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Abstract 
By 2030, over 2 billion people worldwide will be living 
in informal settlements. Characterized by poor quality of 
life with regard to sufficient living area, thermal comfort, 
and energy access, there has been a massive push for 
improvement and redevelopment efforts to transform 
existing slums into dense, high-rise social housing. 
However, previous work demonstrates that redesigned 
high-rise redevelopments are potential sources of thermal 
discomfort – showing that a lack of well-informed designs 
or policies can result in severe human health 
consequences and increased energy burden for these 
communities. We use a validated urban-scale informal 
settlement model for Dharavi, Mumbai, India to evaluate 
the life cycle energy requirements to provide sufficient 
thermal comfort under various design scenarios. We 
quantify the life cycle energy implications of informal 
settlement redevelopment and highlight the need to 
consider thermal comfort in its proposed plans. 
Key Innovations 
• Developed a parametric energy modelling framework 

for life cycle energy analysis of informal settlement 
redevelopment schemes 

• Applied framework to two proposed redevelopment 
designs in Dharavi, Mumbai, India; explored 16,384 
potential designs 

• Wall construction materials are most influential in 
embodied and operational energy requirements 

• Cooling energy demand varies within buildings, 
highlighting potential equity issues for tenants 

Practical Implications 
While urban building energy modelling has traditionally 
been used to study large, developed cities, they also have 
utility to understand building energy and thermal comfort 
performance in urban built environments of the 
developing world. By utilizing advancements in 
computational efficiency, energy models can be used in 
early-stage design and planning of urban buildings. 
Introduction 
Rapid global urbanization will be a significant driver for 
future challenges in environmental sustainability 
(Creutzig et al., 2019). The urban built environment 
currently accounts for 75% of total primary energy use, 
and as global cities continue to grow, this proportion is 
expected to rise (UN-HABITAT, 2020). Much of this 
phenomenon is taking place in tropical and subtropical 

cities of the Global South (e.g., Mumbai, Jakarta, 
Nairobi), where up to 90% of all urban population growth 
is expected to occur (UN-HABITAT, 2016). These cities 
are also the site of many of the world’s informal 
settlements – places characterized by poor quality of life 
that are soon to be highly vulnerable to the consequences 
of a world increasingly dominated by anthropogenic 
climate change. Arguably one of the greatest, and most 
neglected, risks facing informal settlements is the lack of 
thermal comfort – often due to insufficient access to space 
cooling. It is well established that building design and the 
urban form of cities influence thermal comfort (Ortiz, 
Kurvers, & Bluyssen, 2017; Rao, Min, & Mastrucci, 
2019). And as the demand for space cooling is expected 
to dramatically increase in countries within the Global 
South (International Energy Agency, 2018), it is critical 
that passive or low-energy cooling measures are found to 
avoid the need for a blanket, energy-intensive active 
cooling solution to provide thermal comfort. 
To improve the living conditions of global informal 
settlements, there has been a significant push by local 
governments and NGOs for redevelopment – where 
existing slums are demolished and rebuilt often at a higher 
density than before (Debnath, Bardhan, & Jain, 2019). 
However, while these schemes are often well-intended, 
they have faced issues in prior cases of implementation, 
including reduced social cohesion (Mitra et al., 2017) and 
increased financial burden (Amnesty International, 2009). 
While the expansion and modernization of developed 
cities have relied on building energy modelling to help 
inform policymaking and urban planning (Cerezo Davila, 
Reinhart, & Bemis, 2016; Chen, Hong, & Piette, 2017; 
Kontar, Polly, & Charan, 2020), the field of urban 
building energy modelling is largely absent from 
developing cities and informal buildings (Janda, Fennell, 
Johnson, Tomei, & Lemaire, 2019). Prior work has relied 
on urban building energy modelling to assess the thermal 
comfort implications of slum redevelopment; however, it 
showed that without careful consideration of design 
choices, occupants of these new buildings may face 
worsened thermal comfort conditions than in their current 
situation (Nutkiewicz, Jain, & Bardhan, 2018) – thus 
increasing the demand for cooling energy for a 
community already lacking energy access. Therefore, in 
addition to the sociological and economic implications of 
informal settlement redevelopment, we also need models 
that can better capture the energy implications of these 
proposed designs.  
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To fully capture the required energy and resources needed 
for slum redevelopment, it is essential to conduct a life 
cycle energy (LCE) analysis of these proposed programs. 
LCE is a type of life cycle assessment that, in this case, 
accounts for all energy inputs associated with a building’s 
life cycle. Traditionally, energy inputs are broken down 
into two primary categories: embodied energy, which 
accounts for the material production, transportation, 
construction, and end-of-life, and operational energy – the 
energy associated with the building’s operations (e.g., 
lighting, heating, cooling, plug loads). While in most 
building life cycle energy analysis, embodied energy only 
accounts for 10-20% of a building’s LCE consumption (T 
Ramesh, Prakash, & Shukla, 2010), this percentage is 
often higher in low-energy buildings where more careful 
consideration needs to made for energy-sensitive building 
materials and construction practices. Because occupants 
of informal housing have traditionally had limited energy 
access and therefore lower rates of energy consumption 
(UN-HABITAT, 2016), we can conclude that accounting 
for both operational and embodied energy in the early-
stage design of proposed redevelopment schemes will 
affect the future urban energy footprint of the building and 
its occupants.  
This study aims to assess the LCE requirements for 
informal settlement redevelopment in the Global South. 
To do so, we build upon a previously validated urban-
scale building energy model of a slum in Dharavi, 
Mumbai, India and integrate it with a life cycle energy 
calculator. Because of the uncertain nature of early-stage 
design, we conduct a parametric analysis of this building 
energy model, where we simulate all possible 
combinations of design choices from a 9-dimensional 
input space (16,384 simulations in total). The outputs 
from each unique simulation then become the inputs with 
which we calculate each design’s total embodied and 
operational energy requirements as well as its expected 
total life cycle energy demand. In doing so, we learn how 
various design decisions can influence urban energy and 
thermal comfort of public housing for decades to come.  
Background 
Life cycle energy (LCE) assessments, which involve 
calculating the energy consumption of different phases in 
a building’s life cycle, are typically used to understand the 
resources and energy required to support the development 
and operation of a building. However, more LCE 
assessments are done on formal buildings located in 
developed countries (Mastrucci & Rao, 2017). It is 
expected that 70% of India’s 2030 building stock has yet 
to be constructed (Global Alliance for Buildings and 
Construction, 2019); therefore, given the magnitude of 
future new construction and urbanization occurring in 
major developing cities like Mumbai, it is imperative that 
this type of analysis be considered in the creation of new 
buildings and infrastructure. In this section, we 
summarize the various components used to calculate LCE 
and the challenges associated with modelling them in the 
Indian context.  

Embodied energy 
Embodied energy (EE) consists of the initial phases in a 
building’s life cycle: material production, transportation, 
and building construction (Bansal, Singh, & Sawhney, 
2014). Therefore, the EE of a building is heavily 
influenced by its morphology and the materials used in its 
construction. In the design of a building, there is often a 
trade-off between the materials chosen and how it affects 
the future operational energy (Talakonukula Ramesh, 
Prakash, & Shukla, 2014). For example, energy saving 
measures aimed at reducing one phase of energy use can 
still have an impact on the other phases of a building’s life 
cycle (e.g., increased insulation may reduce the heating 
and cooling demand during the building’s use phase but 
comes at a cost of increased EE). However, with the 
introduction of alternative, natural materials (e.g., 
rammed earth, cross-laminated timber), they have been 
shown to both reduce a building’s EE by up to 50% 
(Venkatarama Reddy & Jagadish, 2003) and its overall 
LCE by 2-5% (T Ramesh, Prakash, & Shukla, 2012). 
One of the greatest challenges associated with estimating 
the EE of informal buildings is the often-missing data 
unavailable to describe its construction. Instead, previous 
work to calculate EE consumption has relied on 
observational data for specific case studies, literature 
reviews, or databases of energy intensity for materials 
commonly used in building construction. However, with 
the emergence of alternative building materials, these 
databases are becoming outdated as construction practices 
rapidly change. And while there is emerging work that has 
aimed to capture information about buildings and 
infrastructure through satellite imagery and remote 
sensing (Baud, Kuffer, Pfeffer, Sliuzas, & Karuppannan, 
2010), to the best of our knowledge, it has yet to be used 
in the application of LCE estimation.  
Operational energy   
While embodied energy focuses on the phases of a 
building’s life cycle before occupancy, operational energy 
(OE) estimates the consumption associated with a 
building’s use phase. This energy is most often associated 
with residential end uses such as lighting, cooking, and 
plug loads (L. & Palaniappan, 2014). However, the 
rapidly increasing penetration of air conditioning and 
dehumidification units, especially among low-income 
housing  (Santamouris, Pavlou, Synnefa, Niachou, & 
Kolokotsa, 2007), is increasing the demand for OE during 
the building’s use phase. This trend is heavily dependent 
on the type of space conditioning, thermal comfort 
preferences of its occupants, as well as the building’s local 
climatic conditions (Praseeda, Reddy, & Mani, 2016). 
Similar to the challenges of calculating embodied energy, 
while many buildings in developed countries have access 
to sensing technologies like smart meters, this is less 
common in developing ones – making the process of 
estimating operational building energy use much more 
difficult. Previous approaches to estimate OE from 
residential buildings have involved collecting data from 
utility bills (Praseeda et al., 2016). However, informal 
buildings often lack access to consistent energy sources 
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and methods to accurately measure energy consumption. 
Furthermore, there are various interpretations of what 
dictates thermal comfort conditions in India (Indraganti, 
2010; Manu, Shukla, Rawal, Thomas, & de Dear, 2016), 
meaning that residential cooling and heating estimates can 
skew the final calculation of expected OE based on a 
modeler’s assumptions. 
Informal settlements, which house highly vulnerable 
populations with limited access to a reliable energy 
source, are a largely understudied segment of the built 
environment. In this paper, we introduce an urban-scale 
building energy modelling approach to evaluate the LCE 
and thermal comfort implications of early-stage slum 
redevelopment schemes. As will be discussed in the 
Methods and Results sections, our work shows how 
careful selection of design parameters can have 
significant influence on not only the building’s EE 
requirements, but also the cooling demand required of its 
future occupants.  
Methods 
This work intends to demonstrate how an urban-scale 
building energy model can assess the LCE implications of 
informal settlement redevelopment. As a result, we 
highlight the EE and OE impacts of various building and 
urban-scale design decisions and how uniformed decision 
making can lead to unintended cooling energy burden for 
its future occupants. Because early-stage design often 
involves the assessment of various design scenarios, we 
apply an exhaustive search method (i.e., model all 
possible design combinations from a discrete design 
space) to our urban-scale energy model to explore how 
each design decision may affect LCE. While this 
approach is computationally expensive, it allows a 
modeler to view the full solution space of design impacts. 
Figure 1 outlines the parametric framework for evaluating 
the LCE implications of slum redevelopment schemes.  
The following subsections detail each step in the LCE 
modelling framework: (1) Define urban-scale building 
geometry; (2) Choose design parameters and input values; 
(3) Run parametric simulations; and (4) Calculate EE, 
OE, and LCE for all design scenarios.  

 
Figure 1. Graphical methodology framework for urban-

scale life cycle building energy analysis. This work 
combines an urban building energy model with a life 
cycle energy calculator to assess energy requirements 

for early-stage slum redevelopment schemes. 

Define urban-scale building geometry 
Building energy models require three primary types of 
inputs: building geometry, weather data, and non-
geometric characteristics (e.g., construction materials, 
occupancy schedules, electrical and other power loads). 
We first define the urban-scale building geometry by 
expanding upon a previously validated energy model of a 
single slum dwelling in Dharavi, Mumbai, India (Debnath 
et al., 2019). This dwelling was calibrated using two 
weeks of temperature and relative humidity sensor data 
(MBE and CV(RMSE) can be found in (Debnath et al., 
2019)) and served as a residential archetype with which 
larger urban morphologies could be developed. Using this 
validated dwelling model, we created larger multi-story 
building morphologies based on designs for slum 
redevelopment proposed by the Slum Rehabilitation 
Authority in Mumbai, India (Figure 2) (Slum 
Rehabiliation Authority – Government of India, 2020).  
These models, illustrated in Figure 2, each contain 32 
23m2 dwellings.  

 
Figure 2. Proposed mid-rise morphologies for the 
Dharavi Redevelopment Project in Mumbai, India. 

To further contextualize these larger urban-scale building 
energy models within their local climate, we used typical 
meteorological year (TMY) weather data for Mumbai, 
India. While historical weather data may have provided a 
more accurate depiction of the local climate in urban 
Mumbai (Crawley & Huang, 1997), because the objective 
of this work was to compare the various design decisions 
against one another, using more localized weather data is 
unlikely to affect the results of this study. If readily 
available, this modelling framework could also be used 
with historical weather files or with weather files that 
project anticipated climate change impacts.   
Choose design parameters and input values 
After defining the urban geometry and weather data, we 
next selected the design factors that would be 
parametrized in the urban-scale energy model. We chose 
nine parameters that would most likely influence changes 
in life cycle energy consumption based on our previous 
work in Dharavi (Nutkiewicz et al., 2018) as well as other 
parametric analyses done inside and outside the Indian 
context (Mastrucci & Rao, 2017; Samuelson, 
Claussnitzer, Goyal, Chen, & Romo-Castillo, 2016). 
These nine characteristics are displayed in a parameter 
tree in Figure 3, where each row represents one of the 
characteristics, and the values in each row represent the 
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possible inputs to be simulated as part of the parametric 
analysis. 

 
Figure 3. Parameter tree for exhaustive building energy 

model analysis. 
The design options in the floor, roof, ceiling, and wall 
constructions were selected based on a literature review 
of those used in the local construction of mid-rise 
residential buildings in India (Building Materials & 
Technology Promotion Council, 1995; T Ramesh et al., 
2012; Venkatarama Reddy & Jagadish, 2003). In addition 
to collecting each material’s physical characteristics (e.g., 
U-factor, density, thermal conductivity), we also collected 
its embodied energy to be later used in calculating each 
design option’s overall LCE. Additional detail on the 
possible input values for each parameter can be found in 
Table 1 at the conclusion of this paper. 
While HVAC is not typically present in current slum 
dwellings due to their high operating costs, we model both 
natural and mixed-mode mechanical ventilation systems 
to explore the trade-offs between thermal comfort and 
operational energy cost. For the mixed-mode HVAC 
system, we assume a cooling setpoint of 26˚C and heating 
setpoint of 18˚C, based on adjusted thermal comfort 
standards for those living in hot and humid climates 
(Indraganti, 2010). Finally, we parameterize other urban-
scale parameters such as orientation, urban shading, and 
occupancy to encompass the possible demographic and 
urban variety of future development schemes. For inputs 
not parameterized in our urban energy model, we use 
observational data from (Debnath et al., 2019) to 
complete the models. 
Run parametric simulations 
Using the nine-dimensional design space defined in 
Figure 3, we simulated every combination of model inputs 
using both EnergyPlus v9.2 and jEPlus. jEPlus is a plug-
in tool to EnergyPlus that runs a model with every 
combination of inputs for a defined set of design 
parameters (Zhang & Korolija, 2016). To define each 
unique model, jEPlus selects one unique value from each 
row in the parameter tree (Figure 3) and simulates it using 
EnergyPlus. This process is repeated until all possible 
combinations of inputs are modelled. For every unique 
EnergyPlus model, jEPlus creates a .csv file with hourly 
predictions of indoor operative temperature, relative 
humidity, and electricity consumption. We note that we 
do not explicitly model other fuel sources (e.g., cooking 
fuels) as we observed that long duration cooking is done 
outside to reduce indoor heat gain within dwellings 

(Nutkiewicz et al., 2018). In total, we simulate 16,384 
unique models.   
Calculating EE, OE, and LCE for all design options 
Using the results from each unique simulation, the model 
outputs are then used to compute the EE and OE for each 
design option. To calculate EE, we first estimated the 
amounts of materials required for each morphology by 
multiplying the surface area of each material by its 
thickness and density. EE intensity, expressed in GJ per 
ton of material or surface unit, was obtained in our 
literature review of typical materials used in mid-rise 
residential construction in India (described in Part 2 of 
Methods). The EE for each combination of wall, roof, 
floor, ceiling, and window constructions are summed to 
produce an estimate for each design option. OE consumed 
during the use phase of the building’s life cycle is an 
output from EnergyPlus. To calculate the total LCE for 
each unique simulation, we use the equation: 

𝐸!"#$%&'($ =	
𝐸$)*+,"$,

𝑛 + 𝐸+-$./0"+1/(	 (1) 

Here, 𝐸!"#$%&'($ represents a specific simulation’s 
expected life cycle energy, 𝐸$)*+,"$, is the embodied 
energy, 𝐸+-$./0"+1/( is the operational energy, and 𝑛 is the 
service life of the building (in years). For our analysis, we 
assume a service life of 50 years, based on (Mastrucci & 
Rao, 2017; Praseeda et al., 2016). Because previous 
works have shown that demolition and disposal energy 
related to buildings accounts for <1% of its total life cycle 
energy (T Ramesh et al., 2010; Sartori & Hestnes, 2007), 
we excluded it from the bounds of our study. 
For our analysis, we assume the bounds of our study 
include material production and building operations – 
ignoring the material’s end-of-life and transportation 
impacts. The operational energy assumes end uses of 
lighting, cooling, and plug loads. Because cooking is 
traditionally done outside of the home, we excluded it 
from our analysis. 
Results and Discussion 
After modelling all 16,384 simulations in EnergyPlus, we 
computed the life cycle energy for each design. Overall, 
the 8-floor morphology (Option A), has a lower average 
life cycle energy across all of its designs when compared 
to those same designs in the Option B morphology (Figure 
4). To demonstrate the monthly differences in LCE as a 
result of changing operational energy requirements, we 
modify Equation 1 to calculate LCE by month. The 
primary difference in LCE between the two morphologies 
is the increased demand for operational energy during the 
summer months – likely a demand for additional cooling 
energy. Buildings in the Option B morphology see greater 
spikes for cooling energy during May and October – the 
shoulder months that typically surround the annual 
monsoon season in Mumbai. As is the case with many 
low-energy buildings, the embodied energy makes up a 
greater percentage of life cycle energy than its operating 
energy – thus making the early-stage design decisions 
significant in shaping the environmental impact of these 
buildings for decades to come. 
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Figure 4. Average monthly life cycle energy (LCE) and 

embodied energy (EE) for Options A and B 
morphologies. 

Marginal EE decreases with higher floors 
Further exploring the difference in embodied energy 
between the two designs, we find that, similar other LCE 
works (Mastrucci & Rao, 2017), the intensity of 
embodied energy consumption decreases when the 
number of stories increase (i.e., the 8-floor Option A 
design uses less energy than the 4-floor Option B design).  
Among both morphologies, the ceiling and wall 
constructions contribute the greatest percentage of each 
building’s total embodied energy (Figure 5). These two 
are likely the highest influential factors because they 
account for more surface area of constructions used in 
each building. 

 
Figure 5. Average embodied energy of constructions in 

Option A and Option B morphologies.  
As is shown in Table 1, among the wall constructions, 
those that use rammed earth blocks have the least EE. 
However, our calculations of these wall constructions 
show that those using autoclaved aerated concrete (AAC) 
blocks have a lower U-value, and thus are more likely to 
require less operational energy to maintain indoor thermal 
comfort conditions. 
Wall construction has highest OE implications 
To understand how each design choice influences 
operational energy, Figure 6 illustrates how sensitive each 

morphology is to changes in a dwelling’s annual OE 
based on the possible inputs for each parameter. Both 
morphologies see stronger changes in annual OE based on 
modifications to occupancy (measured in number of 
people per dwelling) and wall construction. However, 
similar to other parametric studies that have explored the 
impacts of urban context on building energy performance 
(Samuelson et al., 2016), the 8-floor, Option A 
morphology is also strongly affected by changes to urban 
shading. We assume that because the façade is more 
exposed to solar radiation versus the more mutually 
shaded form of Option B, the urban context plays a greater 
role in affecting cooling demand in Option A. While 
Option B lacks any parameters with extreme sensitivity, 
Option A is also highly sensitive to changes in wall 
construction. Therefore, without careful consideration of 
the wall design chosen in an Option A morphology, 
occupants of a redeveloped informal settlement may face 
unnecessarily high burdens for cooling energy demand. 

 
Figure 6. Sensitivity to the change in one dwelling’s 
annual operational energy, measured in kWh/year. 

Energy demand inequity arises within dwellings 
Finally, we explored the discrepancy in operational 
energy across each building by visualizing cooling 
demand for all dwellings in both the Options A and B 
morphologies. Figures 7a and 7b compare each 
dwelling’s average annual cooling energy demand and 
indicates as the floor number increases, the need for 
cooling energy to maintain indoor thermal comfort 
conditions increases as well. Confirming the result from 
Figure 4, we know that operational energy demand in 
Option B designs is higher than that of Option A, 
especially during the summer months. Here, the results 
show that this is primarily due to cooling demand in the 
higher floors of the Option B morphology. This 
discrepancy in energy performance between floors is 
consistent with previous work that proposes special 
retrofitting for top-floor apartments in Indian housing 
(Indraganti, 2011). 
Overall, out of all 16,384 simulations, Option A on 
average yields a lower total life cycle energy than Option 
B. Wall constructions are especially influential in both the 
embodied and operational energy demand for both 
morphologies. The operational energy demand for 
Options A and B are highly sensitive to changes in wall 
constructions; however, Option A is also more sensitive 
to changes in the surrounding urban form – represented 
by urban context and urban shading. Finally, in exploring 
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trade-offs between cooling demand and embodied energy, 
we observe that the need for space cooling increases at 
higher floors within a building – possibly introducing 
energy and thermal comfort equity issues for future 
tenants. In the end, while each proposed morphology from 
(Slum Rehabiliation Authority – Government of India, 
2020) can yield comfortable living conditions for its 
occupants, careful planning and design will ensure that 
the building’s full LCE demand can be minimized.  
 

Figure 7. Average annual cooling energy demand by 
dwelling, measured in kWh/year. 

Limitations and Future Work 
This study was limited to assessing the building life cycle 
energy implications of two proposed slum redevelopment 
schemes in Dharavi, Mumbai, India. Informal settlements 
are characterized by many additional infrastructure-
related deficiencies, including those related to sanitation, 
adequate space, and security of tenure. While these 
deprivations are out of scope for this paper, this work 
backs our argument that future policymaking and design 
related to slum redevelopment should strongly consider 
its energy implications as it can affect the well-being of 
these buildings’ future tenants. Furthermore, slum 
redevelopment and the increasing density of these 
housing schemes will inevitably affect other urban 
systems and environmental challenges (e.g., 
transportation, urban air pollution). Future work could 
address some of these factors through additional data 
collection and integration with other models (e.g., 

assessing trade-offs between air pollution and natural 
ventilation in Indian cities).  
Conclusion 
Overall, our objective was to develop an urban-scale 
building energy modelling approach to assess the impact 
of building design decisions on life cycle energy use in 
proposed slum redevelopment schemes. We used our 
framework to evaluate the life cycle energy and thermal 
comfort implications of 16,384 unique designs for slum 
redevelopment. Our analysis shows that wall 
constructions are significant factors in affecting future 
embodied energy and space cooling energy demand. 
While the 8-floor Option A morphology on average has 
lower life cycle energy requirements, its operational 
energy demand is more sensitive to changes in design, 
showing how careful design and planning of these 
buildings is crucial to its future energy performance. 
Finally, we demonstrate how cooling energy demand can 
vary between dwellings in the same building – 
highlighting potential energy inequity among future 
tenants. In the end, our results point to how careful design 
and planning of future redevelopment schemes will play 
a key role in affecting the life cycle energy implications 
of the urban built environment for decades to come. 
Conclusion 
The research presented in this paper were supported in 
part by the Precourt Institute for Energy and the U.S. 
National Science Foundation (NSF) under Grant No. 
1941695. Any opinions, findings, and conclusions or 
recommendations expressed in this material are those of 
the author(s) and do not necessarily reflect the views of 
U.S. NSF. 
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Table 1: Detailed set of parameters used in building energy modelling analysis. 

PARAMETER NAME VALUES 
Morphology Option A, Option B 
Orientation 0˚, 90˚, 180˚, 270˚ 

Urban Context/Shade None, multi-story shade 
Household Size 4, 8 people 
Cooling Model Natural ventilation, Mixed-model ventilation (cooling setpoint = 26˚C; heating setpoint = 18˚C) 

Roof Construction 20cm Brick tile + EPS + Reinforced concrete 
20cm Brick tile + Mud phuska + Reinforced 
concrete 
24cm Brick tile + EPS + Bitumen + 
Reinforced concrete + Hollow concrete block 
24cm Brick tile + Mud phuska + Bitumen + 
Reinforced concrete + Hollow concrete block 

U-value = 0.60 W/m2•K 
U-value = 2.9  
 
U-value = 0.55  
 
U-value = 2.0  

EE = 150 – 188 GJ 
EE = 130 – 163  
 
EE = 124 – 156  
 
EE = 104 – 131  

 
Ceiling Construction 14cm Reinforced concrete + Hollow concrete 

block + plaster 
19cm Reinforced concrete + EPS + Hollow 
concrete block + plaster 

U-value = 1.25 W/m2•K 
 
U-value = 0.65  

EE = 252 – 469 GJ 
 
EE = 331 – 617  

Wall Construction 
(with associated U-
value and range of 
embodied energy – 

dependent on 
morphology) 

30cm Rammed earth (RE) block  
30cm Aerated concrete (AAC) brick 
30cm Hollow concrete (HC) block 
30cm Burnt clay (BC) brick 
32.5cm RE block + plaster 
32.5cm AAC brick + plaster 
32.5cm HC block + plaster 
32.5cm BC brick + plaster 
27.5cm RE block + plaster + air gap 
27.5cm AAC brick + plaster + air gap 
27.5cm HC block + plaster + air gap 
27.5cm BC brick + plaster + air gap 
25cm RE block + plaster + EPS 
25cm AAC brick + plaster + EPS 
25cm HC block + plaster + EPS 
25cm BC brick + plaster + EPS 

U-value = 1.48 W/m2•K 
U-value = 0.71  
U-value = 2.22  
U-value = 1.97  
U-value = 1.20  
U-value = 0.64  
U-value = 1.65  
U-value = 1.51  
U-value = 1.23  
U-value = 0.78  
U-value = 1.62  
U-value = 1.41  
U-value = 0.73  
U-value = 0.54  
U-value = 0.82  
U-value = 0.79  

EE = 0 GJ 
EE = 291 – 484  
EE = 175 – 291  
EE = 793 – 1319 
EE = 45.2 – 75.2 
EE = 336 – 559  
EE = 220 – 367  
EE = 838 – 1395 
EE = 45.2 – 75.2 
EE = 239 – 398  
EE = 162 – 269  
EE = 573 – 955  
EE = 119 – 199  
EE = 313 – 521  
EE = 236 – 393  
EE = 648 – 1078 

Floor Construction 7cm Sand + concrete + brick tile 
18cm Concrete + brick tile  

U-value = 2.59 W/m2•K 
U-value = 2.34  

EE = 18 – 22 GJ 
EE = 131 – 165  
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