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Abstract 7 

In the past 12 years, the United Kingdom (UK) has made significant progress in making 8 

domestic dwellings more efficient. Presently, the domestic sector is required to meet the UK’s 9 

net-zero target in new and renovated dwellings by 2050. As a measure in this on-going 10 

determination, the UK has constructed a number of Zero Energy Bill Homes (ZEBH) in Corby, 11 

Nottinghamshire, which is currently a part of the European Union District of Future Project. 12 

For the effectiveness of a zero energy bill performance, a solar photovoltaic thermal-assisted 13 

heat pump (SPVTAH) was modelled, which represented building modelling, emphasising the 14 

essential outcomes through energy demand profiles (electricity, space heat, and domestic hot 15 

water), and occupant behaviour. To authenticate the building modelling, the baseline models 16 

were calibrated using the weekly electricity-use curve and validated using statistical indices. It 17 

is inferred that the evidence-based manual calibration technique has fairly validated the energy-18 

use profiles of the chosen case studies and is found to be within acceptable tolerance levels. In 19 

addition, to verify the zero-energy bill status of the buildings, an economic analysis was 20 

extremely crucial. A feasibility assessment indicated that the ZEBH concept will be impractical 21 

if the UK government subsidies are withdrawn. Moreover, the Net Present Value analysis 22 

further signified that although SPVTAH seemingly generates revenues, the initial investment 23 

turned out to be the largest barrier to repay for the system. However, it was proven that the 24 

renewable energy technology operational in the domestic dwellings of the UK does offer major 25 

advantages, and reduction in costs appears to be the most significant one. 26 

Keywords: EnergyPlus, Building Modelling, Calibration, Heat pump, Simulation, Zero Energy Bill Homes, Economic 27 

Analysis, Solar Photovoltaic Thermal-Assisted Heat Pumps 28 

1. Introduction 29 

During the past few years, the United Kingdom’s (UK’s) population has witnessed a reduction 30 

in the usage of fossil fuels since the Climate Change Act 2008 came into effect [1]. Fossil fuel 31 

usage has reduced with a shift to cleaner sources, due to generation change, with low-carbon 32 

supplies making up a record of 53% of the total fossil fuel usage in 2018. This mostly resulted 33 

from the growth of wind power, which increased by 16% in 2018 [1]. Reductions in coal use 34 

have driven the majority of carbon reductions in recent years, whereas reductions in gas use 35 

were more significant in driving this change in the last decade [2]. Currently, coal accounts for 36 

only 5.3% of the total primary energy consumed in the UK, down from 22% in 1995. Moreover, 37 

the UK government has pledged to close all coal-fired power stations by 2025 [3].  38 
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Coal use in the UK was mostly steady during the late 1990s till 2014, with declines in gas and 39 

oil uses causing most of the reductions in carbon emissions. However, coal use fell 40 

precipitously between 2014 and 2017, declining by nearly 75% compared to the values of 2013. 41 

The fall in coal use in recent years is responsible for the bulk of carbon dioxide (CO2) 42 

reductions in the UK over the past decade [4]. In 2017, the share of renewables generation was 43 

at a record high of 29.3%, up from 24.5% in 2016, due to increased renewables generation 44 

capacity (wind and solar) and more favourable weather conditions for wind generation [5]. 45 

Thus, the UK government, with support from the Business, Energy and Industrial Strategy 46 

(BEIS) Committee, has decided to achieve net-zero greenhouse gases (GHGs) emission by the 47 

year 2050, compared to the amount used in 1990 [6] [7].  48 

In the UK, a considerably large number of buildings are supplied energy by national gas and 49 

electricity companies, which accounts for a significant amount of gas emissions. Therefore, to 50 

meet the above-mentioned targets, insulation levels of the building envelope are being 51 

increased, low carbon technologies (LCTs) such as solar photovoltaic thermal (PV/T) systems 52 

are being installed in dwellings [8], and air source heat pumps (ASHPs) are being implemented.  53 

Since then, there has been a number of evaluations in different types of buildings, such as Zero 54 

Carbon Homes, Net Zero Energy Buildings, and Nearly Zero Energy Buildings; however, 55 

research on suitable techniques to evaluate the significance of Zero Energy Bill Homes 56 

(ZEBHs) is still lacking. Thus, this paper presents four models and simulations of ZEBHs, 57 

demonstrating the zero-bill status concept with the aid of an economic analysis along with a 58 

description of the technology applied. Previous researchers  such as P. Foraboschi have used 59 

methods such as structural glass in order to achieve ZEBH [9], however, in this work detailed 60 

building modelling, dynamic simulations, calibration following the recommendations in 61 

ASHRAE Guideline 14 (for simulation validation purposes), and an economic analysis; in 62 

order to assess the ZEBH status. Furthermore, the technology applied in each ZEBH was 63 

SPVTAH systems. The SPVTAH systems used in the study of each ZEBH, refers to energy 64 

supply systems which supply heat and electricity in order to cater to the demands and needs of 65 

each household as well as interacting with the grid in terms of import/export, and FiT. 66 

 67 

2. Literature Review 68 

This section presents a review on the different type of buildings in the UK, and work achieved 69 

by other researchers. The type of buildings, that were reviewed are Zero Carbon Home (ZCH), 70 

Net Zero Energy Buildings (NZEB), and nearly Zero Energy Buildings (nZEB). Finally, the 71 

novel concept of ZEBHs was introduced, in order to elaborate on the different definitions, 72 

advantages/disadvantages and critically review the difference between ZEBHs and the above-73 

mentioned buildings. 74 

2.1 Zero Carbon Homes 75 

A Zero Carbon Home (ZCH) is a home that produces neutral or negative CO2 emissions over 76 

a year. Such houses generate enough energy from zero-carbon sources such as solar 77 
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photovoltaics (PVs) to offset any fossil fuel-derived energy [10]. However, the definitions, 78 

broadly speaking, the global definitions, of ZCH slightly vary. In the UK, ZCH is formally 79 

defined as follows: 80 

‘Homes whose net carbon dioxide emissions, taking account of emissions associated with all 81 

energy use in the home, including heating, lighting, hot water, is equal to zero or negative 82 

across the year’ [11]. 83 

To achieve the status of a ZCH, a three-step approach is implemented. The first step requires 84 

achieving high-level energy efficiency in the building fabric and design, i.e. Fabric Energy 85 

Efficiency (FEE). This warrants improving the U-values of the building fabric or investigating 86 

the external and integral heat gains [12]. The second step necessitates meeting the minimum 87 

carbon reduction levels through on-site generation and implementation of other LCTs; this step 88 

is termed ‘carbon compliance’. Finally, to achieve a zero-carbon status, a range of measures, 89 

known as ‘allowable solutions’, which go beyond meeting the minimum carbon compliance 90 

requirements must be implemented. These solutions include on-site measures such as installing 91 

smart appliances and off-site measures such as investing in energy-from-waste technologies or 92 

retrofitting LCTs and establishing communal buildings. However, the scope of the allowable 93 

solutions has been criticised, as it continues to expand, allowing further afield solutions to 94 

contribute to the attainment of ZCH status [13] and raising the question as to whether off-site 95 

investments should be considered during a zero-carbon evaluation of a home or not. 96 

In response to the criticism related to allowable solutions and the broadening definition of ZCH 97 

[14], the UK government conducted a consultation. Upon the consultation, the government 98 

suggested that they themselves will provide a national framework for allowable solutions, 99 

rather than leaving it to the local authorities, so as to ensure national consistency and maximise 100 

the chances of fulfilling the aims [15]. However, studies have shown that a significant portion 101 

(37–45%) of GHG emissions from domestic energy use is not controlled by the above 102 

legislation [14] [15]. 103 

The Code for Sustainable Homes is a voluntary national standard that guides the designing and 104 

the construction of sustainable dwellings to ensure reductions in emissions and energy use 105 

beyond the current UK building regulations. Reaching the code’s level 6 results in obtaining 106 

the ZCH status [14]–[16]. 107 

2.2 Net-Zero Energy Buildings 108 

The Net-Zero Energy Buildings (NZEB) approach is used to develop climate-neutral buildings, 109 

along with buildings of other concepts, based on energy-efficient buildings with almost carbon-110 

neutral grid supply.  111 

NZEBs are designed to overcome the presenting limitations through a non-100% ‘green’ grid 112 

infrastructure. This strategy involves exploiting the local renewable energy sources (RES) on-113 

site and exporting the surplus energy generated there to utility grids in order to increase the 114 
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share of renewable energy within the grids, thereby reducing resource consumption and 115 

associated carbon emissions [17]. 116 

However, the wide diffusion of distributed generation, especially in the power grid, may cause 117 

problems pertaining to power stability and quality in the current grid structures, mainly at the 118 

local-distribution grid level. At present, ‘smart grids’ are being developed to fully benefit from 119 

the distributed generation in the context of reducing their primary energy, carbon emission 120 

factors, as well as operating costs [18]. For the least-cost planning approach, the on-site 121 

measures have to be compared with the measures at the grid level, which take advantage of the 122 

economy of scale and equalisation of local peaks. However, mere satisfaction of the annual 123 

balance itself is clearly not a guarantee that a building is designed to minimise its (energy-use-124 

related) environmental impact [19]. In particular, NZEBs should be designed – within the 125 

extent of the control of the designers – to ensure that they work in synergy with the grids and 126 

do not place additional stress on their functioning. 127 

Notably, a formal, comprehensive, and consistent framework that considers all the relevant 128 

aspects that characterise NZEBs and allows a consistent definition of NZEB in accordance with 129 

the UK’s political targets and specific conditions is absent. The framework described in this 130 

section is based on the concepts found in the literature and has been further developed in the 131 

context of Towards Net-Zero Energy Solar Buildings, a joint project of the IEA (International 132 

Energy Agency), the SHC (Solar Heating and Cooling programme) – Task40 – and the ECBCS 133 

(Energy Conservation in Buildings and Community Systems) – Annex 52 [20]. 134 

The underlying mechanism involved in describing an NZEB relates to defining the boundary 135 

of a building system, including on-site energy generation [21]. Incorporated in this boundary 136 

is the energy consumed from all energy sources – conventional and renewable – and also any 137 

form of renewable energy exported to the grid. 138 

Following this, a weighted system of demand and supply is compared to assess whether or not 139 

a net-zero balance of the designer’s choice can be achieved with the given technological 140 

solution that graphically depicts this framework. The evaluator could have chosen the weighted 141 

metric to be energy, CO2 emissions, cost, or even comfort levels, highlighting the benefit of a 142 

flexible definition. 143 

Reference [22] provided an overview of the relevant terminologies associated with energy use 144 

in buildings and the connection between buildings and energy grids. The reduction of emission 145 

from the domestic sector of NZEBs starts with promoting insulation and fabric efficiency, 146 

followed by energy efficiency, and finally, micro-generation. While renewable generation is 147 

essential in an NZEB, a primary reduction in heating demand through increased fabric 148 

efficiency and the use of energy-efficient technology are also important [22].  149 

The key areas were improving the U-values of building components (walls, roofs, floors, and 150 

windows), reducing thermal bridging, and increasing the airtightness of buildings. Other 151 

possible measures such as energy-efficient ventilation and heat and wastewater recovery were 152 

also considered. It should be noted that heat transfer and building performance are influenced 153 
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by thermal conduction, convection, and radiation. The U-value, which is derived from the 154 

thermal resistances of building materials, represents their thermal conductance, which is an 155 

important value that represents the heat transfer coefficient of buildings. Changing building 156 

materials or adding insulation can improve the U-value of building components such as walls, 157 

roofs, and floors; however, the feasible thickness of the provided space and thermal bridging 158 

must be accounted for [23]. An experimental analysis of an NZEB housing development 159 

conducted in the UK led to the finding that the overall effects of fabric efficiency, such as 160 

insulation or double glazing, aid in maintaining building performance for over at least the 161 

medium term of about 20 years [24]. The transition of the domestic sector into the role of an 162 

energy provider, and not solely a consumer of heat and electricity, will be necessary for the 163 

UK to meet both its renewable energy and carbon emission reduction targets [24]. A range of 164 

technologies that can be used for the development of NZEB has been presented in reference 165 

[25]. It should be noted that research has indicated the existence of a gap between energy 166 

savings and the cost of energy-saving or generation systems, which limits houses from 167 

achieving the NZEB status [25]. This emphasises the need for renewable technologies that help 168 

provide significant cost and performance benefits to an occupant, as compared to conventional 169 

energy systems. 170 

 171 

2.3 Nearly Zero Energy Building 172 

Article 2 of the Energy Performance of Buildings Directive (EPBD) states the following:  173 

 174 

‘A nearly-zero energy building is a building that has a very high energy performance for both- 175 

cooling and heating purposes. The nearly zero or very low amount of energy required should 176 

be covered to a very significant extent by energy from renewable sources, including energy 177 

from renewable sources produced on-site or nearby’ [26].  178 

The EPBD provides a qualitative, not a quantitative, definition of a nearly Zero Energy 179 

Building (nZEB), which is different from the NZEB described in the previous section [27]. In 180 

the UK, the term ‘nearly-zero carbon building’ was introduced instead of the term ‘nearly-zero 181 

energy building’. The use of renewable technologies is not obligatory; however, in light of the 182 

recast EPBD, it can be stated that proper consideration must be given to the use of ‘high-183 

efficiency alternative systems’ such as renewables, district heating, heat pumps, and combined 184 

heat and power [28]. The EPBD recast requires the establishment of a comparative 185 

methodology framework for nZEBs using the cost optimality method; through this, the EPBD 186 

recast specifies the minimum energy performance requirements level for new buildings and 187 

renovations by developing a benchmark method in order to achieve cost-optimal outcomes 188 

[29]. The global cost (life-cycle cost) vs. the primary energy consumption of different packages 189 

of measures (combinations of compatible energy efficiency and energy-supply measures) can 190 

be assessed by calculating and comparing the energy-related costs [30].  191 

As presented in reference [29], to establish a comprehensive overview, all the combinations of 192 

commonly-used and advanced measures should be assessed as packages of measures to identify 193 

the cost curve. 194 
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To meet the requirements of the building legislation, it is important to identify the main drivers 195 

and barriers to achieve the performance level of an nZEB. Regarding the refurbishment drivers 196 

that aid the existing buildings in reaching the nZEB level, the first precondition is the 197 

transposition of the definition of nZEB into the national legislation [31].  198 

In the UK buildings, energy cost savings, lower dependence on energy suppliers, and improved 199 

comfort are the major common drivers of renovation.  200 

The inclusion of energy aspects in planned renovations seems to depend greatly on government 201 

support programmes, such as grants, tax deductions, and low-interest loans. The Energy 202 

Performance Certification database makes it easy for energy experts to choose potential 203 

buildings for major renovations [28]. With respect to the major common barriers, some specific 204 

technical issues pertaining to the absence of a specific boundary in defining nZEB’s balance 205 

were identified. High initial investment costs together with the lack of financial instruments 206 

and limited technical skills can also be considered as significant barriers [32]. Reference [33] 207 

lists the identified drivers and barriers in the context of the UK. 208 

2.4 Zero Energy Bill Homes 209 

The concept of a Zero Energy Bill home (ZEBH) was first launched in March 2016 [34] at the 210 

Building Research Establishment (BRE) Innovation Park in Watford as an innovative response 211 

to the housing crisis at that time [35]. The ZEBH incorporates integrated energy-generation 212 

facilities, demonstrating how investment needed from hosuing facilities for centralised national 213 

infrastructure could be reduced by becoming net exporters of renewable energy. A ZEBH is a 214 

building that offsets energy bills, generating more electricity than the amount needed in a year, 215 

considering the Feed-in Tariff (FiT) concept. Such dwellings are built of construction materials 216 

with high resistance levels. Furthermore, the rooves of these dwellings are fitted with solar PV 217 

panels. Under the FiT scheme, the electricity generated by these PV panels helps earn revenues, 218 

which when combined with the surplus electricity generated by the PV panels results in income 219 

and saving that exceed the residual cost of electricity. This paper presents a number of ZEBHs 220 

that consider installing solar PV/T panels assisted by heat pumps. This type of home that 221 

integrates technology with huge potential helps deal with the ever-rising energy bills and 222 

reduce fuel poverty; however, a high capital cost is required during installation. 223 

A ZEBH’s thermal performance is balanced among insulation, thermal mass, and airtightness. 224 

Insulation assists in retaining heat inside the house, while thermal mass stores the heat in the 225 

house, ensuring a stable internal temperature. In addition, airtightness prevents undesired air 226 

exchange between the interior and exterior of the house. The ZEBHs presented in this study 227 

were modelled using the data related to the real building fabric material.  228 

 229 

A ZEBH can consume approximately 50% of the energy generated by solar PV panels, 230 

reducing the need for electricity exported from the supply grid by 30%. On the other hand, the 231 

imported grid electricity constitutes approximately 20% of the annual energy load [35]. The 232 

FiT scheme is crucial for a ZEBH in achieving the annual zero-energy bill status. The PV/T 233 

panels presented in this paper are connected to the electricity grid so as to achieve the maximum 234 
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income from the FiT for every kilowatt of surplus energy. This excess electricity is exported 235 

to the grid to allow every surplus electricity unit to be used as an offset. 236 

From the different types of buildings, including ZCH, NZEB, and nZEB, it can be noted that 237 

in the NZEB and nZEB, there is a gap between energy savings and their costs, which limit 238 

houses from becoming NZEBs and/or nZEBs. However, the ZEBHs fill this gap by maximising 239 

FiT revenue streams from the electricity-generating systems of solar PV installed in such 240 

houses. Thus, households can benefit from the UK’s FiT system and achieve the zero-energy 241 

bill status by producing more electricity than that is needed. 242 

 243 

2.4.1 Reduction of FiT and Impact on ZEBHs Viability 244 

The FiT scheme was introduced to support the widespread adoption of proven small-scale (up 245 

to 5MW) low-carbon electricity generating technologies. The scheme was intended to give the 246 

wider public a stake in the transition to a low-carbon economy and in turn foster behavioral 247 

change that would support the development of local supply chains and reductions in energy 248 

costs.[36] The FiT scheme is funded through levies on electricity suppliers, and ultimately 249 

consumers, regardless of whether or not they directly participate in the scheme. That is why 250 

controlling costs was paramount in the reviews of the scheme in 2011 and 2015, the latter of 251 

which provided consumers and industry with clarity on levels of small-scale low-carbon 252 

electricity support until March 2019 [37].  253 

Electricity generation has been a significant contributor to greenhouse gas emissions and 254 

government intervention has been necessary to ensure market incentives are sufficient to meet 255 

the UK’s climate change commitments. To this end, the FiT scheme has been one of the key 256 

enablers in driving the uptake of a range of small-scale low-carbon electricity technologies. As 257 

costs decline and new, smart technologies become accessible, market incentives are beginning 258 

to align with government objectives meaning that it is important that interventions reflect such 259 

development and do not place an undue burden on consumer bills. Therefore, with a reduction 260 

in FiT, it could lead to a consequent lack of viability of achieving ZEBH in the UK [35]. 261 

 262 

3. Building Modelling Tool 263 

The building modelling tool used in this study has certain unique attributes and specific 264 

applications. Such tools used for simulation purposes, such as modelling of building geometry, 265 

renewable energy systems, electrical/lighting equipment, and heating systems, include 266 

EnergyPlus and DesignBuilder [38] [39]. 267 

 268 

EnergyPlus, developed by the US Department of Energy (DOE) [39], is one of the most 269 

recognised and validated building energy simulation software tools. This tool employs dual 270 

energy simulation engines – DOE-2 and Building Loads Analysis and System 271 

Thermodynamics (BLAST) systems [40]. The BLAST indicates aggregation of programs 272 

developed to estimate energy consumption and the performance of energy systems using 273 

thermodynamic equations. Meanwhile, the DOE-2 uses the weighted heat balance approach. 274 
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Figure 1: Left- ZEBHs building aspect and Right - site plan highlighting the Electric Homes facing North-East 

Nevertheless, the E+ is not equipped with any graphical user interface (GUI) that would allow 275 

its users to clearly visualise the building concept. Therefore, as the E+ software is not equipped 276 

with a GUI, DesignBuilder with a GUI [38] was utilised to complete the task of modelling the 277 

geometry of the ZEBHs. In order to do so, first, floor plans were built as per the CAD format 278 

using the AutoCAD software package. Afterwards, the CAD files were imported from the 279 

DesignBuilder software package to develop the ZEBHs 3D model whilst using the building 280 

fabric data. 281 

 282 

4. Zero Energy Bill Homes Description 283 

This study investigated four residential single-family homes, with the standard semi-detached 284 

ZEBHs, which are referred to as Electric Homes (EHs) 272, 273, 274, and 349. This novel 285 

concept has been recently adopted in the community of Corby, England, under a European 286 

Union project called ‘the District of Future’ (DoF) [41]. In this study, each dwelling, along 287 

with its own energy supply system, were modelled by featuring characteristics such as 288 

occupancy, activity profiles, building fabric materials, and weather profiles.  289 

Figure 1 illustrates the actual representation of the ZEBHs and the site plan, indicating each 290 

EH with the designated plot number facing the north-east direction. 291 

292 
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These dwellings feature building materials with low U-values, storage systems (thermal), heat 293 

pumps, and solar PV panels on top of the roof. A zero-energy bill status can be achieved with 294 

the UK’s FiT and the export of excess electricity to the electricity distribution grid [42]. 295 

The target of ZEBHs is to produce sufficient energy that can fulfil their annual energy 296 

consumption need, and this target can perhaps be achieved using technologies such as 297 

photovoltaic thermal (PV/T) panels [43]–[45]. Since the UK has set targets on energy demand 298 

and GHGs emissions reduction [46], it is expected that ZEBHs will be commonly used in the 299 

future [46]. 300 

To meet the requirements of ZEBHs, the total amount of energy generated by the solar PV 301 

systems in the buildings can potentially cover the occupants’ needs and return the excess 302 

energy to the grid (see Figure 2). 303 

 304 

Figure 2: ZEBH concept 305 

To ensure the feasibility of the ZEBHs, an economic assessment was conducted; thus, the 306 

following aspects were considered: 307 

 308 

1. The cashback revenue of every electricity unit generated;  309 

2. The financial reward for every excess unit exported to the grid; 310 

3. The cost of electricity unit imported to cover the demand when no electricity is 311 

generated by the PV panels (e.g., during nights); 312 

4. The period of time when only solar power is used without importing electricity from 313 

the grid;  314 

5. The capital expenditure on a solar PV system and maintenance costs against the income 315 

generated during its lifetime. 316 
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Through building-grid interaction, the ZEBH has become an active part of the renewable 317 

energy infrastructure. A ZEBH possesses the unprecedented potential to transform the way 318 

buildings use energy. The advantage of a ZEBH is that it helps exempt its occupants from 319 

incurring additional costs due to future energy price increase. In addition, reduced thermal loss 320 

in the buildings helps keep indoor temperatures constant for a longer period with a reduction 321 

in the building envelope’s U-values.  322 

In summary, besides the UK’s FiT and the revenues generated from exporting electricity to the 323 

grid, the annual zero-energy bill status of a ZEBH is achieved through the amalgamation of 324 

heat pumps, combined heat and power technology (e.g., solar PV thermal panels), and energy-325 

efficiency measures such as high insulation levels of building fabric to reduce space heating 326 

demand. Figure 3 depicts the main features of the ZEBHs presented in this study. 327 

 328 

 329 

Figure 3: Features of a ZEBH 330 

5. Methodology  331 

This section presents an overview of the methodology used in the ZEBHs project at Corby, 332 

with an emphasis on the data measurement and calibration procedures as well as the building 333 

modelling/simulation approach, including economic analysis. Figure 4 displays the process 334 

used for this study.  335 

As shown in the flow diagram, exhibiting the building modelling, initial simulations, and 336 

metered building electrical consumption data were used to create a calibrated simulation model 337 

from each ZEBH. In addition, an evaluation of the ZEBHs’ building performance was carried 338 

out using the measured data representing the buildings’ electricity consumption. Finally, a 339 
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techno-economic analysis was performed to assess the feasibility of the SPVTAH installed in 340 

each dwelling and confirm whether ZEBHs can achieve a zero-energy bill status or not. 341 

 342 

 343 

Figure 4: Overview of the procedure used 344 

6. Zero Energy Bill Homes Data Collection 345 

The selected ZEBHs were visited, and except weather and climate data, all information 346 

pertaining to the buildings was collected, including building fabric materials data, floorplans, 347 

occupants information (e.g., total number, profession, etc.), and the SPVTAH system data. The 348 

site visit and data collection could be accomplished with the help of Electric Corby Ltd. The 349 

company highly contributed to the energy use case analysis of the ZEBHs being built at Corby. 350 

6.1 Building Modelling  351 

The buildings, as previously mentioned in Section 0, were modelled using the GUI and 352 

simulated with the EnergyPlus software. Figure 5 presents the final views on the developed 3D 353 

modelling of the studied dwellings. After completing the modelling, an initial simulation was 354 

performed to assess the electrical and space heat demand as well as the temperature comfort in 355 

each zone of the houses. 356 
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 357 

Figure 5: Representation of the building model. a) axonometric view. b) ground floor. c) the first floor 358 

6.1.1 Weather and Climate 359 

Environmental factors affect domestic energy requirements in many ways, and since all 360 

geographical areas have their own weather and climate, a weather file profile for the ZEBHs 361 

simulation was considered. These data files provide information about factors such as global 362 

and diffuse solar radiation, outdoor temperature, barometric pressure, wind direction, and wind 363 

speed. Building energy simulation for the ZEBHs with the modelling tool, uses EnergyPlus 364 

Weather Files (EPW) weather conditions. Therefore, an EPW (Europe WMO Region 6 – 365 

United Kingdom – Birmingham 035340 file) was obtained from EnergyPlus official website 366 

[47] and modified with Corby’s PVGis [48] weather data for 2015–2016. Figure 6 illustrates 367 

the weather variation as displayed by EnergyPlus throughout January 2015 after adapting 368 

PVGis weather data in the EPW file. 369 

 370 

Figure 6: January winter month profile in EnergyPlus 371 

 372 

6.1.2 Geometry and Buildings Envelope 373 

The building structures of the selected domestic dwellings are in direct contact with the ground, 374 

and their externals walls are adjacent to the neighbouring buildings. Hence, models of the 375 

dwellings were designed using their floor plans, while real building fabric data was employed 376 

to model the building envelopes. 377 

Timesteps (m) 
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Figure 7 illustrates the floor plan of the examined dwellings, highlighting the building zones, 378 

including the living room, kitchen/dining area, three bedrooms, bathroom, cupboard (cup’d), 379 

en-suite bathroom, electrical equipment room (A/C), and storage room. 380 

The types of structural materials used to build these domestic dwellings are bricks, insulation, 381 

and plaster/boards. More importantly, the overall heat transfer coefficients (U-values) were 382 

acquired from these materials. Air exchange between the environment and the dwellings 383 

creates natural ventilation and infiltration through the envelopes. The air exchange rate for 384 

ventilation and heat loss calculations can be determined through air changes per hour (ACH). 385 

It is worth noting that 0.50 ACH is the common value applied at most homes [49] [50]. Table 386 

2 presents the U-values and ACH considered for modelling domestic dwellings.  387 

 388 

Table 1: Considered building standards for modelled domestic dwellings 389 

Parameters Electric Homes 

Wall U-Value 0.178 

Roof U-Value 0.129 

Floor U-Value 0.136 

Windows U-Value 1.200 

Airtightness (ACH) 0.50 

 390 
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 391 

Figure 7: Domestic dwelling floorplan views with defined zones: a) front view; b) cross-section view; c) first-floor plan 392 

view; and d) and ground floor plan view 393 

 394 

 395 

 396 

 397 

a) b)

c) d)
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6.1.3 Occupancy Levels and Activity Profiles 398 

Table 2 tabulates the occupancy for each domestic dwelling. A set of monitoring data of all the 399 

domestic dwellings was collected to acquire knowledge regarding the realistic activities and 400 

behavioural profiles of the occupants in terms of electrical appliances, lighting, heating 401 

systems, and DHW usages. The simulation results related to electrical appliances and lighting 402 

usages were calibrated to match the monitoring data results and consequently to validate the 403 

model. Section 6.3 presents the calibration method.  404 

Table 2: Occupancy information 405 

Home and Plot Number Occupants 

EH Plot-272 4 

EH Plot-273 3 

EH Plot-274 5 

EH Plot-349 2 

 406 

6.1.4 Electrical Appliances and Lighting 407 

Details regarding the electrical appliances used in the domestic dwellings were also modelled 408 

based on Richardson et al. [51]. These appliances include a computer, a monitor, a printer, a 409 

hairdryer, a television, a DVD player, and kitchen appliances. As for the lighting system, 12 410 

We lights was in each building zone. Tables 3 and 4 summarise the lighting and equipment 411 

data. 412 

 413 

Table 3: Distributed lighting system in the residential buildings 414 

12We lights No. per room Total  

Living 3 36 

Bedrooms 3 36 

Kitchen 4 48 

Hall 2 24 

Bathrooms 1 12 

En-Suite 1 12 

Storage Rooms 1 12 

Electrical Equipment Rooms 1 12 

  415 
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Table 4: Overview of the considered household appliances and their required properties for the buildings modelling 416 

Appliance Category Appliance Type 
Mean Cycle 

Power (W) 
Power Factor 

Wet 
Washer Dryer 792 0.8 

Washing Mashing 406 0.8 

Cooking 

Hob 2400 1.0 

Oven 2125 1.0 

Kettle 2000 1.0 

Microwave 1250 1.0 

Toaster (small cooking group) 1000 1.0 

 TV1/Monitor 124 0.9 

Consumer Electronics 

TV 2 124 0.9 

Printer 335 0.9 

Personal Computer 141 0.9 

VCR/DVD 34 1.0 

Cold Fridge-Freezer 190 0.8 

 417 

6.1.5 Solar Photovoltaic Thermal Assisted Heat Pump 418 

The primary function of the energy supply systems is to supply heat and electricity to cater to 419 

the demands and needs of each household. As a matter of fact, the studied domestic dwellings 420 

employed a solar photovoltaic thermal-assisted heat pump (SPVTAH) system, along with an 421 

under-floor heating system and fan-assisted radiators as heat emitters (see Figure 8). 422 

 423 

 424 

 425 

Figure 8: ZEBHs energy supply system  426 
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6.1.5.1 Solar Photovoltaic Thermal Panels 427 

The main, as well as the primary source of energy, is the solar photovoltaic thermal (PV/T) 428 

panels that are used to generate electricity and heat. The electricity supplied caters to the 429 

household’s electricity demand, whilst the heat generated is stored in the water tank for space 430 

and water heating purposes. However, the intermittent energy generation from the solar PV/T 431 

panels makes maintaining a stable temperature in the water tank a little complicated; hence, an 432 

ASHP is needed to be installed in the water tank as a back-up heat device.  433 

The PV/T system produces electricity when solar radiation falls onto the surfaces of the PV 434 

panels; upon this electricity generation, the inverter switches from direct current (DC) to 435 

alternating current (AC). When the sunlight falls on the PV panels, the temperature of these 436 

panels increases, and the heat, thus generated, is absorbed by the absorber plate to heat the 437 

water inside the tubes, and this hot water supplies heat to the domestic dwellings.  438 

The solar PV/T system modelled for the selected ZEBHs had 20 roof-mounted solar PV/T 439 

panels. Table 5 summarises the key parameters of the modelled solar PV/T collectors.  440 

 441 

Table 5: PV/T Key parameters [52] 442 

PV/T Parameters Value 

Asurf- Module area (m2) 1.37  

Eo- Cell Efficiency (%) 17.5 

Et- Temperature coefficient of Cell efficiency (%/C) 0.045 

Impp-Nominal Current (A) 5.43 

Pmpp-Nominal Power at maximum power point (W) 200 

T- Module Temperature at Normal Operating Cell Temperature (C) 25 

Vmpp-Nominal Voltage maximum power point (V) 36.8 

- Collector Plate Absorptance 0.70  

- Cover Transmittance 0.91 

Aabs-Absorber Area (m2) 1.19 

FR- Heat Removal Factor 0.86 

UL- Collector Thermal Loss Coefficient (W/m2ºC) 0.30 

 443 

6.1.5.2 Air Source Heat Pumps  444 

The role of the air source heat pumps (ASHP) is to maintain the temperature in the water 445 

storage tank between 50ºC and 55ºC (for space heating and DHW) using on/off controls, with 446 

a dead band variance of 5ºC in temperature.  447 

The modelled ASHPs were directly attached to the water storage tank to support the heat supply 448 

needed for DHW usage and space heating. The thermal capacity of the ASHPs was set to the 449 

maximum of 4 kWth, and a nominal coefficient of performance of 3.2 was also designated as 450 

the ratio of energy output to energy input. The configuration is inclusive of an evaporator, a 451 

compressor, a condenser, a valve, and a water circulation pump. The fan draws in outdoor air 452 

and spreads it across the evaporator coil such that the refrigerant can absorb the heat. Next, the 453 

refrigerant compresses the air and increases its temperature. Afterwards, the heat generated 454 

from the compressed air is transmitted to the heat sink through the condenser coil. Table 6 455 

presents the ASHP model parameters. 456 
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 457 

Table 6: ASHP parameters description 458 

SHP parameters Value 

Max. rated heating capacity (kW) 4 

Rated CoP 3.2 

Evaporator max. inlet air temperature (ºC) 29.44 

Condenser max. inlet water temperature (ºC) 55.73 

Condenser water pump power (kW) 0.150 

Fan total efficiency (%) 70 

Fan pressure (Pa) 600 

 459 

6.1.5.3 Hot Water Tank and Domestic Hot Water Demand 460 

The solar PV/T panels and the ASHP work on the 250-L water storage tank at each dwelling 461 

using a water heating coil. The water storage tank modelled in this study is a joule sequentially 462 

stratified thermal storage tank with medium-sized solar DHW heating systems (Figure 9). The 463 

temperature of the water storage tank was set between 45ºC and 55ºC, with a maximum 464 

capacity of 70ºC. On top of that, the temperature of the storage tank was increased up to 60ºC 465 

once every ten days using a 3-kWe heater to prevent the growth of legionella bacteria [53]. 466 

 467 

 468 

Figure 9: Modelled hot water storage tank. Courtesy of Electric Corby and EDP Consulting Limited[54]. 469 

This study considered 150 L/day as the maximum usage for fulfilling the nominal daily hot 470 

water demand based on the standard outlined by the Department for Environment, Food and 471 

Rural Affairs [55] [56]. The DHW consumption schedule of each ZEBH occupant was 472 

determined according to the UK National Calculation Methodology templates [57]. When the 473 

occupants use the DHW, each water tap draw has the nominal draw flow rate, as presented in 474 

Table 7 [48]. 475 

 476 

 477 

 478 
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Table 7: DHW flow rate to calculate hot water demand 479 

Fixture Flow rate (m3/s) Flow rate (m3/day) 

Basins 0.00008 6.912 

Sink and baths 0.00015 12.96 

Shower 0.00050 43.20 

 480 

6.1.6 Space Heating Demand 481 

The heaters installed in the selected dwellings offer indoor temperature comfort to their 482 

occupants at a set temperature of 19C for the entire dwelling space, except in the living room 483 

where the thermostat temperature is set at 21C.  484 

Heat load within the domestic dwellings was dictated by the indoor heat gain values and heat 485 

losses that vary over time.  486 

The heat load of any building is simply determined using the differences between heat gains 487 

and heat losses. To determine the space heating demand, the Heating Degree Days (HDD) for 488 

a building should be measured. The HDD is a value that corresponds to the difference between 489 

baseline temperature (15.50C in the UK) and the actual outdoor temperature, multiplied by 490 

the number of annual days [58]. However, HDD is set to zero in the case outdoor temperature 491 

exceeds the baseline temperature. Finally, the space heating demand is measured by subtracting 492 

the heat gains from the product of heat losses and HDD.  493 

 494 

6.1.7 Electrical and Net Electrical Demand 495 

Electricity demand for every studied dwelling was determined in order to calculate the energy 496 

load to be adequately supplied by considering the varied energy usage activity profiles.  497 

Total electricity demand denotes the sum of the building loads, the electric heating loads from 498 

ASHPs, and the water tank immersion heaters. 499 

The net electrical demand refers to the variances between the demand for electricity in 500 

buildings and the electric power generated on-site. As revealed in this study, electricity is 501 

exported from grids when its demand exceeds the electricity generated from the solar PV/T 502 

panels.  503 

 504 

6.2 Data Measurement 505 

To validate the actual electrical energy performance of each ZEBH, measured data from each 506 

building was needed to be collected. This data includes the Uniq solutions EM21 energy meter 507 

and Live View Pack [59], where the electricity consumption (appliances and lighting) for a 508 

period of one winter week (10th to 17th of December 2015) with a time frequency of 15 509 

minutes was measured. Furthermore, the metered data only considered the electrical demand 510 

and not the net electrical demand. 511 

 512 

 513 
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6.3 Calibration Method 514 

The calibration process required several manual iterations on the appliances and lighting usage 515 

before obtaining a model with acceptable accuracy. The limit proposed by the American 516 

Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Guideline 14 517 

[ASHRAE, 2002] was selected for this study. Accordingly, the normal mean bias error 518 

(NMBE) should be inside +/- 10%, and the coefficient of variation of the root mean square 519 

error (CVRMSE) should be lower than 30% when evaluated every hourly time interval. This 520 

entails determining the two dimensionless indicators of errors, NMBE and CVRMSE, using 521 

equations (1) and (2): 522 

 523 
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Here Mi and Si denote measured and simulated data, respectively, at instance i, and Ni is the 525 

number of values used in the calculation. 526 

6.4 Solar PV/T Model Verification Method 527 

It was not possible to model the functionality of ZEBHs solar PV/T panels using the 528 

DesignBuilder; hence, solar PV panels were modelled instead, and subsequently, the 529 

EnergyPlus model code files were modified in order to adapt solar PV/T panels for each home.  530 

In this case, no reliable data could be measured using monitoring devices on the ZEBHs for 531 

validation purposes; therefore, the MATLAB software was used to replicate the EnergyPlus 532 

solar PV/T panels. This permitted the analysis of the solar PV/T panels performance, which 533 

consequently helped verify whether or not the EnergyPlus simulations results were accurate. 534 

Therefore, the PV/T model’s performance was verified on a summer day (1st of June). The 535 

performance of a solar PV/T collector depends on design parameters and weather and operating 536 

conditions (e.g., irradiance, ambient temperature, absorber plate temperature, etc.). Thus, in 537 

order to complete the analysis with MATLAB, the parameters of the PV/T collector described 538 

in Appendix A were applied; the fluid inlet temperature (Ti) was considered to be 40ºC and the 539 

tilt angle 45. Appendix A presents the results, the steps followed, and the equations used in 540 

MATLAB and EnergyPlus to attain this. 541 

 542 
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6.5 Techno-Economic Study 543 

This section outlines the methodology adopted for accomplishing the economic study. Based 544 

on the outcomes derived from the building energy simulations using EnergyPlus, a techno-545 

economic assessment was performed on the SPVTAH of the dwellings over the course of a 546 

year. The three key parameters that helped determine the economic benefit include Feed-in 547 

Tariff (FiT), exported tariff price, and electricity cost (including standing charges).  548 

The UK price tariffs directed by the Office of Gas and Electricity Markets (Ofgem) for the 549 

generation and export of electricity were adopted in this study. The electricity cost included 550 

the standing charges for providing electricity by the actual energy retailer (BritishGas) to the 551 

dwellings. Table 8 depicts the parameters embedded in the economic analysis, while Table 9 552 

presents the cost parameters of the energy supply system. 553 

The parameters from Table 8 were retrieved from Ofgem Standard Large Solar PV system 554 

charge export tariff, and FiT, whilst Table 9 represents cost of the Solar PV/T panels (obtained 555 

from the manufacturer), and total cost of installation and maintenance by the installation 556 

company- Convert Energy Ltd. 557 

Table 8: Tariffs used for feasibility calculations 558 

Tariffs Price 

FiT 0.0034£/kWh a 

Export Tariff 0.054£/kWh a 

Electricity Tariff 0.12£/kWh b  

Standing Charge 0.25£/day b 

aOfgem- Standard large solar PV systems (1000-5000 kW) [60] 
bBritihGas [61] 

 559 

Table 9: Energy supply system cost parameters 560 

Parameter Value 

20 x Solar PV/T panels costa  £6600 

20 x Solar PV/T panels installations costa  £4200 

ASHP costa £5500 

ASHP installations costa £1800 

20 x Solar PV/T panels and ASHP maintenance costa  £220/year 

Discount rate (d) 10% 

System lifeb 25 years 
a Obtained from supplier. Source: https://www.convertenergy.co.uk/ 
b Obtained from manufacturers. Source: http://www.solimpeks.com/ 

 561 

The total cost incurred to operate the 20 solar PV/T panels and an ASHP at each dwelling is 562 

calculated as the total electricity cost minus the cost of displaced electricity imported from the 563 

grid, including the revenue accumulated from the electricity exported to the grid. The following 564 

equation mathematically represents this notion at each time step (t): 565 

 566 

https://www.convertenergy.co.uk/
http://www.solimpeks.com/
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Now, the annual costs for the SPVTAH can be calculated by summing each time step over a 567 

year, with the following equation: 568 

  (4) 

Here, SPVTAHcost is the total cost of the solar PV/T assisted by the ASHP system in £, 569 

PVTElecout refers to the electricity generated from the PV/T panels (kWhe), CostElec denotes 570 

the imported electricity cost in £/kWhe, SCElec indicates the electricity standing charge cost 571 

(£/day), t is the time step, N is the total number of time steps, Elecdmd is the electricity demand 572 

from the households (kWhe), FiTprice is the electricity tariff in £/kWhe, TariffElecprice is the 573 

exported electricity price (£/kWh), ElecExp is the electricity exported to the grid in kWhe, and 574 

the term d is the number of days. 575 

The present value (PV) of each annual cash flow can be discounted back to its PV. The net 576 

present value (NPV), as displayed in equation (5), can be determined by summing the cash flow 577 

for each year, starting from year 0 (investment) till the lifetime of the SPVTAH system, i.e. 25 578 

years. 579 
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Here, NPV refers to the net present value in £, Rn is the cash flow (£), and d represents the 581 

discount rate (10%). 582 

7. Results and Discussion 583 

7.1 Measured Data Analysis 584 

Before attempting to generate highly detailed building energy models, the measured data from 585 

each ZEBH was analysed, as illustrated in Figure 10–14. This information was considered in 586 

the input activity schedules of the energy model. Moreover, it was important to get a reliable 587 

and predictable set of measured data to calibrate the model.  588 

The EH-Plot 272 graph shows, at a glance, that there is a high consumption level between the 589 

12th  and 13th of December in the winter, especially in the mornings. The EH-Plot 273 had 3 590 

occupants, and it can be noted that there were high peaks in the mornings when they woke up; 591 

however, a large power demand occurred in the evenings between 03:00h and 06:00h. 592 

Although EH-Plot 274 had 5 occupants in their dwelling, most of the time, the power demand 593 

remained only between 320W and 480W. EH-Plot 349 had been occupied by only 2 residents, 594 

=

=
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t
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differing from the total number of occupants in the other homes, the electrical power demand 595 

there was between 240 W and 480 W. 596 

 597 

Figure 10: EH-Plot 272 Contour Plot graph to analyse the measured data 598 

 599 

 600 

Figure 11: EH-Plot 273 Contour Plot graph to analyse the measured data 601 

 602 

 603 
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 604 

 605 

Figure 12: EH-Plot 274 Contour Plot graph to analyse the measured data 606 

 607 

 608 

 609 

Figure 13: EH-Plot 349 Contour Plot graph to analyse the measured data 610 

7.2 Measured Data vs. Initial and Calibrated Model 611 

After obtaining the calibrated building energy models, an analysis to compare the measured 612 

and initial model simulation was conducted. First of all, operation schedules were compared 613 

using a 15-minute time stamp for a week, as shown in Figures 14–18. The figures enabled a 614 

quick visual inspection of the measured data against the initial and calibrated model values and 615 

the statistical variations, such as the maximum and minimum peaks, the total consumed energy, 616 
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and the average power demand. From the initial model results, it can be noted that electricity 617 

consumption for appliances and lighting is more closely related to occupant activity, which 618 

deviates (randomly) from the deterministic occupancy initially used in the EnergyPlus model.  619 

The electricity consumptions of the buildings during winter weeks were 275 kWh, 392 kWh, 620 

309 kWh, and 372 kWh in EH-Plots 272, 273, 274, and 349, respectively, and the final 621 

calibrated models produced a sum of 286 kWh, 369 kWh, 338 kWh, and 363 kWh in the similar 622 

order. From the individual results in each ZEBH, it can be seen that EH-Plot 274 carries the 623 

highest accumulation of errors (9%) from the final calibrated model. 624 

 625 

Measured Calibrated 
Difference 

Error 

Average 362 W Average 377 W 

4% 
Maximum 699 W Maximum 680 W 

Minimum 190 W Minimum 215 W 

Summation 275 kWh/week Summation 286 kWh/week 

Figure 14: EH-Plot 272 Measured vs Initial and Calibrated model 626 
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 627 

Measured Calibrated 
Difference 

Error 

Average 513 W Average 482 W 

6% 
Maximum 968 W Maximum 1230 W 

Minimum 230 W Minimum 253 W 

Summation 392 kWh/week Summation 369 kWh/week 

 628 

Figure 15: EH-Plot 273 Measured vs Initial and Calibrated model 629 

 630 
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 631 

Measured Calibrated 
Difference 

Error 

Average 404 W Average 442 W 

9% 
Maximum 736 W Maximum 714 W 

Minimum 227 W Minimum 308 W 

Summation 309 kWh/week Summation 338 kWh/week 

 632 

Figure 16: EH-Plot 274 Measured vs Initial and Calibrated model 633 
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 634 

Measured Calibrated 
Difference 

Error 

Average 486 W Average 473 W 

2.5% 
Maximum 749 W Maximum 749 W 

Minimum 230 W Minimum 292 W 

Summation 372 kWh/week Summation 363 kWh/week 

 635 

Figure 17: EH-Plot 349 Measured vs Initial and Calibrated model 636 

7.3 Statistical Index Evaluations 637 

Figure 18–21 show the NMBE and the coefficient of variance of CVRMSE for the calibrated 638 

simulation model generated by the hourly simulation program. The calibration results could 639 

meet the limits of model calibration accuracy directed in the ASHRAE Guideline 14-2014.  640 

The calibration models demonstrated accuracies of 26% for EH-Plot273, 29% for EH-Plot 273, 641 

25% for EH-Plot274, and 21% for EH-Plot 349 over the full-week cycle. 642 
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Each of the NMBE and CVRMSE values provide a different set of insights. NMBE values 643 

possess the drawback of cancellation and hence might under-report the magnitude of the errors, 644 

as observed for the instance of electrical calibration, where the overall NMBE value of 5.9% 645 

was identical in both EH-Plot 273 and EH-Plot 274; however, this concealed much larger 646 

CVRMSE errors in EH-Plot 273 (Figure 19). Within this work, the CVRMSE in EH-Plot 273 647 

carried the largest error and was the greatest source of uncertainty in the model energy 648 

prediction. This mostly affected the simulated electricity value. In contrast, the CVRMSE 649 

values provided a better indication in EH-Plot 349.  650 

Interestingly, the difference error result from EH-Plot 274 (Figure 16) was higher than the 651 

CVRMSE results of EH-Plot 273 (Figure 19). This might be due to the different study 652 

approaches between the CVRMSE and the difference error. The CVRMSE is defined as the 653 

ratio of the root mean square error to the mean values, whereas the difference error is the 654 

difference between the measured data and the calibrated model, divided by the calibrated model 655 

results. 656 

 657 

Figure 18:EH-Plot 272 NMBE and CV(RMSE) calibration results 658 

 659 

Figure 19: EH-Plot 273 NMBE and CV(RMSE) calibration results 660 

 661 
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 662 

Figure 20: EH-Plot 274 NMBE and CV(RMSE) calibration results 663 

 664 

Figure 21: EH-Plot 274 NMBE and CV(RMSE) calibration results 665 

 666 

7.4 Building Energy Performance 667 

7.4.1 Electrical Energy Demand 668 

This section presents the values of electricity end-use. Figure 22 illustrates the total electrical 669 

energy consumption broken down each month to emphasise the aspects related to appliances, 670 

lighting, and ASHP energy use.  671 

  672 
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 703 

 704 

The EH Plot-272 had the highest electrical consumption (3495 kWhe /year), primarily due to 705 

the high operation of ASHP in meeting the building’s space heating demand. Furthermore, the 706 

maximum monthly electrical energy consumption for all domestic dwellings was found for the 707 

months of December and January, while it was the most minimum for July and August. Thus, 708 

it is obvious that variation in electrical energy consumption is linked to seasons, mainly due to 709 

the ASHP application. 710 

  711 

Figure 22: Annual breakdown of electricity use in the Electric Homes 
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7.4.2 Thermal Energy Demand 712 

Thermal energy was also stimulated with E+ over the course of a year. The outcomes yielded 713 

for monthly required (kWhth) energy for heating, DHW, and ASHP thermal power have been 714 

presented in Figure 23. 715 

 716 

  717 

 718 

 719 

  720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

The findings exhibited variation in terms of space heat demand over the course of a year, 741 

especially with only a  little or nil heating energy consumption in summers, and high usage 742 

during the winter. Moreover, the consumption of heat energy seemed to vary amongst the 743 

dwellings, as portrayed in the outputs of the building modelling while considering the 744 

occupants and their activities.  745 

Figure 23: Annual breakdown of thermal energy use in the electric homes 
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The space heating demand and related deviations during winter months, usually occur in the 746 

mornings as well as in the evenings. The largest ASHP demand was recorded for EH-Plot 272, 747 

indicating that the activities and demand of the four occupants have a clear impact on the final 748 

ASHP thermal energy consumption.  749 

The study results also assessed the heating demand of under-floor heating and fan assisted 750 

radiators. Notably, the type of heat emitter operated most in these homes is the under-floor 751 

heating system. The under-floor heating systems were modelled on the ground floor, whereas 752 

the fan-assisted radiators on the first floor. The usage discrepancies between the two types of 753 

heat emitters confirmed the notion that the under-floor heating can meet the space heating 754 

requirements on both floors most of the time; this is due to the fact that heat flows from ground 755 

to the upper floor. Furthermore, it is important to highlight that the heating system usage 756 

discrepancies amongst buildings are related to the space heating demand when heat loss occurs; 757 

thus, the buildings’ air infiltration and ventilation have a major impact on the total heat loss. It 758 

is obvious that the main factors affecting heat loss are climate, environment data, and 759 

infiltration. Another factor considered in EnergyPlus was the transfer of heat across the rooms, 760 

especially due to the opening and closing of doors by the occupants. Heat loss occurs when the 761 

door of a heated room is opened to a colder one. 762 

On the other hand, during summertime, solar heat gains seemed to have contributed to the 763 

decrease in heating system usage and the outcomes of heat losses. The discrepancies in outputs 764 

amongst the buildings exhibited an influence on the direction in which the buildings were 765 

facing, and hence, the extent of solar gains through the windows. Additionally, the lighting 766 

system appeared to have affected the discrepancies due to a decrease in operation during the 767 

summer period when there are more daylight hours. The number of occupants and their 768 

activities (metabolic rates) also had an effect on the heat gains, as the ZEBHs models 769 

incorporated variables such as the occupants’ rising time in the morning, activities (e.g., 770 

cooking), and leaving home for school/work. 771 

In short, upon analysing the outcomes and the variations noted in DHW consumption amongst 772 

the dwellings, the most highly influential factors in determining consumption of hot water are 773 

the climate, the number of occupants and their activities.  774 

 775 

7.5 Solar PV/T Panels Energy Generated 776 

Figure 24–27 illustrated in this section present a breakdown of the monthly PV/T panels 777 

performance. The generation of electricity in every dwelling appeared to exhibit rather good 778 

performances during the summer. Nevertheless, only 20–40% of the electricity power 779 

expectation was generated during the four coldest months – November through February. This 780 

is almost exclusively due to low solar radiation and possible snow accumulation on the surfaces 781 

of the PV/T panel during those months. For instance, the maximum electricity generated in 782 

each dwelling was approximately 477 kWhe for July (month with the highest solar radiation), 783 

while the total annual electrical energy generated from the 20 PV/T panels in each domestic 784 

dwelling was 3243 kWhe/year. Thus, timing is very critical for the performance of the PV/T 785 



34 

 

panels, as thermal energy is only useful if it is used immediately or stored for future use. While 786 

total thermal energy outputs were relatively similar in magnitude over the course of a year 787 

(3710 kWhe/year), it varies significantly by month, peaking in the summer months. Moreover, 788 

there is a seasonal mismatch between supply and demand, as the supply increases significantly 789 

in the shoulder season and summer months. Hence, the most reasonable method is to use 790 

seasonal storage in order to take advantage of the excess of thermal energy generated during 791 

this period. This indicates that without the use of heat pumps, effective PV/T performance is 792 

limited to warmer months.  793 

  794 

Figure 24: Annual PV electrical and thermal energy generated in EH-Plot 272 795 
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 796 

Figure 25: Annual PV electrical and thermal energy generated in EH-Plot 273 797 

 798 

Figure 26: Annual PV electrical and thermal energy generated in EH-Plot 274 799 
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 800 

Figure 27: Annual PV electrical and thermal energy generated in EH-Plot 349 801 

  802 

0

20

40

60

80

100

120

140

0

100

200

300

400

500

600

1 2 3 4 5 6 7 8 9 10 11 12

W
/m

^
2

k
W

h

Months

PV Electrical Energy Solar Radiation

0

100

200

300

400

500

600

100 200 300 400 500

P
V

 E
le

c
tr

ic
a

l E
n

e
rg

y
 (k

W
h

)

Electrical Demand (kWh)

Highest energy demand  

Highest energy production

0

100

200

300

400

500

600

100 400 700 1000 1300
P

V
 T

h
e

rm
a

l E
n

e
rg

y
 (k

W
h

)

Thermal Demand (kWh)

Highest energy production

Highest energy demand 

0

20

40

60

80

100

120

140

0

100

200

300

400

500

600

1 2 3 4 5 6 7 8 9 10 11 12

W
/m

^
2

k
W

h

Months

PV Thermal Energy Solar Radiation

Total: 3710kWh/yr

EH-PLOT 349

Total: 3243kWh/yr



37 

 

7.6 Techno-Economic Analysis 803 

7.6.1 Zero Energy Bill Assessment 804 

This section provides a detailed appraisal to assess the economic viability of the selected ZEB 805 

homes. The economics of ZEB homes is mainly driven by the running cost of the ASHP and 806 

the revenue generated by the exported electricity from the solar PV/T panels to the grid. 807 

Besides, the economics of the heating system, together with the SPVTAH system, is highly 808 

dependent on the magnitude of energy consumption, or, in particular, thermal demand. Figure 809 

28–31 portray the related monthly electricity costs in each ZEB home over a year, with and 810 

without the FiT scheme. The outcomes showed that the status of the energy bill had been met. 811 

The simulation performed using E+ indicated that the zero-energy bill status may be attained 812 

when coupled with positive net income.  813 

 814 

 815 

Figure 28: EH-Plot 272 Economic analysis monthly plot 816 

  817 

 818 

Figure 29: EH-Plot 272 Economic analysis monthly plot 819 
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 820 

Figure 30: EH-Plot 274 Economic analysis monthly plot 821 

  822 

 823 

Figure 31: EH-Plot 274 Economic analysis monthly plot 824 

Table 10 presents the implementation of the ZEB status through the SPVTAH system at the 825 

selected dwellings. The results highlight the significance of enabling an exceptional grid 826 

interaction between the SPVTAH system and the support mechanisms from the UK 827 

government, such as the FiT scheme, in generating higher profitable returns. The outcomes 828 

have been summarised as comparative economic appraisals on the SPVTAH system with the 829 

FiT against the SPVTAH without the FiT. In addition, the electricity consumption of the ASHP, 830 

appliances, and lighting was also incorporated. 831 

Table 10: Economic analysis results 832 

ZEB home SPVTAH with FiT* SPVTAH without FiT* Difference 

EH-Plot 272 -£16.91 -£5.88 

-£11.03 
EH-Plot 273 -£58.86 -£47.83 

EH- Plot 274 -£90.73 -£79.70 

EH-Plot 349 -£49.73 -£38.70 
*The negative value means that the annual energy bill ends with net incomes.  

 833 

 834 
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7.6.2 NPV Analysis 835 

An NPV analysis was conducted at the condition of 10% interest. In fact, the cash flows in the 836 

analysis included the cost of the ASHP and 20 solar PV/T panels, along with installation cost, 837 

annual servicing, energy cost, and the revenues gained from FiT as well as the export tariffs. 838 

The values of these parameters were assumed to be constant for the entire 25-year NPV 839 

assessment period. See Figure 32. 840 

 841 

Figure 32: NPV analysis results 842 

 843 

Table 11 presents a summary of the comparative results for the NPV analysis of the SPVTAH 844 

system against each ZEB home. Over the period of 25 years, assuming no escalation in 845 

maintenance costs or electricity prices, it was noted that increment of years led to a slump in 846 

the PV of each cash flow. The NPV at each home was - £19,943, - £19,563, - £19,273, and - 847 

£19,646 for EH-Plots 272, 273, 274, and 349, respectively. Notably, a higher NPV of the 848 

SPVTAH system was exhibited in EH-Plot 349. 849 

 850 

Table 11: Summary of the results of 25 years of NPV analysis 851 

ZEB Home NPV (£) * 

EH-Plot 272 -£19943 

EH-Plot 273 -£19563 

EH- Plot 274 -£19273 

EH-Plot 349 -£19646 
* The negative values mean an outgoing of cashflow 

  852 
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8. Conclusion 853 

This paper implemented a building modelling approach by incorporating SPVTAH in ZEBHs. 854 

Thus, the modelling and the energy performance of the UK-based community ZEBHs were 855 

analysed. The modelling offered a baseline to assess energy performance, as it was imminent 856 

in identifying the parameters that influence the energy demand and the calibration method. 857 

Furthermore, a comparison of the modelling outputs by employing the measured data verified 858 

the performed assessments. 859 

Modelling and simulation are still essential tools for conducting energy performance analysis 860 

of the ZEBHs. Pervasive-logged metered data offered information with focus points from the 861 

behaviour of the building occupants to the exploitation of the actual values facilitated by the 862 

calibrated model with accuracy. The following summarises the main findings of this work: 863 

• Calibration should be conducted over an annual cycle with the use of hourly energy 864 

data, where impractical hourly primary data could be collected for shorter cycles 865 

(weekly or monthly) to ‘validate’ the simulation results. 866 

• Local weather files should be measured and used for calibrating the models. Otherwise, 867 

any other type of weather file may assist in validating the models. 868 

• The NMBE and CVRMSE calibration results, when presented in weekly intervals, will 869 

allow an assessment of the daily and hourly variations. 870 

• The tolerated error levels of the models should be dictated by the function of the ZEBH 871 

models and primary data availability. There is scope for further work in defining the 872 

required levels of model accuracy for efforts such as optimisation and control studies. 873 

• To that end, further refinement of the calibration guidelines should first reflect the 874 

model purpose. As demonstrated in this work, the models calibrated according to the 875 

limitations of the ASHRAE guideline can more confidently predict actual prevailing 876 

results within the building. The existing NMBE and CVRMSE values of ±10% and 877 

±30%, respectively, can still be adhered, even when complete annual hourly data are 878 

not available to the analyst. In this case, such a model can be considered ‘validated’. 879 

• The economic viability, and FiT is absolutely vital. Variations in FiT prices may affect 880 

the status of the ZEBHs, particularly when space heat demand increases. In a nutshell, 881 

the economic analysis specifies that the zero-energy bill concept would be unfeasible 882 

if the UK FiTs are withdrawn. 883 

 884 

The primary reason for integrating the measured data was to establish a benchmark for ZEBHs’ 885 

energy performance, including occupancy behaviour in terms of appliance use and lighting. 886 

Therefore, the comparison outputs amongst the ZEBHs point out the significance of the 887 

occupancy elements as a factor that can influence thermal and electrical demand. 888 

In addition, several key variances for the representation of the parameters influencing the 889 

ASHP thermal power demand have been determined. These variances seem to have mainly 890 

arisen due to the difference in occupant behaviours, DHW consumption, internal heat gains, 891 

and heat losses.  892 
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Furthermore, this paper also highlighted the energy production mapping on-site 893 

electrical/thermal power generation under various climatic conditions (e.g. irradiation). In fact, 894 

it has been proven that the use of PV/T panels is a clear optimum solution for such houses with 895 

the zero-energy target. However, this study emphasised the importance of back-up energy 896 

supply devices, such as ASHPs.  897 

As the dwellings and their energy systems are part of the technical and economic subsystems, 898 

the aspect of cost-effective quantification at the level of each single building unwittingly 899 

externalised the costs. This notion certainly applies to the implementation of ASHPs, along 900 

with solar PV/T panels, as an energy-efficient method in providing space heating and/or 901 

domestic hot water. The economic analysis, prices, and tariffs is absolutely crucial. This is 902 

especially true since fluctuation in prices may affect the status of the ZEBHs, particularly when 903 

space heat demand increases. Moreover, the feasibility assessment indicated that the zero 904 

energy bill concept would be impractical if the UK government subsidies are withdrawn. 905 

Additionally, the NPV analysis further signified that even though the SPVTAH might generate 906 

revenues, repayment of the initial investment of £18100 in 25 years would turn out to be the 907 

largest barrier.  908 

However, it cannot be denied that operating renewable energy technology in ZEBHs offers 909 

vast advantages, among which reduction in costs appears to be the most significant one. 910 

Nevertheless, the implementation of the SPVTAH systems grid interaction is essential for 911 

significant electricity cost reductions and the achievement of the ZEBH status. In addition, at 912 

present, the capital cost of the SPVTAH system has a stretched payback period (+25 years). 913 

Excluding these attributes seemingly underestimates the overall societal cost of possible the 914 

future low carbon systems, resulting in a disproportionate trade-off between various viable 915 

policy measures. In this context, the primary objective of this study was to offer an initial 916 

estimate of the energy performance in ZEBHs with a presentation of a technical subsystem 917 

based on comprehensive building modelling, calibration, and energy simulations. 918 

Therefore, future works related to this study should consider including the integration of 919 

ZEBHs and low voltage (LV) electrical networks. The link would allow the use of building 920 

energy models, inclusive of internal energy supply systems, in association with external energy 921 

supply systems such as the electrical grids. This can, therefore, permit the simulations of an 922 

integrated building and electricity network. The simulation of such systems can also depict an 923 

environment that would allow ASHP load-shifting strategy to be tested on the platform and 924 

assess energy demand flexibility of ZEBHs, especially when the intrinsic heat storage in the 925 

building can be used for the provision of ancillary services in LV networks. 926 
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Appendix A  936 

For the MATLAB PV/T model, it was necessary to obtain the absorptance ( = 0.70) of the 937 

absorber plate that depends on the angle of incidence (). In this case, the transmittance ( ) 938 

value was set at 0.91, and the angle of incidence is calculated using the following equation: 939 

 940 

 
− +z T Z T A z ArrayAOI= ( (θ ) (θ ) (θ ) (θ ) θ -θ )) 1

,cos cos cos sin sin cos(   

   

Here, 941 

• A and Z are the solar azimuth and zenith angles, respectively. The azimuth angle 942 

convention is defined as the degrees east of north (e.g., North = 0°, East = 90°, West = 943 

270°). 944 

• T is the tilt angle of the array, which is defined as the angle from the horizontal surface. 945 

• A, Array reflects the azimuth angles of the array. The array azimuth is defined as the 946 

horizontal normal vector from the array surface. An array facing south has an array 947 

azimuth of 180°.  948 

The next step was the calculation of the incident solar radiation (Idir cos  + Idiff) on the PV/T 949 

panel surface. The incident solar irradiance can be determined by the direct solar irradiance 950 

(Idir), the diffuse solar irradiance (Idiff), and the angle of incidence (). Subsequently, the amount 951 

of solar radiation absorbed by the absorber plate ((Idir cos  + Idiff) ()) was to be calculated. 952 

This value is a function of the transmittance ( = 0.91) and absorptance ( = 0.70) of the 953 

collector. Thus, the result of the total of each solar radiation absorbed (Qsolar) by the PV/T 954 

panels has been presented in Figure A 1. 955 

 956 

 957 

Figure A 1: Solar radiation absorbed by the absorber plate (top) and solar radiation (bottom)-1st June 958 

The electrical energy produced by the PV/T collector is a function of the incident solar 959 

irradiance ((Idir cos  + Idiff) and temperature difference (T – Tair) of the PV/T panel under 960 
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standard conditions (STC) and in outdoor temperature. Hence, with every increase in the degree 961 

of the PV/T panel temperature, there will be a loss in the percentage of its power. In this case, 962 

the solar cells have a temperature coefficient (Et) of 0.45% ºC, an efficiency (Eo) of 17.5%, a 963 

module temperature (T) of 25ºC at STC, and the total area (Asurf) of 1.37 m2. The cell packing 964 

factor (P.F), which is 0.86, was calculated using the following equation: 965 

 = =( )/. ( ) 0.86cell surfA Number of Cells AP F   

Here, Acell is 0.0156 m2, the total Number of Cells is 72, and Asurf is 1.37 m2. 966 

Regarding the above premises and considering the transmittance value ( = 0.91), the total 967 

electrical energy produced (Qel) from the collector on the 1st of June was 0.48 kWh. To obtain 968 

the useful heat generated by the PV/T panels, the heat losses (Qloss) should also be considered. 969 

For this reason, this step consisted of calculating the heat losses from the exposed surfaces of 970 

the collector. Taking the thermal loss coefficient (UL) as 0.3 W/m2ºC, fluid inlet temperature 971 

(Ti) as 40ºC, and the outdoor temperature (Tair), the Qloss resulted in values, as shown in Figure 972 

A 2.  973 

As the final step, the useful heat generated (Quseful) was calculated. Taking into account the heat 974 

removal factor (FR) of 0.86 and the total absorber area (Aabs) of 1.19 m2, the total Quseful 975 

generated on the 1st of June was given as 1.87 kWhe. 976 

 977 

Figure A 2: Outdoor temperature (top) and heat power losses by the PV/T panel (bottom) 978 

For the case of the EnergyPlus solar PV/T model, it was also modelled and simulated with an 979 

inclination angle of 45º. This step warranted setting PV/T panel input parameters. From the list 980 

of parameters, under ‘Solar Collector: FlatPlate: PhotovoltaicThermal’, the surface was listed 981 

along with its performance characteristics defined under ‘Solar Collector: FlatPlate: 982 

PhotovoltaicThermal: Simple’. The PV cell, along with the working fluid type (water) and the 983 

corresponding inlet and outlet nodes, was defined.  984 

The parameters have been summarised in Table A1. An important note is that the model 985 

disregards the module heat loss coefficient (UL). 986 

987 
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Table A 1: EnergyPlus PV/T panel input values 988 

PV/T Water System 

Asurf-PV/T Panel Area (m2) 1.37 

ηel- Module Efficiency 15.6 

P.F-Packing Factor 0.82 

Eo- Cell Efficiency (%) 17.5 

Pmpp-200 (W) 200 

 989 

Finally, the simulation was achieved, and the total electrical and thermal energy were 990 

calculated. The PV modules determined the energy produced by the solar panels, and they are 991 

assumed to always function when the total incident solar (Idir cos  + Idiff) is greater than 0.3 992 

W/m2. The usable electric power produced by each PV surface was calculated using the 993 

following equation: 994 

 = +( )). (surf direl diff oQ A I cos θ  IF EP   

The PV/T model heats the circulating liquid through the pipes, and when the working fluid is 995 

flowing, the model calculates the collected heat with the following equation: 996 

 = +. ( )( )surf dir diff thermusefu ll aQ A I cos θ  I ηP F   

 997 

Here thermal is the PV/T thermal efficiency. 998 

 999 

Table A 2: EnergyPlus PV/T panel simulation results-1st of June 1000 

Qel (kWh) Quseful (kWh) 

0.63 1.95 

In Figure A 3, it can be seen that the electrical power production of PV/T collector modelled 1001 

in MATLAB and using EnergyPlus significantly deviates from 13:00 hours to 17:00 hours. 1002 

During these hours, the deviation is larger, and this could be explained by the fact that E+ 1003 

considers fewer input values than the MATLAB model. 1004 

 1005 

 1006 

Figure A 3: PV/T MATLAB and EnergyPlus results. a) electrical power generated and b) thermal power generated - 1st of 1007 

June. 1008 



45 

 

As shown in Table A3, the percentage error between the EnergyPlus and the MATLAB results 1009 

is 4.5% for the thermal energy generated and 24% for the electrical energy generated. The 1010 

electrical energy generation has a high percentage of error, and this could be due to the power 1011 

losses considered for the PV/T MATLAB model. The higher the solar radiation, the higher is 1012 

the PV/T panel temperature, and therefore, the lower the electricity production. Conversely, 1013 

the thermal energy production of the PV/T collector calculated by hand and using the 1014 

simulation tool is approximately the same.  1015 

Table A 3: Solar PV/T simulation results difference between MATLAB and EnergyPlus 1016 

Parameter MATLAB EnergyPlus Difference  

Thermal Energy 0.48 kWh/day 0.63 kWh/day 24% 

Electrical Energy 1.87 kWh/day 1.95 kWh/day 4.5% 

 1017 

  1018 
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