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Abstract 11 

Since buildings account for more than one-third of final energy use, it is important to integrate renewable 12 

energy sources for new housing developments to reduce demand for grid energy and carbon emissions. 13 

This research investigates the potential of solar PV, energy storage, and electric vehicles in new housing 14 

developments and their associated grid impacts by taking the UK’s Cambridge, Milton Keynes, Oxford 15 

arc as a case study. Using published data on electrical loads for different types of dwellings, energy 16 

demands for new housing developments with and without renewable and low carbon technologies are 17 

analysed using techno-economic modelling frameworks. Technical analysis includes sizing and 18 

optimisation of PV and storage while economic analysis covers cost-benefit analyses, by considering a 19 

range of existing and future tariffs and subsidy schemes including Standard, Economy 7 (cheaper 20 

electricity for seven hours at night), Feed-in tariff, and the Smart Export Guarantee. Results show that 21 

installing PV panels and storage systems not only reduces the dwellings’ grid energy demand by 31% 22 

in January but also helps the dwellings to become net exporters of green electricity to the grid in July 23 

and hence saves a substantial amount of money by taking advantage of Feed-in and Economy 7 tariffs.  24 

 25 
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 28 

1. Introduction 29 

Globally, buildings are responsible for more than 30% of final energy consumption and greenhouse gas 30 

(GHG) emissions [1,2]. In particular, domestic and commercial buildings are the biggest energy 31 

consumers (43% of total consumption), subsequently accounting for a large share of GHG emissions in 32 

the UK [3]. Following the advice from the Committee on Climate Change, the UK government has 33 

decided to take a further step than the Climate Change Act [4] to bring all greenhouse gas emissions to 34 

net-zero by 2050. With the approval from the Parliament, Climate Change Act 2008 (2050 Target 35 

Amendment) Order 2019 came into force on 27 June 2019 which translates into a target for a 100% 36 

reduction of greenhouse gas emissions (compared to 1990 levels) in the UK by 2050 [5]. This ambitious 37 

target will require radical changes in the ways energy is generated, delivered and used by all sectors 38 

including the housing sector. It is believed that buildings have a large potential for energy efficiency 39 

gains and thus, their energy consumption can be reduced [6]. This raises the opportunity for energy-40 

efficient design of new housing developments from the start. Any new housing developments have a 41 
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huge impact on the environment, society and economy, and hence planning for sustainable development 1 

benefits all these three aspects [7].  2 

 3 

To make urban areas pollution-free and comfortable, planning should integrate electrical mobility. Since 4 

the transport sector makes a large contribution to GHG emissions (27% of the total GHG emission in 5 

the UK [8]), electric vehicles (EVs) are expected to make a significant contribution toward the 6 

decarbonisation of the transport sector. According to the UK government’s report “The Road to Zero” 7 

[9], new homes built in the UK need to be fitted with an EV charging point. This requirement is further 8 

supported by the study “Future Energy Scenarios (FES)” carried out by the National Grid, which 9 

predicted that 90% of vehicles sold in the UK by 2050 will be EVs [10]. It is thus expected that new 10 

dwellings in the UK will be equipped with EV charging points. These charging points if connected with 11 

EVs will have a significant impact on grids via increase of the dwellings’ loads. Even though off-peak 12 

charging options might reduce grid impacts, as suggested by Paevere et al. [11], each dwelling with an 13 

EV will still increase the demand for grid energy. Although grid energy itself is undergoing a programme 14 

of decarbonisation[12], the adoption of energy-efficient and low carbon power generation technologies 15 

at the dwelling level can make significant contributions. 16 

 17 

Although energy-saving technologies can be adopted at any phase of the life-cycle of a building (for 18 

instance retrofitting a building with better thermal insulation or adopting heat pumps for space heating), 19 

the most significant impact is made in the design and construction phase of dwellings [7]. The design 20 

parameters of buildings such as energy performance, building construction typology, type of 21 

neighbourhood and density can reduce energy consumption and hence environmental impacts 22 

significantly [13–16]. A further reduction of environmental impacts of the building sector is possible by 23 

adopting extensive use of renewable energy sources. Renewable energy can be produced on-site or 24 

nearby housing developments. A proper mix of renewable energy, electrical transportation and grid 25 

design are key parameters for sustainable urban development [17]. Sustainable buildings commonly use 26 

renewable sources such as passive solar home design, photovoltaic (PV) technologies, solar thermal 27 

systems, green roofs or rain gardens [7]. The use of solar PVs as a renewable energy source has increased 28 

significantly over past decades in worldwide new building construction [18] but since solar radiation 29 

fluctuates during the day there are times when the generation from PV exceeds demand. To take the 30 

maximum advantage of PV surplus and smooth supply characteristics, solar energy may be stored in 31 

batteries. Although solar PV is the key technology to develop an optimal energy system design for 32 

homes, storage technology is also important to maximise the system’s benefits [19]. 33 

 34 

It is evident from the literature that both high energy efficiency and renewable energy generation for 35 

buildings are essential to achieve the concept of the “Zero Energy Building (ZEB)”[2]. The ZEB is a 36 

term used to define a building’s performance that is high in energy efficiency and its required energy 37 

entirely comes from renewable sources. Several recent articles emphasize that the prospect of ZEB can 38 

be realised only by shifting the boundary of carbon performance from a single building to the 39 

neighbourhood level, thereby sharing infrastructures and resources [13,20,21]. Although many scholars 40 

have studied the impact of urban form and neighbourhoods (e.g. suburban vs rural living,) on energy 41 

consumption and carbon emissions [22–24], they focused on existing cities, and hence the knowledge 42 

is diffuse and sectoral, and considers buildings and transports in isolation [25]. The increase of EVs’ 43 

uptake across the world and the potential for charging the vehicles at homes raise the opportunity to 44 
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integrate transports and buildings. This integration along with on-site electricity generation from 1 

renewable sources can reduce grid dependency and help decarbonisation of housing and transport 2 

sectors.  3 

 4 

To further accelerate the decarbonisation, incentives are offered to dwellers to encourage the uptake of 5 

renewable energy technologies for heat and electricity generation via schemes such as Renewable Heat 6 

Incentives (RHI) [26] and Feed-in tariffs [27]. However, the techno-economic aspects of energy demand 7 

growth due to new housing sites with and without the adoption of renewable and low carbon 8 

technologies are poorly understood [28]. Therefore, this research aims to address this gap by 9 

investigating the impact of new housing developments on energy infrastructures and assesses the 10 

potential of renewable and low carbon technologies, mainly solar PV with storage and EVs, to manage 11 

electricity demand. This paper also evaluates the economic prospects of using PV and storage by taking 12 

advantage of current and potential future tariffs to identify which option is economically viable for 13 

prosumers in large housing sites.  14 

 15 

The rest of the paper is organised as follows: Section 2 describes the methodology of this study including 16 

PV and storage sizing for different types of dwellings, economic modelling and data sources for this 17 

research. Section 3 provides results of energy demand reduction potential with and without low carbon 18 

technologies, cost-benefit of proposed options, and grid impact savings. Section 4 presents a 19 

comprehensive discussion for energy generation and demand management of new housing 20 

developments and the impacts on the grid as well as broader implications. Section 5 provides 21 

conclusions and recommendations for future work. 22 

 23 

2. Methodology 24 

We investigated new housing developments in Central Bedfordshire, which is one of the counties of the 25 

Cambridge-Milton Keynes-Oxford (CaMKOx) arc in the UK, as a case study that can be extrapolated 26 

to the whole arc and other areas around the world. The CaMKOx arc is a set of cities and towns around 27 

50-miles radius of London (see Fig. 1), which is one of the fastest-growing regions of the UK with an 28 

expected increase in its population of 1.9 million and 335,000 new jobs by 2050 [28]. The creation of 29 

new housing developments, services and new infrastructure to connect the CaMKOx cities are seen 30 

essential for the growth of the arc. With world-class universities, research locations and high-tech firms, 31 

the arc’s future economic growth is threatened by the absence of affordable housing and appropriate 32 

connective infrastructures. Therefore, the National Infrastructure Commission (NIC) proposes the 33 

construction of 30,000 new homes per year until 2050 to accommodate the people and secure the arc’s 34 

long term economic success [28]. 35 

 36 

 37 

 38 
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 1 

Fig. 1. Map of existing local government bodies across Cambridge-Milton Keynes-Oxford arc [28]. 2 

 3 

It was assumed that every new dwelling in the arc would be connected to the grid and they would have 4 

solar PV arrays, battery storage, and an EV (see Fig. 2). Firstly, baseline energy demand for new housing 5 

developments in the selected area was calculated by adding potential EV charging patterns to dwellings’ 6 

electricity demand. The heating load, however, was not included here due to the fact that, currently, 7 

most (over 80%) of the domestic heating demand in the UK is met by gas boilers [29]. More recently, 8 

the UK Government has announced that fossil fuel based boilers (oil and natural gas fired) will be 9 

banned from new housing built after 2025 [30]. There are many alternatives that are discussed as a 10 

potential replacement for fossil fuel boilers including heat pumps and hydrogen based heating [31], 11 

storage heaters [32], biomass fired district heating [33], and industrial waste heat via district heat 12 

network [34]. However, it is not clear which alternative heating options will be best suited that is a low 13 

cost, low carbon and providing best services people need, for new houses against an anticipated new 14 

Future Home Standard (FHS) [35], which is yet to be introduced by the UK Government. In this research, 15 

we assumed that the heating demand of new houses in the near future will potentially be supplied by 16 

hydrogen based on-site boilers/fuel cells or biomass and industrial waste heat based district heat network. 17 

As a result, we focused only on electricity demand for houses in new housing developments. The 18 

baseline electricity demand was assumed to be supplied by the grid. These demands are to be compared 19 

with alternative scenarios such as a) energy supplied from rooftop’s solar PV and storage and b) energy 20 

from option (a) plus load shifting with storage. To maximise the financial benefits and reduce grid 21 

congestion, it was assumed that batteries stored cheap electricity from the grid during the night for use 22 

in the day in option (b). The detail methodology of this research is shown in Fig. 3. In the economic 23 

analysis, the baseline scenario with standard electricity tariff was compared with alternative scenarios 24 

with Economy 7 and Feed-in-Tariffs (FIT). Economy 7 is a tariff that offers customers cheaper 25 

electricity for 7 hours during the night. FITs are a renewable energy incentive whereby dwellings are 26 

eligible to receive payments on the installation of PV panels.  27 

 28 
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Fig. 2. All houses in the study are assumed to have solar PV arrays, battery storage, and an EV 2 
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 Standard tariff for baseline scenario. 
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 4 

Fig. 3. Flow chart of research methodology  5 

 6 

2.1 Baseline scenario models  7 

Given the need for electrification of transport to decarbonise the energy system, it is necessary to install 8 

an EV charging point for each new home that owns an EV. It was assumed that every new dwelling 9 

along the arc would own an EV. Therefore, the baseline load of each dwelling is given by 10 

  11 

𝑊𝑏𝑎𝑠𝑒 = 𝐵𝐿𝑑𝑒𝑤𝑙 + 𝜏 × 𝐶       (1) 12 

 13 

where 𝑊𝑏𝑎𝑠𝑒 is the baseline load in kWh, 𝐵𝐿𝑑𝑒𝑤𝑙 is the baseload for each dwelling type in kWh, 𝜏 14 

is the charging time in hours and 𝐶 is the capacity of EV charger in kW.  15 

 16 

EV charging time can be calculated as follows: 17 

𝜏 =
D

𝐿 ∗ 𝐶
 (2) 

 18 

where D is the number of miles per day that an EV is expected to travel, 𝐿 is travel capacity of an EV 19 

per kWh of charge (miles/kWh). 20 

 21 

Depending on the size, model and autonomy of EVs, the capacity of the battery varies. Small cars like 22 

Smart Fortwo or BMW i3 have batteries of 16.5 and 22 kWh, respectively, while medium-sized cars 23 
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such as Nissan Leaf hold a 40 kWh-battery, and bigger cars like Tesla S are equipped with 100 kWh-1 

batteries. For this study, Nissan Leaf was chosen to develop all the scenarios because it was the most 2 

commonly bought EV in the UK during the first quarter of 2018 [36]. It was assumed that there is no 3 

necessity to fully charge the battery every day since the average commuting trip in England is around 4 

10.9 miles while shopping and leisure trips are 4 and 8.6 miles, respectively [37]. On this basis, it was 5 

considered that on average a car runs 30 miles a day, which includes commuting and other short-distance 6 

trips. This study also assumed that every home was equipped with a 7 kW charger, which will become 7 

a standard among dwellings in 2050 [10].  8 

 9 

Drivers in the UK charge EVs, using mostly grid electricity, at different locations and various times of 10 

a day. The majority, around 80% [38], of all electric car charging happens at home with around 35% 11 

charging typically between 17:00 h and 20:00 h [39]. Hence, in the baseline scenario, it was assumed 12 

that most people do not charge the EV at work, but they charge it just when arriving home. Based on 13 

average commuting distance, office hours and travelling times, it was supposed that people plug-in EVs 14 

to charge at 18:00 h. This assumption was made for two reasons: firstly, to estimate the maximum 15 

possible peak demand of grid electricity by a dwelling when an EV is charged in the baseline scenario, 16 

which, in practice, can be charged any time of a day and secondly, to allow owners to charge their EVs 17 

from solar PV and storage in alternative scenarios as it is expected that every home in the arc would 18 

have solar electricity. 19 

 20 

2.2 Alternative scenarios with solar PV and storage  21 

To select the right size of a PV system that includes solar PV array and battery storage, ideally, it is 22 

necessary to know the dwellings’ energy demand pattern throughout a day. The specification of the PV 23 

module used for this study is shown in Table 1. Based on the required load to be supplied by solar energy 24 

the number of PV modules can be increased. However, the maximum number of PV panels is to be 25 

restricted by the suitable rooftop area of dwellings that could hold PV panels. For example, in the UK, 26 

a typical average detached house has a suitable roof area of 29.5 m2, a modern mid or end terrace has 27 

18 m2, and an average semi-detached has 20 m2 [40]. The suitable roof space for PV installation in Flats, 28 

however, vary depending on the type and number of flats in a building. For example a purpose-built two 29 

bedroom flat in a two storey building may have 14 m2 for PV installation [40]. Nonetheless, in case of 30 

low and high-rise buildings, the suitable roof area for each flat could be much lower than a purposely 31 

built flat. In modern time, multi-story buildings could be designed in a way that can provide sufficient 32 

spaces for PV installation on the roof, facades and shades [41,42]. In this research, we assumed that the 33 

flats are all in low rise buildings and that buildings have sufficient spaces to hold enough PV panels that 34 

could meet electricity demand for flats.       35 

 36 

The PV array size for each type of dwelling was calculated in two ways: considering the annual and the 37 

daily electricity consumption profiles. Results of both profiles were compared, and the best methodology 38 

for sizing the array was determined to be the one that took the most advantage of solar radiation and had 39 

a lower installation cost, which involved a lower investment cost.  40 

 41 

 42 

 43 

 44 
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Table 1. Specification of PV module and installation  1 

Parameter   Values  

PV module  N310K Photovoltaic Module HIT® 

BLACK of Panasonic [43]. 

Rated power, 𝑤 0.310 kWp 

Module efficiency, 𝜂𝑝𝑣 18.5% 

Module area, 𝐴𝑃𝑉 1.67 m2 

Module mounting on roof Fixed 

Module orientation (azimuth) 0˚ 

Module inclination 37˚ 

 2 

 3 

2.2.1 Sizing PV array based on annual electricity consumption  4 

The size and number of PV array can be calculated from the annual electricity output of PV systems and 5 

the consumption per dwelling type.  6 

 7 

The annual energy output of a single PV is given by  8 

 9 

𝑊𝑎 = 𝑤 × 𝐾𝑘 × 𝑆𝐹        (3) 10 

 11 

The number of PV for each dwelling type is calculated by 12 

 13 

𝑛𝑃𝑉,𝑎𝑛 =
𝑊𝑑𝑤𝑒𝑙

𝑊𝑎
 (4) 

 14 

where 𝑊𝑎 is the total annual energy output in kWh, 𝑤 is the power rating of the PV system in kWp, 15 

𝐾𝑘 (kWh/kWp) is a factor considering the location and the orientation of the panels, 𝑆𝐹 is the shading 16 

factor. 𝑊𝑑𝑤𝑒𝑙 is the annual electricity consumption of a dwelling and 𝑛𝑃𝑉,𝑎𝑛 is the number of PV 17 

panels required by the annual consumption model.  18 

 19 

The location of the Central Bedfordshire falls into zone 1 of the UK zonal maps [44]. The potential solar 20 

output for zone 1 depending on the orientation and the inclination of the PV array is shown in Table 2. 21 

The maximum and minimum outputs are in dark green and dark red, respectively. Assuming that the 22 

array was fully orientated to the south (azimuth 0˚) with an inclination angle of 37˚ (fixed mounting), 23 

the annual PV outputs per kWp was 985 kWh/kWp from Table 2. The inclination angle chosen was the 24 

best angle that provides maximum annual output from PV arrays facing directly south (see Table 2). 25 

Since this case study was estimating new housing areas for Central Bedfordshire, the 𝑆𝐹 value of 1 26 

was considered.  27 

 28 
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Table 2. 𝐾𝑘 table for Central Bedfordshire (zone 1) [44]. 1 

 2 

 3 

2.2.2 Sizing PV array based on daily electricity consumption profile 4 

In this method, the amount of electricity needed to cover the daily demand was calculated. Fig. 4 shows 5 

typical daily solar radiations (W/m2) for different months on a 37˚ inclined surface that is facing directly 6 

south at Marston Moretaine, England. These data were obtained from European Commission’s PV 7 

Geographical Information Systems database (PVGIS-SARAH), which recorded solar radiation data in 8 

different forms from 2005 to 2016 with a spatial resolution of 0.05˚ x 0.05˚ [45]. The database is valid 9 

for solar radiation in Europe, Africa, parts of South America and most of Asia. It should be noted that 10 

at Marston Moretaine, there is not much solar radiation variation between the months of April, May, 11 

June, July, and August. There is also a similarity between the insolation curves of January, November, 12 

and December [45]. The highest and lowest insolation curves for typical UK weather conditions, July 13 

and January, in Fig. 4 were considered as representative cases for this study.  14 
    15 
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  1 

Fig. 4. Average daily solar irradiance for typical weather conditions at Marston Moretaine, UK across 2 

different months of a year [45]. 3 

 4 

The size of the PV array was determined by the day in which there is more generation due to high 5 

insolation and less cloudiness, which is a typical July day. So, in the month of July, it was assumed that 6 

the daily generation should cover the total demand of the day. Nonetheless, the number of PV panels 7 

and their area should not cross the limit of available roof space for holding the PV panels by each 8 

dwelling. Hence, the number of PV panels for each dwelling in daily consumption model is calculated 9 

by Eq. (5) while PV generation for dwellings in July and January are given in Eqs. (6-7).  10 

 11 

𝑛𝑃𝑉,𝑑𝑤𝑒𝑙 =
𝐴𝑟𝑜𝑜𝑓,𝑑𝑤𝑒𝑙 

𝐴𝑃𝑉
          (5) 12 

𝑊𝐽𝑢𝑙𝑦,𝑑(𝑡) = 𝐼𝐽𝑢𝑙𝑦,𝑑(𝑡) × 𝑛𝑃𝑉,𝑑𝑤𝑒𝑙 × 𝐴𝑃𝑉 × 𝜂𝑃𝑉      (6) 13 

 14 

𝑊𝐽𝑎𝑛,𝑑(𝑡) = 𝐼𝐽𝑎𝑛,𝑑(𝑡) × 𝑛𝑃𝑉,𝑑𝑤𝑒𝑙 × 𝐴𝑃𝑉 × 𝜂𝑃𝑉    (7) 15 

 16 

where 𝐼𝐽𝑢𝑙𝑦,𝑑(𝑡) and 𝐼𝐽𝑎𝑛,𝑑(𝑡) are the actual solar irradiance (kW/m2) on a 37˚ inclined surface that is  17 

facing directly south under average cloudiness conditions at a given time 𝑡; 𝑊𝐽𝑢𝑙𝑦,𝑑(𝑡) and 𝑊𝐽𝑎𝑛,𝑑(𝑡) 18 

are the electrical power yield (kW) from the PV array, without any losses, at a given time 𝑡; 𝐴𝑃𝑉 is 19 

the area of each PV, 𝜂𝑃𝑉 is the efficiency of a PV system. 20 

 21 

In the daily consumption model, dwellings energy demand are expected to be met by PV generation 22 

partially or fully depending on the PV size and the type of dwelling. It is also expected that in July there 23 

will be more generation than dwelling demand and that any excess demand can be stored in batteries for 24 

later use. If there is still excess generation from PV after storing, it can be further exported to the grid. 25 

However, in January the opposite is true and more import is needed to fulfil dwelling demand due to 26 

lower solar irradiance and daytime hours.   27 

 28 

2.2.3 Sizing of storage 29 

Several factors influence the overall design of an energy storage system, including the dwelling’s 30 

required electricity storage capacity, its cost and the battery technology and type. When the PV array is 31 

the only source for charging the battery, the output of the solar system should be between the minimum 32 

and maximum recommended charge rates by the manufacturer. A typical day in July was taken as a 33 

reference for sizing the battery since that is when the highest generation is produced. Based on the 34 
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electricity generation from PV and demand by each dwelling, the excess energy generated by PV was 1 

stored in batteries, which is represented by Eq. (8). The maximum size of the battery can be calculated 2 

by Eq. (9) which is the summation of the instantaneous storage level of a battery in Eq. (8). 3 

 4 

𝐵𝑆(𝑡) = 𝐵𝑆(𝑡 − 1) + 𝜂𝐵{𝑊𝑗𝑢𝑙𝑦(𝑡) − 𝐷𝑑𝑤𝑒𝑙(𝑡)}  (8) 5 

𝐵𝑆𝑚𝑎𝑥 = max
𝑡=0,𝑛

{𝐵𝑆(𝑡)} (9) 

 6 

where 𝐵𝑆(𝑡) is the amount of energy stored in the battery (kWh) at the end of the current time period 7 

𝑡, 𝐵𝑆(𝑡 − 1) is the amount of energy stored in the battery (kWh) at the end of the previous time period 8 

𝑡 − 1 , 𝜂𝐵  is the roundtrip efficiency of storage which is assumed to be 95%, 𝐷𝑑𝑤𝑒𝑙,𝑑(𝑡)  is the 9 

dwelling’s electrical load demand (kW) at a given time 𝑡, 𝐵𝑆𝑚𝑎𝑥 is the energy storage capacity of the 10 

battery (kWh), 𝑛 denotes the time period occurring at the end of the day, which is considered midnight. 11 

 12 

The maximum storage capacity calculated in Eq. (9) may not be the optimal one since the storage energy 13 

at this size might not be able to discharge fully every day. This partial discharge from a large battery 14 

leads to a low capacity factor, which is defined as the ratio of actual energy supplied to the maximum 15 

possible energy that can be supplied over a time period. The low capacity factor is always least attractive 16 

from an economic point of view. Thus, the optimal size of the battery in terms of highest capacity factor 17 

is more cost effective for the owner, which is calculated in Eq. (10), based on the assumption that the 18 

battery would be discharged fully at the end of the day when time 𝑡 = 𝑛.  19 

 20 

𝐵𝑆𝑜𝑝𝑡  = max
𝑡=0,𝑛

{𝐵𝑆(𝑡)} − 𝐵𝑆(𝑛) (10) 

 21 

where 𝐵𝑆(𝑛) is the state of charge of storage at 𝑡 = 𝑛, which is calculated in Eq. (8). 22 

 23 

There is a wide range of batteries exist for solar PV applications. Lithium-nickel cobalt aluminium oxide 24 

(NCA) batteries have a higher energy density, a higher number of lifecycles and need less maintenance 25 

than most of the batteries commercially available at this moment [46]. Moreover, the initial investment 26 

cost of NCA batteries is further reducing due to an 8-18% pa decrease of lithium-ion price [47,48]. 27 

Therefore in this research, NCA batteries were considered. 28 

 29 

2.3 Economic model 30 

An economic model was developed to compare monthly electricity costs associated with the baseline 31 

scenario with standard tariff versus alternative scenarios of PV and storage system with FIT and: (a) 32 

Economy 7, (b) Economy 7 and load-shifting with storage, and (c) both (a & b) but with post-FIT Smart 33 

Export Guarantee (SEG) scheme. The FIT and SEG schemes in the UK only incentivise prosumers for 34 

PV generation and export. Although FIT and SEG payments are unaffected by using home energy 35 

storage, the current schemes do not offer any incentive for installing storage [49]. Therefore, it is 36 

expected that without any subsidy for storage, the economic performance of PV and storage for 37 

dwellings may not be attractive due to high cost of energy storage. This study thus compares economic 38 

propositions of the alternative scenarios with and without a subsidy for storage. The economic model in 39 

this research was developed taking advantage of electricity and renewable incentive tariffs in the UK. 40 
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However, the same model can be applied to other countries with different tariffs structure and billing 1 

systems.   2 

 3 

Electricity price within the standard tariffs in the UK does not differ between day and night, whereas on 4 

the Economy 7 tariff electricity consumed during a specified 7 hours of night time is cheaper than during 5 

day time (see Table 3). The electricity bills calculated using different tariff structures is given below. 6 

 7 

With standard tariff, 8 

𝑆 = (𝐷𝑑𝑤𝑒𝑙 × 𝑒𝑆 + 𝑆)/100          (11) 9 

 10 

With Economy 7 tariff, 11 

𝐸7 = (𝐷𝑑𝑤𝑒𝑙,𝑑𝑎𝑦 × 𝑒𝑑𝑎𝑦 + 𝐷𝑑𝑤𝑒𝑙,𝑛𝑖𝑔ℎ𝑡 × 𝑒𝑛𝑖𝑔ℎ𝑡 + 𝐸7)/100   (12) 12 

 13 

where 𝑆 and 𝐸7  are the electricity bill with standard and Economy 7 tariffs (£), respectively; 14 

𝐷𝑑𝑤𝑒𝑙  is the dwelling electricity consumption (kWh), 𝑒𝑆  is the standard tariff (p/kWh), 𝑆  is the 15 

standing charge per day (p/day) for standard tariff; 𝐷𝑑𝑤𝑒𝑙,𝑑𝑎𝑦  and 𝐷𝑑𝑤𝑒𝑙,𝑛𝑖𝑔ℎ𝑡  are the dwelling 16 

electricity consumption during day and night time (kWh), respectively, 𝑒𝑑𝑎𝑦  and 𝑒𝑛𝑖𝑔ℎ𝑡  are the 17 

daytime and night time tariffs (p/kWh) for Economy 7 tariff, and 𝐸7 is the standing charge per day 18 

(p/day) for Economy 7 tariff. 19 

 20 

If all (or almost all, depending on the battery size) the electricity needed during the day was purchased 21 

the previous night and stored in the battery, e.g. load shifting, the maximum advantage from the 22 

Economy 7 could be obtained. The tariff structure in Economy 7 with load shifting option is similar to 23 

the Economy 7, except that the storage at night time will be treated as a load for the grid.  24 

   25 

Regarding the FIT, dwellings can be eligible to receive payments for generation from PV and export of 26 

electricity to the grid. These can be calculated as: 27 

 28 

𝐹𝐼𝑇𝑘 = 𝑊𝑔(𝜏𝑔 + 0.5 × 𝜏𝑒)/100          (13) 29 

 30 

where 𝑊𝑔 is the generation of electricity for a dwelling in kWh, 𝜏𝑔 is the generation tariff p/kWh, 31 

𝜏𝑒 is the export tariff in p/kWh. 32 

 33 

The generation tariff is the rate that the energy supplier pays to a generator of electricity from solar PV. 34 

Once the PV system has been registered, the tariff levels are guaranteed for the period of the tariff (up 35 

to 20 years). The export tariff is the rate an energy supplier pays to a generator for 50% of electricity 36 

generated, which is an estimation of the electricity exported to the grid. In April 2019, the UK 37 

government closed the FIT scheme for new applicants. However, anyone already in the scheme will 38 

continue to receive payments until their contracts end. Also, people or businesses who were certified to 39 

take part in the FIT before the cut-off date can still apply for FIT until March 2020 [27]. The UK 40 

government is now consulting on introducing a new scheme to replace FIT’s export tariff with SEG [50]. 41 

Under this new scheme, small-scale low-carbon generators will receive payment for electricity they feed 42 

into the grid. The rate is however not finalised yet. In our study, we tested four different cases for the 43 
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SEG tariff relative to the FIT’s export tariff: a) same, b) 50% decreased, c) 50% increased, and d) 100% 1 

increased. An economic analysis in light of the post-FIT was conducted with these assumptions.  2 

 3 

Table 3. Electricity tariffs and payment received from Feed-in and Smart Export Guaranty schemes. 4 

 Electricity tariffs [51] Renewable energy payments [52] 

 Standard  Economy 7  FIT* SEG** 

Day (p/kWh) 14.45 15.19 n/a n/a 

Night (p/kWh) 14.45 7.67 n/a n/a 

Standing charge (p/day) 30.41 32.03 n/a n/a 

Generation tariff, (p/kWh) n/a n/a 3.93 n/a 

Export tariff for 50% of electricity, 

(p/kWh) 

n/a n/a 5.24 (a) 5.24, (b) 2.62,  

(c) 7.86, (d) 10.48 

*Feed-in tariff rates (in GB pence) for 1st July 2018 to 30th September 2018 for 0-10 kW solar PV 5 

** SEG tariffs in this research were assumed as the actual tariffs had not been finalised yet. 6 

 7 

The cost-effectiveness of the scenarios with PV and storage was estimated by the net present value 𝑁𝑃𝑉 8 

as follows.  9 

 10 

𝑁𝑃𝑉 =
𝑅𝑡

(1 + 𝑖)𝑡
 (14) 

 11 

where 𝑅𝑡  is the net cash flow, which is equal to the electricity cost saving minus total investment cost 12 

of PV and storage; 𝑖 is the discount rate which is assumed to be 4% in this research [53]; 𝑡 is the time 13 

period, fixed in this study to 25 years due to the warranty period of solar PV and storage considered in 14 

this research. Total investment cost includes the capital cost of PV and its installation cost and the cost 15 

of storage but excludes maintenance costs due to a lesser need for maintenance of the domestic PV 16 

system. In case of a battery replacement during the PV lifetime, the cost of the replaced batteries should 17 

be added. Furthermore, battery degradation over the lifetime was assumed to be 20% of the initial 18 

capacity and the economic aspect of this loss was also accounted for in the calculation of net cash flow. 19 

 20 

2.4 Data 21 

2.4.1 Housing plan data  22 

The local plan for central Bedfordshire county provides the strategic objectives and vision for the area 23 

in the period of 2015 to 2035; objectives consist of creating a minimum of 24,000 new jobs and deliver 24 

around 39,350 of new homes [54]. Of these new homes, 23,528 homes were already planned or built. A 25 

range of different homes such as detached, semi-detached, flats, etc., to buy and rent was included in 26 

the plan. Some of the locations where housing growth was planned include east of Biggleswade, Marston 27 

Moretaine, north of Luton, and east of Arlesey. These locations and their proposed number of homes 28 

(see Table 4) planned in the housing plan were used in this research. 29 

 30 

 31 

 32 

 33 
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Table 4. Number of new homes expected to be built for selected locations in central Bedfordshire [54]. 1 

Location  Number of new homes expected 

East of Biggleswade 1500 

Marston Moretaine 5000 

North of Luton 4000 

East of Arlesey 2000 

Total 12500 

 2 

2.4.2 Distribution of building types in a new housing development 3 

In England, the distribution of building types in new housing developments depends on the size of the 4 

site. The National House Building Council (NHBC) classifies sites according to the number of new 5 

properties: from 1-10, 11-30, 31-100, 101-500 and 501-2000 [55]. Since it is expected that 30,000 new 6 

homes per year would be built along the arc [28], the distribution of 101 to 500 dwellings was selected 7 

because it is the second biggest in numbers of new properties, which fits into the plan of central 8 

Bedfordshire [54]. The largest distribution type was dismissed because 87% of the new properties would 9 

be flats, and the growth in the CaMKOx arc was not expected to have a high density of dwellings [28]. 10 

There are many types of dwellings available such as detached, flat, mid terrace, semi-detached, and end 11 

terrace, and their distribution can also vary depending on the number of properties in new sites. The 12 

distribution of newly built dwellings in England was adopted for this study from NHBC (see Table 5).  13 

 14 

Table 5. Distribution of newly built composition in England during the period 2014 – 2018 [55].  15 

Detached Flat Mid terrace Semi detached End terrace 

19% 42% 9% 20% 10% 

 16 

2.4.3 Energy consumption by different dwelling types 17 

Depending on the type of dwellings and the occupancy rate, i.e. numbers of people living in it, energy 18 

consumption behaviours vary. Energy consumption data for this study was obtained from a survey of 19 

250 dwellings, carried out by the Department of Energy and Climate Change (DECC) that was 20 

undertaken from May 2010 to July 2011 in England [56]. DECC monitored dwellings’ electricity 21 

consumption at every 10 minutes interval. As a complement to the household electricity survey report, 22 

DECC also developed an interactive spreadsheet that allows user to work with the daily household 23 

consumption data, which can be found in [57]. Data about the type of dwelling as well as the daily 24 

electricity consumption profile obtained from DECC was used in this study. It is worth to noting that 25 

the survey was conducted almost a decade ago and hence the electricity consumption profile may well 26 

be different today, especially for lighting and appliances. Of all the dwelling types analysed by DECC, 27 

bungalows are the only type that does not match with either the actual distribution of new dwellings in 28 

England or the future English homes prediction of NHBC foundation [58]. Hence, this type of home 29 

was excluded in this study. 30 

 31 

3. Results 32 

Based on the methodology laid out in Section 2, this section provides results of the baseline and 33 

alternative scenarios of new housing developments of the Central Bedfordshire within the CaMKOx arc. 34 

An economic analysis of different scenarios and the impacts on the grid of new housing developments 35 

are also quantified and presented.  36 
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 1 

3.1 Baseline scenario 2 

From Eq. (2), the charging time of the representative EV was estimated to be 1 h. Hence, the baseline 3 

demand was obtained by adding the 10-minute (yearly averaging) load profile data from DECC [56] to 4 

the EV charging requirement of 7 kW between the periods of 18:00 to 19:00 h. Fig. 5 shows the daily 5 

baseline load profile with an EV for all types of dwellings. These load profiles demonstrate the 6 

electricity use for a single day- representing the average profile over the year. It can be seen from the 7 

figure that charging the EV just when arriving home stresses the grid since it matches with the peak 8 

demand. However, in practice EVs charging can happen at any time of a day. Regardless of possible 9 

variations in plug-in timing, EVs in the baseline scenario would still be drawing electricity from the grid 10 

and the additional requirements would increase the dwellings’ peak electricity demand significantly. 11 

 12 

Fig. 5. Baseline electricity demand for a single day (average profile for a year) per dwelling types with 13 

an EV is plugged-in between 18:00 to 19:00 h. 14 

 15 

3.2 Alternative scenarios 16 

In this scenario, solar PV and storage are adopted for all dwelling types. Unlike the baseline scenario, 17 

alternative scenarios allow the dwellers to charge their EVs directly from solar PV and battery storage. 18 

Table 6 shows the number of PV panels needed for each type of dwellings that are calculated from the 19 

annual and daily electricity demand (see Sections 2.2.1 and 2.2.2). As can be seen from the table the 20 

number of PV arrays with the annual consumption model in Eqs. (3-4) is around double for most of the 21 

dwelling than that of the daily consumption model. Also, the PV arrays with the annual consumption 22 

model need more roof spaces than available spaces for PV installation in typical English homes as 23 

discussed in Section 2.2. Hence, it appears that the number of PV panels with the annual consumption 24 

model is over-predicted due to a calculation method that considers the annual demand must be fully 25 

covered by PV output, without considering seasonal and daily solar radiation profiles. 26 

 27 

The number of PV panels considering the daily electricity consumption (see Fig. 5 ) and solar radiation 28 

profiles (see Fig. 4 and Eqs. (5-7)) was evaluated and is shown in Table 6. It can be seen from the table 29 

that the number of PV panels calculated with this model is much less (maximum: 17 for a detached 30 

house and minimum: 9 panels for a flat) than the ones calculated by the annual consumption model. 31 

Also, the number of PV panels obtained for most of the dwellings are within the available space limits 32 

for PV installation in typical English homes discussed in Section 2.2. Due to the restriction of roof 33 

spaces and PV numbers, the annual generation in the daily consumption model is less than the annual 34 
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demand for all dwelling types. It is to be noted that the annual yield from a single PV in the annual 1 

consumption model was around 300 kWh, which is around 22% lower than the generation in the daily 2 

consumption model. This is because of the slight differences in data used in this paper. Firstly, the 𝐾𝑘 3 

(kWh/kWp) value used (see Table 2) for the calculation of annual yield in the annual consumption model 4 

was 20% less than the total potential values due to an assumption of reduced system performance [44]. 5 

Secondly, the 𝐾𝑘 values data in Table 2 was for Central Bedfordshire County, which covers a large 6 

geographical area. In contrast, the solar radiation data in the daily consumption model was the actual 7 

data recorded for Marston Moretaine, one of the studied areas in this research, without any system loss 8 

in it.     9 

Fig. 6 shows the daily generation and consumption for each type of dwelling in daily consumption model. 10 

Each graph consists of the overall daily consumption including dwelling and EV demands, and daily 11 

generation by PV panels in typical UK weather conditions, for the most representative months, January 12 

and July.  13 

 14 

Table 6. PV array output and size for different sizing models 15 

Type of 

dwelling 

Annual 

electricity 

demand  

(kWh) 

Annual consumption model Daily consumption model 

No. of 

PV 

panels* 

Roof area 

needed  

(m2) 

Annual 

generation 

(kWh) 

No. of 

PV 

panels† 

Roof area 

needed 

(m2) 

Annual 

generation 

(kWh) 

Detached 7173 24 40.08 7173 17 28.4 6210 

Flat 4969 17 28.39 4969 9 15 3287 

Mid terrace 5930 20 33.40 5930 11 18.4 4019 

Semi detached 6654 22 36.74 6654 12 20 4384 

End terrace 6483 22 36.74 6483 11 18.4 4019 

* Number of PV panels in annual consumption model is the maximum PV modules needed to cover full annual 16 

electricity demand by dwellings. 17 

† Number of PV panels in daily consumption model was restricted by the available spaces for PV installation on 18 

a rooftop of dwellings. 19 

 20 

 21 
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Fig. 6. Daily electricity generation and consumption profiles for dwellings in typical UK weather 1 

conditions in July and January.  2 

 3 

Since all types of dwellings had peak demand at around 18:00 h when the PV generation is very low 4 

(based on monthly average solar irradiation profile), the model was designed such that batteries stored 5 

excess electricity from PV from the beginning of generation and continued until they were fully charged. 6 

Once PV generation had stopped or could not meet the full demand, any excess demand would, ideally, 7 

be met by batteries, depending on the size and availability of stored power. In the same cases, it was not 8 

possible to supply all electricity from PV and storage due to the variation of generation across the days, 9 

months and seasons. Hence any excess demand not met by PV and storage was supplied by the grid. On 10 

the other hand, it is also true that in some months of a year, for example during the summer months, 11 

there was excess generation from PV with storage that was then supplied back to the grid. For all types 12 

of dwellings displayed in Fig. 6, the storage size can be determined in two ways: the maximum and the 13 

optimal size (see Fig. 7, which shows the storage size for a detached house), as discussed in Section 14 

2.2.3. The maximum size stored all the excess energy generated by PV that was not used during the day. 15 

However, the maximum size obtained could not discharge all the stored electricity during the night due 16 

to insufficient demand. Hence, at the end of the day, some of the stored energy remained, and batteries 17 

had to compromise their abilities to capture all excess generation on the following day. The optimal 18 

system did not store electricity from one day to another. Instead, the stored electricity was fully 19 

discharged at the end of the day. For example, the maximum battery size for a detached house was found 20 

to be 19.15 kWh. At this capacity the battery was able to discharge only 10.90 kWh by the end of a 21 

typical July day, which gave a capacity factor of 56.92% only. Rest of the charge, 8.25 kWh, was unused 22 

on the day the charge was stored (see Fig. 7(a)). In contrast, the optimal battery was able to fully 23 

discharge (See Fig. 7(a, b)) and restore a 100% capacity factor to make it ready to store the excess 24 

generation from PV on the next day. Table 7 presents the capacity of the batteries (maximum and optimal) 25 

needed for each type of dwellings and their corresponding capacity factors. Based on the optimal size 26 

requirements of storage in Table 7, Powervault 3 (capacity: 12.3 kWh [59]) was selected for all 27 

dwellings except flats. Since the flat needs an optimum size of 9.03 kWh, LG Chem RESU 10 (capacity 28 

9.8 kWh [60]) was selected.    29 

 30 

 31 

Fig. 7. Sizing storage requirement and energy management for a detached house: (a) charging and 32 

discharging with maximum and optimal storage size, (b) charging and discharging with optimal storage 33 

against dwelling’s energy demand.  34 

 35 

https://www.solaredge.com/uk/solutions/self-consumption#/
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 1 

 2 

Table 7. Storage system capacity per type of dwelling. 3 

Type of dwelling Maximum storage sizing Optimal Storage sizing 

Capacity (kWh) Capacity factor  Capacity (kWh) Capacity factor 

Detached 19.15 56.92% 10.90 100% 

Flat 10 90.30% 9.03 100% 

Mid terrace 11.90 84.62% 10.07 100% 

Semi detached 12.24 86.20% 10.55 100% 

End terrace 10.90 97.24% 10.60 100% 

 4 

3.3 Economic analysis  5 

In this section, the monthly electricity costs associated with the baseline scenario are compared to the 6 

costs of scenarios with PV and storage system taking advantage of Economy 7 and FIT tariffs. In 7 

addition, an economic analysis of post-FIT SEG scheme is also included. The cost of PV panels and 8 

storage used in this research are shown in Table 8. Energy storage cost is the largest contributor to total 9 

cost and the installation cost of storage was included in the price of the device. The economic analysis 10 

in alternative scenarios were conducted with and without having a subsidy scheme for battery storage. 11 

A further analysis assuming a reduction of storage price was also conducted to evaluate economic 12 

viability of PV plus storage for dwellings with an EV. Two different batteries but with same performance 13 

indicators were used (see Table 8). Powervault 3 and RESU 10 batteries can offer over 6,000 cycles and 14 

were estimated to last 13 years [59]. Since the PV panels have a warranty of 25 years and the battery is 15 

expected to last 13 years, the battery must be replaced once during the lifetime of PV panels. Therefore 16 

at the end of the 13th year, a replacement battery and its associated cost were added in the total investment 17 

cost. Since battery prices are decreasing up to 18% pa [47], the replacement cost for batteries at year 18 

13th was corrected to take advantage of the predicted discounted cost. 19 

 20 

Table 8. Prices and warranty of different components. 21 

Component Price (£)/piece * Warranty (years) Installation cost (£) 

N310K Photovoltaic Module 

HIT® BLACK of Panasonic [43] 
450 25 500 

Powervault 3, 12.3 kWh [61] 8090 [62] 10 Included in price 

LG Chem RESU 10, 9.8 kWh [60] 6100 [62] 10 Included in price 

  * All prices include 5% UK sales tax (VAT)  22 

 23 

Table 9 displays average grid consumption per month, PV generation and cost of electricity for baseline 24 

and alternative scenarios. In alternative scenarios, the monthly bill was calculated by subtracting the FIT 25 

money from the cost of day and night electricity from the grid. Comparing the cost of electricity with 26 

PV and storage by taking advantage of FIT and Economy 7 with the cost without having them, it can be 27 

seen that using low carbon technologies not only reduces monthly bills significantly in January but also 28 

generates income by net exporting electricity to the grid in July. In January, the maximum reduction of 29 

46% was for a detached house, which was due to a lower amount of grid electricity use, whereas the 30 

minimum reduction was for flats at 19% with Economy 7 and FIT. On the other hand, for the similar 31 

tariff structure in July, all the dwellings generate income for the dwellers by net exporting electricity to 32 

https://www.solaredge.com/uk/solutions/self-consumption#/
https://www.solaredge.com/uk/solutions/self-consumption#/
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the grid. In cash terms, the maximum income was for detached house at £29.8 and the minimum was 1 

for flats at £6.4.  2 

 3 

With Economy 7 and Economy 7 plus load shifting options in July, every dweller earned more money 4 

from FIT than it expended on purchasing grid electricity (see Table 9). It can be seen that the electricity 5 

costs in alternative scenarios in July do no vary due to the fact that in both cases dwellings were 6 

producing more electricity than they required and there was no need for purchasing grid electricity at 7 

night for the use in the day. Whereas in January the opposite is true, with more electricity purchased 8 

than money received from the FIT. However, if we compare the January bills using the Economy 7 and 9 

load shifting for different dwellings with the ones obtained using Economy 7 only, we can see that load 10 

shifting with storage reduces January’s electricity bill significantly. Nevertheless, until the grid has more 11 

renewable energy, the use of grid energy may not help to reduce emissions, even though it reduces 12 

dwellers’ electricity bills.  13 

 14 

Table 9. Economic cost comparisons between baseline and alternative scenarios. 15 

House type 

Baseline scenario Alternative scenarios with PV, storage and FIT 

Grid 

consumption/

month† 

Electricity 

cost/ 

month 

PV generation+  Electricity cost*  

with Economy 7 

Electricity cost 

with Economy 7 

and load shifting 

  January July January  July January  July** 

 kWh  (£) (kWh) (kWh) (£) (£) (£) (£) 

Detached 609.2 97.5 235 820 52.61 -29.8 34.4 -29.8 

Flat 422 70.4 124 434 57.2 -6.4 40.3 -6.4 

Mid terrace 503.6 82.2 152 531 64.3 -10 42.5 -10 

Semi detached 565.2 91.1 166 579 69.2 -10.6 47 -10.6 

End terrace 550.6 89 152 531 68.1 -8.7 44.6 -8.7 

† Monthly average consumption  16 
+Electricity generation with the number of PV panels obtained by daily consumption model in Table 6  17 

* Cost of electricity = Cost of electricity purchased from the grid, the net figure is reduced by FIT received 18 

** The cost of electricity in July with Economy 7 and load shifting is negative, which means dwellers were 19 

receiving more money from FIT than what they were spending to purchasing electricity from the grid. 20 

 21 

The depreciation of PV and battery storage installation was calculated from the cost of all the devices 22 

shown in Table 8 and the cost of the electricity with and without PV and storage shown in Table 9. Table 23 

10 summarises the savings of using PV and storage per year with Economy 7 and FIT and Economy 7 24 

with load shifting and FIT. It is evident that in both cases PV and storage could avoid a significant 25 

monthly cost, even after deducting the cost of investment and taking storage degradation into account. 26 

However, with these amount of savings the cost of investment on PV and storage without having a 27 

subsidy on storage could not be recuperated in 25 years (NPV for all dwellings after 25 years were 28 

negative). A mid terrace house was expected to make a maximum loss of £5207 with Economy 7 while 29 

£4231 with Economy 7 and load shifting. On the contrary, if we assumed that 50% of the storage cost 30 

would be subsidised by the Government, a similar scheme available in Italy [63], the economic 31 

indicators could turn into positive. In such a case, all dwellings could make profit using Economy 7 and 32 

FIT scheme, except flats and mid terrace houses which is due to more grid electricity use than they could 33 
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generate (see Table 10 and Fig. 8(a). Figures in Table 10 show that all houses in this study using FIT, 1 

Economy 7 and load shifting with 50% subsidy on storage made a profit, which is also supported by the 2 

NPV in Fig. 8 (b). It can be seen from this figure that all types of houses recuperated the investment and 3 

offered net profits over the lifetime of the installations, generally hitting a payback period of 16 years 4 

for a detached house and about 18-19 years for all other houses in Economy 7, FIT and load shifting 5 

option (see Fig. 8(b)). 6 

 7 

 8 

Table 10. Annual bills avoided and profit of using PV and storage systems. 9 

Dwelling type Economy 7 and FIT Economy 7 with load shifting and FIT 

 Bills 

avoided/ 

Year*, 

(£) 

NPV of profit/loss of PV and 

storage after 25 years, (£) 

Bills 

avoided/ 

Year*, 

(£) 

NPV of profit/loss of PV and 

storage after 25 years, (£) 

No subsidy  

on storage 

50% subsidy 

on storage  

No subsidy 

on storage 

50% subsidy on 

storage  

Detached 1033 -2232 3242 1142 -1450 4024 

Flat 540 -3728 -231 641 -2944 1183 

Mid terrace 661 -5207 -590 791 -4231 1243 

Semi-detached 741 -4430 218 874 -3385 2089 

End terrace 712 -4434 202 852 -3279 2195 

*The bill savings presented here is for year 1. The successive years’ bill savings would be less than that of year 1 10 

due to battery degradations, which was included in the NPV calculation. 11 

 12 

 13 

Fig. 8. Net present value distribution of solar PV and storage over a period of 25 years (a) with 14 

Economy 7 and FIT and (b) Economy 7 with load shifting and FIT  15 

 16 

The economic performance of PV and storage with having a 50% subsidy on storage in the post-FIT 17 

scheme is shown in Fig. 9. If the FIT is phased out and to be updated by SEG and paid a PV generator 18 

at the rate equal to FIT’s export tariff, none of the houses make profits except a detached house in 19 

Economy 7 with load shifting (see Fig. 9(a)), due to their lower generation and export to the grid. If we 20 

reduce SEG tariff by 50%, all dwellings would be in net loss for combined solar PV and storage 21 

investment (see Fig. 9(b)). Fig. 9(c) shows that if SEG increases by 50%, still all dwelling would be in 22 

loss except a detached house with Economy 7 and load shifting option. This similar trend can also be 23 

observed in SEG which increases by 100% from the FIT’s export tariff, though the loss of investment 24 

for houses were reduced and the profit for a detached house were increase slightly (see Fig. 9(d)). 25 
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 1 

Since the economic performance of PV and storage with 50% subsidy was not satisfactory, a further 2 

analysis was then conducted by assuming potential reduction of storage cost along with 50% subsidy. 3 

The outcomes of this scenarios is shown in Fig. 10. It is evident that with the reduction of storage cost 4 

from 15% to 60% and having a 50% subsidy on storage improve the economic performance significantly. 5 

With a 45% reduction in battery cost and 50% subsidy, all dwellings in Economy 7 and load shifting 6 

make profits (Fig. 10(c), while a 60% reduction in battery cost guarantee a profit for all dwellers in both 7 

the Economy 7 and Economy 7 plus load shifting (Fig. 10(d)).     8 

 9 

 10 

Fig. 9. Profit/loss of PV and storage in Economy 7 and Economy 7 with load shifting with 50% subsidy 11 

for storage and potential tariff rates of Smart Export Guarantee (SEG) schemes: a) assuming SEG export 12 

tariff will be the same as that of FIT, (b) SEG = 50% decrease of FIT export tariff, (c) SEG = 50% 13 

increase of FIT export tariff and (d) SEG = 100% increase of FIT export tariff.          14 

 15 

 16 

Fig. 10. Profit/loss of PV and storage in Economy 7 and Economy 7 with load shifting with fixed SEG 17 

= FIT’s export tariff and assuming 50% subsidy on storage along with (a) 15% reduction of storage cost 18 
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(b) 30% reduction of storage cost, (c) 45% reduction of storage cost, and (d) 60% reduction of storage 1 

cost 2 

  3 

3.4 Grid impact of new growth within CaMKOx arc  4 

The new housing developments in the region east of Biggleswade, and the four new villages in Marston 5 

Moretaine, north of Luton and east of Arlesey will have a significant impact on the grid. Assuming that 6 

the distribution of dwelling type is the same as the one shown in Table 5 and that every dwelling has an 7 

EV, the overall grid impact with and without using PV and storage for selected areas in the CaMKOx 8 

arc is shown in Fig. 11. It can be seen from this figure that the grid electricity demand for new housing 9 

sites has increased significantly without PV and storage. The highest electricity demand (daily average) 10 

from grid is for Marston Moretaine, which is 81.60 MWh/day, followed by north of Luton (65.34 11 

MWh/day), east of Arlesey (32.65 MWh/day) and east of Biggleswade (24.50 MWh/day). On the other 12 

hand, the grid impact of new housing developments on these areas with the inclusion of PV and storage 13 

varies depending on a month. Since the electricity generation from solar in the month of January and 14 

July differ significantly, we compared the grid impact of these months separately. Comparing these 15 

results it can be seen that in the months with more solar generation such as July, the net electricity 16 

consumption from the grid is negative for all the housing areas considered. That means, these housing 17 

areas would be producing more electricity than they could consume and hence they would become a net 18 

exporter of electricity to the grid in July. In total all four housing areas (comprises 12500 different types 19 

of dwellings) was expected to supply an estimated 19.47 MWh/day to the grid if low carbon technologies 20 

like PV panels and energy storage systems were installed. In the cloudy months like January, the impact 21 

on the grid could be reduced up to 31% (from 204.11 MWh/day to 140.07 MWh/day). 22 

 23 

 24 

Fig. 11. Assuming that every dwelling has an EV, the grid impact of new housing developments with 25 

and without PV and storage for selected areas in the CaMKOx arc.   26 

 27 

4. Discussion 28 

The baseline scenario, which consists of electricity demand for dwellings including EVs load that are 29 

met by the grid, places significant extra demand on the grid. From a cost perspective, cost is the same 30 

to use electricity any time of a day, or charge EVs at 7 kW for one hour or longer at a lower charging 31 

power, since the price of electricity with standard tariff is always the same. From a grid perspective, it 32 

is necessary to distribute dwellings and, especially, EVs demand as much as possible away from the 33 

peak to avoid overstressed peak demand. Fortunately, people have different routines and arrive homes 34 

at different times, and hence EVs charging time is dispersed in practice. Kuihua et al. [64], after 35 
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assessing different scenarios on charging modes, concluded that by 2030 the main EV charging load 1 

will take place in the morning or the evening, just before or after the dwelling peak demand time. 2 

National Grid [10] forecasts that only one in five dwellings would charge the EV at peak hours. Besides, 3 

there is also a diversity of charging places: not all EV owners will charge EVs at home, some will charge 4 

at workplaces while others at public charging points [39]. However, the models used in these works 5 

were based on assumptions that EVs would charge with the grid electricity. Therefore we argue that if 6 

they were to consider a scenario that every dwelling has its electricity generation from solar PV and 7 

have storage for storing excess electricity, it is likely that most of the people would charge their EVs at 8 

home. 9 

 10 

On the other hand, demand-side response via differentiated tariffs such as Economy 7 for EV charging 11 

could be an option to shift EVs load away from dwellings’ peak. The uptake of EVs will likely increase 12 

the use of cheaper night tariffs in residential areas and, therefore, increasing electricity consumption 13 

during the night. Pimm et al. [65] showed that staggering prices into bands at off-peak times will help 14 

to offset the rebound effect where new peaks might emerge on the grid.  15 

 16 

The alternative scenarios studied in this paper, which is similar to the requirement in the State of 17 

California where newly built homes after January 1, 2020 will include PV systems [66], show that 18 

installing PV panels in new houses along the arc reduced the grid electricity demand significantly. Our 19 

results show that PV systems need energy storage devices to balance the intermittency of solar energy 20 

and thus match energy generation with consumption. Under the current FIT and SEG schemes, dwellers 21 

are not able to earn monies if they were to supply electricity from storage. We found that supplying 22 

electricity from storage for in-house consumptions during the night was financially beneficial as it could 23 

avoid the use of grid electricity. Our study shows a practical benefit of installing stationary batteries in 24 

new housing developments such as the CaMKOx arc and others around the world.  25 

 26 

The strategy proposed in this research (and checked with the economic analysis) of charging the battery 27 

during off-peak hours and discharging it during peak period is viable only when there exists an Economy 28 

7 or similar tariff structures. This off-peak/peak charging/discharging scenario does not maximise 29 

revenue or energy efficiency without taking into account different night/day tariffs, rather as supported 30 

by Nottrott et al. [67] it can help to manage peak demand during the day. 31 

 32 

It was observed that the cost of battery storage has a significant influence on the NPV of PV and storage 33 

for dwellings with an EV. With the current FIT and no subsidy for storage in the UK, investment on PV 34 

and storage is not a viable option. Nonetheless, a Government subsidy of 50% on storage could alter the 35 

economic outcomes. Since the FIT came to an end for new applicants in April 2019, the economic 36 

analysis of post-FIT was conducted with a new SEG scheme. Our study shows that without 50% subsidy 37 

and up to 60% reduction of storage cost, investment on PV and storage will not be making any profit 38 

for most of the dwellings. To investigate the economics and the effects of depreciation of the PV panels 39 

and batteries, actual electricity prices were used and considered that they will remain the same in the 40 

future. Over the last few years, the retail price of electricity at the domestic level has increased slightly 41 

in the UK due to energy systems decarbonisation policies such as carbon price and renewable subsidies 42 

[68]. It is also expected that the electricity price will increase steadily in future. Any adjustment in the 43 



 

23 

 

economic analysis to account for different future electricity prices may alter the results presented in this 1 

work.  2 

 3 

Apart from the traditional schemes for selling and buying electricity to and from the grid, a Peer-to-Peer 4 

(P2P) energy trading scheme may be a potential option for prosumers in new housing developments. 5 

Since it was assumed that every dwelling has PV and storage along the arc, the chance of trading energy 6 

with other prosumers may be reduced. Therefore the P2P scheme was not considered in our research.  7 

 8 

The data and subsequent results from models presented in this paper were obtained by analysing 9 

published data from an English dwelling study conducted by DECC [56]. Energy profiles were 10 

categorised by type of dwelling. Thus, an average load profile was assumed for each type of dwelling, 11 

without taking into account occupancy or differences in energy behaviours [69] and values [70]. 12 

Electricity consumption and use profile has a direct relationship with people’s habits and since EVs are 13 

still relatively sparse there is an opportunity to influence the creation of new habits toward off-peak 14 

charging. Whilst energy cost is greater for more occupants, there are efficiencies for larger houses if 15 

they are fully occupied. Further research on electricity profiles for each dwelling type considering its 16 

occupancy and household energy behaviour is needed. 17 

 18 

5. Conclusions 19 

This study optimised renewable energy integration for new housing developments and compared the 20 

technical and economic benefits of dwellings having solar PV and storage. The uptake of EVs in new 21 

housing developments increases each dwelling’s electricity demand and therefore, the demand on the 22 

grid. This study shows that low carbon technologies, such as PV panels coupled with batteries, provide 23 

a mechanism to counteract the effect of EVs on the grid as well as help to decarbonise the energy system.  24 

 25 

Storage systems can support the grid when it is under peak load and help to maximise the value of 26 

installed solar energy systems. They reduce the demand from the grid by storing free solar electricity 27 

and help to reduce energy bills by storing cheap off-peak electricity from the grid. Moreover, dwellings 28 

can take advantage of the feed-in tariff incentives, which consists of payments for generating and 29 

exporting solar energy to the grid. It was estimated that every dwelling would be avoiding significant 30 

amount of bills for grid electricity use- the highest was for detached houses (£1142/year) and the lowest 31 

for flats (£641/year). With the Economy 7, feed-in tariff and load shifting options, all dwellings studied 32 

in this research could get a payback period of around 16 to 19 years for all investment on PV and storage, 33 

provided that a half of the battery cost was subsidised. In a post-feed-in tariff situation in the UK, the 34 

smart export guarantee scheme cannot make the PV and storage system profitable, unless the battery 35 

cost is reduced significantly and the subsidy scheme is in place. However, the amount of energy savings 36 

or losses varies depending on the types of dwellings and the uncertain generosity of the new incentive 37 

and subsidy schemes. Despite the uncertainty, it is possible that some households are not profit-38 

motivated and will still invest based on environmental or social motives of decarbonisation or 39 

community resilience [71]. In terms of grid impact, the adoption of PV and storage in new housing sites 40 

not only reduces the grid electricity demand but also could supply a large amount of green electricity to 41 

the grid. For instance, in July, new housing sites could become a net exporter of electricity by potentially 42 

supplying 19.47 MWh/day from the four new housing sites studied in this paper.   43 

 44 
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