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Considering the physical properties of the materials and using the embodied energy and carbon 
emission coefficients, the embodied energy in material production and carbon emissions were 
calculated as shown in Table 2.
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Figure 2. (a) Case Study BIM Model and (b) location of the project in the environment 

Considering the physical properties of the materials and using the embodied energy and carbon 
emission coefficients, the embodied energy in material production and carbon emissions were 
calculated as shown in Table 2. 

Table 2. Embodied energy and carbon emissions of major materials 

Items / Resources Amount Unit 
Embedded 
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Total (t 
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incidence 

Concrete supply 2,116.50 m3 3,758.90 507.96 57.5 
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Annealed wire #8 1,158.33 kg 10.89 0.51 0.1 
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For the calculation of the emissions of the activities of transporting the materials, with the use of 

the Infraworks software, the project was located and calculated the transport distances of the 
materials to the work site (See Figure 3), considering the capacities of the equipment and an average 
transit speed of 15 km/h, the required machine hours and their fuel consumption, embodied energy 
and GHG emissions were calculated as shown in Table 3.  

  

 
Figure 3. Estimation of material transport distances with Infraworks 2023 software 
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Table 2.  Embodied energy and carbon emissions of major materials.

For the calculation of the emissions of the activities of transporting the materials, with the use of the 
Infraworks software, the project was located and calculated the transport distances of the materials to 
the work site (See Figure 3), considering the capacities of the equipment and an average transit speed of 
15 km/h, the required machine hours and their fuel consumption, embodied energy and GHG 
emissions were calculated as shown in Table 3.

Figure 3.  Estimation of material transport distances with Infraworks 2023 software.
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Table 3. Embedded energy and carbon emissions from transporting 

Items 
Number of 

trips 

Transport 
distance 

(Km) 
HM Required  

Total 
Energy 

(GJ) 

Total  
(t CO2eq) 

% 
Emissions 
incidence 

Concrete supply 265.00 5.65 199.7 114.92 8.39 79.8 

Formwork supply 3.00 3.94 1.58 0.91 0.07 0.6 

Steel rebar supply 93.00 3.94 48.88 28.13 2.05 19.5 

 
Finally, the calculation of the emissions of the construction stage was based on the estimates of 

emissions generated by the use of electrical energy and fuels used in the construction processes, 
where secondary energy became primary energy, obtaining the following results (see Table 4). 

Table 4. Embodied energy and carbon emissions in the construction process 

Items / Resources Amount Unit 
Embedded 
Energy (GJ) 

Total (t 
CO2eq) 

% 
Emissions 
incidence 

Material elimination     49.44 81.1 
Backhoe 62 HP 196.00 hm 112.77 8.23 13.5 

Dump truck 15 m3 981.00 hm 564.45 41.20 67.6 

Concrete pouring     1.78 2.9 

Concreto vibrator 677.28 hm 24.36 1.78 2.9 

Rebar and formwork     9.72 15.9 

Electric shear 3.5 HP 1,479.13 hm 53.19 3.88 6.4 

Steel bending machine 1,479.13 hm 53.19 3.88 6.4 

Electric power 3,150.00 kWh 35.91 1.95 3.2 

4. Discussion 

From the general analysis of the life cycle of the cradle to the gate of the case study project, it 
was possible to verify that it will generate a total of 955.31 t CO2eq or its equivalent to 305.44 
KgCO2eq/m2 of construction, a value that, when found in the average of similar research results from 
220 to 420 KgCO2eq/m2 [18], allow validating the proposed calculation method. 

 
Likewise, it is important to point out that considered a "cradle to gate" analysis the stage with 

the greatest impact in the construction occur in the materials supply stage 92.5% (See Figure 4), where 
the greatest impact is generated by the supply of ready-mix concrete 57.5% and the supply of steel 
for construction 41.9% because these have a long supply chain that incorporates impacts from the 
exploitation of raw materials, transportation for manufacturing and his own process of 
manufacturing, so sustainable design should focus on the selection of eco-sustainable materials. 
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Finally, the calculation of the emissions of the construction stage was based on the estimates of emissions 
generated by the use of electrical energy and fuels used in the construction processes, where secondary 
energy became primary energy, obtaining the following results (see Table 4).
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The impact of the transportation stage represents only 1.1% of the total impact and the construction 
stage generates 6.3% of the impact, evidencing that earthworks generate 81.1% of the impact of this 
stage, which is why efforts must be made to optimize the productivity of the equipment in order to 
reduce the carbon footprint in this stage.

5. Conclusions

From the study of the state of the art, it was possible to show that in order to implement adequate 
sustainability practices in the construction sector, a comprehensive and detailed analysis of GHG 
emissions or impacts that occur throughout the life cycle of a infrastructure, given that only this type of 
evaluation will allow us to accurately identify the stages and activities with the greatest impact, as 
evidenced in the case study where it was verified that the material manufacturing stage represents 92.5% 
of GHG emissions, so improvement efforts should focus on this stage.

Likewise, it was evidenced that there is currently a wide variety of methodologies and standards for 
the quantification of GHG emissions, but the most recognized framework for its exhaustiveness and 
level of detail is the Life Cycle Analysis, however when applied to the construction sector, it presents a 
limitation in information management, so its integration with Building Information Modeling (BIM) 
technology is recommended.

Regarding the proposed case study, it was possible to identify that the highest incidence of GHG 
emissions occurs in the stage of manufacturing and supply of ready-mix concrete materials and 
reinforcing steel, due to the fact that these materials have an extensive supply chain, where impacts are 
added from the stage of extraction, transportation and manufacturing of the raw material, so a 
sustainable design must seek to reduce the use of this type of materials, seek alternative materials and/or 
seek to optimize manufacturing processes.

Recommend expanding this study, evaluating the proposed methodology in different types of 
construction projects such as earthworks, construction of road and industrial infrastructure in order to 
assess how the type of project, site conditions and technology used impact carbon emissions.
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The impacts of occupant behaviour on 
energy  performance, thermal 
comfort, indoor air quality, and  health 
in social housing 

Abstract: The UK’s largely inefficient housing is a significant 
contributor to greenhouse gas  emissions and a contributing 
factor to poor health outcomes of its residents. The social 
housing stock  built between WWII and the 1980’ is the same 
with a number of high-profile cases related to  significant 
health impacts. It is largely accepted that user behaviour can 
have a significant  contributory factor to these factors. 
Focusing on a single “flagship” sheltered housing block in East  
London the aim of this research is to understand and identify 
post-occupancy user behaviours that  affect indoor air quality, 
thermal comfort, and energy usage, with the purpose of 
recommending  retrofitting strategies. A questionnaire survey 
was conducted with the occupants to collect data on  their 
behaviour patterns, preference and experiences related to 
energy use, ventilation and any  associated health symptoms 
that they attributed to their living environment. Preliminary 
results  show that to achieve thermal comfort and the 
healthiest environment residents must engage with  
behaviours that are both thermally inefficient and high energy 
consuming. Further analysis is  required to make suitable 
recommendations, but these could include the installation of 
mechanical  ventilation or providing low energy alternatives for 
acceptable IAQ. Any change to the building  fabric must be 
accompanied by an education, reward, and support scheme to 
meaningfully change  behaviour. By considering the user 
behaviour of occupants, retrofit measures can be more 
effective  in reducing carbon emissions whilst also maintaining 
health environments for residents. 

Keywords
Indoor air quality; thermal 
comfort; building energy 
performance; energy 
efficiency;  energy 
retrofitting; occupant 
behaviour, health and 
wellbeing. 
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1. Introduction
Social Housing in the UK is provided through a mixture of Local Authority and Housing 

Association owned stock, with the vast majority built between the end of WWII and the early 1980’s 
(Shelter, 2023). Much of this housing stock (built before energy efficiency and  
long-term sustainability was central to housing policy and regulation and architectural ethos) is  
inefficient by modern standards with poor energy performance. In August 2007, the UK Government  
introduced Energy Performance Certificates (EPC) in England & Wales. An EPC informs you of how  
energy efficient a building is, how much it’ll cost to heat & light the building, and what its carbon  
emissions may be. The EPC will give the property an overall rating from A (very efficient) to G (very  
in-efficient) (EnergySavingTrust, 2022). Only 40% of UK homes in England & Wales meet an EPC  rating 
of A-C, (OpenPropertyGroup, 2023). 

There is significant anecdotal and researched evidence that suggests a strong correlation  between 
poor energy performance in residential homes and the ill health of the occupants  (International Energy 
Agency , 2017). Respiratory conditions such as asthma and hay fever can be  affected by poor internal 
air quality (IAQ) in homes and living in an energy inefficient environment  can be detrimental to both 
the physical and mental health of occupants (Wouter Poortinga, 2018). The  potential lethal effects of 
poor housing conditions have been brought to the public conscious recently  due to the tragic death of 
Awaab Ishak, the 2-year-old who died from exposure to mold in his home (Weaver, 2022). The home 
was provided and managed by Rochdale Boroughwide Housing; a  Housing Association who were 
found by the regulator to be negligible with a litany of failings in the  case. They were found to have 
shown poor overall management and investigation of such issues  and ultimately failed at providing a 
healthy and adequate accommodation for residents across their  portfolio (Regulator of Social Housing, 
2022). 

In addition to the potentially serious impact on the health of its occupants, the energy efficiency  of 
a home has significant ramifications for the environment and the climate crisis we are facing.  Central 
to the UK Government achieving its net zero carbon target by 2050 is to improve the energy  efficiency 
of buildings, with the built environment currently accounting for 25% of greenhouse gas  emissions in 
the UK (UK Green Building Council, 2021; Karlsson, 2021). This highlights the  importance of the 
operational efficiency of building in achieving the carbon reduction targets by 2050  as set out by the UK 
government (HM Government , 2021). 

Whilst newer buildings are designed to embrace environmental sustainability and energy  
efficiency, existing housing stock is largely inefficient making up circa 48% of emissions of the total  
built environment (UK Green Building Council, 2021). With much of the social housing stock across  
both Local Authorities and Housing Associations built prior to modern regulations and policy on  
energy efficiency standards, comprehensive retrofitting strategies will be required to tackle the scale  of 
the problem in the UK and achieve government targets. 

The current cost of living, climate and energy crises increase the gravity and impact of energy  
inefficiency and its impact on people and environment. The impact of the covid-19 pandemic  alongside 
record increases in temperature saw several days of extremely uncomfortable weather in  thermally 
inefficient homes. The current socio-political situation in Europe has seen gas supplies  reduce by 35% 
and a significant rise in energy costs. (BBC News, 2022). These circumstances have left  millions of 
families facing rising food and energy costs, with some having to choose between ‘Eating  & Heating’ 
(Viner, 2023).  

The UK government does not have an agreed published retrofitting strategy, the ambitions to  
reduce the carbon output of the built environment are contained within the Net Zero Strategy and  the 
Heating and Buildings strategy which focuses on the more immediate need for action to  decarbonise 
heating sources for buildings in the UK setting out an action plan with schemes and  policy focus for the 
2020’s (HM Government, 2021). Whilst there is not a centralized pot of funding  focused purely on 
retrofitting of housing stock these ambitious targets and plans are underpinned  by a few key 
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accelerator programmes, such as the current Social Housing Decarbonisation fund, the  Green Homes 
Grant, and the most recent Sustainable Warmth Competition.  

Newham Councils planned retrofit for the Hamara Ghar sheltered housing scheme is partly  funded 
as part of an award from the Social Housing Decarbonisation fund for homes with an EPC  rating of 
below C. The aim of the fund is to support projects to; reduce carbon emissions; improve  fuel poverty 
and improve the comfort, health and well-being of social housing tenants (HM  Government , 2022) in 
addition to other ambitions. Within this wider national context, The London  Councils Retrofit London 
Housing Action Plan was developed in response to the growing awareness  of the urgent need to 
address the energy inefficiency of the city's housing stock if the targets as set  out by the net zero 
strategy are to be met. A lack of coordinated national strategy and funding is  highlighted with the 
funding and policy outlined above, described as narrow in its focus and not far  reaching enough 
(London Councils , 2021). The action plan was developed by London Councils, an  organization that 
represents the 32 boroughs and the City of London, in collaboration with a range  of stakeholders 
including industry, government and community groups. Crucially as well as  recognising the 
environmental impacts of our current housing stock. The plan highlights the need to  address fuel 
poverty and improve the health and wellbeing of residents which is exacerbated by  inefficient homes 
and the need for a “whole house approach” (London Councils , 2021). 

In the context of occupant behaviour, the plan recognises that the behaviours can have a  significant 
impact on energy use and emissions. To address this, the plan includes measures such as  providing 
education and advice to occupants on how to reduce energy use, and offering incentives for behaviour 
change, such as lower utility bills for those who adopt energy-saving practices (London  Councils , 
2021). The plan also includes initiatives to improve the monitoring and feedback of energy  use in 
homes, which can help occupants better understand their energy consumption and make  informed 
decisions about how to reduce it. There is an understanding of the importance of engaging  with 
occupants and promoting behaviour changes as key components of achieving its energy  efficiency 
goals across the city's housing stock, with a focus on collaboration and innovation across  the local 
authorities and with key stakeholders from the energy, environment, housing and  construction sectors. 
Occupant behaviour is an essential component for any approach to retrofitting  and decarbonisation 
both in terms of implementation and policy, though the specific needs of the end  users as per 
demographic indicators are not always central to government objectives.

1.1 Health outcomes and living environment

The link between living conditions and health outcomes is well known and borne out by many years 
of research. In terms of Thermal Comfort (TC), there is a known link regarding  TC and effects on 
occupants, in particular more vulnerable groups such as elderly, those with long  term conditions such 
as Chronic Obstructive Pulmonary Disease (COPD), and children (Ormandy,  2012). Both overheating 
and thermally inefficient homes can have significant detrimental effects on  health and can exacerbate 
or cause long term conditions with both factors being equally important  when addressing retrofitting 
strategy.  

The World Health Organisation (WHO) study “Housing, Energy and Thermal Comfort: A review of 
10 countries within the WHO European Region” provides an overview of the state of  housing and its 
impact on energy consumption and thermal comfort. The report highlights the  prevalence of 
poor-quality housing and inadequate heating, which can lead to health problems and  increased energy 
consumption (World Health Organisation Regional Office for Europe , 2007). It also  examines the 
factors that contribute to poor thermal comfort, such as inadequate insulation and  ventilation. Overall, 
the report emphasizes the importance of thermal comfort when working towards  sustainable and 
energy-efficient housing to improve living conditions and reduce carbon emissions.  Particularly 
prevalent to the user cohort and project that this study is focused on, is the strategic  approach of 
placing thermal discomfort at the center of retrofit strategy when considering the needs  of occupants 
in fuel poverty. In cases where the thermal comfort and economic conditions of the  occupants have not 
been considered then building retrofitting does not always achieve the expected  energy savings and 
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carbon reduction targets (Vilches, 2017). Occupant’s thermal comfort as a self reporting measure is of 
particular importance when addressing retrofitting strategies. This is most  relevant for those who are 
facing fuel poverty. 
Another well researched area regarding occupant impact is the connection between Indoor Air  Quality 
(IAQ) and health outcomes. With over 4 million deaths per year linked to it, poor indoor air  quality can 
cause a range of health problems including respiratory problems, allergies, asthma, and  even more 
serious illnesses such as lung cancer (Raju S, 2020). IAQ can be affected by a variety of  factors, 
including ventilation, humidity, temperature, and the presence of pollutants such as  chemicals, dust, 
and mould (Tran, 2020). These factors can all have an impact on the quality of the air  that we breathe 
indoors and can lead to a range of health problems. There have been numerous  studies investigating 
this link with the connection between occupant behaviour and indoor air quality  long established. 

The "Sick Building Syndrome" study conducted by the World Health Organization (WHO) in the 
1980’s was a landmark study that investigated the relationship between indoor air quality and  the 
health of occupants. The study aimed to identify the causes of the symptoms that were reported  by 
occupants of certain buildings, which included headaches, fatigue, and respiratory issues (World  
Health Organisation , 1984). The study found that poor indoor air quality was a major contributor to  
these symptoms, leading to what became known as "sick building syndrome." The study highlighted  
several factors that could contribute, including inadequate ventilation, contamination from outdoor  
pollutants, and indoor sources such as carpets and furnishings. The study identified the importance of 
occupant behaviours, such as smoking, the use of cleaning chemicals, cooking and not ensuring  
adequate ventilation. (Health and Safety Executive , 1993). 

The converse relationship between indoor air quality and energy efficiency solutions has also  been 
explored with standards for energy efficiency reducing a lack of natural ventilation and  subsequently 
the indoor air quality. (Liva Asere, 2018) This in turn requires mechanical ventilation  which increases 
energy consumption with the net gain or loss an important factor to be considered  in any retrofit plans. 
In addition, any occupant behaviour that contributed to poor indoor air quality  as described would be 
exacerbated by poor natural ventilation. 

1.2 Energy Performance and occupant behaviour 

The Energy Performance of Buildings Directive is a European Union directive aimed at the  
reduction of carbon produced by buildings. Core to the delivery of the directive is the requirement  for 
the energy performance of all buildings to be measured and recorded via an Energy Performance  
Certificate EPC, which in the UK gives buildings a rating of A the most efficient to G the least efficient. 
EPC certificates consider the fabric, heating systems, age, insulation and particular fittings such as  
showers to give the associated efficiency rating for the property (Y. Li, 2019) but do not evaluate user  
behaviour. Energy performance of buildings is acutely affected by occupant behaviour with a number  
of studies indicating a significant difference between predicted building performance and measured  
output (Far, 2022) as much as 300% in some cases (Delzendeh, 2017). 

Despite the strong correlation between poor performance, occupant usage and subsequent  negative 
health outcomes, many retrofit strategies do not consider this behaviour due to the variance  in 
behaviour and potential scenarios that could affect performance through usage. Occupant  behaviour is 
core and should be measured via a variety of techniques, ranging from self- reported  findings to 
measuring temperature and moisture of the air within the dwelling (Santamouris, 2005). 

Energy consumption, according to The International Energy Agency (IEA) is determined by 6  
factors: 1) Climate; 2) Building envelope characteristics; 3) Building services and energy systems  
characteristics; 4) Building operation and maintenance; 5) Indoor environmental quality provided;  and 
6) Occupant activities & behaviour (Bruna Faitão Balvedi, 2018). 

“Energy related Occupant behaviour… (is defined as) …observable actions or reactions of a  person 
in response to external or internal stimuli, or actions and reactions of a person to adapt to  ambient 
environmental conditions” (Bruna Faitão Balvedi, 2018). Occupants’ decisions and  behaviour depend 
on both deterministic and random responses to stimuli and are thus  stochastic in nature; the same 
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occupant can respond differently, on different occasions and even in  response to identical stimuli 
(Jessen Page, 2007). For example, a home without insulation in the winter  months will be far colder 
indoors than a home with insulation. The occupant residing in said building  without insulation would 
most likely utilize a heater to stay warm inside depending on their  individual thermal comfort. Using 
a heater would increase the energy consumption which will  increase the energy bill for the occupant. 
Alternatively, the occupant could wear additional layers of  clothes to combat the indoor temperature 
instead of using a heater. (Yan, 2015) This decision would  not increase the energy consumption and the 
occupant would not have increased their energy bill. 

Because of the complex nature and variance of occupant behaviours a mixture of both users  
reported finding and technology led monitoring should be utilized to best understand this variance  
and give accuracy. Stochastic models should account for a variety of behaviours, variation over time,  
and variation between individuals so that we can achieve more robust renovation and design  
solutions, better load profiles for sizing and control of energy conversion systems and supply  networks 
and for better energy use and comfort predictions (Juan Mahecha Zambrano, 2021). 

2. Methodology 

A mixed method including critical literature review and questionnaire surveys were used to  
understand specific elements of user behaviour and the impact of this on the living environment and  
health of the occupants. This is within the context of a population of older residents and an older and 
assumed more environmentally inefficient building. The questionnaire was designed to guide the  user 
to give specific answers that can be compared and analyzed to understand trends against  behaviour, 
rather than subjective user experience.  
The first section of the questionnaire focuses on specific elements of occupant behaviour, that  could 
have effects on the indoor air quality of the residence, the heat retention and or loss as well as  moisture 
levels including frequency of opening windows, cooking, washing, clothes washing and  drying; 
utilization of heating and mechanical ventilation and their primary reasons for this. The  second section 
of the questionnaire focuses on any environmental issues internally and externally,  such as damp, 
mold, water leaks and any surrounding pollution. The third section of the  questionnaire asks residents 
about any long-term conditions such as asthma and hay fever,  behaviours including smoking and pet 
ownership as well as any symptoms they suffer from with  their associated frequency that could be 
because of their living environment and IAQ. The symptoms  surveyed have been chosen due to their 
link with poor IAQ. The final questions focus on  demographics, occupancy numbers and provide an 
opportunity for any additional information. All  collected user feedback has been fully anonymised 
with results based on data trends. 
Within the earlier stated context of the demographic profile of the residents it was required to  work 
directly with responses allowing them to share their experiences whilst giving quantifiable data  points. 
The study focuses on a total of 26 properties (22% of total households) within the building  with the 
majority being single occupancy and non-working age adults. Whilst the relatively small  sample size 
means that caution has been exercised in drawing conclusions the demographic  similarity of the 
residents has allowed for any results that deviate to be reviewed and analyzed for  correlation and 
patterns to offer suggested reasons as to the potential impact of human behaviour of  the reported 
outcomes. Statistical analysis has been used with a focus on participant demographics,  participant 
behaviour, participant health, participant behaviour in context of reported issues with the  building and 
assessment of reported health symptoms in context of long-term conditions and  participant behaviour. 
There were some void answers throughout the survey i.e., left blank with  percentages based on the 
number of complete answers.  
The chosen resident block for this study is an over 50’s only retirement home and sheltered  housing 
unit (Figure 1). The block allows for mixed family households though is aimed at more  elderly 
residents. Of our respondents none were households with any occupants under 18. Excluding  void 
responses 75% of our respondents lived in single occupancy households with 22% of them  currently 
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under occupying i.e., living in 2/3-bedroom properties. 62.5% of respondents were female,  37.5% male. 
Residency length ranges from 6 months to 29 Years with a median of 10 years. Each  resident unit 
operates on two electric meters with the local authority providing free electricity in the  evenings. 
Though this was not a question asked within the questionnaire survey this was anecdotally  feedback 
via the engagement with residents with feedback that whilst they either do or are  encouraged to keep 
their heating on at night to take advantage of this it often leads to overheating  and need to open 
windows.

Figure 1.  Case study Building.

3. Results 

3.1 External ventilation 

Participants were asked about frequency of window opening across the 4 main living areas;  living 
room; bedroom; bathroom and kitchen during winter and summer to see if behaviour changed  
depending on season (Figure 2). 65% of respondents opened their bedroom and living room windows 
at least once a day even in winter suggesting that this is where the most time is spent. 80%  of them open 
their windows less than once a day with 50% not opening their windows at all in their kitchen  in winter 
and 88% never opening their bathroom windows in winter. 
As expected, participants' use of windows for natural ventilation increases significantly in  summer 
with bedroom and living room windows opened at least once a day by 96% of residents.  Similarly, this 
increased for both kitchen and bathroom windows though not as significantly with  42% of respondents 
opening their kitchen windows 2-3 times per week and 62.5% of residents still  not opening their 
bathroom window at all even during summer. The primary reason for opening  windows across all 
room categories in winter and summer seasons was to “provide fresh air”. This  ranged from 86% to 
80% across the bedroom and kitchen which were the primary rooms where  windows were opened 
regularly. 
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Figure 2.  Operative temperature in (top) Living room (bottom) bedroom during May-September

3.2 Cooking, Washing and Heating 

As confirmed in a study by Vardoulakis et al. (2020), “Household characteristics and occupant  
activities play a large role in indoor exposure” to air pollutants. As well as affecting IAQ, these  
activities are known to play a significant role in the thermal regulation and carbon pollution caused  by 
a building and so an understanding of these behaviours is key to any retrofitting strategies. As  per 
figure 3 and 4, 35% of residents wash and cook once a day with the associated indoor air  pollutants and 
heat creation from this. This is against the reported natural ventilation that only  22% of respondents 
open their bathroom windows in winter and 50% open their kitchen windows.  In terms of mechanical 
ventilation this increases to 58% using extractor fans in their kitchen at least  2-3 times per week with 
33% still not using any mechanical ventilation. In the bathroom where 88%  of respondents do not open 
their windows at all in winter 62% use mechanical ventilation at least  once a day with 37.5% not using 
any mechanical ventilation. Despite this only 15% residents have  reported any damp or mold in their 
bathroom. Of this 75% do not use any mechanical or natural  ventilation at all, which given known 
causes for damp and mold in property is likely to be  connected. The building has communal washing 
and drying facilities with 62% of residents from our 
sample using this as their primary facility to wash and dry clothes. Clothes drying is known to  increase 
moisture within the room environment however of the 31% that use an airer within the  property there 
is only once case of damp or mold reported with the resident not opening their  windows in the winter 
or using mechanical ventilation (they do regularly open external windows in  the summer months).  

Figure 3.  Cooking Frequency.
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Figure 4.  Bathing/Showering Frequency.

3.3 Health Conditions and symptoms 

Smoking is known to have a particularly negative affect on IAQ and health both through direct  and 
passive intake of inhalants. Only 3.89% of residents are smokers as per the survey with no  reported 
respiratory or other health symptoms as well as regular external ventilation practices  associated. With 
such a small, reported sample of smokers any conclusions cannot be drawn as to  impact on IAQ.

Figure 5.  Occupants reporting having Asthma and Hay fever.

As noted above the survey asked respondents about their long-term conditions and any related  or 
unrelated health symptoms focusing on both conditions and symptoms linked to IAQ and  occupant 
behaviour. As per fig 6, 5% of occupants have asthma, 3% hay fever and 1% suffer from  both. Of those 
with Asthma 40% reported damp or mould in their property and account for 50% of  total reported 
cases of damp and moulds from all respondents. Despite the low reported prevalence  of known issues 
within the properties i.e., damp and mould and the low rate of residents suffering  from either hay fever 
or asthma there were significant reported health symptoms, itchy or watery eyes  at 56%, headache at 
52% and lethargy or tiredness at 44% (see Figure 5).  
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Figure 6.  Reported health symptoms suffered by occupants. 

At 56% itchy or watery eyes is the most prevalent health symptom despite only 14% of those  reporting 
this have hay fever (Figure 6). Looking at other potential irritants 64% of this cohort cook  at least “once 
a day” with 42% cooking from “2-3+ times a day”. Looking at just this subset of 64% of  those with itchy 
or watery eyes 55% never open their windows during winter and all spend 18-24  hours a day inside the 
property. Though this is for the winter months, it is possible that this constant  exposure to indoor 
pollutants is a cause for the reported symptom. Similarly, looking at the 56% who  report headaches, 
76% cook at least once a day and 60% of them do not open their kitchen windows  in winter. Again, all 
spend 18-24 hours a day in their homes. Though a direct cause and effect cannot  be drawn due to other 
potential lifestyle factors a statistically significant correlation can be seen  within our sample size. 
Whilst 44% of residents report lethargy or tiredness, no statistical significance  is prevalent though it 
could be proposed that the age of the respondents is a potential factor. 

4. Conclusions 
This study examining occupant behaviour via the survey questionnaire has revealed some  

interesting correlations between external ventilation and poor health outcomes. The study aimed to  
investigate the relationship between occupant behaviour in relation to daily living habits, use of  
external and mechanical ventilation, heating use and health outcomes among occupants in an over  50’s 
retirement sheltered housing building. The findings of the study indicated some correlations  between 
the rate of ventilation and health. The analysis suggested that inadequate ventilation  coupled with 
regular cooking was associated with an increased risk of symptoms associated with  IAQ particularly 
itchy and watery eyes and headaches. These findings align with existing literature,  emphasizing the 
importance of proper ventilation for maintaining acceptable indoor air quality and  occupant 
well-being. A more expansive assessment of all residents in the building with follow up interviews 
about behaviour and health outcomes should be considered to enhance the findings as  well as a direct 
comparison of data measuring devices (IAQ data loggers) against each  respondents’ responses as well 
as a refinement of questions asked. Retrofitting strategies could be  considered to address the 
insufficient ventilation reported especially during the winter months and  in key areas of heat, moisture 
and pollutant creation such as the kitchen and the bathroom. The  suggested retrofit strategies must be 
assessed in context of wider factors such as budget and impact  of interventions on residents, thermal 
comfort and energy performances.  
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Modular design and manufacturing 
processes using space-filling solids.

This study examines the feasibility of employing 
space-filling solids in architectural-scale designs and explores 
the application of digital design methods in digital architecture. 
Specifically, the comparison and analysis focus on two 
nature-inspired space-filling solids, namely cubes and 
truncated octahedrons. The truncated octahedron exhibits 
favorable flexibility and adaptability when combined with 
modular design principles. Digital architecture relies on the 
advancement of digital tools, encompassing digital software 
and digital machines. Notably, 3D printing possesses 
exceptional shaping capabilities, offering expanded 
possibilities for constructing digital architecture.
To investigate digital architectural processes, two 
experimental case studies are conducted. The first case study 
involves the design of the 'Flowing apartment,' which employs 
deformed cubes generated through laser cutting and 3D 
printing techniques. The second case study features the 
'Nomad POD,' designed utilizing deformed truncated 
octahedrons and 3D printing technology. By utilizing digital 
design and processing methods, this research contributes to 
the understanding of digital architectural practices and their 
connection to digital manufacturing. The integration of 
space-filling solids, digital design, and 3D printing enables 
innovative approaches to architectural design and 
construction. This paper provides insights into the potential 
applications and benefits of utilizing space-filling solids at an 
architectural scale, highlighting their role in fostering 
modularity and facilitating the realization of intricate 
architectural designs.
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Space-filling solids, digital 
architecture, digital design, 
digital manufacturing, 3D 
printing.
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1. Introduction
The escalating demands of urbanization and population growth have resulted in the scarcity and 
escalating value of land within megacities. (United Nations Human Settlements Programme , 2020) As 
the price of land continues to rise, its proportion relative to the total property price increases, 
necessitating innovative approaches to optimize space utilization in buildings while maintaining 
affordability. Nature provides a valuable source of inspiration in this regard. To address the challenge 
of space optimization, the concept of "Mind the gap" (GRIFFITHS, 2012) has emerged, aiming to 
develop a system that utilizes underutilized areas within cities to expand their capacity. Space-filling 
solids, such as cubes and truncated octahedrons, offer geometrically suited solutions for filling urban 
voids, gaps in the urban fabric, and leftover spaces between existing buildings. (Scott, 2011) These 
solids exhibit structural integrity, enabling their integration into modular design frameworks. By 
deploying a standardized structure frame, the city's expansion can mimic cellular growth, providing a 
cohesive structural foundation while facilitating the redefinition of interior and exterior spaces. (Zanni, 
2021) The advent of digital design methodologies has opened up new possibilities in architecture, 
empowering architects with algorithmic, parametric, and nonlinear thinking capabilities, among other 
advanced tools. (Claypool, 2021) These digital design processes yield visual outcomes that often 
surpass the limits of imagination. (Bridle, 2023) Furthermore, the seamless integration of digital design 
with manufacturing processes enhances the potential of digital architecture. (Zixu Liu, 2022) 
Techniques such as 3D printing, laser cutting, and robotic manufacturing augment production 
efficiency and accuracy, offering avenues for mass customization. (Berry, 2000) Although the current 
maturity of these technologies within the architectural field remains limited, their widespread adoption 
is imminent. (Salvador, 2006)
Vitruvius, an ancient Roman architect, advocated for three fundamental qualities—Venustas (beauty), 
utilitas (utility/functionality), and firmitas (strength/durability)—in architectural design. (Moragan, 
1914) While Vitruvius's principles of beauty have withstood the test of time, the evolution of 
technology, economics, culture, policy, and population has influenced architects' values and aesthetic 
perspectives. (Olivier, 2021) Each architectural style, including those stemming from previous 
industrial revolutions, boasts distinctive characteristics. In the era of the fourth industrial revolution, 
characterized by digital advancements, architectural designs have embraced a more technological and 
futuristic outlook through the widespread adoption of digital design and manufacturing technologies. 
(Fengwei, 2021) Digital technology not only transforms production processes but also shapes aesthetic 
perceptions. The utilization of digital manufacturing technologies, coupled with the mature use of 
digital design tools, has spawned a new aesthetic paradigm in digital architecture. (Lin-Lin Chen, 2012) 
However, it is important to note that the current costs associated with digital manufacturing equipment 
still exceed those of traditional methods. Nevertheless, the expanding array of options for fabricating 
non-standard, intricate components offsets these costs. Moreover, with increasing demand, digital 
mass production in factories can effectively reduce costs while maintaining stringent quality standards. 
Consequently, the cost differential between a doubly curved façade and a traditional planar wall 
becomes inconsequential. (Berry, 2000)
This paper endeavors to explore the intersection of space-filling solids, digital design methodologies, 
and manufacturing processes within the realm of architectural design. By investigating the potential of 
modular design and digital tools, our research aims to contribute to a comprehensive understanding of 
the evolving field of digital architecture and its implications for optimizing space utilization in urban 
environments. (Fbricate, 2011) The integration of computation in architecture began with the advent of 
computer-aided design (CAD) in the early 1980s, which has now become a standard practice in 
architectural and engineering offices. In the 1990s, further advancements were made in computer 
programming and animation software, enabling architects and designers to realize complex 
architectural design ideas and explore design methods. This period witnessed the emergence of 
parametric design, algorithmic design, data-driven design, and non-linear design concepts. (Harding, 
2012) Parametric design involves expressing design parameters and rules through algorithmic 
thinking, establishing the relationship between design intent and design response. Parametric 
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modeling software, such as Rhino, Maya, and 3ds Max, enables designers to link models to parameters 
and modify the shape of the model by adjusting these parameters. (Stavric, 2011) This approach 
facilitates the rapid exploration of various design schemes, suitable for both irregular and complex 
shapes in traditional and exploratory design contexts. Many pioneering architects and designers have 
successfully adopted parametric design methods in their work. Algorithmic design employs algorithm 
program editors to assist in the design process. (Gursel Dino, 2012) It involves following a set of rules 
or algorithms, particularly with the aid of computers, to solve design problems. Different scripting 
languages, such as Rhino script, Python, MEL, and Grasshopper, are utilized within specific design 
software to manipulate code and generate visual outcomes. Algorithmic design harnesses the 
computational capabilities of computers, allowing for self-optimization and inspiring designers with 
unexpected yet controllable results. It is particularly useful for tackling criteria-driven and 
non-standard design tasks. (António Leitão, 2011)
Parametric design and algorithmic design are distinct approaches, but they often intersect in practice. 
Designers frequently combine these methods to optimize shapes, alternating between parameter 
adjustments and algorithmic transformations to achieve the desired design outcomes. Both 
parameterization and algorithms serve as containers of values, providing designers with the flexibility 
to adjust code and parameters to achieve different results. Design forms resulting from the combination 
of parametric and algorithmic design are commonly referred to as Pragmaticism. (Romero, 2021) 
Computer-aided architecture design (CAAD) encompasses computer-aided design (CAD) and 
computer-aided manufacturing (CAM) technologies, forming a comprehensive repository of building 
records employed by architects and architectural companies. The realization of physical entities 
through CAAD involves three steps. First, designers create 2D or 3D models using digital design 
software and export them in a format compatible with digital manufacturing software. Next, they 
process the files using CAM software, configuring parameters for machine operation based on the 
chosen manufacturing method. Finally, digital manufacturing equipment, such as CNC machines, 3D 
printers, laser cutters, or robots, is employed to process the materials and fabricate the physical entities. 
This process seamlessly connects digital design, digital processing, and digital construction, providing 
precise manufacturing of complex components. Furthermore, the visualization aspect ensures that the 
digital representation accurately reflects the final physical output. (António Leitão, 2011) (Claypool, 
2021)
Effective collaboration between professional designers, construction parties, material suppliers, and 
subcontractors is crucial for successful projects. Traditional communication methods often fall short in 
addressing the complexities of modern construction, necessitating digital architecture designers to 
collaborate with other professionals throughout the design and construction phases. Building 
Information Modeling (BIM) platforms serve as digital communication hubs for project information. 
Popular BIM software such as Revit by Autodesk and Digital Project by Gerry Technology, based on 
the CATIA modeling engine, facilitate collaboration, and allow the importation of digital models from 
other software. Collaborative design enabled by BIM not only enhances efficiency and convenience but 
also makes large and complex projects feasible. The continuous collaboration between various teams 
on the BIM platform brings the project closer to reality, thereby assisting in post-construction activities 
such as management, operation, and demolition.

2. Materials and Methods.

2.1 Space-filling solids as a design element

Space-filling solids in design explores the concept of utilizing space-filling solids as a design element. 
The chapter begins by drawing inspiration from nature, where various examples of space-filling 
patterns can be found. One such example is the hexagonal honeycomb created by bees, which 
optimizes space utilization without gaps. Darwin's research suggests that bees chose the hexagonal 
shape because it allows them to store more honey while using less material compared to square or 
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triangular cells. Another natural example is foam, which consists of trapped gas pockets within a liquid 
or solid structure. Water foams, in particular, demonstrate a flexible and multi-scale system where 
bubble walls meet at plateau borders. The walls form stable connections, meeting at angles of 120 
degrees, and can rapidly rearrange into threefold junctions, when necessary, Additionally, migratory 
birds offer insight into combining different shapes to reduce wind resistance during flight. The 
dynamic and flexible connections between individual birds within a migration group result in the 
creation of various shapes.

Figure 1.  Triangles, Figure 2 Squares, and Figure 3 Hexagons.

Moving into two-dimensional space, tessellation becomes a key consideration for filling a plane with 
identical, equal-sided, and equal-angled cells. The three options available are triangles, squares, and 
hexagons (Figures 1, 2, and 3). However, without the constraints of equal-sided and equal-angled cells, 
an array of geometric shapes can be used to create visually appealing tiles, carpets, and mosaics. 
Expanding to three-dimensional space, space-filling solids, or space-filling polyhedral, demonstrate 
elegance in industrial production and architecture. Five primary space-filling convex polyhedra are 
identified: the cube, triangular prism, hexagonal prism, truncated octahedron, and gyrobifastigium 
(Figure 4). The cube, with its six square faces, represents the only Platonic solid possessing this 
property. Other examples include the uniform triangular prism, the hexagonal prism with equal 
hexagonal bases, and the truncated octahedron with its fourteen faces comprising regular hexagons 
and squares.

Figure 4.  cube, triangular prism, hexagonal prism, 
truncated octahedron and gyrobifastigium Source: The Author (2019).
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Deforming space-filling solids introduces 
new possibilities for design. Cuboids, 
characterized by horizontal floors, vertical 
walls, and 90-degree corners, offer flexibility 
in altering space. By adjusting the lengths of 
the cuboid's edges, the overall space can be 
transformed while still maintaining its 
fallibility (Figures 5 and 6). The combination 
of space-filling solids, such as the hexagonal 
prism, allows for increased options in spatial 
organization (Figures 7 and 8 ). The 
truncated octahedron, when positioned with 
a hexagonal face as the base, offers larger 
horizontal areas and enhances the overall 
design (Figures 9 and 10). By considering the 
geometry and employing vertical division, 
innovative combinations and structures can 
be achieved while preserving the essence of 
the original shape. Figure 5.  Deformed cube frame structure system.

Figure 6.  People eye of a complex building.
Figure 7.  Deformed hexagonal prism frame structure system.
Figure 8.  people eye of a complex building.

Figure 9.  The combination among the three types of floors.
Figure 10. deformed truncated octahedron frame structure system and people eye of a complex building.
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Loops Directions Loop 1 (black) Loop 2 (Green) Loop 3 (pink) Loop 4 (blue) Loop 5 (yellow) Loop 6 (grey) 

X +0 +4.899 +9.798 +14.697 +19.596 +24.495 

Y +0 +8.485 +0 +8.485 +0 +8.485 

Z +0 +3.464 -3.464 +0 +3.464 -3.464 

Table 1.  Six loops of a typical group for filling up space.

2.2 Algorithmic design development.

With the assistance of coding, designers can automate the generation of various combinations using 
space-filling solids. The Maya Embedded Language (MEL) is a scripting language utilized in Maya, a 
3D Graphics Software, to simplify tasks. Although the process is automated, the conceptualization and 
work still belong to the designer. To enable the truncated octahedron POD to grow automatically, the 
designer needs to determine the lengths of the three dimensions in the X, Y, and Z directions. After 
calculating the 3D model, the dimensions are found to be 29.393877, 16.970562, and 10.5, respectively. 
Combination and repetition play crucial roles in the automation process. While a cube requires a 
simple loop, the truncated octahedron necessitates six loops (see Table 1 and Figure 11).

1 3 5 

2 4 6 

Figure 11.  A typical group.

Understanding the aggregation method allows for the completion of over half of the program. Here is 
an example of one loop within the complete script (As Below) Similar to the above loop, there are five 
more loops with different parameters. By adjusting these values, diverse architectural forms can be 
generated (see Figure 12-13). Altering the maximum number of replicates in each direction controls the 
maximum number of objects generated in each loop. From an architectural perspective, designers can 
manipulate the size of the site by adjusting the building boundaries and density.
float $dx = 4.899; // Define the dimension in the X direction
float $dy = 8.485; // Define the dimension in the Y direction
float $dz = 3.464; // Define the dimension in the Z direction
string $sel [] = `ls -sl`;  // Select an object and store its position

for ($x = 0; $x < 5; $x++) {  // Define the threshold for x
  for ($y = 0; $y < 5; $y++) {  // Define the threshold for y
    for ($z = 0; $z < 5; $z++) {  // Define the threshold for z
      $comp = `duplicate $sel[0]`;  // Duplicate the object
      move -r ($x * 29.393877) ($y * 16.970562) ($z * 10.5) $comp;  // Move the duplicated object to the speci-
fied location
      refresh;
    }
  }
}



ZEMCH 2023 International ConferenceCHAPTER 3 Building Energy, Performance & Technology 262

Figure 12.  
Bird eye of a box shape building. 

Figure 13.  
Bird eye of a multi-story building.

Architecture driven by data is an emerging approach to design. In today's digital world, our online 
activities and information are continuously collected. Platforms like Google Trends analyze vast 
amounts of user search data to identify various trends (see Figure 14). For instance, it reveals that 
people prefer renting studios over one-bedroom or two-bedroom flats, with less demand for the latter. 
Such data-driven insights can inform the design of residential buildings and cater to the demand for 
different types of housing. As we gather data from natural sources (such as sun, wind, water) and artifi-
cial sources (such as commercial buildings, residential buildings, roads, stations, bridges), we can 
establish different parameters and constraints. Building regulations can also be considered as guiding 
data for automated design. In this exercise, random data is used to represent unknown constraints, 
providing an intriguing demonstration of data-driven architecture design. A random number is 
employed as a condition for duplicating the truncated octahedron POD. If the conditions are met, the 
POD is duplicated and moved to a specified location. The following is the core loop of the entire script:
float $dx = 4.899;  // Define the dimension in the X direction
float $dy = 8.485;  // Define the dimension in the Y direction
float $dz = 3.464;  // Define the dimension in the Z direction
int $amount = 2;    // Set an integer
int $max1 = 2;      // Set an integer
int $max2 = 2;      // Set an integer
int $max3 = 12;     // Set an integer
string $sel[] = `ls -sl`;  // Select an object and store its position

for ($x = 0; $x < $max1; $x++) {    // Define the threshold for x
  for ($y = 0; $y < $max2; $y++) {  // Define the threshold for y
    for ($z = 0; $z < $max3; $z++) {  // Define the threshold for z
      int $rand = rand($x + $y + $z);  // Define the threshold for the random number
      if ($rand % $amount == 1) {  // Set a condition for the random number
        $comp = `duplicate $sel[0]`;  // Duplicate the object if the random number meets the condition
        move -r ($x * 29.393877) ($y * 16.970562) ($z * 10.5) $comp;  // Move the duplicated object to the 
specified location
        refresh;
      }
      else {  // Do not duplicate the object if the random number does not meet the condition
        continue;
      }
}
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Figure 14.  
The trend of rental demand of different types of houses in London.

By adjusting the values of the variables, different architectural forms can be generated. For example, 
setting the value of `$amount` as 4, `$max1` as 3, `$max2` as 3, `$max3` as 8, and using `$rand` as`rand 
($x - $y + $z) `, an irregular pattern combination is obtained (see Figure 15). Varying these parameters 
and conditions yields different designs, such as a deformed tower with overhanging PODs (see Figure 
15), a residential area comprising multi-story complexes (see Figure 15), or a combination of two small 
towers (see Figure 15). Although these designs may appear unconventional due to the random data 
used, they showcase the intriguing possibilities of data-driven architecture. As restrictions can be 
quantified and defined with suitable parameters, the results become more informative and practical. 
Furthermore, the integration of artificial intelligence and machine learning in design processes holds 
great potential. The application of digital design is still evolving, and with technological 
advancements, AI-driven design is expected to become a significant trend in the future.

Figure 15.  
Bird eye of an irregular building, bird eye of a deformed tower,
bird eye of a residential area, bird eye of a two-tower building.

2.3 Free design tool for POD design

There is a wide range of digital design methods available in architecture, each suited to different
conceptual requirements. When considering the concept of the "Nomad POD," it becomes evident
that buildings need to adapt to the various life stages of their occupants. Different life stages entail
different demands for living spaces. In alignment with the standard POD, which is based on a 
deformed truncated octahedral shape, several variations of PODs have been designed to serve 
different functions. The frame structure POD serves as the foundational element, providing structural 
integrity. By adding a slab onto the frame, shared facilities, open spaces, or green areas can be created. 
Further additions of walls and roofs result in inhabitable spaces. These different POD configurations, 
including the frame POD, panel POD, and six room module PODs, offer discrete combinations to cater 
to specific stages of human life. (Figure 16)
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Through the use of architectural terminology and design principles, the Nomad POD concept 
demonstrates the versatility and adaptability of buildings to meet the evolving needs of their 
occupants. The variations in POD configurations provide opportunities for flexible and functional 
spatial arrangements, allowing for efficient use of space and the optimization of living environments.

3. Results
3.1 Prototyping through digital fabrication

Figure 16.  
Frame POD, panel POD, room module PODs

Digital manufacturing, including the use of 3D printing technology, has gained significant traction as 
a versatile and efficient method of construction. By leveraging digital design and computer-aided 
manufacturing (CAM), digital manufacturing processes have become more streamlined and effective. 
While off-site manufacturing remains prevalent, allowing for modular component production in 

Figure 17.  
Frame structure system and non-standard

joints and beams.
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factories and subsequent on-site assembly, there are also on-site digital manufacturing applications for 
smaller-scale buildings. The distinct advantage of 3D printing lies in its ability to shape complex, 
three-dimensional forms with precision. Unlike traditional construction methods that often rely on 
fitting irregular components using standardized elements, 3D printing enables direct fabrication 
without the need for alterations. This ensures that the final product closely aligns with the original 
design, preserving the aesthetic integrity of the architectural space. In the case of the "Nomad POD" 
concept, the frame structure system assumes a crucial role. (Figure 17) illustrates non-standard beam 
and joint components that present challenges when employing traditional construction techniques. 
However, 3D printing offers a solution by maintaining design accuracy without compromising 
architectural aesthetics. The outer layer, composed of fireproof plastic, is 3D printed, while the inner 
layer consists of reinforced concrete. The 3D printed plastic serves as a mold for the concrete, 
eliminating the need for additional decorative finishes. This approach allows for customization, 
enabling the printing of varying plastic thicknesses to meet insulation specifications and incorporating 
insulation material between double-shell plastic layers. Such optimization reduces material waste and 
ensures the distribution of structural forces in an efficient and dynamic manner.

While large-scale on-site 3D printing of concrete is being explored, limitations in printer size and
working radius often necessitate off-site component manufacturing and subsequent on-site assembly. 
Two methods can be employed: pre-casting plastic and concrete components off-site and assembling 
them on-site, or printing plastic off-site, assembling plastic molds on-site, and pouring concrete into 
hese molds. Each approach offers advantages, such as increased production control and reduced 
transportation costs. To showcase the potential of 3D printing in digital manufacturing, two models 
were created using standard FDM 3D printing: a 1:20 scale representation of a standard frame POD 
and a 1:2 scale component model. These models demonstrate the feasibility and effectiveness of 3D 
printing for architectural applications, highlighting its role in enhancing the construction process.

   3.1.1 3D printing 1:20 scale model (prototyping)

The frame POD, as a typical example, consists of various components, including four types of 
joints and seven types of beams, totaling 66 parts (Table 2). Given the 1:20 scale of the model, the 
components are relatively small and do not contain concrete fillings. In practice, steel joints are 
incorporated into the components for convenient assembly. A 2mm diameter steel bar is 
employed as the connecting element (Figure 19). To streamline the assembly process, each 
component is marked with unique identifiers during production, facilitating efficient and 
accurate assembly (Figure 18).

The assembled 1:20 model, divided into three floors, demonstrates the flexibility of the design 
(Figure 19). Through digital manufacturing techniques, the transition from digital design to 
production is expedited, increasing the likelihood of transforming design concepts into tangible 
structures. The modular production in factories has benefited from enhanced precision and 
quality. The 3D printer, as a pivotal digital manufacturing tool, can either print the entire object 
in one go or fabricate modular parts for subsequent assembly. In either case, the overall 
structure's shape remains intact and unaffected. The utilization of digital manufacturing 
equipment not only saves time but also improves the feasibility of materializing architectural 
designs. Factory-based modular production ensures high precision, while 3D printing enables the 
creation of intricate components with ease. By bridging the gap between digital design and 
physical construction, digital manufacturing presents a powerful avenue for realizing 
architectural visions.
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Figure 18.  
Parts of the joins and beams.

Figure 19.  
Assembled 1:20 model divided into three

floors, and combinations of the three floors.

Table 2.  
Components of the basic frame POD.

 3.1.2 3D printing 1:2 scale model with precast concrete

Due to time and budget limitations, a portion of one joint from the overall frame POD was 
selected for the 1:2 scale model (Figure 20). The dimensions of this model are 92mm, 127mm, and 
237mm, respectively. The Ultimaker-3 printer was utilized for this project, which offers printable 
dimensions of 197mm, 215mm, and 200mm (Ultimaker-3 website). Since the component exceeded 
the printer's size capacity, it was divided into four parts using Luban software, a CAM tool that 
automatically subdivides large components and generates connectors (Figure 20).

1 4 

2 3 

Figure 20.  
X-view of 1:20 scale digital model and the location on the frame structure and component divided by 4 parts.
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After completing the digital model, the file was imported into Ultimaker Cura software to set the 
3D printing parameters, such as print speed, temperature, and layer height. This step allowed for 
model inspection, identification of any issues, and estimation of printing time and material 
requirements (Table 3). Instead of fireproof plastic, white PLA, and transparent PLA with a 
diameter of 2.85mm were used for the experimental printing.

During the printing process, the support materials 
were also printed layer by layer to ensure structural 
stability (Figure 21). The four printed parts were 
subsequently assembled (Figure 21, 22). While the 
entire building is supported by reinforced concrete, 
the plastic shell serves to shape the continuous 
surface and contribute to the building's aesthetic 
appeal. In this case, the internal shape of the 
component was redesigned to align with the 
distribution of forces, allowing for material savings, 
ease of transportation, and installation. Concrete 
was poured into the plastic mold to complete the 
component (Figure 22). The combination of digital 
manufacturing techniques and concrete pouring 
enables the realization of complex architectural 
designs with enhanced efficiency and accuracy.

Component Time Material weight Material length 

Part 1 14h 37min 221g 28m 

Part 2 13h 29min 201g 26m 

Part 3 13h 52min 213g 27m 

Part 4 14h 41min 225g 29m 

Total 56h 39min 860g 110m 

Table 3.  
Information table for each component.

Figure 21.  Sections and final digital models, Part 1, and Part 2 in printing.
Figure 22.  Plastic shell preparing for pouring concrete. And part 1, 2, 3, 4 of the scale 1:2 model.

4. Discussion
The discussion surrounding digital design and manufacturing in architecture highlights both the 
immense possibilities and the current challenges in this field. The "Nomad POD" project serves as a 
prime example, showcasing the flexibility and creative potential of digital design, particularly through 
the utilization of space-filling solids. The integration of big data analysis further enhances the scientific 
and intelligent aspects of architectural design. However, it is crucial to acknowledge that digital design 
is still a nascent discipline, and there is much room for growth and development. Digital 
manufacturing, a vital component of this process, brings automation and efficiency to construction 
practices. 3D printing technology, in particular, offers the advantage of producing intricate and precise 
shapes without relying on traditional fitting techniques. Yet, challenges arise when translating these 
advancements to real-scale construction. Limitations such as the size of 3D printers, structural stability, 
and material strength present obstacles that need to be addressed for widespread implementation. 
Presently, 3D printing is primarily employed for constructing wall components, while other 
architectural elements still rely on conventional construction methods. However, modular 3D printing 
conducted off-site emerges as a promising solution. This approach enables the fabrication of complex 
non-standard components and addresses the construction of large irregular surfaces. By combining the 
precision of digital manufacturing with the efficiency of modular construction, this method has the 
potential to revolutionize the architectural industry. In conclusion, digital design and manufacturing 
have opened up new horizons for architectural exploration. While substantial progress has been made, 
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ongoing advancements and innovative solutions are necessary to overcome existing challenges. By 
embracing these opportunities and pushing the boundaries of technology, the integration of digital 
design and manufacturing can reshape the future of architecture, offering groundbreaking possibilities 
for construction practices.

5. Conclusions
In conclusion, this research has explored the implications of digital design and digital manufacturing in 
the field of architecture. The study has demonstrated that a variety of digital design methods can 
generate multiple outcomes in a short timeframe, leveraging the design potential of computers and 
offering new avenues of inspiration. Algorithmic design, artificial intelligence, and big data analysis 
have emerged as prominent trends, shaping the future of digital design. Space-filling solids have been 
identified as a significant element in digital design, facilitating architectural diversity and enabling the 
exploration of modular architecture solutions. The use of deformed geometries derived from these 
solids presents opportunities for innovative room configurations. Furthermore, 3D printing technology 
has revolutionized digital manufacturing by allowing the production of non-standard complex shapes 
through the printing of modular components. This advancement has eliminated the need for traditional 
fitting techniques, enhancing efficiency and precision in the manufacturing process. Through the 
analysis of two experimental case studies, the research has provided a comprehensive overview of the 
digital design, processing, and manufacturing procedures. The findings highlight the flexibility, 
efficiency, and seamless integration of these processes. While digital design and manufacturing offer 
immense potential, it is important to acknowledge that the subjective nature of aesthetics and the 
complexity of architectural design continue to require human expertise and intervention. This research 
contributes to the academic discourse on digital design and manufacturing in architecture, providing 
insights and references for further exploration and development in this field.
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Customized Mass Production in 
Modular Design Approach for 
Lightweight  Structures Using Bent 
Metal Pipes. 

This research paper explores the potential and practical 
applications of automation in the field of  robotic construction, 
with a focus on metal pipe bending. The study investigates the 
use of automated  robots as supplementary team members in 
construction projects, aiming to achieve NetZero  construction 
by reducing on-site manufacturing and emphasizing on-site 
assembly for improved  efficiency and safety. The integration 
of 3D printing technology into key structural components is  
also examined to address complex construction challenges. 
In the modern era, the development of automated and robotic 
construction systems is essential for  achieving competitive, 
market-driven, and rational building practices. These systems 
encompass  various stages of the construction process, 
including the manufacturing of building materials,  
prefabrication of construction components, on-site 
construction, facility management, rehabilitation,  and 
recycling. By leveraging automation and robotics, construction 
projects can achieve accelerated  design and construction 
phases, high-quality standards, and cost-effectiveness. 
Flexible automation, supported by computer-assisted 
planning, engineering, and construction  management 
techniques, offers solutions to overcome challenges in the 
construction industry. The  implementation of automated and 
robotic construction technology can effectively address the  
increasing demand for building projects, especially in regions 
with high labor costs. Automation  has the potential to reduce 
the labor cost share by 40% or more, leading to increased 
productivity  and year-round operation. Moreover, the 
adoption of robotic technology in construction enhances  
working conditions, promotes better health and safety 
standards, and requires advanced  mechatronics knowledge 
and skills. 
By optimizing construction processes through automation, 
shorter construction periods can be  achieved, resulting in 
faster real estate availability and improved returns on 
investment. The  integration of automation and robotics in 
construction is crucial for the rationalization of the industry  
and holds great potential for enhancing productivity, 
cost-efficiency, and overall project outcomes. 
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1. Introduction
The concept of off-site construction, deeply rooted in architectural history, has emerged as a  
transformative solution to housing and non-domestic construction challenges. From the 
innovative  practices of ancient Rome, where pre-fabricated components were meticulously 
crafted off-site (Redshift, 2021), to the industrial revolution's impact on construction 
techniques, this approach has  continuously evolved. However, it was during the 
tumultuous period of World War II that off-site  construction methods, (Ovando Vacarezza, 
2014) particularly modular construction, experienced a  momentous breakthrough. The 
pressing need for expedited housing construction in the aftermath of  the war prompted the 
widespread adoption of modular techniques. Entire housing units were  fabricated in 
controlled factory environments, introducing standardization, reduced construction  
timelines, and cost efficiencies. Although modular building has grown in popularity in recent 
years,  it is not a wholly innovative method. Prefabricated homes were brought from New 
York to California  in the nineteenth century, when huge segments of the population began 
to migrate west, such as  during the 1849 California Gold Rush. (Wilson, 2019). The concept 
of flexible structures can be traced  back to the early 20th century with the emergence of 
architectural movements like De Stijl and  Constructivism. These movements emphasized 
adaptability and flexibility in design and  construction. In the 1960s and 1970s, architectural 
experiments with modular and adaptable  structures, such as the Metabolism movement in 
Japan, showcased the potential of flexible  architecture. (Hilde Heynen, 2002) (JENCKS, 1997) 
This significant historic juncture exemplifies the profound impact of off-site construction in  
addressing critical societal needs. Today, propelled by technological advancements, 
including digital  design tools, robotics, and automation, off-site construction continues to 
redefine the architectural  landscape. By embracing innovation and fostering continuous 
improvement in the construction  industry, the full potential of off-site construction can be 
unlocked, transcending the limitations of  traditional on-site methodologies. 
In the realm of architecture and construction, an enduring challenge of the past was the 
customization  and intricacy of building components. Traditional methods often imposed 
limitations on the creation  of unique architectural features, and bespoke elements demanded 
significant time, expense, and  skilled craftsmanship. (Pye Tait, 2008) However, the advent of 
digital manufacturing and 3D printing  technologies has ushered in a transformative solution 
to this age-old predicament. Architects and  designers now harness the power of 
computer-aided design (CAD) software to conceive intricate  digital models, seamlessly 
translating them into precise instructions for the 3D printing process. (Menna Hazem, 2007) 
(Jovanovic, 2013) (Paritala, 2017) (Peter s. p. Wong, 2017) By employing these  technologies in 
off-site mass manufacturing, the production of complex components and modules  with 
customized features becomes a reality. (Boychenko, 2017)The integration of digital  
manufacturing and 3D printing not only enables architectural boundaries to be pushed, but 
also  yields cost and time efficiencies. Automated precision reduces waste and human error, 
streamlining  production processes and lowering material costs. Furthermore, fabricating 
components off-site and  transporting them to the construction site significantly expedites 
on-site construction while  minimizing disruptions. This remarkable advancement addresses 
historical challenges, underscoring  the transformative potential of digital manufacturing 
and 3D printing in the construction industry. (JANE BURRY, 2020) However, in 2019 
COVID-19 pandemic had a huge global impact, notably on  the building industry. Short-term 
production, supply capacity, and worldwide growth were reduced,  resulting in economic 
issues. In the long run, however, the pandemic has spurred the use of digital technologies, 
resulting in greater cooperation, improved value chain management, and data-driven  
decision-making processes such as Digital Twins. (United Nations Environment Programme, 
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2022) (Murray, 2023). There has also been an increase in expenditure in standardizing 
building rules for  safety and sustainability. In addition, the sector is focusing more on 
industrialization, utilizing  modularization, off-site production automation, and on-site 
assembly automation to boost efficiency  and productivity. These themes represent the 
industry's reaction to the pandemic's issues, as well as  the need for resilience, sustainability, 
and technical innovation. (Cheng Zhuo, 2023) The main  advantage of offsite building over 
traditional construction is assumed to be reduced construction  time on site, along with 
higher quality, a more uniform result, and less snagging and defeasibility. 
(Goodier, 2023) (Harrison, 2023) 
This research paper explores the enduring legacy of off-site construction and its potential for 
shaping  a sustainable and efficient built environment. It analyzes the current need for mass 
production in off site construction, emphasizing the concept of growing architecture to fit the 
surrounding  environment and the design requirements. The paper also investigates the use 
of 3D printing for  joints and highlights the reuse of metal pipes to reduce waste and promote 
comprehensive material  utilization. By delving into these topics, the paper aims to 
contribute to the understanding and  advancement of off-site construction in terms of mass 
production, adaptability, 3D printing, and  sustainable practices. 

2. Design & Construction Methods
This research paper is based on customization of modular structures using bent pipes and 3d printed  
joints for design of the train station. To develop the project team focused on methods such as  
leveraging the specific benefits of analogue and digital fabrication. Methodology also includes several  
tests around physical model development and then transition to digital model. Techniques, such as  3d 
printing joint with PLA material using Cura software to slice the model from Rhino in meshes,  and 
reusing of rubber pipes are employed for the test experiments and form finding processes. This  
iterative approach is represented in the research in a way of learning aspects from an analogue model 
and  then implementing them and changing the digital one. After the first attempt with simple cross 
sectioned  nodes and pipes the team understood the limitations of this specific node. Going back to the 
digital model, a new set of 3d joint were developed, and new module combinations achieved.  
The utilized methodology also includes parametric design strategy using Rhino 7, which has built in  
Subdivision tools. It allowed the team to reach the digital pipes utilizing Pipe command applied on  
curves, which represent the structure of the modular train station. The command MultiPipe has been  
utilized in the project to make 3d joints in the points, where pipes were connecting to each other or  to 
the ground. Digital analyzing tools in Rhino 7 and Scan&Solve plugin helped to compare the  behavior 
of the straight pipe and bent one after applying pressure of 5000 Pa.  
Customized modular design involves creating a structure composed of individual modules that can  be 
tailored to specific requirements. This approach offers flexibility, adaptability, and ease of  assembly. By 
allowing customization of modules, architects can meet unique design challenges and  create structures 
that respond effectively to external factors and human needs. Parametric design  techniques enable the 
establishment of rules or parameters that define the geometry and behavior of  modules and joints. This 
approach facilitates efficient customization and variation within the design  framework. Architects 
utilize parametric design to generate and sift through countless design possibilities based on 
multidimensional aspects. Computational approaches have proven to boost  design efficiency by 
exploring the potential of modular approaches in architecture. 
Various digital design tools, such as computer-aided design (CAD) software, are instrumental in  
creating and manipulating 3D models of the structure, modules, and joints. These tools enable precise  
design iterations, visualization, and analysis. By leveraging digital design tools, architects can  enhance 
the efficiency and accuracy of the design process, leading to improved outcomes in  customized 
modular architecture. Bent metal pipes serve as the main structural components in  customized 
modular designs. These pipes are typically made of lightweight and high-strength  materials such as 
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materials such as aluminum or steel alloys. The use of these materials ensures structural integrity  while 
minimizing weight, resulting in efficient and resilient structures. Structure flexibility is usually  a 
component of the core conversation when discussing modularity and other adaptability features,  
which implies that the core discussion section must be flexible to be consistent with adaptable  
architecture. We used NODES, which are the most economical and sustainable options, to debate this  
in our design process. 
The joints connecting the bent metal pipes are produced using 3D printing technology. Specifically,  3D 
printed metal joints offer design flexibility, rapid prototyping, and precise customization  capabilities. 
Metal powders and suitable 3D printing processes, such as selective laser melting (SLM)  or electron 
beam melting (EBM), are utilized to create these joints. The use of 3D printing technology  enables 
architects to achieve intricate designs and tailor joints to specific project requirements.  
By melting the work piece and adding filler material, welding is a method of joining separate pieces.  It 
is also described as a method of consistently attaching metal components using heat. To create a  3D 
metal item, 3D welding is characterized as building up metal beads layer by layer. By adopting  the 
welding procedure, it is more affordable and productive to make metal products in large  quantities. 
Ren et AL research has focused on 3D repairing technology, where surface patching has  significantly 
increased accuracy, efficiency, and dependability of component fixing, in addition to  producing new 
3D objects. 
Pipe and tube bending can be done in a variety of ways. The size of the pipe or tube to be bent, the  wall 
thickness, the required radius, and, of course, the material must all be considered. Then there is  the 
equipment and procedures in hand, as well as the machine operator's abilities. A broad range of  bends 
may be created with high precision and attractiveness using a clever combination of material,  
machines, processes, and experienced operators. The use of a "rotary draw bender" is the most current  
way of bending pipes and tubes. Round pipe, as well as round, square, and rectangular tubing, is  
clamped into a form and pulled to the necessary radius over a die. Each die must fit the outer  
dimensions of the material being bent as well as the required radius. However, once set up, the  process 
can swiftly create high-quality parts. The radii can be as small as half the pipe's diameter.

3. Results 

Based on methodology, the team developed the following experiments and achieved following 
results. 

3.1 Physical Experiments 

The form-finding process was conducted in two steps to explore different possibilities and overcome  
limitations:
The first step involved creating a simple cross connection as a basic configuration for the module  
(Figure 1). This initial configuration allowed for experimentation and analysis. However, during this  
stage, it was discovered that the simple cross connection had limitations in terms of the distance it  
could cover. This limitation prompted further exploration to enhance the module's capabilities. To 
overcome the limitations identified in the first step, additional connections were designed. These  
connections had two to four outlets for connecting pipes, enabling the module to cover larger areas,  
such as train stations. In train station projects, it is essential to minimize the number of columns and  
supports to ensure the safety and ease of communication for passengers on platforms (Figure 1).
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a b c

Figure 1.  Physical models: (a) Module developed using cross connection and flexible pipes;
(b) 3D printed joins  with 3 and 4 ends; (c) Module developed using variable connections and flexible pipes. 

3.2 Digital Model development 

 3.2.1. Transition to Digital Model and Customized Mass Production 

As the form-finding process using 3D printed joints and reused rubber tubes yielded valuable 
results,  the research then progressed to the next step: transitioning to a digital model. This 
transition allowed  for increased precision and efficiency in the iterative design process. 
Moreover, it supported the  concept of customized mass production, which is crucial in achieving 
faster results and a variety of  outcomes (Figure 2). 

Figure 2.  Digital models created from curves in Rhino 7 using subdivision tools:
(a) single module; (b) First  iteration of arranged module; (c) Final iteration of arranged modules.

(a) (b) (c)

Rhino, a powerful computer-aided design (CAD) software, was utilized in this research to create 
the  digital model. With Rhino, the design team could work with curves and orient them in both 
2D and 3D space. This flexibility enabled them to experiment and play with different design 
configurations,  generating numerous varieties of outcomes for exploration. The process involved 
manipulating the  curves and adjusting their parameters to create a wide range of module shapes 
and configurations.  By leveraging the digital tools provided by Rhino, the design team could 
quickly iterate and evaluate  the visual and structural aspects of each variation. Working with 
curves in the digital model allowed  for precise control over the geometry and dimensions of the 
modules. The design team could easily  adjust the curvature, angles, and intersections, 
fine-tuning the overall aesthetics and functionality of  the customized modular architecture. 
Through this iterative process, the design team could test  different design possibilities, exploring 
the potential of the module in various contexts. They could  simulate the module's behavior in 
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different environments and assess its performance under different  loads and constraints. This 
digital experimentation provided valuable insights and feedback, guiding  the refinement of the 
design. 
The use of Rhino as a digital design tool not only facilitated the exploration of design variations 
but  also enabled efficient customization. By parameterizing the design, the team could easily 
modify and  adapt the modules to specific requirements, such as space constraints and functional 
needs. This  customization capability is a key aspect of the customized mass production 
approach, allowing for  efficient production and assembly processes while maintaining design 
consistency (Figure 3). 

Figure 3.  Digital model of the structure applied on the functional diagrammatic
arrangement of the functional  organization for the train station. 

3.3 Stress Analysis

As the next step in the process of delivering the project some stress analysis has been done using  
Rhino 7 and SnS Pro Evaluation plugin. The pressure of 5000 Pa was applied to both the steel straight  
and bent pipes diameter of 400mm (figure 4). This pressure represents the load exerted on the pipes  
during the analysis. The stress analysis provided statistical data on the structural response of the  pipes 
under the applied pressure. This data includes information such as maximum stress values,  
deformation, and factors of safety, which are important for assessing the structural integrity and  
performance of the pipes (figure 4). The results of the stress analysis were interpreted and evaluated  to 
determine whether the pipes can withstand the applied pressure without exceeding their structural  
(Alimits. This step helps in assessing the safety and reliability of the pipes in real-world applications.

a) b) c)
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Material Summary (linear pipe) Component Geometry Summary (linear pipe)

Results: (linear pipe)

 Minimum Maximum 

X-Displacement -3.3827E-004 mm 3.1777E-004 mm 

Y-Displacement -1.9512E-003 mm 2.1193E-003 mm 

Z-Displacement -1.9367E-003 mm 1.9470E-003 mm 

Total Displacement 2.0369E-005 mm 2.8359E-003 mm 

Von Mises Stress 2.3812E-004 MPa 8.5662E-001 MPa 

Max. Principal Stress -2.6194E-001 MPa 8.1432E-001 MPa 

Mid. Principal Stress -3.4926E-001 MPa 2.5501E-001 MPa 

Min. Principal Stress -1.1434E+000 MPa 2.4978E-001 MPa 

   

Material Summary (curved pipe) Component Geometry Summary (curved pipe)
Property Value 
Description Steel, Stainless (ferritic) 
Density 7.8e-09 Mg/mm3 
Elastic Modulus 200000 MPa 
Default Failure Criterion von Mises 
Tensile Yield Strength 172.339 MPa 

Results: (Curved pipe)
 Minimum Maximum 
X-Displacement -2.7360E-005 mm 2.5705E-008 mm 
Y-Displacement -1.0791E-006 mm 9.2186E-007 mm 
Z-Displacement -2.3685E-006 mm 1.7514E-006 mm 
Total Displacement 4.5905E-019 mm 2.7362E-005 mm 

Von Mises Stress 1.1158E-007 MPa 8.2612E-002 MPa 
Max. Principal Stress -1.0169E-002 MPa 1.2178E-001 MPa 
Mid. Principal Stress -2.2285E-002 MPa 4.0717E-002 MPa 
Min. Principal Stress -6.5672E-002 MPa 3.7698E-002 MPa 

Property Value 
Description Steel, Stainless (ferritic) 
Density 7.8e-09 Mg/mm3 
Elastic Modulus 200000 MPa 
Default Failure Criterion von Mises 
Tensile Yield Strength 172.339 MPa 

Quantity Unit 
Component 0f6aed0c-6645-4be0-91ce-1fef2aa02870 
Material Steel, Stainless (ferritic) 
Mass 1.4345e+12 Mg 
Bounding Box {-2500, -107.812, 1915.19}-{2500, 107.812, 2130.81} 

Quantity Unit 

Component 8164a156-df42-4c72-a152-88d3dd1324c1 

Material Steel, Stainless (ferritic) 
Mass 1.38546e+06 Mg 

Bounding Box 
{-24.7916, -56.4138, 0.999994}-{-22.9166, -
1.89686, 18.6308} 

d) e) f)

Figure 4.  Digital image of preliminary stress analysis and results of displacement on a linear pipe (A, B,C) and
curved pipe (D,E,F). Tables are showing the data for respective components and their geometry.
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3.4 Components

For the manufacturing strategy, a 1:25 scale model was created using a combination of 3D printing  
and precise pipe bending techniques. The joints of the model were 3D printed using high-density  PLA 
(Polylactic Acid) filament, chosen for its strength and durability. Rhino 7, a 3D modeling  software, was 
utilized for developing the model, with the subdivision tool employed to refine the  detailed geometry. 
To generate the pipes, the multi pipe command in Rhino was used, enabling the  automated creation of 
pipe structures from specified curves. For the 1:25 scale model, copper pipes  with a diameter of 15mm 
were utilized and carefully bent to match the required angles and curves.  This ensured accurate 
alignment and fit during the assembly process. The combination of 3D printed  joints and precisely bent 
copper pipes allowed for customization and precise fitting, enhancing the  overall structural integrity 
of the module. These manufacturing techniques, coupled with digital  modeling and advanced 
software tools, aimed to expedite construction compared to traditional  methods.

Figure 5.  The component requirement for one module a) the different radii for pipe bending b) the joints
required  for assembling of one module c) The joint and pipe connection detail. 

a)

b) c)

3.5 Transition from digital model back to physical 

 3.2.1. 3d joints  

In this research paper, the team presents a comprehensive and detailed guide to the 3D printing 
process  utilizing PLA filament, accompanied by widely utilized slicer software applications 
Cura. There are  specific requirements and steps listed to achieve the willing result. The model 
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should be watertight  or solid, avoiding double surfaces and intersections. It must be clear what 
is the interior and what is the exterior. In Rhinoceros there is a tool to check it out: ShowEdges. 
This tool can show any Naked and Non-manifold edges. Those are usually a big issue for 3D 
printing as the way a computer reads these  files may not be as they are designed. By default, 
Rhinoceros does not allow the creation of non-manifold  edges. The model should be in the right 
scale and in millimeters. The physical prototype model has been  designed in scale 1:25. 

Exporting modeled joints in right scale your file from your program of choice as an. STL  
(mesh and save as Binary if prompted).
Importing the model into Cura slicer software. 
Selecting the appropriate printer profile for compatibility. In the case of this project the 
team  used Ultimaker S5 printer with Fast profile template for using Left Extruder with PLA  
material. 
Orienting the model to optimize print quality and adhesion. 
Choose print quality settings such as layer height (0.2mm) and infill density 50% and  
structure – gyroid.  
Generate the G-code by clicking "Slice". Right after slicing the model software provides  
printing time and the weight of used material. For the joints team approached for the 
project, time varies between 4-7 hours per one joint. To optimize printing time of 23 joint 
required by  the project team used 3 printers and arranged several nodes at one printing 
bed.  
Save the G-code file to an SD card or transfer it to the 3D printer. 
Load PLA filament and heat the printer bed to the recommended temperature.
Start the print job and monitor the process for any issues. 
Adjust settings or troubleshoot if necessary. 
Allow the printed object to cool before removing it from the print bed. 
Remove support structures if applicable.  

3.6 Bent Pipes 

Once the team developed a digital model of the train station module, is it possible to make precise  
curvature of the pipes. The team simulated the automated process using an analogue approach,  
employing a rotary bender to develop structural elements from copper pipes with a 15mm diameter  at 
a 1:25 scale. Each pipe schedule had a specified wall thickness, and although there was a tolerance,  a 
small variation in wall thickness was possible. This variation needed to be considered, especially  when 
using precise tooling for bending with short radii. To account for this difference, the team  carefully 
took into consideration the tolerances during the bending procedures. The exact and snug fitting 
tooling was utilized to achieve the desired bends while accommodating any potential  variations in the 
wall thickness. The pipes were marked at equal intervals of 25 mm, ensuring a linear 
curvature by keeping them on a straight line to avoid double curvature and keeping the marks in  
template. Figure 6. Using a mobile manual pipe bender securely fixed to a vice, the team followed  the 
marked points while bending the pipe. This approach allowed for precise bending while  accounting for 
potential variations in wall thickness, ensuring accuracy and quality in the final  structural elements.
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Figure 6.  Analog pipe bender and using a segmental making to bend pipe to template and individual radius. 

Figure 7.  Assembly process of the 1:25 model the is  
representing one module of the train station. images includes  

(from top to right) 3D printed joints. bended copper pipes,  
detail of the assembled joint, assembly process and after  

assembly and erected model. 

3.7 Assembling the model using KIT 
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A combination of digital and analogue approaches was used during the assembling process. The  pipes 
were put in their assigned placements, with continual reference to the structure's 3D model.  The 3D 
model gave explicit assembly instructions, directing the proper positioning of each pipe.  These 
meticulously organized pipes were then coupled with their 3D printed joints, which were  allocated 
specified spatial places inside the building model. The inherent flexibility and tension of  the pipes 
became apparent as the assembly continued. This stress in the pipes contributed to the  model's 
self-sufficiency, giving stability and structural integrity. The interaction of the digital  representation 
and the physical assembly enabled a seamless translation of the design idea into a  concrete 
architectural form. 

3.8 Environmental and Construction strategy applied for the train station project

To implement the reduction of sources, materials, and waste while construction and demolishing  
teams approached circular economy as a key aspect of the project. Instead of a permanent design 
project  presents a flexible structure which can change, grow, and shrink. Using recycled steel as a 
structural  element will speed up the project by eliminating the need to wait for the material to be 
produced.  However, to use these recycled materials, they must undergo chemical and thermal 
treatment to  purify the metal and guarantee long-term durability. 
To achieve sustainability in the project the team proposes offsite modular manufacturing, which  
includes repairing existing pipes in the workshop. Thermal - the steel pipe is heated to a feverish  
temperature. This will remove contaminants from the steel as well as rust from the surface. Chemical  – 
Zinc (zinc chloride) is a chemical that protects the outer surface of steel from rust. The following  step 
is to bend pipes with automated rotary pressure applied by a robotic arm. Simultaneously nodes  and 
connections are being printed using the direct metal laser sintering (DMLS), which utilizes lasers.  By 
layer-wise solidifying metal powder layers in areas of the layer matching to the cross-section of  the 
three-dimensional component in the appropriate layer, complex parts can be created directly from  
3D-CAD models. Once all elements are ready, they are delivered to the building site. Assembling 
process  is realized and controlled by robots. Having a digital twin of the physical outcome, robots 
manipulate  with a pick and place approach. The next step is to spray all necessary treatments for the 
structure,  such as fire treatment and anti-corrosion.  
Thinking about long-term use of the train station, the team had in mind that the population of the  town 
is growing, and the station should be able to provide service for bigger amounts of passengers.  
Structure of the train station can be changed by using the same construction technology – robotic  
manipulated and controlled. Some parts can be oriented in a different way, some of them can be  reused 
in another project, some of them which can’t be used anymore can go back to the workshop  to be 
treated and / or recycled. 

(A) (B)

Figure 8.  (A). Life cycle of the project and econometric diagram of the train station, (B) components of train station. 
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 3.8.1. Net-Zero structure

Sustainability 
By reusing pipes, the demand for new raw materials is reduced, minimizing the 
environmental  impact associated with metal extraction, processing, and manufacturing. 
This approach  promotes resource conservation and contributes to a more sustainable 
construction approach. 
Reduced Waste 
Reusing pipes eliminates the disposal of old or unused pipes, thereby reducing 
construction  waste. This waste reduction strategy helps minimize the amount of waste sent 
to landfills and  aligns with the principles of a circular economy, where materials are kept 
in use for as long as  possible. 
Design Consistency 
Reusing pipes ensures design consistency and maintains a unified aesthetic throughout the  
structure. This is particularly relevant in architectural projects such as train stations, where  
architectural coherence and visual harmony are essential considerations.  
Growing Buildings and Surrounding Adaptability 
The concept of growing or adaptable buildings refers to structures that can accommodate  
future expansions or changes in use. Research can explore the feasibility and 
implementation  of off-site construction approaches, including the use of metal pipes, for 
creating flexible and  adaptable buildings that can easily accommodate modifications or 
expansions over time. 
Improved Construction Efficiency 
Studies consistently demonstrate that off-site construction can significantly improve  
construction efficiency, reduce project duration, and enhance on-site safety. Researchers 
have  employed methodologies such as case studies, simulations, and data analysis to 
evaluate and  quantify these efficiency gains. 
Quality Control and Standardization
The literature emphasizes that off-site construction allows for greater control over quality  
assurance through standardized manufacturing processes and controlled environments.  
Researchers have used quality assessment tools, inspections, and comparative studies to  
evaluate the quality performance of off-site construction compared to traditional on-site  
methods. + circular economy 
Cost Analysis 
Cost considerations have been a focal point in many studies. Findings indicate that while 
off site construction can require higher upfront investment, it offers potential cost savings 
in terms  of labor, material waste reduction, and schedule compression. Researchers have 
employed life  cycle cost analysis, cost modeling, and comparative studies to assess the 
economic viability of  off-site construction. 
Repurposing and adapting existing pipes instead of purchasing new ones significantly 
reduces  material costs in construction projects. This cost-saving measure allows for 
efficient allocation  of resources and maximizes the budget for other aspects of the project.
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4. Conclusion 

In conclusion, this study presents an architect's perspective on the utilization of customized 
mass  production and modular design principles in the development of lightweight structures 
using bent  metal pipes. By incorporating cutting-edge technologies such as 3D printing, digital 
modeling, and  precise pipe bending techniques, the project demonstrates the immense potential 
of off-site  manufacturing and on-site assembly processes. The seamless integration of digital 
tools and analog  methods during the assembly phase enabled architects to precisely arrange the 
pipes according to the  3D model, ensuring accuracy and spatial coordination. The inherent 
flexibility and tension observed in the pipes further enhanced the structural stability and 
self-supporting nature of the final assembly,  showcasing the architectural prowess in utilizing 
materials effectively. Furthermore, this research  underscores the architectural community's 
response to the challenges presented by the COVID-19  pandemic. The incorporation of digital 
tools has not only facilitated improved collaboration and data driven decision-making processes 
but has also empowered architects to exercise greater control over  the construction value chain. 
Additionally, the emphasis on standardized building codes for safety and  sustainability, coupled 
with the exploration of industrialization through modularization and  automation, highlights the 
commitment to advancing the field. By successfully implementing this  project, architects are 
poised to contribute to the creation of sustainable, efficient, and adaptable  buildings that address 
the evolving needs of society.  
Moving forward, continued research and development will play a crucial role in refining 
processes and  pushing the boundaries of architectural innovation in the construction industry. 
Specifically, it  addresses the pressing challenge of modular architecture. By utilizing digital 
design and fabrication  tools, this approach enables the creation of structures that are both flexible 
and durable. This  advancement in design has far-reaching implications for the construction 
industry, as it opens new  possibilities for creating efficient and adaptable buildings. This research 
provides a new perspective on  sustainability by promoting the adoption and reuse of existing 
structures instead of constructing new  ones. This approach significantly reduces costs and 
minimizes the resources associated with the process  of demolishing and rebuilding. By 
embracing the principles of adaptive reuse, this innovative design  and construction 
methodology contributes to the preservation of resources and the reduction of  environmental 
impact. It offers a more efficient and sustainable solution to the ongoing challenges of  urban 
development and construction practices. 
However, further research is needed to explore the mechanical properties and long-term 
performance  of 3D printed metal components and to optimize the bending processes for different 
pipe materials and wall thicknesses. The results and findings of this study demonstrate the 
potential of combining metal  3D printing and precise pipe bending techniques in architectural 
applications, paving the way for  future advancements in the field of customized mass production 
and modular design in lightweight  structures. 
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Social sustainability assessment in a 
sector of high risk of landslides in 
Arequipa, Peru

Landslide phenomena frequently occur in environmental 
limits, as is the case of riverside areas, these are due to 
anthropogenic factors such as cutting operations, dumping of 
substances, removal of vegetation cover, disorganized growth 
of the population that leads to construction next to slopes, 
producing a negative impact on the environment. In addition, 
the influence of seismic, morphological and climatological 
factors, added to the anthropogenic factors, make the 
environment susceptible to the occurrence of slope landslides, 
being of great importance the understanding of the human 
perception in these inhabited areas in order to implement 
unconventional stabilization methods that mean sustainable, 
efficient, low-cost alternatives and that achieve the 
expectations of the inhabitants. This research is carried out in 
the sector of Santa Cruz de Lara, an area consolidated on a 
slope near to the Socabaya River in Arequipa, which represents 
a highly vulnerable area to the occurrence of landslides, 
however, it presents a strong rooted population. The 
identification of latent risks was carried out, in terms of 
physical factors such as topographic survey, field exploration 
of the study area, as well as the physical-mechanical 
characterization of the soils present to understand the nature 
and behavior of the soil. Social factors were evaluated in the 
study area, through observation and a 25-question interview, 
based on the Geo-SAT tool (Geotechnical Sustainability 
Assessment), which includes the population's perception of 
landslide risk. According to the results analyzed, it can be 
observed that the study area is vulnerable to the incidence of 
landslides, however, the population has deep social roots in 
the area and does not consider moving, since they consider the 
area to be safe. The study highlights promoting policies to 
improve infrastructure to prevent possible landslides and 
reduce the vulnerability of the population.
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1. Introduction
Natural disasters due to climate effects are affecting more people and causing economic devastation 

around the world [1-3]. In Europe, 17 countries, due to natural disasters, have increased inequality 
between regions, reduced the room for maneuvering public finances and its effects are cross-border [4]. 
The focus of the cause of disasters is improperly placed on climate change instead of on those who can 
prevent the damage caused by its effects on nature [5]. Urban expansion in Arequipa has reached the 
area of the banks of the Socabaya River, which is one of the 10 rivers in the city, with a minimum flow 
of 0.42 m3/s in the dry season in August, and 79.7 m3/s in the rainy season from December to March 
(Pearson type III logarithmic distribution for a return period of 50 years), being able to reach a 
maximum flow of 89.2 m3/s for a return period of 100 years, according to probabilistic models 
published by the national water authority [6]. In some areas of the hillside on the banks of the Socabaya 
River, there are houses, mostly informal constructions, without planimetry, of varied structures and 
foundations. These riparian zones are characterized by being in constant change due to processes of 
erosion, rain, landslides, movement of water masses, stones, and sedimentation [7]. If human 
modifications are added to these natural conditions due to disorganized urban expansion with 
buildings close to slopes, the dumping of substances, cut and fill operations, deposit of materials, and 
removal of vegetation cover, among others, cause these areas to be more vulnerable to the occurrence 
of landslides on slopes. Urban expansion is a factor with a great impact on the evolution of cities, both 
in environmental aspects and in public health, quality of life, and socioeconomic factors such as 
migration from the high Andean areas to more developed coastal cities [8]. That is why there is informal 
housing in undeveloped areas at the level of the rest of the city, in areas with low bearing capacity soils 
or areas near to slopes. Slopes are always subject to instability problems generated by their own 
evolution dynamics, as is the case of erosive processes that can be caused by the erosive potential of 
rain, infiltration conditions, surface runoff, topography, soil type, geological and geomorphological 
characteristics, physical-chemical and mineralogical evolution of the soil, among others processes; 
when the agent that produces erosion is surface water, gullies are generated which dynamic evolution, 
associated with the duration and intensity of the rains, can trigger a landslide process and can generate 
slope failure, dragging everything in its path, situation that may include houses and human lives [9, 10]. 
Assessing the social sustainability of homes located in areas at high risk of landslide phenomena is 
crucial to avoid loss of human life and deterioration or total loss of infrastructure, which once occurred, 
increase poverty rates, make it difficult to access clean water, impede transit, trade and the economic 
development of the population, increasing social gaps. In developing countries, such as Peru, there is 
an urgent need to evaluate and prevent this type of phenomenon.

2. Materials and Methods

2.1 Description of the study area

Socabaya is one of the 29 districts of the province of Arequipa, located southwest of the city as shown 
in Figure 1. Its coordinates are 16° 27' south latitude and 71° 31' west longitude, and its altitude is 
approximately 2,300 m.a.s.l. It has a population of 75,351 inhabitants and a population density of 
4042.44 inhabitants/Km2.
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Figure 1.  The geographic location of the district of Socabaya. Own elaboration.

The study area is divided into two zones: the lower part of Santa Cruz de Lara and Villa Santa Cruz. 
Both zones are divided by a rural road that runs parallel to the Socabaya River, which functions as a 
trunk axis, represented by a red line in Figure 2. The Socabaya River is a physical-functional axis of the 
city's ecosystem [11], and is the district's main water resource. Its flow reaches a minimum of 0.42m3/s 
in the winter months, while in summer it can increase to 79.3/s. [12]. During the summer months, 
rainfall increases considerably, up to 11.5 mm/day in the summer months [13], added to the wind 
direction [14], which causes rivers and torrents (runoff streams) to increase their flow, causing a risk 
factor for landslides. The consolidated buildings in the study area, mostly single-family houses, are 
related to population growth and the increase in land value [15], causing more and more urban 
settlements on the slopes of hills, streams, and river banks.

Figure 2.  Satellite image of study area. Figure 3.  Slope of the study area.

2.2 Physical factors

The physical factors focus on the topographic survey and field exploration of the study area, as well 
as the physical-mechanical characterization of the soils present to understand the soils' nature and the 
slope's behavior.

 2.2.1. Topographic Survey

The frame POD, as a typical example, consists of various components, including four types of 
joints and seven types of beams, totaling 66 parts (Table 2). Given the 1:20 scale of the model, the 
components are relatively small and do not contain concrete fillings. In practice, steel joints are 
incorporated into the components for convenient assembly. A 2mm diameter steel bar is 
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employed as the connecting element (Figure 19). To streamline the assembly process, each 
component is marked with unique identifiers during production, facilitating efficient and 
accurate assembly (Figure 18).

The assembled 1:20 model, divided into three floors, demonstrates the flexibility of the design 
(Figure 19). Through digital manufacturing techniques, the transition from digital design to 
production is expedited, increasing the likelihood of transforming design concepts into tangible 
structures. The modular production in factories has benefited from enhanced precision and 
quality. The 3D printer, as a pivotal digital manufacturing tool, can either print the entire object 
in one go or fabricate modular parts for subsequent assembly. In either case, the overall 
structure's shape remains intact and unaffected. The utilization of digital manufacturing 
equipment not only saves time but also improves the feasibility of materializing architectural 
designs. Factory-based modular production ensures high precision, while 3D printing enables the 
creation of intricate components with ease. By bridging the gap between digital design and 
physical construction, digital manufacturing presents a powerful avenue for realizing 
architectural visions.

 2.2.2. Topographic Survey

The topographic survey was carried out to graphically represent the relief of the existing slope 
on the ground by means of contour lines with an equidistance of 1 m, complemented with cross 
sections every 20 meters for a better interpretation of the slope and existing natural and artificial 
elements in the raised area, given that the raised slope is located approximately 200 meters 
upstream from the Socabaya bridge. For this, in the field data collection phase, we first proceeded 
with the help of a GPS Navigator receiver to take exit points with their coordinates (North, South, 
and Height) to start collecting data with the Leica TS07 2" Total Station, as shown in Figure 3, then 
we proceeded to import the data from the Total Station and processed them for the creation of the 
plans.

 2.2.3 Field exploration 

The field exploration was carried out by means of pits, for which 5 pits were excavated in the 
slope (02 at the top of the slope, 02 in the base, and 01 in the central part) based on the 
specifications of standard NTP 339.162 (2001). From these pits, altered soil samples were 
extracted in plastic bags (Mab) and unaltered soil samples in blocks (Mib), according to the 
specifications of standard E.050.

 2.2.4 Physical-mechanical characterization of soils

The physical-mechanical characterization tests, which were performed according to the 
specifications of the standard NTP, were: Moisture content (NTP 339.127), Liquid limit, plastic 
limit, and plasticity index (NTP 339.129), Granulometric analysis (NTP 339.128), Classification of 
soils (NTP 339.134), Relative specific gravity of solid particles (NTP 339.131), In-situ unit weight 
of soil by the sand cone method (NTP 339.143), Direct shear in soils under drained consolidated 
conditions (NTP 339.171).

2.3 Social factors

Social factors were evaluated in situ, by observing the area and a 25-question interview, based on the 
Geo-SAT tool [16], conducted with the population of the study area, between 19 and 65 years of age. For 
the evaluation of the response scales regarding social factors in general, the Kelders participation scale 
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was taken as a reference that has been used in similar studies [17]. On this community social rating 
scale, total response scores ranged from 35 to 62. Those families whose total interview score was ≥40 
score 3, the highest score; those who were between <40 and ≥20 scored 2 and for those who were <20 the 
score was 1, which implied the lowest score in social factors.
The questions to assess the socioeconomic level of the population include the profession, family 
composition, which evaluates the family burden and population density (≥8 scores 1, between <8 and ≥ 
4 scores 3 and <4 scores 5), property (own home scores 5, rented home scores 2), time inhabiting the area 
(≥20 scores 5, between <10 and ≥ 20 scores 3, <10 scores 1), type of house (wood or other temporary 
materials, score 1; cemented bricks or stone, self-built, score 2; cemented bricks and self-built 
foundations, score 3; cemented bricks, with self-built foundations and plans, score 4, cemented bricks, 
with foundations, flats, with participation of an engineer, scores 5) and the services received (water, 
drainage, electricity, garbage collection, scores 5, only light scores 2).
Questions to assess social factors include citizen participation in community activities such as sports, 
neighborhood meetings, cultural events; transparent government of the municipality; the proximity to 
medical assistance, the perception of security in the area regarding landslides and citizen security; and, 
the possibility of moving before the occurrence of previous landslides. (Values range from 1 “Harmful, 
very little, never, very bad” to 5 for “Significant improvement, always, very good”).

 2.3.1. Ethical consideration of research

Only those over 18 years of age were interviewed after giving their verbal consent for the 
interview. The in situ information provided by the interviewees contains authentic and 
reliable information on the real situation of the study area. The management of bibliographic 
data and expert judgments will only be used for research and academic purposes. The names 
do not appear anywhere in the publication.

 2.3.2. Sampling procedure

The interviews were carried out between the researchers and a selected group of students, 
where an introduction was given about the need to know their opinion about the project. The 
interviews were carried out in a mixed way, presenting open and closed questions in order to 
know the socio-cultural aspects of the inhabitants of the area. Using Louangrath's formula 
[18] to determine the sample size of the houses that are close to the banks of the Socabaya 
River within the study area, it was calculated as follows:
n =          N      

1+ N(e²) 
where,
n, sample size.
N, target population (20 households).
e, acceptable test error (0.05).
A sample (n) of 20 dwellings was used, that is, all the dwellings were interviewed.

2.4 Sustainability factors

The household survey used had a mix of closed and open-ended questions, based on the Geo-SAT 
tool [16] used to measure social impact. Data obtained as texts from open-ended questions were coded 
and entered into the design of experiments as variables to accommodate quantitative analysis. The 
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surveys were submitted to the judgment of three experts, who validated the instrument.  
The Geo-SAT tool [16] was proposed to analyze sustainability in geotechnical projects, the purpose is to 
have a tool that can help make decisions that promote sustainability. For the present research, the social 
aspect was used based on 31 sub-indicators distributed in 8 stages: community, security, livelihood, 
resettlement, geo-ethics, political, land use, landscaping and infrastructure. Because it is an analysis of 
the study area in its current state, the resettlement stage was not considered for this research. These 
were weighted on a scale from 1 (harmful) to 5 (significant improvement). The total score was 
calculated, averaged, and presented in a radial polygon plot. The larger the area of the polygon, the 
more sustainable the project. Thus, the polygons help to understand the project integrally, 
understanding the value given to the social dimension and thus being able to propose solution 
measures in future projects.

3. Results

3.1 Physical factors

 3.3.1. Topographic Survey

According to the topographic survey, the slope under study is located approximately 200 
meters upstream of the Socabaya Bridge. On the slope's top there is a road with a paved section 
and another unpaved section that serves as access to the surrounding urban area. At the slope's 
foot is the Socabaya river bed. Along the slope is a concrete-lined irrigation channel. The slope 
elevation, from the foot to the crown, is approximately 22 m. The slope varies between 50% to 70% 
and the inclination between 26° to 36°.

 3.3.2. Field exploration 

Two main soil types are found in the zone: one is silty sand with high humidity, medium 
compactness, firm consistency, weak cementation, and medium density; and the other is silty 
sand with gravel with low humidity, medium to high compactness, hard consistency, strong 
cementation, and high density.
Along the slope, there are herbaceous, shrub, and tree species, which predominate from the 
channel to the slope's foot and a few at the top of the slope. In addition, minor landslides and 
major soil erosion processes can be observed. It is known that vegetation cover can produce 
favorable or unfavorable effects on slope stability; the vegetation protects the soil from climatic 
effects and roots increase the strength of the soil-root system; thus, deforested surfaces receive 
greater volumes of precipitated water and are more vulnerable to erosion processes [9]. These 
factors generate uncertainty in the behavior of the slope and, therefore, in its stability.

 3.3.3. Physical-mechanical characterization of soils

According to the tests performed, mainly two types of soils were identified in the area:
Soil 1: Silty sand (SM), with 27% fines and a friction angle of 30.4°, reflecting medium strength.
Soil 2: Gravelly silty sand (SM), with 13% fines and a friction angle of 36.8°, reflecting high 
strength.
Both soils are resistant and, therefore, the slope is estimated to be stable. However, the constant 
erosion processes, to which the slope is subject due to surface water from heavy rains, decrease 
the mass of the slope and, therefore, decrease its stability, potentially causing slope failure.
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3.2 Social factors

According to the observation and interviews conducted in the study area, it was possible to 
know that, according to the social evaluation scale of the community, an average score of 2.15 was 
obtained, on a scale of 1 to 5, which means that the social factors are intermediate [19], Figure 4.

Figure 4.  (a) Social factors and (b) Socioeconomic factors, both measured with the Geo-SAT tool.

(a) (b)

According to the evaluation of socioeconomic factors, the population has an average score of 3.66 on a 
scale of 1 to 5, which is an intermediate-high value, also considering that the average family load per 
dwelling has a value of 3, which is low. The houses are built informally by the owners themselves, most 
of whom know about construction because they work as masons, with foundations, but without plans 
and without the intervention of engineers, for economic savings. The level of education is low; most of 
the workers are blue-collar workers. The population's perception of risk is low; all of those interviewed 
think that the area is safe from landslides and river inflows, with an average score of 4 on a scale of 1 to 
5, indicating that they are deeply rooted in the area and do not intend to move from their place of 
residence. In many cases they do not have all the services, only electricity, nor do they have a paved 
road, only a rural dirt road, they do not have much citizen participation and do not trust the municipal 
authorities, but most of them live in their own brick houses. The study area (Santa Cruz de Lara and 
Villa Santa Cruz, in Socabaya) is located on the slope of Cerro Santa Cruz, which is approximately 25 
meters high, has an average slope of 100% and is 300 meters long. At the foot of this slope is the 
Socabaya riverbed, so this region is prone to landslides during the rainy season.

3.3 Geo-SAT Indicators

The Geo-SAT tool was used as part of the social evaluation for geotechnical projects, obtaining 
Figure 5, considering the 7 stages evaluated:

 3.3.1. Community (2.22 / 5 points):

Community consultation: There is no community consultation plan; during the survey, it 
was identified that activities are carried out without thinking of representing the 
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population. On the other hand, local community services exist, but they do not provide the 
most appropriate service.
Culture: There is no consideration given to public art in the study area, and the cultural and 
religious identities of the area are not recognized or protected, as the population maintains 
that these activities are being lost over the years.
Archaeology and local heritage: The inhabitants do not recognize archaeological elements 
in the study area, despite the historical importance of the area.
Intergenerational and gender practices: The study area has a primary focus on the male 
gender for employment opportunities, however, there is no focus on any age group. In 
addition, employment opportunities are not related to cultural and religious groups. 
Cohesion: According to the survey, it was evident that there is no integration in the 
community.  In addition, they consider that the government institution worsens the 
situation of the community, showing that they consider there is a high rate of corruption.

 3.3.2. Security (2.5 / 5 points):

Security: structure/facility: The area is considered safe, unnatural activities (terrorism or 
attacks) do not exist in the area.
Security: community: Public spaces are not differentiated from private spaces. Public spaces 
are fenced off and are rarely used.

 3.3.3. Livelihood (2 / 5 points):

Livelihood: health and nutrition: There are no habitats that can cause diseases, the public 
sanitation system is correct, and there is clean water in communities and municipal 
cleanliness. 
Livelihood: income and employment: Many people have jobs in the study area; there are a 
large number of people engaged in construction activities, where their work centers are 
close to their homes. This mass of workers does not have training on awareness in their 
workplaces.

 3.3.4. Land use and Landscaping (2 / 5 points):

Land use: The study area does not present a potential for urbanization, as the site is 
populated at low density. Land use does not have an effect for future use.

 3.3.5. Infrastructure (2 / 5 points):

Infrastructure: electricity: The study area has an electrical system provided by SEDAPAR 
(Servicio de agua potable y alcantarillado de Arequipa), which is supplied at the regional 
level. 
Infrastructure: irrigation and water: The water supplied in the study area is adequate; the 
irrigation system is operated by the municipality.
Infrastructure: food control: This indicator does not apply to the research. 
Infrastructure: connectivity: The connectivity in the area is correct, it does not present any 



ZEMCH 2023 International ConferenceCHAPTER 4 Environmental Sutainability and Policies 294

inconvenience, nor does it provide opportunities for interaction between communities. 
On the other hand, the project is not located near a navigable waterway, since the 
Socabaya River has very little flow during most of the year.

 3.3.6. Political (2.33 / 5 points):

Political domestic: Provincial boundaries are well defined, which means that there are 
no social conflicts. However, the democracy index does not exist, as it is considered that 
there is no transparency in management. There are laws at the provincial level that are 
in force.
Political international: The study area does not consider international political impacts. 
The study area is not included in the River Basin Organizations (RBO) Score because the 
Socabaya River is not identified.

 3.3.7. GeoEthics (3 / 5 points):

GeoEthics: information sharing: The community is not informed about activities that 
could be carried out in the area. There is a certain rejection of new projects by the 
villagers. 
GeoEthics: research: The present research project is promoted by the Peruvian 
government; however, the area of choice is up to the group. There are no projects that 
promote the study in that specific area.

Figure 5.  Radial graph of Geo-SAT stages. Own elaboration.

It is determined that the study area does not correctly comply with the sustainability 
established by Geo - SAT, because it has an average of 2 out of the 5 possible points to 
achieve, which means that the study area has a "reduced" impact on the social 
sustainability of the area.
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4. Discussion

The survey based on the geo-SAT tool allowed us to understand to a large extent the social reality of 
the study area. According to the results analyzed, the population of the study area is very attached to 
their homes and does not consider moving, as they consider the area to be safe. The inhabitants have 
socioeconomic capital that includes a job, their own masonry house, and all services (water, sewage, 
electricity, garbage collection), which gives them the capacity to produce goods for their families. 
However, it was detected in the survey, their low citizen participation in community activities, they do 
not assume leadership roles and any other civil participation that builds the social resilience of an 
individual in the face of emergencies [19, 20]. On the other hand, vulnerability is increased by the lack 
of emergency response capacity on the part of the government and the remoteness of the medical post 
that would force them to travel a long distance to access medical services. Mountain regions are 
vulnerable to climatic hazards [21, 22]. Vulnerability is determined by the nature and severity of the 
hazard, the sensitivity of the environment, the number of people affected, and the capacity for recovery 
[19, 23]. In Peru, the frequency of landslides due to the phenomena of "El Niño" are becoming more 
frequent and devastating due to the activation of ravines called "dry ravines" because they are only 
activated by heavy rains caused by “El Niño” [24]. According to the social and physical factors, it can 
be observed that the study area is vulnerable to the incidence of landslides induced by climate change 
and associated with erosion processes.
Among the observations made in the development of the evaluation with the Geo – SAT tool, it was 
found that several sub-indicators do not apply to the study area; this is understood because the tool 
was used in Pakistan, having a different social reality than the one analyzed in this paper. In addition, 
it applies more to geotechnical projects that have already been executed and not so much to the 
planning stage.

5.  Conclusions 

It can be concluded from this social sustainability assessment study that the population does not 
perceive danger in the study area; however, there is a high susceptibility to landslides due to the type 
of soil, the intensification of precipitation due to climate change, the El Niño phenomenon, and high 
intensity seismic movements because it is a seismic zone.
The study highlights the low level of citizen participation, and suggests involving the population with 
the local government and promoting policies for greater community participation in civic events, 
sports, cultural activities, and emergency training to strengthen them at the community level and 
reduce their vulnerability to loss of life and economic losses.
It is recommended that the municipality implement policies to improve infrastructure in the area, 
implement an ecological slope stabilization project, and prepare technical contingency plans and 
emergency mitigation plans.

Supplementary Materials: The following are available online at 
https://drive.google.com/drive/folders/13Kefi6j_RiDXLWsLtN22hAvaU6c236p8?usp=sharing, 
Survey Geo – SAT, Survey validation 01, Survey validation 02, and Survey validation 03.
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The objective of this study is the development and 
application of a data-based optimization framework that aims 
to increase large-scale affordable housing projects’ design 
effectiveness in unpredictable scenarios with diverse users. It 
is based on an analysis methodology that incorporates data 
analytics in the design process seeking to define a concerted 
quality benchmark based on the identification of Key Quality 
Indicators (KQI’s) to be considered in order to deliver more 
contextually compatible and resilient housing projects.
Through the identification of technical and conceptual gaps 
within the current housing regulations                in Peru, this 
study aims to address their impact on design innovations and 
adequacy to the needs and resources of the population, 
focusing especially on the Housing Consolidation Processes 
over time. In order to provide insights that contribute to 
complement and update the current Design Guidelines, a 
PRISMA Systematic Review has been performed, obtaining 92 
KQI’s of 77 Scientific Articles Reviewed, being classified in 10 
Compatibility and Contemporaneity Categories. To be 
subsequently subjected to a Correlational Analysis with the 
Peruvian Housing Design Guidelines, obtaining revealing 
findings that were then translated into 10 General Design 
Premises that aim to visualize a new approach to Affordable 
Housing Development.
To validate the applicability of the 10 General Design Premises 
in a real-life scenario, these premises were applied in the 
Design process of a prototype presented in the VIII National 
Housing Competition (Peru) in a Large-Scale Housing Project 
located in Talara, Piura under the required regulatory 
standards. For the purpose of incorporating inputs from the 
local reality in the theoretical framework developed, a mapping 
process of similar pre-existing projects in the context has been 
made under quantitative metrics of Consolidation, Materiality 
and Growth Rates over the self-build and habitability 
processes patterns. To be then subjected to a Correlational 
Analysis with the 10 General Design Premises, validating its 
compatibility and materialized in an Affordable Housing 
Prototype that is a precedent of the usage of the data-based 
design optimization frameworks for more effective future 
developments.
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1. Introduction
Affordable Housing is an opportunity to operate at the limit of architectural practice, embracing the 

challenge of obtaining the best achievable result in scenarios of scarce resources and high rates of 
precariousness. Within this concept, Progressive Affordable Housing emerges as an 
architectural-financial strategy that seeks to make the affordability of housing units viable [1], based on 
a strategy of progressive investment and growth over time, that starts in a basic initial housing unit that 
expands in stages according to the needs of users and available resources [2]. A collaborative concept 
with great potential, based on the complementarity of the initial architectural design as a framework 
and the subsequent self-build modifications by the users [3].

Nevertheless, over the years many Progressive Affordable Housing Projects, such as the selected 
objects of study as ENACE I-II-III and Luis Negreiros Residential Complex, did not achieve the 
expected results. Putting in evidence the feasibility of this architectural strategy especially in large-scale 
housing projects that involve mass-produced standardized models that seem to be incompatible with 
the diversity of users and local characteristics, as observed on the current low consolidation and quality 
indexes.

Mass Production seeks to reduce the price per unit, making construction more efficient and the 
acquisition of basic housing units more accessible, in order to cover the quantitative housing deficit in 
Peru [4-6]. However, the lack of adaptability and customization attributes in the standardized models 
increases the local qualitative deficit, evidencing the need to not only build more but also better 
housing. Rigid typologies and closed construction systems, in the long term, increase the costs of 
expansion and adaptation, offsetting the initial financial benefits. It is therefore necessary to find new 
ways to anticipate and achieve greater effectiveness in the architectural design of progressive 
affordable housing [2], where data analysis stands out as a tool with great potential to understand 
trends and housing patterns of a diverse large population.

2. Problem

The main problem is based on the incompatibility of the Housing Design Guidelines and informal 
self-build criteria, which leads to the continued investment and development of large-scale affordable 
progressive housing projects under an inaccurate approach, making the efforts made to mitigate the 1.6 
million Housing Deficit in Peru less effective [5,6]. In addition to resulting in long-term negative 
impacts on the user’s life quality and a negative balance on investment’s efficiency due to the 
remediation costs be assumed by the users to meet the desired design attributes that should have been 
considered in the initial design, which makes affordable housing even more expensive.

We disaggregated this main problem into three complementary problems that allowed us to address 
it from an adequate perspective. The first complementary problem approaches the complexity and 
relativity in defining a “Quality Standard” of Affordable Housing, in the absence of a system of metrics 
that would allow us to identify Key Quality Indicators agreed upon by several authors. The second 
complementary problem focuses on the housing regulations gaps related especially to innovation, 
adaptability, and the incorporation of self-build architectural criteria. Gaps that lead to interpretations 
that potentially increase the percentage of error and informal solutions. And the third complementary 
problem, which is based on the lack of data on affordable progressive housing, aiming at the need of 
data collection methodologies and analysis structures that facilitate the understanding of 
Self-Construction patterns and habitability dynamics as essential inputs for the design of large-scale 
housing projects towards a more scalable solution.

The focus of our study is oriented towards the analysis of the impact of the design process’ 
optimization in the search for an intersection between the benefits of mass production and the need for 
an adaptable architectural solution compatible with the diversity of contemporary users [7]. Achieved 



ZEMCH 2023 International Conference CHAPTER 4 Environmental Sutainability and Policies301

by a systematic review and a correlational analysis between the Key Quality Indicators, the Peruvian 
Housing Regulations and the Self-Construction Patterns observed in pre-existing projects in Talara 
(Piura-Perú) site of the VIII National Competition for Affordable Housing.

3. Methodology
This study is structured on 3 phases of analysis,

Theoretical-Conceptual Analysis 
Collection and Selection of an Unstructured Literature by using the PRISMA 
Systematic Review: A total of 77 Scientific Articles were reviewed in order to identify 
the most relevant characteristics, concepts, and criteria to be applied in Innovation 
Models for Affordable Housing. Which were obtained from reliable databases such as 
SciELO, Redalyc and various repositories of universities around the world. These 
were processed under the PRISMA protocol that contemplates 27 criteria and 4 
phases, obtaining 24 selected studies, Figure 1, that comply with documentation 
validity, descriptive references to Affordable Housing, Quality and Regional/Global 
Scope among others. 

a)

Figure 1.  Study selection scheme under the PRISMA methodology.

Concepts and Criteria Classification: The data extraction process was performed 
through the use of affinity matrices, where the most relevant theoretical-conceptual 
contributions collected in the previous phase were classified into two systems of Key 
Quality Indicators (KQIs) ; Compatibility’s 5 Dimensions: I Typology, II Growth 
Strategies, III Constructability, IV Sustainability, V Economic Capacity and 
Contemporaneity’s 5 Historical-Temporal Quadrants: I (1929-1950), II (1950-1976), III 
(1976-1996), IV (1996-2016),V (2016-2020). Figure 2. Both KQI’s Systems were 
synthesized in double-entry matrices as an adaptable input tool for the following 
correlational analyses.

Correlation Analysis with Peruvian Housing Regulations: It was performed a 
correlation analysis between the classified theoretical indicators and the most relevant 
Housing Regulation Documents in order to identify their level of contemporaneity 
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and compatibility under two variables (compatible or not compatible). A study that 
covers Peru’s National Building Regulations (RNE G.010 Basic Considerations, G.020 
General Principles, G.040 Definitions, A.010 General Design Conditions, A.020 
Housing, A.120 Accessibility, E.010-E.090 Structures and IS.010 Sanitary Installations), 
the National Housing and Urban Planning Policy, Operating Regulations of the 
MiVivienda Fund, Bases of the VIII National Housing Competition and the 
Sustainable Urban Development Law. Figure 2.

Figure 2.  Scheme of separation of studies in indicators of Compatibility and Contemporaneity.

Site Diagnostic Analysis

Unstructured Data Collection through Mapping of Pre-Existing Projects in the 
Context:  The VIII National Housing Competition was located in Talara, Piura (Peru). 
In order to incorporate the local habitability and self-construction patterns as an input 
in the design process, a process of mapping and descriptive survey of 2017 Units was 
performed, covering the Projects ENACE I-II-II and “Luis Negreiros” Residential 
Complex. This process had to be done virtually through GIS Tools such as Google 
Maps and Google Earth, due to health restrictions resulting from the COVID-19 
Pandemic that was taking place while the study was being developed (2020-2021), 
with the aim of safeguarding the integrity of the research team as well as the local 
communities in a unprecedent global scenario.
Classification Parameters and Pattern Analysis: The selected parameters for 
classifying the information obtained from the mapping process were I Growth Trend 
(Horizontal/Vertical), II Type of Materials used in the Self-Construction Process 
(Artisanal/Industrial) and III Level of Consolidation (Nonexistent/Partial/Complete). 
Figure 3. It was performed under a descriptive and interpretative analysis of the 
patterns observed through surveys and photographic evidence. Translating them into 
general quantified conclusions, in order to validate the scope of compatibility of the 
proposed design solution, considering the high impact of design decisions especially 
in large scale projects.

b)
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Figure 3.  Scheme of design strategies according to the objects of study (ENACE I-II-III and Carlos Negreiros)

Compatibility and Integration Analysis (1+2)

Correlation Analysis between Theoretical-Conceptual Framework and Site Analysis 
Patterns: A correlational analysis was performed with the purpose of defining an 
optimal articulation between the theoretical approach and the real conditions of the 
context. This was achieved by contrasting them and measuring their potential 
complementarity based on the level of impact within the system. Make it able to 
identify the ultimate Key Quality Indicators to be implemented in the design process 
of the Housing Prototype. Figure 4. This analysis aims to encourage an integrated and 
strategic approach of innovative concepts, regulations guidelines, and real-life lessons 
for a more effective design.

Figure 4.  Design guidelines scheme based on KQF.

c)

4. Results and Findings
The mission of our study was to contribute to building bridges between the theoretical-conceptual 

approach with the real needs, expectations, and resources of affordable housing users, in order to reach 
a more effective architectural design in the long-term [8,9]. This study sets a precedent with a 
data-based optimization framework for large-scale affordable housing projects, which is supported by 
the results of the processes performed in the analysis phase that are organized in the 3 following parts:
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Theoretical-Conceptual Results

The study provides a concerted Quality Standard for Affordable Housing with 
objective 93 Key Quality Indicators supported by several authors and studies through 
the PRISMA Systematic Review. Setting a benchmark that brings objectivity in the 
decision-making debate during the design process, as shown in this case where it has 
been defined 10 General Design Guidelines, Figure 5, based on the KQI’s for 
Affordable Housing in Perú that are the following ones:
1)
2)
3) 
4) 
5)
 
6) 
7) 

8) 
9)
10)

a)

Multifunctionality instead of reduction towards greater efficiency of spatial use.
Standardization of building components rather than the users and their lifestyles.
The architectural project has to regulate and guide the self-build extensions.
Progressiveness has to be contemplated in all the specialities involved.
Prevalence of fundamental habitability attributes during all growth phases (light 
and ventilation).
Collaborative-frameworks of Housing design between users and professionals.
Multiscale modulation that allows growth parameters compatible with the urban 
model.
Flexibility as a key to the prevalence of functionality without significant changes.
Electrical and Sanitary Installations designed for future expansions.
Inclusion of a productive space to promote self-financing dynamics for housing 
consolidation.

Figure 5. Graphics of the design guidelines for affordable housing
and explanatory graphic of the environmental measures applied.

Secondly, it has been created a compatibility and contemporaneity measurement tool 
that could help to identify the gaps in the Housing Guidelines and quantify the 
qualitative indicators in order to improve the Housing Regulations and anticipate the 
potential problems related to them through a strategic architectural design.
The case of study highlights among other results, that the Peruvian Housing 



ZEMCH 2023 International Conference CHAPTER 4 Environmental Sutainability and Policies305

Regulations has a conceptual architectural lag of 70 to 90 years [4-5,9-11], evidencing 
the necessity to update and change the paradigm of repetitive mass-produced model’s 
characteristic of the Historical-Temporal Quadrant I (1929-1950). Which are especially 
incompatible with a hyper-diverse society that needs adaptability and customization 
features [7,12] within the standardized models in order to reach the optimal self-build 
expansion and consolidation over time.

In addition to that, the study shows a lack of long-term planning on Housing 
Regulations based on the non-contemplation of the complete process of 
transformation and consolidation of Housing’s lifecycle (Appropriation, Adaptation, 
Expansion, Consolidation, Subdivision and Sale/Rent) where only 3 of the 6 phases of 
development are considered, leaving regulatory gaps that allow misinterpretations 
which consequently encourages informality and increases the percentage of error. The 
Regulations show greater compatibility with the Key Quality Indicators between the 
first 3 phases with 56.88%. However, from the expansion phase to the later phases the 
indicators decrease with only 8% of compatibility with the ideal indicators.

Site Diagnostic Results

Because of a lack of data on affordable progressive housing, this study represents a 
precedent of Mapping and Data Collection Methodology, setting an analysis 
methodology to perform a pattern identification and analysis of self-build and 
habitability processes. Which contributes to measure and validate a theoretical 
solution with real-life numbers quantified through the following parameters: Growth 
Trend (Horizontal/Vertical), Type Materials (Artisanal/Industrial) and Levels of 
Consolidation (Nonexistent/Partial/Complete). The results of the analysis performed 
in 2017 show that there’s a greater difficulty in Vertical Growth (4%) due to its 
structural and constructive complexity. On the other hand, there’s a partially balanced 
proportion between the use of Industrial (43%) and Artisanal (57%) materials can be 
observed, evidencing the need for hybrid construction strategies based on the local 
labor skills. Finally, given the low rate of fully/partially consolidated units (16%) it is 
necessary to rethink strategies that facilitate self-build extensions while guaranteeing 
their constructive, functional, and structural integrity.

Compatibility and Integration Results

One of the most important values observed in the results of this study is the 
identification of complementarity potential between the different elements that 
converge in the Development of an Affordable Housing Project. This study has shown 
that the proposed data analysis structure could contribute to visualizing and 
prioritizing high-impact interventions under a coordinated design strategy. Matching 
theoretical and conceptual KQI’s with specific context conditions, anticipating 
problematics that emerge from the Housing Regulation gaps through proactive 
design strategies, incentivizing the creation of a database of self-build pattern in 
informal contexts in order to measure and visualize more accurately the requirements 
and expectations of the future users [1-3,12-14]. Figure 6. This study aims to 
incentivize the need for a balanced vision that integrated innovation concepts [1-2, 
8-9], regulatory guidelines and real-life lessons for a more effective design looking to 
achieve greater effectiveness in large-scale projects with a diverse user’s structure.
In this study the ultimate KQI's has been translated on 4 Key Data-Driven 
Innovation Design Strategies applied in the Prototype Development, which are the 

b)

c)
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following:

1)

2)

3)

4)

Horizontal Expansion on Upper Levels: Based on the data pointing the 
predominant trend towards horizontal growth (40%), the aim is to facilitate the 
vertical consolidation of the unit by allowing horizontal growth under the 
particularity that it will be applied to the upper levels by creating structural 
frames designed to accommodate self-build horizontal expansions.

Reducing the Complexity of Self-Build Expansions: Based on the data referring to 
the non-existence of expansions in 56% of the units analyzed, the premise of 
facilitating the self-construction process arise by reducing the complexity of the 
self-build expansions, where the initial unit provided by professionals assumes 
most of the structural responsibility for the unit, allocating less complex tasks to 
be performed by the users, such as the completion of the building envelope to 
create internal spaces.

Hybrid Structure: Based on the data indicating the use of Industrial (43%) and 
Artisanal (57%) materials in the pre-existing units in the context, the project 
encourages the complementarity of industrialized components as prefabricated 
modular steel for the core structure, with local techniques and materials as wood 
or plywood for the self-build expansions.

Progressive Investment for Progressive Growth: Based on the data referring to the 
rates of non- consolidation (84%) and total/partial consolidation (16%), we intend 
to facilitate the overcoming of the financial barrier, synchronizing the costs of each 
different phase and their constructive complexity, with the financial evolution of 
the user’s purchasing capacity over the years.

Figure 6. Initial housing prototype and long-term expansion.
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5. Discussion and Conclusion
The gap between theory and reality is not a new debate; throughout history it has been erroneously 

conceived that one is exclusive of the other. However, the solution lies in the concordance and 
complementarity between the two, in order to be able to propose quality and high impact solutions. 
This research is an effort oriented to encourage the integration between conceptual theoretical research 
and its applicability in real housing development scenarios [15]. It is due to this that the scope of the 
research reaches the application stage in a prototype, figure 6, intended to be replicated in over 200 
units in the VIII National Competition of Affordable Housing, meaning a methodological and 
architectural precedent of the viability of Innovation Strategies in Progressive Affordable Housing.

It is important to address the housing deficit in its two dimensions, quantitative and qualitative. 
Peru has a Housing Deficit of 1.6 million units, of which 1.47 million are of a qualitative nature [5,15-16], 
revealing trends of habitat precariousness that must be urgently addressed. Through this study, we 
intend to provide objectivity to the debate on the definition of Affordable Housing Quality Standards, 
considering that agreeing on the qualitative criteria to be achieved is an essential first step to move in 
the right direction to make it a reality, especially in a scenario where the Peruvian Housing Regulations 
[5] prioritize the quantitative attributes.

However, we must continue to encourage a better understanding of the needs of the population in 
order for projects to effectively address them. Therefore, this study aims to visualize the importance of 
creating analysis structures and databases of Affordable Housing Projects to help gather valuable 
information and accurately visualize all the patterns and trends behind the self-construction and 
habitability processes [17,18], allowing architects to make better design decisions.

This study intends to encourage us to review our internal and external processes, to evaluate and 
understand the impact of the Housing Regulations that we are applying into our design projects and 
also to incentivize the analysis of the Built Environment that surrounds us. It is an important precedent 
towards the exploration and innovation of Affordable Housing with the purpose of increasing the % of 
compatibility between the architectural project and a diverse large-scale population. In these 
conditions, the effectiveness of the design is directly related to the ability of a standard solution to adapt 
to different users [7,12,14,19-20], with different lifestyles, needs, resources and expectations without 
losing the benefits of economies of scale and massive production [3,15,19]. We intend to contribute to 
the search for collaborative strategies that help achieve a balance between resilience, financial 
accessibility, and architectural quality for future Affordable Housing Projects.
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Indoor environmental quality and 
energy performance:
Reviewing the case of council homes 
in London

In the UK, exposure to air pollution constitutes the most 
significant environmental risk to  public health, particularly for 
low-income groups residing in council homes. These 
occupants often live  in smaller flats at higher densities, which 
are typically located in areas with higher levels of air  pollution. 
Consequently, their health and well-being are negatively 
impacted. Moreover, in the quest  for improving indoor thermal 
comfort and energy efficiency, the levels of airtightness 
increased, and  the ventilation rates decreased, which have 
further worsened indoor air quality. Therefore, this paper  
critically reviews the trade-offs between airtightness, indoor 
air quality (IAQ), thermal comfort, and  their impacts on building 
occupants' health and well-being. The paper focuses on the 
case of London,  where action plans and retrofitting strategies 
of council homes are reviewed. The review aims to  explore 
strategies to optimize and balance between energy efficiency, 
indoor thermal comfort, and  indoor air quality. Based on the 
review, the paper proposes the adoption of the social 
approach, in  addition to the physical measures, through the 
consideration of the occupants' behaviour and altering  their 
behaviours to optimize the use of energy and improve their 
indoor living conditions. The paper  also recommends different 
mitigation strategies and design guidelines to promote 
healthier and more  energy efficient buildings. 
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1. Introduction
In 2021, the residential sector in the UK accounted for approximately 16 per cent of greenhouse  gas 

emissions, with roughly 97% of the gases attributed to carbon dioxide [1]. In addition, the indoor  
environment in these households can have a significant impact on people’s health due to the extended  
duration spent in these microenvironments. In developed countries like the United Kingdom, people  
spend around 90% of their time indoors [2], with around two-thirds of their overall time spent within  
residential buildings [3]. According to the World Health Organization [4], in 2020, household air  
pollution was responsible for approximately 3.2 million deaths. Furthermore, indoor air pollution has  
been identified as the third leading cause of disability-adjusted life years worldwide [5]. Focusing on 
the United Kingdom, air pollution exposure represents the most significant environmental health  
threat, resulting in 28,000–36,000 premature deaths annually. In London, poor air quality is also linked  
to approximately 9,400 premature deaths annually due to elevated levels of PM2.5 and NO2, resulting  
in a financial burden of £1.4 to £3.7 billion on the healthcare system [2, 6, 7]. 

Various adverse health outcomes are also associated with these elevated exposure levels to air  
pollution, including respiratory and cardiovascular complications, birth defects, childhood asthma  
cases, and sudden infant deaths. Additionally, air pollution has been estimated to have a detrimental  
impact on cognitive functions, leading to cognitive impairment and an increased risk of dementia [2]. 
The impact of air pollution in homes on human health and well-being occurs through various  
environmental pathways, including: (1) household air pollution originating from activities such as  
cooking, heating, and lighting, especially when reliant on rudimentary biomass, heating stoves, and  
coal cooking; (2) indoor air quality affected by dust or gases emitted by hazardous building materials  
and radon, as well as exposure to extreme temperatures (either hot or cold); (3) exposure to disease-
carrying vectors, including pests and insects; (4) exposure to dampness and mould; and (5) utilization  
of unsafe construction materials and inadequate construction practices [5, 8]. 

Given these severe impacts, concerns over indoor environmental quality (IEQ) and energy  
efficiency in residential buildings have gained greater importance and the reduction of emissions from  
residential buildings became inevitable. Energy efficiency in buildings aims to minimize energy  
consumption while ensuring occupants can perform their daily activities, all while maintaining an  
optimal indoor environmental quality. Indoor environmental quality, simultaneously, refers to the  
physical and psychological aspects of indoor environments that influence the well-being, comfort, and  
contentment of occupants. Therefore, it is imperative to implement energy-efficient strategies and other  
measures that aim at mitigating indoor air pollution and emissions in the residential sector. This can 
also contribute to the mitigation of other problems like fuel poverty, household energy insecurity, and  
the negative health impacts associated with winter and cold conditions, including mortality and  
morbidity [9]. 

The significance of both indoor environmental quality and energy efficiency in residential  buildings 
cannot be overstated. They are crucial for safeguarding the health, well-being, and  productivity of 
occupants, while simultaneously reducing carbon emissions and energy expenses  associated with 
buildings. These problems are particularly challenging for low-income groups residing  in council 
homes. These occupants inhabit smaller flats with higher population densities, often located  in areas 
characterized by elevated levels of air pollution. Consequently, their physical health and overall  
well-being are negatively impacted. In addition, efforts to enhance indoor thermal comfort and energy  
efficiency have resulted in increased levels of airtightness and decreased ventilation rates, which  
further exacerbated indoor air quality issues.  

Thus, this paper aims to comprehensively understand the various synergies and trade-offs  between 
airtightness, indoor air quality (IAQ), and thermal comfort, and their respective impacts on  the health 
and well-being of building occupants. An overview of the circumstances in London is  presented, 
examining the diverse factors that contribute to low-income households experiencing higher  levels of 
indoor air pollution compared to the general population. This analysis is based on studies and  models 
specific to London. Based on the review, strategies for balancing energy efficiency, indoor  thermal 
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comfort, and indoor air quality are presented. The paper recommends the adoption of the social  
approach in addition to the physical measures in building retrofits and energy simulations. This  
encompasses the consideration of occupants’ behaviours and modifying their habits to optimize the use  
of energy and enhance their indoor living conditions.  

2. Indoor environmental quality, and energy efficiency: 
Synergies & trade-offs 

In the pursuit of enhancing indoor thermal comfort and energy efficiency, there has been a  
significant rise in airtightness levels and a corresponding decrease in the ventilation rates. However,  
these measures have adversely aggravated the issue of indoor air quality. This section aims to examine  
the effects of increased thermal insulation and air tightness on the overall indoor environmental quality  
and energy performance of residential buildings.  

Thermal conditions and air quality were considered by the occupants to be two of the most  
important indoor environmental parameters determining comfort [10]. In today’s buildings, thermal  
comfort is directly related to indoor air quality (IAQ), which in turn depends on envelope airtightness  
in buildings with no active ventilation systems [11]. Envelope airtightness and thermal insulation are  
used to help in: 1) reducing the amount of energy consumed for heating/cooling by limiting the number  
of air changes, 2) ensuring conditions for indoor thermal comfort, and 3) controlling moisture [12, 13]. 
The term “insulate-air tightening” was used by Yoshino [12] to refer to thermal insulation and air  
tightening in one word. 

However, reducing air permeability in buildings by implementing highly airtight building  
envelopes can have significant implications for indoor air quality. This reduction in air infiltration leads  
to an increase in the concentration of water vapor and carbon dioxide, which are byproducts of human  
metabolism and considered major contributors to indoor environmental issues. In residential 
dwellings, occupants' behaviour can exacerbate these problems. For instance, when residents use  
cooking appliances with open flames to warm the interior, the indoor air experiences elevated moisture  
content and concentrations of harmful gases, including carbon monoxide and dioxide [13]. 

Furthermore, it is important to note that thermal insulation alone does not always result in a better  
indoor environment [12]. A recent study conducted in the UK revealed that improved building  
performance, while increasing thermal insulation and airtightness, can potentially lead to over 
insulated building envelopes that are more prone to overheating during warmer seasons, especially  
when subjected to direct solar radiation. These findings underscore the significance of considering  
occupancy scenarios for different households to accurately predict overheating risks and prevent  
complications in retrofit interventions, which will be discussed in section 5 [14]. 

In addition, insufficient ventilation in indoor spaces is a significant factor in the prevalence of sick  
house syndrome (SBS). SBS refers to the negative impact on the comfort and well-being of individuals  
in a building. Apart from its detrimental effects on occupants, a sick building is often associated with  
low energy efficiency, which can be attributed to various design, implementation, and operational  
flaws in the building and its systems. These issues highlight the importance of addressing ventilation  
deficiencies and improving overall building performance to ensure healthier and more energy-efficient  
living environments [13]. 

The sick house phenomenon can be attributed to several factors, including reduced natural  
ventilation resulting from a tightly sealed building envelope. Additionally, the use of certain building  
materials, furniture, and everyday items containing chemicals, as well as the presence of substances  
like mothballs and air fresheners, and other pollutants contribute to the problem. These factors  
collectively contribute to the development of an unhealthy indoor environment with potential negative  
impacts on occupants' well-being [12]. 

As a result, ventilation is imperatively important in the design of residential buildings. Firstly,  
ventilation aims to prevent the build-up of air pollutants such as chemical substances, carbon dioxide,  
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nitrogen oxides, and unpleasant odours. Secondly, it serves to remove excess moisture from enclosed  
spaces. Lastly, ventilation plays a crucial role in supplying an adequate amount of oxygen to  
combustion devices. To achieve effective ventilation, it is essential to ensure the airtight performance  of 
the building. This can be accomplished by introducing outdoor air through properly designed air 
supply inlets, allowing it to circulate through all areas of the indoor spaces, and efficiently expelling it  
through exhaust systems. Particularly in spaces where chemical emissions may occur, the introduction  
of fresh outdoor air to all areas becomes paramount [12]. 

Finding the optimal ventilation rate in residential dwellings is a trade-off between minimizing heat  
loss for meeting greenhouse gas emission targets and minimizing adverse health effects caused by  
exposure to cold temperatures and pollutants from both indoor and outdoor sources. In a preliminary  
application of the methods to a typical flat and detached house in the UK [15], it was observed that the  
optimal ventilation rate can vary depending on the building form. The analysis indicates that the flat  
may require a higher ventilation rate compared to the detached house. By employing a generalized  
multi-objective optimisation approach with equal weightings given to health impacts and energy  
savings, an optimal annual air changes per hour (ACHyr) of 0.4/h for the house and 0.7/h for the flat  
was determined. These values include purge ventilation during periods of indoor PM2.5 and moisture  
generation, corresponding to average ventilation rates of 0.3 l/s/m2 for the house and 0.4 l/s/m2 for the  
flat [15]. 

Effective control of moisture, carbon dioxide (CO2), and airborne pollutants necessitates a balance  
between introducing fresh air from the outside and extracting stale air from the indoors. Retrofitting  
measures are often implemented to enhance energy efficiency by improving airtightness in homes.  
However, as homes become more airtight, it becomes imperative to install controllable ventilation  
systems to ensure consistently high air quality. A recent study conducted by the London Councils [16] 
identified heating systems, and mechanical ventilation with heat recovery (MVHR), to have the greatest  
impact on occupants' health (based on subjective assessment of the impact of retrofit measures on the 
second-order effects). Consequently, it is of utmost importance to prioritize the development of  
ventilation systems in building retrofitting plans to enhance both health and indoor air quality. 

3. Indoor air quality & socioeconomic disparities: 
Reviewing the case in the UK 

Numerous studies have focused on investigating the associations between environmental  inequality 
and health [2, 17-20]. These studies have recognised the significant links between pollution,  
deprivation, and health. Within the field of environmental health, this phenomenon is commonly  
referred to as the 'triple jeopardy' effect. The ‘triple jeopardy’ phenomenon states that communities  
with lower socioeconomic status (SES) residing in deprived areas face a threefold challenge. They  
experience elevated exposure to air pollutants and other environmental hazards, such as air pollution.  
Besides, they display an increased susceptibility to poor health, primarily due to elevated psychosocial  
stressors, including discrimination and chronic stress, limited opportunities to engage in health 
promoting behaviours, and overall poorer health status. As a result, these circumstances lead to the  
emergence of health disparities that are primarily driven by environmental factors [2, 21]. 
In the UK, extensive research has long acknowledged the links between low socioeconomic status  (SES) 
and poor IAQ. The two UK studies conducted by Pearce, Richardson [22] and Fecht, Fischer [23] have 
found that individuals from low SES groups tend to experience poorer air quality compared to  their 
counterparts. Furthermore, in England, the gap in health inequalities has widened between 2001  and 
2016 (Bennett et al. 2018), where occupants residing in the most deprived areas of the country face  a 
threefold higher risk of death from preventable health conditions compared to those residing in the  
least deprived areas, according to data from the Office for National Statistics in 2019 [2]. The exposure  
to air pollution has been explicitly highlighted in the 2019 Public Health England's (PHE) remit letter  as 
one of the leading factors contributing to preventable health issues (Ferguson, Taylor et al., 2021).  Thus, 
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the reduction of environmental inequalities shall be prioritized.  
Ferguson, Taylor [2] in their paper examine the factors that contribute to higher levels of indoor  air 
pollution in low-income households compared to the general population, using models and datasets  
for London. The study has outlined five important factors driving indoor air pollution exposure 
disparities.  These factors include: 

Living in deprived areas with often higher levels of outdoor air pollution.
Inadequate housing conditions:

Occupant behaviour also plays a crucial role in indoor air pollution levels. For instance, 
low-income households are characterised by longer cooking durations resulting in 
substantially higher indoor air pollution levels.
Additionally, residents of low-income households spend more time at home, often due 
to unemployment or security concerns in their neighborhoods. Overcrowding and high 
occupant density further contribute to poor indoor air quality.
Underlying health issues; respiratory and cardiovascular diseases have been identified 
as major contributors to the increasing health disparities between the most and least 
deprived regions in the UK over the past two decades. These diseases are more 
prevalent in areas of lower socioeconomic status, intensifying the adverse effects of air 
pollution exposure on health.

In conclusion, low-income groups face a triple jeopardy situation where they experience higher levels 
of indoor air pollution due to factors such as the physical properties of the household, their
socioeconomic status, their behaviours, and their preexisting health conditions that further exacerbate 
the health impacts of exposure compared to those without such conditions. As their health deteriorates, 
individuals may be compelled to spend more time indoors, leading to an increased exposure to air 
pollution within the domestic environment.

4. Energy-efficient retrofitting of council housing: 
Reviewing the case in London

This section reviews the national and local initiatives for building retrofitting in London and the

Low socioeconomic status groups tend to live in smaller dwellings with 
limited external facades, hindering the removal of both outdoor-sourced and 
indoor-generated pollutants.

Indoor sources of pollutants, such as gas cookers, heating systems, smoking, 
and cooking styles, further contribute to indoor pollution.

Increased airtightness in low-income housing reduces the removal of 
indoor-generated pollutants.

The physical layout of buildings also plays a role, as smaller volumes lead to 
higher concentrations of pollutants without sufficient ventilation. 
Low-income households face challenges in maintaining proper ventilation 
systems. Besides, living in flats with shared walls and floors increases the risk 
of pollutants from neighboring dwellings entering the home, especially in 
high-density housing.

a.

b.

c.

d.

1.
2.

3.

4.

5.



ZEMCH 2023 International ConferenceCHAPTER 4 Environmental Sutainability and Policies 314

UK. The current retrofitting strategies and efforts within council homes are outlined. In addition, the
barriers and enablers to energy efficiency retrofitting of social housing in London are demonstrated.
National and local scale initiatives for energy efficiency in the UK

Policy measures for the private rented sector (minimum Energy Performance Certificate 
(EPC) rating of C by 2030) and for mortgage lenders as well,
The Construction Leadership Council has drafted a National Retrofit Strategy that 
emphasises local leadership and collaboration through partnerships for effective 
implementation,
Funding initiatives have also been introduced, such as the Green Homes Grant Local 
Authority Delivery scheme and energy efficiency projects supported by the Department 
for Business, Energy and Industrial Strategy (BEIS).

In England and the UK, national level initiatives have been proposed to address energy efficiency
in buildings. These initiatives involve:

Furthermore, local initiatives and guidance plans are also in place. For instance, Nottingham Deep 
Retrofit Energy Model, Greater Manchester Combined Authority: People Powered Retrofit with 
URBED & Carbon Coop, and UKGBC Accelerator Cities Programme, including the Retrofit Playbook.
These initiatives collectively aim to drive sustainable retrofit programs, improve energy performance, 
and promote the adoption of energy-efficient practices in the built environment [16].
Buildings in London have a significant impact on the city's carbon emissions, contributing to almost 80 
percent of the total. Additionally, these buildings emit pollutants like nitrogen dioxide and particulate 
matter, which have direct health implications for the residents of London. Therefore, enhancing 
thermal comfort and indoor air quality can significantly benefit health, particularly for vulnerable 
populations. According to the International Energy Agency (IEA) and the Organisation for
Economic Co-operation and Development (OECD), health improvements may contribute up to 75% of 
the overall value derived from enhancing the energy efficiency of buildings. Additionally, HACT's
Social Return on Investment calculator indicates that a 3-point improvement in Energy Performance 
Certificate (EPC) ratings in London can lead to enhanced well-being for individuals, amounting to an 
estimated £651 per year. Therefore, it is crucial to assess home retrofitting not only in terms of energy 
conservation but also in terms of positive health effects and other associated benefits, often referred to 
as co-benefits [16]. Accordingly, tackling air pollution and energy efficiency have been prioritised in 
London’s plans and policies [24].

Current initiatives and retrofitting progress in London Boroughs

London boroughs have a significant level of control over their own housing stock. This level of
control provides an opportunity to implement large-scale retrofitting initiatives over the next decade 
and beyond. Nearly all London boroughs are actively engaged in the development of effective retrofit 
initiatives, aiming to establish and promote best practices, as shown in Table 1. These initiatives 
encompass a wide range of projects, including demonstration projects for both individual houses and 
blocks of flats [16].

a)

b)

c)



ZEMCH 2023 International Conference CHAPTER 4 Environmental Sutainability and Policies315

Demonstrator Project Delivery, skills, supply chain 

� Houses: Brent, Enfield, Lewisham, 
Newham, Richmond, Sutotn, 
Wandsworth, Waltham Forest 

� Block of flats:  City of London, Enfield, 
Greenwich, Hackney, Haringey, 
Kensington & Chelsea, Redbridge, 
Richmond & Wandswort, Sutton 

� Skills: Camden’s stakeholder 
engagement event 

� Energiesprong: Enfield, Haringey, 
Sutton 

� Window manufacturing: Newham 
� Parity Projects’ Ecofurb 

Table 1. Examples of London borough initiatives as of April 2021; adapted from: [16]

Table 2. Recommended action to retrofit the councils’ own stock by the London Councils [16] 

Additionally, there is a specific focus on activities related to heat decarbonisation, renewable  energy 
generation, demand flexibility, and strategic endeavours related to delivery, cost assessment,  funding, 
stock assessment, and modelling. These comprehensive efforts reflect the commitment of  London 
boroughs to advance sustainable retrofitting practices and drive positive change in the built  
environment. Moreover, the Retrofit Accelerator - Homes programme was developed to assist London  
boroughs and housing associations in implementing large-scale energy efficiency projects. The  
programme offers technical and commercial solutions to support the development of these initiatives.  
Furthermore, homeowners and professionals in London have various resources to support energy  
efficiency initiatives. These resources include reports published by the Greater London Authority  
(GLA) on topics such as heat pump retrofit in London (2020) and Building Renovation Passports (2021).  
By incorporating energy-efficient retrofit measures into the ongoing maintenance programs and  
establishing clear and measurable targets, London local authorities can effectively drive the progress  
towards achieving low-energy standards in their housing stock [16]. The London Councils [16] have 
also developed a set of recommended actions to retrofit the councils’ own stock, as demonstrated in 
Table 2

1 Improve the building fabric of London's inefficient homes 
2 Develop a plan for retrofitting ventilation systems to improve health and air quality 
3 Electrify heat 
4 Deliver smart meters and demand flexibility (controls, storage) in retrofitted homes 
5 Increase solar energy generation on London homes 
6 Map out each building's journey towards lower energy costs and Net Zero 
7 Review current maintenance programmes and identify retrofit opportunities 
8 Facilitate procurement of materials and services at a larger scale 
9 Enable planning to facilitate low carbon retrofit, including in Conservation Areas 

10 Develop retrofit skills actively across London 
11 Set up a clear and consistent system to report and monitor progress (and success) 
12 Establish the cost of retrofit, business case and funding gap for the different tenures 
13 Maximise capital finance for council-owned stock (and eligible homes) 
14 Create a 'Finance for retrofit' taskforce with finance experts 
15 Social housing: engage with tenants, leaseholders and other registered providers 
16 Continually develop and implement the Action Plan together 

1 Improve the building fabric of London's inefficient homes 
2 Develop a plan for retrofitting ventilation systems to improve health and air quality 
3 Electrify heat 
4 Deliver smart meters and demand flexibility (controls, storage) in retrofitted homes 
5 Increase solar energy generation on London homes 
6 Map out each building's journey towards lower energy costs and Net Zero 
7 Review current maintenance programmes and identify retrofit opportunities 
8 Facilitate procurement of materials and services at a larger scale 
9 Enable planning to facilitate low carbon retrofit, including in Conservation Areas 

10 Develop retrofit skills actively across London 
11 Set up a clear and consistent system to report and monitor progress (and success) 
12 Establish the cost of retrofit, business case and funding gap for the different tenures 
13 Maximise capital finance for council-owned stock (and eligible homes) 
14 Create a 'Finance for retrofit' taskforce with finance experts 
15 Social housing: engage with tenants, leaseholders and other registered providers 
16 Continually develop and implement the Action Plan together 
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Technical:

The complexity of retrofitting requires tailored solutions for each home and household,  
striking a balance between simplification and specificity. However, the current  approach 
fails to achieve this balance, leading to confusion and inadequate  recommendations for 
homeowners and landlords. 

Finance:

The majority of landlords and homeowners face financial constraints that prevent them  
from undertaking whole-house low carbon retrofit in a single phase. This challenge  
extends to occupants of social housing as well. Local authorities have the potential to  
facilitate finance for all properties within their jurisdiction, including non-council 
owned social housing. However, limited resources pose significant obstacles,  hindering 
the funding of retrofit projects even for their own housing stock.  
o London's local authorities have made a collective commitment to retrofit the city's  
building stock to achieve an average Energy Performance Certificate (EPC) rating of B  by 
2030. Furthermore, many authorities have declared a climate emergency and set a  target 
of achieving net-zero emissions by the same year. However, the challenges of  financing 
and limited resources pose significant obstacles for local authorities, who are  under 
immense pressure. Mobilizing substantial amounts of public and private finance  is crucial 
for successful retrofitting efforts, and achieving this requires effective  coordination at both 
local and regional levels. 

Delivery and supply: 

Meeting various obligations and priorities, such as affordable housing provision,  building 
safety improvements, and post-Covid-19 recovery, creates additional  complexities in the 
delivery of retrofit projects. Once homeowners and landlords have  determined their 
retrofit plans, the challenge lies in accessing a reliable and high  quality supply chain 
capable of effectively implementing the proposed measures.

Barriers and enablers to energy efficiency retrofitting of social housing in London 

Though huge efforts were demonstrated in the field of energy retrofitting to residential buildings  in 
London, it was still recognised that there were not enough retrofits. It is critically important to  
understand the key barriers to residential retrofitting in London. One of the main attributed reasons 
was the lack of regulatory framework [16]. The current regulatory framework lacks adequate support  
for improving the energy efficiency of existing homes, transitioning away from gas boilers, and 
implementing solar PV systems for electricity generation. It falls short in promoting comprehensive  
whole house retrofitting and decarbonisation of heating systems. Besides, supportive initiatives remain  
very limited in scale and primarily focus on individual measures rather than adopting a holistic  
approach to retrofitting. As a result, they have not yet reached the necessary scale to make a significant  
impact [16]. 
Other challenges are also faced throughout the different retrofitting stages. In that sense, two  
significant studies were concerned with overviewing the key challenges. First, the report conducted by  
the London Councils [16] categorized the challenges into four main groups, as follows: 
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Second, Peel, Ahmed [25] were concerned with investigating the barriers and enablers to energy  
efficiency retrofitting in social housing in London, UK. Based on literature review, interviews and  
surveys with key stakeholders within the housing stock, they grouped the barriers and enablers into  
seven categories. These are: financial matters, Technical, IT, Government policy and regulation, social  
factors (including awareness of the energy efficiency agenda), quality of workmanship and disruption  
to residents. Similar to the findings of London Councils [16], financial issues, technical complexities,  
and government policy and regulation were identified as the primary significant barriers and enablers  
to energy efficient retrofitting in social housing (EERSH).

5. Discussion 
The key findings derived from this study highlight the need for collaborative efforts between  
government, its agencies, and professional bodies to address knowledge gaps and implement  
technological interventions. Incentivisation is identified as an important tool to improve poor indoor  
environments. In addition, based on the results from this study, various potential interventions, and  
strategies for improving indoor environments and retrofitting residential buildings are also proposed.  
These interventions can be categorized into three main areas: improving outdoor environments,  
enhancing housing quality and urban form, and changing the behaviour of occupants. 

First, improving outdoor environments involves reducing emissions from outdoor sources,  
increasing green infrastructure, and improving access to high-quality, safe, and low-traffic outdoor  
spaces. These interventions have multiple benefits, including reducing outdoor air pollution levels and  
its subsequent infiltration indoors, promoting physical activity and reducing underlying health issues,  
and potentially increasing the use of natural ventilation to remove indoor-generated pollutants.  
However, it is important to note that spending more time outdoors may not lead to an absolute  
reduction in air pollution exposure unless outdoor concentrations are significantly reduced. Moreover,  
investments in infrastructure are needed to reduce outdoor air pollution and traffic, improve local  
green spaces, safety, and amenities. This can encourage residents to spend more time outdoors and  
subsequently reduce indoor pollution levels. Inadequate access to green infrastructure has been  
identified as a driver of health inequalities, and investing in infrastructure that promotes walking can  
increase physical activity across different socioeconomic groups. These principles are also aligned with  
initiatives such as the NHS's Healthy New Towns Programme. 

Second, improving housing quality and urban form involves several measures such as enhancing  
airtightness and insulation, implementing effective ventilation systems for local moisture/fume  
extraction and recirculation, utilizing filtration methods, and installing alarming systems. Additionally,  
the study emphasizes the importance of analyzing and ensuring the functionality of natural ventilation  
systems when increasing the air tightness of building envelopes. It is also suggested that energy 
efficient retrofitting is a long-term solution for reducing heating energy use and improving the overall  
performance of buildings. These measures aim to improve indoor air quality and overall living  
conditions. 

Third, this study highlights the importance of occupant behaviour in building performance and  

Demand and take-up::

As individuals and organizations increasingly recognise the importance of  contributing to 
Net Zero Carbon goals, there is a reasonable expectation for higher  demand in retrofitting 
homes. However, the lack of clear regulatory drivers and robust  data leaves homeowners 
and landlords unaware of the potential and requirements of  retrofitting. Addressing this 
information gap is crucial to stimulate demand and  promote widespread adoption of 
retrofit measures. 
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energy consumption. Variations in energy consumption behaviour among households with similar  
characteristics pose challenges in predicting the energy-saving potential of retrofit interventions. This  
variability adds complexity to the task of improving energy efficiency in residential homes. Changing  
the behaviour of occupants is another important aspect of improving indoor environments. This  
includes addressing the use of chemical-emitting consumer products, combustion appliances, and  
optimizing the use of windows, trickle vents, and extractor fans. Raising awareness and providing  
education about healthy indoor environments can also contribute to behaviour change among  
occupants. 

In the context of the social housing sector, several recommendations are proposed, including the  
introduction of legally binding national energy efficiency targets, stability in government policies and  
funding, increased grant funding for energy efficiency works, and research into innovative solutions  
for hard-to-treat properties. It is also suggested that engaging with tenants, leaseholders, and other  
registered providers, as well as developing action plans, communication tools, and coordination among  
stakeholders, can facilitate more efficient and effective retrofitting efforts. 
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Assessing the effect of retrofit 
strategies on thermal  comfort and 
energy performance in social housing 

Recently, 30 percent of the final energy consumption in 
the UK is attributed to residential  buildings. Besides, social 
housing accounts for around 5 million residential properties in 
the UK  playing a major role in implementing energy efficiency 
retrofit policies in the country. This sector is  home to some of 
the most vulnerable groups in society who are more at risk of 
thermal discomfort,  fuel poverty, and poor environmental 
conditions. Hence it is crucial to consider a comprehensive  
approach not only to address energy efficiency but also to 
understand the effects of retrofit on  summer/winter thermal 
comfort conditions. The aim of this study is to assess the 
effects of retrofit  strategies on energy performance and 
thermal comfort conditions in a case study flat in the social  
housing sector in the UK. A building survey was conducted 
followed by dynamic thermal modeling  in IES (VE) to evaluate 
the effects of upgrading the building fabric to the Part L of the 
UK building  Regulations as well as to the passive house 
standards. Moreover, CIBSE TM59 and PMV guidelines  have 
been applied to the model to assess its thermal comfort and 
energy consumption. The results revealed that although a high 
level of insulation and airtightness can reduce annual energy  
consumption by up to 60 percent, they could simultaneously 
increase the risk of overheating. 

Hamidreza Seraj¹
Lobna Ahmed¹
Arman Hashemi¹

¹University of East London; 
uel.ac.uk

 Correspondence:
a.hashemi@uel.ac.uk; +44 20 
8223 3233 (Department of 
Architecture and Visual Arts, 
University of East  London, 
London, E16 2RD, UK) 

Keywords
Thermal Comfort; 
buildings’ energy 
modeling; CIBSE TM59 
guideline, passive house  
standard, Part L standard 

*,

*



ZEMCH 2023 International ConferenceCHAPTER 4 Environmental Sutainability and Policies 322

1. Introduction
In the past decade, population growth, technological developments, and higher living standards  

have led to a substantial increase in energy consumption worldwide. Meanwhile, in the UK,  
implementing energy efficiency policies and regulations has played a crucial role in curbing energy  
demand growth in the country. In fact, the UK’s energy consumption has declined from 150 million  
tonnes of oil equivalent in 2010 to 120 million tonnes in 2021 [1]. Since Buildings account for almost  30 
percent of energy demand in the country, implementing energy efficiency policies in this sector  enables 
the country to sustain this trend in the coming years.  

With the current annual replacement rate of 180,000, of around 28 million housing stock in the  UK; 
retrofitting seems to be the only viable approach to improve the energy performance of buildings [2]. 
Retrofitting in buildings refers to the upgrading of the fabric, systems, or controls of a property  without 
fundamentally altering its original design or structure. Retrofitting measures may include  improving 
insulation, upgrading HVAC (heating, ventilation, and air conditioning) systems,  replacing windows 
with more energy-efficient ones, utilizing renewable energy resources, etc.  Hence, retrofitting is a 
common practice to transform older or less efficient buildings into more  energy-efficient ones [3]. 

Space hea�ng

Hot water

Cooking

Ligh�ng

Appliance

Figure 1. Breakdown of energy consumption in existing homes [4]

The initial stage in implementing effective retrofit strategies for improving a building’s energy  
performance is analyzing the energy flow of the case study to provide insights into the contribution  of 
each section to the building’s overall energy consumption. According to statistics in existing  homes, as 
shown in Figure 1, space heating is the dominant driver of energy consumption (making  up 63% of 
annual energy consumption), followed by hot water demand (17%) and appliance demand  (13%) [4]. 
As a result, Numerous initiatives have been undertaken to decrease the energy required  for space 
heating in residential buildings by upgrading the building envelope to minimize heat loss  and 
improving overall thermal efficiency. 

In order to organize and coordinate these initiatives and efforts toward energy efficiency in  
buildings, guidelines and regulations have been developed, referred to as a framework for  
implementing energy-saving measures. Amongst these regulations and codes, “part L: Conservation  of 
fuel and power” and “passive house” are widely known in this scope in the UK.  

Approved Document Part L specifically focuses on energy efficiency and aims to improve the  
thermal and energy performance of buildings by setting requirements for insulation, air tightness,  
heating, cooling, and lighting systems. Besides, the passive house standard is a rigorous guideline for  
energy efficiency developed in Germany in the late 1980s [5]. The principle behind the passive house  is 
to create buildings that require a very small amount of energy for heating and cooling, and this is  
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achieved through a combination of orientation design, shading system, super insulation, triple glazed 
windows, and a controlled ventilation system [6]. 

In this regard, many studies have been conducted to evaluate the effects of implementing  
energy-saving measures in existing buildings and their effect on overall energy consumption.  
Evanglisti et al. [7] assessed the impact of applying retrofits (e.g. utilizing double-glazed windows,  and 
adding thermal insulation to the roofs and walls) on energy performance in a building  constructed 
during the 1950s in Rome. The result showed a reduction of up to 40% in energy  consumption. A 
similar study by El Darwish [8], in a case study building in Egypt, showed a reduction of 33% in annual 
energy consumption. 

Hyeon Jo et al. [9] implemented retrofits with a focus on improving openings in building  envelopes 
by changing entrances and windows and reducing thermal bridges on the building  envelope, in a case 
study building in South Korea, which reduced the annual energy consumption by  10 percent. Zhou et 
al. [10] analyzed the effect of window-to-wall ratio according to building  orientation on energy 
consumption in a case study building in China. The results of this study  revealed the relation between 
window-to-wall ratio in different orientations on the building’s overall  energy consumption, and 
effectively utilizing this strategy can reduce the consumption by up to 4%.  

Although applying these strategies significantly reduce energy consumption, it is important to  also 
consider their impact on thermal comfort, particularly for vulnerable populations. Currently, in  the 
UK, social housing accounts for approximately five million out of 28 million housing stock [11].  To 
achieve the best results, any effort to reduce energy consumption in residential buildings should  also 
consider thermal comfort and indoor air quality. In this regard, many studies have been carried  out to 
evaluate the occupants’ thermal comfort before and after implementing energy efficiency  retrofit.  

Kim et al. [12] assessed the effect of energy efficiency retrofit on occupants’ thermal comfort.  They 
coupled retrofit in the building envelope with improving the HVAC system, which decreased energy 
demand and the percentage of dissatisfied occupants in the case study building. The same  results have 
been achieved in other case study buildings in Germany and Sweden by Gartner et al. [13] and Liu et 
al. [14]. Although utilizing mechanical ventilation alongside improving the building  envelope can 
result in lower energy consumption and better summer/winter thermal comfort, it may  not be 
economically feasible in many cases, including in social housing[12], [15]. To this end, this  study 
intends to assess the effects of retrofit strategies on both energy consumption and  summer/winter 
thermal comfort in a case study building in the social housing sector of the UK.

2. Materials and Methods
A 2-bed, southwest-facing, naturally ventilated flat (Figure 2, 69 sqm) in Newham, London, UK, 

was selected as the case study flat. The case study building was built in 1965 and renovated during  the 
1990s. Simulations were conducted in IES(VE) to assess the energy performance and  summer/winter 
thermal comfort condition in the case study building for the base case and retrofitted  scenarios 
explained below in section 2.2. 

The heating set points for the different zones of the case study flat are considered according to  the 
“CIBSE guide A” recommended comfort criteria as follows: 18°C bedrooms and kitchen, 21.5°C  
halls/stairs/landings, 22.5°C living room and 21°C for bathroom [16]. These set points are linked to  the 
occupancy profile of the zones, in which the rooms are considered to be occupied 24/7, while the  living 
room and the kitchen are occupied from 9 am to 10 pm. The energy supply system in the  building is 
all-electric, and the flats are heated with electric radiators. In terms of material used, the  building has 
solid concrete walls (150mm thickness) and internal roofs/floors with double-glazed  windows. The 
details of the current status of building elements are presented in Table 1.  
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For the living room, kitchen, and bedrooms, the number of hours during which  
(operative temperature – comfort temperature) [18] is greater than or equal to one  
degree (K) shall not be more than 3 percent. 
For bedrooms only: the operative temperature in the bedrooms from 10 pm to 7 am shall  
not exceed 26°C for more than 1 percent of annual hours. 

Figure 2. Floor plan of the case study flat .

2.1 Thermal comfort assessment

CIBSE TM59 provides a standardized method to assess the risk of overheating in naturally  
ventilated residential buildings during the summer period. The following criteria must pass from May 
to the end of September in order to avoid the risk of overheating in buildings [17]: 

It should be noted that windows should be modeled as open when both the internal temperature  
exceeds 22°C, and the room is occupied. Moreover, internal doors are left open in the daytime but  are 
assumed to be closed when occupants are sleeping. Furthermore, PMV [19] is a widely used  approach 
to assess thermal comfort in indoor environments, and it is utilized in this research to  analyze the 
thermal comfort of occupants from October to the end of April (heated periods). This  method calculates 
an index value on the basis of four measurable parameters (air velocity, air  temperature, mean radiant 
temperature, and relative humidity) and two expected variables (clothing  and metabolism rate). This 
index value ranges from +3 (indicating feeling too hot) to -3 (feeling too  cold), and the thermal 
acceptability criterion is considered between 0.5 to -0.5 [19], [20]. In order to  conduct a simulation on 
IES VE, CIBSE design summer year (DSY1) and IES London city airport  weather files were utilized to 
assess summertime overheating analysis and PMV index, respectively.  

2.2 Retrofit strategies classification

Two sets of retrofit strategies, mainly focusing on improving the building fabric, air tightness, and 
windows’ thermal transmittance, were considered in order to meet part L of the UK building  
regulations and passive house requirements; and Three scenarios were considered as follows:
 • Base case (current situation).
 • Retrofit to Part L standards.
 • Retrofit to Passive House standards.

1.

2.
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Building element Passive House Part L Current situation 

External wall U-value (W/m2K) 0.15 0.3 2.2 
Windows U-value (W/m2K) 0.77 1.4 2.29 

Windows G-value 0.55 0.4 0.4 
Internal ceiling (W/m2K) 1.25 1.25 1.25 

Airtightness (ACH) 0.05 0.5 0.7 
Roofs (W/m2K) 0.15 0.15 2.1 

Table 1. Building characteristics before and after retrofit strategies.

Table 1 provides detailed information regarding the retrofit strategies in the building. 

3. Results 
This section is focused on assessing occupants’ thermal comfort in the current situation and after  

implementing part L and passive house retrofit strategies. Furthermore, the impact of these retrofits  on 
energy consumption, and specifically space heating, has been quantified.  

Figure 3 shows the operative temperature in the living room and bedroom from May to  September 
to assess the risk of overheating in summer according to CIBSE TM59 guidelines. In the  base scenario, 
the living room’s maximum operative temperature has reached 33°C, which is almost  the same in part 
L and passive house retrofits. However, the average operative temperature is lower  in the Base 
scenario. For example, the bedrooms’ average temperature in the Base case, part L, and  passive house 
retrofits is around 21,22, and 23°C, respectively. 

 

 

15

20

25

30

35

1-May 26-May 20-Jun 15-Jul 9-Aug 3-Sep 28-Sep

 erutarep
met evitarepo

(°
C)

Current Situa�on part L passive house

15

20

25

30

1-May 26-May 20-Jun 15-Jul 9-Aug 3-Sep 28-Sep

 erutarep
met evitarepo

(°
C)

current situa�on part L passive house

Figure 3. Operative temperature in (top) Living room (bottom) bedroom during May-September 
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In the kitchen, where there is more internal gain due to cooking, the maximum operative  
temperature reached 35°C during late July in passive house retrofit, and the average is almost 24.5°C  in 
both part L and passive house scenarios. Furthermore, more than 12% of hours (operative  temperature 
– comfort temperature) is greater than or equal to one degree (K), which shows the high  risk of 
overheating in the kitchen when applying passive house requirements to this flat. This variable  is 
almost 2 and 3.5 percent in the base case and part L retrofit.  

Overall, between four occupied zones (bedrooms, kitchen, and living room), the living room  and 
kitchen cannot meet the CIBSE TM59 requirements in the passive house scenario. According to  
simulation results, the living room has passed the assessment in part L, where 1.1 percent of hours, 
overheating has been reported. Finally, Bedrooms are the least problematic zones, and only in less  than 
1 percent of hours, TM59 requirements are not met in all scenarios.  

During winter, PMV index assessment shows that occupants are likely to experience a warm  
sensation (PMV index of around 1) in passive house retrofit (Figure 4). Passive house retrofit is  
recommended to be coupled with mechanical ventilation in order to supply fresh air. Although in  this 
model, occupants will open windows when the indoor temperature reaches 25°C, applying a  high level 
of insulation and airtightness, and relying on natural ventilation, can result in thermal  discomfort 
during winter, as shown in Figure 4. This however needs more investigation to assess the  effects of 
applying mechanical ventilation on energy consumption and thermal comfort. 

On the other hand, the case study’s current situation does not provide a comfortable indoor  
condition during winter since the PMV index is less than -0.5 in 20 and 50 percent of hours during  
winter in the living room and bedroom, respectively. Moreover, part L retrofits show a better indoor  
environment in terms of thermal comfort, where the PMV index in bedrooms and living room is  
ranged between 0.5 and -0.5 in almost 85 percent of hours.  
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Regarding energy consumption, the case study flat consumed 155 KWh/m2 before implementing 
retrofits, which is almost 20 percent higher than new domestic flats in the UK [21]. Around 60  percent 
of the energy has been consumed for space heating purposes, which matches typical UK  scenarios [4].  
 Applying strict standards for building envelope insulations, such as Part L and passive house, can 
reduce energy demand for space heating by up to 90 percent in the case study. Figure 5 shows  that 
improving exterior wall insulation and utilizing triple-glazed windows can save almost 60  percent of 
total annual energy consumption. Hence, as expected, applying passive house standards  achieved 
better results decreasing total energy consumption to 63 kWh/m2, which matches the  monitored 
performance of implemented passive house buildings in the UK [22, 23]. 
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Figure 5. Yearly energy consumption and share of space heating.

4. Conclusions

Almost 30 percent of energy in the UK is consumed in the domestic sector, which highlights  the 
importance of energy efficiency measures in buildings. There are more than 5 million social  housing 
properties, mostly occupied by vulnerable populations, that require more consideration  while 
applying energy efficiency measures. Two sets of retrofit strategies were simulated in IES (VE)  to 
comply with the Part L and passive house standards in a case study building to assess its  performances 
in terms of thermal comfort and energy consumption.  
 The results indicate that implementing a high level of insulation and airtightness in buildings  can 
increase the risk of overheating during the summer, particularly in zones with higher internal  gain, like 
kitchens. Furthermore, during winter, part L retrofit resulted in a better performance, where  the PMV 
index was between 0.5 and -0.5 in 85 percent of hours. Finally, in terms of energy  consumption, there 
is a 60 percent energy-saving opportunity in the case study building, utilizing  triple-glazed windows 
and exterior wall insulation. This paper purely focused on building fabric  retrofit strategies by 
improving U-Values to the Part L and Passive House standards. Further studies  are required to assess 
the effects of other strategies such as shading, ventilation, thermal mass,  occupants' behaviours, 
orientation, other weather scenarios, etc. on the energy performance and  thermal comfort in the case 
study building. 
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Towards Inclusive Planning for Energy 
Transition in a Post-coal Future in the 
Hunter Valley, Australia

Extractive industries such as mining have a tremendous 
impact on the land, theenvironment, and people. Mining can 
define the economic and social environments of the workers 
and the urban areas and communities directly or indirectly 
impacted by the industry. The HunterValley has a long 
tradition as some intense coal mining sites have been 
established there since European colonization. The 
communities in the valley have experienced mining activities 
that impacted their lives and defined the valley's character 
closely related to energy production and export. However, the 
enormous environmental impact and the trends toward 
cleaner energy have prompted a transition stage in which 17 
mines will close in the next two decades, requiring rethinking 
the priorities and observing the emerging opportunities for 
designing post-coal futures in the Hunter. This study observes 
the planning initiatives, the process of mine closure, and the
challenges of promoting community participation. This study 
provides a state-of-the-art of current knowledge and 
approaches for designing and planning energy transition 
considering the multiple issues and complexities, emphasizing 
the social dimensions of these planning processes.
Furthermore, this study presents the results of community 
engagement efforts conducted in the Hunter Region toward 
defining pathways for promoting codesigning future scenarios. 
The findings of this study focus on analyzing the critical issues 
related to inclusive and resilient communities, which will be 
critical in designing the future of the Hunter Valley.
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1. Introduction
In the context of climate change and unpredictable multidimensional impacts that threaten the 

current development approaches, energy transition emerges as one of the crucial issues communities 
face that will define the adapting strategies at local, national, and global scales [1]. Conventionally, the 
discourse and policy on energy transition often dismiss the social impacts and the opportunities in 
favor of technological approaches to switch from fossil fuels to cleaner energy futures [1-3]. However, 
Feldpausch-Parker and Endres [1] claim that addressing energy transition as a socio-technological 
phenomenon enables a paradigm change from determining the technical feasibility of adopting cleaner 
energy technologies to understanding the complexities and messiness inherent to the social, political, 
economic, and cultural dimensions. Switching the approaches for planning and designing for energy 
transition allows rethinking its transformative potential arising from the coupling of social organization 
and energy production and consumption [4]. The planning for transformation in the context of cleaner 
energy futures represents a unique opportunity to reconsider development with sustainability, 
resilience, and equitable lenses to shape a desirable future [1-3].

Australia has a long history of coal extraction and has been crucial for its development, particularly 
in the estate of New South Wales (NSW). Coal extraction has enabled the development of towns and 
infrastructure during the twentieth century [5]. The positive image of coal in NSW was until recently 
prevalent in the social, cultural, economic [6] and political discourse [7]. However, Australia is finally 
witnessing a boost in the call for a transition to cleaner energy futures [5]. With the declining coal 
extraction and burning, the Hunter Valley in NSW is experiencing a transformation process with 
drastic changes that challenge the region's future development. Across the valley, 17 mines will close in 
the following two decades, threatening tremendous social, cultural, and especially economic impacts 
[8]. The initiatives proposed to address the transition from a coal dominant to promote development in 
a post-mining future have been considered inadequate as these fail to consider that "there is far more 
than rebuilding the economy" [9]. The community organization Hunter Renewal claims that the 
transition process requires restoring and rehabilitating the landscapes while addressing the different 
needs and concerns from multiple angles with inclusive and participatory approaches [9]. Furthermore, 
diverse case studies and researchers have highlighted the importance of multidisciplinary, spatial 
planning and governance approaches to address energy transition and design clean energy futures [2, 
10, 11].

Therefore, this study aims to analyze critical issues for inclusive planning in the context of energy 
transition based on the experience in the Hunter region, NSW, Australia. Thus, this paper compiles 
studies and case studies in an exploratory study regarding Australian and international experiences in 
energy transition to enable discussion for post-coal planning and design in the Hunter.

2. Materials and Methods

This paper is a state-of-the-art of current knowledge and approaches for designing and planning 
energy transition considering the multiple issues and complexities, emphasizing the social dimensions 
of these planning processes. The analysis of the literature body is intended to encourage the discussion 
about the post-mining future in the Hunter region. Peer review and grey literature were identified 
through online searching focusing on the following search terms or keywords: Mine closure, Energy 
transition, Energy transition in Australia, Mine closure in Australia, Energy transition in the Hunter, 
Mine closure in the Hunter, Planning for energy transition, Spatial and energy planning, Inclusive 
planning, and Participatory planning. The sources selected were analyzed through traditional 
literature review, also known as narrative or non-systematic literature review [12]. The narrative 
synthesis implies an interpretative technique to describe similarities, dissimilarities, and 
complementarities among the analyzed studies [13, 14]. Furthermore, by analyzing secondary data, this 
paper contains publicly available sources that do not require ethics approval from the University of 
Newcastle.
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3. The Social Dimensions of Mine Closure Towards 
Energy Transition

Mine closure profoundly impacts local communities left in a situation of distress as the local 
economies struggle, especially if these are highly dependent on extractive industries [15]. Additionally, 
essential services and facilities such as health and education facilities can disappear if these are 
provided or supported by mining companies [15, 16]. The closure of mining sites is significant in the 
lives of individuals, families, communities, and local governments [17]. Chaloping-March [17] claims 
that mine closure is more than a managerial and technical engineering process within the life cycle of a 
mine. Mine closure extends beyond the understanding of decommissioning extractive activities in a 
processing plant or the physical rehabilitation of a site and landscape [16]. 

Bainton and Holcombe [16] argue that mine closure and the post-mining processes can stretch for 
years and generations, which often uncovers various conflicting interests, values, and agendas among 
diverse stakeholders that will have their own visions and priorities of a post-mining future. Della Bosca 
and Gillespie [5] observe the challenges for local communities as these often develop long-term solid 
social ties and generational links to the extractive industries with positive and negative perceptions 
[18]. The complexities in the community-mining relationships also include extractive industries' 
valuable contribution to local identity and heritage [5]. Thus, Tschakert, Barnett [19] propose a 
values-based approach to climate change adaptation, which considers the loss of intangible assets such 
as knowledge, sense of place, social cohesion and identity.

Bainton and Holcombe [16] argue that resource development's full costs and benefits must be 
accounted for to understand the social impacts of mine closure. To do so, Bainton and Holcombe [16] 
propose a framework considering two critical concepts that highlight the social dimensions of mine 
closure: procedural fairness or justice and social risks [16]. Miller, Iles and Jones [20] observe that a key 
aspect of energy justice is ensuring community empowerment for people to choose whether and how 
energy systems and the impacts on their daily lives will change. Furthermore, social risks are associated 
with identifying key liabilities for companies, communities, and governments. Thus, Bainton and 
Holcombe [16] identified five procedural and risk dimensions (see Table 1).

3.1 Procedural dimensionse

A broad body of literature refers to sustainability as a cooperative and social expectation in the wake 
of mine closure, which entitles the integration of closure throughout the mining cycle with feasibility 
and environmental impact assessments [16]. Closure planning can represent an opportunity to 
influence decisions, trigger improvements to the project design, and improve outcomes. However, 

Procedural dimensions Risk dimensions 
1. Integration and sustainability 1. Housing and town normalization 
2. Stakeholder engagement 2. Service and infrastructure provision 
3. Baselines, risks and impact assessment 3. Economic linkages and transitions 
4. Governance process and the state 4. Indigenous engagement in post-mining land use  
5. Local-level agreements with communities and 
affected land-holders 5. Cultural heritage management 

Table 1. Organizing framework for addressing social dimensions of mine closure [16].
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integration might be challenging as it is often delayed and threatens with failing outcomes [16]. Siwik 
and Clemens [21] claim that the integration of impacted communities should be considered even before 
the mining operations promote social acceptance and support the closure as part of the mine life cycle. 
Understanding integration as an operational practice supports the development of internal capabilities 
within the relevant stakeholders and especially the communities, thus assisting the deeper ownership 
of mine closure plan and enabling its execution as intended [22].

Bainton and Holcombe [16] highlight stakeholders' engagement as crucial in the mine closure 
process and transitions for a post-mining future which requires effective communication throughout 
the process [23]. Everingham, Rolfe, Lechner, Kinnear, and Akbar [24] observed the existence of various 
criteria for engaging stakeholders, which adds complexity to the possibilities for engagement. 
However, the diversity in criteria also offers various opportunities for incorporating valuable 
perspectives, co-producing knowledge and ideas, facilitating dialogue, and fostering an open and 
positive future focus [24].

Risk assessments and risk management are crucial to operational management and management. 
However, the literature focuses on social risks narrowly addressed through company-centric 
approaches [16]. Instead, more attention is needed to the risks that closure may present for local 
communities, the impacts of these risks on operations or closure, and multiple relationships between 
the identified risks [16, 25]. Therefore, understanding and characterizing social risks and local forms of 
social capital around a mining project and using community indicators to forecast social and economic 
outcomes and provide ways of thinking about post-closure scenarios [16] and inform ongoing 
monitoring programs [26].

The existing standards, capabilities, and applicability or enforcement of policies and laws around 
mine closure is a contesting issue as it differs depending on the type of mining corporation, the existing 
policies and government capacities to enforce the law and the strategic objectives of the corporations 
towards the end of their operations [16]. Some corporations develop their own standards to meet 
broader industry norms and expectations and even manage corporate risks [16, 27]. Managing 
governance processes requires extensive work between governments, corporations and other 
stakeholders to develop the best framework based on good practices and understanding that no single 
jurisdiction in the world could provide an ideal model for mining closure policies [28].

The agreements between mining corporations, relevant stakeholders, and the local communities 
need to be done on a mutual benefit basis, considering engaging the local communities in visualizing 
future legacies [16]. However, the agreements reached with the local communities throughout the mine 
life cycle rarely address the post-mining futures [16], especially topics related to closure objectives and 
requirements considering social aspects. Observing the impacts and the needed relationships with 
social lenses evidence specific problems that are often dismissed. For instance, agreements with First 
Nations communities are contested as they are some of the most vulnerable groups. However, 
establishing agreements with aboriginal communities provides the opportunity to revisit and re-adjust 
the relationships established to collaborate in their desire legacy in the process of mine closure [16, 29].

3.2 Risk dimensions

Bainton and Holcombe [16] identified five risks (presented in Table 1) associated with mine closure 
and the transition to repurposing land use and energy transition from fossil fuel-based to cleaner 
alternatives. For instance, a common concern is the drastic reduction in population, especially in 
settlements and towns created near mining sites and solely intended to house mining workers or other 
staff dependent on mining activities. Infrastructure built for mining towns might be threatened to 
become useless as residents move away due to the termination of extractive activities [30]. Interestingly, 
in Australia, mining settlements have gradually been opened to other residents before the mine closure 
with the government gradually taking responsibility for critical services [16].

Despite the importance of defining the infrastructure handover left for its management, 
maintenance and provision of services, these are often dismissed, hindering the opportunities for 
post-mining sustainable economic development [16], especially in remote Australian areas [31]. 
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Interestingly, studies on mining economy suggest that the creative responses might equally influence 
the legacy of the mining corporations in repurposing the infrastructure, the changes in the landscape 
and the remediation and rehabilitation efforts at the end of the mine life cycle [16]. 

The economic transition towards post-mining futures represents a major concern for local 
communities as the closure impacts their economic welfare and the need for a just transition [32]. 
Phelan and Crofts [32] reported that in communities in the Hunter Valley in NSW, Australia, the 
conversations around the declining coal extraction industry evidenced three priorities for the 
community: a) a local authority to coordinate transition efforts, b) funding for a “flagship” job-creation 
project, and c) more resources for technical and vocational education. Furthermore, minimizing 
communities’ dependency on extractive industries and diversifying the opportunities for future 
economic activities are increasingly part of the reclamation and repurposing alternatives proposed by 
planners, designers, and communities themselves [16]. For instance, repurposing mining pit lakes to 
promote leisure tourism in post-mining stages could minimize risks to health and habitat if they are 
properly remediated [33].

One of the most challenging issues in post-mining planning are the conflicts associated with the 
social costs for First Nations or indigenous communities which are associated with high cultural 
impacts. The destruction of indigenous land and their cultural heritage is an issue that is intended to 
increase as a study by Kemp, Owen, & Muir [34] found that 54% of mining sites intended to extract 
minerals for energy transition overlap indigenous land. In addition, the same study calculates that 85% 
of the world’s lithium reserves and resources overlap with Indigenous peoples’ lands [34]. The 
conflicting interests between the mining industry and First Nations cause deep wounds that are 
extremely complex to heal and whose legacy of destruction of sacred places, even legally done that 
makes the government accomplice, last well after the cease of mining operations. A prominent recent 
case was Rio Tinto’s destruction of the Sacred Aboriginal rock shelters at Juukan Gorge in Wester, 
Australia to expand an iron ore mine [35]. Therefore, it is necessary to acknowledge that in many cases, 
it is simply not possible to restore landscapes to their pre-mining state and that for Indigenous peoples, 
restoration includes complex social, economic, political, and cultural considerations [16]. The strong 
social and political contingent associated with post-mining futures requires paying attention to the 
lived experiences and aspirations of First Nation peoples who will inherit these wounded landscapes 
despite the best efforts that could be made in their rehabilitation [16].

Once extractive operations end, the cultural and historical value of the mining sites prompt 
questions about the ownership and management of these areas of sensitive heritage data collected 
during operations and the management of cultural heritage in a post-mining era [16]. Examples from 
Europe [36] and the USA [37] demonstrate how infrastructure could be repurposed and integrated into 
the local landscapes or create new cultural landscapes [16]. Other examples from Australia present 
opportunities to create memorial sites or preserve mining towns, such as Broken Hill, as active heritage 
cities due to their mining history [38].

4. Addressing transition in the Hunter Region clean 
energy futures

The Hunter is Australia's largest regional economy, mainly dependent on primary industries 
such as mining, as the region holds nearly 40 percent of NSW coal deposits [8]. However, the 
strong influence of the coal industry in the physical, social, and economic landscapes that have 
shaped the region’s development is declining [9]. The fluctuations in coal prices and the global 
trends towards cleaner energy sources forecast a steady decrease in demand and, therefore, the 
need to rethink the future of the region’s socio-economic transitions. The decline of the coal 
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industry in the Hunter region means that 17 mining sites will cease operations in the next two 
decades, with the earliest Mount Arthur expected to close by 2023 [9]. Consequently, over 
130,000 hectares of land will be available for new uses, including over 50,000 hectares of buffer 
lands and more than 25 massive voids created for open-cut coal extraction across the Hunter 
Valley [39].

Hunter Renewal, a local initiative observing and analyzing the energy transition in the region 
and serving as a platform for collaboration and engagement, claims that the post-mining transition 
cannot solely be based on economic development grounds, which has been the trend so far [9]. For 
instance, in the Hunter Regional Plan 2041, the NSW government focused on diversifying industry 
and employment in the region to face mine closures [40]. However, Hunter Renewal [9] claims that 
coordination based on government-industry meetings cannot achieve the full potential for 
redevelopment of the region and that this process requires the regular engagement of local 
communities and other relevant stakeholders. The engagement work conducted by Hunter 
Renewal considered five key areas. Also, based on conversations with communities and 
stakeholders, recommendations for each area were defined to enable the participative process of 
codesigning the future of the region, see Table 2.

Key areas Recommendations 

1. Rehabilitation 
and Landscape 
Restoration 

a) Set legal obligations to prevent mine operators from leaving final voids and becoming 
hazards to human and environmental health 
b) Increase penalties for failure to meet rehabilitation commitments 
c) Establish an independent research center to develop and demonstrate best practice 
standards for mine rehabilitation 
d) Increase security bonds to cover the actual cost of rehabilitating each mine 

2. Regional 
Planning and 
Governance 

a) Increase coal mining royalties to fund the region’s transition and repair the landscape. 
b) Create an independent restoration commission to develop a landscape vision, 
coordinate restoration, and enforce best practice standards for mine rehabilitation and 
closure 
c) Use disturbed land closest to infrastructure for new industries to alleviate the impacts 
on local communities. 

3. Community 

a) Mandate greater community involvement in post-mining land use planning 
b) Ensure new developments benefit local communities for the long term. 
c) Create a public information hub showing maps and details of current rehabilitation 
plans and progress. 
d) Increase funding to TAFE (technical and further education) for new courses that train 
local people for jobs in regenerative industries 

4. First Nations 

a) Support the return of mine-owned land, especially unmined buffer lands, where 
sought by Traditional Owners  
b) Engage Traditional Owners in decision-making and planning for new projects on 
mining lands from the outset 
c) Prioritise employment for local Indigenous people in land use restoration and 
rehabilitation projects 

5. Climate and 
Environment 

a) Set caps on carbon emissions and water use on all current mining activities and future 
developments on mining lands 
b) Establish a region-wide biodiversity corridor system that includes rehabilitated mined 
lands and restored buffer lands 
c) Prioritise the restoration of waterway ecosystems on post-mining land 

Table 2. Key areas of engagement and recommendations for transition in the Hunter Region [9].
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5. Discussion and conclusions
This paper presented the issues emerging in the energy transition process in the context of 

mine closure that proposes transitioning from fossil fuel extraction-based development to 
rethinking sustainable futures. The proposed approach goes beyond the most evident economic 
transition to integrated approaches in which the social dimensions, impacts, and risks emerge as 
crucial to promote the discussion about inclusion and community engagement. Following the 
Bainton and Holcombe [16] proposed framework, considering procedure dimensions and risk 
dimensions enables the discussion of some of the main concerns for mine closure planning and 
understanding of the possible impacts of the decisions taken in a complex and messy planning and 
implementation process for post-mining development. In identifying community priorities and 
main concerns resulting from engagement efforts in the Hunter Region facing a process of mining 
decommissioning, Hunter Renewal offers an alternative perspective to the government and 
industry priorities [9]. The strong focus on social concerns and the necessity to engage 
communities and relevant stakeholders beyond the government-industry agreements echoes the 
Bainton and Holcombe [16] framework.

Recommendations presented in Table 1 show the communities concerns and priorities. For 
instance, there is a preoccupation with accountability in decommissioning the mines and the 
landscape left behind, whose appropriate restoration and rehabilitation must be ensured through 
securing financial resources, developing technical capabilities, and setting adequate standards and 
policies. Community engagement in decision-making is crucial, particularly concerning culturally 
appropriate approaches to engage First Nations or Indigenous communities. Furthermore, 
community engagement strategies should also encourage the development of upskilling 
opportunities representing the economic transition through training and retraining for active 
community participation in the region's future economic development. Finally, transparency and 
independence are paramount in planning, designing, coordinating, and delivering post-mining 
future scenarios of the Hunter region and their materialization, focusing on the long term.

Based on the discussion in this paper, the complexities in the transition planning and codesign 
process require extensive and continuous participative work in the long term. In the case of the 
Hunter Region transition, one of the first mining sites to be decommissioned by 2030. This process 
will provide valuable lessons on what to do or what not to do, which requires developing adaptable 
capacities to incorporate good practices and avoid repeating failures. Furthermore, the importance 
of the Hunter Region, the scale of the land rehabilitation, and the economic and human impacts of 
the post-mining planning and implementation will become a national and global reference towards 
the current transition trends to cleaner energy futures.
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