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Numerous local authorities are committed to constructing buildings to net-zero carbon emissions performance, and have declared carbon emergency, striving to reach carbon neutrality well before 2050. However, buildings in the UK are currently being designed and constructed to current building regulations which do not require net-zero performance, and these buildings will last well beyond 2050. This paper presents a case study of a housing development in Hertfordshire, UK, where a structured approach for achieving net-zero carbon performance homes was developed. The methodology was based on dynamic simulation modelling to design buildings which achieve net-zero operational emissions, and an industry standard inventory of carbon and energy database was used to evaluate embodied emissions in building materials. The approach comprised of developing dynamic simulation models to investigate the improvement in energy performance of the development through fabric-first approach, focusing on building envelope design prior to introducing renewable energy systems, in order to achieve operational net-zero carbon performance. Carbon emissions (operational and embodied) were investigated to assess the appropriateness of the deployed strategies. Dynamic simulation results combined with embodied emissions analysis illustrated that, by combining embodied and operational emissions, a net-zero carbon performance would be achievable by the 2050 target only if alternative building materials based on photosynthetic bio-composites are used. This analysis also highlighted the limitations of conventional retrofit interventions carried out 10 years after the construction as they resulted in increased embodied carbon emissions, thus lengthening the time period well beyond the 2050 target for achieving net-zero carbon performance. As the use of conventional materials appeared to delay the achievement of net-zero emissions by several decades, the only way to achieve net-zero targets before 2050 is to design new buildings to be carbon negative from the operational point of view and to use photosynthetic materials for their construction.
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INTRODUCTION
Background
The current regulations for UK housing construction do not require the new buildings to be designed and built to net-zero emissions.
Therefore, we are in a challenging situation where new buildings, which will last well beyond 2050, are being designed and built to far lower standards than net-zero. As 80% of the 2050 building stock already exists (UKGBC, 2018), we believe that retrofit to net-zero is also urgently required. The £5k government grant (BEIS, 2021) for thermal insulation upgrades of existing buildings falls well below the insulation requirements for net-zero.
Thus, an urgent matter for policy change at local and central government planning guidance levels is needed to introduce a requirement for net-zero design of new buildings and for net-zero retrofit of existing buildings in order to help the UK achieve zero emissions targets by 2050. Some initiatives are starting to emerge, including the RIBA’s climate change plan (RIBA, 2019) or the UK Architects Declare Climate and Biodiversity Emergency (Architects Declare, 2019) to encourage the profession and wider construction industry to achieve net zero whole life carbon for all new and retrofitted buildings by 2030. However, as these plans are in initial stages and will need time to be implemented across the building industry, we are still far from achieving the expected results as set out through fourth and fifth carbon budgets (EAC, 2021) using conventional aproaches. Therefore, a structured and science-led approach is required to take the carbon emissions under control in the built environment sector.
The UK building stock is one of the oldest in Europe and accounts for nearly 40% of the nation’s total carbon emissions (UKGBC, 2018). To limit rising carbon emissions, the UK parliament, enshrined in law is a revised carbon reduction target to achieve “at least” 100% reduction emissions by 2050, in comparison to pre-1990 levels (BEIS, 2019a). This legislation was supported with the introduction of various schemes, such as the Green Homes Grants (GHGs), Home Upgrade Grants (HUGs) etc. to promote the uptake of energy efficiency solutions. Additionally, amendments were also introduced to the building regulations requiring all new developments to be constructed at minimum to the specified standards such as those in building regulation Part L and “Passivhaus Standards.” However, as we will see from the research introduced in this paper, these measures are not sufficient to achieve net zero performance when both embodied and operational carbon emissions are combined.
Thus, a specific objective of this work is to investigate the requirements for achieving net zero emissions from new buildings by 2050. As carbon emissions from newly constructed buildings occur as result of emissions embodied in building materials and emissions arising from the operation of the building, the main research question is:
how to bring UK housing projects in line with net zero emissions targets, taking into account the combined embodied and operational emissions?
The Need for a Structured Approach
There have been many barriers to achieving zero carbon buildings, net zero energy buildings, or nearly zero-energy buildings. Most of the previous work has focused on case studies of specific projects or specific aspects of building performance, rather than on fundamental principles and integration of these principles into holistic designs. Thus, a study on “Energy Performance Assessment of a 2nd-Generation Vacuum Double Glazing” (Kim and Ru-Da Lee, 2017) found that careful considerations are needed when implementing such glazing in climates with distinct summer and winter seasons. A case study on “Optimizing Energy Efficiency in Operating Built Environment Assets through Building Information Modeling” (Petri et al., 2017) was conducted in order to establish if BIM can be utilised to address operational building energy efficiency. The study found that specialised training is required to use BIM for ongoing applications in operation building energy efficiency. A study on “Delivering Zero Carbon Buildings: The Role of Innovative Business Models” (Zhao and Pan, 2015) addressed the financial barrier in achieving zero carbon buildings, as they are more expensive to construct. The study found that a structured business model, combined with integrated design and performance based design-build was able to address the financial, technological and social barriers on achieving zero carbon buildings. A study entitled “Opportunities for financing sustainable development using complementary local currencies” (Jankovic, 2019a). The study found that sustainable development could be achieved through a circular economy driven by the value of solar radiation falling on roofs of a housing association. A study on “From solar building design to Net Zero Energy Buildings: performance insights of an office building” (Aelenei and Gonçalves, 2014) looks into a sustainable framework for sharing methodology for net zero energy buildings applied to a Portuguese office building. The study found that the application of passive solar principles in an office building considerably outperforms standard office buildings in Portugal and leads to achievement of easily achieved zero energy performance. A study on “Design strategies and energy performance of a net-zero energy house based on natural philosophy” (Shi et al., 2020). It focuses on a design of a net-zero energy house designed and built for the 2018 Solar Decathlon Competition in Dezhou, China. The study combined natural living spaces, natural materials, and natural family relationships in the design concept and demonstrated the achievement of net zero design with a significant renewable energy surplus during the competition in Dezhou. A study “Towards zero-energy buildings and neighbourhoods—A combination of energy-efficiency and local renewable energy production” (Wall, 2017). The study raises the issue of the role or urban planning in achieving active and passive solar strategies in buildings and urban structures. It raises the importance of joint work between urban planners, researchers, designers, citizens and energy companies in achieving net zero energy neighbourhoods.
Despite the body of previous work, there appears to be a gap in the holistic “how to” studies in the field of zero carbon buildings, net zero energy buildings, or nearly zero-energy buildings. That gap was overcome by the structured approach introduced in “Designing Zero Carbon Buildings Using Dynamic Simulation Methods” (Jankovic, 2017), giving a wider context to this study.
Research undertaken by the Environment Audit Committee (EAC) (EAC, 2021) indicates that the schemes and amendments introduced have fallen short to deliver low/net-zero carbon performance solutions—either through financial aid or meeting set targets—this could impact significantly on the achievement of the successive carbon budgets and in turn the net-zero carbon emissions target.
Research by BEIS suggests (BEIS, 2020) that sixteen million homes, two-thirds of the total English homes, fall below the Energy Performance Rating (EPC) of “D” or worse (BEIS, 2019b). In other words, these homes consume more than two times the energy and result in twice as much emission as homes of EPC rating of “A” or above. Furthermore, research also indicates (EAC, 2021) that the cost of retrofitting homes to EPC ratings of “C” to low “B” is estimated between £17,000 to £24,000. These costs are significantly higher than those estimated by the Climate Change Committee (CCC) and Department of Business, Energy and Industrial Strategy (BEIS). Additionally, financial aid available through home improvement grants (GHGs and HUGs) fall significantly short of the estimated costs. Thus, the retrofit process (Jankovic, 2019b) appears to be cost intensive, deterring homeowners and tenants from undergoing the retrofit process.
This indicates the need for a structured approach towards developing and delivering net-zero carbon performance solution, to meet the 2050 target specified by the UK government.
Case Study
The focus of this research is to investigates how UK housing projects can be brought in line with net-zero targets. The choice of the Case Study was based on the specific grant funding received for this project and on the availability of a scheme approved for construction by the Planning Department of the collaborating local authority in Hertfordshire. The scope was limited to one scheme only based on available funding. Thus, a housing development with complete planning permissions was identified in England and selected as a candidate for investigation of requirements for requirements of bringing UK housing projects in line with net-zero targets.
The development is comprised of six homes of which two homes are semi-terrace and four homes are mid-terrace. It has a total footprint of 330 m2 and each home has an area of 94 m2. The typology of the development is six three-bedroom homes spread over two storeys (ground and first floor), with North–South orientation. The construction technology of the building was assumed to be of conventional concrete blockwork and brick masonry, with adequate amount of insulation in the cavity and air-tightness levels to meet minimum current UK building regulations Part L specifications, Table 1. These assumptions were made by the research team to provide a generic starting point for the investigation and analysis representing the vast number of homes in the UK designed and built to meet the specified Part L Building Regulations.
TABLE 1 | Standard specifications of various Building Regulations.
[image: Table 1]New houses, or new dwellings as they are called in the UK Building Regulations, need to comply with Part L of the Regulations specified in Approved Document L1A (HM Government, 2016). The compliance is achieved by comparing the new dwelling with a “Notional Building” that has the same shape and size as the actual dwelling, and with specified heat loss coefficients through external walls, floors, roof, glazing and doors, with specified airtightness, with specified linear thermal transmittance for thermal bridges, and by using natural ventilation. This Notional Building specification is used to determine Target Emissions Rate (TER) and Target Fabric Energy Efficiency (TFEE). Subsequently, Dwelling Emissions Rate (DER) and Dwelling Fabric Energy Efficiency (DFEE) are calculated using accredited software programs. Compliance with the Regulations is achieved by demonstrating that the DER and DFEE rate are not greater than the TER and TFEE rate. Buildings can achieve net zero operational performance only if, in addition to being energy efficient, they are fitted with renewable energy systems. As no renewable energy systems are specified for the Notional Building, compliance with Building Regulations does not require renewable energy in new buildings, and therefore Building Regulations compliance does not lead to net zero operational performance.
This study uses building performance simulation, which is the only way to explain and evaluate the complex ways of interaction between the building, its occupants and the climate. The simulation is conducted over every hour of the simulation year, namely 8760 hours, using weather data for the particular location, and slicing the simulation timestep to as low as 10-min intervals whilst dealing with significant complexity of heat and energy transfer in and around the building. As building performance simulation is a universal method based on the first principles, there is an implicit information regarding the generalizability, reliability, and versatility of the study to be applicable to the other context and/or countries.
The solar geometry used in the simulation was for the location of London Luton, Latitude 51.88°N, Longitude 0.37°W. The weather data was for London Kew example weather year (Kew.fwt), sourced within the IESVE simulation software (IES, 2021) weather data library as a combination of individual years from the UK MET Office.
Originality of the Present Study
Climate Change Committee (CCC) defines net-zero as the 100% reduction in operational emissions (CCC, 2019). However, this research characterizes net-zero carbon as the 100% reduction in combined embodied and operational emissions of a building, thus bringing total cumulative emissions to zero. The majority of studies into net zero buildings and net zero houses only consider operational emissions as a criterion for achieving net zero. None of the current studies combine emissions embodied from building materials and emissions from building use as criteria for achieving net zero emissions. The findings of this study show that taking embodied emissions into account delays reaching net zero by several decades.
METHODS
Dynamic Simulation Modelling
To investigate the energy performance of the housing development used as a case study, dynamic simulation models were developed, using an industry standard tool from Integrated Environment Solutions called Virtual Environment IES-VE (IES, 2021).
Model geometry of the building was developed in IES-VE 2021 and building geometry and construction details were specified in the model, Figures 1A,B. Building heating systems details, such as the use of air source heat-pumps, was also specified in the model, to replicate the intent of the housing development stakeholders.
[image: Figure 1]FIGURE 1 | IES–VE model of the housing development (A) North façade (front) of the building (B) South façade (rear) of the building.
Once the model was developed to satisfactory detail, analysis of the building was undertaken to assess the baseline performance. This was the starting point for the development, termed as Case A—Built to planning approval. Several iterations of the model were developed, investigating the energy performance in response to strategic treatment of the building. This was achieved by following a fabric-first approach, to improve the performance of the building using passive measures and then employing use of active low-carbon measures such as heat-pumps, PV modules etc.
The energy efficiency improvement process of the building was split into four stages; 1) Building fabric improvement, 2) Building systems improvement, 3) Renewable energy strategy, and 4) Internal thermal comfort analysis.
To maximise energy efficiency through passive measures, building fabric was selected as the first point of focus. Through iterations of the Case A model, energy efficiency of the building fabric was improved to meet the zero-carbon performance U-values, Table 1.
This model was further utilised to improve the building systems of the housing development. Building systems such as lighting and domestic hot water (DHW) were specified as systems defaults using fluorescent lights and gas heated water with system default sizing. Space heating systems were changed from system default gas boilers to represent air-source heat pumps to match closely with the aim of the developers. Lighting systems were improved to represent LED lighting and DHW consumption was adjusted to reflect a rate of 5L/person/hr therefore 120 L/person/day, apportioned across wet rooms only (bathroom/kitchen/toilet).
Once satisfactory reductions in carbon emissions and energy demand were obtained from improving building systems, it was necessary to improve the energy strategy for the housing development so that its energy demand would be met using renewable sources. This was accomplished using Photovoltaic (PV) modules, which were added to meet the energy demand of the building. As shown in Figure 2, a total of 88 panels were added utilising an area of 132 m2. Furthermore, energy demand for supplying DHW was met by adding vertical solar thermal panels on the south façade of the building, Figure 2.
[image: Figure 2]FIGURE 2 | Renewable energy sources: photovoltaic solar panels placed on the roof and solar thermal panels placed vertically on the south facing wall.
Once an operational zero carbon performance model was achieved, it was termed as Case B—Zero carbon performance model. This served as the second performance reference point for the housing development. This was later used for developing a cumulative carbon analysis for the housing development, as discussed in the next section.
Cumulative Carbon Analysis
In order to assess the environmental impact of the building, a Lifecycle Carbon Assessment (LCA) approach was utilised, to quantify the carbon footprint of the building until 2050, in line with the UK government target of achieving net-zero performance.
This was done through the use of embodied carbon emissions values from Inventory of Carbon Emissions (Hammond and Jones, 2011) for the various materials utilised in the construction process of the building.
To investigate the environmental impact and carbon footprint of the building, four key scenarios were investigated; Case A—Built to planning approval, Case B—Zero carbon performance, Case C—Zero carbon retrofit of Case A in 10 years, and Case B.1—Net-zero carbon design using hemp-lime construction. This was done in order to draw parallels between the different approaches for the construction of the building.
For each scenario, total embodied carbon emissions of the building were calculated, and a cumulative total was established by adding annual operational emissions, which were in fact slightly negative, to the embodied emissions. This was done in order to identify the time period required to achieve net-zero carbon performance in each case. Observations and results from this step are discussed in the main results section of this paper.
It is worth noting that the simulation models in this analysis could not be calibrated and validated, as they were based on non-existing buildings with no opportunity to get actual performance data for calibration. As previous research shows (Jankovic, 2019c), the calibration of simulation models is possible in the case of existing buildings where data from energy performance or instrumental monitoring is available. In the absence of that possibility, comparison between uncalibrated models gives accurate relative comparison, even though the assessment of absolute performance could lack accuracy.
MAIN RESULTS
Preliminary analysis of the building (Case A—As built to planning approval) revealed significant areas for improvement, in order to achieve a zero carbon performance as in Case B—Zero carbon performance, as shown in Table 2.
TABLE 2 | Areas of improvement to achieve zero carbon performance.
[image: Table 2]Results from the dynamic simulation illustrate significant improvement in the energy efficiency of the building as it was able to achieve zero carbon emissions in its operations as in Case B, shown Table 3. This was achieved through a careful combination of the fabric first approach along with renewable energy strategies as mentioned in Case B, Table 2.
TABLE 3 | Energy performance in Case A—designed to planning approval and Case B—designed to zero carbon performance.
[image: Table 3]Cumulative carbon emissions analysis of the building revealed key insights into the ability of the building to achieve a true net-zero carbon performance status. The research found that, of the four scenarios investigated, only two scenarios, Case B and Case B.1, were able to achieve a true net-zero carbon performance, before the end of this century. Out of these two cases, only one scenario, Case B.1, was able to achieve net-zero carbon performance before the target date of 2050, Figure 3. In comparison, Case A could not to achieve a net-zero carbon performance, and Case C achieved net-zero emissions well beyond the 2050 target.
[image: Figure 3]FIGURE 3 | Embodied and Operational Carbon Emissions of the four different cases analyzed.
This analysis provides evidence to support that embodied emissions can delay the achievement of net-zero emissions by 3 decades.
DISCUSSION
This paper has presented a case study where net-zero carbon performance was achieved through 100% reduction of operational carbon emissions, and gradual reduction of embodied emissions based on negative operational emissions over several decades. To achieve this, the research utilised a three-step approach; 1) Be Lean: Use of less Energy—achieved through careful implementation of passive design strategies, 2) Be Clean: Supply energy efficiently—achieved through careful selection and implementation of active measures such as lighting, HVAC systems etc., and 3) Be Green: Use of renewable energy systems—achieved through careful use of appropriate renewable energy technologies such as PV panels, solar hot water systems etc.
To achieve a net-zero carbon performance target, it was crucial for a building to first achieve operational zero carbon performance. After numerous simulation runs, with net-zero operational carbon emissions set as a target and improving the thermal insulation envelope between each simulation run, this was achieved by the set of parameters shown in Table 2, combined with renewable energy systems as shown in the same table. The U-value targets in Tables 1, 2 were chosen to surpass standards introduced by Passivhaus Institute (Passivhaus Institut, 2015).
Research suggests (CCC, 2019) that the present definition of net-zero carbon performance does not include embodied carbon emissions and focuses solely on reduction of operational carbon emissions. This is not adequate for achieving zero emissions target by 2050, as significant emissions would not be accounted for.
The impact of embodied carbon emissions on cumulative carbon emissions, operational and embodied, is plotted for the four scenarios: Case A, Case B, Case B.1 and Case C in Figure 3. These scenarios are discussed in more detail in the remainder of this paper.
Of the four scenarios explored in this paper, only one scenario—Case B.1—Net-zero carbon design using hemp-lime construction—presented promising results for achieving net-zero carbon before the target date of 2050 set by the Climate Change Act. This was achieved through the use of natural materials—in this case hemp-lime bio-composite. This material is able to provide significantly low embodied carbon values through carbon sequestration in the plant material during its growth, with negative emissions of −108 kgCO2/m3 (Bevan and Woolley, 2008). Our research found that the use of hemp-lime bio-composite resulted in much lower initial embodied carbon emissions starting at 82.64 kgCO2/m2 and was hence able to achieve net-zero carbon performance by 2043 with negative emissions of −1.49 kgCO2/m2, 7 years before 2050.
In comparison, Case B—Zero carbon performance model built from conventional materials, was also able to achieve negative emissions of −3.33 kgCO2/m2 in 2065, 15 years past the 2050 target. In Case A, we observed that due to the energy inefficiency nature of the building fabric leading to high energy consumption and therefore high operational carbon emissions compounding each year, it required significant improvements to the building fabric to achieve a net-zero carbon performance.
We wanted to investigate what would have happened happen if Case A had been retrofitted to a zero-carbon performance level. This scenario is explored in Case C—Case A retrofit in 10 years i.e., 2031, where we observe a spike in the cumulative carbon emissions of the building–from 535.85 to 587.8 kgCO2/m2, arising from embodied emissions in retrofitted materials.
After the retrofit of the building to operational zero carbon performance, cumulative carbon emission value starts reducing each year. However, despite achieving operational zero carbon performance in 2031, achieving net-zero carbon performance was not possible by 2050. This was because the cumulative carbon emissions compounded up to the year 2031, set a higher starting point for achieving a net-zero carbon performance. Hence, operational reductions in carbon emissions were not adequate to offset the high starting point. Thereby the building was on track to achieving net-zero carbon performance in the next century, which is significantly later than the target year.
In parallel with cumulative carbon emissions, we wanted to explore the cost implications of the net-zero carbon retrofit process. We used a Lifecycle Cost Analysis approach for the building to investigate the trade-offs between building to net-zero carbon emissions and retrofitting at a later stage. To develop this, the costs of building materials utilised were obtained through the open market for each material and inflation was assumed to be at 3%. We found that the most cost-effective approach towards developing net-zero carbon buildings was through Case B and Case B.1 as illustrated in Figure 4. Furthermore, the results also illustrated that if conventional retrofit approach is followed, such as that in Case C, the total project cost would be very high, as shown in Table 4. Why is cost-analysis of multiple cases of the building development explored in this research? A comparative cost analysis for the housing development was carried out to identify an optimum cost-effective approach for construction of net-zero carbon performance buildings, thereby making them a more affordable solution for developers and homeowners. Thus, enabling the built-environment sector to meet the goal of becoming completely net-zero carbon by the target date of 2050. What targets can be promoted by a fabric first approach and how might these differ at various scale of construction projects? Through the analysis of the housing development, this research believes that some targets, such as achieving target zero carbon performance building fabric U-values and air-tightness levels are key and feasible to achieve under the fabric-first approach. This research believes that the resulting figures for cumulative carbon emissions per sq. meter of floor area can be utilised as indicative targets to achieve for domestic buildings at various scales within the United Kingdom.
[image: Figure 4]FIGURE 4 | Investment and Cumulative Operational Cost of the four different cases analysed.
TABLE 4 | Costs of improvements to achieve zero carbon performance.
[image: Table 4]How do these results compare between the four different cases and with other performance criteria? This is summarised in Table 5. Also, as it can be seen from Figure 3, embodied emissions can easily ad over 3 decades worth of operational emission reductions in net zero buildings. This means that organisations declaring carbon emergency and aspiring to reach net zero by 2030 could already be about 2 decades late.
TABLE 5 | Performance comparison.
[image: Table 5]As it can be seen from this table, in terms of operational energy, UK Building Regulations (UK Part L 2021) require energy performance of 120 kWh/m2.yr or less. The Pssivhaus standard requires less than 60 kWh/m2.yr and RIBA 2030 requires less than 30 kWh/m2.yr. Case A, is close to Part L 2021, and cases B and B1 exceed this performance by significant amount. Case C starts the same as Case A and after the retrofit in 10 years it is aligned with Cases B and B1.
In terms of operational emissions, RIBA 2030 requires net zero operational emissions, whilst Case A is high above that. Cases B and B.1 exceed RIBA 2030 requirements, performing at negative emissions. Case C starts with the same emissions as Case A in 20201 and it aligns with Cases B and B.1 after the retrofit in 10 years.
The starting embodied emissions in all cases are lower than the RIBA 2030 requirement of less than 625 kgCO2e/m2.yr. However, in Case C after the retrofit in 2031 the embodied emissions increase to 899.79 kgCO2e/m2.yr, well above the RIBA 2030 threshold. Due to positive operational emissions in Case A, net zero is never reached. In cases B and B.1 net zero is reached in 2065 and 2043, respectively. In Case C, net zero is not reached even well beyond 2100.
At the 60 years mark defined by the RICS as the extent of the building lifetime, Case A will have accumulated nearly 4000 kgCO2e/m2.yr and Case C nearly 600 kgCO2e/m2.yr, whereas Cases B and B.1 will have accumulated negative emissions of −108 kgCO2e/m2.yr and −246 kgCO2e/m2.yr, respectively.
As these results show, the design that fulfils the objective of reaching net zero by 2050 is Case B.1, designed for negative operational emissions and constructed with hemp-lime bio-composite material.
As it can be seen from Table 5, the UK Building Regulations are totally inadequate for achieving carbon neutrality and an urgent action is required.
It is worth pointing out why the embodied emissions depend so much on the choice of materials used in construction. For instance, 1 m3 of brick will have embodied emissions of around 357 kgCO2/m3 depending on the brick type and concrete will have embodied emissions of around 3507 kgCO2/m3 depending on the concrete type (Jones and Hammond, 2019). However, hemp-lime bio-composite, also called hempcrete, will have negative embodied emissions of −108 kgCO2/m3 due to the sequestration of carbon in the plant material from which it originates during the plant growth. When using hemp-lime for construction, not all building materials will come with negative embodied carbon. Such as roof tiles, internal finishes etc., to mention just a few. Nevertheless, this reduces the starting embodied emissions on day one, and it is easier to get to net zero sooner by negative operational emissions.
What other barriers could impact the achievement and development of net-zero carbon performance buildings? This research recognises that factors such as user-behaviour, building systems design and performance, skills-gap and the design of the building impact highly on the performance of the building. To alleviate such issues, the research team believes that it is crucial that there is an early collaboration between the design team and building physics analysis team and with other suppliers and manufacturers, thereby empowering built-environment professionals with the knowledge to achieve net-zero carbon performance buildings. The research team has undertaken post-occupancy monitoring and analysis of several homes across the UK such as the Zero Carbon House in Birmingham and believes that building performance can be optimised by developing a strong understanding of the user-behaviour through post-occupancy monitoring and providing the user a strong understanding of how to optimally utilise the building to meet their operational and thermal comfort needs.
Another barrier to better carbon emissions performance is the increased cost of low carbon solutions. As it can be seen from the last row of Table 4, net zero design with conventional materials increases the construction cost by 35%. Retrofit in 10 years to zero carbon is 65% more expensive, and construction with hemp-lime material is 41% more expensive. Figure 4 shows that between 2030 and 235 the total construction and operation costs in Cases B and B1 are lower than the total costs in Cases A and C. This creates a number of opportunities for experimentation. For instance, new ownership models could be developed that align the interests of building developers and building owners through self-build initiatives. Research into new photosynthetic materials, such as naturally grown materials like straw, natural cellulose, and various recycled materials, could lead to nuanced differences and alternatives to conventional construction materials.
What can different stakeholders, including Quantity Surveyors and other professionals, take from this research? In order to bring climate change under control, it is a responsibility of all professions involved in building design and construction to become familiar with the consequences of embodied emissions arising from construction materials. Ignoring these consequences can lead to a point of no return as far as climate change is concerned. Various professional bodies need to include these findings into their continuing professional development courses and make such courses mandatory for a license to practice their respective professions.
What are the sectoral and policy challenges associated with delivering building of this nature in practice, including design team perceptions? Delivering hemp-lime buildings is not new and useful practical lessons have been learnt, as reported by Jankovic (2016). That research demonstrates a significant performance gap between design simulations and instrumental monitoring results of hemp-lime buildings. This is because hemp-lime material contributes to significant moisture buffering through its primary plant-based capillary pores, and its secondary capillary structures created by lime-based bonding of shredded hemp plant. This is not readily available in design simulation tools, but can be overcome by post-processing of simulation results using a Fourier filtering method (Jankovic, 2016). The main lessons for the construction sector and policy makers are to become more reliant on science, and that hemp-lime buildings cannot only be designed by architects, but involvement of building physicists is absolutely essential in the design team. Other matters that need careful consideration are the upskilling of construction workers as found by Eberlin and Jankovic (2014) on the basis of post occupancy evaluation of 40 houses in the UK built from this material.
What might be the recommendations around energy strategy and operations? What are the implications and opportunities of scale of construction? The work by Jankovic (2016) identified a potential for significant investment savings on the HVAC (heating, ventilating, an air-conditioning) plant. This was tested in a Hemcrete Museum Store constructed for the British Science Museum, with a two-thirds reduction on the investment cost on the HVAC plant (Leskard, 2020). Whilst the increased scale of construction offers opportunities for prefabricated cassettes of this material to be delivered and installed on site, in-situ casting of hemp-lime leads to prolonged drying times of the building immediately after the construction. An implication for the design team is to implement a mechanical ventilation system that can operate with full fresh air intake during cold nights when moisture content is lower than that in the building, and thus achieve rapid drying of the building prior to the occupation.
What policies and incentives could be suggested to local and central planning guidance levels? The research recognises that some local councils in the UK have issued mandate for all developments, to improve their performance beyond Part L standards, in form of a supplementary planning guidance document (SPG) such as those issued by the Greater London Authority (GLA). This research shows that a similar type of policy change, outlining the requirements to meet net-zero carbon levels through use of low-embodied materials such as hemp-lime bio composite as well as use of the three step hierarchy strategy discussed earlier in this paper, would empower the industry professionals with holistic guidance for design and development of new net-zero carbon performance buildings and develop net-zero carbon retrofit solutions.
Are there any wider benefits to society? As hemp-lime material is not yet widely used, opportunities exist developing new skilled construction personnel. As the material is fire resistant, its application to high-rise apartment blocks could lead to safer buildings. In this particular context, there are gaps, as well as opportunities. There is an opportunity for new research and development into application of this material as retrofitted insulation on tall facades, with 3D printers redeveloped for vertical 2D printing along the facade. As hemp-lime is not a load-bearing material, there are opportunities for further research into the application of natural fibres to improve its structural properties. However, the most significant societal benefit is the ability of this material to help with bringing climate change under control if used more widely.
Whilst the strength of this study is in highlighting the importance of embodied emissions as a contributor to the overall emissions in newly constructed buildings, a weakness of this study is that it is based on a single case of a cluster of six family homes in Hertfordshire, United Kingdom. However, in order to find this case, the research team had to secure funding for this work, establish a working relationship with a local borough council, and then to find a suitable project that had received a planning approval to be constructed. With more funding and time, more suitable cases could have been found and analysed. However, on balance, we believe that this weakness has been outweighed by the strength of highlighting the scale of efforts needed in the UK and beyond to achieve net zero by 2050.
CONCLUSION
This study used an example of a housing development in Hertfordshire, which was approved for construction by the Planning Department of the collaborating local authority. As the current Building Regulations in the UK do not require new houses to be built to net-zero standards, and as the local authority in question declared carbon emergency and their aim to become carbon neutral by 2030, the study investigated how this could be achieved by alternative designs in comparison with the design that was approved for planning.
Building performance simulation was used as the basis for designing zero carbon operational performance based on the methods developed by Jankovic (2017), and analysis of embodied emissions was based on the Inventory of Carbon and Energy database (Jones and Hammond, 2019).
The study demonstrates that achieving net-zero carbon design by 2050 is possible, but only through design for operational negative emissions and the use of natural photosynthetic materials such as hemp-lime bio-composite. Through cost analysis, this work also illustrates that using natural materials with very low or negative embodied carbon emissions results in lower cumulative carbon emissions and therefore can provide an easier pathway towards achieving net-zero carbon performance buildings to be achieved sooner despite higher initial costs in comparison to conventional solutions, which have shown to prolong the achievement of net-zero carbon performance.
The use of conventional materials appeared to delay the achievement of net-zero emissions by several decades, either in construction of new or in retrofit of existing buildings. One of the most important conclusions is therefore that while the UK Building Regulations are not yet adequate for achieving carbon neutrality and do not completely restrict the use of fossil fuels, the only way to achieve net-zero targets before 2050 in new buildings is to design them to be carbon negative from the operational point of view and to use photosynthetic materials with negative embodied emissions for their construction.
Future studies will focus on salability of the presented solution, and on accelerating the adoption of net zero designs by developing preset designs for specific building archetypes.
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