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Title: Are zero-carbon homes suitable, comfortable and adaptable for the end-user?
[bookmark: _Toc70182336]Chapter 1
[bookmark: _Toc70182337]Introduction
The aim of this study is to establish the importance of balancing sustainable design with the usability and end-user’s comfort within zero-carbon homes. Understanding the end-users needs from an architect’s perspective is important as a successful sustainable building should be durable, adaptable and comfortable (Kim and Rigdon, 1998). However, Bibri (2020) suggests focus is currently put on the natural environment and ecosystems rather than economic and social aspects of design. 
[bookmark: _Hlk57990127][bookmark: _Hlk59098031][bookmark: _Hlk59107138][bookmark: _Hlk62470986]Architecture and the construction industry account for 25-30% of energy consumption and 40% of global carbon emissions (Pearce, 2012; Grijp et al., 2019). Achieving greater sustainability in construction is important as the sector consumes more energy and resources than any other economic activity (Ghani, 2012). This study focuses on housing as the residential sector currently accounts for approximately 27% of carbon dioxide (CO2) emissions in Europe, therefore the development of low-energy and low-carbon housing has become essential in reducing emissions (Burford and Pearson, 2013; Yeatts et al., 2017; Madrazo et al., 2018). In addition, about one third of all electricity is currently consumed in the housing sector, therefore it is important to reduce the amount of energy homes consume. There is evidence that homes can successfully save on energy usage and carbon emissions e.g. the Active House project in Neath is suggested to save residents a total of £823 per annum (Bakovskis, 2017). Bergman (2012) and Pelsmakers (2015) suggest that the environmental footprint of construction can be greatly reduced if there are improvements in the use of renewable sources. 
[bookmark: _Hlk57989609][bookmark: _Hlk62471571][bookmark: _Hlk62471155][bookmark: _Hlk68026110]To achieve this reduction in energy use and carbon there have been many targets set e.g. the Royal Institute of British Architects (RIBA) 2030 Climate Challenge indicates that operational energy in new buildings should be reduced by 75% by 2030 in response to their declaration of a climate emergency (Clark, 2019). Furthermore, the UK has set a target to reduce greenhouse gas emissions to net-zero by 2050 (Clark, 2019). Paoletti et al., (2017) and Stevenson et al., (2013) suggest that all new construction, from the end of 2020, will have to reach the standard nearly Zero Energy Buildings (nZEBs) in accordance with the Energy Performance of Buildings Directive (EPBD) (2010). Furthermore, the 2015 Paris agreements stated that a 40-70% reduction in greenhouse gas (GHG) is required by 2050 (Kristjansdottir et al., 2017). As well as these targets many schemes have been implemented within the construction industry e.g. the UK has incorporated policies such as The Code for Sustainable Homes (CfSH) to increase the energy performance of domestic dwellings. Additionally, assessment tools such as Passive House and Standard Assessment Procedure (SAP) that are used to evaluate building design (Pomfreta and Hashemia, 2017). 
Moreover, it is vital that energy usage and carbon emissions are reduced as the Welsh Government figures in 2019 indicated that 12% of the population are in fuel poverty (Jofeh, 2019). A report by the Department for Communities and Local Government (DCLG) (2014) suggests new homes need to be 30% more efficient, with savings of about £200 per annum for residents. Emphasising the importance of improving on current building standards and moving towards zero-carbon homes. 
[bookmark: _Hlk62471793][bookmark: _Hlk57982376][bookmark: _Hlk62471346]Homes can have a significant impact to health and wellbeing of occupants and in the UK people spend over 50% of their time in their homes (Home Quality Mark (HQM), 2020). Buildings need to create healthy and liveable environments, whilst meeting current needs and be able to adapt to future needs of the occupants. As ‘smart homes’ and new technologies are being introduced users are becoming more dependent on digital technologies, therefore it is important that occupants can manage and maintain these. However, technologies are becoming too complex which in turn reduces human control and can impact user comfort and experiences. The Home of 2030 report states that digital technology should be able to be easily controlled and maintained so that the indoor environment can be warm, comfortable and well ventilated (Design Council 2020). However, older generations are more likely to face barriers with the adoption of technology, therefore making it difficult to create a home which is adaptable to many life-stages and reliant on new technologies. Furthermore, the way in which people live and use their homes is changing, e.g. Covid-19 has meant people are spending much more time in their homes (Coppock, 2020). The Design Council (2020) indicates the importance of the occupant in designing a home and how their experiences and perspectives can help improve the design of homes. Suggesting that in these current times people have become increasingly aware of both the positives and negatives of their environment as they are spending more time in them, people are now wanting more space to work from home, requiring individual zoned spaces as opposed to open plan areas, and access to a larger outdoor space (Pollard, 2020). Furthermore, this has emphasised the importance of being able to extend and adapt homes, but with homes becoming smaller, the introduction of renewable technologies, and using a ‘fabric-first’ approach it has made homes slightly harder to adapt (Coppock, 2020). The Home of 2030 report recognises the need for new housing supply that are built to last, provide healthy environments, be fit for purpose, and be easily controlled and maintained. The report highlighted that in general current homes cannot accommodate for the needs of their occupants e.g. cannot be adapted or extended to accommodate multiple generations with varying needs. 
[bookmark: _Hlk59098249][bookmark: _Hlk57991935][bookmark: _Hlk62471220][bookmark: _Hlk62471085][bookmark: _Hlk59099986][bookmark: _Hlk62471606]Furthermore, there is evidence to suggest that users can have a significant effect on building performance and energy use e.g. studies have shown that two identical houses can have different energy consumptions and performance ratings (Sherriff et al., 2019; Dam et al., 2010). Basir and Basir (2012) highlight that all technology needed to create zero-energy and zero-carbon homes are readily available, but uptake in these approaches is slow. Reaching zero or positive net-energy is not actually difficult (Berry et al., 2014). However, little is known about the experience of residents and there is a lack of qualitative research e.g. do these homes provide comfortable environments and are they easy to control and maintain when new technologies are introduced (Kim et al., 2013). Sherriff et al., (2018) recognise that low and zero-carbon homes are essential to transitioning the housing stock towards a sustainable future and reduce energy usage and emission. In addition, zero-carbon projects could benefit from a user-centred approach to improve reliability and usability of these homes.
[bookmark: _Hlk62471825][bookmark: _Hlk62471710]Therefore, this study focuses on the delivery of new zero-carbon homes as the housing stock is said to increase by half a million by 2022, this demand must be met while also providing sustainable and affordable homes (HQM, 2020). Additionally, around one third of dwellings in 2050 are yet to be built, and there are plans for 3-million more homes in the UK (Wright, 2008). These issues, such as decreasing house sizes and increasing energy demand, will need to be addressed and new zero-carbon homes will need to improve on current standards to prevent retrofitting in the future. 

[bookmark: _Toc70182338]Methodology
For the purpose of this study a qualitative approach was used through the form of semi-structured interviews. This allowed for the researcher to gain in-depth knowledge, opinions and experiences, from qualified architectural professionals, as opposed to using a questionnaire, which would have limited answers (Silverman, 2013). Furthermore, semi-structured interviews allowed for new additional questions to be asked or questions to be adapted to clarify information and meaning (Bryman, 2016). A participant information sheet (see appendix A), which explained the purpose of the study, was emailed to the participants prior to the interviews taking place. Additionally, a list of interview questions were made available to each participant beforehand (see appendix B). Each interview was conducted online due to the current pandemic and were recorded for transcription; they varied in time from 25-minutes to 110-minutes. The data were then analysed to highlight themes, sub-themes and patterns (see appendix C) (Creswell, 2018). Seven participants were interviewed (see appendix D) and were chosen based on their expertise and experiences within the field of sustainable and zero-carbon buildings/homes. 
Additionally, a literature review was conducted with the use of search terms to find the most relevant, up-to-date articles, journals and papers. Furthermore, several conferences were attended e.g. the Royal Society of Architects in Wales (RSAW) 2021 annual conference and ‘Towards Net Zero’ 2021 webinar. 
[bookmark: _Hlk57989917]
[bookmark: _Toc70182339]Aims and objectives
The aim of this study was to establish the importance of balancing sustainable design with the usability and end-user’s comfort within zero-carbon homes. To address this aim four objectives were explored: 
1. To define and establish what is a zero-carbon home
2. To establish architects’ views of the quality and design of zero-carbon homes
3. To analyse building plans of 3 zero-carbon homes
4. To investigate if zero-carbon homes are fit for purpose, adaptable for changing needs and life-stages and easily maintained
[bookmark: _Hlk68865499]

[bookmark: _Toc70182340]Chapter 2
[bookmark: _Toc70182341]Defining Zero-Carbon 
Zero-carbon in the construction industry can be difficult to define, because of the various stages within the building process e.g. construction, operational and end-of-life (Ares, 2016). A common theme that was highlighted throughout the findings of this research, was that there is no agreed definition and CTD emphasised that “zero-carbon means lots of different things to lots of different people”. When asked to define zero-carbon many participants felt they gave a “long-winded definition” (ER) and it was a “really hard question” (RW), with all participants unable to provide a clear, succinct answer. It is widely recognised that a zero-carbon home is a building that does not increase the amount of CO2 in the atmosphere (Zero Carbon House, 2021). However, there has been disagreement within the industry over what is to be included in the definition of zero-carbon (Berry et. al., 2014) and six out of the seven participants agreed that classifying zero-carbon can be difficult and problematic. Five participants suggested that no home can currently be classified as zero-carbon and that “we've never got anywhere near having zero-carbon through construction” (AL). RW said:
So I don't class any of the projects that we've worked on as net zero-carbon or zero-carbon, and I'd be very, very wary about any person that actually does claim that, there might be some out there, but you'd want to see the data.
This is supported by another two participants who both questioned if zero-carbon is currently “feasibly or technically possible” (ER) and participant JC highlighted that they “doubt that there are very many truly zero-carbon houses or buildings in existence”. CTD highlighted that zero-carbon is a “loaded label” (CTD) and many people within the construction industry disagree on what qualifies as zero-carbon and she suggested that this could be because stages such as embodied and end-of-life carbon are overlooked in some projects. 
Moreover, operational energy can be further divided into regulated and unregulated use, but there are often challenges with monitoring unregulated energy, because many schemes calculate this at a very late stage of the design process or in certain circumstances not at all. This was supported by five participants who suggested that unregulated energy is often ignored as it can be “difficult for architects to design out” (CTD). This is due to unregulated energy including “plugin loads, so … computers, phones, and TVs” dependent on the individuals (RW). Factoring in unregulated energy is important as with some homes unregulated energy can account for 50% of total energy use (Leyden, 2019). Furthermore, participant AS highlighted that “building regulations has ignored unregulated energy”, even though it can contribute “about a third of the overall energy usage of a home”. This is supported by RW who acknowledged that both building regulations and the CfSH did not factor in unregulated energy into their definitions. 
Also, from the interviews it was established that the decarbonisation of the grid will have a significant impact on homes achieving zero-carbon in terms of both regulated and unregulated energy. AS proposed that for a home to be “truly operational net zero-carbon, we need to be understanding the carbon emissions at the time the electricity was drawn from the grid”. Whilst this results in fewer homes currently achieving zero-carbon, it makes for a more “deliverable answer” (AS). JC suggested that construction prices will become more affordable with the decarbonisation of the grid and zero-carbon would be “easier to achieve”. 
Five participants indicated the importance of having a “holistic approach” to designing zero-carbon homes, this includes factoring in operational, embodied and end-of-life carbon. However construction carbon is often overlooked even though it has the potential to impact significantly on the ‘carbon cost’ of a home (Leyden, 2019). RW identifies that using renewable technologies e.g. photovoltaics (PV) can account for about 35-40% of the whole-life carbon and all participants agreed that operational carbon is much easier to calculate and predict. But embodied carbon is equally important, and it is “critical that people now address the embodied carbon side of things” (JC). To reduce embodied carbon three participants indicated that sourcing locally and specifying materials such as timber as opposed to concrete and steel is essential (ER, AG, CTD).
A sub-theme that was frequently highlighted within the interviews was the use of offsetting to achieve zero-carbon. Four of the seven participants indicated that all definitions currently include some form of offsetting, such as planting trees (JC). The UK Green Building Council (UKGBC) have produced a ‘net zero-carbon hierarchy’ diagram (see figure 1) which signifies the importance of an efficient building fabric, followed by the addition of renewables, both onsite and offsite, and finally the use of offsetting. However, three participants disagreed with the use of offsets within the construction of new homes. AL acknowledged the use of offsets in their projects, “although we try to minimise it” and JC suggested that this “isn't ideal”. This is supported by RW who explained:
All those offsets really need to be going into the hard to tackle areas like aviation, shipping, stuff that is really hard to decarbonise. That is where the offsets need to be used for, not for buildings, buildings need to cover themselves … And I really question the offset approach, because if everyone did it, it's kind of just like hiding the mess.
[image: ]




Figure 1: Net Zero-Carbon Hierarchy Diagram (UKGBC, 2019)


The findings of this study support the UKGBC (2019) framework, suggesting that the use of offsetting should only be considered as a final option. This is supported by The Zero Carbon Hub within their three-stage criteria definition of zero-carbon, namely an energy efficient fabric, on-site low or zero-carbon energy, and the use of ‘allowable solutions’ (offsets) as a last resort (Leyden, 2019; Pomfreta and Hashemia, 2017). Therefore, offsets should not be prioritised in the design of zero-carbon projects rather the other stages of the framework should be viewed more prominently and given more consideration, and as the framework intended to be used as a hierarchy.
[bookmark: _Hlk59100351][bookmark: _Hlk62471031]It was highlighted from the interviews that the definition that best classified zero-carbon was the UKGBC (2019) framework. Two participants agreed that it is “closest at the moment” (RW) to achieving zero-carbon in the areas discussed above, e.g. including unregulated energy, reducing offsets and having a holistic approach. The UKGBC (2019) conducted a survey whereby respondents supported a two-tier definition (figure 2), with the aim of transitioning from operational to a whole-life definition. But several professionals suggest that the UKGBC two-tier definition may be confusing, indicating one definition would be simpler to follow in the construction industry (Pomfreta and Hashemia, 2017). This is supported by Gies (2008) who suggests using simple principles to guide sustainable design is most effective, many homes are complex and overbuilt and a simple net-zero energy and zero-carbon definition would be beneficial. CTD suggested that zero-carbon is not “particularly complicated”, but each stage has many elements to it which can make it more difficult to define. Furthermore, it is argued that all definitions should include the whole process e.g. construction, operational and end-of-life.
[image: ]



Figure 2: Two-Tier Definition for Zero-Carbon (UKGBC, 2019)



To summarise, the objective was to define and establish what is a zero-carbon home. From the interviews it was established that zero-carbon is difficult to define and multi-faceted in nature. There was no consensus of one definition, but key findings suggest that there needs to be a holistic definition and approach to designing zero-carbon homes. However, this should include all elements within construction, operational and end-of-life stages. But within these stages, essential areas are often overlooked such as unregulated energy and embodied carbon. Furthermore, the easier option of offsetting may be used excessively and prioritised in order to achieve zero-carbon targets; rather than considering efficient fabrics and the use of renewables. It is argued that for homes to be truly zero-carbon, a national approach, such as decarbonisation of the grid and a clear, succinct, and feasible definition needs to be in place. It is suggested that the UKGBC (2019) definition is the most relevant at present to achieving zero-carbon targets and therefore for the purpose of this dissertation the UKGBC (2019) definition will be used when referring to zero-carbon. 


[bookmark: _Toc70182342]Chapter 3
[bookmark: _Toc70182343]Standards and regulations 
[bookmark: _Hlk62472044]Within the UK there are numerous housing standards which have been introduced over the years, the earliest recorded in 1667, and the most common being Parker Morris (Park, 2017). Several of these standards show similarities in aspirational space and quality, and the report by Parker Morris (1961) raised related issues that are still faced today such as a high volume of housing needed that would continue for many years. All participants interviewed in this study, highlighted that space and having ‘sufficient space’ within homes is a concern faced in many developments, with several resulting in a lack of storage, and homes not being practical for people. According to RW, the UK has the smallest new build homes in Europe, and this is highlighted in figure 3 below, which shows the UK has the smallest floor space and room sizes in comparison to the other fourteen European Countries (Park, 2017). Furthermore, there is a significant difference between the size of all dwellings and new build homes, with an average of 76 m2 for newly built dwellings.
[image: ]
Figure 3: Average Floor Space of European Countries (Park, 2017)


[bookmark: _Hlk62472095]The Parker Morris (1961) report recommends the importance of making homes adaptable as people are living longer, therefore their needs are changing within the home. These issues are outlined in new standards and regulations e.g. size, quality and adaptability of homes, and many standards have been introduced in recent years to try to improve and solve these issues. Many residential buildings have lifecycles of approximately 50-100 years; therefore it is important to consider the whole lifecycle of a building when designing, and to consider the adaptability and sustainability for future needs (Georgiadou et al., 2013). 
The CfSH introduced the ‘Home Office’ criterion, which promoted flexible interior spaces that could accommodate multiple functions; this code was introduced in England in 2006 but adopted by Wales and Northern Ireland shortly after (DCLG, 2009). The aim of the CfSH was to improve overall sustainability of new homes, setting out a national standard. The code ranged from level one to six and covered many areas including energy consumption and occupant health, it also set out size standards and suggested homes should be easily adaptable (DCLG, 2009). However, some professionals treat this as a ‘tick box’ exercise and only include the minimum requirements to score highly (Georgiadou et al., 2013). The CfSH was abolished in 2015, however many believed that this standard helped to improve the quality and sustainability of the UK building industry (Zero Carbon House, 2021). RW highlighted that CfSH was abolished by the government as there were concerns about the “affordability, and viability of building everything to code level three, four, or five”. Five of the seven participants within this study mentioned the CfSH and other sustainable government schemes e.g. the Innovative Housing Programme (IHP), Housing Partnership Programme (HPP) and the Nationally Described Space Standards (NDSS) in England. Several participants agreed that these government schemes have been drivers in achieving zero-carbon and sustainable homes, e.g. the IHPs have provided a “really good learning process” (AL) both for architects, the housing associations, and the Welsh Government, with AL highlighting they have been involved with eight IHP projects in the past three to four years. The IHP and HPP projects have been successful in promoting new ways of sustainable construction e.g. Active Homes Neath, which uses PV and battery to power the homes and reduce reliance of the grid (ER). In addition, a Cardiff HPP has shown a “17% improvement over building regulations in terms of thermal performance” (AL). However, CTD did raise the issue:
… the government sets something … then by the end of the day, that new homes target was taken out and nobody said anything about it.
Furthermore, CTD indicated the government have not implemented or set targets from schemes they have run e.g. the government funded a Passive House scheme in Wales 10-15 years ago, but the “same old, noddy box” (CTD) is continuing to be built. It was agreed by two participants that “more guidance from the government” (AL) is needed and CTD purported that this guidance should be “from the government rather than the RIBA”. 
[bookmark: _Hlk62472159]Similarly, the Lifetime Homes standards (LTH) (2010) promotes accessible and easily adaptable spaces to meet the changing needs of current and future occupants. LTH, originally developed in 1991, sets out 16 criteria regarding sizes and requirements to ensure homes are adaptable and usable by all, with a focus on elderly and disabled people being able to live in their homes for longer (LTH, 2010). Furthermore, Beautiful Homes and Spaces (BHS) (2020) sets out minimum functional quality standards, stating homes should be of high quality, flexible, responsive to the changing needs of the occupants and be of sufficient size. Four participants emphasised the importance of “designing for disabilities … making places as accessible as possible and as future proofed as possible” (JC). These schemes ensure a “sustainable stable community” (ER) is provided and make it possible for the residents to continue living in their homes, such as designing: 
… a downstairs accessible WC that can be also converted into a shower room … ensuring a wheelchair confined person can use the kitchen … and showing where you would put a through floor lift in plan.
These LTH standards also specify that any work or adaptions to a home be affordable, this is supported by ER who states that “you must be able to very cheaply instal a stairlift, so winding staircases would be unsuitable”. Additionally, these standards include improvements for people who are partially sighted such as the use of contrasting colours to define objects (ER). RW suggested the LTH and the BHS are “fairly good standards … providing adequate space around furniture and future adaptions”. This is supported by AL who emphasised the positives it can have for the end-user. 
[bookmark: _Hlk62472134]Moreover, AL pointed out that “there's a lot of adjusting to be done within the industry” e.g. providing a universal standard for all developers, housing associations and clients to follow. The Development Quality Requirements (DQR, 2016) sets out minimum functional standards for social housing providers, which must be adhered to in order to gain funding. However, private house builders or self-builders do not need to follow the same requirements, which has caused confusion by the introduction of mandatory and optional standards and regulations. It was suggested by three participants that a “unified approach is needed to level the playing field” (RW) between private housing and social housing to allow for future adaptions. 
The DQR document sets out “space standards, number of sockets in rooms and furniture requirements, all as a kind of minimum” (AL). This standard is above building regulations regarding size and adaptability, ER indicated:
You can't build a tiny box two-bedroom house, like some of the private sector house builders do, a typical two-bedroom house from our [housing association] point of view would be something like about 81m2. Whereas a typical two-bedroom house on a private estate could be as low as 63m2.
A reduction in space standards results in significantly less storage space, less adaptable spaces e.g. not being able to work from home, and “reduces the ability for that home to be occupied by people with different mobility needs” (ER). However, AL stated that “everyone lives differently … we all sometimes live within our own confines”, which suggests that it can be difficult to actually set space standards and requirements as ‘enough space’ is subjective. 
Three participants agreed there should not be any distinction between both private and social housing, and RW suggested that all homes should “meet the same standards … so every single home is lifetime homes compliant”.  For instance, on a project called Gwynfaen “market housing is a lower standard than the social housing” (RW). Furthermore, the DQR (2016) suggests the quality of the external layout is as important as the internal layout; homes should be flexible, responsive to changing needs of the occupant and accessible for all life-stages. 
[bookmark: _Hlk62472125]The Welsh Government (2020) report states the Mandatory Quality Standards for new homes will replace DQR as these are out-dated e.g. housing is becoming too small and compliance with LTH and other mobility considerations are becoming challenging. Within the interviews the topic of ‘outdated building regulations’ was discussed frequently. It was highlighted that for buildings to be anywhere near achieving zero-carbon or net zero-carbon developments must be “significantly above minimum building regulations” (AS). It is argued that developers have the responsibility to produce, improve and set their own standards to achieve zero-carbon targets.  This is supported by ER who explained that all their housing association projects aim “to move from current standards sooner than the next change in building regulations, which is timed for 2025”. RW argued that “2025 is far too late” and too slow as current standards are “not fit for purpose”, therefore adhering to current building regulations will result in homes needing to be retrofitted in the future to meet zero-carbon targets. 
[bookmark: _Hlk59099752][bookmark: _Hlk57987999]It is suggested that an alternative to some of the standards and regulations discussed is a scheme introduced to improve the quality of homes, namely Active House (2019). The specificiations strongly promote comfortable living conditions for residents, such as improving daylight, thermal comfort, both in summer and winter and spatial comfort (Eriksen, 2015). Calbureanu et al., (2018) highlight the main factors of Active House specifications are comfort, energy, and environment; creating a comfortable interior climate for the resident is equally important as the sustainability and technical performance of the home. As Williams (2017) emphasises people spend 90% of their time indoors, and approaches such as Active House make the residents centre of the design. Developing and designing homes which are accommodating, habitable, and combine passive technologies e.g. natural ventilation and solar gain can increase comfort, improve usability and be adaptable for the end-user.
[bookmark: _Toc70182344]Assessments (after construction)
[bookmark: _Hlk62472785][bookmark: _Hlk62472677][bookmark: _Hlk62472733][bookmark: _Hlk62472769]There are numerous building certification schemes and standards, e.g. HQM which is a user-focused assessment; it covers areas such as energy consumption, durability, quality and size of spaces. The report by HQM (2018) suggests that the home should be accessible for all and aims to reduce the performance gap seen in many homes from predicted to actual quality and efficiency. Additionally, the EPBD (2002) was introduced to ensure that all EU states worked towards minimising their energy usage and adopt the building energy performance rating methodology and certification known as EPCs. Prior to this directive in 2002 most EU countries had their own form of thermal performance requirements e.g. SAP in the UK (O’Sullivan et al., 2020). In 2010 the directive was updated, to ensure that all new buildings meet the ‘nearly-zero energy’ target from 2020. Updates were made in 2019 to introduce a ‘Smart Readiness’ indicator, this measures the building’s ability to integrate technologies and to be easily adapted to the needs of the occupants and the grid. Key changes have also been made to the building regulations Part L (energy efficiency) and Part F (ventilation). However, these current regulations do not include enough measures to enable net zero-carbon by 2050. Furthermore, the Wellbeing of Future Generations Act (Wales) 2015 outlines the importance of making decisions now that will not have adverse effects for the future, this includes ensuring buildings are flexible to changing needs.
Many of these assessment schemes base their criteria and scoring on the standards and regulations as mentioned previously, e.g. Parker Morris space standards, the CfSH or LTH. However, the aims of each for these schemes vary, therefore, evaluations and comparison of buildings can be difficult. This is highlighted in a paper by O’Sullivan et al., (2020) where buildings were assessed using different certification schemes, which resulted in each home performing differently. This is supported by RW who indicated:
[A home might be rated] a SAP B, in reality might perform better than a SAP A, or a SAP A might perform the same as a SAP C. Also part of the problem is the fact that SAP not only looks at kind of the energies that you use, it looks at the affordability of energy as well … it's not a good measure of actual performance.
Furthermore, this can be an issue in low-carbon projects as some assessment tools i.e. SAP do not always favour sustainable projects that rely solely on electric energy and AG stated that SAP “has many flaws”. RW indicated that government schemes as mentioned above often require projects to “achieve a SAP score of 97 or higher … showing how challenging it is to get to sort of a true zero-carbon”. The findings highlight the need for a new assessment method that considers factors such as renewable technology and low or zero-carbon solutions, as many homes perform well in reality but display poor scores during the assessment process (Romanach et al., 2017). RW suggested assessments such as London Energy Transformation Initiative (LETI) and Passive House as they focus on energy use and performance of the home, as well as accounting for form factor. 
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Description automatically generated]Analysing Standards (space, adaptability, and comfort) Figure 4: Solcer House Plans (Jones et. al., 2015)
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Description automatically generated]Figure 5: Lighthouse Plans (Potton, 2007)
Figure 6: Parc Hadau Plans (UKGBC, 2021)

Space
Three zero/low-carbon projects were analysed for this study to compare standards discussed above e.g. LTH, CfSH, BHS, and DQR. Firstly, the Solcer House which meets DQR standards and combines renewable energy sources, and thermal and electrical storage to reduce operational carbon and provide an energy positive home (Jones et. al., 2015). Secondly, Lighthouse which was designed to meet code level six (CfSH) and is the UK’s first net zero-carbon house (Potton, 2007). Thirdly, Parc Hadau, a 35-home development that will use PV and consider ‘time-of-use’ grid emission to achieve annual zero-carbon targets, also the scheme complies with the Welsh Social Housing DQR standards (UKGBC, 2021). 
All participants highlighted the importance of providing adequate space within a zero-carbon home to provide an adaptable, flexible and comfortable environment, which is supported by Williams (2017). However, JC indicated that an increase in size of homes significantly impacts upon efficiency and energy usage e.g. a larger home could potentially have more embodied and operational carbon. Perlova et. al. (2015) highlighted the importance of space planning and design decisions as they can have a significant impact on the energy consumption of the building. But RW suggests a balanced approach is needed within zero-carbon homes to meet carbon targets, provide a usable home, and improve end-user comfort. Furthermore, AG highlighted the importance of considering storage and the location of renewable technologies within a zero-carbon home at design stage as new build homes already have a “tight and compact layout”. Several participants indicated the use of PV, heat pumps, Mechanical Ventilation Heat Recovery (MVHR) units, and battery storage to achieve zero-carbon within the operation of a home. CTD emphasised that “quite a large area for the kit” is needed e.g. MVHR units are comparable in size to a “big double fridge”. Also, JC suggested that sufficient space is needed for tanks, controls and battery storage. This is demonstrated in the Lighthouse plan (figure 5) which indicates the large size of the MVHR unit on the second floor. This space has significantly reduced the amount of usable storage available to residents e.g. Lighthouse has significantly less storage space when compared to Parker Morris Standards (4.1m2), BHS (2.5m2), and DQR (3m2). Similar findings were shown when analysing the storage space provided for the Solcer House (figure 4) and Parc Hadau (figure 6), however, these two houses do comply with the BHS storage space of 2.5m2. 
All three projects analysed have larger floor areas than the DQR (Red box figures 4, 5, & 6) and Parker Morris Standards (Green box figure 4, 5, & 6). Both the DQR and Parker Morris standards were highlighted by participants to be some of the best standards currently available regarding quality and providing generous space for occupants. RW proposed that all homes currently being delivered are “not fit for purpose”, as even though the projects analysed met and went above space standard requirements, they face issues such as lack of usable space and adaptable rooms. Therefore, it is argued that standards need to be improved to provide end-users with more space to accommodate for renewable technologies and ensure homes are usable. 
[bookmark: _Hlk62472078]Adaptability
Furthermore, five participants indicated that flexibility and adaptability within homes is critical in meeting the needs of various families and accommodating for differing lifestyles. Additionally, ER suggested that people’s requirements of their homes are changing, e.g. having separate spaces to work from home and larger outdoor spaces. However, with compact designs of new build homes and the introduction of renewable technologies, flexibility of space is vital in achieving a comfortable and adaptable layout. JC concurs that adaptability is important when designing a zero-carbon home as the “lowest carbon development is one that already exists”. Therefore, future proofing a home will allow residents to continue living there into older age or change in circumstance. Furthermore, ER highlighted that occupants should not be forced to move due to their home not being adaptable, e.g. not having an accessible shower room or being able to fit a stairlift. Parc Hadau (figure 6) and Solcer House (figure 4) provide adaptable and flexible room layouts to ensure a home is suitable for all future occupants. Parc Hadau and Solcer House comply with several DQR, LTH, and BHS requirements, these include, providing a 1.5m diameter turning circle for wheelchairs in the living room, entrance hall and kitchen; ensuring there is a minimum of 750mm either side of a double bed; and a clear 900mm run on staircases to accommodate a future stairlift. Additionally, BHS require a single bedroom to be at least 6.5m2 and have a width of no less than 2.1m. However, Lighthouse (figure 5) is less adaptable e.g. having an entrance hall and stairs less than 900mm wide, therefore it would be difficult to accommodate a wheelchair user as the rooms are significantly smaller than requirements and less flexible in layout. Additionally, LTH indicates providing a social space e.g. living room, kitchen or reception area on the ground floor to accommodate wheelchair access for visitors. Homes that are not compliant with these standards outlined above can be very difficult to adapt. ER highlighted that adapting non-compliant homes is very expensive e.g. he previously conducted a study whereby findings suggested it cost £6,500 on average compared to £1,000 for LTH. In addition, ER outlined that of the homes studied only 40 LTH required adapting, in comparison to the 500 non-LTH compliant buildings.
Moreover, several participants described the importance of designing zero-carbon homes with a ‘fabric-first’ approach, this focusses on providing an energy efficient building envelope to reduce heating demand. However, four participants raised the concern of adapting and extending homes with a highly efficient fabric. AS suggested that future adaptions and extensions to the exterior envelope must be “cautious and considerate”. Further suggesting that the interior can be changed and adapted very easily, but physical extensions and alterations to the exterior must be built correctly. According to AG, if an extension is built to a highly efficient home it may have “detrimental effects” on the performance and energy usage of a home. CTD highlighted that specialist knowledge of the construction and existing system is needed when adaptions are made to a zero-carbon home. Future adaptability should be considered at design stage, e.g. RW explained that the original concept of Gwynfaen was a “span house approach”.  This allows for easy adaption of interior layouts by making internal partitions flexible but keeping structural and exterior walls fixed to reduce the potential of lowering the performance of the building. Alternatively, AG and AL suggested that altering zero-carbon homes is not difficult, but the method of constructing these homes can have an impact on adaptability and flexibility of layout. For instance, modern methods of construction (MMC) usually are built from parts that are prefabricated and then put together on site, which AL suggests adapting these could be extremely difficult in the future. Additionally, AL added that many MMC are whole systems, as opposed to elemental systems i.e. masonry construction, therefore may be difficult to adapt. 
Comfort
A key theme highlighted by six participants was the increase in comfort in zero-carbon homes. This is supported by Romanach et al., (2017) study, whereby it was found that residents believed the best feature of a comfortable home was related to thermal comfort, closely followed by spatial comfort. AG suggested designing low-energy homes must address issues such as thermal bridging, ventilation, air quality, and airtightness to reduce carbon emissions and energy usage. Furthermore, ER highlighted that many zero-carbon homes use MMC, where “40% to 50% of the build is built in factory conditions”, as a result improves quality and comfort. AG indicated that the improvement in airtightness means that mechanical ventilation is usually required throughout the home for “thermal and human comfort”. Furthermore, RW stated that “the natural ventilation strategy, in my view just doesn't work”, suggesting mechanical ventilation provides a better, more controlled indoor environment. RW also indicated that MVHR units are “more efficient in terms of delivering good levels of air quality and making occupants more comfortable”. However, JC suggested that to maintain comfort residents “like to be able to use spaces as they used to”, such as opening windows to control their environments. Whereas CTD indicated that zero-carbon homes can be comfortable, even with mechanical ventilation and airtight buildings, but people in the UK are not familiar with this form of building. Further suggesting that older housing stock and “even the volume house builders now, they're not built airtight”, therefore end-users need to adapt their lifestyles and habits to live in a zero-carbon home. 
Additionally, zero-carbon homes and homes constructed using MMC have experienced issues with acoustics and end-user comfort. According to AL, a previous project that was constructed using a timber frame received complaints regarding noise and acoustics, the homes met building regulations standards but did not provide comfortable homes for the residents. 



[bookmark: _Toc70182346]Chapter 4
[bookmark: _Toc70182347]Post Occupancy Evaluation
The definitions of Post Occupancy Evaluation (POE) and Building Performance Evaluation (BPE) vary across the construction industry. Sturgis (2017) defines POE as obtaining feedback about a building’s performance in use, highlighting immediate issues that need to be addressed, and providing lessons for future buildings. This is supported by AG and AS who suggest that monitoring can provide information and learning experiences on mistakes that have been made, but also highlight the areas that have been positive and worked correctly. However, Sturgis’ (2017) definition does not mention user assessment or feedback, only building performance e.g. fabric and maintenance. Whereas Kim et al., (2013) defines POE as a representative method of measuring user’s satisfaction with buildings, examining specific aspects e.g. living environment, occupant health and sustainability. 
Findings from this study suggest that six of the seven participants interviewed agreed that POE, both in accessing building performance and gaining user feedback, has significant importance within the design of zero-carbon homes. The UKGBC (2013) supports participant data by suggesting that the introduction of zero-carbon targets has made building and energy performance critical. However, these forms of POE cannot be conducted in isolation, occupant satisfaction is imperative, and both aspects need to be considered to create a true BPE (UKGBC, 2013). This is particularly important in zero-carbon developments as many residents would have never lived in these types of homes e.g. AS suggested zero-carbon homes that use renewable technologies can have differences such as taking longer to heat up and cool down due to their improved insulation and design quality. 
[bookmark: _Hlk62472312]Ilesanmi (2010) and Joon (2020) support participants data by indicating the importance in obtaining the perceptions of the end-user and comparing these with the levels of performance of the building. Both parts of POE are important, however the users experience is rarely considered e.g. liveability, easy to change and adapt, safe environment are topics often not considered even though these play an important role in evaluating the success of a project. However, Hadjri and Crozier (2009) suggest that POE and more recently BPE and universal design evaluation has become more popular, emphasising a more holistic and user orientated approach, considering non-technical factors, compared with POE in the 1970s and 1980s which focussed solely on the technical performance of a building. 
[bookmark: _Hlk62472249][bookmark: _Hlk70197921]The main purpose of evaluating buildings is to improve the user and client experience (Williams et. al., 2016) and conducting POE can increase the quality of construction; AS concurs stating “the threat of someone checking work is what drives the quality through the delivery of construction”. Additionally, ER outlined the importance of talking to the contractors to highlight problems that need to be overcome e.g. issues with technologies like the MVHR units. This is vital in designing zero-carbon homes as they are “innovative” and may experience more problems as new systems are trialled. Moreover, POE can provide insight into user’s experiences and ER suggested this is “imperative” in adapting future projects to improve user comfort. This is supported by JC and RW who emphasised the importance POE has in understanding users’ habits such as energy usage and requirements from their homes. The UK BPE 2010 programme has provided significant changes to the construction industry, but findings show there is a need for more BPE to demonstrate the positives and negatives of projects that can be applied to future schemes (Clark, 2019). AL indicated that POE allowed information to be collected on savings such as energy and financial costs. He explained that one project that he had worked on had reduced resident’s energy bills to approximately £13 per month. By conducting POE savings were able to be highlighted, this is particularly important in zero-carbon projects as new technologies need to be tested for future application and to indicate problems at an early stage. Evaluations also improve the performance gap that is present from expected to actual energy usage of the building (Partington, 2017; Clarke, 2020). Furthermore, the RIBA has re-introduced POE into the ‘Plan of Works Stage 7’, to hopefully promote the use of POE and other evaluation methods to improve design and user experience (Hay et al., 2017). 
Projects are rarely visited after hand-over and many architects and other professionals in the construction industry are not offered feedback from the users (Feifer et al., 2018). A study by Ilesanmi (2010) showed that data collected from occupied buildings is limited and needs to be used on a wider scale to be useful for future developments. Five participants highlighted that the lack of POE can be for several reasons, such as AG, JC and RW suggesting it costs money to conduct POE, both to the client and architect. CTD indicated that it can be difficult to find funding and time as many architects do not charge for this service and if there was a fee, clients would be reluctant to pay. However, POE is said to only add an additional 0.25% onto the project cost (RIBA, 2017). Moreover, according to RW traditionally architects have been “quite bad … about kind of going back and seeing how projects perform”. Hay et al., (2017) suggests only 10% of RIBA chartered practices offer POE and reasons for this could include the fear of exposing problems with a design, impacts on reputation, and the lack for the development of POE education and knowledge within practice. Furthermore, RW highlighted that there is no requirement in regulations to conduct POE. Hadjri and Crozier (2009) concur that there is no definitive understanding of POE or industry standard. 
[bookmark: _Hlk59098526]It was highlighted from the interviews that collecting POE can be done in many ways e.g. monitoring and analysing energy performance, but the most useful is interviewing and having discussions with residents. AL highlighted the most insightful method is conducting face-to-face workshops. RW emphasised that by conducting interviews it allows the architect to gain an understanding of how people are living and using their homes. JC suggests using questionnaires and interviewing residents can be beneficial and stated that “I think you get a lot from talking to the people who are actually using the homes”. Additionally, JC suggested using the Buildings Use Studies (BUS) methodology as it incorporates building performance and has a strong focus on user satisfaction and comfort, as well as indicating the importance of feeding back lessons learnt from POE into future projects, (see figure 7). The BUS methodology includes 45 key aspects which are evaluated e.g. thermal comfort, ventilation, indoor air quality, personal control, noise, space and design (UKGBC, 2013). Buildings must meet the needs of end-users and provide a comfortable environment. Therefore, it is important that designers, contractors and developers listen to the users, make adjustments and implement learning into future projects (Heylighen, 2008; Stevenson, 2019).  
[image: ]



Figure 7: POE Feedback Loop (BUS Methodology, 2017) 


A common theme discussed by all participants within the interviews was timescale, however, there were mixed opinions. CTD suggested a twelve-month period to collect information in all seasons and include “all the extreme temperatures”. RW concurred that a year minimum to “capture autumn, winter, that's the minimum period that you need to monitor” but highlighted that an ideal length of POE would be three years. Explaining that the: 
First year can be a little bit up and down. And you might have like a particularly warm year, or a particularly cold year … but three years to get a nice picture of data.
In addition, buildings need to be monitored for longer periods of time, not just immediately after hand-over, which is supported by JC who states that three years is suitable and highlights that the first year is a “commissioning stage … you're still getting used to the building”. However, AS suggests that POE should be continued forever to monitor homes and user’s comfort. But as JC pointed out this can raise issues i.e. data storage and cost. Many forms of POE are only completed once to demonstrate compliance to regulations, and many are ‘tick-box’ exercises that focus on performance e.g. airtightness and acoustics, however there is a need for user assessment of buildings that are conducted seasonally to gather a wider range of data (Partington, 2017). 
To summarise, POE has many benefits including optimising a building’s performance and to further improve and expand on knowledge to take forward to future projects. Lessons learnt can then be implemented into potential designs, as a result improving comfort for end-users. However, usability, functionality and user feedback are often overlooked in POE and BPE, even though there is previous research to show that human control is important in the design of future buildings. This is particularly important for zero-carbon homes and homes using new forms of technology which may experience issues and need adjustments. Furthermore, POE is significant in influencing the design and resulting building, in terms of both sustainability and inclusive design e.g. usable technology and adaptable spaces. Users develop insights into their homes that are significant in architecture and can influence future design, by researching users experiences many flaws can be highlighted and adapted. 


[bookmark: _Toc70182348]Chapter 5
[bookmark: _Toc70182349]User impact upon buildings/ performance gap
[bookmark: _Hlk57978122]All participants interviewed highlighted the importance human behaviour has on the performance of a home, specifically zero-carbon homes. All seven participants agreed that the final energy consumption in buildings is dependent upon its users and their behaviours. Despite this, a literature study by Ortiz and Bluyssen (2018) highlighted only 13% of articles about energy, between 1997 to 2015, were qualitative and many did not explore occupant impact upon their homes. According to CTD “occupancy is key” in determining the success of a zero-carbon home and significantly impacts upon comfort. Furthermore, research shows that renewable technologies can greatly reduce energy consumption and emissions, but little research has been done exploring user experience and how users interact with these technologies (Hale, 2018). JC stated that: 
You can design whatever you like, but it is how it's used in practice is going to really determine … how much energy it uses and how much carbon it will produce.
This is supported by Dam et al., (2010) who indicate occupant behaviour is one of the most significant factors that influence domestic energy consumption. It is therefore important to design these with the user in mind and RW agrees “the difficulty is not in designing a zero-carbon home but running one”. It is therefore important to help residents understand their homes so that they can easily monitor, maintain, and control them (Eriksen, 2015). Moreover, RW added that there must be a behavioural shift in residents to improve upon energy usage within homes e.g. “being conscious of consumption”. Furthermore, end-users’ habits need to be changed to reduce energy and carbon emissions, this is evident from JC who highlighted that educating end-users to improve “energy literacy” is vital. AL suggested talking to the residents to explain the differences of living within a zero-carbon home e.g. “the difference in response from the home … buildings will cool down slower and the heat pump will warm up less quickly”. Two participants also added that end-users must ‘buy-in’ to the idea of zero-carbon for homes to be successful (AG and CTD). According to AG residents who are not interested in zero-carbon living will find it difficult to achieve low emissions and energy usage. Whereas AL highlighted that residents who make the conscious decision to live in a zero-carbon home will experience increased comfort levels and have a more enjoyable experience. 
[bookmark: _Hlk59198867]A key theme emerging from the interviews was the impact users have upon the performance gap. Four participants mentioned the performance gap within homes and ER indicated the performance and energy usage can vary significantly between identical homes, this is a result of varying occupant lifestyles. The performance gap is the difference between expected energy usage and carbon emissions at design stage compared to actual operational energy use and emissions (Zero Carbon Hub, 2014; Hale, 2018). There have been many attempts over the past few years to increase energy efficiency in buildings and research in China and the US found that sustainable homes achieved better levels of occupant satisfaction and energy performance; but there is still a significant gap in performance between expected and operational energy (O’Sullivan et al., 2020). Additionally, CTD gave the example of:
 … two identical houses that we put next to each other, had two different families living in them. And the one family, they got it straight away. They loved it, you know, they weren't kind of leaving the front door open and chatting to the neighbour over the fence for hours on end, like the family next door.
Furthermore, suggesting that the operational costs varied drastically between the two homes and therefore impacted upon comfort levels.
[bookmark: _Hlk57988203]Even though energy efficient and sustainable solutions are starting to be introduced into buildings, total energy consumption is still increasing (Georgiadou 2014; Oliveira and Marco, 2018). Many new homes have yet to adopt sustainable technologies and solutions, this has been blamed on the homebuyer for their lack of interest and knowledge of options available to them (Warren-Myers, 2017; Hale, 2018). Pasini et al., (2017) suggest that occupant behaviour can impact how energy is used in buildings, therefore it is essential to introduce technologies to reduce emissions and consumption in the operational stages. However, this introduces the challenge of user engagement and difficulty in managing these new technologies, this misunderstanding of technology can lead to an increase in performance gap. Research by Stevenson et al., (2013) explored user experiences in two housing developments and found that many occupants were confused with the technology used to heat and power their homes as they were quite different to their previous homes. There are several reasons for the increasing gap in performance, the most significant being the lack of knowledge and experience of users of low-carbon and sustainable homes (Sherriff et al., 2018). In response to this, the UK Government set a target for 2020, whereby 90% of all new homes meet or perform better than their expected energy usage and carbon emissions (Zero Carbon Hub, 2014).
Throughout the interviews issues with technology controls within zero-carbon homes was highlighted several times, however there were mixed opinions from the participants. JC suggested keeping controls simple, with little user interaction such as having sensors in rooms to automatically control lights and pre-set heating to maintain a constant temperature. AG supported this, suggesting that if controls are set-up correctly then the user should have minimal input, stating that residents should “set and forget”. Furthermore, AL outlined that simple controls should be used as complex systems can cause confusion and result in residents not using the homes efficiently. This may explain why some previous properties have failed due to the tenants not understanding how the property works. Also, JC indicated that these autonomous controls introduced new challenges e.g. lights turning on throughout the day when not needed and residents not being able to turn them off. Research has shown that if occupants have less involvement with the operation of a building, the performance gap in energy use is usually reduced, e.g. Passivhaus promotes reduced occupant engagement (Zhao and Carters, 2020). Passivhaus buildings are designed to maintain the resident’s comfort without occupant interaction, essentially ‘designing out the role of occupants’, which can improve overall building performance. Additionally, Peters (2015) suggests that occupants do not need to understand the technologies or know how to control them in order for them to have a comfortable environment.
[bookmark: _Hlk59099155][bookmark: _Hlk62473075]Conversely, if end-users do not have any control or input this can result in a decrease in comfort, RW suggested that homes should have a display to indicate energy and emissions to make residents “conscious of their usage” and can adapt controls within their homes to account for this. RW added that there should be a balance in levels of engagement to allow residents to interact and control the systems within their homes easily, but also ensure the systems can work independently to achieve the same comfort levels without user interaction. According to AS end-users need partial understanding of the systems and what the systems can provide, but also not requiring the end-users to be experts. There is literature to support the data from the interviews, to show that to maintain comfort levels a home must have some input from the users such as the use of smart meters to inform residents about their energy usage (Hyysalo, 2015). If the occupant is not involved in the control and maintenance of the technologies it can lead to a barrier in comfort and the occupant feeling alienated, but too much involvement can be confusing and frustrating (Hale, 2018; Joon, 2020). Both over and under involvement of the end-user can risk and reduce the performance of the home. Technology which is incorporated into energy efficient buildings is removing occupant control of their homes such as not being able to open windows or change the indoor temperatures. A study in Denmark found that residents would try to override the systems in their homes if they were not allowed to control them (O’Sullivan et al., 2020). Hyysalo (2015) suggests that for sustainable buildings to be successful, technologies should be made widely available to the housing market. 
Furthermore, a key theme throughout this study was the use of combining multiple technologies, such as heating and ventilation systems, which resulted in confusion for residents. Three participants agreed that this had potential to decrease the levels of comfort and usability within zero-carbon homes. This supports evidence from Thomsen et al., (2013) suggesting that users were found to make less adjustments to technology if it was too complex, resulting in uncomfortable indoor environments. RW described one of his projects, and had some concerns stating that “Gwynfaen, has a lot of technology” and questioned if this may become complicated and difficult to control. Similarly, JC indicated issues faced within a few projects, stating there needs to be a “house or whole building approach”, whereby heating systems do not fight against ventilation systems, but instead work in unison. Additionally, AS suggested that systems should be able to be controlled through one interface. RW suggests that having one simple thermostat works best and by using the simplest means necessary will result in maintained user comfort and usability of the home. As technology becomes more advanced and out of the control of its users, technologies should be able to be managed locally by the people who use them and not centralised (O’Sullivan et al., 2020). A home cannot be sustainable if it is not inclusive, therefore, a holistic approach is needed to combine both user comfort, input and performance of these technologies. Valor et al., (2019) assert that many residents show dissatisfaction with the lack of information about their homes and control systems.
[bookmark: _Hlk62473090]In a study by Thomsen et al., (2013) it was found that misunderstanding of technologies led to lower indoor comfort, with many users receiving little or no information about operating their homes; all participants within this study suggested various solutions to address this. Participants highlighted the value of providing information at hand-over to ensure residents understand their homes. AG emphasised the importance of information packs in zero-carbon homes as many technologies are new to residents, particularly older generations. Six participants highlighted the topic of generational differences, with many finding it difficult to adapt to a new way of living. This suggests that a greater emphasis should be on the importance of designing for all life-stages. JC suggested a simple user-guide, maintenance guidance and contacts of manufacturers to outline systems within a home. However, several participants suggested alternative means of end-user information, such as apps, websites, videos, and posters (AS, RW). AL stated that residents would benefit from a tour of their property, as well as guidance on how to operate the systems. Moreover, ER highlighted the importance of providing alternatives to traditional user guides and gave the example of:
A community hub as part of the Gwynfaen project, where actually we'll be able to demonstrate technology in your home. So you can just come into the hub and see how it works, and watch videos about how to use your house …
However, it is important that all information provided by whatever means should be simple and easy to understand to allow residents to control their homes which in turn can provide a comfortable environment. A report for the DCLG (2009) found that many residents were satisfied with their homes ability to save them money on water and heating bills, but some feedback highlighted the frustrations with the complex heating systems. CTD outlined the importance in providing a “soft-landing” for residents to overcome problems faced e.g. common issues raised regarding MVHR units or complex technologies. 


In summary, to lower energy consumption in zero-carbon homes, both technology and human behaviour needs to be addressed as they can have a significant impact upon the performance gap. However, behaviours and lifestyles cannot be easily adapted, and it can be difficult for people to adopt new ways of thinking. Therefore, sustainable and zero-carbon homes should place the user at the centre and architects should design with the end-user in mind. Although it is important to optimise a buildings performance, it is evident that for occupants to live comfortably products and new sustainable technologies need to be user-friendly. It is argued that by providing clear guidance, information, and demonstrations through multiple resources to end-users would be beneficial in achieving improvements to performance, increased comfort, and usability of a home. However, to ensure all needs are met, there is a balance required between engagement in these technologies as frustration can be caused by over and under involvement. As evidence from this study highlights, appropriate hand-over guidance is vital for zero-carbon homes to be efficient as well as comfortable for the end-user. 




[bookmark: _Toc70182350]Conclusion
[bookmark: _Hlk70092154]The aim of this study was to establish the importance of balancing sustainable design with the usability and end-user’s comfort within zero-carbon homes. To address this aim four objectives were explored: 
1. To define and establish what is a zero-carbon home
2. To establish architects’ views of the quality and design of zero-carbon homes
3. To analyse building plans of 3 zero-carbon homes
4. To investigate if zero-carbon homes are fit for purpose, adaptable for changing needs and life-stages and easily maintained
To achieve these objectives semi-structured interviews were conducted, seven participants were chosen based on their expertise and experiences within the field of sustainable and zero-carbon buildings/homes. The data from the interviews highlighted several key themes, firstly the difficulty in defining zero-carbon and the need for a holistic definition to clearly set out requirements within the industry to be able to achieve zero-carbon. Secondly, the need for an improvement to standards that ensure homes are comfortable and adaptable for all life-stages and occupants, as well as factoring in zero-carbon design e.g. providing more space for technologies that will be used as homes move to all electric power and heating. Thirdly, participants indicated the importance of POE, particularly in zero-carbon projects as they may pose new challenges e.g. with usability and technology, that must be adapted and highlighted at an early stage. This learning should then be available to the industry for homes to increase end-users’ comfort and the quality of zero-carbon homes. Finally, the significant impact that end-users can have on their homes was indicated. Buildings, especially zero-carbon homes, should be designed with the user in mind to provide usable and simple controls to systems; as indicated throughout this study over and under involvement can cause confusion for the end-user. 
It is widely recognised that the construction industry accounts for large amounts of carbon and energy usage, this is particularly evident in the residential sector. Therefore, exploring and developing low-energy and low-carbon housing has become essential. However, as the findings of this study suggest there is no consensus of one definition and zero-carbon is multi-faceted. As highlighted throughout the interviews all participants proposed this was due to there being many areas within the construction process in achieving zero-carbon e.g. areas such as unregulated energy use, embodied carbon, and the use of offsets are hard to quantify and control. Therefore, it is argued that until a clear definition is outlined no home can be truly zero-carbon. A unified and holistic definition would clarify how to design and achieve zero-carbon in terms of the construction of new homes. 
Furthermore, zero-carbon homes usually have increased thermal comfort for end-users e.g. the improvements in building fabric and ventilation. However, zero-carbon homes can face issues in their ability to be easily adapted and this was highlighted from the analysis of Lighthouse, Solcer House, and Parc Hadau. From the three projects analysed it was found that all were larger in comparison to the DQR and Parker Morris standards. However, the layout and room sizes were tight and compact, therefore making it difficult to adapt and accommodate wheelchair users. Furthermore, storage space within all three homes were found to be small as a result of technologies e.g. the MVHR unit in the Lighthouse project. 
Arguably standards and regulations must be updated to accommodate changing lifestyles, disabilities, and an aging population. Moreover, there needs to be a unified approach to designing future homes and as highlighted throughout this study there is currently a divide between varying standards of social and private housing. Currently, social housing schemes must be designed to higher standards to achieve funding, however, private housing does not have to adhere to these stricter regulations. As there is a move towards zero-carbon, space standards are particularly important within these new builds because technologies must be accommodated for.  
Moreover, building regulations are outdated and if homes are built to these current standards many will need to be retrofitted to achieve zero-carbon. A suggested alternative is the Active House approach which promotes user-centred design to improve comfort and usability, as well as continuing to use renewable technology and storage to generate electricity at a local level, thereby improving performance through the building fabric. This alternative approach could decrease energy bills and improve end-user’s comfort, but there needs to be consideration when designing in this way. An improved building envelope may cause issues in the future, such as with extensions to these buildings, because the performance may be reduced, which would subsequently reduce the adaptability and flexibility of zero-carbon homes. 
Furthermore, POE is vital in improving on future designs, but usability, functionality and user feedback are often overlooked. This is particularly important for zero-carbon homes and homes using new forms of technology which may experience issues and need adjustments. Users develop insights into their homes that are significant in architecture and can influence future design. To determine if zero-carbon homes are suitable for the end-users needs it is important to continue to collect feedback as this will result in improved comfort and highlight any flaws. Additionally, evaluations and findings should be shared throughout the industry to help guide and improve all future zero-carbon projects. 
This study highlights that technology and human behaviour needs to be addressed when designing zero-carbon homes as both can have a significant impact upon the performance gap. However, behaviours and lifestyles cannot be easily adapted, and it can be difficult for people to adopt new ways of thinking. Whilst it is imperative to optimise the performance of a home to achieve zero-carbon, it is equally important to provide a comfortable, adaptable, and usable home for all occupants. Participants indicated that this is best done through providing sufficient hand-over guidance through multiple resources to support residents in understanding and controlling the systems within their new home. 
Currently, there needs to be more evaluations and monitoring of zero-carbon homes from a user’s perspective to determine the successfulness of these projects in terms of comfort and suitability. Zero-carbon homes do show improvements in performance such as building fabric, energy usage and thermal performance, but this raises new issues such as the controllability of technologies and the space these technologies need within the home. Therefore, it is argued that new space standards are required to increase the minimum size of projects, factor in space for these technologies, provide adequate storage space and ensure homes are adaptable for all future occupants.
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Appendix A
PARTICIPANT INFORMATION SHEET AND CONSENT FORM

Title of research project: Are zero-carbon homes suitable, comfortable and adaptable for the end-user?
You have been invited to take part in my undergraduate research project, however before taking part it is important I highlight some information for you. You can contact me beforehand to ask any questions you may have; my details can be found at the top of this form.
This research project aims to establish the importance of balancing sustainable design with the usability and end-user’s comfort within zero-carbon homes. You have been chosen, as I want to explore the perspectives of professionals involved in the design and constructions of zero-carbon homes. I have attached a separate semi-structured interview schedule.
The proposed semi-structured interviews will be approximately 30-minutes via an online platform, namely Microsoft Teams and I will be recording the interview for transcription purposes only. 
You do not have to take part, but if you do consent to be part of this research project then please sign the consent section at the bottom of this information sheet. You may withdraw at any time without giving a reason.

CONSENT
I confirm that I have read and understood the above information and I have had the opportunity to ask questions. I give consent for the interview to take place via Microsoft Teams.
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Appendix B

Architect/ Professionals Interview Question Schedule:

(Definition)
1. Could you tell me what is your understanding of the term zero-carbon in relation to the construction and use of new homes? How would you define it?

(Projects worked on – design)
2. I wanted to find out about zero-carbon homes and projects you have worked on, could you tell me a bit about these? 
Prompt question: Have you been involved with the design (either at feasibility stage or detailed planning or on-site delivery) of any housing projects described currently as zero-carbon? 
Prompt question: Were you able to talk to prospective end-user at design stage? If not have you worked on any projects using an environmental assessment such as BREEAM/Code for Sustainable Homes etc?

3. As a designer I wanted to find out how you perceive zero-carbon homes and if they address the following for the end-user: 

· Size e.g. suitable for families/varying size of families
· Flexible in layout e.g. easily extended/suitable for the elderly/people with disabilities
· Adaptable for varying use e.g. during current pandemic more people working from home
· Warmth and comfort 

(Technologies)
4. What technologies were used in some of these zero-carbon homes you have designed/be involved with?
Prompt Question: Are the technologies difficult for the end-user to understand and use/how much input do the residents need to control the technologies?







(Handover)
5. What information is given to residents at handover/ if any? 
Prompt question: do you provide written/digital information i.e. Operating and Maintenance Manuals? Instruction and advice to householders? If none given, do you think that residents should be provided with information.

6. Are you or your company you work for been required or involved in collecting post occupancy information from users of zero-carbon homes? 

6(a). (If Yes to 6) Has this been restricted to only the defects liability period or has it involved a longer study? Could you explain a bit about the feedback you have received from residents in zero-carbon homes. What issues if any have been raised? 

6(b). (If No to 6) Is there a reason you do not collect any feedback and do you think it would be useful if you did conduct evaluations of the building?

7. Finally, is there anything else you would like to add or do you have any other comments.




Appendix C
DEFINITION
	Participant 
	Codes 
	Sub-Theme 
	Theme

	AG, AL, CTD, ER, JC, RW
	[bookmark: _Hlk68794529]Doubt many true zero-carbon homes; no claims to be zero-carbon; it is a loaded label; some projects claim they are zero-carbon and they are not (just operational not whole life); difficult to define, no clear answer; UKGBC definition discussed frequently; “hard question”; “long-winded definition” - unable to provide clear, succinct answer; “not complicated but each stage has a lot of elements”.
	No agreed definition/no such thing as zero carbon
Definition differences/
Classifying zero carbon
	

	AG, AL, ER, JC, RW
	Possible to work out in-use carbon but difficult to quantify construction carbon; transport and manufacturing carbon emissions; three parts to the definition – construction, operational, whole life (embodied); decrease carbon by using recyclable materials.
	Holistic 
	

	AS, CTD,  ER, JC, RW
	Carbon needs to be zero over the course of a year; “zero carbon by”; “zero carbon when not if”; decarbonisation of the grid; split into regulated and unregulated; difficult to predict unregulated energy usage.
	Operational
	

	AL, CTD, JC, RW
	Frequently mentioned throughout; not ideal to off-set; off-setting should be directed to other industries e.g. transport.
	Off-setting
	













STANDARDS/REGULATIONS and ASSESSMENTS
	[bookmark: _Hlk68706762]Participant
	Codes
	Sub-Theme
	Theme

	AG, AL, CTD, ER, RW



	[bookmark: _Hlk68876925]IHP frequently discussed; improper implementation; government retracting targets and standards; guidance needed by the government; “grant funding is a driver for sustainability”; positive for end-user - national space standards (England); HPP – improved thermal performance; England’s green home grants – unsuccessful because it was too fast and not enough experts; Code for Sustainable Homes (CfSH); Lifetime Homes (LTH).
	Government schemes
	

	AL, RW, AG
	Flaws; not suitable for zero carbon projects; difficult to achieve zero carbon; does not favour electric; better assessment methods – LETI and Passive House; SAP does not include unregulated energy; Energy Performance Certificate (EPC).
	Assessments e.g. SAP (standard assessment procedure) 
	

	AL, ER, RW
	Standards of social housing -v- private housing; DQR. 
	Social Housing
	

	AS, ER, RW

	[bookmark: _Hlk68893367]Updates to changes are slow; lots of adjustments needed to standards; cost implications; responsibility of developers to improve standards.
	Outdated building regulations
	














ANALYSISNG STANDARDS - PLANS
	Participant
	Codes
	Sub-Theme
	Theme

	AG, AL, AS, CTD, JC, RW

	Sufficient space needed for technologies; more space in social housing; compact layout; size of building, not fit for purpose. 
	Space for technology
	

	AG, AS, CTD, ER, JC 
	Homes need to meet end-user’s requirements e.g. office space; difficulty in assessing end-users needs as no opportunity to discuss at design stage; increased outdoor space; change in layout e.g. open plan -v- closed space; extensions could have “detrimental effect to building envelope”; harder to adapt in the future; increased cost implications for the future; specialist knowledge for construction needed when adaptions required; understanding of existing systems needed; cautious and considerate to changing the envelope.
	Flexibility and adaptability
	

	AG, AL, CTD, ER, JC, RW
	Fabric first approach increases thermal comfort; lack of natural ventilation; thermal bridging, ventilation and air quality considered; “technology bling”; over compensating with technology; acoustic problems with MMC; end-user needs ignored; focus on sustainability; end-user needs to adapt to ventilation and air tight buildings; lack
	Comfort
	












POST OCCUPANCY EVALUATION (POE)
	[bookmark: _Hlk68709088]Participant
	Codes
	Sub-Theme
	Theme

	AG, AL, CTD, JC, RW
	Gap in knowledge; costly to architects and clients; time consuming; difficult to get involvement from end-user; architects do not want their mistakes highlighted; not legal requirement.
	Reasons for lack of POE
	

	AG, AL, AS, ER, JC, RW
	Learn from mistakes; learn from positive experiences; end-user views are imperative; sharing information and knowledge to other professionals; can indicate energy usage and financial savings; highlights end-user habits and influence upon building; decreased management costs; important for zero carbon homes to justify definition; monitoring of new technology; quality control.
	Value and importance of POE
	

	AG, AL, AS, ER, CTD, JC, RW
	Informal communication e.g. face-to-face discussions with end-user or workshops; interviews; questionnaires (soft POE); more scientific methods needed e.g. temperatures and performance; use of technology e.g. infrared; important to communicate with contractors in addition to end-user; alternative means needed due to current pandemic; timescale of POE e.g. 12 months, or forever.   
	Methods of collecting POE
	













USER IMPACT AND PERFORMANCE GAP
	Participant
	Codes
	Sub-Theme
	Theme

	AG, AL, AS, CTD, ER, JC, RW


	“Occupancy is key”; needs to be a change of lifestyle and way of thinking; the end-user needs to buy into the idea; behavioural shift; conflicting views – should not have to change; end-users not concerned/interested with zero carbon; energy literacy needs improvement; end-user lifestyle; end-users significantly impact performance of building; cost implications.
	Human behaviour
	

	AG, AL, AS, ER, JC, RW
	Technology needs to be user-friendly; simple controls not over complicated; end-user inclined not to continue with technology if confused by it; too much information and technologies combined; end-user not having to think about technology; end-user causing problems with technology; “set and forget”; keep involvement to a minimum; little interaction is beneficial; hand over information and training needed; end-user inclined to outcompete technology if not understanding it.
	Technology and controls
	

	[bookmark: _Hlk69395973]AL, AS, CTD, ER, JC, RW
	Older generation not understanding new technology; older generation finding difficulties in adapting to a new way of living e.g. underfloor heating; younger end-users prefer to use apps and interact with smart technology; numerous ways to contact end-user required; simple interfaces needed for end-user.
	Generational differences
	

	AG, AL, AS, CTD, ER, JC, RW


	Well-trained building management team; end-user information e.g. community hub, toolkit, posters, apps and social media; maintenance instructions are important; user friendly instructions e.g. simple to read; soft-landings.
	Handover/information provided to end-user
	




	[bookmark: _Hlk70177726]Participant
	Codes
	Sub-Theme
	Theme

	AG, AL, AS, CTD, JC, RW

	[bookmark: _Hlk69544112]Sufficient space needed for technologies; more space in social housing; compact layout; size of building, not fit for purpose. 
	Space for technology
	

	AG, AS, CTD, ER, JC 
	[bookmark: _Hlk69545442][bookmark: _Hlk69559477]Homes need to meet end-user’s requirements e.g. office space; difficulty in assessing end-users needs as no opportunity to discuss at design stage; increased outdoor space; change in layout e.g. open plan -v- closed space; extensions could have “detrimental effect to building envelope”; harder to adapt in the future; increased cost implications for the future; specialist knowledge for construction needed when adaptions required; understanding of existing systems needed; cautious and considerate to changing the envelope.
	Flexibility and adaptability
	

	AG, AL, CTD, ER, JC, RW
	[bookmark: _Hlk69546585]Fabric first approach increases thermal comfort; lack of natural ventilation; thermal bridging, ventilation and air quality considered; “technology bling”; over compensating with technology; acoustic problems with MMC; end-user needs ignored; focus on sustainability; end-user needs to adapt to ventilation and air tight buildings; lack
	Comfort
	










Appendix D
	Participant Initials
	Participant Full Name
	Job Title/Expertise

	AG
	Alan Gillard 
	Architect – specialising in sustainable design/projects e.g. LivEco 


	AL
	Alun Lock 
	Director of Pentan Architects/Architectural Technologist – projects include Barnhaus and Active Homes, Neath


	AS
	Andy Sutton 
	Director of Design and Innovation and co-founder of Sero – projects such as Parc Hadau, Pontardawe


	CTD
	Cathryn Teagle-Davies 
	Owner of TD Architects – specialising in ecological, healthcare, Passivhaus and residential designs


	ER
	Elfed Roberts 
	Architect and Head of Sustainability and Innovation at Pobl Homes, Housing Association. Projects include Active Homes, Neath


	JC
	Joanna Clarke
	Architect and Design Manager at SPECIFIC Innovation and Knowledge Centre, Swansea University. Project managed the Active Classroom and Active Office


	RW
	Rob Wheaton 
	Senior Associate Architect and Design Lead for Residential and mixed used developments at Stride Treglowan. Qualified Passivhaus designer. Projects include Gwynfaen, Swansea
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image3.png
Al dwellings

Newly built dwellings

Floorspace | No.of rooms | Roomsize® | Floorspace | No.of rooms | Room size®
m m m m
UK 85 52 163 76 48 158
ltaly 903 a1 2 815 38 214
Portugal 8 43 193 822 a7 s
Sweden 898 43 209 8 4 208
Finland 765 36 213 871 4 28
Ireland. 883 53 167 817 52 169
Austria 906 34 266 % 37 29
Spa 853 a8 178 96 51 189
Luxembourg 125 55 27 1041 51 204
Germany 867 a4 197 1002 5.1 24
France & 39 26 1128 42 %9
Netherlands 9 42 233 155 a1 282
Belgium 83 43 201 119 58 205
Greece. 196 38 209 1264 32 395
Denmark 1089 37 294 137 35 391

“Note that room size s the overallfloor space divided by the number of rooms, not the actual size of rooms.
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