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"The ALEX Building, formally the Swansea Central Library." The building in Swansea city centre on “Alexandra Road is a Grade II listed 19th-century building” built by architect “Henry Holtom of Dewsbury in 1887.” Due to the building's historical value is considered a cultural asset and protected as a listed building. A cultural asset is a building that combines formal and technical elements with an immaterial dimension that is highly significant and valuable to the population. (Resende et al., 2022). The first law in Britain to protect historical and archaeological sites was the Ancient Monuments Protection Act, passed in 1882. Buildings and structures that are particularly significant in terms of history, architecture, or culture are protected under the Town and Country Planning Act of 1947. The notion of a listed building was also officially introduced by this Act, and as a result, it is now subject to complete statutory requirements for maintenance and preservation (UK Parliament, 2019). The former library closed in 2007. “The University of Wales Trinity Saint Davids” purchased the structure despite its Grade II designation and spent £8 million renovating, restoring, and expanding it. The building now serves as an educational facility that allows students, employees, alumni, and visitors to take advantage of the vibrant creative atmosphere in the centre of the city (WalesOnline, 2016).
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In a climate like Swansea, Wales, maintaining the temperature inside the building is highly necessary to offer the inhabitants a comfortable environment (Ozarisoy, 2022). In addition, global warming, increased emission of CO2, and concerns about energy efficiency are highly significant, influencing our everyday decisions. We are trying our best to cut CO2 emissions, lower the need for heating in winter and cooling in summer, and combat the effects of climate change while assessing the performance of our facilities (Mazzone, 2020). In the UK, air conditioning used to be uncommon, especially in residences, but it is becoming more and more common at a pace of 8% yearly, and air conditioning sales in domestic properties have climbed by 27%. This is because of global warming. Therefore, buildings adopt a strategy to maintain the temperature inside the building such that it should not fluctuate as much as the external temperature. A building's temperature can be kept constant with a thermal comfort strategy (Jowkar et al., 2020). 
In the case of the ALEX building, its structure is made so that it can cope significantly with the challenges of temperature fluctuations. In contrast, the building envelope consists of the foundation, walls, roofs, ceilings, doors and windows, along with additions such as insulation and barriers that go with them (Asif Syed, 2012). “Building enclosure systems' dimensions, performance, material compatibility, fabrication process, details, connections, and interactions are the main factors that influence them (Cleveland, 2009). In addition, the physical defence against weather and temperature, indoor air quality, durability, and energy efficiency are all indicators of a building envelope's success.” To achieve these goals, the building enclosure system must have a solid structure, drainage plane, air barrier, thermal barrier, and vapour barrier.
Additionally, damp proofing is crucial in all climates, but it is challenging to maintain moisture management in cold and hot, humid conditions (Lstiburek and Carmody, 1994). The figure below indicates the most straightforward illustration of the thermal comfort strategy and the addition of a thermal mass, which can be applied to absorb the heat during the daytime and release it during the nighttime to maintain the temperature. In addition, the facility's walls are made up of material which plays the role of a thermal mass (Straube and Burnett, 2005).
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The diagrams below indicate the actual thermal comfort strategy implemented by the building to prevent heat loss. The balanced ventilation, airtightness, shading and solar design, thermal bridge, insulations and high-performance components have been installed primarily on the extension of the building in order to protect from temperature fluctuations (Jowkar & Montazami, 2018).
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	The diagram below indicates the preferred and recommended thermal comfort strategy to be implemented by the building to optimally enhance the protection from the temperature fluctuations in the building. A combination of solar cells, solar heaters, rainwater management system, sun shading, natural lighting, thermal mass, solar boilers, radiant floor heating, double glazed glass windows etc. can be optimum in ensuring thermal comfort (Lawrence, 2000; Ličina et al., 2018).
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	The building fabric of the ALEX building is as follows.
Foundation
The Alex Building is a 3-story building with a reinforced steel and concrete foundation. In concrete structures, reinforcing steel—rods, bars, or mesh—absorbs tensile, shear, and compression stresses. As a result, plain concrete is not well suited to most structural applications due to its inability to withstand wind, earthquakes, vibrations, and other forces (Encyclopaedia Britannica, 2019).
Roof 
The building has a flat roof. The roof's primary purpose is to keep water out. Roofs can be classified as flat or pitched. Although flat roofs slope up to 10° or 15°, they are designed to resist standing water. Standing water can occur during wind-driven rain and ice damming because pitched roofs are designed to shed water rather than resist it. As a second layer of protection, pitched roofs are usually covered with an underlayment under the roof covering material (Straube, 1999).


Walls
The building consists of a combination of limestone, bricks, and cement. While walls do not receive as much water exposure as roofs, they still leak. Water penetration is prevented by the barrier, drainage, and surface-sealed wall systems. Some concrete and masonry walls are designed to absorb water but not penetrate it. Walls with drainage holes allow water to drain when it leaks into them, such as cavity walls. Rainscreens and pressure equalisation wall systems may also ventilate drainage walls to aid drying. The exterior surface of sealed-surface walls is impervious to water penetration. There is a minimal chance that this system will remain sealed over the long run, and most materials won't remain closed for a long time.
Nevertheless, the siding and the underlayment layer, sometimes called house wrap, are often used to seal surfaces in ordinary residential construction. As a result, moisture can enter basements through the walls or the floor. Therefore, it is necessary to waterproof the basement walls, drain the water, and install a moisture barrier under the floor (Asce, 2000).
Doors
The doors and their frames, along with the frames of the windows, have been constructed of timber. In addition, much of the furniture present inside the building is also made of timber. This means that a significant amount of the building is constructed of wood which can pose challenges in the maintenance of the building for energy efficiency, thermal comfort, and retrofit planning (Abuelnuor et al., 2018).
Windows
The building has single glazed glass windows, and even though these are not energy efficient due to the building's grade, II listed status, and its being a protected building, any changes to the original structure are prohibited under the town and country planning Act of 1947. Therefore, adapting double/triple glazing windows for energy efficiency is impossible (Ghosh et al., 2019).
Ceilings
The building has high ceilings, made up of the characteristic building fabric, including concrete and bricks, which offer little resistance to temperature fluctuation of moisture and other climatic effects (Hesaraki & Huda, 2022).

Glass Extension
The main extension to the building is the twin wall façade which runs 38 metres from the Alexandra Road elevation. The new extension provides an additional 657m2, including a new reception area off Alexandra Road, workshops, teaching rooms, and design studios. However, visual transparency was critical for the new extension to express the original scale and features of the historic fabric (uk.aluk.com, n.d.).
Air Control
Airflow control is essential to ensuring indoor air quality, reducing energy consumption, preventing condensation (and therefore ensuring durability), and providing comfort. A building envelope's control of airflow includes the movement of air through its enclosure (the assembly of materials referred to as the air barrier system) or through its internal components (interstitial), as well as into and out of its interior space (which can significantly affect its insulation performance). In addition, air control includes wind washing (the movement of cold air through insulation) and convective loops, which can lose up to 20% of heat (Hugo, 2012). 
Air sealing can improve the energy efficiency of a building. A building's energy use can be minimised by reducing the energy used to heat and cool it. Space heating in cold-climate buildings consumes considerable power (Asaee et al., 2018). Building envelope air sealing can be tested with a blower door test. Air sealing can be improved using smoke pencils and weather-stripping (Canada, 2014). The air intake of a building is maintained by HVAC systems adequate, safe, and energy efficient. 
[bookmark: _Toc113454598][bookmark: _Toc113455777][bookmark: _Toc113455836][bookmark: _Toc113455992][bookmark: _Toc113456091]How building services interact
	Several building services interact among themselves in order to come up with an overall building internal environment. For instance, the walls, foundations and ceilings interact among themselves in order to provide collective cooling effects because of the similar building materials. Similarly, the wooden items interact with each other and the other parts to provide overall energy management or energy performance of the building. Therefore, every aspect of the building must be monitored and optimised to provide optimum thermal comfort and energy performance (Belussi et al., 2019).

[bookmark: _Toc113454599][bookmark: _Toc113455778][bookmark: _Toc113455837][bookmark: _Toc113455993][bookmark: _Toc113456092]Apparent defects or maintenance issues 
	Insufficient or improper maintenance of the building sometimes leads to defects or other issues in the building, which might lead to significant threats not only for the building but also for the inhabitants. Therefore, timely identification and correction of defects or maintenance issues are vital. The defects or maintenance issues of the ALEX building include the presence of cracks, separation of mortar, blisters and mould, loss of paint, damage to floor and window frames etc. In addition, the outside of the building is mainly covered with moss or small plants. As the plants grow, their roots penetrate deeper into the roof as well as walls and cause damage to the structure (Huang et al., 2020).
On the other hand, moss and smaller plants cover the surface and keep the walls and roof moist, which increases the humidity inside the building and absorbs the heat, which results in loss of temperature and enhanced cooling of the building. Therefore, the heating system must work more to keep the building warm. In addition, the increased humidity inside the building attracts mould, which covers moist surfaces, especially the wooden furniture and doors, which not only decreases the beauty but also enhances the deterioration of the wood in addition to causing breathing problems in the inhabitants. Furthermore, the internal structure of the building is constructed with stone and bricks, which exhibit several smaller and larger cracks. As the moisture enters the walls through these cracks, it cannot get out completely (Tarekegn Gurmu et al., 2022). This results in the widening and lengthening of the cracks in addition to the generation of more cracks in the walls. The cracks wider than 10mm indicate the urgency of the matter or deal with these cracks immediately. If these cracks are not covered completely, the life of the building may be significantly reduced. This indicates that the main issue maintaining the building is facing right now is moisture. Therefore, the strategies should be developed such that the moisture effects on the building should be reduced as much as possible by covering the cracks, removing the plants, making the walls and roof moisture-free, using water repellent paints etc. to protect the building from the damage of moisture (Faqih et al., 2020).


Defect-related photos of the interior of the building
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Defect-related photos of the exterior of the building
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The overall energy performance of the building is quite appreciable despite the old-style architecture of the building. The original building was constructed in the 19th century, which indicates several energy performance limitations. However, the building management has implemented some strategies in order to enhance the energy performance of the overall building (Zou et al., 2018). The condition of the building depicts its mechanical as well as electrical systems installed and modified according to the requirement of the time, along with its infrastructure. The original building is the Grade 2 listed building occupying an area of 1,557 m2. The extension of the building is of modern architecture and contains all the energy-efficient services installed, such as HVAC, insulations, energy-saving glasses and many other interventions in order to reduce the consumption of energy while keeping the building safe and comfortable for the inhabitants at all times as well (Ciulla & D'Amico, 2019). 
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The above figure shows that although the energy performance potential of the building is up to 76, which means that the building should be graded as C for its energy performance, however, due to a lack of proper management practices, the current energy performance of the building is lower than its potential which is 68 that indicates that the building is graded as D for just crossing the point from 69 to 68. This is because of the old architecture of the building, wooden doors, and single glass windows in most of the area of the building. However, if more interventions can be implemented, then the energy performance of the building can be further increased than its potential.
As the extension is designed with the innovative “glazed double-skin” facade, it adds around 657 m2 of the area to the original building, and it also includes the reception area, study area, workshops, seminar room and an elevator. The property of the "double-skin" energy-saving glass as a wall to the exterior of the building offers a clear view of the architecture of the original building to the inhabitants, which was designed by "Design2e." An energy-efficient finish is achieved in the extension through a "south-facing glass facade" with excessive exposure to sunlight and heat. Much of the heating problem is solved by this intervention as the energy is saved, which would otherwise be used in order to produce heat inside the building. In order to maintain a proper temperature and to avoid fluctuations in the temperature, the glass wall is further assisted with coloured glass sheets, which can reduce the exposure to the sun and can easily be installed and removed from the glass wall with the springs in order to ease the process of management and maintenance of the glass wall or sheets. 

Designe2e has implemented several interventions in the building under the name of "Designe2e SMART designs", through which many interventions have been initiated, such as the installation of the fans at the top of the building while the vents at the bottom of the building to facilitate the proper airflow inside the building so that the usage of energy is minimised. Furthermore, another critical intervention to increase the energy efficiency of the building is to keep the appliances, such as fans, heating systems, HVAC etc., in their best condition so that their energy consumption should be kept optimum. Therefore, the investment of more than 8 million pounds in the restoring as well as refurbishing, along with the extension of the "ALEX building (UWTSD)" has enabled the adoption of the latest "cutting-edge technologies" for the building so that all the assets should be in the excellent condition in order to increase the energy efficiency of the building. Therefore, it can be stated that, although the original building itself is pretty old and therefore, the energy performance is not quite good, the building management has tried its best to keep the building environmentally friendly and to keep the energy consumption as low as possible (Al-Sakkaf et al., 2021).
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Retrofit can be defined as a process in which improvements are incorporated into the building's energy and environmental performance to make them environmentally friendly and safer for the inhabitants through several technical interventions. Not only does this includes the installation of modifications or total replacements of the various components of the buildings, but it also includes the repair as well as maintenance of the materials and components of the buildings in order to make them energy efficient. A significant focus of the retrofit of the buildings is the reduction of the losses of heat from the building fabric, which include the doors, walls, windows, roof and floors. The retrofit is aimed at cutting the losses of heat and energy along with the emission of CO2 from the buildings. In addition to this, other interventions are also included in the retrofit plans, which focus on the improvements in the heating systems, lighting, controls, and the usage of renewable energy. Different buildings have different needs and requirements based on the different needs of the occupants and inhabitants residing inside them. Therefore, not all approaches to retrofit can be implemented in all buildings to improve their performance. In addition, it is also important to note that not all buildings can be retrofitted. This is more important in the case of the old and heritage buildings because we cannot implement many of the changes in the structure because of many factors such as the value of the structure, quality of the building fabric and many other reasons. Therefore, the environmental impact of such buildings can only be reduced to a certain extent.
Building fabric
Although all buildings have different needs for retrofit, different retrofit plans are required by different buildings. However, some of the qualities of traditional buildings are common. For example, they usually heat up and cool down faster than modern-day buildings because of the poor quality of building fabric used in construction (Ruggeri et al., 2020). This kind of building fabric conducts an extent of moisture and heat. It means that the moisture from the rainwater can come inside, and moisture from the inside can go outside. Because of these properties, they depend on rain, sunshine, wind, ventilation and natural lighting to maintain the temperature. The retrofitting done with the building fabrics without considering these issues might lead to the problems of overheating or overcooling of the building (Qu et al., 2021).
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In our case, as the direct modification of the building fabric cannot be done without the threat of disturbance in the stability and balance of the structure, therefore, slight modifications can be done with proper management and care in order to keep the balance of thermodynamics up and to work in order to keep the building safe and environment friendly. In addition, as the building is protected, only a few recommended interventions can be implemented. However, in my opinion, these changes are for the sake of the protection of the building. Therefore, these can be implemented. As heat loss is a common issue in the building, insulations can be applied to the inside of the roof in the form of ceilings and PVC panels can be installed on the interior side of the walls to provide insulation and reduce the heat losses. In addition, the walls can also be protected from the outside by installing porcelain glazed tiles, which can reduce the entrance of solar heat from the outside into the buildings and prevent the heat from the inside from going out of the building. In addition, "Vapour open EWI to back and gable" can be applied while installing the insulated lime plaster. In the case of single glass or anti-glazed windows, the window shutters can be applied along with double-glazing (Cho et al., 2020; Orsini et al., 2020).
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Heating system 
	Because of the cold temperature of the country, the heating of the buildings is an essential requirement in almost all buildings. Although the extension of the ALEX building has a large glass wall, the original building lacks heating interventions to improve the heating system and reduce the heat losses from the building. In traditional buildings, the heating was mainly done in the form of central heating of the building through the burning of gas, and the hot air was circulated throughout the building. As time passed, the water heating system started to get installed in the buildings where a pipeline was circulated throughout the building. The pipers were covered with a large number of heat sinks which played the role of heat dissipation in the building with maximum efficiency. Now even different techniques have been introduced which can effectively improve the heating system of the building. For instance, the condensing boilers can be installed along with thermostatic regulator valves (TRVs) in all the areas of the building in order to keep the temperature within s specific range. Automatic thermostats can also be installed to maintain the temperature in the building automatically, which can turn the heating system on or off when and as needed.
Furthermore, solar heaters can be installed for water boiling, as preheated water boils faster than cold water. Therefore, the solar heaters can heat the water up to 60 degrees Celsius, which is relatively easy for the boilers to boil. This can significantly reduce the amount of energy needed for boiling the water, and the amount of CO2 exhaust can also be reduced. Furthermore, in order to further reduce CO2 production, the gas boilers can also be replaced with an electric boiler which can take power from the solar panels in order to save electricity as well (Piselli et al., 2020; Fina et al., 2019; Lucch et al., 2020).
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Renewable energy generation or storage
	Generation, storage and energy consumption are among the most crucial building management concerns, especially in the modern era of climate change and global warming. Therefore, it should be the priority of every building manager to reduce or even eliminate the carbon emissions from the buildings. In order to generate green energy, burning fossil fuel or gas should be avoided at all costs, and the energy should be generated through solar panels. Sunlight is an excellent energy source where other sources such as wind, hydro or gravitational power are insufficient. Therefore enough solar energy panels should be installed on the roof of the building so that the need for power can be compensated. As far as energy storage is concerned, dry lithium-ion batteries should be installed instead of wet-acid batteries. This is because the acid batteries continuously emit CO2, contributing to global warming. Therefore, dry batteries should be used to store energy. Lastly, the electric appliances used in the building should be able to work on DC along with AC because the appliances working on DC consume comparatively less power than those that use AC (Cabeza et al., 2018; Piselli et al., 2020).


If all these interventions regarding the building fabric, heating system and energy production and storage are implemented, the building can become "Net Zero", which means that if all of these measures are applied in the building, the emission of CO2 can be reduced to zero.
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Most of the interventions can be aligned with the current existing maintenance strategy of the building and its budget because they are not much expensive interventions. However, some of the significant interventions, such as installing solar panels, changing the appliances, and installing electric and solar heating systems, can be additional interventions that can be implemented in the building to reduce energy consumption and the emission of CO2. If these costs are compared with the savings after the interventions, then implementing these interventions seems to be a wise decision. In addition, the strategies regarding building fabric can reduce the energy consumption in building heating. Overall, the heating system's interventions can reduce fossil fuel and electricity consumption, reducing CO2 emissions.
Furthermore, the interventions regarding energy generation will also significantly reduce CO2 emissions. As a general estimate, the capital costs can be up to £2-4 million, while the reduction in the running costs can be up to £0.5 million annually. Therefore, it is a wise decision to implement the retrofit plan.


[bookmark: _Toc113454602][bookmark: _Toc113455781][bookmark: _Toc113455840][bookmark: _Toc113455996][bookmark: _Toc113456095]Conclusion
The case study was performed on "The ALEX Building, formally the Swansea Central Library", including a brief introduction of the building, its thermal comfort strategies, building fabric, energy performance, and medium-term retrofit plan. First, it was found that the building is ancient, and because of this, the thermal comfort strategy is only applied mainly in the new extension of the building because the old building lacks the infrastructure for adequate thermal comfort. Secondly, the energy performance of the building is also not very good because of the old-style building fabric, which cannot insulate the shifts in temperature or moisture. In order to enhance eco-friendliness and reduce CO2 emissions, the medium-term retrofit plan was developed, which also cannot be fully implemented because the building is declared as a heritage site which means that significant changes cannot be incorporated into the building. Only the non-significant structural changes can be incorporated. Therefore, the plan contains only the changes which do not significantly alter the structure of the building.
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