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Chapter One


Introduction


THE BUILT ENVIRONMENT IS AT ONE LEVEL a necessity for providing shelter and security for people and their communities, while on another level it can promote a more positive feeling of delight. The challenge for thermal design is to produce technical solutions that lead to an overall improvement in the comfort, health and quality of life for all people, with the efficient use of energy and aiming towards zero carbon dioxide emissions.


Many aspects of heating and cooling are as dependent on architectural solutions, such as the form and fabric of a building, as they are on the engineering of mechanical systems. This is especially the case in relation to our need to reduce energy use and produce buildings that are affordable to operate, as well as comfortable and healthy to occupy. Close working between the architect and the engineer is essential for a successful solution. Heating and cooling systems should not be simply ‘bolted on’ once the architecture has been designed, but, rather, they should be fully integrated as part of a ‘whole building’ solution, whether we are dealing with a new building or retrofitting an existing one. As the building fabric becomes more efficient in reducing energy demand, the systems must be designed to respond to the reduced demand. Of course, throughout the thermal design process we must keep in mind the role of people, as end users, builders and regulators, and the need for them to be aware of what is possible.


The use of fossil fuel energy to construct and operate buildings is a major cause of climate change. Building integrated renewable energy generation is increasingly being used to supply a building’s energy needs, both for electrical power and heat. At the same time our energy supply grids are being decarbonized. Achieving an appropriate balance between building integrated renewable energy and grid-based renewable energy is therefore a major consideration in the drive towards energy-efficient zero carbon design. Sustainable design means that our buildings should be pleasing, and robust against a range of usage, rather than be dependent on control, constraint and enforced behavioural change.


Buildings do not exist independently of their surroundings. They will interact with neighbouring buildings and landscapes, creating local microclimates, which will affect energy use, and internal and external comfort. The supporting infrastructures for energy, water and sewage, waste, transport and information connectivity all have implications for energy use and sustainability.
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Fig. 1.1 Thermal design.





Fig. 1.1 summarizes the main stages to thermal design, through an understanding of comfort needs; how the building interacts with climate; the heating, cooling and ventilation systems, renewable energy and energy storage; and finally within the context of the surrounding buildings and infrastructures.
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Fig. 1.2 Environmental design concept model.





Fig. 1.2 summarizes the main elements of thermal design, beginning with climate and ending with environment and comfort. The passive design elements relate to the site location, the building’s form and mass, and its fabric and glazing. The active elements relate to the environmental services for heating, cooling, ventilation and lighting. Whereas passive solutions may use ‘free’ energy from the sun and the wind, active solutions rely on heating and cooling equipment that use ‘delivered’ energy.


There are various ways energy links to thermal design. The free energy is the energy gained from natural sources as part of the passive design process. The delivered energy is the energy used to power the components of active systems, such as heaters, chillers, fans and pumps. Delivered energy from fossil fuel sources will have associated carbon dioxide emissions. The eventual aim is to replace fossil fuels with renewable zero carbon energy. The activity energy is released within the building from activities and processes related to occupancy. It includes the heat from electric lighting and appliances, and the metabolic heat generated by people. These may result in a significant heat gain, which may be useful for space heating or, more often these days, may need to be exhausted by mechanical cooling to avoid overheating. The embodied energy is associated with the materials and products used during a building’s construction and fit-out, and subsequent renovations. As the delivered energy is increasingly reduced through energy-
efficient design, the embodied energy becomes a greater proportion of the overall energy balance.


There are a range of underlying topics and issues that are connected to thermal design. Globally, everything is changing, including climate, our energy systems, and people’s aspirations. The rate of construction is increasing, while our dependence on fossil fuel must cease. Recent pandemics have also challenged our vision of the future, and the role our built environment plays in the spread of infectious disease.


If we are to meet the challenge of creating a more sustainable zero carbon built environment, original thinking is needed with innovative solutions. This is often not the case in everyday building design, where there are cost and time constraints, all within a conservative construction industry that tends to resist change and an architectural profession that is often seduced by external aesthetics rather than internal functionality and in-use performance. Solutions need not be that complex, but they do need to be informed by a thorough understanding of building physics: the role of the building physicist needs to have a higher profile in the design process.


This book aims to provide an insight into current thinking in thermal design, with reference to its historical context, as well as signposting future developments. There will be no single solution for all building types and locations. The development of new technologies for reducing energy use and sourcing renewable energy means that today’s solutions may soon be overtaken by better ones in the near future. Therefore, the aim of this book is not to provide ready-made off-the-shelf recipes, but, rather, to provide an understanding of the subject of thermal design, and an awareness of what is possible, from which future innovative solutions can be developed.




Chapter Two


The Built Environment: Sustainability, Energy and Climate Change


What Is the Built Environment?


Let us begin by discussing what we mean by the built environment. The built environment spans from basic shelter to vast megacities, from rural to urban. It is the purpose-built physical space in which we live, work and play, as well as the ‘awkward’ intersections of developments and leftover space, for which people often find unforeseen solutions2.1. The built environment comprises many building types and urban forms. And it is more than just buildings; it includes their supporting infrastructures of energy, water and sewage, waste, transport and communications. This total physical space facilitates the social and business interactions that make up our cities and communities. The buildings themselves are not the end products; they are part of the organizational processes that form the basis for society as a whole. We need to renovate and retrofit our existing buildings, as well as designing new ones. Much of the technology we develop for new buildings can be applied to retrofitting existing buildings, albeit with more challenges and generally higher costs. When new, buildings need to achieve specific performance standards for energy use and comfort, and they need to do this in a way that supports the range of activities that take place within them. A new building quickly becomes an existing building, constantly adjusting to meet the ever-changing needs of its occupants. A successful building will not only be zero energy, but will also bring multiple benefits of comfort, health, productivity, amenity and affordability, all of which depend on a successful thermal design.


New Build


New buildings allow us to pioneer our ideas and innovative technologies, especially in relation to energy-efficient design and the use of renewable energy generation.
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Fig. 2.1 A ‘systems approach’ to low and zero energy design.





They provide the opportunity to respond to the immediate problems of climate change. A building’s energy use and greenhouse gas emissions are determined, firstly, by the embodied energy from sourcing materials and components, and during construction, renovation and eventual disposal; and, secondly, by the operational energy used by services for heating and cooling, ventilation, lighting and appliance loads, computers, and equipment associated with the building’s function. Within the current context of climate change, all new buildings should strive to be zero energy, and even energy positive in their design. This means high levels of energy efficiency combined with renewable energy generation and energy storage. We often use the term ‘systems approach’ (see Fig. 2.1), which integrates across all elements of construction and operation, balancing across reduced energy demand, efficient services, and renewable energy generation. The terms zero energy and zero carbon are often interchanged. A zero energy building will usually exchange energy with the supply grid, with energy imported from the grid, offset by energy exported to the grid from the building’s renewable energy generation; so it will be energy neutral over a year. It may have energy storage within the building, in order to maximize the use of renewable energy generated by the building. A true zero carbon building will have no carbon dioxide emissions associated with it, will operate ‘off-grid’, and will need a higher level of on-site generation and energy storage, or it may simply purchase green energy from the grid.


In spite of increasing government commitments to the zero carbon agenda, there has been a slow take-up by the construction industry, which is generally risk-averse to trying out new ideas, usually blaming high costs and lack of market demand. This is contrary to many products that are marketed on their use of the latest technology! So, opportunities to advance sustainable design are compromised. Sustainability is often regarded as an ‘inconvenient distraction’ from getting the job done. The person who will have to live with the building remains conveniently unaware! Nine times out of ten, the architect will do what they are told by the developer.
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Fig. 2.2 Projected global figures for new construction to 20602.2.
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Fig. 2.3 Countries with building energy codes for new dwellings2.3.





The rate of new build varies from country to country. In developed countries, it is relatively slow at around 1 per cent per annum. However, in developing countries it may be much higher, typically around 3 to 4 per cent, often involving fast-track construction, which means less time to change to a more sustainable approach. The total worldwide building floor area in 2016 was 235 billion m2, which is projected to double by 2060. Future growth in Europe, North America and the Middle East over the next forty years will be fairly constant (see Fig. 2.2)2.2, with China slowing down after 2030. India and Africa increases up to 2060, where 80 to 90 per cent new build will be residential, compared to 50 to 60 per cent in Europe and North America. So it is crucial that these countries adopt a sustainable energy-efficient approach now. They often suffer greater extremes of climate, so the benefits of energy-efficient design are potentially greater. However, globally, nearly two-thirds of countries do not have mandatory building regulations (see Fig. 2.3)2.3. What will drive these countries to transition to zero energy design?


The projected lifetime of new buildings varies from country to country. In developed countries a building will typically last sixty years plus, with many buildings over 100 years old. In developing countries, projected lifetimes may be around thirty years. Often it seems a building’s lifetime, and indeed usefulness, is secondary to the need for growth and providing investment opportunities. The fast-track nature of development programmes and the shortage of skilled workers makes innovation and achieving good quality difficult. The first rule for sustainable building design should be ‘do we really need this building?’


Even with the general lack of innovation, and repeating the same solutions, new buildings are riddled with performance issues. One major issue is the ‘energy performance gap’, between ‘as-designed’ and ‘as-built’ energy use2.4. A building may use up to 50 per cent more energy than predicted, due to a range of design, workmanship and operation failures. This may be reduced by adopting a manufacturing off-site approach to construction, using factory-made components, which are then assembled on site in a relatively short time. Off-site construction methods should lead to higher quality, better thermal and energy performance, less waste, and faster construction. They have been used in Japan for many years; however, in western countries, there has been little market penetration. Although governments promote off-site construction, there are issues of acceptability by house buyers and mortgage companies. Lower costs are predicted over time, but this has yet to be validated in practice, probably due to the initial investment needed to set up manufacturing facilities. Without a ready market this is a risky proposition.


The cost of new buildings has a huge influence on the transition to zero energy performance. However, there are two aspects to costs: the initial capital cost and the annual running costs, including energy. On a life cycle cost basis, energy savings alone should exceed any additional design and construction costs associated with improved energy performance, within an acceptable payback period. There are also added benefits, including improved comfort, health and productivity, which, in overall cost-benefit terms, may be an order of magnitude greater than energy savings. However, the construction industry has resisted a life cycle approach to costing buildings, probably because the capital and running costs are generally separated between the developer and the end user. Lowest cost construction still rules the day.


The additional cost of constructing a more sustainable building is usually based on a ‘bolt-on’ approach, which simply adds ‘green’ elements to an existing design, with additional costs easily identified as bolt-on items of construction or equipment. The cost will always be greater. Using a holistic integrative design approach, the cost of additional green technologies may be offset by reducing costs in other areas; for example, the increased cost of a high-performance façade, with high levels of thermal insulation and solar control, may be offset by lower costs for (lower capacity) heating and cooling equipment. A green feature may be simultaneously used as a traditional building element; for example, when a photovoltaic (PV) solar panel ‘doubles up’ as a shading device. By adopting this integrative holistic design approach, additional costs can be reduced to an affordable level, and potentially to a level comparable with standard new build costs. In addition to energy savings, operations and maintenance costs can be reduced through the use of less complex heating, cooling and ventilation systems. The current cost of a green building should be within around 12.5 per cent of existing costs, and this will come down with scaling up, eventually becoming the standard cost2.5.


Buildings with sustainability credentials are future-proofed against changing regulations, enjoying increased marketability and increased asset value. Future regulations will likely place greater emphasis on reducing carbon dioxide emissions of existing buildings. Tenant requirements and investor risk screening may also affect the value of buildings that do not have green credentials, and in markets where green is becoming more mainstream. ‘Brown discounts’ are emerging, where non-green buildings may be considered high-risk and rent or sell for less. New zero energy buildings may be more attractive to tenants and command higher rents and resale prices, and offer a greater overall yield on investment.


The impact of sustainable new buildings scales up to national and global levels, with energy cost savings at building scale leading to lower carbon dioxide emissions at a global scale. Improvements in comfort, health and productivity provide multiple benefits that are both quantitative and qualitative. However, although these benefits have been identified for some time, they have yet to make a marked impact on building construction and operation. The assessment of green building benefits is still generally based on cost of energy-saving measures versus energy cost savings, usually to be realized in a relatively short payback period. We must change this ‘lowest cost’, ‘low risk’ culture! In our drive to decarbonize the built environment, every project that does not achieve a zero energy performance is a future liability. Zero energy is already possible for many building types, using available technology.


Existing Buildings


Reducing carbon dioxide emissions in our existing building stock, while providing affordable comfort and healthy living for people, is a major challenge. We have a legacy of poorly performing buildings (see Fig. 2.4), in terms of their energy use and environmental conditions. We need to energy retrofit our older buildings, and we will also soon need to retrofit many of the substandard buildings that we continue to build today. There are opportunities. Heating, cooling and ventilation systems have an optimal lifetime of around fifteen years, and need frequent replacement over a building’s lifetime. Likewise, some building components may also be replaced, such as windows, roofs, and wall cladding systems. Insulation may be added to external walls, roofs, and to floors. Some 35 per cent of the European Union’s buildings are currently over fifty years old, and almost 75 per cent are energy inefficient, with only around 1 per cent or less undergoing renovation improvements each year2.6.
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Fig. 2.4 (a) Terraced housing in the Welsh valleys; (b) high-density housing in Chongqing.
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Fig. 2.5 Elemental and whole house retrofit: carbon dioxide reductions versus cost of measures. Based on a series of retrofits for Welsh housing.





For developed countries, some 80 per cent of buildings that will exist in 2050 are already built. We need a range of solutions that relate to a building’s age and type. Retrofit measures can be elemental, such as a single measure applied widely, for example, changing to low energy lighting in offices, or applying external wall insulation across housing estates. Retrofit measures can also be ‘whole building’, involving a package of energy-saving measures tailored to an individual building, including reducing energy demand through better insulation and reducing draughts; improvement or renewal of heating, ventilation and air conditioning (HVAC) systems; and installing renewable energy supply and energy storage, such as solar photovoltaic (PV) and batteries. Taking housing as an example, the return on investment will be different for elemental and whole house approaches (see Fig. 2.5)2.7. An elemental approach usually involves applying the most cost-effective measures, often at scale, which may be attractive for social housing, where funding needs to be spread across a large number of beneficiaries, achieving carbon dioxide savings typically up to 30 per cent. However, a further retrofit will probably be needed in future to apply additional measures. A whole building approach has the advantage of a one-time package applied, typically achieving up to 70 per cent energy and carbon dioxide savings. Upgrading existing buildings may be carried out as part of a targeted energy retrofit programme or as part of a major renovation, for example, when there is a change of use. Many of the low carbon technologies used in new build can be transferred to retrofitting existing buildings. Of course, improving thermal comfort should be central to any energy retrofitting exercise, as affordable warmth and energy efficiency go hand in hand.


Housing is a major focus for future retrofit programmes. Many houses will have already received improvements in roof insulation, double glazing and new heating systems. If this had not been carried out, our built environment energy use would be considerably higher. Based on UK experience, the cost of a whole house retrofit is around £25,000 or more, depending on the age of the house and the package of measures applied. Payback time in energy cost savings may be relatively long, between twenty-five and fifty years2.8. However, there will also be improved comfort, through affordable warmth, and reduced fuel (energy) poverty, which will lead to multiple benefits relating to health and wellbeing. Retrofit programmes can also create economic benefits through new jobs and supply chains, such that energy retrofits yield a considerable overall societal benefit in addition to energy savings. These multiple benefits need to be considered in our cost modelling, which needs to recognize different types and tenure of building. A retrofit industry is needed that can provide a professional approach for ensuring that the most cost-effective package of measures is applied, and quality is assured.


Whereas the energy performance of new buildings is covered by building regulations, existing buildings are more difficult to regulate. In Europe, retrofit is tackled to some extent by ‘consequential improvements’2.9, whereby if general renovation occurs, an investment in energy efficiency is required. In future it may be necessary to introduce regulations that address energy performance over a building’s lifetime with regular energy performance checks, similar to annual checks for motor vehicles.


For the existing built environment, there is a question over the lifetime of buildings and their services, and whether to demolish and rebuild, or renovate. The embodied energy of materials in our existing buildings plays a crucial role in this equation. By demolishing buildings we lose much of this embodied energy. Usually it is more sustainable to renovate than to renew, which also allows us to retain communities and the cultural value of the existing built environment.


Cities (Urban Scale)


The population of our cities is rapidly growing, with around half the population of the planet living in cities, and predicted to rise to 75 per cent by 2050. In the developing world, cities are growing through economic development, rural migration, and expansion into peri-urban areas, often encroaching onto arable land. The speed of this development is often very fast (see Fig. 2.6). In the developed world, more people are attracted to live in cities to engage with city life and culture, and avoid long commuting times. Cities, through their buildings, together with their associated transport, water, sewage, waste and communication systems, already globally account for some 78 per cent of energy use and 70 per cent of greenhouse emissions, and yet they occupy less than 2 per cent of the earth’s land area2.10. Consequently, they become potential hotspots of poor air quality, infectious disease, pollution and urban ‘heat islands’, which will be further compounded by climate change. Our cooling demands may increase in future cities, and buildings that are only heated now may also need to be cooled in future. The density of development and the high-rise nature of modern cities, results in buildings being strongly affected by their surroundings, whether other buildings or green space. Can we open windows, is traffic noise and pollution an issue; do we overlook green space; are we overshadowed by other buildings? These all impact on thermal design and affect our decisions on how we can heat, cool and ventilate, and the associated energy costs.
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Fig. 2.6 Dubai, Sheik Zayed Road in (a) 1989 and (b) 2005, showing the rapid development of the city with its growing economy in a relatively short period of time. There is little evidence of sustainability. ((a): Wikipedia)





On the other hand, our cities may not continue to expand at today’s rate. There may be a rebound, with a growth of rural living, in towns and villages, as people seek to escape from pollution, disease and congestion and the high cost of city living. Our future built environment may have a growing rural element, with groups of towns combining to provide a network of city-like facilities: one for government, one for industry, one for leisure, and so on. These will likely to be lower density and lower rise than current city developments, providing the opportunity for a more sustainable approach, with local infrastructures, for energy, mobility, water, waste and sewage.


Outside Space


Outside spaces are an important feature of the built environment, and people need to be comfortable outdoors as well as indoors. The streets, parks, rivers and bridges are often a more memorable experience of a successful city than the buildings themselves, and they should provide shelter and comfort in order to maximize their use. It is often the smaller outside spaces that provide more useful everyday social space for city dwellers than fancy parks and squares. The ‘pocket park’ in the high-density Sai Ying Pun district of Hong Kong (see Fig. 2.7) is shaded and sheltered by the overhead roadway, and sea breezes are channelled from the harbour close by. There is a lot of thermal design going on here. These integrated outside spaces greatly enhance our experience of the built environment.
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Fig. 2.7 Pocket park in Hong Kong’s Sai Ying Pun district, which is a popular spot to meet, especially for the elderly, who sit chatting and playing board games.
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Fig. 2.8 Urban temperatures reduced by green space, which can also provide a sink for pollutants.





Green areas in the city create relatively cooler places, with a break from the anthropogenic heat gains from traffic and the exhaust of heat from building cooling systems (see Fig. 2.8). Buildings that are located adjacent to such areas enjoy reduced cooling loads, and windows can be opened without suffering poor air quality and noise.


Transitional Space


In between inside spaces and outside spaces, we have ‘transitional’ spaces, such as malls, entrances, arcades, and transport stations, which are spaces that people move through to get from outside to inside, or vice versa, and if conducive, people may stop, sit, wait, have a coffee, before they move on. These transitional spaces also need to provide shelter and comfort, but people’s expectations for these spaces are not so demanding, as they can choose to spend time there or not. They are often enclosed and air-conditioned with a high energy cost; but they need not be. They can be designed to be a little cooler than outside in hot weather, and a little warmer than outside in cold weather, providing an intermediate ‘transitional comfort’ condition. In warm humid climates they avoid the thermal shock of going directly from a warm moist outdoors to a chilled indoor space. They may include nature-based solutions, using plants and water features, to help create a microclimate that enhances our thermal experience.
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Fig. 2.9 Transitional spaces: (a) Brickell Centre, Miami. (Shutterstock); (b) Parkview Green, Beijing.





Fig. 2.9 presents two examples. The Brickell Centre in Miami, which has a warm humid climate, has an unconditioned mall (see Fig. 2.9(a)). A ‘solar ribbon’ shades the mall, which is cooled by plants and is open to the natural breezes; the mall also benefits from spillage of cool air from the shops. Beijing’s Parkview Green (see Fig. 2.9(b)) comprises a shopping mall, office and hotel, all enclosed within a translucent structure. The main open space is not fully air-conditioned, but has some localized floor heating and spot cooling at ground level. Both the Brickell Centre and Parkview Green contain air-conditioned shops and offices like other modern malls, although in Parkview Green the office workers can choose to open windows and naturally ventilate into the mall. Transitional spaces therefore offer a great opportunity for energy savings, by designing out high energy heating and cooling systems.


Infrastructures


The built environment also includes supporting infrastructures for energy supply, water and sewage, waste, transport, and internet broadband connectivity, all of which use energy; our internet system already uses as much energy as the aviation sector2.11. As with buildings and their mechanical systems, our infrastructures also have limited lifetimes and require maintenance and renewal. In future there may be a greater mix of centralized and localized infrastructures emerging, and this will impact on building design. Our future energy infrastructure may be more decentralized with greater integration into local renewable energy generation, while at the same time our central energy grids are being decarbonized. The management of energy supply and demand may require thermal and electrical energy storage in the building or community, with access to energy available from the grid or local renewables when it is needed. This works best if energy demand is reduced, reducing the pressure on energy supply systems.


For all our infrastructures, the first aim is to reduce demand, and then to look at efficient supply and operation. For example, reducing the production of waste should take priority over waste recycling. A waste recycling industry that is based on the availability of large amounts of waste is not sustainable. For transport, we should reduce the need for mobility through greater accessibility to services and leisure, and then provide efficient and effective transport systems. We may interconnect infrastructures more in future, with energy from waste and solar PV supplying vehicle batteries. Battery storage in vehicles may be used to meet peak energy demand in the building or linked to the grid. Our future energy system is therefore likely to be more integrated and more interactive. Even though our built environment infrastructures may seem at first separate from thermal design, in future they are likely to be part of the same energy system.


Sustainability and the Built Environment


Sustainability Matrix


The built environment is a key aspect of sustainability, especially related to the thermal performance and energy use of buildings. Generally, sustainable design has three targets: (i) to provide a good quality of life for people, (ii) to minimize (and eventually eliminate) the use of non-renewable resources, and (iii) to minimize (and eventually eliminate) ecological damage. Sustainability is open to many interpretations, so it needs to be qualified in operational terms and, specifically, what it means when we design and operate our built environment. We need to prioritize a zero carbon approach to the built environment as a first step, otherwise all other aspects of sustainability become insurmountable in the event of drastic climate change. We should therefore lead with zero carbon, drawing in economic and social aspects of sustainability as appropriate.
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Fig. 2.10 Sustainability matrix.





Sustainability in the built environment may be summarized in a sustainability matrix (see Fig. 2.10). We have already discussed the built environment in relation to new build, existing buildings and supporting infrastructures. The wider aspects of sustainability are commonly referred to as the ‘triple bottom line’, which includes environmental, social and economic factors. The built environment has negative impacts at global, local and indoor scales; energy use and greenhouse gas emissions have a global impact, air pollution from burning fossil fuels has a local impact, and issues of environmental comfort and health have an indoor impact.


Just as the built environment is part of a continually changing process that enables society to develop, sustainability is not itself an end product; it is also part of a process, relating to ‘top-down’ activities associated with policy and governance, and ‘bottom-up’ activities, driven by real projects. We may lead with the zero carbon agenda and technical solutions for thermal design and efficient energy use, but we also need to include socio-economic factors. A bottom-up approach to sustainability that engages with users’ needs on a specific building can result in multiple benefits2.12. Reducing a building’s energy demand can lead to affordable warmth, alleviate fuel poverty, improve health, and reduce local air pollution. Socio-economic benefits include creating jobs, improving productivity, and generating local industries and supply chains. This bottom-up project-based approach follows the up-cycling concept of ‘more good’2.13. Top-down approaches follow the ‘less bad’ concept, and are generally applied at scale, such as minimum standards applied through building regulations. Sustainability is therefore not just about avoiding problems, but also about promoting a better quality of life by fully engaging with the people’s needs.


The concept of ‘regenerative sustainability’ is inherently based on a bottom-up approach, with an overall net-positive sustainability gain. Cole2.14 argues that our response to complex environmental problems has been led by a negative approach, focussing on scarcity and sacrifice, making things ‘less bad’, with little attention to social dimensions, and rarely recognizing cultural, political and other processes. Regenerative sustainability is systems-based and place-based, considering the interconnections within and between ecological, social and economic systems at various scales, but with an emphasis on local thinking, experience and delivery.


Systems thinking integrates technologies and architecture from a people perspective, including both the designers and the users of the built environment, while also linking to government regulations and industry needs, spinning out bottom-up activities through the so-called knowledge triangle of research, industry and government. A systems-based bottom-up approach communicates a positive ‘multiple benefits’ message, and people may more readily adopt actions that lead to a clean, healthy, productive built environment than the less tangible goal of ‘saving the planet’. There is a need to change the emphasis from reducing harm to creating net-positive outcomes, in both environmental and human terms, and at the building, neighbourhood and city scale.


Energy Demand


A major portion of global energy consumption is used for the construction and operation of the built environment. Energy is used by our HVAC systems for heating, ventilating and air conditioning our buildings, and in relation to a buildings’ function, for lighting, appliances, and operational processes. Energy is also used to construct buildings, including supplying materials and components; and to operate the built environment infrastructures, for transport, water, sewage, waste, and internet connectivity. Globally, buildings and their construction account for some 36 per cent of final energy use, and 39 per cent of energy-related carbon dioxide emissions (see Fig. 2.11), with some 6 per cent of energy use associated with construction, including materials such as steel and cement2.15. Transport and other sectors have strong links with the built environment, so the built environment is central to overall energy consumption.
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Fig. 2.11 Sector percentages of building global annual energy use and carbon dioxide emissions2.15.
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Fig. 2.12 Annual energy consumption in buildings across EU countries (kWh/m2) broken down between space heating and other, where data is available2.16.





The profile of energy use in buildings will vary with building type, operation and location. In Europe, buildings are responsible for approximately 40 per cent of energy consumption and 36 per cent of carbon dioxide emissions2.16. Energy use is usually stated in kilowatt hours per square metre per year (kWh/m2/year), or kWh/year for a whole building. Space heating is generally the main energy use across countries (see Fig. 2.12), with colder countries consuming around double that of warmer countries.
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Fig. 2.13 Summary of energy use in housing for a range of existing and new build (the domestic hot water (DHW) and electricity consumption has been assumed to be the same for all house types). It shows a reduction in space heating with improvements in thermal insulation, reduced air leakage and improvements in gas boiler efficiency (house types 1 to 4). The DHW load also improves with increasing boiler efficiency. Solar PV is introduced in house types 4 and 5, which reduces electricity use from the grid. House type 5 is all-electric and has battery storage, and is carbon neutral. Because more of the renewable energy is used in the house, through the use of battery storage, it both imports and exports less to the grid in comparison with house type 4. This analysis has been carried out using the dynamic building thermal model HTB2 (see page 50).





Dwellings are the main building type, and in cooler climates, heating is the main energy load, although this does vary with age, with modern housing being relatively energy efficient (see Fig. 2.13), and with electricity demand from the grid reduced by using solar PV. New housing can achieve a ‘zero energy’, ‘carbon neutral’ performance and may even be ‘energy positive’.
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Fig. 2.14 Breakdown of annual energy use for a typical UK air-conditioned office2.17.





For air-conditioned office buildings, the energy load is spread across heating, cooling, fans and pumps, lighting and office equipment2.17 (see Fig. 2.14). Other building types have their own specific energy use characteristics depending on their occupant density, hours of use, and any specific features, such as swimming pools, shops, kitchens, and IT rooms. Larger buildings may have lifts and escalators, ATM machines, vending machines, air curtains around entrances, all of which contribute to the whole building energy load. Indeed, as the overall heating, cooling, and ventilation loads are reduced through energy-efficient design, these additional loads become a larger proportion of the total building load, and are often overlooked, resulting in a building using considerably more energy than assumed at the design stage.


There are a range of terminologies that classify buildings in relation to their energy use and carbon dioxide emissions, including low energy, zero energy, nearly zero energy, low carbon, zero carbon, and energy positive. Generally, all these approaches begin with reducing energy demand, then installing efficient mechanical systems for heating, ventilating and cooling, and finally introducing renewable energy supply and energy storage, depending on how far we go down the ‘low’, ‘zero’, ‘nearly zero’, and ‘positive’ energy route. Often these terms are quite vague, allowing some degree of flexibility in their application. For example, at the time of writing, the European Energy Performance of Buildings Directive2.18 specifies nearly zero energy as a very low energy demand for which a considerable amount is generated by renewable energy located either on or nearby the buildings. The description of ‘very low’, ‘considerable amount’ and ‘on or nearby’ are then left to countries to interpret appropriately.



Energy Supply


The energy we use for thermal and electrical power in buildings is supplied from a range of fuel types. Heating buildings has traditionally enjoyed a diversity of fuel types, including gas, oil, coal, biomass and electricity. Over time, the dominant fuel for heating has changed from wood to coal to oil to gas, and in the near future probably to electricity, which will be generated from renewable systems, either on or local to the building, or through the central electricity grid.
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Fig. 2.15 (a) Annual daily variation in gas and electricity use for the UK2.19; (b) typical winter hourly variations over a week, showing rapid changes in demand2.20.





In the UK, the main building energy supply to buildings is gas and electricity. Electrical power demand is fairly consistent throughout the year, but heating energy demand can vary considerably both seasonally and daily2.19, 2.20. Heat dominates (see Fig. 2.15(a)), and is mainly supplied by gas. Heat demand is around six times higher in winter than in summer, and daily variations can fluctuate quickly, and by large amounts, typically increasing by around 40GW per hour during the early winter morning period as heating systems are turned on (see Fig. 2.15(b)), which is equivalent to more than four times the UK’s nuclear capacity. The advantage of using gas for heating is that it can meet the overall peak demand and respond to the rapid minute-by-minute demand fluctuations, with the gas system providing both storage and distribution. The electricity grid could not currently deal with either the peak heating demand, nor the rapid fluctuations. A recent report from the UK’s Climate Change Commission2.21 has recommended that from 2025, new housing should not be connected to the gas supply. It may be possible for new build to move to electricity for heating, because of its relatively low demand, but the existing building stock will rely on gas for the immediate future. If our future heating is to convert totally to electricity, then the heating demand of our existing buildings must be reduced, and we will also need considerable energy storage to respond to peak loads.
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Fig. 2.16 UK fuel mix and end use (TWh/year)2.22.





Gas currently dominates for both power generation and heating (see Fig. 2.16), especially in the domestic sector2.22. Petroleum is also a dominant fuel, mainly for transport. Coal is now a relatively small part of our energy system, with renewables from wind, solar and bioenergy increasing. Losses are a major problem of central grid systems. Delivering 750TWh of electricity to the end user incurs 52 per cent losses (392TWh), in conversion, transmission and distribution. There is also 10 per cent distribution losses associated with the gas grid. Energy generation and supply is shifting from centralized energy grid-based systems to building integrated and local renewable generation2.23 with considerably lower losses. At the same time we are decarbonizing the electricity grid through large-scale renewable energy generation. Our future energy systems are therefore likely to be a combination of building, local and central energy generation, and energy storage. There will be more integration across the energy space with smart decision-making at all levels. The concept of ‘consumer as king’ with end users becoming ‘prosumers’, both producers and consumers of energy, will place more emphasis on buildings as part of the future national energy system. This will determine how energy is used over time, matching the availability of local renewable energy and energy from the grid in the most sustainable and cost-effective way. The systems approach to thermal design and energy use will therefore expand, with the building being an active part of a much larger national, and probably international, energy system, with smart energy flows in all directions.


Primary Energy and Carbon Emission Factors


Different fossil fuels are more or less carbon intensive and have an associated primary energy value (see Table 2.1). Primary energy is a term used to account for the total energy content of a fossil fuel. This includes the energy associated with extracting and delivering the fossil fuel from its natural source, and the conversion and transmission into a secondary energy form that is delivered to the end user, for example, gas to electricity. After it has been delivered, there will be further energy losses in converting it to useful work or heat.


Table 2.1 Primary energy and carbon emission factors for the main fuel types for the UK in 2019 (2014 value in brackets for electricity, for comparison).
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In the UK, the primary energy to deliver 1kWh of gas is 1.13kWh/kWh. Grid electricity involves a mix of fuels, including nuclear and renewables that are low or zero carbon. The primary energy for electricity changes as the fuel mix changes. Current values are 1.501kWh/kWh, which is considerably reduced from the 2014 value of 2.47kWh/kWh, due to the increased proportion of renewable energy generation supplied to the grid. Renewables have a primary energy of 1.0, with no conversion inefficiencies applied. Although the energy generated by solar PV has conversion efficiency around 20 per cent, and there will be distribution losses for grid-based systems, these are not considered; solar energy is an infinite resource compared to the finite nature of fossil fuels. Renewable energy generated at the building has the lowest losses. The primary energy of different fuels will vary from country to country. In Europe, each member state can select its own method of calculating primary energy, which over time will be subject to changes as the share of renewables and efficiency of delivery increases.


Fuels also have different carbon dioxide emission factors, which is the amount of carbon dioxide released into the atmosphere due to the fuel use (see Table 2.1). Renewable energy has a carbon dioxide emission factor of 0. In the UK, as with primary energy factors, the carbon dioxide emission factor for electricity has also been reduced, from 0.56kgCO2/kWh in 2014 to 0.136kgCO2/kWh in 2019, due to the increasing proportion of renewable zero carbon energy supplied to the grid. Grid electricity now has a carbon emission factor less than mains gas. However, electricity is still more expensive than gas, currently around 17p/kWh compared to 4p/kWh (2020). If more electricity is used, based on its current relatively low emission factor, then it could place increased pressure on the grid, which may lead to more fossil fuel being used, which in turn would raise the carbon dioxide emission factor. It is therefore important that any increase in electricity demand is matched by an increase in grid renewable generation. Even so, the current electricity factors indicate the rapid rate at which the grid is being decarbonized, which may point the way to a greater emphasis on electricity in future.
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Fig. 2.17 CO2 emission factors, and renewables and nuclear energy generation.





Other countries will have different carbon emission factors, depending on their fuel mix (see Fig. 2.17), ranging from 0kgCO2/kWh, for a total renewable electricity grid, to 1.01kgCO2/kWh, for a coal-dominated electricity grid. The contribution from nuclear also reduces the carbon intensity of the electricity grid.


Health Impacts of Fossil Fuel


Burning fossil fuel is now a major cause of global deaths related to air pollution. Every year, some 4.5 million premature deaths are attributed to air pollution from carbon particles and nitrogen oxides2.24. It contributes up to one-third of four of the five leading causes of death, which are heart disease, cancer, stroke, and lung diseases2.25, and puts children at risk of asthma and of delayed mental development. Another 500,000 annual deaths may be attributed to climate change, from extreme weather events, flare-ups in infectious diseases, and other disaster-related incidents. In addition, absenteeism from work, hospital visits, increased growth in healthcare and healthcare costs, and increased insurance premiums, all have a major impact on national economies. According to the US National Academy of Sciences, the annual cost impact of burning fossil fuels is $120 billion, in relation to health damages primarily from air pollution associated with electricity generation and motor vehicle transportation2.26. Linked to our reliance on fossil fuel use in the built environment is the 1.35 million road traffic deaths, with some 50 million injured or disabled every year2.27. In comparison, the built environment is also central to the spread of infectious disease with over 100,000 UK deaths from coronavirus (COVID-19), up to February 2021. A more sustainable built environment can make significant reductions in deaths, disease and injuries.


Buildings and Climate Change


Global Warming


Climate change is attributed to the increase of greenhouse gases in the atmosphere, which include carbon dioxide, methane, nitrous oxide and fluorinated gases. Carbon dioxide is the main greenhouse gas, accounting for some 80 per cent of all greenhouse gases, mainly arising from burning fossil fuels, industrial processes, forestry, and other land uses. Other gases, although not so abundant, have a greater impact on global warming. They include methane (10 per cent), Nitrous Oxide (7 per cent) and fluorinated gases (3 per cent). The impact of different gases is compared in Table 2.2, based on their Global Warming Potential (GWP), which relates to their ability to trap heat in the atmosphere, usually based on a 100-year period. GWP is benchmarked against carbon dioxide, so carbon dioxide has a GWP of 1.


Table 2.2 Global warming potential of greenhouse gases.








	Gas


	GWP











	Carbon dioxide


	1







	Methane


	25







	Nitrous oxide


	298







	HFC-23


	1,170







	HFC-125


	2,800







	HFC-134a


	1,300







	HFC-152a


	140







	PFCs


	7,850







	Sulphur hexafluoride


	23,900
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Fig. 2.18 Greenhouse effect.





As the sun’s rays travel through the earth’s atmosphere, about one-third are reflected back into space (see Fig. 2.18). Around half of the resulting incoming radiation is absorbed by the earth’s surface, which in turn warms up, warming the air immediately above it. If it were not for greenhouse gases in the atmosphere, the earth would be uninhabitable. The earth also emits heat radiation, but at a different wavelength to the sun, because the earth is at a lower temperature. The balance of inward and outward heat radiation determines our global climate. The increase in greenhouse gases in the atmosphere increases the proportion of outward-bound heat being radiated back to the earth, which increases the average global temperature. The ‘greenhouse effect’ is so-called because of its similarity to the operation of a greenhouse for growing plants; like the atmosphere, glass is transparent to the sun’s high-temperature radiation, but opaque to the low-temperature heat radiated from warm surfaces within the greenhouse.
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Fig. 2.19 Global carbon dioxide levels and temperatures over the last 1,000 years. (2°)





Since the industrial revolution, global carbon dioxide emissions and average temperatures have risen (see Fig. 2.19). Predicted rises in global temperatures by the end of the century range from 1.5°C to 6°C, depending on future greenhouse gas emission scenarios. Atmospheric carbon dioxide levels have risen to 420ppm in 2019. The IPCC’s (International Panel on Climate Change) advice is to reduce and eventually eliminate greenhouse gas emissions in order to maintain an end of century global temperature rise within 1.5°C, compared to 1996 levels. This is less than their previous 2°C target, largely due to the need to reduce the risk of sea level rises in relation to low-lying islands.


Impact of Changes in Weather


The built environment is vulnerable to climate change in relation to rising temperatures and more extreme weather events. Climate is the average long-term weather conditions for a location, whereas weather is the actual conditions, at a point in time, which is less predictable and varies around the average conditions; climate is what we expect, weather is what we get! However, with climate change, the weather is deviating from the long-term average, and generally getting warmer with more frequent heatwaves. Some areas are becoming drier, and others wetter, with increased floods. Future weather and the extremes resulting from climate change will have a major impact on the built environment, and thermal design.
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