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Title: Appraising the Life Cycle Costs of Heating Alternatives for an Affordable Low Carbon Retirement Development
Abstract 
This paper assesses the low carbon design of housing developments for retired people who are willing to downsize. There is a need for a strategic approach to provide energy-efficient housing in general, but specifically for a growing aged population. This approach should be inclusive and affordable. Therefore, this study assessed the capital and operational costs of space and water heating of typical UK retirement dwellings by considering, over a 30-year life cycle, the use, maintainability, replacement frequency, and sustainability of applying different low carbon energy technologies and renewables to various primary heating plants. Conventional heating systems (e.g. gas, electricity) and low carbon green technologies, such as photovoltaics (PV), solar hot water systems (SHW), combined heat and power (CHP) and air source heat pumps (ASHP), were studied and compared. A combination of ASHP and a solar hot water system (SHW) reduced the energy costs by 57%, maintenance costs by 14% and produced 46% lower carbon emissions than the gas boiler option. However, the ASHP option generated 75% more capital costs than the gas boiler scenarios as well as high replacement costs due to the short life expectancy of the system. The gas boiler and PV combination had the lowest capital, energy, and life cycle costs but also had high carbon emissions. The results suggest that UK government incentives, such as applying a carbon tax, would significantly reduce the payback time of green technologies and could, therefore, be the key drivers of low carbon adoption. 
Highlights
· 4.5 times more energy is required for heat compared to regulated electricity.
· ASHP and SHW scenario had low energy, maintenance, and overall operational costs. 
· ASHP and SHW had very low CO2e emissions but the highest capital costs.
· Heat incentives and applying carbon tax would reduce the payback time of renewables.
· Projection of future carbon intensity and cost of electricity is essential for life cycle analysis.  


Graphical Abstract

[bookmark: _Hlk74828557]The ranking of various scenarios against different criteria. Higher the ranking means higher the costs or emissions. [colour should be used for this figure in print]
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Introduction 
[bookmark: _Hlk41507987][bookmark: _Hlk41502856]The use of energy in buildings to provide a comfortable and healthy indoor environment for occupants currently accounts for over 40% of the total primary energy consumption in the USA and the EU and causes substantial CO2 emissions [1, 2]. In the UK, direct greenhouse gas (GHG) emissions from buildings were 88MtCO2e in 2018, which accounted for 22% of the total UK GHG emissions [3]. 
[bookmark: _Hlk41508317][bookmark: _Hlk83126595][bookmark: _Hlk41508432][bookmark: _Hlk41508513]Although heat generation is still the largest energy-consuming sector in the UK and the most significant contributor to UK GHG emissions, the overall demand for space heating in buildings is falling due to increasing fabric thermal efficiency. Despite a growth in the number of households in the UK, electricity and gas consumption for heating fell by 17% between 2005 and 2016. Several factors have contributed to these reductions in consumption, including energy efficiency improvements such as more energy-efficient appliances, new boilers and increased insulation levels, weather conditions, increased energy prices, the 2008 global recession, changes in the building stock and increases in solar photovoltaic self-generation by households [4]. However, gas, oil and coal are still the primary heating sources in Europe. In the UK, around 85% of households use natural gas for heat [5, 6]. This is incompatible with Europe’s commitment to climate change mitigation and the UK’s long-term decarbonisation goal. It is necessary to implement other low carbon heating options by the 2030s if the 2050 net-zero emissions target is to be met [7]. 
[bookmark: _Hlk37360236][bookmark: _Hlk41508618]Developments in heat generation technology, heat delivery, and energy efficiency options now mean that there is an interest and an incentive for developers to install and use green and clean technologies within the Europe and UK building stock. However, most building developers still see investment in energy efficiency as a risk rather than an opportunity, and they avoid energy efficiency measures merely to reduce the risks involved and the potential reputational damage [8]. One of the sectors that could potentially benefit most from utilising clean and green heat technologies, but which has been comparably slow in adopting such an approach, is care homes and later living or retirement living homes [9]. Residents of these properties will frequently spend much of their time indoors, have low activity levels, and require very warm environments to provide comfort for much of the year. 
Neven et al. [8] undertook a study of 27 care homeowners to assess their attitudes to implementing sustainable thermal technologies. The owner of a care home in Northern England, which used a solar hot water system (SHW), mentioned that implementing a low carbon heat technology might save £5000-£6000 in energy costs per year, equal to approximately £100 per resident per year, but that the risks of implementation might be higher than the savings. An owner of five care homes in Scotland with biomass boilers (and an oil-fired system as a backup) stated that they were unwilling to implement low carbon technology, even if the only risk would be a possible one-month delay in completion. However, all 27 participants in the study stated that government incentives, funding, and regulations would encourage them to implement sustainable technologies.
Other challenges that might be deemed as a risk when considering such technological shifts are necessary and perhaps radical changes to the lifestyle, behaviour and knowledge of the end-users and other stakeholders [10, 11].  As-built performance is another possible risk from implementing low carbon technologies. The importance of system performance increases with low carbon design. As with low carbon design, if a building’s heat losses are significantly higher than projected at the design stage, there will be a risk of the heating system being run at higher operating temperatures to try and meet the additional demand. This would result in significant increases in energy use [12]. 
Around 5,500 different care home providers in the UK operate more than 11,300 housing developments for the elderly, with about 410,000 residents. This sector is worth around £15.9 billion a year in the UK [13]. UK government funding was made available for producing long-term, affordable care and support specialised housing solutions in 2018 [8]. If new developers considered renewable energy generation and low carbon options then they could potentially access this funding and reduce operational energy costs in their developments. These new designs attract different types of tenure, management, and funding policies. Understanding the operational and life cycle costs (LCC) of different low carbon design options could encourage developers to consider these options, too, as they contribute significantly to the occupants’ health and wellbeing. 
Buildings constructed for use as retirement (later living) homes or care homes have a relatively high and continuous demand for hot water, space heating and good ventilation. They could, potentially, hugely benefit from implementing low carbon heat technologies and might contribute meaningfully to the UK’s emission reduction target. A recent report on the carbon and energy costs of social care estimated a contribution of around 2.3 million tonnes of CO2 emissions and £468.5 million in utility costs [14].  
[bookmark: _Hlk46592582]Conversely, around 348,000 households aged 85 and over live in poor quality homes, and 92% of the total excess winter deaths (EWD), equal to 46,000 people in England and Wales during 2017 and 2018, were aged 65 or over [15]. Although two people of the same age might have distinctly different cognitive and physical capacities, and advanced age does not necessarily mean being vulnerable to cold, research suggests that poor health conditions can cause older people to be more vulnerable to the cold. Many older people are retired and on a low income, and so they may have trouble paying their energy bills [16, 17, 9]. Those in fuel poverty are underrepresented in discussions and policymaking, implying that a low carbon system will not necessarily improve access to affordable energy [18]. A household is considered to be fuel poor in England if:
· they live in a property with an energy efficiency rating of band D (the average value in England) or below and
· after paying the energy bills, they would be left with a residual income (equivalised income after housing costs, tax and National Insurance) of less than 60% of the national median [19].
Figure 1 shows that households using electricity as the primary fuel for heating have the highest likelihood of fuel poverty at 20.2%, compared to gas at 9.3% [20]. Despite these statistics, and although the UK’s ageing population is growing, around only 10% of Local Plans in the UK have a specific policy that addresses older people’s housing needs [21]. 
[image: ]
[bookmark: _Ref58440597]Figure 1 – Shows that in 2018 households using electricity as their primary fuel for heating have double the likelihood of being in fuel poverty than those using gas. The ‘other' category consists predominantly of oil or coal [20]
Much research has been carried out on the suitability of various renewable and clean technologies and age-friendly spaces for retirement living developments [14, 18, 21], and negative impacts of low temperatures and fuel poverty on health [22, 23]. However, little research has been performed on comparing the life cycle costs of these various heat technologies. Existing studies [24, 25, 26] mainly focused on energy use and energy consumption costs whilst ignoring the life-cycle economic performance of these systems. A more holistic cost approach is required to make sure climate justice is considered in decision makings.  
While the topics of integrated design, environmental performance, energy use, operational CO2 emissions, and life-cycle costs have each been examined, only a few studies [27, 28] combined all aspects together to determine the simultaneous impacts of energy-efficient design on life-cycle costs and carbon emissions in housing. As there is a need for a policy and a strategic approach to providing energy-efficient housing for the aged population, this paper aims to provide an overview of the affordable opportunities available and low carbon solutions for reducing carbon emissions from heat (heating, hot water) for a residential retirement living development (which included commercial spaces). This paper also reviews the distribution of costs involved in reaching low to zero emissions to allow policymakers to ensure that low carbon implementation funding and incentives are aligned with the required pace of change.
[bookmark: _Hlk46695887]In addition, this research focus on the heating plant and clean and renewable technologies as they have the shortest lifespan of all building components and require continuous statutory and operational maintenance [29]. A life cycle option appraisal analysis conducted by Tokede et al.in 2016 [30] showed that replacing mechanical and electrical (M&E) plants had the highest cost of any refurbishment measure. Therefore, as well as technical appraisals, planning policies, and the carbon emission reduction potential of each technology, this paper have considered the broader consideration of these technologies' capital and life cycle costs.
Aims and Methods 
Low maintenance, low operational costs, and affordable living are often the main concerns that elderly people consider when selecting a retirement home [31]. Therefore, this research focuses on the life cycle cost assessments of various energy-efficient solutions that could be used in a proposed retirement living design (mainly for those who would be downsizing). To assess issues of fairness of future policies on heat electrification, this paper asks: does the emerging low-carbon technologies and heat electrification at the household scale complement or complicate minimising fuel poverty? 
This paper highlights the capital costs of achieving the lowest energy costs for the occupants. The study is not intended to be a comprehensive look across all low-carbon heating technologies – rather, the method focuses on a limited number of technologies to inform views of the cost-effective potential for tightening building regulations. More specifically, it assesses and compares three household heat technologies (gas, electric and the emerging technology of heat pumps) as the primary source of heat and three green and clean technologies (SHW, photovoltaic panels, and combined heat and power plant (CHP)) as the secondary energy plants.
A report from the University of Sheffield and the group Designing for Wellbeing in Environments for Later Living (DWELL) [32] has been used to select an appropriate design and case study. The report suggests several typologies for downsizer homes. In addition, it defines downsizers as general-needs housing and not age-exclusive or specialist retirement accommodation. Therefore, the result of this paper is not just limited to retirement accommodation – it also considers the aspirations and requirements of third-agers.  Accordingly, a mid-rise, garden-block retirement living apartment typology with commercial spaces  in the UK was selected as a case study to:
· identify the solutions that are most likely to produce the lowest energy bill costs for occupants, with the calculated energy costs to be comprised of both the energy consumed within the dwelling as well as the costs of energy consumed in the communal areas (but not commercial areas as this might vary from one project to another).
· help the financial sustainability and operational benefits derived from following the principles of the RICS professional guidance, UK Life cycle costing' [33] throughout the design development.
The generic site plan consisted of 77 residential units and approximately 2,300m2 of flexible communal floor area. An 85m2 top floor semi-detached apartment (chosen as the worst-case scenario due to heat loss through the roof) had been selected for the analysis. It was assumed that the apartments were separately metered, and the communal space utility, maintenance and replacement costs were shared between residents (as service charges). All the studies and cost analyses have been carried out at the design stage before the building was constructed. However, the energy and life cycle costs analysis data were provided by the stakeholders involved in the project (architect, building services engineers, manufacturers, and a quantity surveyor) and have been validated against the appropriate industry standards. Figure 2 illustrates a summary of this research’s steps and sources of data used for the analysis. 

[bookmark: _Ref73957724][image: ]
[bookmark: _Ref82428275]Figure 2 – Summary of the steps of analysis and methodology used in the study
Selected scenarios for option appraisal
According to the DWELL project’s results [32], downsizers prefer locations within an easy walking distance of city centres, and the selected technologies are viable and low risk for the desired location of retirement housing [34]. The design followed the fabric first approach and the sizing of the technologies, and the heating plants were calculated based on the energy analysis results and validated by the project’s mechanical and electrical engineers and the manufacturers - see Section 2.2 for more details.   
Central gas boiler
The first primary heating option was to use a central gas boiler to provide heating and hot water to the apartments and communal spaces. Despite the UK Treasury's (HMT) announcement [35] on ending gas heating in new homes and the UK's 2080 net-zero target, fossil fuels continue to play a significant role in residential energy use, and there is still no guidance on how to meet the challenges involved in the HMT decision. There is also uncertainty regarding how much these changes could cost developers and end-users. In addition, approximately 85% of UK households and 65% of non-domestic buildings use natural gas for heating [4]. Gas boilers have been included in the scenarios not because they are considered low-carbon technology but to assess the cost-effectiveness of this predominant heating fuel, which has delayed implementing low-carbon technologies. Therefore, the combination of gas options and low or zero-carbon energy sources are included in the analysis to provide an opportunity to compare other options (e.g. electric and ASHP) against the gas boiler system. The assessments are based on three 300kW central gas boilers with an efficiency of 91%. 
Central electric hot water generation and local electric heating within the apartments
[bookmark: _Hlk46607801]The second primary heating option was to use central electric hot water generation and local electric heating within the apartments. Particularly in premises that are off the gas grid, direct electric heating systems are the most common heating source, and it is becoming cleaner as the power sector continues to decarbonise. Since 2012, 75% of the reduction of the UK's greenhouse gas (GHG) emissions has come from the electric power sector [36]. This has resulted in a 55% reduction in the carbon emissions intensity factor for electricity, from 0.460kgCO2e/kWh to 0.233kgCO2e/kWh. This means that homes heated by direct electric systems will produce nearly the same carbon emissions as gas, with a 0.204kgCO2e/kWh conversion factor [37, 38, 39]. Any knowledge of the future cooling demand for the UK is currently limited, however. The UK's National Grid has previously estimated that the demand for air conditioners in the domestic sector will be 18 million units by 2050, compared to less than one million in 2018 [4]. Therefore, it is essential to study the cost implications of electric options for both developers and occupiers. Accordingly, a 250 litre hot water electric immersion tank was considered for the electric scenarios. 
Central air to water heat pumps
Central air to water heat pumps (ASHP) were the third selected primary heating option for this study. ASHP was selected due to site limitations and technical difficulties of applying ground source and air to air heat pumps. This scenario required hot water storage, which is considered in the capital costs estimations. Despite low market penetration in the UK, heat pump technology is essentially a mature and low-risk technology. Currently, one of the barriers to using ASHPs in the UK is the system's initial costs. However, with government incentives and low carbon plans, it is predicted that the cost of this technology can reduce by up to 20% in 2025 [40]. Another reason for selecting ASHP is the significant potential for retrofitting the technology to the existing housing stock. They can also operate in areas of high-density housing such as flats and terraced dwellings, where the installation of ground source heat pumps would be infeasible [34]. Accordingly, the assessments are based on 18x42kW central ASHPs with a coefficient of performance (CoP) of 2.98.
Solar-based renewable technologies 
The ancillary options were selected based on the technical applicability and meeting policy and planning requirements.  Dependent on the technologies used and the particular requirements, solar-based renewable technologies such as solar thermal hot water system (SHW) and Photovoltaic (PV) panels can be installed to deliver electricity, space heating, hot water and cooling. Therefore, for onsite renewable energy generation, in retirement living buildings, which are at the pivotal point of this study, SHW and PV panels are decidedly suitable options. The former can provide a thermal energy output for direct water or space heating, while the latter can provide electrical energy to cover partially a household’s electricity needs for regulated and unregulated electricity [41, 42]. The Standard Assessment Procedure (SAP) is a methodology used by the UKGovernment to assess and compare the energy and environmental performance of dwellings, and the SAP guideline was used to calculate the annual solar radiation levels over a12 month period. The same guideline was used to determine with south orientation and the 30o tilt angle for the SHW and PV panels [43]. Given the maximum roof space available, and to maximise renewable energy generation, 200kWth of SHW and 96kWth of PV panels were modelled for this study. 
Gas-fired combined heat and power plant (CHP)
Like heat pumps, CHP can contribute to the decarbonisation pathways at the different scales of centralised, medium-scale and small-scale generation integrated in to each home through micro-CHP engines [44]. However, more recent literature suggests combining this technology with gas boiler and renewable technologies rather than as a stand-alone technology to meet low carbon targets [45]. Therefore, this technology has been assessed along with a gas boiler and PV panels. Calculations in this study are based on a 50kWth CHP. Table 1 outlines the eight scenarios that have been reviewed as part of the energy and life cycle costing option appraisal for the proposed scheme.
[bookmark: _Ref83138313]Table 1 – Selected heating technologies and low carbon and green scenarios 
	Scenarios 
	Primary Heating Plants
	Supplementary Plant

	Scenario 1 (S1)
	Central Gas Boiler serving communal areas plus apartments
	SHW

	Scenario 2 (S2)
	
	PV

	Scenario 3 (S3)
	
	CHP + PV

	Scenario 4 (S4)
	Electric Heating and Hot Water for communal areas and apartments
	SHW 

	Scenario 5 (S5)
	
	PV 

	Scenario 6 (S6)
	Central Air to Water Heat Pump (ASHP) serving communal areas plus apartments
	No Supplementary plant

	Scenario 7 (S7)
	
	SHW

	Scenario 8 (S8)
	
	PV



Although a complete analysis of low carbon options would also include other heat options, such as biomass and ground source heat pump (GSHP), this paper does not aim to provide a complete answer to the heat decarbonisation problem. Instead, the overall aim here is to demonstrate the distribution of costs involved in reaching low to zero emissions through a case study research to allow policymakers to ensure that the low carbon implementation funding and incentives result in affordable low carbon buildings. Other researchers [46, 47, 48, 49] have taken the same approach when techno-economically assessing the low carbon technologies, rather than presenting a holistic review of all available technologies. 
Modelling and cost analysis 
Fabric first approach and thermal modelling 
To follow low carbon principles [52], and to minimise the heating system size, this study first compared the energy consumption of an energy-efficient fabric design with one built to meet the minimum building regulation requirement. The analysis was run using the UK's Standard Assessment Procedure (SAP10.0) [50] software to measure the options against UK thermal building regulations (Part L1A) [51]. Accordingly, two thermal models were developed in SAP10.0 software using London weather data. First, a building model was configured to comply with the UK building thermal regulation Part L1A (Table 2) and to meet the Target Fabric Energy Efficiency (TFEE) rate [51]. This model did not meet the Target Carbon Emission Rate (TER) and, therefore, notional building specifications [51] were applied for the building fabric performance and airtightness. A fabric-first approach using Cross Laminated Timber (CLT) was then proposed in line with the best practice for low carbon design. The high-performance fabric provided added benefits in terms of airtightness and efficient construction. 
Minimum compliance standards were assumed for the building service efficiency and ventilation for the Part L1A scenario. However, considering the importance and high ventilation demand in retirement living developments, mechanical ventilation with the rate of 30 m3/h or 8 l/s per person was modelled for all the compared scenarios. The proposed ventilation rate is recommended for highly low energy buildings (i.e. Passivhaus buildings) [53]. For all fabric scenarios, the residents can open the windows, which has been considered when sizing the heating system. All the services and the proposed scenarios in Table 1 were sized accordingly.
[bookmark: _Ref83197702]Table 2 – Comparison between the research case study (CLT compliant solution), the concurrent notional building specification, and the existing housing stock built to PartLA1.
	Building Elements
	2016 Building Regulations Part L1A requirement 
	Concurrent Notional building specification 
	Proposed Values using CLT construction 

	Roof (W/m2K)
	0.20 
	0.13 
	0.13 

	Wall (W/m2K)
	0.30 
	0.18 
	0.15 

	Floor (W/m2K)
	0.25 
	0.13 
	0.13 

	Windows/ g-value (W/m2K)
	2.00 
	1.40 
	1.00 

	Doors (W/m2K)
	2.00 
	1.00 
	1.00 

	Air Tightness (m3/m2h@50Pa)
	10
	5
	3 (worse-case scenario)

	Gas boiler efficiency
	89.5
	91
	91%

	Ventilation 
	Natural ventilation with local extract in kitchen and wet rooms
	Natural ventilation with local extract in kitchen and wet rooms
	[bookmark: _Hlk83366333]Whole house MVHR- Ventilation rate of 30 m3/h per person and efficiency of 75%

	Annual heat consumption comparison (kWh)
	6900
	5670
	4610



To determine the average savings in heat costs for the occupants in the proposed scenario, the 2018 median national heat consumption for houses was also calculated. The heat demand of the CLT scenario (4610 kWh) was approximately 20% lower than the PartLA1 scenario (5670 kWh). 
The National Energy Efficiency Data-Framework's (NEED) report of June 2020 [54], published by the UK Government’s Department for Business, Energy & Industrial Strategy (DBEIS), provided the mean energy use in domestic buildings. Comparing this data (6900 kWh) with the CLT scenario showed approximately 65% less heat (heating and hot water) costs. 
The energy consumption generated from the SAP10.0 calculation for the apartments and the dynamic thermal simulation modelling (DSM) software EDSL Tas, were used for the communal areas, to estimate annual energy costs. London weather data were used for the analysis in both programmes. 
Life cycle cost analysis 
To assess the life cycle operational costs and the carbon implications of the various design scenarios, the study reviewed the capital costs and the operational costs (cost in use) of applying various renewable and low carbon energy technologies to selected primary heating strategies over a 30-year life cycle period, which reflects the same period included within the operational model.
The life cycle cost analysis followed the Royal Institution of Chartered Surveyors (RICS) professional guidance, published in April 2016, [33] and the guiding principles outlined in the Building Cost Information Service/British Standards Institution (BCIS/BSI) publication PD15686-5 Standardized Method of Life Cycle Costing for Construction Procurement [55]. Accordingly, the varied costs of eight scenarios associated with (i) the capital costs of the core heating components combined with low carbon solutions, (ii) the estimated expenditure for utilities (heating, hot water, regulated and unregulated electricity), (iii) the maintenance costs, and (iv) the replacement costs have been analysed over 30 years.  
Equation 1 shows that the Life Cycle Cost is defined as [56]:
	
	[bookmark: _Ref407706040]Equation 1


where:
LCC = life cycle cost (£),
IC = total initial cost (£),
∑= Sum over the lifetime, from year 1 to year N, where N = lifetime of the technology (years),
OCt = operating cost (£),
r = discount rate, 
t = year for which operating cost is being determined
To estimate the discounted costs, the suggested real discount rate of 3.5% from HM Treasury's Green Book (2018) [57] for public sector projects has been considered. This rate is in line with inflation and does not need to be adjusted for inflation. The discounted costs are presented as the Net Present Value (NPV) of 30 years' worth of cashflow and compared with the gas boiler option with no ancillary plants.
For a project of this type, a  quantity surveyor provided the expected capital costs, and various manufacturers provided the M&E specifications and maintenance requirements. The assumptions for each section of the analysis are included in the relevant result sections. Finally, a sensitivity analysis of the effect of government incentives and carbon tax on the payback time of scenarios were carried out and presented in the result section. 
Results and analysis 
'Fabric-first' strategy 
Capital costs 
After sizing each scenario's primary and ancillary heating components, the capital costs were estimated in collaboration with the project's quantity surveyor and validated using Spon's mechanical and electrical services price book [60].  Figure 3 demonstrates the estimated capital cost of simulated scenarios. Distribution, storage and emitter costs are all included in the capital costs.


[bookmark: _Ref82551289]Figure 3 – Capital costs of M&E installations for various heating strategies for the whole development (residential and communal areas)
As can be seen in Figure 3, ASHP incurs the highest capital costs among the preliminary heating plants and PV panels are the most expensive ancillary plant. A 2016 report from the UK government's Department of Energy and Climate Change (DECC) [40], predicted an overall cost reduction of 20% compared to the current costs for ASHP. However, sensitivity analysis by Rafique & Williams [49] showed that even after a 20% capital costs reduction for ASHP, a gas boiler would still incur lower capital costs.
The following sections of the paper present a summary of the corresponding operational and life cycle costs. 
Utility costs 
To identify the low carbon solutions that are most likely to result in the smallest energy bills for occupants, the development's (apartments and communal areas) heating, regulated and unregulated electricity requirement, as well as the energy generation from the renewables and CHP system, were compared, and the utility costs were calculated and are presented in Figure 4. Utility costs of £0.045 and £0.155 per kWh were assumed for gas and electricity respectively. As similar assumptions were made for the occupiers' schedule and household electrical appliances, the regulated and unregulated electricity costs were the same for all scenarios. The regulated electricity was the electricity required for low energy LED lighting, mechanical ventilation and heat recovery (MVHR) systems, fans, and pumps. The unregulated energy consumption was the electricity required for small powered devices and typical household appliances and will be determined by the use and management of each apartment's occupants. The communal energy costs figure is what the apartment occupiers would pay to cover the communal spaces' energy costs (heat, regulated and unregulated electricity). 

[bookmark: _Ref83204138]Figure 4 – The breakdown of the whole development's energy costs. The labels show the total energy costs, including income from RHI and FIT and the savings from renewables and CHP [colour should be used for this figure in print]
The UK government's Renewable Heat Incentive (RHI), and the Feed-in-Tariff (FIT) [61, 62] were included in calculating the total utility prices. ASHP is eligible for the RHI of 2.79 p/kWh of generation for 7 years and the PV panels generation is eligible for FIT of 1.73 p/kWh of generation for 20 years. The labels in Figure 4 show the total energy costs, including income from RHI and FIT. Non-domestic RHI rates are applied to the calculations because part of the generation might be used for communal and commercial areas in the future.  The results show very low energy costs for scenario 7 (ASHP and SHW) compared to the other scenarios due to the ASHP's high CoP of 2.98 and ASHP's RHI payment (approximately £9805.53). However, as the FIT and RHI change every year, and to ensure that the decision-making risks are not increased, the energy costs were also compared, excluding the RHI/FIT income in Figure 5 for each apartment. 

[bookmark: _Ref83204384]Figure 5 – comparison of an apartment (85m2) energy costs excluding RHI/FIT with associated M&E capital costs. The labels show the total annual energy costs, including the savings from renewables and CHP but excluding RHI/FIT [colour should be used for this figure in print]

Figure 5 also compares the capital expenditure (capex) as opposed to the occupants' energy costs to enable an informed decision on choosing the most affordable building design. The energy costs borne by each apartment would include utility costs for the energy consumed in the apartment plus the communal area energy costs, which would be divided between the 77 apartments. 
Scenario 7 is favourable with and without RHI when comparing energy costs. However, it has the highest capital costs after scenario 8 (ASHP and PV). Gas solutions (scenarios 1, 2 and 3) have comparably low energy and capital costs. However, they have the disadvantage of requiring a gas supply to the site and for the flats to be very airtight. The best gas solution in terms of energy costs uses a CHP (scenario 3), but this is only recommended for larger-scale developments [63]. For instance, if the CHP is designed to provide part of the commercial area's energy requirements, that would be acceptable. The utility bills for the scenarios with electric primary plant (scenarios 4 and 5) are approximately three times more than the options with gas boiler (scenarios 1 to 3). The main reasons for this result are the higher heat demand and lower utility costs (0.045 p/kWh) for gas than electricity (0.155 p/kWh). Currently, the proportion of heat and regulated electricity demand for the whole development is 82 to 18 percent, but future cooling and ventilation demands may mean more electricity consumption, which would make the ASHP and electric scenarios (scenarios 4 to 8) more favourable. 
 
Carbon emissions
One of the research aims was to explore the operational carbon emission of alternative clean and green technologies. This paper considers all scenarios based on their operational carbon dioxide equivalent (CO2e) impact. The equivalent includes the other significant greenhouse gases that contribute to global warming potential [64]. The total CO2e emission of each scenario is presented in Figure 6. The labels show the total kgCO2e emissions per year for each option per apartment. The carbon intensity factors of 0.203kgCO2e/kWh for gas and 0.233kgCO2e/kWh for electricity were used to estimate and compare the carbon emission variation between the scenarios. The modelling software assumed a primary energy factor of 1.130 for main gas, 1.051 for CHP heat, and 1.501 for electricity [65]. 
In addition, London Planning Authorities (LPAs) apply carbon offsetting tax, following the London Housing Supplementary Planning (SPG) Guidance [66] on new developments. Currently, 15 out of 22 authorities rely on the price of carbon offsetting tax, as referenced in the SPG (£60 x 30 years = £1,800 per tonne of CO2e offset to be paid upfront). The remaining seven LPAs applying offset have adopted varying prices [67]. Therefore, the carbon offsetting tax that should be paid for each scenario is calculated using the SPG price and is presented in Figure 6. Scenarios 7 (ASHP and SHW) and 3 (Gas boiler and PV and CHP) with the lowest energy costs also have very low carbon emissions. Electric scenarios (S4 and S5) have both high energy costs and carbon emissions. Because currently, the carbon emissions intensity factor for electricity is higher than gas and the electricity costs are approximately four times higher than gas prices. 
[bookmark: _Ref46581942][bookmark: _Ref46581450]
[bookmark: _Ref83205121]Figure 6 – Annual CO2e emissions and associated carbon tax (to be paid upfront) per apartment. The labels show the total annual CO2e in kg for each apartment, including the carbon emission reductions from renewables and CHP generation. [colour should be used for this figure in print]
[bookmark: _Toc464819543][bookmark: _Toc467679257]Life cycle costs
The relevant future energy, maintenance, and replacement costs of each scenario over the LCC period of 30 years were estimated to compare the options' capital expenditure with their operational expenditure (opex). The following sections are based on the best available data, mainly provided by the manufacturers. However, considering that good quality historical datasets are hard to find in the construction and real estate sectors [68], and that uncertainties are inherent in any forecasting method, these calculations are subject to change under different assumptions [69].  
For all the calculated operational costs, the discounted costs are presented as the Net Present Value (NPV) of 30 years' worth of cashflow and compared with the gas boiler option with no ancillary plants. This comparison is presented in Figure 7, and as a percentage of saving (minus numbers) or as an extra cost (positive numbers). 

[bookmark: _Ref83205726]Figure 7 – Predicted NPV of operational costs for each apartment and the proportion of the communal area per apartment for 30 years. Labels present a percentage of saving (minus number) or extra cost (positive number) compared with the conventional gas boiler.
Life cycle Energy costs 
The volatility of the annual price variation using historical electricity (2004–2018) and gas (2007–2019) prices was calculated to predict future fuel prices, and a binomial tree was constructed. Table 3 illustrates the predicted prices based on a 10.69% and 14.40% volatility rate for electricity and gas, respectively, at a five-year interval. Accordingly, 30 years of LCC energy costs were estimated and are presented for each apartment in Figure 7. When compared with the conventional gas boiler, electric scenarios (S4 and S5) incur higher energy costs. As mentioned before, the main reasons are higher heating and hot water demand and lower utility costs for gas. The highest energy cost saving occurs for Scenario 7 (ASHP and SHW) in which clean and green sources provide both heat and electricity, while for the scenarios with gas boiler primary plants (S1, S2 and S3), significantly higher costs savings are achieved when PV panels are installed as an ancillary plant (Scenarios 2 and 3) than SHW (Scenario1) because of the higher electricity costs than heat. 
[bookmark: _Ref46583007]Table 3 – Predicted future utility prices using binomial tree methodology
	Item 
	Year 0
	Year 5
	Year 10
	Year 15
	Year 20
	Year 25
	Year 30

	Electricity costs (p/kWh)
	15.48
	15.88
	16.30
	16.72
	17.16
	17.60
	18.06

	Gas costs (p/kWh)
	4.48
	4.69
	4.90
	5.13
	5.37
	5.61
	5.87


It should be noted that with government incentives for the scenarios with PV panels (S2, S3, S5, S8), they will also benefit from fixed electricity tariffs for 20 years. This parameter is considered when calculating the payback time of scenarios in Section 3.6. 
Life cycle maintenance costs
Information on maintenance requirements was obtained from the Royal Institute of Chartered Surveyors (RICS), New Rules of Measurement 3 (NRM3) [70] and the Chartered Institution of Building Services Engineers (CIBSE) Guide M [71]. The maintenance costs that are included in this analysis, which were obtained from various manufacturers, are:
· statutory and operational inspection costs suggested by the CIBSE Guide M and NRM3
· replacement of minor components advised by the manufacturers
· cleaning as suggested by the manufacturers (the CIBSE Guide M and NRM3)
[bookmark: _Hlk83286600]The life cycle maintenance operational costs would be paid as service charges by the future apartment occupants. It should be noted that the repair costs that may be required over the assumed 30-year analysis period have not been included in any systems. As seen in Figure 7, the maintenance costs of the electric scenarios (S4 and S5) are higher than those of the gas boiler (S1, S2 and S3) and ASHP (S6, S7 and S8). 
[bookmark: _Hlk83286671]According to NRM3, annual operational inspections are required for radiators, which are included in the electric scenarios (S4 and S5). This operational inspection would cost the occupants an NPV of approximately £3674 for all the apartments over a 30-year period. 

[bookmark: _Ref46584413]Figure 8 – Net Present Value of maintenance cost of M&E components over 30 years compared with the capital cost of each component for the whole development (the costs might vary for different options]
[bookmark: _Hlk83286737]Considering that the capital costs of this component would be approximately £200 per radiator (5 radiators per apartment) with a life expectancy of 20 years, the occupants may not choose to comply with this non-statutory requirement. Figure 8, accordingly, compares the 30-year NPV of maintenance costs of different M&E components against the capital costs for the whole development. It can be seen from Figure 7 that, despite a high capex, the low carbon and green technologies have low maintenance costs, with ASHP scenarios (S6, S7 and S8) having lower maintenance costs than all the gas boiler scenarios (S1, S2 and S3).
Life cycle replacement costs
Incorporating the building component's life expectancy was necessary for the life cycle economic appraisal of a building. Attention to the life expectancy of building services components in life cycle option appraisal is essential as they have a shorter life expectancy when compared to other building components. The Building Cost Information Service (BCIS) has carried out a survey of the experience of building surveyors to establish the typical range of life expectancies for building components. The survey findings, which were published and available in the Component Life module of the BCIS Building Running Costs Online (BRCOL) [72], were used for this analysis. Among M&E components, gas boilers, CHP, SHW, PV, electric heating tanks, and heat emitters have the most extended median life expectancy of 20 years, while ASHP, the MVHR units and the pumps have a shorter median life expectancy of 15 years. 
Replacement costs were estimated using the NPV of the original capital costs estimate, an industry-standard approach, and are presented in Figure 7. It can be seen that ASHP scenarios (S6, S7 and S8), with the highest capex and short life expectancy, have the highest replacement costs.
[bookmark: _Ref46859975]Total life cycle costs 
A comparison of the capital costs and the NPV of operational costs for eight scenarios (over 30 years) is summarised in Figure 9, which ranks each scenario against different cost variances. The labels show the percentage of each cost over 30 years compared to its total LCC (capex and opex). It also shows the amount of emissions reduction from each scenario compared to the gas boiler with no ancillary plant. Scenario 2 (gas boilers with PV) has the lowest operational costs and low capital costs. PV panels work well financially in carbon emission reduction when combined with the gas boiler. This strategy is simple to operate, has a reasonably long life expectancy, and lowers life cycle operational costs. For the scenarios with ASHP as the primary plant, and electric scenarios, SHW (S7 and S4) incurs lower LCC, lower opex and higher CO2e emissions reductions than the PV scenarios (S8 and S5). Compared to scenario 1, the combination of ASHP and SHW (scenario 7) incurs a 51% higher capex, resulting in a 74% more CO2e emission reduction and could reduce the opex by 3.7%. Therefore, Scenario 7 would be an affordable low carbon design solution to replace the gas boiler for the proposed retirement living development. However, more research and development to improve the efficiency and service life of these technologies are necessary. For the electric primary heating plants (S4 and S5), scenario 4 with SHW have a lower LCC than the PV scenarios (S5 and S8). 

[bookmark: _Ref83321249]Figure 9– Comparison of the net present value of life cycle costs over 30 years for the whole development. [colour should be used for this figure in print]
[bookmark: _Hlk83330351]In addition, and assuming the continuance of heat electrification, the electric scenarios (S4 and S5) are simple to apply and are developers' first choice for apartments and flats. Though, it can be seen from Figure 9 that the operational costs contribute significantly (60-70%) to the total LCC (capex and opex) of the electric scenarios mainly due to high utility costs.
Payback time sensitivity analysis
[bookmark: _Hlk83219177]Comparing the NPV of the cash flow in all eight scenarios with the gas boiler option (with no clean or green supplementary plant) showed that only two scenarios would have a payback time of less than 30 years among the eight studied scenarios. Scenarios 2 and 3 would have payback times of 13 years and 19 years, respectively. Inclusion of government incentives (e.g. RHI & FIT) would reduce the payback times to 11 and 16 years for scenario 2 (gas boiler with PV) and scenario 3 (the gas boiler with PV and CHP), respectively. The carbon tax is another factor determining payback times, with the payback time of scenario 1 reducing from more than 30 years to 14 years. Table 4 compares the payback time of scenarios with the gas boiler plant with no ancillary plants. 

[bookmark: _Ref46592074]Table 4 – payback time of gas boiler scenarios compared to the gas boiler with no low-carbon supplementary plant option
	Options
	S1
	S2
	S3

	Payback time excluding RHI/FIT and carbon tax (years)
	More than 30 years
	13
	19

	Payback time including non-domestic RHI/FIT only (years)
	More than 30 years
	11
	16

	Payback time including carbon tax only (years)
	14
	6
	7

	Payback time including RHI/FIT and carbon tax (years)
	14
	5
	6



 Discussion and conclusion 
Worldwide, the number of people aged 60 and over is estimated to grow by 56% (from 901 million to 1.4 billion) between 2015 and 2030, reaching 2.1 billion by 2050 [31, 73]. Many aged householders live in homes that are inadequate for their needs. In England and Wales, there has been an increasing number of excess winter deaths during recent years, while only around 10% of local planning authorities have a specific policy that addresses older people's housing needs. Many countries currently face the same challenge of planning for the housing requirements of an ageing population [74]. Mulliner et al. [31] have reviewed the existing literature on the set of housing and environment characteristics linked to older people's health and wellbeing and concluded that warm and dry are the primary preferences and requirements of the aged housing. There is a clear need for a policy and a strategic approach that provides low carbon housing, in general, but specifically for the aged population worldwide. This approach, however, must be inclusive and affordable. 
Therefore, this research covered the capital and operational costs of the most commonly used low carbon and green heat technologies at the household scale, using a residential retirement living development as a case study in the UK, an example of an industrialised country with a zero carbon target. The aim was to assist developers and policymakers in making an informed decision on the optimum design of clean and green energy solution configurations and incentives or funding to meet the net-zero emissions target in this sector while providing good quality, affordable housing.
All the scenarios were assessed and sized against a reasonable quality building fabric baseline to follow the fabric-first approach, which led to a very low energy requirement. In addition to the energy efficiency and carbon reduction benefits, this approach would reduce the size of heating services in the building and make the buildings cheaper and easier to run. Comparison of the eight low carbon scenarios with the gas boiler with no supplementary heating plant demonstrated the highest energy costs savings of 57% and 50% for the ‘ASHP and SHW’ and the ‘gas boiler, CHP and PV’ scenarios, respectively. The same percentage of energy cost saving of 40% occurred for the ‘gas boiler and PV’ and ‘ASHP and PV’ scenarios. Among the clean and green technologies assessed in this study (SHW, PV, CHP and ASHP), the SHW system had the lowest maintenance and replacement costs. As mentioned before, ASHP scenarios incurred the highest capital costs. Assuming an overall cost reduction of 20% compared to the current costs for ASHP [37], the replacement costs of these scenarios would also reduce and, considering low energy and maintenance costs, ASHPs would be attractive options in the near future. 
4.1 Carbon intensity factor 
[bookmark: _GoBack]However, they have high carbon emissions. The CO2e emission of the 'gas boiler and SHW' scenario was approximately 12% – 27% higher than the CO2e emission of the 'ASHP and PV' and 'ASHP and SHW' scenarios. This gap is predicted to widen as the net carbon savings associated with electricity generation will decline as the grid decarbonises while the emissions associated with gas use are not projected to change. According to the International Energy Agency (IEA) 2019 report [75], electricity generation from renewable sources increased by over 7% in 2018 worldwide, injecting an additional 450 TWh into global electricity networks. Increasing output from nuclear contributed another 90 TWh of low-carbon generation. Therefore, estimating accurate CO2e emissions of the ASHP and electric options compared to onsite generation and gas options requires further information on the carbon intensity of electricity. While the emissions intensity of electricity declined for Germany, Japan, Mexico, France and the United Kingdom due to nuclear and renewable generation sources, countries like China, India, and the United States produced more electricity using gas and coal [75]. This projection is currently not included in software packages used to meet the target carbon emission rate of building regulation. Considering the life of a building and changes to the electricity carbon intensity factor, this can be considered as one of this study's limitations.
4.2 Costs – Government incentives and carbon tax policies
[bookmark: _Hlk83216221][bookmark: _Hlk83216503]The authors found that with the current trend for the uptake of low carbon technologies, and in the absence of any government intervention, gas boilers continue to be the most affordable heating system, followed by PV, providing the most significant emission reduction. This is in line with other studies’ findings, such as Rafique & Williams [49] and Lowes, et al., [76].
[bookmark: _Hlk83325563]Including London's current carbon offsetting policy, the 'gas boiler and SHW' option (with lowest capex) will have approximately £50k more carbon tax than the ASHP and SHW (with lowest carbon emissions and energy costs). By comparing the payback time of the gas boiler scenarios, including clean and green technologies, to the 'gas boiler with no low-carbon supplementary plant' option, the significant effect of government incentives and carbon tax policies on the payback time of low carbon technologies could be seen. The payback time of adding PV panels was reduced from thirteen years to five years when these two factors were included in the cashflows. Although a cost on carbon results in a greater adjusted internal rate of return on low carbon investments, and makes low carbon projects more attractive relative to alternative investments, it also risks creating new problems for households if it is conducted without considering the unintended consequences of the transformation [10, 77]. For example, some households without access to low carbon energy networks may be harmed by carbon taxes, or the extra costs of carbon tax might be sought from future buyers or residents. Kozarcanin, et al.  [78] suggest using gas heating as a bridging technology to low carbon heating technologies, for example, through hybrid heat pumps. In addition, the inclusion of government incentives (e.g. RHI & FIT) would reduce the payback times to 11 and 16 years for scenario 2 (gas boiler with PV) and scenario 3 (the gas boiler with PV and CHP), respectively. Such incentives play an important role in increasing public involvement in installing low-carbon technologies. The experience with PV in the UK shows that the effect of government incentives in small scale installation numbers are more significant than the capital cost reduction. Although the average cost per kW of a small-scale solar PV reduced by 13% between 2013 and 2018, the installation numbers only increased when the FIT accepted applicants [49].
4.3 Fabric efficiency and energy demand 
The results suggest that there is 4.5 times more energy requirement for heat compared to the regulated electricity, but this might change with future electricity demands for ventilation and cooling. The UK’s National Grid has previously estimated that the demand for air conditioners in the domestic sector will be 18 times more than current figures [4]. Because of overheating concerns, planning for future cooling and ventilation demands is vital for designing retirement living developments. The ASHP scenarios, which provided electricity with 300% efficiency, or a hybrid solution of a gas boiler and ASHP, would be compelling options. In addition, as can be concluded from this study, the operational costs of heating and low carbon technologies are quite high. This is mainly due to maintenance requirements and the short life expectancy of M&E services. Therefore, the most cost-effective option would be a more airtight and energy-efficient fabric that could reduce the size of the technology in the building, which would also result in lower operational costs. However, more fabric- efficient homes mean that, proportionately, more energy will be required for hot water than heating. Therefore, sensitivity analysis is required to compare the lifetime carbon savings achievable from the use of low-carbon heat compared to the most energy-efficient fabric standards, which is another limitation of the presented results in this paper and which will be considered in future research. 
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Primary Heating Plants	S1	S2	S4	S3	S5	S6	S7	S8	78.595187033854103	78.595187033854103	88.949445039257611	78.595187033854103	88.949445039257611	114.49134584978268	114.49134584978268	114.49134584978268	Ancillary Plant Installation	S1	S2	S4	S3	S5	S6	S7	S8	14.139955362386939	17.242335251967578	14.139955362386939	24.685069893104664	17.242335251967578	0	14.139955362386939	17.242335251967578	
Capital Costs (£/m2)




Heat costs for the apartments 	S7	S8	S3	S2	S6	S1	S4	S5	16854.634389261744	16854.634389261744	12743.856716708035	15973.581292307694	16854.634389261744	15973.581292307694	50226.81048	50226.81048	Heat  costs for the communal area 	S7	S8	S3	S2	S6	S1	S4	S5	1402.0438590604026	1402.0438590604026	1060.0909896799478	1328.750769230769	1402.0438590604026	1328.750769230769	4178.0906999999997	4178.0906999999997	Regulated electricity costs for the apartments 	S7	S8	S3	S2	S6	S1	S4	S5	8171.0049959999988	8171.0049959999988	8171.0049959999988	8171.0049959999988	8171.0049959999988	8171.0049959999988	8171.0049959999988	8171.0049959999988	Regulated electricity costs for the communal area 	S7	S8	S3	S2	S6	S1	S4	S5	3478.0634279999999	3478.0634279999999	3478.0634279999999	3478.0634279999999	3478.0634279999999	3478.0634279999999	3478.0634279999999	3478.0634279999999	Unregulated electricity costs for the apartments 	S7	S8	S3	S2	S6	S1	S4	S5	4589.6372121599998	4589.6372121599998	4589.6372121599998	4589.6372121599998	4589.6372121599998	4589.6372121599998	4589.6372121599998	4589.6372121599998	Unregulated electricity costs for the communal area 	[CELLREF]
£8,383	[CELLREF]
£13,721	[CELLREF]
£18,309	[CELLREF]
£22,572	[CELLREF]
£32,346	[CELLREF]
£34,262	[CELLREF]
£54,337	[CELLREF]
£59,675	
S7	S8	S3	S2	S6	S1	S4	S5	7656.1541280000001	7656.1541280000001	7656.1541280000001	7656.1541280000001	7656.1541280000001	7656.1541280000001	7656.1541280000001	7656.1541280000001	Savings from the Renewables and CHP 	S7	S8	S3	S2	S6	S1	S4	S5	-23963.039999999997	-16752.765599999999	-17517.072463157892	-16752.765599999999	0	-6935.04	-23963.039999999997	-16752.765599999999	RHI/FIT income 	S7	S8	S3	S2	S6	S1	S4	S5	-9805.5345150000012	-11677.775115	-1872.2405999999999	-1872.2405999999999	-9805.5345150000012	0	0	-1872.2405999999999	
Energy costs (£/yr)




Heat  costs per apartment 	S7	S3	S2	S8	S1	S6	S4	S5	237.09971751067724	179.27204813490886	224.70561118881119	237.09971751067724	224.70561118881119	237.09971751067724	706.55715818181818	706.55715818181818	Regulated electricity costs per apartment 	S7	S3	S2	S8	S1	S6	S4	S5	151.2866029090909	151.2866029090909	151.2866029090909	151.2866029090909	151.2866029090909	151.2866029090909	151.2866029090909	151.2866029090909	Unregulated electricity costs per apartment 	[CELLREF]
£236	[CELLREF]
£262	[CELLREF]
£317	[CELLREF]
£330	[CELLREF]
£445	[CELLREF]
£547	[CELLREF]
£706	[CELLREF]
£799	
S7	S3	S2	S8	S1	S6	S4	S5	159.03625117090908	159.03625117090908	159.03625117090908	159.03625117090908	159.03625117090908	159.03625117090908	159.03625117090908	159.03625117090908	Savings from the Renewables and CHP 	S7	S3	S2	S8	S1	S6	S4	S5	-311.20831168831165	-227.49444757347914	-217.5683844155844	-217.5683844155844	-90.065454545454543	0	-311.20831168831165	-217.5683844155844	Capital Expenditure 	ASHP+SHW	Gas boiler+CHP+PV	Gas boiler+PV	ASHP+PV	Gas boiler+SHW	ASHP	Electric+SHW	Electric+PV	144.8341017502643	103.28025692695877	95.837522285821677	147.93648163984494	92.735142396241045	130.69414638787737	103.08940040164454	106.19178029122517	
Annual Energy Cost per Apartment (£/yr)


Capital Expenditure (£/m2)




Primary heat CO2e emissions	S7	S3	S8	S6	S2	S1	S4	S5	535.99108293798042	856.86732875990288	535.99108293798042	535.99108293798042	1154.7571201490509	1154.7571201490509	1597.253427155182	1597.253427155182	Primary regulated electricity CO2e emissions	S7	S3	S8	S6	S2	S1	S4	S5	342.00070324250908	342.00070324250908	342.00070324250908	342.00070324250908	342.00070324250908	342.00070324250908	342.00070324250908	342.00070324250908	Primary unregulated electricity CO2e emissions	[CELLREF]
1001	[CELLREF]
1029	[CELLREF]
1072	[CELLREF]
1238	[CELLREF]
1364	[CELLREF]
1397	[CELLREF]
1595	[CELLREF]

1807	
S7	S3	S8	S6	S2	S1	S4	S5	359.51967124403484	359.51967124403484	359.51967124403484	359.51967124403484	359.51967124403484	359.51967124403484	359.51967124403484	359.51967124403484	Renewable and CHP generation CO2e reduction	S7	S3	S8	S6	S2	S1	S4	S5	-236.08122579970359	-529.35576760529273	-165.04639805229669	0	-491.83826619584408	-459.01635336092477	-703.52205288311688	-491.83826619584408	Carbon offsetting tax 	ASHP+SHW	Gas boiler+CHP+PV	ASHP+PV	ASHP	Gas boiler+PV	Gas boiler+SHW	Electric+SHW	Electric+PV	1802.5744169246771	1852.2574841540768	1930.4371068700093	2227.5206233641443	2455.9906111915516	2515.0700542944064	2871.4531477654959	3252.4839638025878	
Carbon dioxide emissions (kgCO2/yr)


Carbon offsetting tax for 30 years (£)




Energy Costs 	[CELLREF]
-17%	[CELLREF]
-40%	[CELLREF]
-50%	[CELLREF]
29%	[CELLREF]
46%	[CELLREF]
0.1%	[CELLREF]
-57%	[CELLREF]
-40%	
S1 	S2 	S3 	S4	S5	S6	S7	S8	8898.7999999999993	6484.67	5336.78	13887.31	15730.1	10773.03	4648.59	6491.38	Maintenance Costs	[CELLREF]
5%	[CELLREF]
10%	[CELLREF]
47%	[CELLREF]
92%	[CELLREF]
92%	-19%
[CELLREF]
-14%	[CELLREF]
-9%	
S1 	S2 	S3 	S4	S5	S6	S7	S8	3871.9414990147629	4064.637819817799	5419.7144017104338	7075.9222534250202	7077.5323881359736	2992.2477008271298	3175.966937063075	3368.6632578661097	Replacement Costs 	[CELLREF]
24%	[CELLREF]
29%	[CELLREF]
41%	[CELLREF]
16%	[CELLREF]
22%	[CELLREF]
104%	[CELLREF]
127%	[CELLREF]
132%	
S1 	S2 	S3 	S4	S5	S6	S7	S8	4108.2845077209813	4280.6617342759901	4694.2016620369077	3869.6127561241146	4041.9899826791243	6764.8589608826105	7550.5159003070612	7722.893126862069	
NPV of the operational costs over 30 years (£)




NPV of maintenance costs	Boiler	CHP	HIU	Flues	Storage vessels 	Pumps	SHW	PV	Electric heating/radiators 	Electric immersion hot Water	Underfloor heating	ASHP	Cold storage tank	Cooling condenser	Sprinkle tank	House heat recovery units 	19590.155798160184	69628.894536193868	99133.124767245667	10115.624976249559	12086.201270324151	12506.590879726726	14146.381190167762	28983.997892001466	283237.4993349876	141618.7496674938	80005.397539428319	66211.363480906206	16093.03973494248	14713.636329090263	3678.4090822725657	33214.947614978038	Capital costs	Boiler	CHP	HIU	Flues	Storage vessels 	Pumps	SHW	PV	Electric heating/radiators 	Electric immersion hot Water	Underfloor heating	ASHP	Cold storage tank	Cooling condenser	Sprinkle tank	House heat recovery units 	31500	60000	107800	20000	20000	6000	113990	139000	35000	96250	83199.268200000006	370000	18000	36000	10000	61600	
NPV of maintenance costs 
over 30 years (£)


Capital costs (£)




Capital Costs	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE], 
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

S2	S1	S7	S3	S8	S6	S4	S5	815864.82721919997	789454.26721920003	1232972.7082	879224.82721919997	1259383.2682	1112599.2682	877600.0656192	904010.62561919994	42%	38%	51%	36%	31%	48%	41%	30%	Energy Costs 	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE], 
[CELLRANGE], 
[CELLRANGE]
[CELLRANGE], 
[CELLRANGE], 

S2	S1	S7	S3	S8	S6	S4	S5	499319.47558715974	685207.48236772208	357941.58895961044	410931.98956176545	499836.59721150936	829523.60788257746	1069322.6136792675	1211217.6219311664	26%	33%	15%	17%	38%	19%	31%	41%	Maintenance Costs	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

S2	S1	S7	S3	S8	S6	S4	S5	312977.11212597054	298139.49542413675	244549.45415385676	417318.0089317034	259387.07085569046	230403.07296368899	544846.01351372653	544969.99388646998	16%	14%	10%	17%	20%	10%	9%	18%	Replacement Costs 	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

S2	S1	S7	S3	S8	S6	S4	S5	329610.95353925123	316337.90709451557	581389.72432364372	734658.42721919995	594662.77076837933	520894.13998796104	297960.18222155684	311233.22866629256	17%	15%	24%	30%	11%	23%	19%	10%	Emissions Reduction	S2	S1	S7	S3	S8	S6	S4	S5	1136.1463949124	1060.3277762637399	1974.69717755489	1910.93724127716	1810.60672545838	1429.3495459575699	602.96947297583802	113.97992572	
NPV of capital and operational costs over 30 years (£)


Emission reduction compared to the gas boiler over 30 years (Tonnes) 
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Annual Fuel Poverty Statistics Report, 2020 (2018 data)

3.1.6 Main fuel type

Figure 3.9: In 2018 households using electricity as their main fuel for heating have
double the likelihood of being in fuel poverty than those using gas

25% £1,000

W Proportion of households in fuel poverty

Electricity Other
Main fuel type

Households using electricity as a main fuel for heating have the highest likelihood of fuel
poverty at 20.2 per cent, compared to gas at 9.3 per cent. The ‘other’ category which consists
predominantly of oil or coal®, has the highest average gap, at £781. Those using electricity as
a main fuel for heating make up 7.8 per cent of households in England in comparison to 85.9
per cent using mains gas, however they account for 15.4 per cent of all fuel poor households.
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