frameworks increasingly promote the 
retrofitting of existing buildings with energy-
efficient technologies. These include renewable 
energy systems—such as solar thermal collectors—
and façade improvements aimed at reducing 
thermal losses. Retrofitting plays a central role in 
the European Union's strategic push toward 
achieving zero-energy and nearly zero-energy 
buildings and districts. 
 Complementing these technical interventions, 
economic strategies like zero-based budgeting are 
being adopted to align sustainability goals with 
cost-efficiency in construction projects. As 
demonstrated by Kazar et al., such approaches 
enhance resource allocation in multinational 
construction contexts and provide a useful overlay 
to environmental performance metrics such as 
Cumulative Energy Demand (CED) and GWP [7]. 
 Recent advances in building performance 
modelling have further enhanced the precision and 
responsiveness of sustainability assessments. 
Specifically, the integration of Computational Fluid 
Dynamics (CFD), Artificial Neural Networks 
(ANN), and Adaptive Neuro-Fuzzy Inference 
Systems (ANFIS) into Life Cycle Assessment 
(LCA) workflows enables a more granular 
prediction of thermal and energy behaviours across 
different building configurations and scales [8-9]. 
 The Life Cycle Assessment (LCA) 
methodology provides a comprehensive framework 
to evaluate the environmental impact of products, 
processes, and buildings from cradle to grave. 
Standardized by ISO 14040 and ISO 14044 [10], 
LCA comprises four key phases: (i) goal and scope 
definition, (ii) inventory analysis, (iii) impact 
assessment, and (iv) interpretation. Depending on 
the scope, assessments may adopt system 
boundaries such as cradle-to-gate, gate-to-gate, 
cradle-to-cradle, or cradle-to-grave. For buildings, 
cradle-to-grave analyses are particularly valuable 
as they encompass production, operation, and end-
of-life phases—capturing embodied impacts and 
long-term operational effects simultaneously. 

 It is important to note, however, that while many 
technologies aim to reduce operational energy use, 
they often entail significant environmental costs 
during manufacturing and disposal phases. A 
holistic LCA approach that considers all life cycle 
stages is therefore essential for obtaining accurate 
and actionable insights into building sustainability. 

1.1. Literature review 
The building sector including its construction 
process consumes a considerable amount of energy 
and release greenhouse gases into the atmosphere 
that their energy consumption and greenhouse gas 
emission require careful evaluation to be kept under 
control. While LCA could be utilized for complex 
studies with the help of improved methods and 
software that allow assessing each material 
production, transportation, use, and end of life 
stage; developing a precise model is a long and 
complicated process. This complexity increases in 
building applications due to various products and 
processes. Besides, there can be many variances 
during the building’s lifetime that are not expected. 
Therefore, the application of LCA methodology on 
buildings is a challenging process than a single 
product application [11].  
 Even though the application of LCA 
methodology on a building scale is a complicated 
process, the number of published studies is 
increasing in literature. A number of those focus on 
building materials and their effect on energy 
performance and the environment.  
 Furthermore, Bastos et al. investigated 
residential buildings via LCA in terms of their 
stages during their lifespan [12]. Their results 
showed that the most energy-effective stage is the 
building in use, and the walls made more 
contribution to energy consumption and global 
warming than other parts of envelopes. 
Additionally, a contribution from different 
materials shows variation based on the main 
structure of investigated buildings [13-14]. 
Furthermore, LCA has been employed on many 
studies to reduce the overall building environmental 
impact by identifying some materials [15-17] or by 
covering the refurbishment process [18].  
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 There are certain challenges remain in 
establishing LCA of buildings in terms of 
mainstream the environmental impact related to the 
building industry. Due to the complex nature of 
building industry, LCA could be assisted by other 
tools to improve its reliability. At this point, LCA 
are required at urban scale level evaluation to select 
building materials according to stocks location and 
availability [19-21]. LCA & Geographic 
Information Systems (GIS) are suggested to define 
the spatial boundaries to better reflect the existing 
situations [22]. Mastrucci et al. developed a 
geospatial framework for the characterization of 
building material stocks and LCA applied to a 
municipality in Luxembourg [23]. Similarly, the 
process of spatialization by using GIS data and 
processing was utilized to make the association 
between buildings and demanded location by 
obtaining geo-localized sources impact [21, 24]. 
GIS was mostly carried out for kind of spatial 
analysis at the urban [25] or regional scale [26].  
 On the other hand, some studies combined the 
LCA with other analyses programs. Building 
Information Modeling (BIM) model is a useful tool 
to calculate the amount and volume of the materials 
of buildings, which could be easily utilized for 
providing those data for life cycle inventory (LCI). 
Soust-Verdaguer et al. made a review based on BIM  
model utilization for LCA studies. They stated that 
BIM could be useful for the quantification and 
categorization of materials to be used in LCA 
studies [27]. Wiberg et al. have also applied BIM 
and LCA together to analyze the energy usage and 
its emission for a single-family house [28]. 
 There are also study to investigate the Life 
Cycle Cost (LCC) together with LCA on the 
building sector as Cabeza et al.. They examined 62 
different studies and remark that the building 
lifetime was defined in investigated buildings from 
10 years to 100 years. This difference creates 
difficulties to make a comparison between studies 
[29].  
 Some studies apply LCA on a neighborhood or 
district scale. Lotteau et al. have reviewed 
published papers related to LCA of the built 
environment at the neighborhood scale. Selected 

ten cases that have primarily residential buildings, 
were evaluated within their current practices by 
following LCA steps. However, each case has a 
different goal. Consequently, their scope, 
functional units, and system boundaries were also 
set differently.  As a result, the paper establishes a 
base for developing standardization for developing 
an LCA on a neighborhood scale [19]. Lausselet et 
al. have evaluated a Norwegian neighborhood in 
terms of buildings, mobility, and energy systems for 
zero-emission. In the study, they have set four 
scenarios to examine the effect of the house size, 
household size, and energy used and produced in 
the buildings in addition to their mobility patterns. 
The critical discussion they have is the significance 
of the operational phases of the buildings and 
mobility during the neighborhood's construction. 
Moreover, they discuss the functional unit as being 
very determinative. "per m2" as a functional unit is 
misrepresentative because it does not incorporate 
the anticipatory use of floor area. And so, they 
suggested as a primary functional unit "per 
neighborhood," and a second "per person." Their 
conclusion was on the importance of behavioral 
changes to achieve the best mitigate climate change 
[30]. Stephan and Athanassiadis have applied LCA 
to quantify and map the embodied environmental 
requirements of urban building stocks. They have 
spatially modeled the selected building stocks and 
quantifies their embodied environmental 
requirements. They have demonstrated the outlines 
of the model's outputs. They have aimed to assist 
the city councils to manage building stocks in terms 
of waste processing, urban mining, and circular 
economy, as well as reducing embodied 
environmental requirements [31]. Stephan et al. 
have utilized the life cycle energy analysis to 
assesses the low-density neighborhood in terms of 
energy consumption and greenhouse gas emissions 
related to house size, transport technology, housing 
typology, and the temporal evolution of parameters. 
The main conclusion is that if the environmental 
performance of urban neighborhoods could be 
enhanced, each of the embodied, operational, and 
transport energy demand and associated 
greenhouse gas emissions also be reduced in urban 
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neighborhoods despite the consequences of 
collected data [32]. Koutra et al. make comparisons 
on the existing assessment tools and methods for 
evaluating sustainability in a net-zero energy 
district. They also introduce a theoretical tool (U-
ZED) for developing a zero-energy district [33]. On 
the other hand, Sara Gonzalez-García evaluated 
materials flow by utilizing the LCA approach for 
the municipality of Madrid. They collected 
information about the amount of topwater, 
manufactures, food and drinks, energy, transport, 
waste, wastewater of the city and evaluated their 
emissions from the extraction of their natural 
resources to waste treatment stages [34]. On the 
other hand, Hollberg et al. has represented different 
view and worked on visualization of LCA results to 
support the decision-making process for future 
works [35].  
 As it is represented in the literature review, 
research related to the LCA of buildings has 
different motivations even though they all have 
consideration of energy, emission, or sustainability. 
As it has also seen, most of the data were utilized 
for LCA is obtained from a common database or 
survey. However, it is very important to have 
precise data for trustful results especially on a big-
scale study such as a district.   
 Embedding the multidisciplinary effort into the 
LCA: The aim of this article is to minimize the CED 
and GWP of existing building stocks in the building 
renovation process. In order to do this, an LCA 
methodology has been created to cover the entire 
construction process, which is one of the critical 
elements in the planning phase. The crucial issues 
here are to define the boundaries of the study and to 
include critical data from multidisciplinary fields. 
Those were represented 
• by integrating multidisciplinary efforts 
throughout the entire cycle, including the energy 
consumption and the production of “buildings in 
use” phases into the evaluation process; and 
• by analyzing the entire lifecycle, including the 
waste capacity of the retrofit and demolition phases; 

• by analyzing the LCA results in terms of 
selecting the building system or building material to 
reduce the environmental impact.  
 As it is represented in the literature review, one 
of the most important difficulties researchers deal 
with in LCA studies, is to obtain accurate data to 
represent realistic results. This study proposes to 
utilize three different programs to provide precise 
data. Accordingly, three intensive studies were 
performed to provide rational data for LCA. 
NETCAD software© Geographic Information 
System (GIS) [36] was utilized to locate the 
buildings and places such as manufactures, landfills 
and calculate the distances between them. BIM 
models of buildings were developed with Revit 
software© [37] that have all details and 
specifications of the buildings and their elements, 
such as volume, amount. e-Quest software© [38] 
program was utilized to develop energy 
performance models of buildings to evaluate 
buildings' energy consumptions during the building 
in-use stage. Data provided from each model was 
utilized as input data for the LCA.  
 The data collected from these three platforms 
were combined to build a complete LCA model of 
each building, covering every stage from cradle to 
grave. This integrated approach makes the 
methodology of this study unique and allows for 
more realistic and data-driven evaluation of 
environmental impacts as represented in Fig. 1.  
 Therefore, the novelty of this research is derived 
from its distinctive boundaries, which require 
multidisciplinary efforts. In addition to these tools, 
recent research highlights the growing use of 
artificial intelligence (AI) and automation in the 
construction sector. For example, AI has been used 
to detect vague or risky clauses in construction 
contracts, helping teams make better decisions and 
avoid misunderstandings [39-40]. These 
developments support the broader trend of applying 
machine learning in building-related analysis. 
 Furthermore, research by Sözer and Kükrer 
emphasized the importance of combining 
sustainability indicators with design strategies at 
both the building and district levels [41]. 
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Fig. 1. LCA methodology based on ISO 14040 and ISO 14044 standards 

 
Similarly, Utkucu and Sözer proposed a workflow 
that connects early design decisions with building 
performance data, helping project teams improve 
energy and environmental outcomes from the 
beginning of the design process [42]. 
 One of the key contributions of this study is the 
inclusion of demolition and retrofitting waste in the 

environmental assessment. Although this topic has 
not been widely studied for Turkish residential 
buildings, it is crucial for understanding the full 
environmental footprint. Following a gate-to-grave 
approach, the study also considers the energy and 
emissions related to waste treatment. This is 
especially important for materials like concrete and 
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brick, which are commonly used and have long 
lifespans. The findings from this research have 
great potential not only to evaluate the buildings' 
potentials but also to provide information about 
demolishing process. Demolished wastes were 
treated based on their types; besides, they have 
energy recovery and greenhouse gas reduction 
potential, which were identified during the 
recycling processes.  
 In this paper, LCA methodology with a cradle-
to-grave approach was utilized to analyze the 
impact on energy consumption and global warming 
of a district that has 79 building blocks. The 
buildings were built at the end of the 1980s and 
retrofitted in 2015, that also retrofitting's impact 
correspondingly indicated in the analyses. 
Furthermore, building lifetime was taken into 
account as a whole including the end-of-life stage 
that the impact of demolition wastes and their 
recovery potential were calculated individually and 
included in the assessment. 
 
2. Method 
LCA methodology that was defined by ISO 14040, 
ISO 14044, and EN 15978 [43] were applied to 
develop the methodology of the study. 
Accordingly, LCA’s methodology was divided into 
4 steps as; Goal and scope definition, inventory 
analysis, life cycle impact assessment, and 
interpretation as represented in Fig. 1. 

2.1. Goal and scope definition 
The main purpose for utilizing the LCA is to 
evaluate the environmental impact of buildings in a 
district during its lifetime. The scope of the study is 
composed accordingly.  Hence, the selection of the 
applicable standard, the evaluated indicators, and 
the scale of the project are the fundamental 
elements of the LCA that should be decided during 
this step.  
 The applied standard selection: Life Cycle 
Impact Assessment was realized according to EN 
15978 (Sustainability of construction works – 
Assessment of environmental performance of 

buildings – Calculation method), which is 
specialized for building application [43]. In the 
method, building lifetime is divided into 4 main 
stages that are further defined with sub-stages as; A 
is Product and Construction Stages, which have A1: 
Raw Materials Extraction, A2: Transport, A3: 
Manufacturing, A4: Transport to construction, A5: 
Construction & Installation; B is Use Stage, which 
has B1: Use, B2: Maintenance, B3: Repair, B4: 
Replacement, B5: Refurbishment, B6: Operational 
Energy, B7: Operational Water and C is End of Life 
Stage, which have C1: Demolition, C2: Transport, 
C3: Waste Processing, C4: Disposal. The study 
aims to cover the entire stages that also called cradle 
to grave as represented in Fig. 2. 
 The evaluated indicators selection: 
Environmental impacts were assessed based on 
CED and GWP, as defined in Section 2. 
Correspondingly, building materials and their 
process are counted in the LCA model. 
 Calculation period of the project: Buildings’ 
service life is estimated according to buildings 
physical conditions.  Hence, the functional unit 
(FU) is defined accordingly. 
 Scaling the project: The building types with 
their amounts are defined to include in LCA. 
 All those specifications correspondingly set the 
system boundaries of the study. 

2.2. Life Cycle Inventory (LCI) analyses 
The life cycle inventory (LCI) steps are defined 
according to ISO 14040 and ISO14044.  
 Based on the goal and scope, three different 
evaluation methods are suggested include in the 
study to provide data for LCA. These are: 
• Geographic Information System (GIS) model to 
define the geographical information for locations 
• BIM model to identify and collect the materials 
and their specifications including the waste 
management profiles of the selected materials 
• Energy Performance Model (EPM) to analyze 
the energy performance of buildings 
 All inputs and outputs are considered during the 
inventory analysis to defined system boundaries. 
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Fig. 2. Considered steps of the life stages for the model 

 
 As highlighted by [44], BIM-based facility 
management models for existing buildings can 
serve as powerful tools for capturing accurate asset 
information and lifecycle data, supporting more 
reliable and continuous LCA applications beyond 
initial construction and retrofitting. 

2.3. Life cycle impact assessment 
Based on the decisions taken during the goal and 
scope definition stage, selected indicators should be 
identified within the applied standard and LC 
Building Models should be developed to include all 
necessary stages. Further, to find the materials' 
effect on building energy consumption, the 
operational lifetime of buildings is also included. 
 Definition of indicators based on EN 15978: To 
find the building’s impacts on energy consumption 
and emission during the building’s life time, it is 
important to select a LCA software that has a large 
database. The models for LCIA are prepared by 
using SimaPro Software version 8.5© and 
operating Ecoinvent database version 3.4 [45]. 
 The results are represented in the selected 
indicators format that defined the goal and scope 
which are CED and GWP. The functional unit (FU) 
of this study is defined as m2 and lifespan of 

buildings in years; therefore, results are represented 
as: 
• Cumulative energy demand (CED) 
(MJ/m2.years) 
• Global warming potential (GWP) (kg 
CO2eq./m2.years) 
 Development of LC Building Models (including 
A-B-C stages): To be able to evaluate whole 
building energy CED and GWP include the 
building in use period, it is necessary to embed GIS, 
BIM and BEM into the LCA Model as represented 
below. 
 Consumed energy for materials (BIM and GIS 
results are implemented): 
• Production stage of building materials 
• Construction stage of building materials 
• Demolition stage of building materials 
 Consumed energy for building operational life 
(EPM results are implemented): Scenarios for 
improved operational energy  
• Baseline case 
• Retrofitted case 
 Produced Energy (EPM results are 
implemented): 
• Renewable integration 
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2.4. Interpretation 
Interpreting the results according to their impact on 
the environment gives a chance to improve the 
negative effects of selected materials and energy 
sources. The evaluation method therefore also 
offers a great chance for improvement and savings, 
as modifications can be done before construction 
begins. The methodology is executed through a 
selected district and represented in detail in the 
following sections. 
 
3. Utilization of The Method Through A 

Case Study 
The case study area is located in Soma, Turkey, 
which has 79 residential buildings, which have been 
categorized as one-story, two-story, three-story, 
and duplex buildings. Buildings were designed and 
constructed with similar characteristics. The 
locations of the buildings in the district were 
represented in Fig. 3. The total conditioned area of 
the buildings that was investigated via LCA is 
36,268 m2. 

3.1. Goal and Scope Definition 
The cradle-to-grave analysis was applied to assess 
building stock performance under baseline and 
retrofitted scenarios. The approach of the study was 
defined as cradle-to-grave, which were evaluated 
from the manufacturing of building materials 
throughout the end of building lifespan including 
the material's demolishing process. 
 The applied standard and the evaluated 
indicators selections: EN 15978 was utilized to 

define system boundaries. In addition, CED and 
GWP were evaluated to represent the 
environmental impacts of buildings as defined in 
method section. 
 Calculation period of the project: The lifespan 
of buildings was defined as 75 years where 
retrofitting was considered. In the literature, the life 
span of reinforced concrete structures is estimated 
between 50-100 years [46]. 
 Accordingly, two scenarios were defined as 
baseline and retrofitted scenarios. The buildings 
were evaluated as in originally planned conditions, 
called baseline scenario during 75 years. Thus, only 
necessary replacement and maintenance were taken 
into account. The production of materials, 
transportation, use, and end-of-life stages were 
added to the system boundaries. On the retrofitted 
scenarios, buildings were renovated with energy-
efficient retrofitting strategies after 25 years of their 
construction. Therefore, retrofitting impacts were 
also assessed via the LCA methodology. The 
functional unit (FU) of the study was defined as 
m2.75year. 
 Scaling the project: The buildings in the site are 
categorized as one story, two stories, three-story, 
and duplex blocks. Total 79 blocks are included in 
the LCA. Therefore, results were represented as: 
• Cumulative energy demand (CED) 
(MJ/m2.75years) 
• Global warming potential (GWP) (kg 
CO2eq./m2.75 years) 
 All those specifications correspondingly set the 
system boundaries of the study that were 
represented in Fig. 4 

 

 
Fig. 3. The site plan of the case study district
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Fig. 4. System boundaries of the study 

 Although the building stock is composed of four 
major typologies based on story count, all 79 
buildings were individually modeled and evaluated 
to capture spatial and architectural variances that 
influence energy consumption and environmental 
impact, including orientation, shading conditions, 
and localized microclimatic effects. 

3.2. LC inventory analyses 
Based on the defined system boundaries, all input 
and output were defined, and their amount were 
calculated. GIS Model; NETCAD_GIS_8 
software© was utilized to spatially map the 
locations of material suppliers, energy facilities, 
recycling centres, and landfills relevant to the case 
study district. This allowed for a regional 

infrastructure assessment rather than relying solely 
on assumed distances. [36]. Google Earth© was 
used in parallel to verify these mapped points and 
calculate realistic transport distances using actual 
road networks. Through this combined approach, 
the 130 km transport distance from İzmir to Soma 
was established not as a straight-line approximation 
but as the most probable logistics route to the 
nearest major supply hub. [47]. 
 BIM Model; The BIM model of the buildings 
was developed by Revit software© [37] as 
represented in Table 1. Furthermore, materials' 
catalog information and literature data were also 
included in the model where required specifications 
about the building's materials and their amounts 
were provided for LCI. 
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Table 1. The site plan of the case study district 
Building Type Conditioned 

area [m2] 
Number 

of 
buildings 

BIM of the 
buildings 

The image of the buildings Energy 
Consumption 
(kWh/75year) 

R
es

id
en

tia
l B

ui
ld

in
gs

 

One-
story 

206 6 

  

17,495,550 

Two-
story 

412 32 

 

 

93,309,600 

Three-
story 

617.2 33 

 

 

96,225,525 

Duplex 185 8 

 

 

23,327,400 

All Buildings 36,268 79   230,358,075 

 EPM; The energy performance of the buildings 
during the building in use stage was analyzed by e-
Quest software© [38]. Whole energy loads of the 
buildings, related to heating, electricity were 
identified, evaluated, and simulated based on 
buildings specifications. The total building stock 
electricity consumption for 75 years was 
53,064,300 kWh and heating consumption was 
177,293,775 kWh.  Although buildings have 
different architectural compositions, they all have 
the same building materials and construction 
systems. The summary of the information for each 
building type along with its BIM model was 
represented in Table 1. Results of all obtained data 
were utilized in LCI models of buildings. 
 Detailed information about buildings was 
provided from the CityFied project [48]. Buildings 
are constructed with reinforced concrete and the 
main component of walls is brick. The roof is a 
pitched roof that wood is used as the main structure. 
The window frames were also made from wood; 
nonetheless, it was changed to PVC with 

retrofitting renovations. The building was used 
lignite for heating before retrofitting. However, 
waste heat started to be used after retrofitting 
strategies. Electricity demand is supplied from the 
local electricity grid in both scenarios. 
 Based on EN 15978; all three stages were 
included in the model however, certain steps were 
not considered due to the scope of the work and lack 
of data as represented in Fig. 2. Thus, all building 
materials that were used during the construction 
were evaluated in A: production and construction 
stages, which all defined steps were included except 
A5: Construction & Installation was considered 
partially. The reason for that is the lack of data 
about the energy demand of construction and 
installation. However, the wastes generated during 
this process were taken into account. In the use 
stage; B2: Maintenance, B4: Replacement, and B6: 
Operational Energy steps were taken into account. 
At the end-of-life stage, all steps were included in 
the model from demolition to disposal.  
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Fig. 5. The total amount of materials that were used in the building 

 
 Buildings were evaluated from raw materials 
extraction to disposal in the baseline scenario. Thus, 
all main structures of the buildings, operational 
energy demand during 75 years, and end of life 
scenario were calculated. Based on that, the weight 
of the used materials and their percentage was given 
in Fig. 5. The number of building materials was 
calculated by utilizing the BIM, which was 
developed for each building type. All materials and 
envelope information were defined in the model 
layer by layer; besides, their volume and unit 
weight data were used for calculation. As seen, the 
weight of concrete and masonry-brick is around 
78% of overall weights. 
 Furthermore, certain assumptions were made to 
analyze the transportation of materials from 
factories to the building site area. Based on this 
assumption, all materials were transferred to the 
area from Izmir where is the nearest city to the 
district. GIS was utilized to calculate the distances 
between places. The distance between Izmir and the 
site area is 130 km. The operational energy demand 
of the building was obtained from the energy 
performance model as is represented in Table 1. 
End of life scenario was defined based on the 
current situation in the district. All waste types were 
categorized according to recyclable or not-
recyclable and sent to the related facilities. Energy 
consumption during demolition was added to the 
model with the help of literature. Kuikka [49] 

analyzed the demolition energy demand of a school, 
and this rate was used utilized. 
 Buildings were renovated after a 25-year 
lifespan, based on energy-efficient retrofitting 
strategies. Building’s lifetimes were investigated 
with these additional strategies and their impacts 
were also included in retrofitted scenarios. 
Considered interventions are listed as; Glass and 
frame changing; Insulation (Expanded Polystyrene 
- EPS and mineral wool) application; Solar 
collectors and tanks application; Radiant heating 
(District heating) application; LED application; 
District heating system. Accordingly, the building 
life cycle was analyzed from cradle to grave as 
mentioned. 
 Retrofitting processes were applied in the 25th 
year, besides the regular maintenance/replacement 
of scheduled times were correspondingly shown in 
Fig. 6.  
 According to the retrofitted version of 
buildings, materials that are used in buildings, their 
impact on energy consumption, and their end-of-
life stage were taken into detailed consideration; 
besides, inventory lists were made. Because 
maintenance and replacement steps were 
considered, the number of 
replacement/maintenance also was added to the 
model according to catalog information of 
materials, literature, and construction agreement.  
 

Cement
33 ton…

Concrete
246 ton

45%Masonry-Brick
180 ton

33%

Plaster
32 ton

6%

Roofing Tile
18 ton

3%

Ceramic tile
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3%

Others
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Fig. 6. Applied retrofitting activities of buildings from cradle to grave

The number of materials that were used in 
retrofitting for a one-story building was given in 
Table 2 as an example. In addition to these, the 
amount of main structural materials of the buildings 
also were added to the retrofitting models. 

 Retrofitting strategies were applied to decrease 
the energy consumption of the buildings. The 
energy consumption of the one-story building is 
5,465 kWh/year for electricity and 8,124 kWh/year 
for heating after retrofitting.  

 
Table 2. The number of materials related to retrofitting of a one-story building 

Materials Replacement/Maintenance Weight (kg) 
Glass 2 times 2,284 
Paint 3 times 369 
Plastic (PVC) 2 times 3,097 
EPS - 415 
Stucco - 8,778 
Solar Collector Tanks 2 times 900 
Solar Thermal Collectors 2 times 200 
Radiant Heating System - 657 
Aerated Concrete - 5,885 
LED 11 times 158 
Mineral Wool - 1,242 
Pipeline - 799 
TOTAL  24,784 
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End-of-life management for both scenarios was 
defined as the same. The only differences between 
scenarios are that the retrofitted scenario included 
waste generated from retrofitting materials 
additionally. 

3.3. Life cycle impact assessment 
In this step, SimaPro© software version 8.5 and 
Ecoinvent database version 3.4 were utilized to 
develop LCI models [45]. Two indicators were 
defined in this study to demonstrate the building 
impacts as cumulative energy demand (CED) and 
global warming potential (GWP). The reason for 
that, the retrofitting strategies were applied to 
improve the energy performance of the building and 
decrease greenhouse gases from the building. GWP 
results were represented with kgCO2eq. unit to 
make adequate comparisons with other published 
researches. 

3.3.1. Results of baseline scenario 
In the baseline scenario, buildings were evaluated 
over a 75-year period, with energy source 
assumptions and material inputs as defined in 
earlier sections. End of life stage was evaluated 
based on current policy. According to that, the 
overall and lifetime stages’ results were given in 
Table 3. The results were also shown based on FU 
and MJ/m2.year in the same table. 
 The most effective stage is the use stage due to 
operational energy consumption. Its percentage is 
94.4% overall. The percentage of it is more than 
published articles. Utama and Gheewala surveyed a 
residential building in Indonesia; besides, 
operational energy demand percentage was 71-81% 
in total based on their results [2]. The building that 
was investigated in the study used lignite for 
heating and supplying its electricity demand from 
the local grid. Because of these reasons, its 
operational energy percentage is higher than 70-
80%. The primary energy demand of heating from 
lignite is more than other sources; also, the Turkish 
local grid supplies electricity from mostly non-
renewable sources such as natural gas, coal, etc. 
Scheuer et al. [50] analyzed the end of life of a 
university building. Their results showed that 
contribution from the end-of-life stage overall is 

around 0.2%. Thus, the literature and this study 
results showed similarities based on the end-of-life 
stage. 
 Also, all materials results were obtained based 
on their lifetime separately. Their production, 
transportation, waste transport, recycling, and 
landfill steps’ results were given on Fig. 7. While 
the transportation column represents material 
transportation from factories to the district area, 
waste transport represents only waste transportation 
to the related waste facilities. In addition to that, the 
comparison was made based on their total impact. 
Because of their amount, the most effective 
materials are brick and concrete. Moreover, plastic 
also has a remarkable impact when its amount was 
lower than other materials. Nonetheless, Harding et 
al. [51] demonstrated that the plastic manufacturing 
process is an energy-dense process due to using 
petroleum. Therefore, these results can be called as 
expected. Transportation and waste transport were 
related to material weight; hence, energy 
consumption for transportation is related to amount 
of the material or waste. Some materials such as 
glass have an energy recovery potential because of 
the recycling process; nonetheless, all materials 
consumed energy when the overall energy 
consumption was considered. 
 In addition to CED, GWP results in different 
building life stages with the obtained materials, 
were given in Table 3, where those materials were 
represented in deatil on Fig. 8. GWP of use stage 
has a major impact as in CED. The reason for that 
is using lignite for heating and source of electricity 
in the local grid. Because landfill processes release 
significant greenhouse gases to the atmosphere, the 
contribution from the end-of-life stage is altered 
than CED results. GWP of product stage is lower 
than use and end of life stages’ impacts. 
 Materials were evaluated based on their life 
stages separately according to GWP with their 
comparison on Fig. 8. Brick and concrete are the 
major contributors due to their amount. Recycling 
processes for recyclable materials reduce released 
greenhouse gases; however, overall GWP of 
materials have a negative influence on the 
environment in all material types. 
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Table 3. CED and GWP results of the baseline scenario 
 CED results GWP results 

Stages MJ MJ/m2.75 
years 

MJ/m2

.year kgCO2eq kgCO2eq./
m2.75years 

kgCO2eq./m
2.year 

Product 1,068,910 5% 5,714 76 103,895 5% 534 7.4 
Use 22,400,000 94,4% 108,738 1,450 1,850,000 83% 898 120 

End of 
Life 141,681 0,6% 688 9 256,042 12% 1243 17 

TOTAL 23,718,772 100% 115,140 1,535 2,216,050 100% 10,758 144 
 

 
Fig. 7. CED results of materials in the baseline scenario 

 

3.3.2. Results of retrofitted scenario 
After the building was constructed at the end of the 
1980s, it was retrofitted in 2015. This version was 
evaluated in the retrofitted scenario. Therefore, the 
building lifetime was divided into two-part. One is 
between the beginning and the first 25 years, and 
the other is started from the 25th year to the end of 
life. All processes related to beginning and 
retrofitting were taken into account in this scenario. 
The impacts of retrofitting strategies were 
demonstrated with the help of the retrofitted 
scenario. CED results were given in Table 4 based 
on building life stages. The use stage has the most 
energy consumption with 82% overall. The product 
stage consumed 17% the overall of energy 

consumption. End of life’s impacts are less than 
product and use stages. Because some high-tech 
materials such as LED were used in retrofitting, 
consumption during production of material 
increased. The energy performance of the building 
was improved with retrofitting strategies. That's 
why the consumption of operational energy and its 
impact decreased. 
 Materials that were used in the building were 
evaluated individually on Fig. 9. While brick and 
LED consumed significant energy, concrete has 
also an important impact on total consumption. Due 
to recycling processes, there was a recovery 
potential from recyclable materials; nonetheless, 
this amount was comparatively low. 
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Fig. 8. GWP results of materials in the baseline scenario 

 
Table 4. CED and GWP results of the retrofitted scenario 

 CED results GWP results 

Stages MJ MJ/m2.75 
years 

MJ/m2

.year kgCO2eq kgCO2eq./
m2.75years 

kgCO2eq./m
2.year 

Product 2,306,910 18% 11,748 156 182,398 13.5% 916 12.4 
Use 11,560,000 82% 56,117 748 871,000 66% 4,228 56 

End of 
Life 56.960 0,6% 275 4 226,188 20.1% 1292 17 

TOTAL 23,718,772 100% 68,140 908 1,325,967 100% 6,436 85 
 
 Further, the potential for further reducing 
operational energy demand can be augmented by 
incorporating AI-based occupant-centric HVAC 
systems, which optimize indoor comfort and energy 
efficiency in commercial and residential settings 
[52]. These systems may offer significant 
additional value in future retrofitting strategies. 
 GWP results of the building were obtained as 
CED. The most effective stage can be listed as; use 

(66%), end of life (20.1%), and product (13.5%). 
Because operational energy was taken into account 
during 75 years, the contribution from the use stage 
is understandable. Due to landfill processes, the 
second most effective stage is the end-of-life stage. 
Related to the high-tech production process, the 
manufacturing of materials also released 
greenhouse gases into the atmosphere. All results 
were given in Table 4. 
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Fig. 9. CED results of materials in retrofitted scenario 

 

 The analysis and comparison were made based 
on materials type's GWP as seen on Fig. 10. 
Concrete and brick have a major impact on GWP. 

The highest impact came from LED after these two 
materials. Impact of materials related to their 
amount and their manufacturing processes. 

 

 
Fig. 10. GWP results of materials in retrofitted scenario 
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3.3.3. Comparison of scenarios 
In the study, two scenarios were assessed via LCA 
to show the total impact of the buildings and 
retrofitting impact based on energy consumption 
and global warming potential. Because of that, the 
comparison was made after both scenario results 
were obtained. CED of both scenarios was 
compared on Fig. 11. CED results of the baseline 
situation were 426 kWh/m2. year; also, it was 
decreased to 252 kWh/m2.year by retrofitting 
strategies. Thus, the reduction rate is 41% in overall 
consumption. Because of decreasing operational 
energy demand, this reduction influenced total. 
Also, consumption related to materials was 

increased due to high-tech materials that were used 
in retrofitting. End-of-life results did not change too 
much because the total amount of retrofitting 
materials was comparatively low when a 
comparison was made with the total amount of 
main structure materials. 
 The comparison was also made for GWP results 
as seen on Fig. 12. The reducing rate of GWP is 
approximately 40% in retrofitting scenario. The 
reduction rate mostly originated from operational 
energy consumption. While the production stage in 
the retrofitted scenario released more greenhouse 
gases to the atmosphere, the end of life’s GWP 
results was closed to each other. 

 

 
Fig. 11. Comparison of CED results for both scenario 

 

Fig. 12. Comparison of GWP results for both scenarios 
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3.4. Interpretation 
After results were obtained from developed models, 
they have interpreted amongst each other. Result 
verifications were made by comparison of the 
literature data. Results were obtained based on 
material types and building life stages, all 
contributions were evaluated to understand what 
are the most effective materials or stages based on 
energy consumption and released greenhouse 
gases. 
 A case study area was evaluated by the selected 
reference buildings via a life cycle assessment 

methodology. Buildings were taken into account as 
a whole; hence, their whole lifetime stages and 
materials were examined separately. The use stage 
had a major impact due to the operational energy 
consumption of buildings as seen in Figs. 13 and 
14. Product stage impact increased in the retrofitted 
scenario. The reason for that is high-tech materials 
that were used in retrofitting. End-of-life stage 
impacts were closed to each other in both scenarios. 
The difference came from recyclable materials that 
were used in retrofitting. Energy recovery potential 
from recycling processes was more than the 
baseline scenario. 

 

 
Fig. 13. CED results of the baseline scenario

 
Fig. 14. CED results of retrofitted scenario 
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Table 5. Contribution from stages 
 Baseline Scenario Retrofitted Scenario 

Stages CED % GWP % CED % GWP % 

A Stage 21 5 7 5 43 17 12 14 

B Stage 403 94 120 83 208 82 56 66 

C Stage 3 0,6 17 12 1 0,4 17 20 

TOTAL 426 100 143 100 252 100 86 100 
* CED: kWh/m2.year           **GWP: kgCO2eq./m2.year 

  when value > 67 %      
  when value <= 67 % - >= 33%      
  when value < 33 %      

 
 All stages and total results were given in Table 
5 based on exact results and their contribution based 
on percentage. Use (B) stage consumption 
decreased 403 kWh/m2.year to 208 kWh/m2.year by 
helps with retrofitting strategies. Production of 
applied materials in retrofitting caused more energy 
consumption than baseline scenario; however, this 
increment could be subsided by reduction of 
operational energy demand easily. Finally, the 
overall CED of the building decreased 41%, and the 
overall GWP of the building decreased 40% with 
retrofitting strategies. 
 A more systematic comparison of our findings 
with existing literature reinforces the validity and 
specificity of the presented results. For instance, the 
operational energy share of 82% in the retrofitted 
scenario aligns closely with the 71–81% reported 
by Utama and Gheewala for high-rise buildings in 
Indonesia [2]. Likewise, the 20% contribution of 
the end-of-life stage to total GWP in our study 
reflects similar findings from Scheuer et al, who 
reported approximately 0.2–0.5% for energy and a 
more pronounced share for emissions due to landfill 
treatment [50]. In terms of embodied energy from 
brick and concrete, the results agree with Monahan 
and Powell and Bastos et al., both of whom 
identified these materials as dominant contributors 
in their LCA of residential buildings [12-13]. These 
consistent values affirm the relevance of our 
methodological approach and indicate that while 
the case study is context-specific, the relative 
contribution patterns observed may be transferrable 
to similar building typologies and infrastructure 
settings. 

 
4. Conclusions 
The study requires extensive evaluation by 
assessing a wide range of information that comes 
from a district’s buildings giving to the cradle-to-
grave approach; besides, comprises analyzing their 
materials, life stages, and retrofitting impacts based 
on energy demand and the environment.  
 Following outcomes were received: 
• The integrated LCA shows that retrofitting can 
reduce CED and emissions by up to 40% in a 
district context.The decisions should be taken at the 
beginning of the LCA, such as setting the 
boundaries of the study and selecting the relevant 
indicators, directly constitute the final results. 
Therefore, formulating the method in order to make 
those decisions correctly at the beginning is crucial.  
• To cover the entire building life span is critical 
to include the waste capacity of retrofitting and 
demolishing phases, and furthermore to incorporate 
the multidisciplinary effort by utilizing different 
investigation processes such as GIS, BIM Models, 
and Energy Performance Models that were 
developed for this study. After those analyses are 
completed under the inventory analysis, the results 
are utilized based on defined indicators in the 
developed LCA models. Consequently, it is 
important that the analyzes carried out should feed 
into each other.  
• Development of scenarios to reduce the CED 
and GWP’s impact during the building life span is 
also important to realize the best alternative in 
advance. The impacts of the retrofitting were 
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demonstrated in the study. The results showed that 
retrofitting buildings have great potential to 
decrease the energy demand of buildings and 
greenhouse gas emissions. During the building life 
time, retrofitting the building after a certain period 
of time and sustaining the regular maintenance of 
the building systems improve the primary energy 
demand of buildings significantly, up to 41% while 
the emission 40%. Thus, authorities, local 
governments, or owners can use these strategies to 
reach energy-efficient buildings, districts, and 
cities.  
• GWP derives from consequences of the 
building's CED, therefore obtained a decrease in 
CED gives a decrease in GWP.  The most effective 
stage of the building lifetime is the building in use 
with 82% impact on energy consumption and 66% 
impact on emission. Because operational energy is 
taken into account during the building in use as 75 
years for this study, the contribution from the use 
stage becomes remarkably high. 
 Furthermore, when the energy consumption and 
its effect on the emission of buildings are analyzed, 
in most cases only the building in use stage is 
considered, the entire life cycle also covers the 
production and end of life stages that are not 
considered. This study shows that the material 
production phase additionally has a great impact on 
energy consumption with 17% and emission 13,5%.  
• Therefore, there is a critical issue in selecting 
the building system or material to improve the 
building energy performance. Certain materials are 
very effective to improve the energy consumption 
of the buildings such as LED and brick. However, 
as represented in this study, the production stage of 
these materials are consumed a considerable 
amount of energy. Therefore, it has a positive effect 
on building in the use stage while negative in the 
production phase. 
 Also, materials such as EPS, D. Glass, LED, 
Pipeline, Plastic, Metal have recycling potential. 
The overall effect of materials’ end-of-life stage is 
1% on energy consumption which is comparatively 
low when comparing the entire life cycle stages and 
20% on emission. 

 Finally, all stages have a different impact on 
building energy consumption and its global 
warming potential. A (product) stage shows 
embodied energy demand of the material and their 
greenhouse gas emissions during production 
processes. B (use) stage is the most important stage 
during building lifetime due to the operational 
energy demand of buildings. Its contribution is 
quite higher than the other two stages. C (end of 
life) stage is important to show the recovery 
potential of wastes. Therefore, it is very critical to 
identify each stage of LCA based on selected 
indicators to improve the overall performance of 
buildings in a district. 
 The study evaluates the buildings on a district 
scale but information from the surroundings of 
buildings such as road system, or landscaping are 
not included. To do that different analyzing 
methods could be included in the BIM model to 
provide data to LCA as the future work. 
 As emphasized in related district-scale 
modeling studies [5, 41], aligning sustainability 
strategies with LCA findings can also help 
authorities achieve meaningful reductions in 
emissions and material waste at scale. 
 Overall, the LCA, together with the standards 
applied in buildings, has been adapted to foresee the 
impact of applied building materials on energy 
consumption and emissions. The evaluation results 
of this study reflect the importance of material 
selection to reduce environmental impacts at 
different stages of buildings' life cycles. Identifying 
the critical materials’ effect in a comparable way to 
each other, also represent the crucial period of their 
use during the building lifespan that gives the 
opportunity to reconsider that material usage 
through the development of various scenarios. For 
this reason, the study emphasizes the importance of 
the decisions taken during the design process, 
which has a great impact on the entire life of the 
buildings.  
 The contribution of the methodology proposed 
for this research is to provide an understanding of 
the impacts of the selected materials on energy 
consumption and the environment before any 
construction work begins. This type of study would 
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also be very useful, especially where measurement 
at the building level is limited or absent. Further, 
the developed methodology can form a basis for the 
development of a smart eco-friendly model at the 
regional level by adding also smart technology 
modeling. 
 It should be noted that the results of this study 
are context-specific, shaped by the unique climatic 

conditions, construction typologies, and energy and 
waste management practices in Soma. Therefore, 
the findings may not be directly generalizable to 
different geographic or infrastructural contexts 
without appropriate adjustments or local data 
integration
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