
 

 

 

 

 

The choice and  architectural 
implications of  battery storage 

technologies in residential buildings  
 

 

 

 

 

Aikaterini Chatzivasileiadi  

 

 

 

 

 

 

Welsh School of Architecture 

Cardiff University 

 

 

 

 

This thesis is submitted to Cardiff University in partial fulfilment of the requirements 

for the award of Doctor of Philosophy 

 

July 2016 



i 
 

Abstract  

 

This thesis investigated the implications of the integration of battery storage 

technologies on the architectural design of buildings, providing design 

considerations for architects and built environment practitioners. The study 

focused on the UK residential sector, considering Ôhigh energyÕ battery 

applications in grid-connected systems, which provide the possibility of ÔislandÕ 

mode operation for a period of several hours up to several days. The implications 

were assessed in different scenarios in 2030, addressing business as usual, the 

implementation of energy efficiency and demand response measures, electric 

heating and electrification of transport. 

 

The research was split into three phases and was conducted through quantitative 

and qualitative methods. Phase 1 included the analysis of the energy storage 

side, which led to a classification of battery storage technologies and their 

characteristics into a database.  The analysis in this phase was conducted 

through a systematic literature review, contact with battery manufacturers and 

other stakeholders, exploration of case studies, as well as interviews to battery 

stakeholders. Phase 2 included the modelling of the energy demand side, which 

explored the evolution of the peak demand and electricity consumption in various 

residential building scales in 2030. Phase 3 used the outputs from Phase 1 and 

Phase 2 to assess the applicability of nine battery technologies in different 

building scales, their spatial requirements, such as footprint, volume, mass, 

ventilation, location and their cost. 

 

The findings suggest that the implications for building design are of great 

importance regarding the applicability of battery technologies in different building 

scales and of minor importance as regards the footprint, volume and mass 

requirements. The study reveals the most suitable technologies for each 

residential scale and scenario in 2030 regarding their spatial requirements and 

cost. 
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Chapter 1  

Introduction  
 

 

1.1 Research aim and questions  

The principal aim of this PhD study is to investigate the implications of the 

integration of battery storage technologies on the architectural design of 

buildings. The investigation addresses battery integration at building or 

community scale in the UK, considering only high energy1 battery storage 

applications in grid-connected systems, providing the possibility of ÔislandÕ mode 

operation2 for a period of several hours over several days. The research work 

indicates what considerations architects would need to give to this subject in the 

design of buildings in the future, where electrical energy storage (EES) systems 

are likely to be part of the design, as indicated in numerous studies [2, 4-9]. As no 

models or tools have been found dealing specifically with the size and location of 

energy storage systems [10], the research work has partially addressed this 

shortcoming through the consideration of a framework, within which these issues 

are explored. 

 

The study addresses the following objectives: 

¥ To explore how batteriesÕ spatial requirements vary across different 

scenarios and autonomy periods for the UK in 2030 

                                            
1 Electrical energy storage (EES) technologies can be separated into two categories: Òhigh powerÓ 

and Òhigh energyÓ storage systems [1-3]. High power storage systems deliver energy at very high 

rates but typically for short times (less than 10s), while high-energy storage systems can provide 

energy for hours. High energy EES systems were considered as they are suitable for autonomous 

island system applications -while high power storage technologies are not- and can also help 

reduce the carbon emissions in the built environment. 
2 Details regarding ÔislandÕ mode operation are provided in section 1.5.1. 
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¥ To investigate whether the implications for building design are of great 

importance or not 

¥ To investigate which battery technologies perform best in the residential 

sector and in which scale 

¥ To identify any optimum scale for electricity storage overall 

 

1.2 Energy use and carbon emissions in the built environment  

In the last two decades, sustainability and the irreversible depletion of natural 

resources has been the subject of constant debate in a global scale. The energy 

sector today is mainly responsible for the greenhouse gas emissions. Emissions 

coming from energy-related activities accounted for 68% of the global emissions 

in 2005 [11, 12]. The main conclusion from numerous reports and assessments is 

that the rapid pace of carbon dioxide increase in the atmosphere already brings 

about immeasurable changes to the climate and in the global economy. However, 

until recently the extent of the manÕs contribution to global warming was still 

debatable by about 3% of climate researchers [13-15] and their views on the 

global warming controversy have been widely communicated [16-20]. 

 

Nowadays, nearly half of the global population lives in cities, where over 75% of 

the global energy is consumed and 80% of greenhouse gas emissions are 

produced [21]. According to estimations, 80% of the Europeans live in cities and 

the energy demand to cover typical needs in heating, cooling, lighting, hot water 

use and cooking is increasing. The world population is expected to increase from 

6 to 9.1 billions by 2050, according to [22] and about 64-69% of them are 

expected to live in urban areas at that time [23]. This large expansion of the 

population will undoubtedly have a considerable impact on energy consumption. 

Therefore, according to the US Energy Information Administration [24], the world-

marketed energy consumption is likely to increase by 53% from 2008 to 2035 or 

about 2% annually. Apart from the population growth or perhaps decline in some 

regions, the robust economic growth, the access to ample domestic resources 

and modern energy services, as well as lifestyle changes and urbanisation are 

expected to eventually result to a global energy demand increase [23]. 
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In addition, the building sector, consisting of residential, public, office, commercial 

and industrial buildings, is found out to be responsible for over 40% of the total 

energy consumption in Europe [25, 26]. According to the latest report by the 

Intergovernmental Panel on Climate Change (IPCC 5th report), baseline 

scenarios on buildingsÕ energy use project an increase of energy demand by 

100% and increase of CO2 emissions by 50-150% by 2050 [23]. Identifying 

opportunities to reduce this consumption has become a priority in the global effort 

to deal with climate change. Moreover, the remaining reserves of fossil fuels, 

which currently dominate the energy sector are continuously decreasing and it is 

questionable whether their capacity will be able to meet rising demand levels 

[27]. Moreover, the volatile oil prices are bound to be subject to unprecedented 

rise [28, 29] and this will have serious and immediate impacts on the economy 

and the competitiveness of the market. 

 

An increasing demand in the electricity sector is anticipated in the upcoming 

years due to the extension of the electrification of different regions worldwide, the 

increase in energy consumption due to economic growth, the use of electrical 

energy for heating3 and cooling and the use of electricity in the transport sector. 

Expansion of the electricity generation from renewable energy sources (RES), 

such as the sun and the wind, is already at the forefront of energy planning and 

are expected to play a central role in the low carbon future. Therefore, along with 

the reformation of the electricity networks that will be required, electrical energy 

storage is considered to be a key component of the so-called Ôsmart gridÕ4 [36-

38]. Increased use of electrical energy storage technologies in the built 

environment could enable the uptake of RES technologies, thus contributing to 
                                            
3 It should be noted that the electrification of heat is a debatable scenario, as emphasis is given 

by some to the requirement of a diverse mix of energy types (e.g. natural gas, coal, petroleum 

and renewable energy) in meeting the domestic power needs [30-32]. Also the challenges 

encompassed in electrification scenarios regarding infrastructure replacement and wholesale re-

equipping of the building sector may raise concerns [30, 33, 34]. 
4 Smart grids are Òelectricity networks that can cost-efficiently integrate the behaviour and actions 

of all users connected to itÓ [35]. 
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carbon emissions reductions. Furthermore, the use of batteries in the transport 

sector, through the increased use of electric vehicles (EVs), will have a positive 

impact on the environment, as EVs consume less energy and generate 

significant less CO2 than the cleanest fossil fuel vehicles [39]. 

 

1.3 European energy and climate policies  

In the last two decades, increased environmental concerns have led to the 

formation of European energy and climate policies towards the mitigation of 

climate change. As it is suggested in the European Commission Communication 

on ÒEnergy 2020Ó [40], the security of supply, the competitiveness and 

sustainability constitute the ultimate goals of the international energy policy. 

 

The new EU Strategy for competitive, sustainable and secure energy released in 

2010 highlights the objectives set in the last EU Strategy for energy and the 

environment in 2007. These are classified to general and specific. The general 

ones refer to limiting the global average temperature increase to 2¡C above the 

pre-industrial level by the year 2100, to the security of the EU economy in terms 

of energy and to the competitiveness of the EU economy regarding technological 

progress [40]. These general objectives can be achieved through the specific 

ones that the European Council has set and include the following specific goals 

by 2020: 

! The reduction of the EUÕs greenhouse gas emissions by 20% below 1990 

levels; 

! The improvement in energy efficiency by 20%;  

! A share of 20% of renewable energy in the end-use energy balance; and a 

share of 10% of biofuels in transport. 

 

The Strategy emphasises on the construction and transport industries in 

particular, which must follow an active energy savings policy and use non-

polluting energy sources. A wide range of centralised and distributed energy 

systems in the built environment should be considered in applications that exploit 

renewable energy. The Commission also identifies that the introduction of 
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electricity in the transport sector and the increase in small-scale decentralized as 

well as large-scale centralized renewable power generation will bring about 

inevitable changes in electricity infrastructure. Therefore, a restructuring of the 

electricity grid and further development of innovative energy storage technologies 

will be required for absorbing the volumes that the 2020 targets entail [12, 40]. 

More specifically, the development of various scales of electricity storage 

systems are expected to be able to prepare the electricity grid for the smooth 

integration of small- and large-scale renewable energy systems. In fact, the 

achievement of Òa breakthrough in the cost-efficiency of energy storage 

technologiesÓ [41] is already identified as one of the key EU technology 

challenges towards the 2050 vision. 

 

According to the European Commission, a smart, sustainable and inclusive 

growth of all sectors will play a central role to a cost-effective and gradual 

transition to a competitive low carbon economy for the European countries [42]. 

The share of low carbon technologies in the electricity mix is expected to 

increase from about 45% today to nearly 100% in 2050. This is a very ambitious 

target for the EU countries that entails a significant CO2 emissionsÕ reduction of 

80% to 95% by 2050 compared to 1990 levels [37, 42, 43]. Figure 1-1 shows the 

pathway towards an 80% emissions reduction by 2050. The red line refers to an 

emissions scenario under current policies, whereas the coloured areas show how 

emissions in each sector could evolve through the adoption of more sustainable 

policies. 
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Figure 1-1: EU greenhouse gas emissions towards an 80% domestic reduction 

[42]  

 

The built environment has the potential for around 90% emissions reduction by 

2050, as it provides low-cost and short-term opportunities [42]. In this respect, 

decarbonization goals have already been set through the 2010/31/EU Directive 

on the energy performance of buildings [44]. The Directive underlines the 

importance of the use of RES in new and refurbished buildings, the need to 

improve buildingsÕ energy efficiency as well as the urgency to render them nearly 

zero-energy (or zero-emissions) buildings. The adoption of sustainable practices 

in the construction and operation of the built environment through the integration 

of renewable energy technologies and energy storage facilities would help to 

protect consumers against rising fossil fuel prices and improve public health [42]. 

As regards the transport sector, it is an integral part of our economy and our 

society and it currently faces major challenges. The Transport 2050 roadmap to a 

Single European Transport Area sets the goal of breaking the EuropeÕs transport 

systemÕs dependence on imported oil and achieving 60% carbon emissions 

reduction by 2050 compared to 1990 levels. Technology deployment in mobility 

seems to be a one-way solution towards a competitive and resource-efficient 
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Emissions, including international aviation, were estimated to be 16% below 1990 levels in 
2009. With full implementation of current policies, the EU is on track to achieve a 20% 
domestic reduction in 2020 below 1990 levels, and 30% in 2030. However, with current 
policies, only half of the 20% energy efficiency target would be met by 2020.  

If the EU delivers on its current policies, including its commitment to reach 20% renewables, 
and achieve 20% energy efficiency by 2020, this would enable the EU to outperform the 
current 20% emission reduction target and achieve a 25% reduction by 2020. This would 
require the full implementation of the Energy Efficiency Plan5 presented together with this 
Communication, which identifies measures which would be necessary to deliver the energy 
efficiency target. The amount of currently allowed offsets would not be affected.6 

The analysis also shows that a less ambitious pathway could lock in carbon intensive 
investments, resulting in higher carbon prices later on and significantly higher overall costs 
over the entire period. In addition, R&D, demonstration and early deployment of 
technologies, such as various forms of low carbon energy sources, carbon capture and storage, 
smart grids and hybrid and electric vehicle technology, are of paramount importance to ensure 
their cost-effective and large-scale penetration later on. Full implementation of the Strategic 
Energy Technology plan, requiring an additional investment in R&D and demonstration of 
!  50 billion over the next 10 years, is indispensable. Auctioning revenue and cohesion policy 
are financing options that Member States should exploit. In addition, increasing resource 
efficiency through, for instance, waste recycling, better waste management and behavioural 

                                                 
5 Energy Efficiency Plan - COM(2011) 109. 
6 As agreed by the emissions trading Directive 2003/87/EC (as amended by Directive 2009/29/EC) and 

the effort-sharing Decision (Decision 406/2009/EC). 
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transport system [45]. Hence, the forthcoming gradual electrification of transport 

will also bring significant health benefits by improving air quality in the cities [42]. 

It becomes apparent from the above that for the facilitation of the above 

strategies, technologies involved in smart grids, electricity storage, electro-

mobility and intelligent networks need to be established. 

 

1.4 Renewable energy sources  and the contribution of electrical 

energy storage (EES)  

Electricity is likely to become the universal fuel, which will be used not only to 

power electrical devices, but also for space heating, space cooling and 

transportation through electric vehicles. One of the main keystones of sustainable 

design of the built environment today is the integration of innovative technologies 

in buildings and communities that exploit the energy from RES5. The integration 

of environmentally-friendly energy technologies into buildings is expected to 

greatly contribute to the decarbonisation of the building sector, by transforming 

buildings from energy consumers to energy producers. RES are also likely to hold 

a share in the transport sector and, if so, this is expected to decrease its energy 

intensity. 

 

It is forecasted that about 33-34% of EuropeÕs total electricity demand will be met 

by renewable energy in 2020, out of which wind and solar energy would account 

for approximately 16% [37, 43]. Electricity generation is projected to grow by at 

least 8% from about 3,270 TWh in 2005 to 3,537 TWh in 2020 and the 

renewablesÕ share is expected to more than double within this 15-year period. 

Regarding the European electricity mix, 14% of the total demand will be supplied 

by wind energy, 10.5% by hydro, 6.6% by biomass, 2.4% by solar PV and the 

rest 1% by concentrated solar power, geothermal energy as well as tidal, wave 

and ocean energy [43]. The electricity mix for 2005 and 2020 is illustrated in 

                                            
5 This means production and use of energy from renewable non-fossil fuel energy sources, such 

as Òsolar, wind, ocean, geothermal energy, hydropower, biomass, landfill gas and sewage 

treatment plant gasÓ [44]. 
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Figure 1-2, where fossil fuels still hold a considerable share in electricity 

generation. 

  

 

Figure 1-2: Actual data of EU electricity mix in 2005 (total consumption: 
3,270.3TWh) and 2020 (total consumption: 3,537.3TWh) [43]  

 

There are two characteristics of electricity that currently have an impact on its use 

and basically create the need for introducing electricity storage systems in the 

built environment. The first one is that currently electricity consumption occurs 

at the same time as electricity generation, as the currently operating 

generation plants are expected to provide the required amount of electricity when 

needed, which can be costly at times due to the variation in demand. Storage 

facilities in this case could enable the reduction of the generation costs in two 

ways: first, they could store low-cost electricity generated during nighttime and 

release it to the power grid during peak periods; secondly, they could help reduce 

the number of the generation plants that are required, as currently additional 

plants are used only occasionally to cover the peak electricity needs. Consumers 

could also benefit financially by storing electricity generated locally by renewable 

energy systems during off-peak hours and then either using it or selling it to 

utilities or other consumers during peak periods [46]. Also, electricity is usually 

generated far from the locations where it is consumed , which forms the 

second fundamental characteristic. The farther the consumption and generation 

locations, the higher the chances of an undesirable interruption in the power 

supply. Electricity storage could, therefore, ensure the continuity of power supply 
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to consumers, acting as emergency resource when, for example, voltage 

sags occur [46, 47]. EES facilities can also mitigate congestion by storing 

electricity when transmission lines hold enough capacity and by supplying it 

back to the grid when congestion occurs. With regard to isolated areas and 

mobile applications, EES systems such as batteries could be a favourable 

option for electricity supply, due to their mobile and charge/discharge 

capabilities [46, 47]. According to the International Electrotechnical 

Commission [46], however, it is expected that distributed generation will 

increase in the future [48], so consumption and generation will typically be 

close together. EES could, therefore, be beneficial in keeping the RES 

installed capacities low, as well as in increasing resilience. In addition, long 

distances between generation and consumption entail inherent transmission 

and distribution losses, which are not only costly, but also a source of 

inefficiency. 

 

The fluctuating electricity output of renewable energy technologies, such as 

photovoltaics and wind turbines, will inevitably bring about issues associated 

with the balancing of electricity demand and generation on a constant basis 

[49]. There are currently a number of solutions that can deal with the 

potential mismatch of electricity demand and generation over time e.g., 

export of excess power to an interconnected grid [50], curtailment of the 

intermittent renewable generation, increased distributed generation, demand-

side management techniques and storage [51-53]. It appears that in future 

electricity systems a combination of these options would probably be 

required to provide all the balancing services needed due to each having 

advantages and disadvantages when it comes to a specific service [49, 51]. 

This study looked at one of these options, which is providing electricity  

storage  solutions in order to help mitigate potential imbalances between 

electricity supply and electricity demand in buildings. 

 

Electrical energy storage provides the possibility to store electrical energy 

when it is generated from intermittent RES to make it available when needed 
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[47, 54]. In addition, in a future low-carbon energy system, storage of energy 

is expected to be required at all points of the electricity system [49], providing 

diverse benefits depending on their location in the system [55, 56]. These are 

summarised in Table 1-1 and more detailed information on each of the 

applications is included in a following section. 

 

Table 1-1: EES applications at the different levels of the electrical system [55, 

56] 

Generation level Arbitrage, capacity firming, curtailment reduction 

Transmission level 
Frequency and voltage control, investment deferral, 

curtailment reduction, black starting  

Distribution level Voltage control, capacity support, curtailment reduction 

Customer level Peak shaving, time of use cost management, off-grid supply  

 

1.5 The evolution from the current electric grid to smart grids  

Innovative technologies introduced in buildings, mobility, infrastructure, as 

well as information and communication sectors will represent a significant 

part of the smart grid. The smart grid can be thought of as a network of small 

microgrids that can monitor and heal itself [36]. This means that a shift will be 

made from the currently passive network, where electrical grids are used to 

carry power from a few central generators to a large number of consumers, 

to a bi-directional active network. In the emerging active network, or smart 

grid, two-way ßows of electricity and information will be used to create an 

automated and distributed energy delivery scheme (Figure 1-3). As a 

consequence, instead of having a few centralized power plants generating 

large amounts of energy, it is likely that there will be many smaller power 

plants distributed across the countries with a smaller energy generating 

capacity. For the shift from the current rather unsustainable operation of the 

electricity system to an intelligent one that could facilitate larger shares of 

renewables to be enabled, the expansion of distributed generation, supply 

and demand-side efficiency, as well as electrification of transport are 
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Figure 1-3: From passive to active network [57]  

The investment in smart grids could bring a number of benefits to the society, the 

economy and the environment. Consumers and producers would be provided 

with a more reliable and secure electricity network [47]. Such systems would also 

contribute a great deal to reducing carbon emissions in the built environment, 

thus mitigating climate change and providing a healthier environment for people 

to live in [42]. 

1.5.1 Island mode operation 

In island mode operation, a distribution system becomes electrically isolated from 

the remainder of the power system and electricity is supplied locally to a discrete, 

segregated part of the network [58] through distributed units until conventional 

utility power returns. When in isolation from the grid, distributed generators or 

EES systems can feed the entire or partial load of the community or building 

depending on the conditions [59]. Essential loads are restored first, while 

important and unimportant loads are met only if there is enough electricity 

generated or stored within the isolated microgrid [59, 60]. Isolated microgrids are 

thus capable of surviving extreme situations, such as sudden interruptions of 

supply, for example from a fault at a generation unit or a breakdown in the 

transmission system [36]. In this way, operation of a community or building in 
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island mode could bring security benefits enhancing the flexibility and the 

reliability of the system under outage conditions [60-63]. 

 

Figure 1-4: Isolated microgrid (on the right) within the Smart Grid [36]  

 

1.6 Conc lusion  

Innovative and efficient solutions will have to be developed in the future in order 

to achieve the goal of up to 90% emissions reduction by 2050 that the European 

Commission has set. Towards this goal, further development and use of 

renewable energy technologies are expected to occur. Electricity is likely to 

become a universal and versatile source of low carbon energy for the building 

sector, although this is debatable due to scenarios that favour an energy mix in 
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Another way of ÔstoringÕ electricity is to use it to directly meet the
demand from electric vehicles. The number of electric cars and
trucks is expected to increase dramatically under the Energy
[R]evolution scenario. The Vehicle-to-Grid (V2G) concept, for
example, is based on electric cars equipped with batteries that can
be charged during times when there is surplus renewable generation
and then discharged to supply peaking capacity or ancillary services
to the power system while they are parked. During peak demand

times cars are often parked close to main load centres, for instance
outside factories, so there would be no network issues. Within the
V2G concept a Virtual Power Plant would be built using ICT
technology to aggregate the electric cars participating in the
relevant electricity markets and to meter the charging/de-charging
activities. In 2009 the EDISON demonstration project was launched
to develop and test the infrastructure for integrating electric cars
into the power system of the Danish island of Bornholm.
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the domestic energy consumption. In the transport sector, an increasing number 

of vehicles over the years are expected to run in electricity. In any case, 

sustainable electricity supply is expected to play central role in the low carbon 

built environment of the future, which requires significant use of RES. The 

intermittent nature of RES creates the need for the introduction of electrical 

energy storage systems, so that supply and demand are matched at all times. 

 

The support that electricity storage solutions will provide is expected to be a 

significant and integral part of future energy systems. Due to the continuous 

growth of the RES share, which will be enabled by the use of energy storage 

systems, the reformation of the electricity grid will be unavoidable. It is envisaged 

that the reformation will result in a gradual development of smart grids that will 

operate in a cost-efficient way facilitating the interaction of all of its users. 

Reliability of supply, energy security and reduced carbon emissions will be the 

main points that the smart grids will address. 

 

1.7 Thesis structure  

Following the introduction, which has already been presented, the rest of the 

thesis is structured as follows:  

Chapter 2 presents the methodology and the research design, including the 

research methods employed in this study. This work was split into three Phases 

(Phase 1, Phase 2 and Phase 3), where Phase 3 consists of two parts. The 

outputs of each Phase are included at the end of each Phase. Chapter 3 

presents Phase 1, including battery technologies and their characteristics, as well 

as case studies. Chapter 4 presents Phase 2, which deals with energy use and 

more specifically the peak demand and electricity consumption in the UK 

residential sector. Chapter 5 presents the first part of Phase 3, addressing the 

choice of technologies and architectural considerations for daily storage. Chapter 

6 presents the second part of Phase 3, addressing the choice of technologies 

and architectural considerations for sub- daily storage. The overall conclusions of 

this research work, along with recommendations for further research, are 

included in Chapter 7.  
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Chapter 2  

Methodology  
 

 

2.1 Overview  

This research work was split into three phases. Both quantitative and qualitative 

analyses were performed, including the following methods: 

¥ Systematic literature review; 

¥ Face-to-face communication or online correspondence with battery 

manufacturers and other stakeholders; 

¥ Case studies in the UK and the US; 

¥ Semi-structured interviews to battery stakeholders in the UK and the US; 

¥ Energy modelling in Excel. 

 

An illustration of the methodology process used in this study is shown in Figure 

2-1. 
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2.2 Research Design  

2.2.1 First Phase 

The first phase addressed the assessment of various battery technologies, 

constituting the energy storage side, which acts as a buffer between supply 

and demand. The author employed quantitative and qualitative methods for 

this phase. A systematic literature review was performed and relevant battery 

systemsÕ manufacturers -at an international level- were contacted and 

consulted to collect further information as required. 

 

Published material from international sources, such as books, reports, 

journal papers, conference and workshop proceedings, doctoral theses, 

scientific magazine and newspaper articles, audiovisual material as well as 

company websites contributed to this systematic review. The acquired 

material came primarily from peer-reviewed scientific journals (Energy for 

Sustainable Development, Progress in Natural Science, Renewable and 

Sustainable Energy Reviews, Energy Policy, International Journal of 

Hydrogen Energy, Power Engineering Journal), leading research institutes 

(EPRI, Fraunhofer-ISE), renowned research laboratories (Sandia, NREL, 

PNNL, LBNL) and prominent organisations (EC, IEA, IRENA, EASE, EERA, 

European Association for Storage of Energy, ESA, European Parliament, 

National Hydropower Association, US Department of the Interior, Electric 

Advisory Committee, International Electrotechnical Commission, Union of the 

Electricity Industry, APS Panel on Public Affairs, German Advisory Council 

on Global Change, CRES). The material was then supplemented by work 

presented in scientific magazines (IEEE Power & Energy, IEEE Power 

Engineering Review, National Geographic, Magazine of the NSW 

Department of Energy), newspapers (SŸddeutsche Zeitung) and work from 

academic institutions (University of Limerick). Finally, material from 

companies dealing with electricity storage (EOS, SMA, Saft, Siemens, GE, 

Samsung, International Battery, Large Battery, A.E.S., ZBB Battery, ViZn 

Energy, Energiser, Duracell, Hawaian Electric Company, Beacon Power, 
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SolarGrid Storage, Astrium, American Vanadium, GB-Sol, Perpetual V2g 

systems, nedap, Loccioni) helped to inform the already acquired material 

further. The data from the literature and the manufacturers were then collated 

and synthesized. Informed assumptions were made for the characteristics for 

which the literature and the personal communication did not yield any results 

and this is documented in the discussion. This led to a classification of up-to-

date characteristics of battery technologies in a comprehensive database, 

which later served for cross-comparisons among technologies and distinct 

characteristics. 

 

The following EES technologies were assessed: 

¥ Lead-acid (Pb-acid) battery storage; 

¥ Nickel Cadmium (NiCd) battery storage; 

¥ Nickel Metal Hydride (NiMH) battery storage; 

¥ Lithium-ion (Li-ion) battery storage; 

¥ Sodium Sulphur (NaS) battery storage; 

¥ Sodium Nickel Chloride (NaNiCl) battery storage; 

¥ Vanadium Redox (V-Redox) flow battery storage; 

¥ Zinc Bromine (ZnBr) flow battery storage; and 

¥ Zinc-air (Zn-air) flow battery storage. 

 

The parameters assessed were the following: 

¥ Power rating; 

¥ Energy rating; 

¥ Specific power; 

¥ Specific energy; 

¥ Power density; 

¥ Energy density; 

¥ Round-trip efficiency; 

¥ Critical voltage; 

¥ Discharge time; 

¥ Response time; 
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¥ Lifetime (years); 

¥ Lifetime (cycles); 

¥ Operating temperature; 

¥ Daily self-discharge rate; 

¥ Depth of Discharge (DOD); 

¥ Spatial requirement; 

¥ Recharge time; 

¥ Investment power cost; 

¥ Investment energy cost; 

¥ Commercial use since; 

¥ Technical maturity; 

¥ Environmental impact; 

¥ Embodied energy; 

¥ Energy Stored on Invested (ESOI); 

¥ Recyclability; 

¥ Maintenance; 

¥ Memory effect; 

¥ Transportability; and 

¥ Cumulative energy demand. 

 

The database, including the results and the relevant discussion from the 

cross-comparisons, was then presented at the International Renewable 

Energy Storage conference (IRES) 2012 [64] where the author obtained 

constructive feedback from experts in the energy storage field. In addition, 

the above work was published in the Elsevier journal ÒRenewable and 

Sustainable Energy ReviewsÓ under the title ÒCharacteristics of electrical 

energy storage technologies and their applications in buildingsÓ, so the 

author had the opportunity to improve this work through the reviewersÕ 

comments.  

 

The study focused on the UK residential sector, addressed only the storage 

of electrical energy and did not deal with concurrent thermal energy issues. 



19 
 

As a number of battery technologies that are at different stages of technical 

maturity and development were addressed, this research study considered 

their current and prospective performance characteristics. 

 

A thorough review of current projects with battery installations in the UK was 

performed. This helped inform the systematic literature review in a 

comprehensive way according to current trends and technology limitations. 

Five case studies at residential level in the UK were investigated: 

¥ The Zero Carbon Homes project, in Slough; 

¥ The SoLaBristol project, in Bristol; 

¥ A residential battery installation in Newbury by PassivSystems Ltd.; 

¥ The Maes Yr Onn house in Caerphilly, Wales; and 

¥ The SOLCER Retrofit house 3 in Bettws, Wales. 

 

The author was also given the opportunity, through her own initiative, to 

investigate two battery installations in Philadelphia, US, thus addressing an 

international context in this study. There was a range of stakeholders who 

were interviewed by the author and provided different perspectives, such as 

PIs, project managers, engineers, researchers, as well as users and 

occupants of the buildings. Further data were collected through online 

correspondence. The selected projects were the most recent ones at 

residential level and provide insight into a range of possible considerations, 

such as different battery types, different geographical locations, as well as 

different applications. More specifically, the projects deal with either Li-ion or 

Pb-acid technologies, are in the UK or in the US, and address different 

applications of electricity storage, for example off-grid application, peak 

shaving and peak shifting among others. 

 

Ethical approval was obtained from WSA to conduct the semi-structured 

interviews (See Appendices E and F). This method was considered as most 

appropriate in order to gain reliable and comparable qualitative data, allowing 

the interviewees to express their views in their own terms. In addition, the 
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author was not likely to get more than one chance to interview the 

stakeholders, so according to Bernard [65], this method is considered to be 

effective in this respect. The author would also be able to prepare the 

questions ahead of time and tailor them to the needs of each interview. The 

interviews were tape-recorded and the author took notes at the same time. 

Later the tape and the notes were reviewed, and direct quotes that deemed 

especially relevant were occasionally written down. The tapes were, 

therefore, kept as a record, but were not transcribed word for word. A report 

summarizing and interpreting the information obtained was produced on the 

same day of each interview. Such reflections informed subsequent interviews 

that were carried out. 

 

After the appropriate information through the interviews was obtained, the 

database was updated. Any mismatches between the information obtained 

through the interviews and the information synthesised from the systematic 

literature review were identified and questioned. The informed database is 

the main outcome of Phase 1. This classification served as the basis for the 

evaluation of battery technologies in buildings, which was included in Phase 

3. Furthermore, information regarding installation guidelines for battery 

integration in buildings was obtained from currently applicable British 

Standards (i.e. BS EN50272-2:2001 and BS 7671). 

 

2.2.2 Second Phase 

The second phase addressed the energy demand side for the scales of 

interest. Analysis and modelling of electricity demand and consumption data 

in 4 scenarios in 2030 was performed. The work focused on electricity use in 

individual buildings and communities. The analysed data were then used in 

scenario modelling, to derive a demand and consumption range for the 

scales of interest for each scenario. The modelling was performed in 

Microsoft Excel, as this application was able to handle great volumes of data, 

as well as allow quick, effective and reliable collation and analysis. It also 

enabled good visual presentation of the data in charts. 
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Peak demand and electricity consumption values for the scales of interest in 

2030 were derived considering energy efficiency improvements (EE) in the 

building sector, the implementation of DR measures such as peak shifting 

and the electrification of transport (Te). One electric vehicle (EV) was 

assumed for each household. The corrected peak demand and consumption 

figures regarding the above considerations were based on recent projections 

for 2030 by UK research institutions, such as DECC [66]. Using a baseline 

scenario (BS 2015), four scenarios in 2030 were assessed regarding peak 

demand: 

a) business as usual (BAU 2030); 

b) energy efficiency and electrification of heating (EE 2030); 

c) demand response though peak shifting (DR 2030); and 

d) energy efficiency, electrification of heating and electrification of 

transport (Te 2030). 

As for electricity consumption (which addresses energy, whilst the peak 

demand addresses power), the same scenarios in 2030 except DR 2030 

were assessed, as no change in the total daily electricity consumption is 

incurred by the shifting of the load. 

 

Based on the assumptions above and on the typical residential half-hourly 

profiles provided by ELEXON, the electricity demand profiles for a typical 

weekday and weekend day in winter and summer were drawn for each 

scenario for a single household. The daily electricity consumption and the 

peak electricity demand for each scale and each scenario were also 

calculated and summarized in tables. The peak electricity demand was used 

to inform the sizing of the inverter for each scale, while the electricity 

consumption in winter was used for the estimation of the EES capacity. 

 

2.2.3 Third Phase 

The third phase addressed the battery requirements building on the outputs 

from phases one and two. The modelling for this phase was performed in 
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Microsoft Excel. Properties such as the footprint, volume and mass of the 

nine battery technologies were explored. Furthermore, the investment cost 

and the levelized cost of electricity (LCOE), which is the cost of electricity 

over the lifetime of the technology, were investigated. 

The study looked at grid-connected systems, which provide the possibility of 

ÔislandÕ mode operation6 for a period of several hours up to several days. 

This would provide the building(s) with electrical energy autonomy in the 

case of an external grid failure. Further discussion on the benefits of island 

mode operation is provided in section 1.5.1. The need for battery storage in 

this study addresses high-energy services in the residential sector and 

includes energy management applications. 

 

The nominal capacity of the storage system for the scales of interest was 

estimated considering certain characteristics presented in the 

comprehensive database resulting from Phase 1 -including the round-trip 

efficiency of the battery technologies, the % daily self-discharge, their 

allowable depth of discharge level- as well as some additional factors 

identified through Phase 3 as being critical to sizing, such as the autonomy 

period of the system, the temperature factor, the design margin and the 

inverterÕs efficiency. 

 

The range of autonomy periods considered was 4 days, 1 day, 14 hours and 

7 hours. This study assumed the possibility of a 100% renewable energy 

supply scenario7. Therefore, initially, four days, according to suggested data 

found in the literature, or one day were assumed as back-up duration for the 

                                            
6 The role of island operation may require a risk/benefit analysis and a statistical 

consideration of its likelihood for occurrence, as it adds significant costs. However, this is 

beyond the scope of this study and therefore has not been addressed. 
7 Examples of renewable energy supply are solar PV panels, wind turbines or a combination 

of these. Regarding conventional generation, it is unlikely that low cost night-time electricity 

would be stored so as to be used during the day when the cost is higher, as this would imply 

further carbon emissions due to the losses associated with battery storage, which is 

unsustainable. 
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battery. The period of one day was considered to identify potential 

differences between the period of 4 and 1 days on two aspects: a) the 

applicability of technologies and b) the spatial and other implications of the 

integration aspects on building design. Moreover, another five use cases of 

autonomy in the range of hours were investigated. The four of them assumed 

that electricity generated during daytime by PV panels is used to charge the 

batteries by 100%. This electricity is then used during evening and/or early 

morning hours providing an autonomy period of 7 or 14 hours. This period 

was identified through the load profile design in section 4.4.2 (Phase 2). The 

fifth use case assumes that the EV battery contributes to the overall 

domestic consumption during the required hours of storage. The model 

presented in these five use cases forces the battery to be emptied 

completely each night, as suggested by Provost [67].  

 

Based on the above, the nominal capacity requirements of the storage 

system depending on the technology, scenario and scale were calculated. 

The following formulas were used according to the autonomy period: 

¥ For four-day battery supply 

! !"# ! !
! ! ! ! ! !!

!"
! ! !""

!"
! ! ! ! ! ! ! ! !" ! ! !"

! !"## ! !"! ! ! !"#
 

¥ For one-day battery supply 

! !"# ! !
! !""

!"
! ! ! ! ! ! ! !" ! ! !"

! !"## ! !"! ! ! !"#
 

¥ For hourly (7 or 14 hours) battery supply 

! !"# ! ! !
! !"" ! ! ! ! ! ! ! ! ! !"

! !"## ! !"! ! ! !"#
 

 

where ! !"# !  is the nominal capacity of the battery for four autonomy days 

! !"# !  is the nominal capacity of the battery for one autonomy day 

! !"# ! !  is the nominal capacity of the battery for several hours of 

autonomy 

! !""
! !

 is the effective capacity of the battery for a day in the weekend 
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! !""
!"

 is the effective capacity of the battery for a weekday 

! !"" ! !  is the effective capacity of the battery for several hours 

! !  is the temperature factor 

! !  is the aging factor 

!"  is the design margin 

# is the autonomy period in days 

! !"  is the daily self-discharge factor 

! !"##  is the round-trip efficiency of the battery 

!$!  is the depth of discharge 

! !"#  is the inverterÕs efficiency 

 

Before the estimation of the integration aspects, an applicability assessment 

was performed in order to check if the calculated nominal capacity of the 

systems was within the applicable energy rating of the nine battery 

technologies. Any limitations were identified at this stage. Then, in order to 

calculate the footprint, volume, mass, investment cost and LCOE for the daily 

autonomy period, the following aspects were considered: 

¥ the nominal capacity values  

¥ the quantitative battery characteristics that affect battery integration in 

buildings presented in the comprehensive table from Phase 1, which 

are: 

o the spatial requirement 

o the energy density 

o the specific energy 

o the investment cost per kWh 

By also using the demand profiles from Phase 2, the same aspects were 

calculated for the 7-hour and 14-hour autonomy period. The values of most 

of the quantitative characteristics were presented in ranges, as a minimum 

and maximum value had been found from the systematic literature review. In 

that case, two sets of data are presented for each aspect (i.e. footprint, 

volume, mass, cost); one for the minimum and one for the maximum value, 

indicating a low range or high range depending on the aspect explored. 
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The results from the above process formed the boundary conditions for each 

technology by scale and scenario and are depicted in tables of data as well 

as graphically to show the applicability of technologies for all scales up to 75 

households8. Additional graphs are provided for scales up to five households 

for a better understanding of the calculated values and the technologiesÕ 

applicability. The process led to the outline of a set of considerations that 

need to be taken into account in the design of a future built environment 

where EES systems would need to be integrated depending on the suitability 

of battery technologies. The procedure undertaken formed the base of a 

framework that allows examining the building integration of electrical energy 

storage systems in the future. The framework was then tested by applying 

the process to suitable examples of electricity storage technologies and 

applications. 

 

Any error variation considering the possible limitations and constraints of this 

study has also been investigated. For example, limitations regarding 

materialsÕ reserves in 2030 of the battery technologies under consideration 

or limitations arising from weather uncertainties or the stacking of batteries 

have been considered in section 7.4. 

 

2.3 Limitations  

As it was expected, some information needed from the manufacturing 

companies in Phase 1 and Phase 3 were not available. Therefore, any gaps 

regarding the available data were identified and, when appropriate, 

assumptions were made instead. These are highlighted in the discussion so 

that they can be addressed further in future research. 

 

 

                                            
8 The scale of 75 households represents the entire community for electrically heated 

dwellings. 
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Chapter 3  

Phase 1: Electricity storage - 

battery storage technologies  
 

3.1 Overview  
This chapter addresses Phase 1 of the research and looks at the energy 

storage side. An introduction is provided in section 3.2. It assessed 9 battery 

technologies according to 29 associated characteristics and helped identify 

the characteristics that affect battery integration. The assessment was 

performed through several loops (Figure 2-1), which primarily included a 

systematic literature review, as well as contact with manufacturers, feedback 

received following a journal publication and an international conference 

presentation and internal feedback opportunities. The systematic literature 

review outcomes, as well as the stage 1 revision (as shown in Figure 2-1) 

are presented in section 3.3 and are later discussed in section 3.4. The 

outcomes were further revised at a second stage through case studies 

(section 3.5 and 3.6), which explains the scrutiny this research work was 

exposed to, enhancing the reliability of the final outcomes. Information from 

practical applications through semi-structured interviews (five UK and two US 

case studies) was therefore sought and discussion of the outcomes is 

provided in section 3.7. This helped inform the systematic literature review in 

a comprehensive way according to current trends and technology limitations. 

Battery systemsÕ installation guidelines are included in section 3.8 and the 

conclusions of this chapter are presented in section 3.9.  

 

26
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3.2 Introduction  

Advanced energy storage solutions could help eliminate the potential 

mismatch between supply and demand occurring due to RESÕs intermittency, 

thus contributing to improving power systemsÕ efficiency, as well as to 

increasing energy security and reliability, ensuring continuity of supply [1, 5, 

57]. EES technologies can be separated into two categories: Òhigh powerÓ 

and Òhigh energyÓ storage systems [1-3]. High power storage systems deliver 

energy at very high rates but typically for short times (less than 10s), while 

high energy storage systems can provide energy for hours. There are also 

technologies that can be used either in high power or high energy systems 

and these are the electrochemical storage systems. The classification of the 

technologies into the above categories is shown in Table 3-1. In addition, 

with regard to the mechanisms for storing electrical energy, EES can use 

electrical fields, mechanical energy or chemical energy [2]. 

 

Table 3-1: Classification of EES systems  

 

*Electrochemical EES systems can be used either in high power (HP) or high 

energy (HE) applications 

 

The requirements concerning power, energy and discharge times are very 

different [2] and are presented in Figure 3-1, taken from the International 

Electrotechnical CommissionÕs white paper on electrical energy storage [46]. 

The currently available types of EES technologies exhibit a large spectrum of 

performances and capacities to match different application environments and 
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electricity storage scales. Not all EES systems are commercially available in 

the ranges shown at present, but all are expected to become important [46]. 

Moreover, most of the technologies could be implemented with even larger 

power output and energy capacity, due to their modular design. 

 

Figure 3-1: Comparison of rated power, energy co ntent and discharge time of 

different EES technologies  [46]  (after Schwunk 2011)  

 

3.2.1 Worldwide scale of EES installations 

There are a number of electricity storage installations worldwide, addressing 

a wide range of applications. Figure 3-2 shows the worldwide installed 

storage capacity of systems used in electricity grids. 
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Types and features of energy storage systems

2.8 Technical comparison of EES 
technologies

The previous sections have shown that a wide 

range of different technologies exists to store 

electrical energy. Different applications with 

different requirements demand different features 

from EES. Hence a comprehensive comparison 

and assessment of all storage technologies is 

rather ambitious, but in Figure 2-9 a general 

overview of EES is given. In this double-

logarithmic chart the rated power (W) is plotted 

against the energy content (Wh) of EES systems. 

The nominal discharge time at rated power can 

also be seen, covering a range from seconds 

to months. Figure 2-9 comprises not only the 

application areas of todayÕs EES systems but 

also the predicted range in future applications. 

Not all EES systems are commercially available 

in the ranges shown at present, but all are 

expected to become important. Most of the 

technologies could be implemented with even 

larger power output and energy capacity, as 

all systems have a modular design, or could at 

least be doubled (apart from PHS and some 

restrictions for underground storage of H2, SNG 

and CAES). If a larger power range or higher 

energy capacity is not realized, it will be mainly 

for economic reasons (cost per kW and cost per 

kWh, respectively).

Figure 2-9 Ð Comparison of rated power, energy content and discharge time  
of different EES technologies

(Fraunhofer ISE)

Discharge time 

Energy 

R
at

ed
 P

ow
er

 

!" S E C T I O N  2  

Types and features of energy storage systems

2.8 Technical comparison of EES 
technologies

The previous sections have shown that a wide 

range of different technologies exists to store 

electrical energy. Different applications with 

different requirements demand different features 

from EES. Hence a comprehensive comparison 

and assessment of all storage technologies is 

rather ambitious, but in Figure 2-9 a general 

overview of EES is given. In this double-

logarithmic chart the rated power (W) is plotted 

against the energy content (Wh) of EES systems. 

The nominal discharge time at rated power can 

also be seen, covering a range from seconds 

to months. Figure 2-9 comprises not only the 

application areas of todayÕs EES systems but 

also the predicted range in future applications. 

Not all EES systems are commercially available 

in the ranges shown at present, but all are 

expected to become important. Most of the 

technologies could be implemented with even 

larger power output and energy capacity, as 

all systems have a modular design, or could at 

least be doubled (apart from PHS and some 

restrictions for underground storage of H2, SNG 

and CAES). If a larger power range or higher 

energy capacity is not realized, it will be mainly 

for economic reasons (cost per kW and cost per 

kWh, respectively).

Figure 2-9 Ð Comparison of rated power, energy content and discharge time  
of different EES technologies

(Fraunhofer ISE)

28



28 
 

 

Figure 3-2: Worldwide installed storage capacity for electrical energy [8]  

 

According to Figure 3-2, PHS systems currently hold almost all the worldwide 

installed storage capacity. PHS plants represent about 3% of the global 

generation capacity and account for over 99% of the total installed storage 

capacity. The remaining storage capacity of less than 1% belongs to CAES 

systems with 440 MW installed, NaS batteries with 316 MW installed and 

other technologies totalling less that 85 MW [8]. As regards the three most 

widely used EES systems, approximately 270 PHS plants are currently in 

operation or under construction [68], only 2 CAES systems have been 

installed  [2, 3, 8, 46, 69, 70] and about 223 NaS systems are operational 

[46]. Moreover, PHS systems have been installed in several locations, such 

as in Europe, USA, China, India and Japan. The two CAES units are located 

in USA and Germany, while NaS installations can be found in Japan, 

Germany, France, USA and UAE [46, 68]. As it is anticipated though, a 

larger need for EES will emerge in the future, and as a consequence a larger 

quantity of EES systems will be installed around the globe. 

 

A high number of EES systems are likely to be installed in Western Europe 

and China, as in these areas a rapid deployment of renewable energy 

29
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technologies is expected to emerge [71]. Worldwide battery storage projects 

currently total a capacity of about 556 MW, according to Pike Research [47, 

72]. This figure, which relates back to the second quarter of 2012, includes 

announced, funded, under construction and deployed projects and it should 

have increased since then. For instance, Strategen Conculting LLC found the 

worldwide battery storage capacity for deployed projects to be 594 MW in 

August 2012 [72]. As shown in Figure 3-3, among the battery technologies, 

NaS batteries hold the biggest share of 316 MW, accounting for over 50% of 

the worldwide capacity. Lead-acid batteries and flow batteries, and 

particularly V-Redox batteries, are quite popular with a share of 75 MW and 

89 MW respectively, while Li-ion batteries are currently behind with a 

capacity of 49 MW. 

 

 

Figure 3-3: Battery capacity (MW) worldwide ( Includes announced, funded, 

under constructio n, and deployed projects ) [47, 72]  

 

The up-to-date characteristics of each battery technology along with relevant 

international experience from case studies and demonstration projects are 

given below. 
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3.3 Battery storage systems  
These are classified into two groups; systems with integrated energy storage 

(e.g. lead-acid batteries, NiCd batteries, NiMH batteries, Li-ion batteries, NaS 

batteries, NaNiCl/ZEBRA batteries) and systems with external energy 

storage (e.g. V-redox, ZnBr, Zn-air batteries). In systems with external 

energy storage, there is a physical separation between the energy 

conversion unit and the charged active material, while in systems with 

integrated energy storage the charge/discharge reaction takes place directly 

in the active material, so no spatial separation occurs on this occasion. 

Systems with external storage are capable of being independently sized for 

power and energy for the storage facility, whereas in systems with integrated 

storage the available charge/discharge power is always relative to the energy 

storage capacity [2]. 

 

To better understand the architecture of a full battery system, the elements of 

a battery-based grid-tied system with PV and those of a battery-based off-

grid system with PV are presented in Figure 3-4 and Figure 3-5 [73]. The 

main elements are the PV array, the charge controller, the battery, the 

inverter, the utility (or generator in the case of off-grid systems) and the AC 

load panels/service entry. A grid-tied battery backup system has access to 

utility power, can use the inverter to export excess electricity back to the grid, 

and usually supplies electricity only to specific ÔcriticalÕ loads during a utility 

outage. On the other hand, an off-grid system, with no access to utility 

power, has to supply all of the electricity at all times and can feature a back-

up generator in case the electricity generated by renewable energy is not 

sufficient. 
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Figure 3-4: Elements included in a battery -based grid -tied system with PV [73]  

 

 

Figure 3-5: Elements included in a battery -based off -grid system with PV [73]  

 

In both systems, DC power flows from the PV array through the charge 

controller to the battery bank and then to the inverter, in order for it to be 

converted to standard AC power for household energy use. The charge 

controller (or Maximum Power Point Tracking-MPPT- controller) optimizes 

the match between the electric power generated by the PV array and electric 

power able to charge the battery bank [74]. In other words, it converts a 

higher voltage DC output from solar panels down to the lower voltage 

needed to charge the battery. The inverter can be bi-directional, meaning 
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that it can draw power either from the PV array or the utility (or generator in 

the case of off-grid systems). So apart from the DC-to-AC power conversion, 

it can charge batteries, select from multiple power sources and control 

external functions, such as auxiliary output connections, e.g. a fan [75]. One 

of the inverterÕs characteristics is its rated continuous output power, which 

represents the inverterÕs capacity. For example, a 2,000 W inverter is rated 

to supply 2 kW of AC power continuously. In an off-grid system, this value 

determines the total wattage limit of AC loads that can be run 

simultaneously, so the inverter must have an output power rating large 

enough to handle all the simultaneous AC loads. 

 

For grid-tied battery-based inverters, the power rating is examined under two 

scenarios: a) when the grid is available and b) when there is an outage. 

When the grid is available, the inverter has to convert all available DC power 

from the PV array to AC, so as to be used in the home. If the PV array output 

exceeds the household demand, the excess is sent to the utility. The inverter 

capacity must be large enough to accommodate the size of the PV array. For 

instance, an inverter for a 4,000W PV array will generally be sized at that 

same power rating. However, climatic factors such as warm temperatures 

need to be considered in some cases, as they limit the PV array output, and 

thus the array-to-inverter ratio may vary. 

When the utility is down, the inverterÕs job is to supply power to all the AC 

loads connected to it. Most of these systems include a Ôcritical load 

subpanelÕ, as shown in Figure 3-4 so that not all of a homeÕs loads have to 

be supplied with electricity, which keeps battery and system costs down. The 

inverter capacity must be large enough to meet the total requirement of all 

connected AC loads that might be run simultaneously, and large enough to 

handle the PV arrayÕs output. This means it should be able to meet the 

highest value of the two. 

The inverters have the ability to be stackable - that is the capability to 

connect multiple inverters together to create higher voltage output (series 
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stacking) or output current (parallel stacking) [73]. Stacked inverters can be 

programmed to activate only if needed so that when there is low power 

demand, standby losses are reduced. 

As regards the battery bankÕs architecture, this is presented in Figure 3-6. 

The battery bank consists of several modules, which can be arranged in 

different ways and provide flexibility regarding the size and shape of the 

battery bank. Each module consists of internal cells that are series or parallel 

connected and fused. Each cell has a voltage and current value, so the way 

they are connected indicates the power rating and energy rating of the 

battery. The battery cells can be connected together to form higher voltage 

battery packs [76] and thus systems of higher capacity. Example 

configurations of battery cells are shown in Figure 3-7. 

 

 

Figure 3-6: Architecture of a battery bank [77]  

 

Battery bank 
Battery 
cell 

Battery 
module 
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Figure 3-7: Example configurations of battery cells [76]  

 

As shown in Figure 3-7, cells can be upright and positioned diagonally to 

each other (configuration number 1) for smallest possible pack size, they can 

be positioned next to each other (configurations number 2 and number 3) or 

they can be positioned with one directly on top of another (configurations 

number 4-7). It is even possible that customer-specified configurations that 

require special manufacturing requirements can become available [76]. So 

by connecting many batteries, a system of several MWh can be easily 

constructed.  

 

The battery system is managed through the battery management system 

(BMS). The BMS is an electronic system that helps protect the battery from 

operating outside its safe operating area and also reports data relevant to the 

batteryÕs operation. By using external communication, the state of the battery 

can be monitored and any potential damage or hazards can be prevented. 

 

According to [78], the battery technologies that can be used for large-scale1 

                                            
1 Large-scale energy storage is also called grid energy storage and is capable of supplying a 

large number of customers (e.g. at transmission level). 
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energy storage in stationary applications2 and are commercially available 

today are Pb-acid, NiCd and ZnBr batteries. However attempts have recently 

been made to use stationary Li-ion batteries in utility scale. As an example, a 

12MW/3MWh Li-ion battery was installed in Chile in 2009 [46]. The battery 

serves for frequency regulation and contributes to the efficient management 

of fluctuations in demand. 

 

The power rating of a large battery system would usually be in the range of 

100kW-10MW, and the battery would be used to provide balancing services 

in the electric grid [79]. The largest stationary NiCd battery operates in 

Alaska, USA, as a local backup system [2, 70, 78]. NaS batteries have the 

potential to be used in bulk energy storage as well as for load-leveling 

purposes. An example highlighting this potential is the use of the NaS energy 

storage technology in the island of Graciosa in the Canary Islands, where a 

stand-alone renewable energy network is currently being developed [80]. As 

regards the EES facilities on the island, two 500 kW NaS battery units have 

been installed for large-scale storage. 

 

With respect to the battery technologies that can be applied to distributed 

generation, these are Pb-acid, NaS, NiCd, Li-ion, ZnBr and redox-flow 

batteries. Metal-air rechargeable batteries and especially Zn-Air, which are a 

very promising technology, are currently under development. They have the 

potential to be used not only in distributed applications, but also in utility-

scale energy storage and are expected to be commercially available in 2016 

[81]. 

 

As Sadoway [82] observes, none of the currently available battery 

technologies can meet the demanding performance requirements of the grid, 

which are very high power, long lifetime and very low cost. A recent 

innovation, introduced by Sadoway, is a grid-size battery system that stores 

                                            
2 Stationary battery applications are the ones that are not mobile (such as in the case of 

hybrid or electric vehicles). 
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energy using a three-layer liquid-metal core. It is a high temperature Mg/Sb 

(Manganese/Antimony) battery technology and is said to be inexpensive, 

robust and incredibly efficient. 

 

It is apparent that some technologies have a few overlapping characteristics 

regarding their applications, but on the whole they are very distinct from each 

other. As each storage technology has its own strengths and weaknesses, 

complementary battery technologies can be coupled to form hybrid systems, 

so as to increase the range of services that a single storage system can 

provide [7, 9, 46, 83, 84]. Hybrid storage systems are expected to provide 

increased operational safety, greater efficiencies, improved lifetime and 

reduced costs [55, 85], so the use of multifunctional hybrid EES systems is 

considered to be a favourable option for the future. However, further 

research and development need to be undertaken so that their feasibility is 

demonstrated in multiple applications. Moreover, the establishment of a joint 

platform involving different actors of the storage arena, such as research 

institutes, manufacturers and utilities, could provide the interdisciplinary 

collaboration which is needed to make further progress in this field [55]. 

 

The parameters explained above along with others discussed below have 

been collated and synthesised in a comprehensive table, including 

information for the battery technologies discussed in this study. Therefore, 

Table 3-2 is the main outcome of this phase and includes the most important 

characteristics of battery technologies. The strengths and weaknesses of 

each battery technology are also indicated in the table. The information 

presented there is applicable at international level, in contrast to the data for 

UK electricity consumption presented in Phase 2 (Chapter 5) that is relevant 

mainly to the UK. Note that the characteristics presented there address 

battery cells and not the whole battery system. Therefore, any impact from 
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cabinets, racks and electric components3 is not included. The spatial 

requirement addresses battery modules, as this is the smallest division that 

can be applicable in a battery system4. The power rating, energy rating, 

investment power cost, investment energy cost and transportability refer to 

the battery bank level, while the rest refer to the cell level. 

 

 

 

 

                                            
3 Electrical components include contactors, breakers, the Battery Management System 

(BMS), fusing, bus bars and pre-charge resistors. It is advised that battery manufacturers 

are contacted for details on these. 
4 As the spatial requirement addresses modules, it is assumed that the overall footprint of 

the battery technologies discussed in Phase 3 refers to leveled batteries touching the floor 

without any stacking of the modules taking place. 
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3.4 Discussion  

3.4.1 Usability of Table 3-2 

Comparisons among the battery technologies and their characteristics are 

facilitated through the use of Table 3-2 above. For instance, let us assume 

that an architect is asked to integrate an electricity storage system in a 

remote building in the Mediterranean, powered by photovoltaics. The system 

would serve as electricity reserve for the building and the priority that the 

owner has set for the system is maximum efficiency. 

 

The application described in the example is a high energy application, so, 

according to Table 3-2, maximum efficiency is provided by either Li-ion or 

NaNiCl batteries at present, with Li-ion scoring a bit higher. For convenience, 

Li-ion and NaNiCl rows of Table 3-2 are highlighted in Figure 3-8. 

 

 

Figure 3-8: Li -ion and NaNiCl technologies as most favourable ones for the 

case example  

 

Li-ion batteries have a considerably higher energy density (indicated in bold ) 

than NaNiCl batteries, which results to a lower spatial requirement in the 

area that the building occupies. This may not be an issue in this case under 

the specific assumptions, as there will possibly be enough space to 

accommodate either of the two systems; the lifetime and the maintenance 

requirements though may need to be considered, as the building is located in 

a remote area. NaNiCl batteries may be a better option in this respect, as 

they can last up to 20 years, while Li-ion batteries are unlikely to exceed 15 

years. Hence, the replacement time will be higher for the NaNiCl. Regarding 

maintenance, both technologies score high, so the occupants will not have to 
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Table 8: Characteristics of EES techn ologies (references are provided in Table 9) 
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Instant.  550-1,600d 1-15 2010 early 3 N/A 59-78 2-3? 1 Not appl. yes 5,501 

Flywheel  ! 50 10-5x103 400-1600 5-130 5,000 20-80 85-95 Not appl. 15s-15min ms-s " 20 105-107 -20 to +40 20-100 88 
  0.28-0.61   g 

<15min 100-300 1,000-3,500 2008 mature 5 N/A N/A 4 3 no yes 30,449 

SMES 0.01-10 10-1-102 500-2000 0.5-5 2,600 6 " 95 Not appl. ms-5min ms " 20 104 
-270 to -

140 
10-15 100 

    0.93-26    g 
min 100-400 700-7,000 2000Õs early 3 N/A N/A N/A 2 N/A yes N/A 

EDLC 0.01-1 10-3-10 0.1-10 0.1-15 
40,000-
120,000 

10-20 85-98 0.5 ms-1h ms " 20 >5x105 -40 to +85 2-40 100 0.43 s-min  100-400 300-4,000 1980Õs medium 3 N/A N/A 4 4 no yes N/A 

C
on

ve
nt

io
na

l 
ba

tte
rie

s 

Pb-acid  <70 1-105 75-300 30-50 90-700 40-80 80-90 1.75 s-3h ms 3-15 2x103 +25 0.1-0.3 75 0.074-0.22 8h-16h 200-650 50-300 1870 mature  2 1.16  6 5 3 no yes 652 

NiCd <40 
10-2-

1.5x103 
150-300 45-80 75-700 <200 70-75 1.0 s-h ms 15-20 1.5x103 -40 to +45 0.2-0.6 75 0.009-0.038 1h 350-1,000 200-1,000 1915 

mature 
(portable) 

2 4.1 N/A 4-5 1 yes yes 1,372 

NiMH 10-6-0.2 10-2-500 700-756 60-120 500-3,000 <350 70-75 1.0 h ms 5-10 
3x102-
5x102 

-20 to +45 0.4-1.2 80 0.032 2h-4h 120%xNiCd 120%xNiCd 1995 
mature 
(mobile) 

3 3.7 N/A 4-5? 1 yes yes N/A 

A
dv

an
ce

d 
ba

tte
rie

s 

Li -ion  0.1-10 10-2-105 230-340 100-250 
1,300-
10,000 

140-630 90-98 3.0 min-h ms-s 8-15 >4x103 -10 to +50 0.1-0.3 80 0.005-0.013 min-h 700-3,000 200-1,800 1991 
mature 
(mobile) 

4 1.63 35 4 5 no yes 1,156 

NaS 0.5-50 
360-
6x105 

90-230 150-240 120-160 <400 85-90 1.75-1.9 s-h ms 12-20 
2x103-
4.5x103 

+300 20 80 0.004 9h 700-2,000 200-900 1998 medium 4 1.76 26 5 3 no yes N/A 

NaNiCl  <1 10-5x103 130-160 125 250-270 150-200 90 1.8-2.5 min-h ms 12-20 
103-

2.5x103 
+270 to 

+350 
15 80 0.017-0.022 6h-8h 100-200 70-150 1995 

mature 
(mobile) 

N/A N/A N/A 5 5 no yes N/A 

F
lo

w
 

ba
tte

rie
s 

V-Redox  0.03-7 10-104 N/A 75 0.5-2 20-35 75 0.7-0.8 s-10h < 1ms 10-20 >13x103 0 to +40 0-10 100 0.024-0.042 min 2,500 100-1,000 1998 medium 3 2.50 14 5 3 no no 774 

ZnBr  0.05-2 50-4x103 50-150 60-80 1-25 20-35 70-75 0.17-0.3 s-10h < 1ms 5-10 >2x103 +20 to +50 0-1 100 0.014-0.025 3h-4h 500-1,800 100-700 2009 medium 3 1.82 15 5 1 no yes N/A 

 Zn-air  c 
several 70-ax103 1350 400 50-100 800 75 0.9 6h ms 30 

>2x103 
(>104) 

0 to +50 N/A 100 0.006 N/A 785 126 2016 early 3 N/A N/A 3 3 no yes 710 

Font coding (related to the characteristic described in each column): bold with bigger font=most favourable(s), bold=second most favourable(s), italic=least favourable(s) 
!

"#$#%&!'%&!%()#* 
Table 9: References for Table 8 

 

Power  
rating  
MW 

Energy  
rating  
kWh 

Specific  
power  
W/kg  

Specific  
energy  
Wh/kg  

Power  
density  
kW/m 3 

Energy  
density  
kWh/m 3 

Round - 
trip eff.  

% 

Critical  
voltage  

V 

Discharge  
time  

Response  
time  

Lifetime  
(years)  

Lifetime  
(cycles)  

Operating  
temp.  

¡C 

Self - 
discharge  

%/day  

Depth of  
discharge  

% 

Spatial  
requirement  

m2/kWh 

Recharge  
time  

Investment  
power  

cost ! /kW 

Investment  
energy  

cost ! /kWh 

Com- 
mercial  

use since  

Technical  
maturity  

Envir.  

impact  

Embodied  
energy  

MJprim /Whstor  

ESOI 
MJel/MWhel 

Recy- 
clability  

Main- 
tenance  

Memory  
effect  

Trans - 
port - 

ability  

Cumulative  
en. demand  

MJ/kWh  

PHS [11] [36] Not appl. [11, 36] [17] [17] [9, 17] Not appl. [11, 17] 
[11, 27, 

36] 
[9, 11, 

36] 
[27] assump [11, 36] [100] [48] [9] [11, 36] [11] [32, 49] [3, 17, 48] [36] [80] [80] Not appl. [32, 36] Not appl. [36] N/A 

CAES [11] [36] Not appl. [11] [17] [3, 36] [9] Not appl. [11, 50] [11, 36] [11, 36] [36] assump [11] [100] [48] [51] [11, 36] [36] N/A [3, 48] [48] [80] [80] Not appl. [32] Not appl. [36] N/A 

Hydrogen  [11] [17] [4, 11] [17] [17] [17] [9] Not appl. [11] [48] [11] [11] [9] [11] [101] [48] [48] [11] [11] [52] [3, 17, 48] 
[48] 
[4] 

N/A [102] assump. [13] Not appl. [53] [54] 

Flywheel  
[11, 36, 

84] 
[36, 84] [11, 36] [11] [17] [17] [11] Not appl. [11] 

[4, 11, 12, 
27] 

[11, 36, 
53] 

[11, 36] [11, 36] [9, 11] [100] [48] [36] [11] [11] [55] [3, 17] 
[36, 48, 

53] 
N/A N/A [54] [53, 56] [57] [58] [54] 

SMES [36] [36] [11] [11] [17] [17] 
[4, 11, 
20, 59] 

Not appl. [11] 
[4, 11, 27, 

48] 
[11, 36] [11, 36] [17, 36] [11] [100] [48] [60] [11] [11] [36] [3, 17] [48] N/A N/A N/A [4, 36] N/A [61] N/A 

EDLC [11] [36] [11, 36] [11] [17] [17] [11, 36] [103] [11] [4, 11, 48] [11] [9] [11, 36] [11] [100] [48] [36] [11] [11] [13] [3] [13] N/A N/A [17] [11, 36] [53] [11] N/A 

C
on

ve
nt

io
na

l 
ba

tte
rie

s 

Pb-acid  [9] [17, 36] [11] [11, 36] [17] 
[9, 27, 

83] 
[9, 17] 

[104, 
105] 

[11] [4, 17, 48] [11] [9] [62] [11, 56] [100] [90] [36] [11] [9, 11] [36] [3, 17] [36] [80] [80] 
[9, 13, 

54] 
[32, 56] [63] [12] [54] 

NiCd [11] [36] [11] [36] [17] [27] [9] 
[105, 
106] 

[11] [3, 4, 17] [11] [36] [9] [11] [100] [91, 92] [36] [11] [11] [17] [17] [36] [81] N/A [36, 54] [36] 
[3, 4, 11, 
13, 63] 

[64] [54] 

NiMH [36] [36] [17, 65] [36] [17] [27] [9] 
[105, 
106] 

[17] [4, 17, 50] [17] [36] [9, 36] [36] [107, 108] [93] [36] [36] [36] [17] [17] [36] [81] N/A assump. [36] [11, 63] [36] N/A 

A
dv

an
ce

d 
ba

tte
rie

s 

Li -ion  [27, 85] [36] [27] [27, 36] [17] [27] 
[9, 12, 

36] 

[104, 
105, 109, 

110] 
[11, 27] [4, 17, 27] 

[5, 11, 
66] 

[12, 36] [36] [11, 56] [100] [94] [27] [11] [11, 85] 
[12, 36, 

63] 
[3, 9] [13, 54] [80] [80] 

[13, 36, 
54] 

[36] 
[27, 36, 

63]  
[12, 36] [54] 

NaS [11] 
[36, 86, 

87] 
[11] [11] [17] [17, 67] [11] 

[111, 
112] 

[11, 48] [3, 4, 17] [9] [11] [27] [11] [100] [95] [68] [11] [11] [3] [3] [3, 36] [80] [80] [3, 53] [32, 56] [59] [12, 69] N/A 

NaNiCl  [11] [36] [11] [11] [17] [36] [11, 13] [113] [11] [4, 17, 50] [9] [36] [9, 36] [11] [100] [96] [70] [11] [11] [17] [71] N/A N/A N/A [36, 70] [36] [70] [12] N/A 

F
lo

w
 

ba
tte

rie
s 

V-Redox  [11] [12, 72] N/A [9, 11] [17] [36] [5, 9] 
[114, 
115] 

[11] [36] [36] [9] [11, 36] [11] [100] [97] [17] [17] [11] [36] [3, 11] [36] [80] [80] [36] [3, 5] [72] [36] [54] 

ZnBr  [11] [36] [11, 36] [36] [17] [36] [11, 36] [116] [11] [3] [9, 11] [11] [53, 73] [11, 36] [100] [98] [3] [11] [11] [3] [3, 11] [36] [80] [80] [36] [32] [53] [12] N/A 

Zn-air  [74] [74] [17] [75] [17] [75] [89] 
[117, 
118] 

[74] [4, 17, 74] [74] [74] [77] N/A [89, 100] [99] N/A [74] N/A [46, 88] [17] 
[4, 69, 
74, 75] 

N/A N/A [13] [74] [78] [12] [54] 

Li-ion 

NaNiCl 
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bother about calling a technician for this purpose or about the associated 

costs. In addition, the response and discharge times will be pretty much the 

same for both systems, but the recharge time varies, the most favourable 

being Li-ion batteriesÕ. Moreover, NaNiCl batteries have a quite high self-

discharge per day (losses due to heating), which could cause inconvenience 

to the occupants depending on the batteryÕs location and frequency of use. 

The depth of discharge5 is the same for the two technologies (80%), so they 

would experience the same impact on the nominal capacity of the system. 

 

Li-ion batteries seem to have a lead over NaNiCl systems so far. However, 

there are huge differences on the investment costs of these two 

technologies. Li-ion is far more expensive than NaNiCl, which is a point that 

would perhaps be of interest to the owner. In this instance, the power costs 

for Li-ion and NaNiCl are indicated in italic and bold correspondingly. 

Furthermore, the recyclability rating is somewhat higher for NaNiCl, which 

would affect the decision of an environmentally conscious owner. 

Unfortunately the embodied energy and ESOI values are unavailable for 

NaNiCl, so it is not possible to compare the two technologies in this respect. 

 

As a matter of fact, an analysis provided by [46] regarding a similar scenario 

suggests that Li-ion and NaNiCl batteries would be appropriate storage 

solutions for the building powered by photovoltaics, which confirms the 

findings based on Table 3-2. The limitation that is presented for NaNiCl is the 

cycling on a daily basis, while for the Li-ion the investment costs consist a 

concern [46]. 

 

The interpretation described above, which is based on the information 

provided in Table 3-2, shows that it is not possible to state unequivocally that 

a certain (battery) storage technology is better than another. Each case is 

unique and depending on the application and the priorities set, the final 

                                            
5 Further details on the depth of discharge are provided in section 5.2. 
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decision can vary. In any case, the decision making process towards the 

most favourable option is a compromising process. 

3.4.2 Integration aspects of battery technologies 

The comparison among the battery storage technologies above makes clear 

that no single technology scores high in all the parameters discussed. For 

example, batteries of one type or the other can address all application areas, 

although they are not always the least expensive option [78]. 

 

Lead-acid batteries are a state-of-the-art technology for PV energy storage 

and UPS systems and currently have the lowest investment cost per kWh, 

low daily self-discharge, excellent recyclability, no memory effect and the 

lowest cumulative energy demand for the material resources. They are also 

transportable. However, they have a relatively limited lifetime of up to 15 

years in the best scenario, a DOD of 50-75% and the recharge time might 

take up to 16 hours depending on the size of the system. Last but not least, 

they have the image of ÒoldÓ technology [57]. 

 

Li -ion  batteries offer good power capability, high energy and power density, 

high efficiencies, low weight and small footprint and are environmentally 

benign, due to having good recyclability. They are, however, still expensive 

and also further R&D is required to prove their suitability for large-scale 

applications including solar and wind plants. In addition, there are safety 

issues associated with their operation, as is the case for NiCd and NaS 

batteries. NaS technology is a light option with the lowest spatial requirement 

among all battery technologies assessed in this study, has low environmental 

impact and very high recyclability, no memory effect and is transportable. On 

the other hand, NaS batteries are not suitable for integration in a small scale 

(e.g. a single dwelling or a group of dwellings according to their energy 

consumption), as the lowest available module and thus the technologyÕs 

energy rating starts from 360kWh. They also operate in high temperatures 

and have the biggest recharge time. 
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NiCd batteries have a good operating temperature range being able to 

operate in an outdoor environment in most regions around the world and also 

have a low daily self-discharge. Moreover, they have a small footprint, are 

recyclable and transportable. However, they have the highest embodied 

energy, a high maintenance requirement and most importantly suffer from 

memory effect, which is the case with NiMH and NaNiCl batteries as well. 

NiMH batteries have the lowest energy and power rating, which makes them 

unable to handle large peak power demand and electricity consumption 

values and thus unable to be integrated in a large community. They also 

have a small cycle life and lifetime of up to 10 years, as well as high 

maintenance, but are recyclable and transportable. NaNiCl  are 

disadvantaged by the very high temperatures in which they operate, but they 

have very low investment power cost, high recyclability, low maintenance 

and are transportable. 

 

Redox -flow  batteries are versatile systems and an interesting option for bulk 

energy storage, but further development is required so that their suitability for 

such applications is demonstrated. They also have a very low power density 

and are not transportable at the moment. However, they have a relatively low 

value for cut-off voltage, which is a positive aspect. Moreover, they have a 

very fast response time, a DOD of 100%, are highly recyclable and have no 

memory effect, which are all attributes of the ZnBr technology as well. ZnBr 

have the lowest critical voltage value and a very small daily self-discharge of 

0-1% and are transportable, yet they have a small lifetime of up to 10 years 

and require frequent maintenance. Zn-air batteries potentially offer high 

gravimetric and volumetric energy density and low materials cost, but they 

suffer from low round-trip efficiencies compared to other battery systems and 

there is no such system available in the market yet. They also have a good 

lifetime of 30 years, a DOD of 100%, small footprint, no memory effect and 

are transportable. They lack in recyclability though. 
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Summarising, Li-ion and Zn-Air batteries with energy densities of 620 

kWh/m3 and 800 kWh/m3 correspondingly seem to be promising 

technologies for advanced battery integration in the built environment. Along 

with these technologies, NaNiCl batteries are also expected to play an 

important role in buildings because of their high cycle lifetime and high peak 

power capability. However, as these technologies have not reached a mature 

stage in terms of their building integration, there is still room for improvement 

of their properties, so as to increase the systemsÕ efficiencies, lower the 

costs and extend the lifetimes. 

 

Considering the above, in the integration of battery technologies in the built 

environment, different characteristics should be taken into consideration 

depending on the application (i.e. high energy or high power). These 

characteristics can be classified into factors affecting physical integration, 

operational factors, environmental, economic and social factors, as shown in 

Table 3-4.  

 

Table 3-4: Characteristics affecting battery integration in buildings (authorÕs 

own)  

High energy 
application  

High power 
application  

High energy/high power  
application  

Physical integration  Operational  Environmental  

¥ Energy rating 
¥ Specific energy 
¥ Energy density 
¥ Spatial 

requirement 

¥ Power rating 
¥ Specific power 
¥ Power density 
¥ Spatial 

requirement 

¥ Round-trip eff. 
¥ DOD 
¥ Self-

discharge/day 

¥ Environmental 
impact 

¥ Embodied 
energy 

¥ ESOI 
¥ Recyclability 
¥ Cumulative 

energy demand 

Economic  Social  

¥ Investment 
energy cost 

¥ Cycle-life 

¥ Investment 
power cost 

¥ Cycle-life 

¥ Social acceptability/behaviour 
change 
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For high energy applications the key characteristics concluded from the 

abovementioned analysis that are expected to play a major role in the 

physical integration of the EES systems are energy rating, specific energy, 

energy density and spatial requirement. Likewise, for high power 

applications, EES integration is expected to be affected by the power rating, 

specific power, power density and spatial requirement of the technology. For 

both high energy and high power applications the investment cost, but also 

the operation and maintenance costs are major economic considerations6. 

 

As for the operational factors, the round-trip efficiency, the daily self-

discharge and the DOD will have an impact on the nominal capacity of either 

high energy or high power system and will thus play a role in its sizing. The 

operating temperature would also affect the sizing of a Pb-acid system. 

Other operational factors addressed only in Phase 1 of this study that do not 

play a particular role in battery systemsÕ physical integration are the critical V, 

discharge time, response time, lifetime and cycle life, recharge time, 

maintenance requirements and memory effect. Similarly, the environmental 

factors addressed only in Phase 1 of this study that could affect batter 

integration in buildings are environmental impact, embodied energy, ESOI, 

recyclability and cumulative energy demand. Last but not least, the social 

acceptability of battery systems, which is associated with a potentially 

required behaviour change, is of major importance in order to achieve 

smooth battery integration. According to Hewitt [147], the socio-economic 

acceptability of the storage system could constitute a challenge in the case 

of integration at community level. 

 

                                            
6 The levelised cost of electricity (LCOE) is also considered a more accurate indication of 

cost over the technologyÕs lifetime. More details are provided in section 5.2.5. 
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3.4.3 Metal resource availability 

The limited quantity of minerals and resources on Earth along with the world 

metal resource consumption rate has a direct impact on the availability 

regarding the metals used in battery technologies. This is quite likely to affect 

the deployment of certain battery technologies in the long term. 

 

Table 3-5 shows the available time frame of metals associated with battery 

technologies in the future according to their current consumption rates. The 

data presented there are the result of collation and synthesis of data found in 

the U.S. Department of the InteriorÕs [148] report. Most metal reserves and 

especially those with high substitutability are unlikely to run out over the 

coming decades. As evidenced in Table 3-5, Mg/Sb, Pb-acid, ZnBr and Zn-

Air batteries may be the first to face supply shortage as they contain 

irreplaceable metals. 

 

Table 3-5: WorldÕs metal reserves for battery (data collated and synthesized 

from [148] ) 

Metal  Battery usage  Reserves 
(ktons)  

Yearly 
use 
(ktons)  

Years left  
(current cons. 
rate)  

Antimony  Mg/Sb 1,800 169 10.7  

Lead Pb-acid  85,000 4,500 18.9 

Lithium Li-ion 13,000 34 382.4 

Magnesium Mg/Sb N/A 0.78 >1000 

Nickel NiCd, NaNiCl 80,000 1,800 44.5 

Sodium NaS 3,300,000 6,000 550 

Vanadium V-redox 14,000 60 233.3 

Zinc  ZnBr, Zn -Air  250,000 12,400 20.2 

* in million m3 

 

However, several factors such as technology improvements, the use of 

alternative materials and the discovery of new reserves can affect mineralsÕ 
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consumption rates in the future. Hence, their date of depletion is a moving 

target and a battery technology should not be discounted as an option solely 

because of lack of alternatives [97]. In addition, the recycling of the metals is 

expected to play an important role in extending their time frame and in 

mitigating potential environmental impacts. 

 

3.5 Overview of battery installation projects  
UK has recently started actively demonstrating, installing or planning 

electricity storage applications using various technologies, such as pumped 

hydro plants [149], a number of battery types [149, 150], compressed air 

energy storage [151] and liquid air energy storage [149]. The battery 

installations range from domestic systems through community-scale devices 

to grid-scale systems. According to the White Paper on the ÒState of charge 

of GBÓ [150] published in November 2013, a capacity of 5.1 MW and 6.4 

MWh was commissioned and an additional 7.2 MW and 13.8 MWh is 

currently either under construction or being planned.  

 

The projects are located at different locations across the UK, as shown in 

Figure 3-9 and Table 3-6. They all provide a better understanding of the 

different storage technologies in different application environments. A 

number of electrical energy storage technologies, such as Pb-acid, Lithium 

chemistries, NaS, NaNiCl and ZnBr flow batteries, have been or are being 

trialed. As can be observed in Table 3-6, there is a diverse range of power 

ratings and storage capacity. The power rating ranges from 1kW to 6MW and 

the battery capacity ranged from 2.2kWh to 10MWh. The DNOs for these 

installations include UK Power Networks (UKPN), Scottish and Southern 

Energy (SSE), Western Power Distribution (WPD), Northern Powegrid (NPg) 

and Scottish Power Energy Networks (SPEN) [150]. A project in the USA, 

named GridSTAR is also included at the end of Table 3-6, as it later formed 

part of the case studies that were investigated in more detail. 
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Figure 3-9: Location of current battery installation projects in the UK (authorÕs 

own) 
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Below follows the description of the highlighted projects in Table 3-6 along 

with important information regarding the architectural integration of the 

batteries and their contribution in energy use where available. The 

discussion also reflects current practices. 

3.5.1 SoLa Bristol 

The project aim is to address the technical constraints that DNOs expect to 

arise on Low Voltage networks as a result of the increased adoption of solar 

PV [170]. More specifically, the project aims to address the following four 

points: to solve the network problems that occur when a number of 

customers in a neighbourhood connect solar PV panels to their house, to 

explore how customers can be benefitted by a battery installation in their 

properties by managing their energy use and having reduced energy bills, to 

test customersÕ response when offered various electricity tariffs during the 

day, as well as to investigate whether DC is more beneficial over the 

traditional AC [170]. 

 

Valve regulated lead acid (VRLA) battery technology of gel type is installed in 

thirty homes, five schools and one office Ð all owned by the Bristol City 

Council [170]. This technology was chosen on the grounds that it is 

maintenance free, it has an appropriate lifetime with high depth of discharge 

and it has a relatively fast discharge rate [171]. A capacity of 4.8 kWh of 

battery storage is installed in the homes and a capacity of up to 22.5 kWh is 

installed in the schools and the office. The PV installations vary from site to 

site depending on the available roof area for solar panels, their make, model, 

efficiency, inclination and orientation. For example, the residential PV 

installations range from 1.5 kWp to 2 kWp, while one typical school PV 

system has an installed capacity of 8.9 kWp [170]. The electricity generated 

by the PV on the roof of the houses is stored locally in the batteries, instead 

of being exported to the grid. This allows customers to make the best use of 

their own generation. In addition, if the excess energy by the PV is stored 

within the home, the impact of solar PV on the distribution network is 

reduced, preventing conventional network reinforcement [188]. The battery is 
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ÒsharedÓ between the customer and the DNO. The customer is provided with 

a variable tariff, so as to be encouraged to shift his/her electricity consuming 

activities when the PV generation is high as well as to use the stored 

electricity in the battery when the network is heavily loaded. The DNO is able 

to ÔcommunicateÕ with the battery to charge it and discharge it to support the 

network [170]. 

 

The system diagram for the domestic solution is shown in Figure 3-10. 

 

 

 

Figure 3-10: SoLa Bristol domestic solution and substation diagram [171]  

 

As regards the location of the battery installation, the lofts of the houses were 

identified as appropriate to house the equipment [170]. A typical battery 

installation is presented in Figure 3-11. The batteries are located in an 

enclosure, as shown in Figure 3-12, and this location would ensure that the 

occupants wouldnÕt interfere with the equipment unintentionally or 

Western Power Distribution                                                  Siemens STDL, IC/SG/EA 
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So-La Bristol, Functional Design Specification 7 of 40 
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accidentally. Moreover, the living space and its unimpeded use would remain 

unaffected. The project team, also considered the option of placing the 

battery system outdoors, but this was not pursued due to security issues and 

to avoid the need for a potentially large weatherproof structure [170]. As for 

the schools and the office, the battery system and the control cabinets are 

located outdoors. 

 

 

Figure 3-11: Battery installation in a SoLa Bristol domestic property  

 

 

Figure 3-12: The SoLa Bristol domestic battery enclosure [172]  

 

Benefits for both customers and DNOs are to be demonstrated through this 

project. Benefits for customers include improved energy efficiency through 

the use of DC equipment, lower energy bills through a better control of 

energy use, the continuous operation of the lights in case of power outages, 

as well as quicker and cheaper connections [188]. As for the benefits for the 

���}�u�u���Œ���]���o���/�v�•�š���o�o�•�W�������o�o���•���Z�}�}�o�•���Z���À�����v�}�Á���Z�������š�Z����

���‹�µ�]�‰�u���v�š���]�v�•�š���o�o���������v�������}�u�u�]�•�•�]�}�v�����X���d�Z���Œ�����Á���Œ�����•�}�u����
�]�•�•�µ���•���Á�]�š�Z���•�Ç�•�š���u�������������}�v�.�P�µ�Œ���Ÿ�}�v�U�����v�����•�}�u�����š�����Z�v�]�����o��

�]�•�•�µ���•���Á�]�š�Z���o�]�P�Z�š�������•�Á�]�š���Z���•�����š���X���d�Z���•�����Z���À�����������v���Œ���•�}�o�À�����U��

���v���������š�����]�•���G�}�Á�]�v�P���]�v�š�}���š�Z�����‰�Œ�}�i�����š���(�}�Œ�����v���o�Ç�•�]�•�X���t�������Œ����

�À���Œ�Ç���š�Z���v�l�(�µ�o���(�}�Œ���š�Z�����‰���Œ�Ÿ���]�‰���Ÿ�v�P���•���Z�}�}�o�•���µ�v�����Œ�r

�•�š���v���]�v�P�����v�������}�v�Ÿ�v�µ�������•�µ�‰�‰�}�Œ�š�X!

!

���}�u���•�Ÿ�����/�v�•�š���o�o�•�W�������o�o�� �Z�}�u���•�� ���Æ�����‰�š�� �}�v���� �v�}�Á�� �Z���À���� �š�Z����

���‹�µ�]�‰�u���v�š�� �]�v�•�š���o�o�����X�� �d�Z���Œ���� ���Œ���� �ð�� �o���L�� �š�}�� ���}�u�u�]�•�•�]�}�v�� ���v����
�•�Á�]�š���Z���}�v�U�����v�����š�Z���•�������Œ�������µ�����(�}�Œ�����}�u�‰�o���Ÿ�}�v���]�v���K���š�}�����Œ�X!

�t���� �Á�}�µ�o���� �o�]�l���� �š�}�� �š�Z���v�l�� ���o�o�� �‰���Œ�Ÿ���]�‰���v�š�•�[�� �(�}�Œ�� �š�Z���]�Œ����������������������

���}�v�Ÿ�v�µ�������•�µ�‰�‰�}�Œ�š���Á�]�š�Z�����������•�•���š�}���š�Z���]�Œ���Z�}�u���•�X!

�D�}�•�š���Z�}�u���•���Z���À�����š�Z���]�Œ���š�����o���š�•���]�•�•�µ�����U�����v�������o�š�Z�}�µ�P�Z���š�Z���Œ����
���Œ�����•�Ÿ�o�o���•�}�u�����]�•�•�µ���•���Á�]�š�Z���š�Z���������š���U���Á�������Œ�����Á�}�Œ�l�]�v�P���Z���Œ�����š�}��

�P���š���š�Z���•�����(�µ�v���Ÿ�}�v�]�v�P���‰�Œ�}�‰���Œ�o�Ç�X���<�v�}�Á�o�����t���•�š���D�����]���������v�š�Œ����
�Á�]�o�o�����}�v�Ÿ�v�µ�����š�}���Á�}�Œ�l���Á�]�š�Z���‰���Œ�Ÿ���]�‰���v�š�•�����v�����l�����‰���š�Z���u���]�v�r

�(�}�Œ�u�������}�(���‰�Œ�}�P�Œ���•�•�X!

�^�µ�����^�š���Ÿ�}�v���/�v�•�š���o�o�•�W�������o�o���š�Z�����u�}�v�]�š�}�Œ�]�v�P�����‹�µ�]�‰�u���v�š���]�•��

�v�}�Á���]�v�•�š���o�o�������]�v���š�Z���������o�}�����o���•�µ��"�•�š���Ÿ�}�v�•�X���d�Z�]�•���]�•���v�}�Á�������‰�r
�š�µ�Œ�]�v�P�����o�o���š�Z�����Œ���‹�µ�]�Œ�����������š�����š�}�����v���o�Ç�•�����Z�}�Á���Ç�}�µ�Œ���o�}�����o��

���o�����š�Œ�]���]�š�Ç���v���š�Á�}�Œ�l���]�•���‰���Œ�(�}�Œ�u�]�v�P�X!

�t�Z���š�[�•���v���Æ�š�M�����d�Z�����h�v�]�À���Œ�•�]�š�Ç���}�(�������š�Z���]�•�������P�]�v�v�]�v�P�����•�•���•�•��

�š�Z���������š�����(�Œ�}�u�����o�o���Z�}�u���•�����v�����•���Z�}�}�o�•���š�}���u���l�����•�µ�Œ�����š�Z���š���š�Z����
�•�Ç�•�š���u���]�•���‰���Œ�(�}�Œ�u�]�v�P���]�v���š�Z�����u�}�•�š�����8���]���v�š���Á���Ç�X��!

�E���Á�•�o���©���Œ�W���K���š�}�����Œ���î�ì�í�ð!

�h�•���(�µ�o�����}�v�š�����š���]�v�(�}�Œ�u���Ÿ�}�v�W!

�<�v�}�Á�o�����t���•�š���u�����]���������v�š�Œ���W���ì�í�í�ó���õ�ì�ï���ì�ð�ð�ð!
�Z���‰���]�Œ�•�W���d���o���‰�Z�}�v�����ì�í�í�ó���õ�î�î���î�î�ì�ì���~�K�‰�Ÿ�}�v���K�v���•���D�}�v�����Ç���š�}���&�Œ�]�����Ç�U���ô�X�ï�ì���u���š�}���ò�‰�u�X�����Œ���‰���]�Œ�}�Œ�����Œ�•�›���Œ�]�•�š�}�o�X�P�}�À�X�µ�l!��!
���u���Œ�P���v���Ç�����}�µ�š���}�(���Z�}�µ�Œ�•�����}�v�š�����š�W���d���o���‰�Z�}�v���W���ì�í�í�ó���õ�î�î���î�ì�ñ�ì!
!

!

"#$%&%'#""%()*'%)+&(+,(&-..!/0111!

23456!7589:7!;9:!<5!=>22?585:@57!A638!@B5!=@3657!;929;C@D-!
E3456!A36!5==5:@C9?!=56FC;5=!;9:!<5!89C:@9C:57!7>6C:G!>@C?C@D!
7C=@>6<9:;5=-!

H??! @B5! IJ! ?397! =C75! 65?9@57! 79@9! ;3??5;@57! C=! ;3:=C75657!
=5:=C@CF5! C:! :9@>65! 9=! C@! ;9:! 65F59?! 9:! C:7CFC7>9?K=! 5:56GD!
>=9G5!29@@56:=!9:7!<5B9FC3>6!C:!G5:569?-!LBC=!79@9!C=!@B565A365!
263;5==57!@3!756CF5!>@C?C@D!F9?>9<?5!C:A3689@C3:!9:7!C=!B59FC?D!
5:;6D2@57!26C36!@3!<5C:G!;388>:C;9@57!4C@B!3>@=C75!A9;C?C@C5=-!!

MCG>65! *! =B34=! @B5! 26C:;C29?! 23456! 65?9@57! =4C@;BG596!
=D=@58! ;3:=C=@C:G! 3A! N&O! @B5! ;38<C:57! C:F56@56%;B96G56P! N)O!
@B5! IJ%IJ! ;B96G5! ;3:@63??56P! N(O! @4C:! EQ! C:2>@! =@6C:G=!
32569@C:G! 9@! G659@56! @B9:! (..Q7;! N'O! 263@5;@C3:! 9:7! ;3:@63?!
=4C@;B!G596!4C@B!IJ!R>=P!N*O!0:F56@56%;B96G56!;9<?5P!NSO!HJ!
89C:=!C:%3>@!;9<?5!9:7!N#O!<9@@56D!<9:T!C=3?9@C3:!B9:7?5=-!

!
!
!

!
!
!
!
!
!
!
!
!
!
!
!
!

!
MCG-!*!!!!!UD=@58!=4C@;BG596!

!
LBC=! C:@5??CG5:@P! 7C=@6C<>@57P! ?C:T57! =D=@58! 263FC75=!

@6C296@C@5!<5:5AC@=P!@3!@B5!IVWP!@3!@B5!X=56!9:7!@3!@B5!Y6C7-!
M638!@B5!IVW!263=25;@CF5P!C@!263FC75=!@B5!259T!@C85!?397!

=BCA@C:GP! @C85! <9=57! @96CAAC:GP! 5AA5;@CF5! C:@5G69@C3:! 3A!
7C=@6C<>@57!EQ!G5:569@C3:!9:7!?3;9?!=@369G5-!

M638! X=56! 263=25;@CF5P! <5@@56! ?CGB@! Z>9?C@DP! <5@@56!
>@C?C=9@C3:!3A!EQ!G5:569@57! IJ!23456P!657>;57!<C??=!9:7!@B5!
FC=C<C?C@D! 3A! 5:56GD! >=9G5! =@9@C=@C;=! 9:7! @3! =385! 5[@5:@P!
657>;57!65?C9:;5!3:!@B5!9F9C?9<C?C@D!3A!@B5!HJ!89C:=!G6C7-!

M638! @B5! Y6C7! 263=25;@CF5P! ;3:@63??57! C:@5G69@C3:! 3A!
7C=@6C<>@57!8C;63!G5:569@36=!9:7!?3;9?!=@369G5!=C@5=!5AA5;@CF5?D!
657>;5! @B5! 3F569??! @69:=8C==C3:! 5:56GD! ?3==P! 9=! 8365! 3A! @B5!
?3;9??D!G5:569@57!23456!C=!>@C?C=57!?3;9??D-!

LB5!5:FC63:85:@9?!<5:5AC@=!65?9@57!@3!JW)!657>;@C3:!965!9!
23=C@CF5!;3:@6C<>@C3:!@B63>GB!>=5!3A!@BC=!=D=@58-!

0Q-! I 0UL\0RXL1I! Y1V1\HL0WV -!

J3:F5:@C3:9?! EQ! C:=@9??9@C3:=! 26C896C?D! 965! C:@5:757! @3!
5[236@!9??!3A!@B5!9F9C?9<?5!EQ!IJ!3>@2>@!@3!@B5!HJ!G6C7!9@!@B5!
8385:@!3A!G5:569@C3:P!4C@B3>@!C:@56857C9@5!>=5!36!=@369G5!3A!
@B5! 23456-! LBC=! 922639;BP! @B3>GB! =558C:G?D! 5AAC;C5:@P! A638!
IJ%HJ! ;3:F56=C3:! FC54! 23C:@P! B9=! =B34:! @3! C:A?>5:;5! @B5!
23456!Z>9?C@D!3A!@B5!:5@436T!<D!C:@637>;C:G!F3?@9G5!=45??=!](^!

9:7!@B5!23@5:@C9?!A36!65F56=5!A?34!C:!@B5!7C=@6C<>@C3:!:5@436T!
>:756!BCGB!75:=C@C5=!3A! ;?>=@5657!C:=@9??9@C3:=!7>6C:G!256C37=!
3A!BCGB!=3?96!C6697C9:;5P!4B5:!;3::5;@57!@3!9!=C:G?5!A55756-!

LBC=! =D=@58! 3AA56=! @B5! 23@5:@C9?! @3! 9F3C7! =>;B! =;5:96C3=!
@B63>GB! ;388>:C;9@C3:=! 4C@B! @B5! >@C?C@D! =><%=@9@C3:!
5Z>C285:@! 9:7! @B5! ?3;9?! =@369G5! 3:! =C@5-! E59T=! C:! @B5! EQ!
3>@2>@!;9:!<5!=@3657!3:!=C@5!A36!5C@B56!?9@56!>=5!36!5[236@!@3!
@B5!:5@436T!4B5:!75=C69<?5!A36!@B5!:5@436T-!

Q-! L_1! RHLL1\` -!

LB5! 26C896D! =@369G5! =D=@58! >=57! Q9?F5! \5G>?9@57! a597!
H;C7!NQ\aHO!<9@@56C5=P!A36!@B5!659=3:=!3A!?3456!C:C@C9?!;92C@9?!
C:F5=@85:@! 9:7! 23=@! C:=@9??9@C3:! ?3456! 89C:@5:9:;5! ;3=@=! C:!
@B5!7385=@C;!5:FC63:85:@-!

!M3>6!&)Q!&..!HB!Q\aH!<9@@56C5=!4565!>=57!263FC7C:G!@B5!
)'Q!=>22?D!4C@B!9!;929;C@D!3A!)..HB-!

J3:=C756C:G! @B5! A9;@! @B9@! EQ! 23456! G5:569@C3:! B9=! <3@B!
=59=3:9?P! 79D%@3%79D! 9:7! @C85! 3A! 79D! F96C9@C3:=P! @B565! 965!
;3:=C7569<?5!F96C9@C3:!3:!@B5!EQ!=C75!;B96GC:G!32236@>:C@C5=-!
bC@B! @BC=! C:! FC54P! A3>6! =59=3:9?! 263AC?5=! 4565! 26323=57! A36!
<9=C;! ;B96GC:G! 65GC85=-! LB5! ;3:@63?! =D=@58! 9?=3! B9=! @B5!
;929<C?C@D!@3!263FC75!@32%>2!;B96GC:G!7>6C:G!3AA%259T!256C37=!
@3!5:=>65!@B9@!9!cBCGBd!?5F5?!3A! ;B96G5!C=!9F9C?9<?5!A36!259T!
?397!256C37=-!!

!
!
!
!
!
!
!
!
!
!
!

!
!

MCG-!#!!LB5!R9@@56D!1:;?3=>65!
!
LB5! <9@@56D! C=! 263FC757! A36! >=5! <D! <3@B! @B5! X=56! 9:7! @B5!

IVW-!LB5!@43!23==C<?5! 49D=!3A!=B96C:G!@B5!<9@@56D!=@369G5!
;929<C?C@D! <5@455:! @B5! X=56! 9:7! @B5! IVW! C=! 5C@B56! @3! >=5!
;929;C@D!<9=57!=2?C@@C:G!36!2BD=C;9?!<9:T!=2?C@@C:G-!

0:!@BC=!=D=@58P!;929;C@D!<9=57!<9@@56D!=2?C@@C:G!85@B37!B9=!
<55:! 752?3D57! C:! 36756! @3! 657>;5! @B5! ;382?5[C@D! 3A! @B5!
;B96G5%7C=;B96G5! 29@B! 9:7! @B5! <9@@56D! <9:T! =4C@;BC:G!
B9674965-!MCG>65!#!=B34=!@B5!<9@@56D!5:;?3=>65-!LB5!<9@@56D!
;929;C@D! 89:9G585:@! C=! 296@! 3A! @B5! 3F569??! =D=@58!
256A3689:;5!89:9G585:@-!

E65=5:@! C:=@9??9@C3:! 26C896C?D! >=5=! :9@>69?! ;3:F5;@C3:!
;33?C:G! 85@B37-! H77C@C3:9?! A36;57! ;33?C:G! 32@C3:! C=! 9?=3!
>:756!;3:=C7569@C3:-!

Q0-! JWeR0V1I !0VQ1\L1\ !J_HY\1\-!

H!<C7C65;@C3:9?!;38<C:57!C:F56@56!9:7!;B96G56!](^!B9=!<55:!
;B3=5:! @3! 5[236@! 23456! @3! @B5! G6C7! 9:7! @3! 263FC75! @32%>2!

S!!&! )! (! '! *! #



53 
 

DNOs, the project explores the potential reduction of power quality issues, it 

tests the demand response possibility by customers and it generally provides 

better use of existing distribution assets among others [188]. 

 

3.5.2 Zero Carbon Homes - Slough 

Three 25kW/25kWh Li-ion batteries connected to the Low Voltage network 

were installed by SSE in 2013 to power a development of 10 homes in 

Slough [175]. The three units will help explore the capability of mitigating the 

effects of potential load increases, as well as the consequences from the 

deployment of low carbon technologies in buildings. The objectives of the 

project are to prove that the storage devices can operate as intended on a 

LV network in the UK providing tangible benefits, to inform the safety case 

and the operational procedures, as well as to inform decisions with regard to 

the physical location of the batteries considering public perception and 

acceptance among others [175]. The layout of the dwellings, which achieve 

Code for Sustainable Homes Level 6, is shown in Figure 3-13.  

 

 

Figure 3-13: The layout of the dwellings in the Zero Carbon Homes project in 

Chalvey, Slough [189]   

 

The homes were completed in summer 2010 and occupied in September 

2010 [190]. The south-facing roofs of the homes have been covered with 

solar PV tiles, totalling a solar installed capacity of 63 kWp. This capacity 

Low voltage connected battery project  
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provides enough renewable electricity to achieve net zero carbon emissions 

in each of the homes. Excess electricity is sold back to the National Grid 

[190]. 

 

 

Figure 3-14: Low voltage connected battery in Slough [189]  

 

The graph in Figure 3-15 illustrates the system performance over a 24-hour 

period with a 10kW maximum demand limit set at the substation. This means 

that if demand increases above 10kW the battery will discharge to meet this 

target.  The red line on the graph shows what the demand would be if the 

battery was not used and the blue line shows the actual demand with the 

battery support measured at the substation over the 24 hours. The green line 

showing the battery operation denotes charging of the battery if it has a 

positive value and discharge if it has a negative value. It is clear that the 

peak demand has been reduced significantly at two periods throughout the 

day with the battery discharging. Conversely at times of lower demand, i.e. 

between 6pm and 3am the battery (green line) has charged at a rate equal to 

10kW minus the real time demand. The graph in Figure 3-16 is another 

example of successful peak shaving over a 24-hour period. The substation 

demand limit has been set at 9kW on phase B. When demand picks up in the 

Low voltage connected battery  
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morning before 9am as expected the Community Energy Storage (CES) unit 

begins to discharge at irregular intervals to keep the substation within the 

9kW limit. As demand reduces the battery starts to charge up to the 9kW 

limit and hence be ready to discharge for the following 24-hour period. 

 

Figure 3-15: Substation power flow demonstrating phase A peak shaving (10 

kW demand limit) [175]  
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Figure 28 ÐSubstation power flow demonstrating p hase A peak shaving (10kW demand limit)
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Figure 3-16: Substation power flow demonst rating peak shaving on phase B 

(9 kW demand limit) [175]  

3.5.3 Maes Yr Onn house 

The Maes Yr Onn house in Caerphilly is a new built off-grid farmhouse which 

was completed in June 2013. The project is an exemplar sustainable 

dwelling and the WSA was involved in the energy monitoring of the house. It 

is running off-grid, having a 3.9kW/42kWh Pb-acid battery installed and a 

small diesel generator [191]. It also features an installation of 21 solar PV 

panels on the south facing roof pitch, with an installed capacity of 3.88kWp. 

The system provides general power throughout the day and any surplus that 

is not used is stored in an off grid battery bank and drawn on in hours of 

darkness. Should the battery charge drop below 40%, the diesel generator 

takes over to provide the necessary power [192]. The battery installation and 

the electrical energy use in Maes Yr Onn house is depicted in Figure 3-17 

and Figure 3-18 respectively. In Figure 3-18 it is apparent that the battery 

charging (in purple) coincides with the PV generation (in yellow) and also 

that the diesel generator (in red line) starts operating when the PV 

generation (in yellow) is poor. 

SEPD LCNF Tier 1 Closedown Report
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Figure 29 ÐSubstation power flow demonstrating p eak shaving on phase B (9kW demand limit)
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Figure 3-17: Battery installation in Maes Yr Onn house, Wales  

 

 

Figure 3-18: Battery operation and electrical energy us e Ð sample days in 

February 2014  
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3.5.4. Retrofit house 3 Ð Smart Operation of Low Carbon Energy Regions 

(Solcer) 

This house is located in Bettws, Wales and was retrofitted as part of the 

WSA Solcer project. Five houses were retrofitted in Solcer, but only three 

were finished at the time of this research. The systems installed in all houses 

are similar, yet the system in house 3 proved to be the most reliable at the 

time this research was undertaken, which is why this study considered only 

the installation in this house. After the retrofit, house 3 featured a 

4.5kW/18.5kWh Pb-acid battery along with a 5kWp roof-integrated PV array 

[184]. It is a 3-bedroom 2-storey semi-detached house and the battery was 

designed to supply the whole house. Any excess power generated from the 

PV is used for domestic hot water supply and space heating in the winter or 

otherwise it is exported to the grid. An exterior view of the house and the 

battery enclosure are shown in Figure 3-19. 

 

Figure 3-19: House and battery enclosure of SolcerÕs retrofit house 3  

 

3.5.5 PassivBelows 

The PassivBelows project included the installation of a 1kW/2.2kWh Pb-acid 

battery of gel type in a domestic property in Newbury. The battery is 

connected to a 4kW PV array on the roof and only powers a DC network for 

lighting in the house [193]. The installed power for the LED lighting according 

to measured data for 30 days was 316W and the observed peak was 138W, 

while the average power was 16.3W. The maximum daily energy usage was 

0.59kWh and the average one was 0.43 [193]. These data correspond to a 
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total floor area of about 250m2. The battery system is located in the garage 

and the battery is placed on the floor, while the rest of the components, such 

as the controls and the inverter are mounted on the wall. The battery 

installation in the Newbury house is presented in Figure 3-20. 

 

Figure 3-20: Battery installation in Newbury house  

 

3.5.6 GridSTAR project, Philadelphia, US 

The commissioning of the GridSTAR project in Philadelphia, US, aligned 

perfectly with the work plan of this thesis, occurring right after the review of 

the technologies had taken place in the first part of Phase 1 (Chapter 2). The 

author was given the opportunity, through her own initiative, to investigate 

these two battery installations. Therefore, by considering this project, this 

study could address international context, which included both a residential 

and a community energy storage installation. The installation includes two 

different battery systems; a high-energy system, included in a smart grid 

demonstration home and a high-power system helping to improve the quality 

and reliability of the electric grid. The net zero energy home (NZEH) is an all-

electric demonstration home, located in PhiladelphiaÕs Navy Yard, US. The 

home, shown in Figure 3-21, is equipped with a 3.5kW PV integrated solar 
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rooftop shingles and a 6kW/11.7kWh Li-ion battery [186]. Energy can be 

stored in the battery either from the rooftop solar shingles or from the grid. 

The battery is charged and discharged by Direct Current (DC) power, while 

power supplied by the grid is Alternating Current (AC). Thus, an inverter 

needs to be used to charge/ discharge the battery. The battery is located in 

an enclosure, as shown in Figure 3-22 and can be used for demand 

response purposes, such as peak shifting and peak shaving, and also 

voltage support, frequency regulation and UPS services. 

!

Figure 3-21: The net zero energy home in the Navy Yard, Philadelphia, US 

(authorÕs own) 
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Figure 3-22: Exterior and interior view of the S IS unit, Philadelphia, US 

(authorÕs own) 

 

A 125kW/66kWh high power Li-ion battery system shown in Figure 3-23 was 

also installed in PhiladelphiaÕs Navy Yard, US, close to the NZEH described 

above [186]. This facility is a testing ground for microgrids and it is intended 

to demonstrate how a utility could call on storage to provide power balancing 

and backup power services. The applications it serves include peak shaving, 

frequency regulation and PV smoothing [187]. 
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Figure 3-23: The high -power Li -ion batt ery system in the Navy Yard, 

Philadelphia, US  

 

3.6 Data collection  
The quantitative information collected from the case studies is included in 

Table 3-7. Regarding the physical data, the author took measurements from 

the batteries and their enclosures. The cost as well as the information 

presented later in this section was sourced through the semi-structured 

interviews held with the managers, the engineers, the PIs and the occupants 

of each house or through e-mail communication with the manufacturer of the 

system and research staff who were involved in the projects. A comparison 

between the information collected from the case studies and the values 

presented in Table 3-2 is included in Table 3-8. The qualitative information 

collated and synthesized from the case studies is provided in Table 3-9. 

Inconsistencies and opportunities are discussed further down in this section. 
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N
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N
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*T
he Z

C
H

 project consists of 3 battery units and these dim
ensions refer to one of these units, so for the full capacity (75kW

h) these values need to be m
ultiplied by 3. 

**T
he G

ridS
tar project concerns a high pow

er battery application, so the values included in the cells Ò
specific energyÓ

, Ò
energy densityÓ

 and Ò
investm

ent cost £/kW
h (or 
!

/kW
h)Ó

 
refer to specific pow

er (W
/kg), pow

er density (kW
/m

3) and investm
ent cost £/kW

 (or !
/kW

) instead. 
***T

he 
currency 

conversion 
w

as 
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ed 
using 

the 
equivalent 

exchange 
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for 
the 
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w
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the 

batteries 
w
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purchased, 

i.e. 
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1G

B
P

=
1.2E

U
R

, 
1U

S
D

=
0.62G

B
P

, for 2015 1G
B

P
=

1.4E
U

R
 

****T
he enclosure is the container of the battery system

 and applies to the N
Z

E
H

, G
ridS

tar and H
3_R

etrofit, w
hile the room

 contains the enclosure w
here applicable and also 

the space around the system
 that should be allow

ed for circulation and m
aintenance. T

he room
 is also referred to in the m

anufacturersÕ
 data sheets as clearance requirem

ents. 
L,W

,H
 is short for Length, W

idth, H
eight. G

rey colour indicates the characteristics that w
ere included in the com

parison in T
able 3-8. 
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Table 3-9: Qualitative aspects of the battery installations in t he case studies  

 
Battery  

tech.  
Battery 
location  

Ventilation  Noise  
Bahaviour 

change  

SoLa BRISTOL, 
UK 

Pb-acid Loft 

Natural ventilation 
through vents, 
cooling through 

natural convection 

Low Low 

ZCH 
Slough, UK  

Li-ion 
Outdoors/ 
designated 

space 
No Low None 

PassivBelows,  
Newbury, UK  

Pb-acid 
Garage/ 

storage room 
Natural ventilation No None 

NZEH, 
PA, USA 

Li-ion 
Plant/ 

services room 
No No None 

GridStar*  
PA, USA 

Li-ion 
In a container 

outdoors 

Fan assisted/ 
vents on two 

adjacent sides 
N/A N/A 

Maes Yr Onn,  
Caerph illy, UK  

Pb-acid 
Plant/ 

services room 
Natural ventilation No Low 

H3_Retrofit,  
Wales, UK  

Pb-acid 
In a container 

outdoors/ 
garden 

Natural ventilation N/A N/A 

 

3.7 Discussion  
In SoLa Bristol all the values seem to fit in well with the values in Table 3-2 

except for the specific energy, which is slightly lower. Thus, Table 3-2 was 

updated on that, broadening the range considered in this study. 

Unfortunately the investment cost for the whole system was not available. It 

was also advised that there was no real definite cost that would be actually 

meaningful, as the equipment was bespoke and designed and built to order. 

In addition, the R&D elements distort the per unit costs dramatically and as 

the system is at early development stages at the moment predicting a future 

commercial cost for this type of system is not possible [194]. The prototype 

domestic battery unit was initially installed in a purpose-built show home in 

Bristol, called ÒEcohomeÓ. The battery system in the Ecohome was located at 

the top floor in a small room of about 6.7m2, which resembled the loft area 

where the batteries were installed in the 30 homes. By considering only the 
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battery operational temperature, it was reported that in-building installations 

are a better proposition due to the appropriate temperatures within buildings. 

Operational temperatures of the conventional Pb-acid batteries of 20-25¡C 

are closer to the inhabitable temperatures for optimum performance. 

Contrary to this, from the view point of equipment with power stages within 

them, that generate heat during operation, on-average lower ambient 

temperatures are preferred, such as those found outdoors. Loft space was 

found to be the acceptable compromise with all aspects considered [170]. 

The batteries were loft-floor mounted on reinforced rafters, and in order to 

ensure that the weight of the battery has been sufficiently spread over the loft 

space, Bristol City Council asked for the existing trusses to be cross-

beamed. The concept behind this plan was to spread the load to a greater 

extent. The installation would then sit on top of an appropriate spreading 

board (plywood/chipboard). This process of unexpected loft space rafter 

strengthening and Ôequipment liftingÕ through the access hatch resulted in 

delaying the installation.  

The homes benefit from DC lighting, providing the opportunity of time of day 

load shifting. DC device charging sockets are also provided at USB voltage 

levels. This configuration was designed to utilise PV output to support the DC 

loads during PV output periods and simultaneously charge the batteries for 

later use. Any surplus energy could then be exported to the AC grid. When 

the author visited the Ecohome and the storage room, there was a very 

subtle noise from the storage unit; however it was not noticeable until it 

stopped due to processes occurring within it. So there was hardly any noise 

impact and considering that the unit would be located in the loft of the 

houses, it would be further isolated and thus no noise would be noticeable 

through the ceiling. The lofts were already provided with vents on the roof 

and,!as the batteries had a lot of space around them, it was reported that no 

additional ventilation was needed. In addition, the installation primarily used 

natural convection as a cooling method, but additional forced cooling was 

also under consideration at that time. 
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Regarding behavioural aspects, the occupants of the test homes reported 

that they have changed their energy behaviour since the project begun. For 

example, some now try to do laundry during the day, while they used to do it 

in the evening. In another instance, the daughter asked if she is allowed to 

switch the light on. Most of the homes reported that they were interested in 

seeing how much energy they were generating and how this was translated 

into savings. A number of occupants also confirmed that in the case of a 

power cut, if a future system could help keep other appliances ÔonlineÕ it 

would be useful. 

In ZCH the dimensions of each of the three batteries is given under battery 

size. The cost of the whole system was £284,000 and the cost of the 

batteries alone was £195,000. This is purely a cost for the equipment and 

does not include connection, communications and integration. This equals to 

2,300! /kWh and is outside the range of 200-1,800! /kWh presented in Table 

3-2 After the author discussed about this inconsistency with the project 

manager, she was assured that the batteries were purchased in 2011 and 

this value was top of the range at that time. However, costs have dropped 

significantly since. Apart from the battery cost, the rest of the data aligned 

with those in Table 3-2 Moreover, the battery room that was required for this 

installation was about 45m2. The battery room, the batteries and the rest of 

the components are shown in Figure 3-24. The site includes 3 community 

energy storage (CES) units, 3 transformers and a distribution cabinet. The 

CES units comprise an above ground Power Conversion System (PCS) and 

a below ground 25kW/25kWh battery unit. This location was identified as a 

site with established solar generation and electric vehicle charging points, so 

it offered the chance to test the battery units in conjunction with these and 

other low carbon technologies. In addition, data from the batteriesÕ operation 

could be collected through monitoring equipment that had already been 

installed in the nearby distribution substation for another project, without 

requiring the installation of further monitoring equipment. Moreover, the 

batteries are in a sealed unit, which sits within a fiberglass vault. 
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Figure 3-24: Energy storage compound including 3 CES units, 3 transformers 

and a LV distribution cabinet in background  

 

The underground vault has significant advantages with regard to temperature 

regulation and fire control; however, it generally requires a mini crane with 

high costs and physical space to replace modules on the battery. As for 

ventilation, the vault is not hermetically sealed and neither specifically vented 

[195]. This means that there is some airflow, but this is not required to cool 

the batteries during operation. The batteries are however limited by cell 

temperatures, which roughly dictates that they cannot perform more than 2 

full charge and discharge cycles without a period to cool down [195]. It was 

also reported that ventilation was never an issue for SSE during normal 

operation [195] and that the Li-ion batteries donÕt require ventilation except in 

the case of a catastrophic failure [199]. Then they vent out through the 

specially designed valve at the top of the battery enclosure [199].  

  
The metal fence around the compound also provides the necessary safety 

for the CES compound. In terms of social acceptance, there have been no 

SEPD LCNF Tier 1 Closedown Report
SSET1008 Low Voltage Connected Energy Storage

15

© Southern Electric Power Distribution 2014

Figure 4 - Finished site - 3 CES units and auxiliary transformers

The units are designed for implementation in North America and have a split phase output of 120V 

per line with a centre tapped earth; therefore an auxiliary transformer was required at Chalvey 

(procured and commissioned by SEPD) to increase the voltage to 230V with a neutral leg.

One of the key aims of the installation was to inform the procurement of units under the NTVV LCN 

Fund Tier 2 project. To achieve this aim within the timescales a unit had to be sourced from North 

America. The use of units designed for the American market, in conjunction with an auxiliary 

transformer, offered an acceptable technical solution and met the timescale requirements.  Future 

installations would be specified at a UK voltage and hence not require the auxiliary transformers.

Figure 5 illustrates the connection arrangement of the auxiliary transformer to step up the voltage.
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oppositions from the local community to the presence of the CES units and 

also the discussions with the local Fire and Rescue service was positive. As 

for the noise produced by the system, its switching frequency is 5kHz, which 

can be picked up by the human ear. This noise came from the original 

inductors that were quite loud when charging/discharging at full power, but 

they were replaced in 2013 and made a noticeable reduction to the noise. 

Regarding the occupantsÕ experiences in the first year of monitoring, they 

claimed that the houses feel Òvery normalÓ and they had to make insignificant 

changes to their behaviour to benefit from the lower energy usage. They 

were satisfied with their new homes and they claimed unanimously that they 

would purchase these homes if they were available  for sale and affordable. 

No noise from the storage system was noticeable as this was located a bit 

further away from the homes (Figure 3-25), but even if it had been closer, the 

enhanced insulation and triple glazing of the homes would have prevented 

any considerable noise from entering the home. 

 

Figure 3-25: Location of the CES units (black arrow) in relation to the ZCH and 

the distribution substation (black arrow). Red arrows indicate the cable route 

to the CES compound.  

 

SEPD LCNF Tier 1 Closedown Report
SSET1008 Low Voltage Connected Energy Storage
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Figure 9 -Connection Diagram (black arrows indicate position of the CES units and the distribution substation; red arrows show the cabl e route to the CES 
compound)
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In PassivBelows all the information collected except for the spatial 

requirement coincide with the values in Table 3-2. The spatial requirement is 

slightly lower at 0.071 m2/kWh falling outside the range of 0.074-0.22 

m2/kWh calculated in Table 3-2. The same discrepancy with slightly lower 

values for spatial requirement is encountered in Maes Yr Onn and Solcer H3 

cases, where Pb-acid technology has been used. In Maes Yr Onn 16 

batteries were used with dimensions (L,W,H) 0.522m, 0.238m, 0.218m each, 

while in Solcer H3 7 batteries measuring (L,W,H) 0.30m, 0.30m, 0.40m each 

were used. The discrepancy in the footprint could have occurred due to the 

different manufacturers of the Pb-acid batteries in the three projects and to 

the one used to calculate the value in Table 3-2. It therefore reinforces 

Leighton Buzzard projectÕs learning outcome, which suggests that footprints 

for similar battery technologies can differ between manufacturers [200]. 

Thus, Table 3-2 was further revised to reflect on this finding. 

 

In PassivBelows, the battery is located in the garage (currently serving as 

storage room) and is assumed to be well ventilated due to natural ventilation 

of the space. The occupant of the house reported that there is usually a low 

level noise coming from the inverter, but, as the battery is located in the 

garage it is not noticeable in the house. The occupant solid performance 

from April through September and in winter it would be probably functioning 

50% of the time. An issue that the occupant encountered was that he needed 

to turn the inverter off in the winter months, as there was not enough PV 

generation and it was trying to run all the time consuming power without 

yielding any for the house. No behavioural change from the occupantsÕ side 

was reported, apart from the fact that they are both happier due to lower 

electricity bills and more sustainable living. 

 

In Maes Yr Onn the batteries are located in a big plant room in the 

basement, which has an overall area of 38.6m2. It is naturally ventilated. In 

terms of behavioural aspects, the study by the WSA showed that the 

occupants have adapted well to the house and they feel confident about the 
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energy availability because of the PV supply and the diesel generator back-

up system. Initially, though, they were cautious about consumption in the 

house. They also soon realized the necessity to adapt activities to the 

weather. For example, data and diaries showed that on sunny days the 

family carried out tasks such as washing and ironing during daytime to make 

the most of the solar energy collected from the PV array. On cloudy days and 

especially during the winter, when PV generation is not adequate, the 

occupants used the diesel generator to protect the battery bank (Figure 

3-26). As the family has settled into living in the house and become familiar 

with the use of the systems, they feel confident about their lifestyle and 

patterns in the house. They consider that no significant changes have been 

made to live in the house. In addition, no noise issues were reported by the 

family. 

 

Figu re 3-26: Monthly variation of daily average energy consumption of 

electric systems in Maes Yr Onn house  

 

In Solcer H3 the batteries were enclosed in a metal storage cabinet located 

in the garden adjacent to house, but not directly attached to house. The 
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reason for choosing this location was the large area required to house the 

unit and also the fact that the weight of the batteries prevented them from 

being located in the roof or loft space. In terms of safety the unit was hidden 

from view from the road by a fence. As the batteries were located outside 

they were assumed to be well ventilated. As this is a very recent project, 

there is no information on any noise impacts from the storage unit or on the 

behavioural aspects of the occupants. 

 

In the NZEH in Philadelphia, US, the only inconsistency was spotted in the 

Li-ionÕs energy density value of 103 kWh/m3 falling outside the range of 140-

630 kWh/m3 suggested in Table 3-2. The energy density was crosschecked 

with the supplier of the integrated battery unit, who confirmed the value of 

103 kWh/m3. Therefore, the energy density value for Li-ion in Table 3-2 

needed to be revised. The specific moduleÕs cycle life is 3000-5000 cycles at 

80% DOD (temp & usage dependent). The system does not have any regular 

required maintenance, can respond within seconds and can be fully charged 

in 1.6 hours if the full power output of the inverter is used. The clearance 

footprint requirement for the enclosure is an area of 0.85m x 0.99m [201]. 

This area includes the battery enclosure of 0.22m2 and also allows for 

circulation and maintenance. The battery is located in the house in the 

plant/monitoring room in an open plan space, together with other devices. 

The most typical location was suggested to be the basement and also there 

would be no problem locating the battery in the bedroom area or in the 

kitchen. It was also advised that in no case should the battery be located 

outdoors, as PhiladelphiaÕs hot and humid summers or very cold winters 

would harm the battery and affect its operation. Temperature and humidity 

regulation would be required in the case of outdoor location. The integrated 

system is rainproof and the enclosure is vented on the backside to allow 

equipment cooling. It was therefore recommended to place it at a maximum 

distance of 25mm from the wall. The author on her visit as a researcher in 

PennState University was given the opportunity to spend a considerable 

amount of time in the NZEH, which is currently used as research home 



73 
 

hosting offices instead of bedrooms. She also gained hands-on experience 

on controlling and monitoring the battery system and thus gained primary 

experience in living with a battery. No noise was perceived and when the 

usual occupants of the offices were asked, they claimed unanimously that 

the batteryÕs operation was not noticeable at all. Regarding behavioural 

aspects, the occupants of the research home argued that they could change 

their daily patterns to align their use with the operation of the battery, but 

they wouldnÕt (need to) change their lifestyle. 

 

The battery is one of the four major system components of SunvergeÕs SIS 

(Solar Integration System) module, which is an energy management system 

that is used to capture energy and store in into the battery for future usage. 

The hardware of the Sunverge system, shown in Figure 3-27, includes a 

hybrid inverter/converter, the Solar Charge Controller (SCC) also known as 

the Maximum Power Point Tracker (MPPT), the battery, and the system 

control panel. The inverter also contains a temperature sensor to measure 

the battery temperature in order to adjust charging for maintaining 

homeostasis [202]. 

 
Figure 3-27: SIS hardware components [201]  



74 
 

 

The SIS block diagram is shown in Figure 3-28. The block diagram shows 

the interaction between the grid, the PV, the solar charge controller (SCC), 

the inverter, the battery, and the load panels. 

 

 

Figure 3-28: Solar Integration System (SIS) block diagram [203]  

 

The three main sources of energy come from the grid, the PV, and the 

battery. The power that is supplied by or fed into the grid is AC, while the 

power that comes from the PV and the power that is supplied by or fed into 

the battery is DC. Moreover, the critical and main loads are both supplied by 

AC. When the grid is supplying power to the loads it is able to bypass the 

inverter since they are both AC. However, if the grid (AC) were to supply 

power to the battery it would need to be rectified to DC due to the 

specifications of the battery needing to be charged by DC. The PV supplies 

DC so it is able to bypass the inverter when charging the battery. But before 

it can charge the battery, the SSC has to obtain its maximum power rating for 

efficient charging of the battery. When the PV supplies power to the loads, it 

needs to be inverted to AC so that it can be fed into the loads. When the 

battery discharges power to the grid and to the load it needs to be inverted to 

AC due to their specifications of only supporting alternating current. A mini-
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split air-conditioning system is also directly connected to the solar array and 

is powered by DC, which is a source of efficiency. 

 

In the high-power battery application in the GridStar project in Philadelphia, 

US, there are two types of inconsistencies; one regarding Li-ionÕs specific 

power and the other regarding its power density. The value quoted for 

specific power, being about 687 W/kg, was much higher than the range of 

230-340W/kg included in Table 3-2. In a similar way, the value quoted for 

power density, being 86 kW/m3 was far too low considering the range of 

1,300-10,000 kW/m3 included in Table 3-2. When the author discussed these 

discrepancies with two senior members of the company who supplied the 

battery unit, they suggested that the deviation might have been due to 

inconsistent product scope or content in TableÕs 8 values. Hence, Table 3-2 

needed to be updated in this respect. However the new value provided for Li-

ionÕs power density needs to be used with care, as there is not much data 

about it. More practical high power Li-ion applications in the future could help 

clarify this. Moreover, the battery investment cost was £63,500 in 2013, 

which equals to $100,000 then, while the same battery would only cost 

$60,000 now, as costs decrease very rapidly [187]. The battery is located 

outdoors in a protected container, as shown in Figure 3-29. 

 

Figure 3-29: Battery system container and system components [204]  
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Regarding ventilation, there is an inlet and an outlet on different sides of the 

container, including a circulation fan, allowing for effective ventilation of the 

space. As the unit is located in an innovation area primarily in the fields of 

engineering and architecture (and not in a domestic area), it received 

acceptance from the office workers around this area. Furthermore, as the 

system was about to be put in operation at the time the author visited the 

facility, no reports are available regarding the noise levels of the unit. 

 

Considering the batteriesÕ location in the case studies, they were located 

either indoors or outdoors. The indoor locations included the loft, the garage 

or the storage room and the plant/services room. The outdoor locations 

included either the garden or a designated space close to the properties. In 

one Li-ion installation the batteries were placed in the ground. In two 

examples, SoLa Bristol and H3 retrofit, the floor of the loft was not able to 

sustain the load of the battery. Therefore, in the case of SoLa Bristol the floor 

of the loft was reinforced, while in H3 retrofit another location for the battery 

outside was selected. In terms of ventilation requirements, in most of the Pb-

acid installations natural ventilation was employed, one Li-ion device used 

fan assisted mechanical ventilation, while the rest two Li-ion applications did 

not require any ventilation. The general conclusion regarding ventilation was 

that Li-ion batteries, compared to Pb-acid batteries, donÕt require ventilation 

except in the case of a catastrophic failure. Regarding noise aspects, there 

were no noise issues reported, so the relatively quiet operation of the 

batteries didnÕt cause any disturbance to the occupants. As for the 

behavioural aspects from the occupantÕs side, the batteriesÕ installation had 

little to no impact on the occupantsÕ daily patterns. In the cases were low 

impact was reported, it addressed changes in the timing that some activities 

took place, such as the laundry and the ironing. Finally, the installations 

gained social acceptance and the occupants were excited to live more 

sustainably and learn more about their householdÕs energy consumption. 

 

Based on the investigation above, Table 3-2 was updated and the revised 



77 
 

values are presented in Table 3-10. References are provided in Table 3-11. 
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3.8 Installation guidelines  

 
A lack of comprehensive installation guidelines for all battery technologies 

was observed. The existing ones either for the UK or the US referred to the 

most typical battery type, Pb-acid. Regarding guidelines for the rest of the 

technologies, no relevant Code or Standard was found at the moment this 

thesis was produced. Generally, guidance from the manufacturer for each 

specific battery application should be sought, but especially for the 

technologies for which no standards are issued, it is strongly recommended 

that the guidance from the battery manufacturer is followed. NiCd batteries 

perform similarly to Pb-acid, so the identified British Standard for Pb-acid 

applies for this technology as well. As for Li-ion batteries, which are starting 

to be deployed at a greater extent than before, fire hazards are associated 

with them due to thermal runaway; however, a number of gaps have been 

identified in the available information on the design of rooms or enclosures 

with fire protection, as stated by the Fire Protection Research Foundation in 

the US [205]. A guidance pack for Li-ion applications published by a US 

institution [206] in 2006 only specifies that extreme conditions in terms of 

humidity or high temperatures should be avoided, as these would have a 

large impact on the surface leakage of the battery. In addition, a brief review 

on US battery Codes and Standards is available in two documents: McCluer 

and AshtonÕs work on battery Codes and Standards [207] and AshtonÕs work 

on batteries and Codes [208]. However, these dated back to 2002 and 2003 

and didnÕt seem to have been updated since. The US Codes and Standards 

themselves, as outlined in the review papers, were not accessible, so it was 

not possible to compare them against British Standards. The guidelines 

encompassed in European or British Standards were also quite old, 

published as late as 2001. The lack of specifications and standards was also 

identified as a challenge by ESOF [209].  In this respect, the Institution of 

Engineering and Technology (IET) invited the author to take part in a 

discussion with other experts in the field about a potential joint collaboration 

to issue updated guidelines on the integration of electrical energy storage 
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technologies in buildings. Consequently, the author is currently sitting in the 

IET Technical Committee contributing to the development of a Code of 

Practice on this respect. Due to the lack of Codes and Standards for all 

battery technologies, the following sections only address precautions for Pb-

acid applications and specifically regarding the physical space surrounding 

battery; however there are also a number of health and safety guidelines 

regarding the operation of the battery, which are usually included in the 

batteryÕs manual. 

 

3.8.1 Ventilation 

In the cases where Pb-acid (flooded or VRLA) of NiCd battery installations 

take place, the British Standard BS EN50272-2:2001 [210] is applicable. 

Appropriate ventilation of the battery room or enclosure is considered 

necessary. This is because during the charge of the batteries, gases such as 

hydrogen and oxygen are emitted into the surrounding atmosphere, which 

might form an explosive mixture if the hydrogen concentration exceeds 

4%vol hydrogen in air [210]. Thus, the purpose of ventilating a battery room 

or enclosure is to maintain the hydrogen concentration below the 4%vol 

hydrogen Lower Explosion Limit (LEL) threshold. Heat generation during 

normal battery operation is relatively low, so no ventilation or cooling is 

required in this respect [211]. VRLA batteries are much less likely to release 

hydrogen than vented batteries, but it is still essential to take care when 

charging them [212]. Natural or forced ventilation can be used and the 

minimum airflow rate for ventilation of a battery location or compartment in 

m3/h is calculated through the use of the equation below, taken from [210]: 

Q = v * q * s * n * Igas * Crt * 10-3 

where7: 

Q = ventilation flow rate of fresh air in m3/h 

                                            
7 For more information about the terms of the equation, please consult BS 

EN 50272-2 [210]. 
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v = necessary dilution of hydrogen: 
! !""# ! !" !

!"
! !"  

q = 0.42 * 10-3 m3/Ah generated hydrogen 

s = 5, general safety factor 

n = number of cells 

Igas = current producing gas in mA per Ah rated capacity for the float 

charge current Ifloat or the boost charge current Iboost 

Crt = capacity C10 for lead acid cells (Ah) 

or capacity C5 for NiCd cells (Ah) 

 

The n and the Crt values are provided by the battery manufacturer. Crt is a 

batteryÕs capacity in Ah (Amp hour rating) when completely discharged over 

a specific period of time, i.e. 3, 5, 8, 10, 20 or 100 hours. So if the battery is 

discharged in 5 hours, the manufacturer quotes the Ah capacity produced as 

C5, which is considered a fast discharge. Similarly, if the battery is 

discharged in 20 hours, the manufacturer quotes the Ah produced as C20, 

which is a medium discharge, and so on so forth. According to battery 

manufacturers, a battery is able to discharge more energy over 100 hours 

(C100) than over 5 hours (C5) and generally, the slower the discharge of the 

battery, the highest its storage capacity will be [213]. This is attributed to 

increased heat generation when the battery is discharged at a faster rate, 

due to resistance in the battery itself [213]. 

The current Igas, which produces gas, is provided in Table 3-12, unless 

otherwise stated by the manufacturer. Two values are provided for each 

battery technology; one for float charge conditions and one for boost charge 

conditions. In float charge conditions the charger voltage remains constant 

after the battery is fully charged to maintain that capacity by compensating 

for self-discharge of the battery [214]. This is also called maintenance 

charging and it reduces the possibility of overcharging. A boost charge is 

when the charger voltage is raised to a higher level than the float charge 

voltage in order to ÒequalizeÓ the voltage levels of the individual cells or 
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induce a quicker recharge [215]. It is thus also called equalize charging and it 

is applied when the battery is heavily discharged, allowing for quick 

recharging of the battery. In Table 3-12 any consequences of the increase in 

temperature up to 40¡C have been accommodated in the presented values 

[210]. 

Table 3-12: Values for current I gas (adapted from [210] ) 

 
Flooded/vented 
lead-acid batteries 
Sb < 3%* 

VRLA lead-
acid batteries 

NiCd 
batteries 

Igas (mA/Ah) 
(under float charge 
conditions relevant for 
air flow calculation) 

5 1 5 

Igas (mA/Ah) 
(under boost charge 
conditions relevant for 
air flow calculation) 

20 8 50 

*For higher antimony (Sb) content the manufacturer should be contacted for 
suitable values 
 

An example of how to calculate the ventilation requirement of a given battery 

is provided. A lead-acid battery (vented type, Sb < 3 %) is assumed, as 

shown in Figure 3-30 with its specifications shown in Figure 3-31. This 

battery consists of three 2-volt cells [216]. 

 

Figure 3-30: Trojan battery and battery dimensions [217]  
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Figure 3-31: Trojan battery specifications [217]  

 
Using the formula provided above, the value for Igas in Table 3-12, and the 

value for C10 provided in Figure 3-31, the ventilation requirement in m3/h is 

calculated as follows depending on the charging mode (please note that 

v * q * s = 0.05): 

¥ For float charge  

Qf = 0.05 * n * Igas * C10 * 10-3 

= 0.05 * 3 * 5 * 340 * 10-3 

= 0.255 m3/h 

¥ For boost charge  

Qb = 0.05 * n * Igas * C10 * 10-3 

= 0.05 * 3 * 20 * 340 * 10-3 

= 1.02 m3/h 
 

Natural ventilation is preferable, as mechanical ventilation might not be 

reliable at times [218]. However, this could be questionable and it is 

something that the forthcoming IET Code of Practice on energy storage 

systems will address. Battery rooms or enclosures of lead-acid or NiCd 

battery types require an air inlet and an air outlet. These should be located 

so as to create best conditions for exchange of air, such as on opposite walls 

or at a minimum separation distance of 2m when they are on the same wall 
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[210, 212]. The minimum free area of the opening is calculated by the 

following formula: 

A = 28 * Q 

where: 

Q = ventilation flow rate of fresh air in m3/h 

A = free area of opening in air inlet and outlet in cm2 

The air velocity is assumed to be at least 0.1 m/s 

As hydrogen is lighter than air, it rises from the battery and accumulates 

closer to the ceiling. Therefore, it is recommended that air inlets are located 

at low level and air outlets at high level [212]. According to the NEC 

Handbook [218], mechanical ventilation is usually not required for enclosures 

of battery systems and convection ventilation is considered adequate. This is 

because hydrogen disperses quickly and requires little air movement to 

prevent concentration. Hence, they claim that unrestricted natural air 

movement, along with normal air changes for occupied spaces will normally 

suffice [218]. If, however, because of inadequate airflow by natural 

ventilation, mechanical ventilation is employed, the required airflow for the 

mode of charging selected (i.e. float or boost charging) should be secured. 

The fans should also be acid resistant, with their motors totally enclosed, and 

installed at the outlet of any ducting. The air extracted from the battery room 

should be exhausted outside of the building [210]. Apart from the use of a 

fan, the ventilation can be achieved through a roof ridge vent or a louvered 

area [218]. In order for the room conditions to be safe, the ventilation should 

be calculated to correspond with the maximum current available from the 

charger. This means that even if boost charging is planned very rarely, the 

ventilation should be calculated to be effective in these rare occasions. 

Gas detectors, alarms or even automatic disconnection of charger supply are 

some of the recommended precautions regarding the safety of the battery 

room [210]. 

An example of how to calculate the air inlet and air outlet openings is 
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provided. Using the previous example, the minimum free area of each of the 

openings in cm2 is calculated as follows: 

¥ For float charge  

Af = 28 * Qf 

= 28 * 0.255 

= 7.14 cm2 

¥ For boost charge  

Ab = 28 * Qb 

= 28 * 1.02 

= 28.56 cm2 

 

There is little information regarding ventilation requirements for the rest of the 

technologies. Appropriate ventilation is required for NiMH, NaS, V-Redox, 

ZnBr to eliminate concerns regarding possible hydrogen ignition or reduce 

thermal stress. Li-ion, NaNiCl and Zn-air do not have any particular 

requirements under normal conditions [195, 202, 219, 220]. For ZnBr 

batteries a minimum airflow of 50L/s (180m3/h) should be ensured and the 

use of the standard EN 50272-2 is recommended [221]. Details for each 

technology are provided in Table 3-13. 
 

3.8.2 Temperature 

As seen in Phase 1, all batteries are able to operate within a wide 

temperature range. However, the life expectancy of a lead-acid battery can 

be considerably reduced at high temperatures [218]. For example, 

continuous operation at 33¡C would cut the life expectancy of a VRLA battery 

by 1Ú2 and a flooded battery by about 1Ú4. Therefore, the optimum 

temperature for air around a battery is 22 ± 5¡C8 [218]. 

 

3.8.3 Humidity 

The batteries should also be protected from extreme environmental 

influences in terms of temperature, humidity and airborne contamination 

                                            
8 This includes the air inside a battery cabinet, which may be warmer than the rest of the 

room 
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[210]. Battery rooms should be kept dry and recommended relative humidity 

levels are between 35-55% [222]. Table 3-13 presents the environmental 

considerations regarding temperature, humidity, gas emissions and 

ventilation requirements for each technology. 

Table 3-13: Environmental considerations for battery rooms  

 

Operating 
temperature  

¡C 
Humidity  

Hydrogen 
emitted  

Ventilation  Reference 4 

Pb-acid +17 to +27 

35-55% 

Yes Varies2,3 [223] 

NiCd -40 to +45 Yes 
EN 50272-2: 
Q = 0.05*n*I 

[210] 

NiMH -20 to +45 Yes 
Required, rate not 
specified4 

[224] 

Li-ion -10 to +50 No 
Not required under 
normal conditions 

[186, 195] 

NaS +3001 No Natural ventilation3 [225] 

NaNiCl +270 to +3501 No 
Not required under 
normal conditions 

[220] 

V-Redox 0 to +40 No Natural ventilation [226] 

ZnBr +20 to +50 Yes 
> 50L/s (180m3/h) 
EN 50272-2: 
Q = 0.05*n*I 

[221] 

Zn-air 0 to +50 No 
Not necessary under 
normal conditions 

[219] 

1 NaS and NaNiCl batteries are included in a thermal enclosure, so are partially 
isolated from the ambient air in a room. A thermal management system embedded 
in their design is required to regulate the temperature. 
2 Different ventilation requirements for battery rooms are quoted in various 
standards [223] and there is no consensus on that. For example, for vented Pb-acid 
batteries the following diverse requirements from different sources have been 
quoted: >2ach (NFPA-111 [227]), >6ach (ASHRAE62 [228]), 12ach (IS: 12332 
[229]), requirement calculated using Q = 0.05 x n x I (EN 50272-2 [210], as 
explained in section 4.4.3), normal rate (ach) for occupied spaces (BSI 1995 [218]). 
For gel type Pb-acid batteries no special ventilation is required [230]. 
3 A back up fan may also be considered 
4 The primary gases emitted from the NiMH battery when subjected to excessive 
overcharge or over-discharge is hydrogen and oxygen. Although venting of gas to 
the outside environment should not occur during typical use, provision of adequate 
ventilation to the compartment are required to eliminate concerns regarding possible 
hydrogen ignition. Battery compartment should not be air tight [224]. 
4 References are provided for the columns addressing hydrogen emissions and 
ventilation 
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3.8.4 Accommodation and housing of the batteries 

The batteries should be housed in protected accommodation, such as a 

separate room in buildings, specially separated areas in electrical 

accommodation or cabinets/enclosures inside or outside buildings [210]. The 

accommodation should be able to protect the battery from external hazards, 

such as water, fire, vibration or vermin. It should also protect the people from 

hazards generated from the battery, such as high voltage, explosion or 

corrosion. Battery enclosures may also be selected to provide a functionally 

complete item of equipment in one enclosure, such as in the cases of 

BoschÕs [231], SMAÕs [232] or SunvergeÕs [201] integrated systems. The 

room or enclosure of the battery should prevent access from unauthorized 

people and it should protect the battery from extreme environmental 

conditions, such as extreme temperature, humidity or airborne contamination 

where applicable [210]. In the case of SolcerÕs H3, for example, by having 

the batteries outside the house in a locked container, the probability of 

people accessing the batteries was reduced; and also, if there was a fire 

incident then the expected loss in the incident would low. In addition, the 

room or enclosure should allow enough space for inspection and 

maintenance procedures to take place [210]. In terms of space requirements, 

the design of the battery room needs to take provision of an unobstructed 

escape path with a minimum width of 0.6m [210], to be used in emergency 

situations. In order to allow for temporary equipment to be placed in the 

access way, the British Standards Institution recommends an increased 

width of 1.2m for the pathway [210]. Comparing to the US Codes, the 

National Electrical Code (NEC) specifies a required working width of 0.76m 

(30 inches) and an overhead clearance of 2m (80 inches) as a minimum for 

headroom, where applicable [208]. 

 

Any partitions within the room or the enclosure are likely to reduce the 

effective ventilation and increase the temperature of the battery [210]. Thus, 

this should be assessed during the design. Moreover, the mass  of the 

batteries is considerable, so the floor should be able to sustain the load of 
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the battery. It is, therefore, important that structural limitations are considered 

in both new installations and in replacement and refurbishment works, based 

on manufacturersÕ data [218]. The external and internal routes leading to the 

battery location should also be designed to provide the floor loadings. 

Special care should be taken regarding the door, wall, floor and ceiling 

finishes, as they should be durable, acid-resistant and free from flaking and 

general corrosion [218]. Floors should be designed flat under the battery and 

in the access area, but elsewhere they should preferably slope to a drain. In 

terms of housekeeping, battery rooms should not be used as storerooms, 

particularly for combustible materials [218].  

3.8.5 Cabling 

Cabling, wherever possible, should be arranged to avoid passing through 

floors. If this is not possible, upstands should be provided to prevent any 

electrolyte spillages leaking into the cable openings and/or ducts [218]. 

Further information about cabling can be found in BS 7671, provided by the 

British Standards Institution. 

 

3.9 Conclusions  
Electricity storage is gaining continuous momentum through the increasing 

number of installations in the UK and worldwide. A comprehensive review 

regarding a number of characteristics of battery storage technologies were 

presented in this chapter. As some types of storage technologies are already 

in use and others are still in the development phase, recent advances on the 

improvement of several performance parameters were included in this 

systematic review. Li-ion and Zn-Air batteries with energy densities up to 620 

kWh/m3 and 800 kWh/m3 respectively seem to be promising technologies for 

advanced battery integration in the built environment. Along with these 

technologies, NaNiCl batteries are also expected to play an important role in 

buildings because of their high cycle lifetime and high peak power capability. 

However, there is still room for improvement of the technologiesÕ properties 

through continuous research and development. The use of hybrid systems 
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that benefit from the complementary properties of storage technologies could 

be a possible option to achieve improved performance of battery systems. 

 

The investigation of the case studies showed that footprints for similar 

battery technologies can differ between manufacturers, so for precise values 

data from suppliers must be considered. In addition, further experience and 

standardisation need to occur, as the lack of specifications and international 

standards currently present a challenge. Moreover, the considerations 

regarding the room or the enclosure where the batteries are accommodated 

mainly concern ventilation aspects for the technologies that are potentially 

associated with hydrogen emissions. Therefore, attention should be given in 

the installation of vented Pb-acid, NiCd, NiMH and ZnBr batteries.  
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Chapter 4  

Phase 2: Electricity deman d Ð peak 

demand and electricit y consumption  
 

 

4.1 Overview  

This chapter addresses Phase 2 of the methodology and looked at the 

energy demand side in the UK. Therefore, actual data regarding electricity 

demand and consumption were collected from DNOs or similar companies in 

the UK. Analysis and modeling of electricity demand and consumption data 

in three scenarios in 2030 was performed. The scenario modeling was 

performed using a spreadsheet programme (Microsoft Excel version 14.5.8) 

and this phase led to the estimation of peak demand and electricity 

consumption ranges for different scales in each scenario. 

 

4.2 Distribution transformerÕs power rating  

The study looked at the final level of distribution, which is the 400/230 V 

electricity network.  This level is supplied by distribution transformers, which 

have a power rating of 10kVA-2500kVA. The average rated power of these 

transformers in the EU is between 116 and 369 kVA, depending on the 

country [233] and more than two-thirds of the installed transformers have a 

power rating below 400 kVA. Distribution transformers operated and owned 

by electricity distribution companies are responsible for supplying 66% of 

electricity to final users at low voltage level and represent almost 80% of 

distribution transformers stock. The number of distribution transformers in the 

UK is about 230,000, while in Europe is about 4.5 million and the typical size 
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of such a substation is 4m x 5m [233]. There are two types of transformers: 

oil-filled and non-oil-filled (or dry) transformers [234]. Either oil or air/gas is 

used for insulation and as a cooling medium to reduce hot spot temperatures 

in the coils for the two cases respectively. The oil-filled transformers are 

more efficient than dry-type ones, they usually have a longer lifetime and 

smaller footprint, but they are more prone to catch fire. Oil-type transformers 

are typically used for higher power ratings, while dry-type ones for lower 

ratings [234]. Table 4-1 provides information on the number of the 

transformers installed in 2004 and their market potential. The transformers 

are split into three segments; oil-type transformers for the distribution sector 

and oil- and dry-type ones for the industry sector. The number of dry-type 

transformers in the energy distribution sector is estimated at marginally low 

level (~1% of utility fleet), so itÕs not included below. 

 

Table 4-1: EU27 distribution transformer population and annual market 

(transformers installed in 2004) [233]  

 

As Table 4-1 shows, smaller units dominate the distribution sector, while in 

the industrial sector larger units are more common. Regarding the market 

potential, the growth of larger kVA ratings seems to be strong and is roughly 

estimated at 0.4% per year. In addition, the annual market for new 

investments and replacements is estimated at about 3% of the existing stock. 

Among the important factors contributing to the market development are the 
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change in electricity consumption and the increase in decentralized 

generation. Figure 4-1 presents the distribution of transformer power ratings 

across different transformer segments. Note that these are relative figures 

so, for absolute rating distribution only bars of the same colour could be 

compared. 

 

 

Figure 4-1: Distribution tran sformer population/rated power [233]  

 

From Table 4-1 and Figure 4-1, it is evident that transformers of low to 

medium power ratings are more common. The study, therefore, considered 

the electricity supply by transformers with a power rating of up to 630 kVA. 

This upper limit of 630 kVA falls within UK Power NetworksÕ (UKPN) 

suggestions1 regarding the electricity supply at distribution level in urban 

areas [235], as well as Western Power DistributionÕs recommendations [236]. 

4.3 Building scales  

4.3.1 Gas heated properties 

Single building and community scales were investigated in this study. 

Regarding the number of customers for the community scale, it is difficult to 

                                            
1 UKPN suggest a power rating of 500 kVA for distribution transformers in urban 

areas [234]. However, transformers of this rating have ceased to be produced since 

2008, and have been replaced with transformers of a rated power of 630 kVA [235]. 

So practically, no new transformer installation can have a rating of 500 kVA. 
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agree on a typical figure, as this depends on the location. For example, in 

rural areas very small pole-mounted transformers with just a handful of 

customers connected are commonly used, whereas in urban areas much 

larger transformers with many more customers connected to them are used. 

The information available from the DNOs for this aspect therefore varies. For 

example, the number of customers at those scales ranges from 1-500, 

according to SSE [237], depending on whether it is a rural or urban area. 

WPD suggest this number can be around 25 for rural areas and about 250 

customers for urban areas [238]. UK Power Networks assume a range of 6 

for rural areas to about 200-300 dwellings for urban areas [235]. The above 

numbers apply for gas heated properties. The information provided by WPD 

and UKPN refer to domestic customers, while SSEÕs figures include other 

uses too, such as commercial, industrial etc. According to UKPN, in a 

residential area the split between domestic and commercial uses could be 

80% domestic and 20% commercial [235]. Thus, the figure provided by SSE 

has been adjusted to 400 in order for it to account for domestic uses only 

and the final numbers are presented in Table 4-2. 

 

Table 4-2: Typical number of gas heated properties supplied at distribution 

level  

Typical number of domestic customers supplied Source 
SSE 1-400 [237] 

WPD 25-250 [238] 
UKPN 6-300 [235] 

 

The number suggested by SSE may be higher than what WPD and UKPN 

suggest, but it can be justified by the fact that larger transformers than the 

ones used in the past (630 kVA vs 500 kVA) are currently being deployed 

[233] and also by the fact that there is a growth of larger kVA ratings 

according to Table 4-1 [233], which means that more customers would be 

able to be connected to one transformer. 
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4.3.2 Electrically heated properties 

If electric heating is used, then UKPN suggest a lower range of 2-3 

properties connected to a 25kVA transformer in rural areas to 50/60 

properties connected to a 500 kVA transformer in urban areas [235]. It would 

be helpful to introduce the definition of the term ÔAfter Diversity Maximum 

Demand (ADMD)Õ here. After Diversity Maximum Demand (ADMD) is the 

simultaneous maximum electrical demand of a group of customers divided by 

the number of customers. So the ADMD of n customers is: 

 

ADMDn = MDn / n                                        [239, 240] 

 

It is reasonable to assume an After Diversity Maximum Demand (ADMD) of 

8-10 kW per dwelling [235, 238] as electric heating is direct acting and no 

diversity would be allowed. However, as 500 kVA transformers are no longer 

available, an adjustment is made for the 630 kVA. So the number of 

properties connected to a 630 kVA transformer in an urban area would be 

about 63/75 if electric heating is provided. The typical number of customers 

supplied at distribution level is shown in Table 4-3. It is assumed that for rural 

areas a transformer is able to supply only one property, be it gas or 

electrically heated. In addition, a range of 1-400 gas heated domestic 

properties is assumed in a residential area at the distribution level, as this 

range is inclusive of WPDÕs and UKPNÕs suggested ranges. It should be 

noted that the ranges presented in Table 4-3 are indicative only, as the exact 

number of properties able to be supplied by a 630kVA transformer depend 

on their individual peak demand values and their timing. 

 

Table 4-3: Typical number of customers supplied at distribution level  

Typical number of domestic customers supplied Source 
Gas heating 1-400 SSE [237] 

Electric heating 1-75 UKPN [235] 
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4.4 Peak electricity demand for a single domestic property  

This section explains how the peak electricity demand ranges for single 

domestic properties were estimated. This was required for determining the 

inverter size. The peak demand for one property also served as the basis to 

calculate the peak demand of a group of buildings, or a community, 

according to the guidelines for diversity of the electric load provided by 

UKPN [235]. Moreover, considering the components of the whole battery 

system, the peak demand would indicate the inverterÕs power rating. 

4.4.1 Gas heated properties 

The peak demand for a domestic property is the maximum power demand at 

a peak period during the day and in the UK it occurs during the evening 

hours [241]. For a single domestic property it varies according to the type of 

the property, the number and type of the occupants, as well as 

environmental factors. Therefore, in order for this study to be as inclusive as 

possible, a range of peak demands was collected from four  different 

sources; the first one is a report from DECC [66] under the title ÔDemand side 

response in the domestic sector: a literature review of major trialsÕ; the 

second one is Elexon [242], who administers the wholesale electricity 

balancing and settlement arrangements for Great Britain; the third is a paper 

under the title ÔSocial housing electrical energy consumption profiles in the 

UKÕ, by Kreutzer and Knight [243], presented at the 2nd International Solar 

Cities Congress in 2006; and the fourth one is a report on household 

electricity use from Intertek [244]2, which is the most detailed monitoring of 

electricity use in UK homes ever undertaken [241]. In all studies space 

heating is provided by fossil fuels. 

 

                                            
2 This project was jointly funded by the Department for Environment, Food and Rural Affairs 

(Defra), DECC and the Energy Saving Trust. There was also a follow-up report including a 

re-analysis of the Household Electricity Survey by Cambridge Architectural Research Limited 

[241]. 
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According to DECC [66, 245], the average daily peak demand over the year 

for a single household is less than 2 kW in the UK. More specifically, the 

peak demand is 0.9 kW for consumers whose meters do not distinguish 

between the time of day (approximately 22 million consumers), and 1.9kW 

for consumers with separate peak and off-peak meters (approximately 5 

million consumers) in the UK [245]. These estimates are for the winter period 

(December-March), while average daily demand peaks are below 0.6kW for 

both groups of consumers from June-August. 

 

According to the standard profiles developed by Elexon [246], the average 

domestic peak demand is 0.9 kW in the winter and 0.56 kW in summer for 

UK unrestricted customers. For restricted customers there is an average 

winter peak of 1.41 kW and a summer peak of 0.71 kW. However these are 

averaged peak data3 corresponding to half-hourly intervals for a big group of 

customers, so cannot account for a single property. More specifically they do 

not capture spikes in electricity demand that might be occurring within these 

half-hourly periods. As ElexonÕs time intervals of power measurements is 30 

minutes, the same figure is assumed for DECC4, as the peak demand values 

present great similarity. 

 

Kreutzer and Knight Ôs results for 2003 are somewhat lower, in the range of 

0.5-4 kW for Winter and an average value of approximately 0.45 kW for 

Summer [243]. This happens because that study dealt exclusively with the 

electricity consumption of households in the social sector, which is typically 

lower than the average demand. In this study electricity consumption data 

from 69 dwellings were obtained over a period of 2 years. The 

measurements were obtained at 5-minute intervals and this justifies the 

broader peak demand range, as seen in Table 4. 

                                            
3 These data regard distinct peak electricity demand values only and are not associated with 

the data presented in the standard profiles, which were developed by ELEXON and refer to 

a single property. 
4 The time intervals were not given for the data from DECC. 



97 
 

 

Finally, according to Intertek, the households monitored in 2011 provided a 

peak demand range of 2.1-18 kW [244]. These values are by far higher than 

the values in the rest of the sources and also present a larger breadth in 

terms of range, as Intertek used 2 minute intervals for the power 

measurements. IntertekÕs results are derived from the monitoring of 251 

households over a period of one year. The estimates from the above sources 

as well as the year the data were collected are gathered in Table 4-4. 

 

Table 4-4: Peak electricity demand for a single gas heated household (kW). 

(Avg) stands for averaged data.  

 Gas heating Time intervals 
of power 

measurements 

Year data 
were 

collected  Winter Summer 

DECC [66] 0.90 - 1.90 (Avg) < 0.6 (Avg) 30 mins 2012 

Elexon [242] 0.90 - 1.41 (Avg) 0.56 - 0.71 (Avg) 30 mins 2013 

Kreutzer and Knight 
[243] 

0.50 - 4.00 ~ 0.45 (Avg) 5 mins 2003 

Intertek [244] 2.10 - 18.00 N/A 2 mins 2011 

 

From all the sources presented in Table 4-4, IntertekÕs data are inclusive of 

distinctive spikes in power demand fluctuation, as measurements were 

obtained in shorter time intervals. Wright and Firth [247] have also suggested 

measurements with 1 or 2 minute resolution in order to capture the peaks of 

individual households. Therefore, the rest of the study only took into 

consideration IntertekÕs peak demand range of 2.10-18.00 kW for the winter 

for the domestic sector. The distribution curve of the peak demand in winter 

for the electrically heated properties is shown in Figure 4-2. The winter 

average peak demand value of the sample is 7.6 kW [244]. 
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Figure 4-2: Cumulative distribution curve of electricity  peak demand in winter 

for the properties with electric heating (authorÕs graph according to data 

collated and synthesized from Intertek [244] ) 

 

For reliability reasons, a confidence interval5 of 95% is applied to IntertekÕs 

sample consisting of 213 gas heated households, regarding the peak 

demand values. Therefore, the extreme values belonging to that 5% in both 

ends, i.e. the 5 highest and the 5 lowest ones were excluded from the 

calculations. Hence, the peak demand range for the gas heated households 

is narrowed down to 2.90-13.40 kW. Regarding the summer peak demand 

range, it was not possible to source non-averaged data with relatively small 

time intervals and, as Zheng [93] claims, such high time resolution data are 

largely unavailable. However, according to Drysdale et al. [252] the peak 

electricity demand in winter in 2012 was 21% higher than in summer in the 

                                            
5 A confidence interval is defined as an estimated range of values constructed in a way that 

there is a specified probability that the value of a parameter lies within it [248, 249]. It is 

conventional to use confidence intervals at the 95% level [248-251]. In this case, a 95% 

confidence interval means that there is 95% probability that the constructed interval would 

contain the true value as it might be estimated from a much larger study. 

Average 7.6 kW 
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UK domestic sector. This is consistent with Knight and RibberinkÕs findings 

for 2007 [253], as shown in Figure 4-3. This is because in countries such as 

the UK, where air conditioning is not prevalent, peak demand occurs in the 

winter rather than in in summer [245]. Based on the assumption above, the 

summer peak demand range that the study considered is 2.4-11.1kW. It 

should be noted though that as in the UK summer peaks are lower than 

winter peaks [34], the winter values are expected to inform the systemÕs 

design, which would be used all year round. The summer values are thus 

provided for reference and for a better understanding of electricity use 

throughout the year. 

 

 

Figure 4-3: Measured winter and summer domestic electrical demand profiles 

[253]  

 

4.4.2 Electrically heated properties 

For electrically heated properties, information has been gathered from three 

different sources; two include e-mail communication with UK DNOs and the 

third one is the same report from Intertek [244], as discussed above. UKPN 

suggest a range of 8-15 kW regarding the peak demand of a single property 

in the case of electric heating [235], while WPD indicates that this demand 

could be about 16 kW [238]. These figures are used as guidance in the 
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design of the electricity distribution networks, so no measurements and time 

intervals are provided. 

 

Intertek [244] monitored mid-terraced houses, end-terraced houses, small 

terraced houses up to 70m2, semi-detached houses and flats, which held the 

biggest share among the monitored houses6. The houses were occupied 

either by a single pensioner (65+ years old), a single non-pensioner, multiple 

pensioners, families with children or multiple persons without dependent 

children. Intertek found the peak demand to be from 4.6 to 14 kW for a single 

UK domestic property [244] from a sample of eight properties. This is a small 

sample, but it is the only data available at the time that this research was 

performed and the values give an idea of the spread of possible peak power 

demands in UK households. The highest peak demand value of 14kW is for 

a newly built flat7, which justifies the relatively low value compared to the 

values for the gas-heated properties. The data were obtained at 2-minute 

intervals for a period of one year, as was the case for the gas heated 

properties. The above ranges and the year the data were collected are 

presented in Table 4-5. 

 

Table 4-5: Peak electricity demand for  a single electrically heated household 

(kW) 

 Electric heating Time intervals of 
power measurements 

Year data were 
collected  Winter Summer 

UK Power Networks 
[235] 

8.00 - 15.00 N/A N/A 2013 

WPD [238] 16.00 N/A N/A 2013 

Intertek [244] 4.60 Ð 14.00 N/A 2 mins 2011 

 

                                            
6 The sample excluded any individuals whose homes had their energy 

supplied from any domestic renewable energy source, such as photovoltaic 

panels and wind turbines [244]. 
7 Newly built flats are assumed to have lower space heating requirements due to good 

thermal insulation and high airtightness, which can result in lower peak demand values. 
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Based on Table 4-5, the peak demand range for an electrically heated 

property in winter that the study looked at is 4.60-16.00 kW. For electrically 

heated properties, it is assumed that heating is on only from October to 

March [254] and is switched off during the summer months, so no electricity 

would be used for heating in that period. Therefore, the peak electricity 

demand range for the summer months for electrically heated properties is the 

same as the peak demand for the gas heated property, that is 2.4-11.1 kW. 

A summary of the data, which the rest of the study is based on, is provided in 

Table 4-6. 

 

Table 4-6: Peak electricity demand for a single gas or electrically heated 

household (kW)  

 

Gas heating  Electric heating  

Winter  Summer  Wint er Summer  

2.9 Ð 13.4 2.4 Ð 11.1 4.6 Ð 16.0 2.4 Ð 11.1 

Sources 
[244, 248-

251] 
[244, 252, 

253] 
[238, 244] 

[244, 252, 
253] 

 

 

4.4.3 Peak demand projections for gas and electrically heated properties in 

2015 

The above electricity demand data for both types of heating (gas/electricity) 

in Table 4-6 have been adjusted for 2015, using projections for electricity 

consumption. As no data regarding peak demand trends in the domestic 

sector was found in the literature, an assumption is made that the increase in 

peak demand is equal to the electricity consumption increase over the years. 

This can be based on two facts; the first one is that there seems to be a 

steady increase in the maximum load of all sectors in the UK over time, as 

shown in Figure 4-4, while the total UK electricity consumption and the 

electricity consumption of the UK domestic sector present a constant 

increase over the years as well. In addition, a similar approach is presented 

in a report by the New York System Operator [255] regarding energy and 
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demand forecasts. In that document a strong correlation between the 

electricity consumption and the peak demand is found to occur, under similar 

assumptions to the ones used by DECC for the UK. 

 

 

Figure 4-4: Electricity consumption and peak load demand h istorical data in 

the UK (authorÕs own: the graph has been produced using data from the 

following sources: [256] , [257] , [258] ) 

 

Therefore, the projections for 2015 are taken from DECC Ôs report [66] on 

ÔCapturing the full electricity efficiency potential in the UKÕ. The report 

suggests a 5% increase in electricity consumption for the period 2010-2015 

and this rate was used for the peak demand projections in this study. 

Considering the ÔBusiness as UsualÕ scenario, DECCÕs projections take into 

account the increased demand due to demographics and economic growth, 

but also reduced demand due to historic trend towards increase in natural 

energy efficiency. The data of interest (provided by Intertek and WPD) 

presented in Table 4-6 were collected in year 2011 and 2013, so an 

assumption is made by the author based on the projections presented in 

DECCÕs report [66]. As there is 5% increase on electrical energy 

consumption in the domestic sector in 5 years (2010-2015), it is assumed 
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that the average trend is for a 1% increase per year. The new figures in year 

2015 are presented in Table 4-7 and Table 4-8. 

 

 

Table 4-7: Peak electricity demand for a gas heated household in 2015  

Gas heated property (2015) 
Winter  Summer  

Peak demand (kW)  Year (source)  Peak demand (kW)  Year (source)  

2.9 Ð 13.4 2011 (Intertek) 2.4 Ð 11.1 2011 (Intertek) 

3.0 Ð 13.9 2015 (projection) 2.5 - 11.5 2015 (projection) 

 

Table 4-8: Peak electricity demand for an electrically heated household in 

2015 

Electrically heated property (2015) 
Winter  Summ er 

Peak demand (kW)  Year (source)  Peak demand (kW)  Year (source)  

4.6 Ð 16.0 
2011, 2013 

(Intertek, WPD) 
2.4 Ð 11.1 2011 (Intertek) 

4.8 - 16.3 2015 (projection) 2.5 - 11.5 2015 (projection) 

 

To summarise, based on current available data on electricity demand and 

projections, the peak electricity demand range for a gas heated household in 

2015 is 3.0 Ð 13.9 kW in winter and 2.5 - 11.5 kW in summer. For an 

electrically heated household, the peak demand range in 2015 is 4.8 - 16.3 

kW and 2.5 - 11.5 kW for winter and summer correspondingly. In order to 

calculate the demand in 2030 under a business as usual (BAU) scenario, 

DECCÕs projections were used, which suggested an electricity consumption 

increase of 10.4% for the domestic sector for the years 2015-2030 [66]. This 

rate is used for the peak demand projections in 2030, as explained above. 

The final figures for a single domestic property in 2015 and 2030 are 

presented in Table 4-9, where the baseline scenario in 2015 is indicated as 

BS 2015 and the business as usual scenario in 2030 is indicated as BAU 

2030. Figure 4-7 and Figure 4-8 also depict the increase in peak electricity 

demand in the two scenarios. 
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4.4.4 Peak demand reduction through demand-side management techniques 

Demand side management (DSM) techniques provide a variety of measures 

aiming at the reduction of energy consumption, which results to more 

manageable demand [259]. DSM programs include the planning, 

implementing and monitoring activities of electric utilities which are designed 

to influence customer electricity consumption patterns to match current or 

projected capabilities of the power supply system [260, 261]. DSM thus 

refers to energy and load-shape modifying activities and consists of two 

major components: Energy efficiency (EE), which is often referred to as 

conservation, and Demand Response (DR). The forms of demand reduction 

from the implementation of DSM include peak shaving, conservation and 

load shifting and their visualisation is provided in Figure 4-7. 

 

 

Figure 4-5: Abstract vis ualisation of DSM forms [259]  
 

In Figure 4-5 above, conservation (or energy efficiency) refers to the 

reduction in electricity consumption by customers, lowering total demand and 

consumption. This can be achieved, for example, if customers are motivated 

to use more energy-efficient appliances. Peak shaving means the reduction 

of loads during periods of peak demand. This can delay the need for 

additional generation capacity and includes a net reduction in both peak 

demand and total energy consumption. Direct control of customersÕ 

appliances or load limiters are techniques serving for peak shaving. With 
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load shifting, loads from on-peak periods are shifted to off-peak periods and 

it only involves a reduction in peak demand without affecting the total energy 

consumption [259]. Load shifting can be achieved through the 

implementation of time-of-use pricing and this method is widely practiced in a 

number of European countries, particularly for households with electric 

heating [262]. 

Demand-side management measures can bring a number of benefits to the 

customer, the utility and the society. Some of them are the improvement of 

the overall energy efficiency, the improvement of the reliability and quality of 

power supply, the reduction of the risk of power outages, saving capital 

investment to build new power plants, more economical energy delivery to 

customers, as well as environmental benefits. Especially for the case of the 

UK, it is argued that DSM can improve the efficiency of operation and 

investment of the electricity system [262]. In this study energy efficiency and 

peak shifting mechanisms were assumed for the residential sector. Peak 

shaving was not considered, as it is normally done at a large scale by power 

or commercial companies for economic reasons [263, 264]. 

4.4.4.1 Peak demand reduction through energy efficiency improvements 

Electricity efficiency measures are assumed to take place in the EE, DR and 

Te scenarios8, the key drivers being improved insulation levels, more efficient 

appliances and more efficient lighting. According to DECC [66], there is an 

electricity demand reduction potential of about 45% or 63 TWh in the 

residential sector from 2010 to 2030. The greatest potential is in switching to 

efficient appliances and electronics and accounts for about 42% of this 

potential, followed by building shell improvements with a share of 31%. 

Moreover, about 20% of this potential reduction is attributed to the shift from 

incandescent to compact fluorescent lamps [66]. 

                                            
8 As explained in the methodology chapter, EE 2030 scenario includes energy efficiency and 

electrification of heating, DR 2030 scenario addresses demand response though peak 

shifting and Te scenario includes energy efficiency, electrification of heating and 

electrification of transport. 
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As the above reduction of 45% is assumed for a 20-year period, this study 

assumes a potential of 30% in energy demand reduction through efficiency 

measures, regardless whether winter or summer for a period of 15 years. It is 

appreciated that there might be barriers hindering the full abatement 

potential, such as transaction costs, agency issues for rented 

accommodation or little behavioural change of the occupants; however any 

substantial obstacles to realisation of the measures are assumed to be 

tackled through appropriate policies. The updated figures for a single 

domestic property in 2030 after energy efficiency improvements are applied 

to the property, indicated as EE 2030 are presented in Table 4-9. Figure 4-7 

and Figure 4-8 also depict the increase in peak electricity demand in the 

three scenarios, namely BS 2015, BAU 2030 and EE 2030. It is apparent 

from Table 4-9, Figure 4-7 and Figure 4-8 that there could be considerable 

demand reduction and thus significant energy savings from the application of 

energy efficiency measures in 2030. 

 

4.4.4.2 Peak demand reduction potential from demand response measures 

The domestic sector is likely to be the main contributor to peak demand 

shifting in the evening hours [265]. It is also expected to offer most shiftable 

demand at the evening peak all year round [265]. Hence this study only 

assessed the scope for demand shifting at the evening peak. According to 

DECCÕs assumptions [265], it is estimated that about 34% of total domestic, 

commercial and industrial electricity load in a winter evening between 4pm 

and 7pm9 could be technically shiftable in 2025 and this load accounts 

mainly for on-peak space heating. Similarly, for a summer evening, 29% of 

the total peak load is likely to be shiftable and it would potentially come from 

cold appliances, cooling and ventilation. Looking at Figure 4-6 below, it is 

assumed that approximately 50% of the total shiftable load can be attributed 

                                            
9 The exact timing of the peak load shifting is later investigated according to the evening 

period (3 hours) in which the highest load occurs. 
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to the domestic sector, both for winter and summer. So the potentially 

shiftable load in 2025 according to DECC [265] is estimated to be 17% in a 

winter evening and about 15% in a summer evening . Estimations by 

DECC about the total shiftable load are up to 20GW in winter and 13GW in 

summer. DECC assumes the above shiftable load for a period of 15 years 

(2010-2025), so in this study the same assumptions were used for 2030, as 

the exploration includes a 15-year period as well (i.e. 2015-2030). 

 

 

 

Figure 4-6: Sectoral breakdown of potentially shiftable load [265]  

 

The adjusted ranges for single properties in 2030, after applying the peak 

demand reduction in the evening hours due to load shifting, are presented in 

Table 4-9, in which the demand response scenario is indicated as DR 2030. 

It should be noted that, as the peak electricity demand reduction mainly 

comes from on-peak electric space heating in winter, a small shiftable load in 

the range of 3% [266] is assumed for the gas heated properties (instead of 

the 17% assumed for the electrically heated ones) in winter due to non-

space heating related activities. Therefore, the gas heated properties remain 

only slightly affected during the winter period from the demand side 
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measures in that period. For the summer period the same reduction of 15% 

is assumed. 

 

 

 

 

 

 

Table 4-9: Peak electricity demand for a single household (kW) Ð 2015, 2030 

after  energy efficiency improvements, and 2030 after peak load shifting 

measures (DR) in 2030  

Gas heating  Electric heating  
Scenario  Winter  Summer  Winter  Summer  

min max min max min max min max 
3.0 13.9 2.5 11.5 4.8 16.3 2.5 11.5 BS 2015 
3.3 15.4 2.8 12.7 5.3 18.0 2.8 12.7 BAU 2030 
2.3 10.8 1.9 8.9 3.7 12.6 1.9 8.9 EE 2030 
2.3 10.4 1.6 7.6 3.1 10.5 1.6 7.6 DR 2030 

 

It is shown in Table 4-9 that there is further peak load reduction through the 

implementation of demand side management measures. Overall, a reduction 

of 45-47% is achieved for electrically heated properties by 2030 if measures 

addressing energy efficiency improvements and peak load shifting through 

demand response techniques take effect. The effect of the measures in each 

scenario is also depicted in Figure 4-7 and Figure 4-8. 

 



109 
 

 

Figure 4-7: Peak electricity demand in BS 2015, BAU 2030, EE 2030 and DR 

2030 scenarios for a gas heated property  

 

 

 

Figure 4-8: Peak electricity demand in BS 2015, BAU 2030, EE 2030 and DR 

2030 scenarios for an electr ically heated property  

 

4.4.5 Impact on peak demand from the electrification of transport 

The increasing environmental concerns, the decarbonisation of future 

automotive industry, the consequent regulatory requirements and the 

depletion of oil have made the fuel independent battery electric vehicle (EV) 
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with zero emissions increasingly more attractive as practical and economical 

alternative to the gasoline fuelled car [267]. Furthermore, as indicated by the 

Committee on Climate Change [268], ultra-low emission vehicles and 

particularly EVs are expected to play a key role in decarbonizing the 

transport sector through the 2020s. Therefore, it would be typical for privately 

owned EVs to be connected to the electricity network and specifically at 

home level for charging and this denotes a significant impact from the EV 

charging load on the propertiesÕ system load profile. 

 

Element Energy [268] has made Òreal worldÓ range assumptions for the EVs 

and projects that in 2030 the autonomy of a medium EV car10 would be about 

240km. The electricity consumption is expected to decrease down to 0.13-

0.16 kWh/km for the same car category in 2030 from 0.15-0.18 kWh/km in 

2015. The EV battery capacity is also expected to increase from 34 kWh to 

48 kWh. 

 

According to Qian et al. [267], Pb-acid, NiMH and Li-ion battery technologies 

are most likely to be used in EVs due to several parameters, such as 

performance capability, safety, lifetime and cost. Considering the typical 

charging profiles of these technologies, which are presented in Figure 4-9, 

the peak power demand for each of them is about 7kW, regardless whether 

winter or summer. As it can be seen in Figure 4-9, depending on the 

technology and the capacity of the battery, the charging time can vary from 5 

to 7 hours. Moreover, when 5 hours of charging are needed, then the 

charging peak demand during the charging period is stable at about 7kW, 

while when 7 hours of charging are needed, then the charging peak demand 

rises slightly during the first 2.5 hours from 6kW to 6.5kW and then it drops 

down to 0kW during the next 4.5 hours. 

                                            
10 Medium car is considered either a lower medium or upper medium car. A lower medium 

car, such as Vauxhall Astra, is assumed to be used for a small family, while an upper 

medium car, such as Ford Mondeo, for a large family. 
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Figure 4-9: Charging profiles of Pb -acid, Li -ion and NiMH batteries [267] . The 

Pb-acid based GM EV1 has a capacity of 27.19 kWh, the NiMH based Toyota 

RAV4 has a capacity of 32 kWh, whilst the Li -ion b ased Nissan Altra has 29.07 

kWh when fully charged from a fully discharged state.  

 

One EV with a Li-ion or NiMH battery, thus requiring 5 hours of charging at 

7kW, is considered for each either gas or electrically heated typical 

household11. Charging of the vehicle is assumed to be taking place at home 

                                            
11 The assumption of an EV per home could be challenged, as the number of houses able to 

have electric vehicles depends on network conditions. Thus a network model would be 

required for an accurate assessment; however this is not the focus of this thesis and could 

be studied in detail in battery storage projects specializing on that aspect. 
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in 2030. There are two time periods that customers can choose to charge 

their electric vehicle; one is right after they come back from work, i.e. at peak 

consumption time, and the other is during the night, when household 

consumption is typically low, as shown in Figure 4-10. 
 

 

Figure 4-10: Periods of low and peak demand for a typical day for the 

residential sector and indication of the period when off -peak EV charging 

takes place  

 

Taking into consideration the peak demand for the household sector 

calculated in section 4.4.4.2, if the EV charging is to take place right after the 

customers return from work, the peak demand would be affected as shown in 

Table 4-10, as well as in Figure 4-11 and Figure 4-12. The scenario in which 

electrification of transport in 2030 takes place is indicated as Te 2030. 

Especially when charging is taking place on on-peak times, the scenario is 

indicated as Te 2030 on-peak. 

 

Table 4-10: Peak demand range (kW) after inclusion of one E V per household 

and on-peak EV charging  

Gas heating  Electric heating  
Scenario  Winter Summer Winter Summer 

min max min max min max min max 
2.3 10.4 1.6 7.6 3.1 10.5 1.6 7.6 DR 2030 

9.3 17.4 8.6 14.6 10.1 17.5 8.6 14.6 
Te 2030 
on-peak 

0 24h
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Figure 4-11: Peak electricity demand in BS 2015, BAU 2030, EE 2030, DR 2030 

and Te scenarios for a gas heated property  

 

 

 

 

 

Figure 4-12: Peak electricity demand in BS 2015, BAU 2030, EE 2030, DR 2030 

and Te scenarios for an electrically heated property  
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This concept is, however, inefficient and energy intensive, as there is a 

significant impact on the peak demand. If the EV charging happens during 

the night, when the demand is lower, the impact would be lower, as 

discussed later in section 4.4.2.2.4. Overnight charging would help to 

smoothen the load curve without adding extra load during the periods of high 

demand already. This is also supported by the observations by the 

Committee on Climate Change [269] and Element Energy [268], who claim 

that the majority of EV charging is expected to occur overnight and that 

access of overnight charging is a pre-requisite to a BEV purchase. So 

although the benefits of overnight charging are recognized, this work 

examined the implications of both on-peak and off-peak/overnight EV 

charging on the provision for electricity storage. Hence, the impact on the 

peak demand from the alternative option of overnight charging is presented 

in section 4.4.2.2.4, after load profiles are discussed. 

 

4.5 Load profiles for a single household  

4.5.1 Load profile classes 

There are currently two different load profile classes in terms of electricity 

use pattern for the domestic sector in the UK: the load profile class 1 and the 

load profile class 2. Class 1 accounts for 22 million customers whose 

electricity meters do not distinguish by time-of-day and who pay a uniform 

rate at all times of day [265]. Customers belonging to class 2 have the 

potential to be billed separately for specific hours during the day. Their 

consumption can therefore be separately measured and billed on a two- or 

three-part off-peak/peak hours tariff, which is also called Economy 7 or 

Economy 10 tariff according to the number of off-peak hours (7 or 10). It is 

estimated that about 5 million customers belong to Class 2 [265]. The 

demand curves for the two classes for winter when the highest demand 

occurs and summer when the demand is low are shown in Figure 4-13 and 

Figure 4-14. The high overnight consumption in the two figures is due to the 

use of electrical storage heaters, which store thermal energy during the night 
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when base load electricity is at lower cost and release the heat during the 

day as required. 

 

 

Figure 4-13: Winter weekday demand profiles for domestic demand (Load 

profiles for classes 1 & 2) (adjusted by author) [265]  

 

 

Figure 4-14: Summer weekend demand profiles for domestic demand (Load 

profiles for classes 1 & 2) (adjusted by author) [265]  

 

Class 1

Class 2

Class 1

Class 2
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The difference on the electricity consumption pattern between the 

unrestricted and the restricted customers is obvious in winter, as for the 

restricted customers (red line) the demand is shifted in response to 

household time-of-use pricing for electric loads. So when off-peak electricity 

pricing occurs, electric storage heaters are put in operation, hence the high 

electricity demand. The demand curves are smoother in summer and there is 

considerable similarity in respective patterns of use between the two load 

profiles. In addition, load profile class 2 average consumption during the 

winter and summer evening peak hours is notably less than that of class 1 

customers. However, according to DECC [265], the two load profile classes 

seem to have similar average values for electricity consumption overall for 

winter and summer respectively [265]. This work focused on Class 1 

standard domestic profile, as it is more popular at present and also because 

according to BRE [270] a reduced usage of electric storage heaters and thus 

a reduced number of Class 2 customers is expected in the future. 

 

4.5.2 Daily load profiles 

4.5.2.1 Average daily load profiles 

For the purpose of this study the author contacted ELEXON to obtain daily 

load profiles for the residential sector in the UK. The daily average load 

profiles for winter and summer, as well as for weekdays and weekend, which 

were used in this study, are presented in Figure 4-15. The curves were 

drawn according to the detailed half-hourly data of electricity demand per 

customer in the domestic sector in the year 2012/2013, provided by ELEXON 

[242]. These data correspond to unrestricted customers (Class 1) in gas 

heated households and were the latest produced by ELEXON at the time this 

work was undertaken. ELEXON is the Company established under the 

provisions of the Balancing and Settlement Code (BSC) [271]. The BSC 

includes the rules and governance policies for electricity balancing and 

settlement in Great Britain, and ELEXON is responsible for ensuring its 

proper and effective implementation. The creation of the load profile data is 
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performed by recording and analyzing half-hourly demand data from a 

representative sample of customers for the specific profile class (Class 1)12. 

The load profiles by ELEXON give the half-hourly pattern or ÔshapeÕ of usage 

across a day for the average Class 1 customer. It is the proportion of 

demand in each half-hourly period that is of interest and is used to produce 

the BSC.  

 

 

Figure 4-15: Domestic load profiles for unrestricted customers in gas heated 

households [246]  

 

Very apparent are the two peaks in the morning and the evening hours on 

weekdays for summer and winter, the summer curve being flatter though. As 

the range of domestic demand on weekdays and weekends according to 

Hesmondhalgh [265] is found to be very similar in the UK, the peak demand 

range which, occurs at 6-7pm, is assumed to be the same for summer 

weekdays and weekend, as well as for winter weekdays and weekend. The 

ELEXON weekday profiles presented in Figure 4-15 present great similarity 

to the profiles for the social sector in the UK, designed by and presented in 

                                            
12 More details about the process can be found in ELEXONÕs guidance on load profiles and 

their use in Electricity Settlement [272]. 
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Kreutzer and Knight [243]. The weekend profiles in Figure 4-15 are much 

smoother than the weekday ones and the peak demand is about 10% higher 

from about 9am to 4pm for a day in the weekend than a weekday, due to 

higher occupancy and thus increased electricity loads in the home. 

Furthermore, in summer the peak demand occurs about 3-4 hours later than 

in winter. This can be attributed to the fact that people spend more time 

outdoors in summer, when the day is longer, so come back home later than 

winter, when the day is short. In addition, on weekends the peak demand 

occurs about half an hour later than on weekdays, which is due to the fact 

that people tend to spend more time outdoors on weekends. 

 

4.5.2.2 Winter and summer peak demand range for a single household in 

2030 

Based on the load profiles above, the peak demand of a single household 

when off-peak EV charging is applied can be specified13. Assuming that 5 

hours are needed to charge an EV as shown in Figure 4-9, those hours with 

the lowest load during the night needed to be specified. Using the half-hourly 

data for domestic unrestricted customers from ELEXON [246], the hours 

during the night with the lowest load and thus the overnight EV charging 

times are indicated in Table 4-11. 

 

 

 

 

 

 

 

 

 

                                            
13 In order to gain a better understanding, the following sources that are relevant to EV 

vehicle charging patterns in the UK and Ireland are suggested for further reading: [273-276]. 
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Table 4-11: Half -hourly electricity demand data for domestic unrestricted 

customers (data collated and synthesized from ELEXON [246] ) 

 

Overnight EV 
charging times*!

Winter peak 
demand: 6-7pm!

Summer peak 
demand: 9.30-10pm!

*Note that on weekends the optimal period for EV charging is half an hour 
later than on weekdays. This period is 5 hours and is when the lowest load 
occurs.!

!"#$"%&'(")#'*"

!"##$%&
'$$()*+&

!"##$%&
'$$($,)&

-.,/$%&
'$$()*+&

-.,/$%&
'$$($,)&

00100& 2345& 6345& 7742& 5848&
5849& 2049& :54;& 7:4:&

08100& 7742& 534;& :047& :542&
:;4:& 7548& 3643& :848&

03100& :645& 7:48& 3540& 3649&
:546& 7843& 3:4;& 3542&

0:100& ::4;& :;43& 3349& 3747&
::4;& :64:& 3349& 3:4:&

07100& ::4;& :;43& 3846& 3:4:&
::4;& :64:& 3846& 3:4:&

05100& ::4;& :;43& 3349& 3:4:&
:546& :;43& 3:4;& 3747&

02100& :645& :;43& 3248& 3542&
734;& 7:48& ::46& :040&

06100& 5:42& 5840& 7347& :542&
2248& 2746& 5245& 7:4:&

09100& 2;42& 2942& 2945& 5848&
6:43& 6345& 2647& 5246&

0;100& 6:43& 974:& 2340& 2343&
6847& 974:& 5245& 2:4:&

80100& 6847& 974:& 574:& 2:4:&
2;42& 974:& 5:4:& 2:4:&

88100& 2;42& 9347& 5343& 2:4:&
2248& 9047& 5848& 2343&

83100& 264;& 9347& 5848& 2343&
6847& 924:& 5:4:& 2542&

8:100& 2;42& 9347& 5:4:& 2542&
2248& 9047& 5848& 2747&

87100& 2345& 6745& 794;& 2040&
2345& 6345& 7649& 5649&

85100& 2345& 6042& 5040& 594;&
274:& 6345& 5848& 594;&

82100& 2248& 6245& 5642& 2343&
6540& 6947& 2;42& 6040&

86100& 9;4:& ;043& 9749& 9848&
;742& ;748& ;246& ;343&

89100& ;34;& ;748& 80040& ;94;&
;848& ;748& 80040& ;94;&

8;100& 9;4:& ;343& ;94;& 80040&
9546& ;043& ;546& ;94;&

30100& 9348& ;043& ;84:& ;:4:&
9546& ;748& 9640& 994;&

38100& ;848& ;248& 9749& 9343&
80040& ;940& 9:46& 9848&

33100& 80040& 80040& 694:& 6246&
;247& ;248& 6349& 6848&

3:100& 9546& ;343& 2748& 2542&
6:43& 9347& 5:4:& 5649&

Peak load shifting period!
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As observed in Table 4-11, in winter and summer weekdays it is best to 

charge an EV from 1.30-6.30am, while on weekends the best time for EV 

charging is from 2-7pm. On weekends the demand during these hours is also 

a bit higher than on weekdays, ranging from 37.3% to 43.1% of the peak 

load in summer and from 23.2% to 30% of the peak load in winter. The peak 

demand of the household for summer and winter when off-peak charging is 

applied is calculated as follows: 

¥ For summer weekday (at 1.30am) 

PDTe 2030 off-peak=PDEE 2030*39.3%+7kW+(PDEE 2030 Ð PDDR 2030)/24 

¥ For summer weekend (at 1.30am or 6am) 

PDTe 2030 off-peak=PDEE 2030*43.1%+7kW+(PDEE 2030 Ð PDDR 2030)/24 

¥ For winter weekday (at 1.30am) 

PDTe 2030 off-peak=PDEE 2030*27.2%+7kW+(PDEE 2030 Ð PDDR 2030)/24 

¥ For winter weekend (at 6am) 

PDTe 2030 off-peak=PDEE 2030*30%+7kW+(PDEE 2030 Ð PDDR 2030)/24 
 

where PD stands for Peak Demand and the subscripts refer to the scenarios. 
 

Assuming 3 hours for the DR mechanism as DECC [265] suggests, it is also 

observed that the optimal period for peak shifting is from 8-11pm in summer, 

and 5.30-8.30 in winter. During these two periods the highest daily load is 

expected to occur according to Table 4-11. The electricity peak demand 

range for a single household in winter and summer in all scenarios is 

presented in Table 4-12. In the Te 2030 scenario, if the occupants are to 

charge their EV right after they come home from work, while the electricity 

load of the home is already high (i.e. at 100% of the peak load), the peak 

electricity demand range in winter is expected to be about 9.3kW-17.4kW for 

a gas heated household and 10.1-17.5kW for an electrically heated 

household. There is huge potential, however, to reduce these values if 

overnight charging is applied. Hence, if EV charging is applied from about 

2am to 7am, when the lowest demand of the home occurs (i.e. at 30% of the 

peak load), the overall electricity peak demand range becomes 7.7-10.1kW 

for a gas heated household and 7.9-10.1kW for an electrically heated 
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household. It is, therefore, remarkable how big an impact on peak demand 

different charging times can have. An illustration of the minimum and 

maximum peak demands in each scenario is provided in Figure 4-16 and 

Figure 4-17. 

 

Table 4-12: Peak demand range (kW) in all scenarios  

Gas heating  Electric heating  
Scenario  Winter Summer Winter Summer 

min max min max min max min max 
3.0 13.9 2.5 11.5 4.8 16.3 2.5 11.5 BS 2015 
3.3 15.4 2.8 12.7 5.3 18.0 2.8 12.7 BAU 2030 
2.3 10.8 1.9 8.9 3.7 12.6 1.9 8.9 EE 2030 
2.3 10.4 1.6 7.6 3.1 10.5 1.6 7.6 DR 2030 

9.3 17.4 8.6 14.6 10.1 17.5 8.6 14.6 
Te 2030 
on-peak 

7.6 
9.9 

(10.4)* 
7.8 10.6 8.0 10.5 7.8 10.6 

Te 2030 
off-peak 
weekdays 

7.7 
10.2 

(10.4)* 
7.9 10.9 8.1 10.9 7.9 10.9 

Te 2030 
off-peak 
weekends 

* Value in parenthesis in Te 2030 off-peak row indicates actual maximum daily peak load at 
6-7pm based on DR 2030 scenario. 

 

 

Figure 4-16: Peak electricity demand in all scenarios for a gas heated 

prop erty  
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Figure 4-17: Peak electricity demand in all scenarios for an electrically heated 

property  

 

For a better understanding of the peak demand ranges in each scenario, 

Figure 4-18, Figure 4-19 and Figure 4-22 are provided below. Figure 4-18 

refers to the winter period for gas heated households, Figure 4-19 refers to 

the winter period for electrically heated households and Figure 4-22 refers to 

the summer period for both gas and electrically heated households. It is 

apparent in Figure 4-18 and Figure 4-19 how big a difference the time of the 

EV charging makes. In terms of electricity storage requirements, the lower 

the peak demand the smaller the size of the inverter and thus the smaller the 

size and cost of the overall storage system. Therefore, there is great 

potential for reduced size and costs of the overall storage system in the Te 

2030 off-peak scenario. 
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Figure 4-18: Winter electricity peak demand range for gas heated households 

in all scenarios  

 

 

Figure 4-19: Winter electricity peak demand range fo r electrically heated 

households in all scenarios  
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indicated in the Te 2030 off-peak charging column. Because different timing 

is applied, this value applies only to 6.30am, which is when the highest 

overnight load occurs as seen in Table 4-11. Therefore, the highest load 

during the day remained 10.4kW as indicated in parenthesis, which is taken 

from the DR 2030 scenario and occurs at 6-7pm. 

 

Assuming the typical voltage value of 230V for a single property, as indicated 

in section 4.1 (p.103), and considering typical fuse amperage14 provided by 

the UKPN [235], the allowable electric power and thus peak demand P in a 

domestic property is calculated from the equation below: 

P= V * I 

where P is the electric power measured in Watts (W) 

V is the voltage measured in Volts (V) and 

I is the electrical current, measured in Amps (A) 

 

This means that: 

¥ properties pre 1940 would be able to handle a peak demand value of 

up to 6.9kW (=230V*30A) 

¥ properties pre 1960 would be able to handle a peak demand value of 

up to 13.8kW (=230V*60A) 

¥ properties between 1960 and 1980 would be able to handle a peak 

demand value of up to 13.8kW (=230V*60V) or 23kW (=230V*100V) 

depending on the electrical installation 

¥ properties after 1980 would be able to handle a peak demand value of 

up to 23kW (=230V*100V) 

 

This correlation of peak demand capability according to the installed fuse in 

each case is illustrated in Figure 4-20 and Figure 4-21. 

                                            
14 According to UKPN [235], 

¥ Domestic properties pre 1940 could have a 30A fuse 
¥ Domestic properties pre 1960 could have a 60A fuse 
¥ Domestic properties from 1960 to 1980 could have either 60/100A fuse 

¥ Domestic properties after 1980 generally have a 100A fuse 
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Figure 4-20: Correlation of peak demand capability and age of properties for 

gas heated households  

 

 

Figure 4-21: Correlation of peak demand capability and age of properties for 

electrically heated households  
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amperage. This, however, would need a detailed study for each property, so 

was not examined here. 

 

As for the summer period in 2030, the assumptions are the same for the gas 

and the electrically heated households, as no heating is assumed to take 

place in summer. Thus, there is only one graph, which is the same for both 

cases (gas/electric heating) and is presented in Figure 4-22. As the peak 

demand in summer is a lower value than winter, the values for the different 

scenarios are affected at a smaller extent by the increase or decrease of 

demand due to the measures taking place. The biggest impact is from the 

electrification of transport and the subsequent inclusion of one EV per 

household. This caused the demand to peak at about 14.6kW in the case of 

on-peak vehicle charging, while the demand decreases to 10.3kW if off-peak 

charging is applied. It is therefore observed that smaller energy savings in 

the order of 4kW are achieved from off-peak charging in summer, while in 

winter, savings of about 7kW for gas or electrically heated properties could 

be achieved, as shown in Figure 4-18 and Figure 4-19. 

 

 

Figure 4-22: Summer electricity peak demand r ange for gas and electrically 

heated households in all scenarios  
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each scenario, drawn by the author. These load profiles helped to design 

better for storage in the case of the autonomy period in the range of hours, 

as seen in section 5.3. For the gas heated households the analysis was 

based on the combination of the four profiles presented in Figure 4-15, which 

were used for BAU 2030, and the assumptions regarding peak demand in 

each scenario. The profile in BAU 2030 was therefore used as a base case 

and the rest of the profiles are depicted as a percentage of the peak demand 

in the BAU scenario. Thus, the electricity demand profiles for a typical 

weekday and weekend day in winter and summer were drawn for each 

scenario for a single household. The peak demand values calculated above 

are not displayed in the half-hourly profiles, as they represent a spike during 

a 2-minute interval and are not associated with actual half-hourly values. 

The range of the daily demand profiles for gas heated households in EE 

2030 is presented in Figure 4-23 and Figure 4-24. Note that the profiles are 

the same for the summer period for both types of properties, as heating is 

not provided in summer. Moreover, as explained in section 4.5.2.1, the peak 

demand range is assumed to be the same for weekdays and weekend in 

winter and summer. The daily demand profiles, however, present differences 

depending not only on the time of year (winter/summer), but also on the day 

of the week (weekday/weekend). The main difference is a smoother daily 

demand curve in summer than in winter, and also a later peak in summer as 

seen in Figure 4-24. Furthermore, the weekends compared to the weekdays 

present a flatter curve too. 
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!"#"$"$"%&'()*&+,(-./01&-(,&1.23/0&3)1&40)50*&4(6104(/*1&.2&77&$898 

 

Figure 4-23: Winter weekday and weekend peak demand range for single gas 

heated household in EE 2030  

 

  

Figure 4-24: Summer weekday and weekend peak demand range for single 

gas/electrically heated household in EE 2030  
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not provided. Then according to the timing of the space heating on weekdays 

and weekends an additional block of demand was included on top of the 

base profiles for the heating period, informed by the % difference in peak 

demand range that is already calculated for the electrically heated properties 

in section 4.4.3 and 4.4.4.1. The additional block addresses the heating 

demand met by electrical energy, on top of the electrical energy required to 

run the electrical loads of the households. 

Heating is assumed to be used two times per day; one in the morning and 

one in the evening, as Hawkes and Leach [277] suggest. As no set of 

detailed data for daily heat demand has been retrieved, Figure 4-25 is 

illustrational only and presents the two significant blocks of heat demand on 

a winter day in the UK by Hawkes and Leach [277]. 

 

Figure 4-25: Heat demand profile for a winter day [277]  

 

It is likely that a heat demand profile varies significantly from dwelling to 

dwelling, but for the purpose of this study electric heating is assumed to take 

place for 4 hours in the morning and 6 hours in the evening on weekdays. 

More specifically heating would be used from 6am to 10am when the 

occupants wake up and get ready for work as well as from 6pm to 12am, 

when people come back home from work until they go to bed. For the winter 
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weekend profile, it is assumed that heating is on from 6am until midnight, 

due to higher occupancy on those days. The winter weekday and weekend 

peak load ranges for electrically heated households in BAU 2030 and EE 

2030 would be shaped as shown in Figure 4-26, Figure 4-27, Figure 4-28 

and Figure 4-29. 

 

Figure 4-26: Winter weekday peak demand range for single electrically/g as 

heated household in BAU 2030  

 

 

Figure 4-27: Winter weekend peak demand range for single electrically/gas 

heated household in BAU 2030  
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Figure 4-28: Winter weekday peak demand range for single electrically/gas 

heated household in EE 2030  
 

The hours when the heating is on are clear on Figure 4-26 and Figure 4-28, 

as the two peaks in the morning and in the evening are now sharper due to 

the extra electric heat load. Please note that the graphs present ranges, so 

the increase of the electricity demand due to the electrification of heating is 

not proportional to the electricity demand required for the gas heated 

properties. 

 

Figure 4-29: Winter weekend peak demand range for single electrically/gas 

heated household in EE 2030  
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It is clear from Figure 4-27 and Figure 4-29 that the demand range is 

smoother on weekends, especially from 9am to 6pm. Electricity for heating is 

consumed for a longer period of time than on a weekday, so there is 

constantly an additional electric load from heating for 18 hours instead of 10 

hours, which is the case for weekdays. 

4.5.2.2.3 Load profiles for electrically heated households in DR 2030 

This section addresses only electrically heated households as these present 

higher potential for demand response measures. Load shifting is assumed to 

take place at the evening peak in winter and summer. This denotes a shift of 

17% of the peak load at 5.30-8.30pm to the rest hours of the day. An even 

distribution of the shifted load is thus assumed over the rest of the winter 

day. Figure 4-30 presents an illustration of the impact of this measure on the 

peak demand range on a winter weekday in relation to the peak demand 

range in BAU 2030. 

  

Figure 4-30: Winter weekday peak demand range in EE 2030 and in DR 2030 

indicating the effect of peak l oad shifting  
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The comparison between the winter weekday and winter weekend load 

curves is presented in Figure 4-31. Again, as expected, the load curve in 

weekend is smoother than the one on a weekday. In winter DR is applied 

between 5.30-8.30pm, as explained in Table 4-11. 

 

  

Figure 4-31: Winter weekday and weekend (dashed line) peak demand range 

for a single electrically heated household in DR 2030  

 

Figure 4-32 presents the summer ranges for the peak demand on a weekday 

and on a day in the weekend (dashed line). A reduction of 15% on the peak 

load was applied, as it was assumed, and in summer DR is applied between 

8-11pm, as this is the time when the peak load occurs. 
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Figure 4-32: Summer weekday and weekend (dashed line) peak demand 

range for a single ho usehold in DR 2030  

 

!"#"$"$"!%&'()%*+',-./0%,'+%/./12+-1(..3%4/(2/)%4'50/4'.)0%-6%7/%$898%

In the Te 2030 off-peak scenario, EV charging takes place from 1.30-6.30am 

in summer and winter weekdays and from 2-7am in summer and winter 

weekends, as explained in Table 4-11. The graphs for off-peak charging for 

winter and summer are presented in Figure 4-33 and Figure 4-34 below. It is 

observed that in summer there is at least 40% increase of the peak load due 

to the inclusion of the EV. 

 

Figure 4-33: Winter week day and weekend peak demand range for a single 

household in Te 2030 off -peak  
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Figure 4-34: Summer weekday and weekend peak demand range for a single 

household in Te 2030 off -peak  

 

If on-peak EV charging is applied, then the range of load profiles becomes as 

shown in the graphs below. Obviously if the occupants charge their EV right 

after they come back from work, the peak load at 6pm reaches a high value 

for an extended period of time (Figure 4-35), namely 5 hours which is the 

time the EV needs for a full charge (assuming the battery is fully depleted 

when the car arrives home). The peak demand in Te 2030 on-peak during 

the evening hours nearly equals the demand in BAU 2030. Similarly, as 

shown in Figure 4-36, the peak load can reach a high value in summer 

months, such that it exceeds the peak demand in BAU 2030 during the 

evening hours. 

%
 o

f B
A

U
 2

03
0 

(e
le

ct
r.

) 
pe

ak
 d

em
an

d
!

0.00!

2.54!

5.08!

7.62!

10.16!

12.70!

15.24!

01
:0

0!

02
:0

0!

03
:0

0!

04
:0

0!

05
:0

0!

06
:0

0!

07
:0

0!

08
:0

0!

09
:0

0!

10
:0

0!

11
:0

0!

12
:0

0!

13
:0

0!

14
:0

0!

15
:0

0!

16
:0

0!

17
:0

0!

18
:0

0!

19
:0

0!

20
:0

0!

21
:0

0!

22
:0

0!

23
:0

0!

00
:0

0!

Summer weekday with EV Ð!
off-peak charging!

Summer weekend with EV Ð!
off-peak charging!

120!

100!

80!

60!

40!

20!

0!

+40%!



136 
 

 
Figure 4-35: Winter weekday and weekend peak demand range for a single 

household in Te 2030 on -peak  

 
Figure 4-36: Summer weekday and weekend peak demand range for a sing le 

household in Te 2030 on -peak  
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the scenarios are superimposed in transparent colours. The reduction of the 

upper bound of the peak load is apparent at 6pm which is due to energy 

efficiency and peak load shifting. In addition including an EV, which is 
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signifying a double peak with the same value. As for the lower bound of the 

peak demand range, it is similarly reduced 6pm. However, by applying EV 

charging during nighttime, the lower bound at 1.30am then far exceeds the 

peak at 6pm, signifying a new peak at a new time. Hence, properties with 

currently low peak demand val ues are bound to experience a much 

higher peak in the early morning hours in winter under the Te 2030 off -

peak scenario.  

 

Similarly, Figure 4-38 shows the impact of all measures on the daily load 

profile of a domestic property on a summer weekday in 2030. The graphs for 

summer in BAU 2030, EE 2030, DR 2030 and Te 2030 off-peak have been 

superimposed in this occasion. The maximum peak demand range at 6pm is 

reduced by 30% in EE 2030 and then by 15% in DR 2030. In addition 

including an EV, which is charged during the night from 1.30-6.30am, the 

new peak demand at 1.30am far exceeds the demand at 6pm, signifying a 

new peak at a new time for properties with either high or low peak demand 

values. Hence, properties are bound to experience a much higher peak 

in the  early morning hours in summer under the Te 2030 off -peak 

scenario.  
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4.6 Daily electricity consumption  

4.6.1 Single gas heated household weekday 

A range of daily electricity consumption figures for the domestic sector needs 

to be calculated for winter and summer, as well as for the weekdays and the 

weekend15. Regarding the daily electricity consumption of a single gas 

heated household, according to Kreutzer and Knight [243], the winter  

average value for the UK is 11.5 kWh. This value was taken from 

measurements in 2003, so an estimation of the value in 2015 and 2030 

needs to be made. Taking into account the experimental regional and local 

authority electricity consumption statistics for 2003-2004 by the Department 

for Business Enterprise and Regulatory Reform [278] and a publication from 

DECC under the title ÔEnergy trendsÕ [279], there is an overall decrease in 

electricity consumption of about 5% over the years 2003-2010. In addition, 

as for the estimation of the electricity consumption in 2015, DECC [66] 

projects 5% increase between 2010-2015, so no change is assumed to take 

place from 2003 to 2015 overall. Therefore, the average value for the 

electricity consumption in a gas heated household is assumed to be 

11.5kWh in 2015. 

 

As no information for the minimum and maximum values has been found in 

the literature, a minimum value of 8 kWh (two-thirds of the average [280]) 

and a maximum value of 18 kWh (50% more [280]) are assumed for the 

winter period. 
 

It is also assumed that the average electricity consumption for a single UK 

household in summer is lower than in winter, as the lights and the oven are 
                                            
15 It is reminded to the reader that the hourly demand profiles presented in section 5.4 were 

only discussed in order to show the impact the various measures would have on the profilesÕ 

curve. As only actual peak demand values (in 2-minute intervals) were available and could 

not be included in the average smoothed profiles, the estimation of the electricity 

consumption could not be performed through the use of the profiles. Therefore, information 

from the literature was sought. 
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less used. So taking into consideration the daily load profiles provided by 

ELEXON [265], the average summer  value is assumed to be about 3.5 kWh 

lower than the average winter value, that is 8 kWh. So again, the minimum 

and the maximum values are calculated as above and are 5 kWh and 12 

kWh respectively. 

 

The electricity consumption values for the social sector, however, would be 

lower than the ones calculated above and they need to be included in the 

consumption range as the social sector residences form part of the domestic 

sector. So taking into consideration the data provided for the social sector, 

where the average winter value for a single household is 10 kWh [243], it is 

assumed that the extremes are in the range of 7 kWh and 15 kWh. For the 

summer period, the average value, according to [243] is 7.8 kWh, so the 

minimum and maximum values are estimated at about 5 kWh and 10.5 kWh 

respectively. 

 

So all in all, the range for the daily electricity consumption for a single gas 

heated household is found to be 7-18 kWh in winter and 5 -12 kWh in 

summer of 2015 . The minimum values for both seasons account for the 

social sector. The generally lower consumption in that sector compared to 

the national average can be explained by the absence of high energy 

consumers such as dishwashers as well as a low ownership level of 

refrigeration [243]. 

 

According to DECCÕs projections [66], an increase of 10.4% on the domestic 

electricity consumption is expected to take place between 2015 and 2030. So 

the projected electricity consumption range for a gas heated household is 

7.7-19.9 kWh in winter and 5.5-13.3 kWh in summer of 2030. 

 

4.6.2 Single gas heated household weekend 

The electricity consumption is generally higher at the weekends, as people 

tend to spend more time at home. This means they need energy to power 
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lights, appliances and any other electrical equipment while at home. Figure 

4-39 gives an idea of what the winter profile of a single average UK 

household could look like on a weekday and weekend. It clearly highlights 

the difference in electricity usage between these two days. More specifically, 

demand is higher in the period between 9am and 4pm at the weekend than 

the equivalent time on a weekday. 

 

Figure 4-39: Weekend and weekday winter electricity usage for an average 

UK gas heated property [281]  

 

It can be assumed from Figure 4-39 that the domestic consumption on a day 

in the weekend is on average about 1kWh higher than the consumption on a 

weekday [281]. Therefore, the figures calculated above for a weekday can be 

adjusted for a day in the weekend as follows: the electricity consumption for 

a single gas heated household is assumed to be 8.0-19.0 kWh in winter 

and 6.0-13.0 kWh in summer of 2015 , while for 2013 the consumption 

would be 8.7 -20.9 kWh in winter and 6.5 -14.3 kWh in summer . 

 

4.6.3 Electricity consumption for a single electrically heated household in 

BAU 2030 

According to DECC [66], the electrification of heating could increase the UK 

domestic electricity consumption in 2030 by 4% in a medium case scenario. 

The medium case scenario assumes the installation of air source or ground 

source heat pumps in about 14% of the households. If all domestic heating 

was provided by electricity, it is estimated that there would be 28% increase 

in 2030. As in the study it is assumed that the households run 100% in 
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electricity in 2030, considering an even distribution of this increase, the daily 

electricity consumption range for a single household would be 28% higher 

than the range for a gas heated household. Therefore, the range for the 

winter would be 9.0-23.4 kWh for a weekday and 10.2 -24.3 kWh for a day 

in the weekend . In summer, it is assumed that no heating takes place, so 

the summer ranges for the weekdays and weekend is the same as for 

the gas heated properties . 

 

The overall daily electricity consumption ranges for a single household in 

2030 are presented in Table 4-13. Note that the summer ranges for the 

electrically heated properties are the same as for the gas heated properties, 

as it is assumed that no heating takes place in summer. 

 

Table 4-13: Daily electricity consumption range for a single household in BS 

2015 and in BAU 2030  

 

Gas heated properties (kWh)  Electrically heated properties (kWh)  

Winter  Summer  Winter  Summer  

Wd We Wd We Wd We Wd We 

min max min max min max min max min max min max min max min max 

BS 2015 7.0 18.0 8.0 19.0 5.0 12.0 6.0 13.0 8.2 21.2 9.3 22.0 5.0 12.1 6.0 13.0 

BAU 2030 7.7 19.9 8.7 20.9 5.5 13.3 6.5 14.3 9.0 23.4 10.2 24.3 5.5 13.3 6.5 14.3 

Wd: Weekday, We: Weekend 

 

All the values presented in Table 4-13 have been analyzed above, except for 

the values in Winter 2015 for an electrically heated property. These are 

derived from the relevant values in the BAU 2030 scenario and by using 

DECCÕs [66] assumption of 10.4% increase in electricity consumption 

between 2015 and 2030, under the current trends. 

 

4.6.4 Electricity consumption for a single electrically heated household in EE 

2030 

A potential of 30% reduction through efficiency measures, regardless 

whether winter or summer is assumed. The updated figures for a single 
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domestic property in 2030 after energy efficiency improvements are applied 

to the property along with the figures from Table 4-13 are presented in Table 

4-14. 

 

Table 4-14: Daily electricity consumption range for a single household in BAU 

2030 and EE 2030 scenarios  

 

Gas heated properties (kWh)  Electrically heated properties (kWh)  

Winter  Summer  Winter  Summer  

Wd We Wd We Wd We Wd We 

min max min max min max min max min max min max min max min max 

BS 2015 7.0 18.0 8.0 19.0 5.0 12.0 6.0 13.0 8.2 21.2 9.3 22.0 5.0 12.1 6.0 13.0 

BAU 2030 7.7 19.9 8.7 20.9 5.5 13.3 6.5 14.3 9.0 23.4 10.2 24.3 5.5 13.3 6.5 14.3 

EE 2030 5.4 13.9 6.1 14.6 3.9 9.3 4.6 10.0 6.3 16.4 7.1 17.0 3.9 9.3 4.6 10.0 

Wd: Weekday, We: Weekend 

 

It should be noted that energy efficiency is the only measure of the demand 

side management techniques that would affect the electricity consumption in 

the households. Peak shifting, which is also assumed for the 2030 scenarios 

would not affect the amount of electricity consumed daily, as the shift of the 

load only affects the timing of the electricity being consumed. Therefore, 

there is no DR 2030 scenario taking place for the electricity consumption. 

4.6.5 Electricity consumption for a single electrically heated household in Te 

2030 

According to the UK National Travel Survey of the Department for Transport 

[282], the average annual car mileage was 8,200 miles for 2012. It is, 

therefore, assumed that EVs would cover a distance of about 23 miles (or 

37km) daily. As discussed in section 4.4.5, one EV is assumed per 

household. Considering the data provided by Element energy [268], i.e. 

electricity consumption of 0.13-0.16 kWh/km in 2030, the daily EV electricity 

consumption would be about 4.8-6 kWh. This would affect at a great extent 

the daily electricity consumption range of a single household and assuming a 

consumption value of 6 kWh per car (i.e. per household), the new values in 

Te 2030 are shaped as shown in Table 4-15. It should be noted that the 
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timing of the EV charging does not make any difference on the electricity 

consumption, so there is no distinction between Te 2030 off-peak and Te 

2030 on-peak scenarios as discussed in section 4.4.5 regarding peak 

demand. 

 

Table 4-15: Daily electricity consumption range of a single household in 2015 

and 2030 

 

Gas heated properties (kWh)  Electrically heated properties (kWh)  

Winter  Summer  Winter  Summer  

Wd We Wd We Wd We Wd We 

min max min max min max min max min max min max min max min max 

BS 2015 7.0 18.0 8.0 19.0 5.0 12.0 6.0 13.0 8.2 21.2 9.3 22.0 5.0 12.1 6.0 13.0 

BAU 2030 7.7 19.9 8.7 20.9 5.5 13.3 6.5 14.3 9.0 23.4 10.2 24.3 5.5 13.3 6.5 14.3 

EE 2030 5.4 13.9 6.1 14.6 3.9 9.3 4.6 10.0 6.3 16.4 7.1 17.0 3.9 9.3 4.6 10.0 

Te 2030 11.4 19.9 12.1 20.6 9.9 15.3 10.6 16.0 12.3 22.4 13.1 23.0 9.9 15.3 10.6 16.0 

Wd: Weekday, We: Weekend 

 

It is apparent that the EVs at each home would hold a big share of the 

household electricity consumption in 2030, doubling the electricity 

consumption in some cases in summer, while adding about 30-50% to the 

pure household consumption in winter. The electricity consumption ranges 

for gas and electrically heated households in summer still have equal values, 

as no heating is assumed to be taking place during the summer period. The 

electricity consumption for a single household in 2015 and the different 

scenarios in 2030 is illustrated in Figure 4-40. 
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Figure 4-40: Electricity consumption range for a single gas or electri cally 

heated household on weekdays in winter and summer for the different 

scenarios  

It is apparent from Figure 4-40 that there is a slight increase of the electricity 

consumption in BAU 2030 from BS 2015 for either gas or electrically heated 

household regardless whether winter or summer. In the following EE 2030 

scenario there is a huge consumption decrease of 30%. Finally, in Te 2030 

there is a considerable load added due to the inclusion of one EV in each 

household. The upper bound of the electricity consumption in this scenario 

for winter is either equal (in the case of gas space heating) or lower (in the 

case of electric space heating) than the consumption in the case that 

business continues as usual. This means that the EE measures would 

counterbalance the increase of electricity consumption due to the 

electrification of transport. In summer, due to the lower overall household 

consumption, the added electrical load due to EVs is considerably high. 

Similarly to the case with peak demand, as the electricity consumption in the 

UK is higher in winter than in summer, the winter values would be expected 

to inform the storage systemÕs design, which would be used all year round. 
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For the weekends, the overall picture of the different scenarios would be the 

same as Figure 4-40, the only difference being the slightly higher values, as 

presented in Table 4-15. 

 

4.7. Peak electricity demand for communities  

4.7.1 Diversity of electrical load 

In the case that the same distribution transformer supplies more than one 

property, diversity of the electrical load occurs. This means that in the case 

of a group of properties, it is unlikely that all properties would have their peak 

demand at the same time. Hence, they would have their maximum demand 

at different intervals of time. Table 4-16 presents good practice values for 

domestic connections with gas central heating and is provided by WPD 

[238]. WPD uses a value of 16kW per property in the design of electricity 

installations for communities. The diversity factor is the ratio of the sum of 

the individual non-coincident maximum electricity demands of the buildings 

individually to the total maximum demand of the complete electricity system 

of a group of buildings [283]. It is always greater than 1. The diversified load 

is the expected electrical load to be drawn per connection, according to the 

order (No of connections) specified in the left column, during a peak period in 

a group of buildings. 

 
Table 4-16: Diversity and diversified load for gas heated properties according 

to the number of connections [238]  

No. of 
connections  

Diversity  

Diversified 
Load (kW) 

per 
connection  

Overall peak 
demand of the 
system (kW)  

Diversity 
factor  

1st 1 16 16 1 

2nd 0.5 8 24 1.3 

3rd 0.33 5.28 29.28 1.6 

4th 0.2 3.2 32.48 2.0 

5th-9th 0.18 2.88 35.36 2.3 

10th-24th  0.144 2.304 46.88 3.4 

25th-49th  0.131 2.096 78.32 5.1 

50th onwards 0.125 2 128.32 6.2 
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For example, if the peak electricity demand of a single property is 10 kW, it 

does not mean that the peak demand of a system comprising 4 such 

properties would be 40 kW. According to WPD [238], there would be a 

diversity of: 

¥ 1 for the first property (100% of the load) 

¥ 0.5 for the second property (50% of the load) 

¥ 0.33 for the third property (33% of the load) and 

¥ 0.2 for the fourth property (20% of the load) 

This means the overall peak demand of the system and the diversity factor 

would be calculated as follows: 

PDsystem = 1*10 + 0.5*10 + 0.33*10 + 0.2*10 = 20.3kW 

Fdiversity = 
! ! !"

!" !"!#$%
 = 

!"

!" !!
 = 1.97 

The overall peak demand of the system would therefore be 20.3kW and the 

diversity factor 1.97. 

 

4.7.2 Gas heated properties 

For the gas heated properties, the peak electricity demand range calculated 

in section 4.4.3 for a single property for the different scenarios in winter and 

summer in 2030 is used to calculate the range for multiple properties. The 

diversity values according to the number of connections are provided by 

WPD [238]. The maximum number of properties that this study assessed is 

75, as specified in section 4.3.2. If there are more than 50 connections the 

diversity remains 0.125, according to WPD. Table 4-17 shows the diversified 

load per connection for BS 2015 for winter and summer. The diversified load 

for the rest of the scenarios is included in Appendix B. 
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Table 4-17: Diversified load for gas heated properties per connection in BS 

2015 

No. of 
connections  

Diversity  
Diversified Load 

(kW) per connection 
Ð range Winter  

Diversified Load (kW) 
per connection  Ð 
range Summer  

  min max min max 
1 1 3.0 13.9 2.5 11.5 
2 0.5 1.5 7.0 1.3 5.8 
3 0.33 1.0 4.6 0.8 3.8 
4 0.2 0.6 2.8 0.5 2.3 
5 0.18 0.5 2.5 0.5 2.1 

10 0.144 0.4 2.0 0.4 1.7 
25 0.131 0.4 1.8 0.3 1.5 
50 0.125 0.4 1.7 0.3 1.4 
75 0.125 0.4 1.7 0.3 1.4 

 
 
In order to figure out what the demand range in each community scale (i.e. 2-

75 households) would be, the values of the diversified load above have been 

multiplied with the respective number of connections.  Table 4-18 presents 

the peak demand range for the gas heated households for BS 2015, 

according to the values calculated in Table 4-17. The peak demand tables 

for the rest of the scenarios are included in Appendix B. An illustration of the 

peak demand range for all scenarios is also provided in Figure 4-41-Figure 

4-54. 

 
 
Table 4-18: Peak demand range for gas heated communities in BS 2015  

No. of 
connections  

Winter  Summer  
min max min max 

1 3 13.9 2.5 11.5 
2 4.5 20.9 3.8 17.3 
3 5.5 25.4 4.6 21.0 
4 6.1 28.2 5.1 23.3 
5 6.6 30.7 5.5 25.4 

10 9.2 42.7 7.7 35.4 
25 15.7 72.6 13.1 60.0 
50 25.5 118.0 21.2 97.6 
75 34.8 161.4 29.0 133.6 
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Figure 4-41: Winter peak demand range for gas heated communities in BS 

2015 

 
 

 
Figure 4-42: Summer peak demand range for gas heated communities in BS 

2015 

 

3.0 4.5 5.5 6.1 6.6 9.2
15.7

25.5
34.813.9

20.9 25.4 28.2 30.7
42.7

72.6

118.0

161.4

0

20

40

60

80

100

120

140

160

180

200

1 2 3 4 5 10 25 50 75

P
ea

k 
el

ec
tr

ic
al

 d
em

an
d 

kW

No of connections

min. peak demand max. peak demand

2.5! 3.8! 4.6! 5.1! 5.5! 7.7!
13.1!

21.2!
29.0!11.5!

17.3! 21.0! 23.3! 25.4!
35.4!

60.0!

97.6!

133.6!

0!

20!

40!

60!

80!

100!

120!

140!

160!

180!

200!

1! 2! 3! 4! 5! 10! 25! 50! 75!

P
ea

k 
el

ec
tr

ic
al

 d
em

an
d 

kW
!

No of connections !

min. peak demand! max. peak demand!



150 
 

 

 
Figure  4-43: Winter peak demand range for gas heated communities in BAU 

2030 

 

 

 
Figure 4-44: Summer peak demand range for gas heated communities in BAU 

2030 
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Figure 4-45: Winter peak demand range for gas heated communities in EE 

2030 

 

  

 
Figure 4-46: Summer peak demand range for gas heated communities in EE 

2030 
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Figure 4-47: Winter peak demand range for gas heated communities in DR 

2030 

 

 

Figure 4-48: Summer peak demand range for gas heated communities in DR 

2030 
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Figure 4-49: Winter peak electrical de mand range for gas heated communities 

in Te 2030 with on -peak EV charging  

 

 

 
Figure 4-50: Summer peak electrical demand range for gas heated 

communities in Te 2030 with on -peak EV charging  
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Figure 4-51: Winter peak electrical demand range for gas heated  communities 

in Te 2030 with off -peak EV charging on weekdays  

 

 

Figure 4-52: Summer peak electrical demand range for gas heated 

communities in Te 2030 with off -peak EV charging on weekdays  
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Figure 4-53: Winter peak electrical demand range for gas heated  communities 

in Te 2030 with off -peak EV charging on weekends  

 

 

Figure 4-54: Summer peak electrical demand range for gas heated 

communities in Te 2030 with off -peak EV charging on weekends  
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at least 0.8 is suggested by WPD [238]. A value of 0.9 is, therefore, assumed 

for 2 properties and considering 10 kW diversified load for the winter period 

for over 50 connections (according to WPD), the diversity for that number of 

connections is found to be 0.625. The interim values were found through 

interpolation from the diversity column in the case of the gas heated 

properties in section 4.7.2 above. The peak electricity demand range 

calculated in section 4.4 for a single property for winter in the different 

scenarios is used to calculate the range for multiple properties. Table 4-19 

shows the diversified load per connection for BS 2015 in winter and summer. 

Please note that in summer the diversified load is the same as for the gas 

heated properties, as it is assumed that no heating would be provided during 

the summer period. The diversified load for the rest of the scenarios is 

presented in Appendix B. 

 
Table 4-19: Diversified load for electrically heated properties per connection 

in BS 2015  

No. of 
connections  

Diversity  
Diversified Load 

(kW) per connection 
Ð range Winter  

Diversified Load 
(kW) per connection 

Ð range Summer  
  min  max min  max 

1 1 4.8 16.3 2.5 11.5 
2 0.9 4.3 14.7 1.3 5.8 
3 0.775 3.7 12.6 0.8 3.8 
4 0.68 3.3 11.1 0.5 2.3 
5 0.665 3.2 10.9 0.5 2.1 

10 0.639 3.1 10.4 0.4 1.7 
25 0.629 3.0 10.3 0.3 1.5 
50 0.625 3.0 10.2 0.3 1.4 
75 0.625 3.0 10.2 0.3 1.4 

 
 
In order to figure out what the demand range in each community scale (i.e. 2-

75 households) would be, the values of the diversified load above for the 

electrically heated households have been multiplied with the respective 

number of connections, as was the case for the gas heated households. 

Table 4-20 below presents the peak demand range for the electrically heated 
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households for BS 2015, according to the values calculated in Table 4-19. 

The peak demand range tables for the rest of the scenarios are included in 

Appendix B. The assumptions used for the community scales are the same 

as for the single household, i.e. electricity peak demand increase of 10.4% 

between 2015 and 2030 [66], electricity consumption reduction of 30% 

between 2015 and 2030 [66] and an additional load of 7 kW for each 

household [267] due to the inclusion of one EV per household. An illustration 

of the peak demand range for the electrically heated communities is also 

provided in Figure 4-55-Figure 4-61. Please note that in summer the demand 

is the same as for the gas heated properties, as it is assumed that no heating 

would be provided during the summer period. Therefore, the graphs for 

electrically heated households in summer are the same as for gas heated 

households in summer presented in Figure 4-42, Figure 4-44, Figure 4-46, 

Figure 4-48, Figure 4-50, Figure 4-52 and Figure 4-54 above and are not 

duplicated below. 

 
Table 4-20: Peak demand range for electrically heated communities in BS 

2015 

No. of 
connections  Winter (kW)  Summer (kW)  

 min  max min max 
1 4.8 16.3 2.5 11.5 
2 9.1 31.0 3.8 17.3 
3 12.8 43.7 4.6 21.0 
4 16.1 54.8 5.1 23.3 
5 19.3 65.6 5.5 25.4 

10 35.1 119.4 7.7 35.4 
25 80.9 275.7 13.1 60.0 
50 156.2 532.3 21.2 97.6 
75 231.1 787.3 29.0 133.6 
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Figure 4-55: Winter peak demand ra nge for electrically heated communities in 

BS 2015 

 
 

 
Figure 4-56: Winter peak demand range for electrically heated communities in 

BAU 2030 
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Figure 4-57: Winter peak demand range for electrically heated communities in 

EE 2030 

 

 

 

Figure 4-58: Winter pe ak demand range for electrically heated communities in 

DR 2030 
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Figure 4-59: Winter peak electrical demand range for electrically heated 

communities in Te 2030 with on -peak charging  

 

 

 

Figure 4-60: Winter peak demand range for electrically heated commu nities in 

Te 2030 with off -peak charging on weekdays  

 
 

10.1! 19.1! 26.9! 33.8! 40.5! 73.7!

170.1!

328.4!

485.7!

17.5! 33.2! 46.7! 58.6! 70.2!
127.8!

295.1!

569.7!

842.7!

0.0!

100.0!

200.0!

300.0!

400.0!

500.0!

600.0!

700.0!

800.0!

900.0!

1! 2! 3! 4! 5! 10! 25! 50! 75!

P
ea

k 
el

ec
tr

ic
al

 d
em

an
d

!

No of connections !

min. peak demand! max. peak demand!

8.0! 15.3! 21.5! 26.9! 32.3! 58.8!

135.7!

262.0!

387.5!

10.5! 20.0! 28.1! 35.3! 42.3!
77.0!

177.7!

343.1!

507.5!

0.0!

100.0!

200.0!

300.0!

400.0!

500.0!

600.0!

700.0!

800.0!

900.0!

1! 2! 3! 4! 5! 10! 25! 50! 75!

P
ea

k 
el

ec
tr

ic
al

 d
em

an
d

!

No of connections !

min. peak demand! max. peak demand!



161 
 

 

Figure 4-61: Winter peak demand range for electrically heated communities in 

Te 2030 with off -peak charging on weekends  

 

It is observed in Figure 4-55-Figure 4-61 that due to the diversity of the 

electric load in case there is more than one property included in the 

calculations, there is an inverse relationship between the number of the 

properties and the per-property peak demand. In other words, the greater the 

number of properties, the higher the diversity and thus, the lower the per-

property peak demand, which is translated to more efficient use of the 

generated electricity. This was anticipated and is of interest regarding the 

provision for electricity storage, as economies of scale arise. Economies of 

scale may reduce the overall footprint and the spatial requirements of the 

storage system per property, as well as the cost of the system per property. 
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requirements for electricity storage would fall within the calculated ranges for 

the systems considered so far. 

4.8 Daily electricity consumption for communities  
The daily electricity consumption for communities would depend on the 

amount of electricity consumed on a day in a single household and the 

number of households. There are several parameters taken into account, 

such as whether the households are gas or electrically heated, whether it is 

winter or summer, as well as whether the consumption occurs on a weekday 

or weekend. Again, the baseline 2015 scenario and the three scenarios in 

2030 (BAU, EE and Te) are considered in this analysis. The data from the 

single household electricity consumption range in Table 4-15 have been 

used and, according to the number of households assumed for each 

community scale, the values for each scale and each scenario have been 

calculated. The electricity consumption values would define the effective 

capacity of the storage system, as seen later in Phase 3. As in the single 

household case, the daily electricity consumption in the Te scenario is not 

affected by the timing of the EV charging, i.e. whether charging is on on-peak 

or off-peak hours. The electricity consumption range for different scales and 

for all scenarios is shown in Table 4-21 and an illustration is provided in 

Figure 4-62. The electricity consumption range on weekends instead of the 

weekdays has been selected for illustration in Figure 4-62, because the 

consumption is slightly higher on weekends. This would allow for a better 

provision for electricity storage. Otherwise, the columns for the weekdays are 

going to be very similar to the columns for weekends, representing a linear 

relationship across the different scales. 
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Table 4-21: Daily electricity consumption range (kWh) for communities in BS 

2015, BAU 2030, EE 2030 and Te 2030  

 

Wd: Weekday, We: Weekend 

 

min max min max min max min max min max min max

1 7 18 8 19 1 8.2 21.2 9.3 22 1 5 12 6 13

2 14 36 16 38 2 16.4 42.4 18.6 44 2 10 24 12 26

3 21 54 24 57 3 24.6 63.6 27.9 66 3 15 36 18 39

4 28 72 32 76 4 32.8 84.8 37.2 88 4 20 48 24 52

5 35 90 40 95 5 41 106 46.5 110 5 25 60 30 65

10 70 180 80 190 10 82 212 93 220 10 50 120 60 130

25 175 450 200 475 25 205 530 232.5 550 25 125 300 150 325

50 350 900 400 950 50 410 1060 465 1100 50 250 600 300 650

75 525 1350 600 1425 75 615 1590 697.5 1650 75 375 900 450 975

min max min max min max min max min max min max

1 7.7 19.9 8.7 20.9 1 9 23.4 10.2 24.3 1 5.5 13.3 6.5 14.3

2 15.4 39.8 17.4 41.8 2 18 46.8 20.4 48.6 2 11 26.6 13 28.6

3 23.1 59.7 26.1 62.7 3 27 70.2 30.6 72.9 3 16.5 39.9 19.5 42.9

4 30.8 79.6 34.8 83.6 4 36 93.6 40.8 97.2 4 22 53.2 26 57.2

5 38.5 99.5 43.5 104.5 5 45 117 51 121.5 5 27.5 66.5 32.5 71.5

10 77 199 87 209 10 90 234 102 243 10 55 133 65 143

25 192.5 497.5 217.5 522.5 25 225 585 255 607.5 25 137.5 332.5 162.5 357.5

50 385 995 435 1045 50 450 1170 510 1215 50 275 665 325 715

75 577.5 1492.5 652.5 1567.5 75 675 1755 765 1822.5 75 412.5 997.5 487.5 1072.5

min max min max min max min max min max min max

1 5.4 13.9 6.1 14.6 1 6.3 16.4 7.1 17 1 3.9 9.3 4.6 10

2 10.8 27.8 12.2 29.2 2 12.6 32.8 14.2 34 2 7.8 18.6 9.2 20

3 16.2 41.7 18.3 43.8 3 18.9 49.2 21.3 51 3 11.7 27.9 13.8 30

4 21.6 55.6 24.4 58.4 4 25.2 65.6 28.4 68 4 15.6 37.2 18.4 40

5 27 69.5 30.5 73 5 31.5 82 35.5 85 5 19.5 46.5 23 50

10 54 139 61 146 10 63 164 71 170 10 39 93 46 100

25 135 347.5 152.5 365 25 157.5 410 177.5 425 25 97.5 232.5 115 250

50 270 695 305 730 50 315 820 355 850 50 195 465 230 500

75 405 1042.5 457.5 1095 75 472.5 1230 532.5 1275 75 292.5 697.5 345 750

min max min max min max min max min max min max

1 11.4 19.9 12.1 20.6 1 12.3 22.4 13.1 23 1 9.9 15.3 10.6 16

2 22.8 39.8 24.2 41.2 2 24.6 44.8 26.2 46 2 19.8 30.6 21.2 32

3 34.2 59.7 36.3 61.8 3 36.9 67.2 39.3 69 3 29.7 45.9 31.8 48

4 45.6 79.6 48.4 82.4 4 49.2 89.6 52.4 92 4 39.6 61.2 42.4 64

5 57 99.5 60.5 103 5 61.5 112 65.5 115 5 49.5 76.5 53 80

10 114 199 121 206 10 123 224 131 230 10 99 153 106 160

25 285 497.5 302.5 515 25 307.5 560 327.5 575 25 247.5 382.5 265 400

50 570 995 605 1030 50 615 1120 655 1150 50 495 765 530 800

75 855 1492.5 907.5 1545 75 922.5 1680 982.5 1725 75 742.5 1147.5 795 1200
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Figure 4-62:  Electricity consumption range on weeken ds for community 

scales from 1 -75 households with gas or electric heating in winter and 

summer in BS 2015, BAU 2030, EE 2030 and Te 2030  

 

 
As shown in Table 4-21 and Figure 4-62 above, there is generally a picture 

of increased electricity consumption in 2030 in the case of 100% 

electrification of transport, regardless of the season and the type of fuel to be 

used for space heating in winter. As expected, there is also a linear 

relationship between the number of the properties and the amount of 

electricity consumed daily, so the bigger the number of properties, the higher 

the electricity consumption. The analysis above also demonstrates the need 

to explore the potential role of thermal storage versus electricity storage in 
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buildings, as heating is the dominant residential energy demand. This 

exploration that could be part of a future study could help illustrate the net 

benefits of either, which in turn would give returns on investment, market 

advantages through operation within ancillary services and for example, 

electricity infrastructure investment deferral savings. 

 

4.9 Conclusions  
In this chapter, the peak electricity demand range and the daily electricity 

consumption range for single buildings and communities was investigated 

and calculated under different scenarios in 2030. For a more comprehensive 

view, these data are compiled in Table 4-22. 

 

Additional conclusions include the following points. The potential increase in 

peak electricity demand in BAU 2030 and in Te 2030 with on-peak charging 

would be likely to result in the need to replace the existing cabling and the 

fuses in the homes. More specifically, properties with lower than 80amp 

fuses installed (pre 1980) would need to change to at least 80amp (ideally 

100amp). Winter peak demand occurs at 6-7pm, while summer peak 

demand occurs at 9.30-10pm. Timewise the peak demand occurs about 1h 

later on weekends in both winter and summer and the optimal time for 

overnight off-peak EV charging is half an hour later on weekends. More 

specifically, in the Te 2030 off-peak scenario, the optimal time for EV 

charging is from 1.30-6.30am in summer and winter weekdays and from 2-

7am in summer and winter weekends. Furthermore, properties with currently 

low peak demand values are bound to experience a much higher peak in the 

early morning hours in winter under the Te 2030 off-peak scenario than 

properties with already high peak demand. Likewise, properties with either 

low or high peak demand values are bound to experience a much higher 

peak in the early morning hours in summer under the Te 2030 off-peak 

scenario. Additionally, there would be great potential for reduced size and 

costs of the overall storage system in the Te 2030 off-peak scenario due to 

the lower peak demand and thus smaller size required for the inverter. In 
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terms of electricity consumption in 2030, the EE measures would 

counterbalance the increase of consumption due to the electrification of 

transport in winter, so the electricity consumption in Te 2030 is found to be 

similar to the consumption in BAU 2030. Moreover, as the peak demand and 

the electricity consumption in the UK is higher in winter than in summer, the 

winter values would be expected to inform the storage systemÕs design, 

which would be used all year round. 

 

Regarding the community scale, there was an inverse relationship between 

the number of properties and the per-property peak demand. In other words, 

the greater the number of properties, the higher the diversity and thus, the 

lower the per-property peak demand, which is translated to more efficient 

use of the generated electricity. This is of interest regarding the provision for 

electricity storage, and especially the inverter used there, as economies of 

scale arise. Economies of scale may reduce the overall footprint and the 

spatial requirements of the storage system per property, as well as the cost 

of the system per property. On the other hand, there is a linear relationship 

between the number of properties and the amount of total electricity 

consumption. 
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Table 4-22: Electricity peak d emand and daily electricity consumption range for gas and electrically heated buildings in 

winter and summer in BS 2015, BAU 2030, EE 2030, DR 2030 and Te 2030  

 
Wd: Weekday, We: Weekend 

 

min max min max min max min max min max min max min max min max min max

1 3.0 13.9 7 18 8 19 1 4.8 16.3 8.2 21.2 9.3 22 1 2.5 11.5 5 12 6 13

2 4.5 20.9 14 36 16 38 2 9.1 31.0 16.4 42.4 18.6 44 2 3.8 17.3 10 24 12 26

3 5.5 25.4 21 54 24 57 3 12.8 43.7 24.6 63.6 27.9 66 3 4.6 21.0 15 36 18 39

4 6.1 28.2 28 72 32 76 4 16.1 54.8 32.8 84.8 37.2 88 4 5.1 23.3 20 48 24 52

5 6.6 30.7 35 90 40 95 5 19.3 65.6 41 106 46.5 110 5 5.5 25.4 25 60 30 65

10 9.2 42.7 70 180 80 190 10 35.1 119.4 82 212 93 220 10 7.7 35.4 50 120 60 130

25 15.7 72.6 175 450 200 475 25 80.9 275.7 205 530 232.5 550 25 13.1 60.0 125 300 150 325

50 25.5 118.0 350 900 400 950 50 156.2 532.3 410 1060 465 1100 50 21.2 97.6 250 600 300 650

75 34.8 161.4 525 1350 600 1425 75 231.1 787.3 615 1590 697.5 1650 75 29.0 133.6 375 900 450 975

min max min max min max min max min max min max min max min max min max

1 3.3 15.4 7.7 19.9 8.7 20.9 1 5.3 18.0 9 23.4 10.2 24.3 1 2.8 12.7 5.5 13.3 6.5 14.3

2 5.0 23.1 15.4 39.8 17.4 41.8 2 10.0 34.2 18 46.8 20.4 48.6 2 4.2 19.1 11 26.6 13 28.6

3 6.0 28.2 23.1 59.7 26.1 62.7 3 14.1 48.2 27 70.2 30.6 72.9 3 5.1 23.2 16.5 39.9 19.5 42.9

4 6.7 31.3 30.8 79.6 34.8 83.6 4 17.7 60.4 36 93.6 40.8 97.2 4 5.7 25.8 22 53.2 26 57.2

5 7.3 34.0 38.5 99.5 43.5 104.5 5 21.2 72.4 45 117 51 121.5 5 6.2 28.1 27.5 66.5 32.5 71.5

10 10.1 47.3 77 199 87 209 10 38.7 131.9 90 234 102 243 10 8.6 39.0 55 133 65 143

25 17.2 80.4 192.5 497.5 217.5 522.5 25 89.2 304.4 225 585 255 607.5 25 14.6 66.3 137.5 332.5 162.5 357.5

50 28.0 130.7 385 995 435 1045 50 172.3 587.6 450 1170 510 1215 50 23.8 107.8 275 665 325 715

75 38.3 178.9 577.5 1492.5 652.5 1567.5 75 254.8 869.2 675 1755 765 1822.5 75 32.5 147.5 412.5 997.5 487.5 1072.5

min max min max min max min max min max min max min max min max min max

1 2.3 10.8 5.4 13.9 6.1 14.6 1 3.7 12.6 6.3 16.4 7.1 17 1 1.9 8.9 3.9 9.3 4.6 10

2 3.5 16.2 10.8 27.8 12.2 29.2 2 7.0 24.0 12.6 32.8 14.2 34 2 2.9 13.4 7.8 18.6 9.2 20

3 4.2 19.8 16.2 41.7 18.3 43.8 3 9.9 33.7 18.9 49.2 21.3 51 3 3.5 16.3 11.7 27.9 13.8 30

4 4.7 21.9 21.6 55.6 24.4 58.4 4 12.4 42.3 25.2 65.6 28.4 68 4 3.9 18.1 15.6 37.2 18.4 40

5 5.1 23.9 27 69.5 30.5 73 5 14.9 50.7 31.5 82 35.5 85 5 4.2 19.7 19.5 46.5 23 50

10 7.1 33.2 54 139 61 146 10 27.1 92.3 63 164 71 170 10 5.8 27.4 39 93 46 100

25 12.0 56.4 135 347.5 152.5 365 25 62.5 213.1 157.5 410 177.5 425 25 9.9 46.5 97.5 232.5 115 250

50 19.5 91.7 270 695 305 730 50 120.6 411.3 315 820 355 850 50 16.1 75.6 195 465 230 500

75 26.7 125.4 405 1042.5 457.5 1095 75 178.3 608.4 472.5 1230 532.5 1275 75 22.1 103.4 292.5 697.5 345 750

min max min max min max min max min max min max min max min max min max

1 2.3 10.4 5.4 13.9 6.1 14.6 1 3.1 10.5 6.3 16.4 7.1 17 1 1.6 7.6 3.9 9.3 4.6 10

2 3.4 15.7 10.8 27.8 12.2 29.2 2 5.8 19.9 12.6 32.8 14.2 34 2 2.5 11.4 7.8 18.6 9.2 20

3 4.1 19.1 16.2 41.7 18.3 43.8 3 8.2 28.0 18.9 49.2 21.3 51 3 3.0 13.9 11.7 27.9 13.8 30

4 4.6 21.2 21.6 55.6 24.4 58.4 4 10.3 35.1 25.2 65.6 28.4 68 4 3.3 15.4 15.6 37.2 18.4 40

5 5.0 23.1 27 69.5 30.5 73 5 12.3 42.1 31.5 82 35.5 85 5 3.6 16.8 19.5 46.5 23 50

10 6.9 32.1 54 139 61 146 10 22.5 76.6 63 164 71 170 10 5.0 23.3 39 93 46 100

25 11.8 54.5 135 347.5 152.5 365 25 51.8 176.8 157.5 410 177.5 425 25 8.6 39.6 97.5 232.5 115 250

50 19.2 88.7 270 695 305 730 50 100.1 341.4 315 820 355 850 50 13.9 64.4 195 465 230 500

75 26.3 121.3 405 1042.5 457.5 1095 75 148.0 505.0 472.5 1230 532.5 1275 75 19.0 88.1 292.5 697.5 345 750

min max min max min max min max min max min max min max min max min max

1 9.3 17.4 11.4 19.9 12.1 20.6 1 10.1 17.5 12.3 22.4 13.1 23 1 8.6 14.6 9.9 15.3 10.6 16

2 14.0 26.1 22.8 39.8 24.2 41.2 2 19.1 33.2 24.6 44.8 26.2 46 2 12.9 21.9 19.8 30.6 21.2 32

3 17.0 31.8 34.2 59.7 36.3 61.8 3 26.9 46.7 36.9 67.2 39.3 69 3 15.7 26.7 29.7 45.9 31.8 48

4 18.9 35.3 45.6 79.6 48.4 82.4 4 33.8 58.6 49.2 89.6 52.4 92 4 17.5 29.6 39.6 61.2 42.4 64

5 20.6 38.5 57 99.5 60.5 103 5 40.5 70.2 61.5 112 65.5 115 5 19.0 32.3 49.5 76.5 53 80

10 28.6 53.5 114 199 121 206 10 73.7 127.8 123 224 131 230 10 26.4 44.9 99 153 106 160

25 48.6 90.8 285 497.5 302.5 515 25 170.1 295.1 307.5 560 327.5 575 25 44.9 76.2 247.5 382.5 265 400

50 79.0 147.7 570 995 605 1030 50 328.4 569.7 615 1120 655 1150 50 73.0 124.0 495 765 530 800

75 108.0 202.1 855 1492.5 907.5 1545 75 485.7 842.7 922.5 1680 982.5 1725 75 99.9 169.6 742.5 1147.5 795 1200

min max min max min max min max min max min max min max min max min max

1 7.6 9.9 11.4 19.9 12.1 20.6 1 8.0 10.5 12.3 22.4 13.1 23 1 7.8 10.6 9.9 15.3 10.6 16

2 11.5 14.9 22.8 39.8 24.2 41.2 2 15.3 20.0 24.6 44.8 26.2 46 2 11.7 15.8 19.8 30.6 21.2 32

3 14.0 18.2 34.2 59.7 36.3 61.8 3 21.5 28.1 36.9 67.2 39.3 69 3 14.2 19.3 29.7 45.9 31.8 48

4 15.5 20.2 45.6 79.6 48.4 82.4 4 26.9 35.3 49.2 89.6 52.4 92 4 15.8 21.4 39.6 61.2 42.4 64

5 16.9 22.0 57 99.5 60.5 103 5 32.3 42.3 61.5 112 65.5 115 5 17.2 23.3 49.5 76.5 53 80

10 23.5 30.6 114 199 121 206 10 58.8 77.0 123 224 131 230 10 23.9 32.5 99 153 106 160

25 39.9 51.9 285 497.5 302.5 515 25 135.7 177.7 307.5 560 327.5 575 25 40.6 55.1 247.5 382.5 265 400

50 64.8 84.4 570 995 605 1030 50 262.0 343.1 615 1120 655 1150 50 66.0 89.7 495 765 530 800

75 88.7 115.5 855 1492.5 907.5 1545 75 387.5 507.5 922.5 1680 982.5 1725 75 90.2 122.7 742.5 1147.5 795 1200

min max min max min max min max min max min max min max min max min max

1 7.7 10.2 11.4 19.9 12.1 20.6 1 8.1 10.9 12.3 22.4 13.1 23 1 7.8 10.9 9.9 15.3 10.6 16

2 11.6 15.4 22.8 39.8 24.2 41.2 2 15.5 20.7 24.6 44.8 26.2 46 2 11.8 16.4 19.8 30.6 21.2 32

3 14.1 18.7 34.2 59.7 36.3 61.8 3 21.8 29.1 36.9 67.2 39.3 69 3 14.4 19.9 29.7 45.9 31.8 48

4 15.6 20.8 45.6 79.6 48.4 82.4 4 27.3 36.5 49.2 89.6 52.4 92 4 15.9 22.1 39.6 61.2 42.4 64

5 17.0 22.6 57 99.5 60.5 103 5 32.7 43.7 61.5 112 65.5 115 5 17.3 24.1 49.5 76.5 53 80

10 23.7 31.5 114 199 121 206 10 59.5 79.6 123 224 131 230 10 24.1 33.5 99 153 106 160

25 40.2 53.5 285 497.5 302.5 515 25 137.4 183.7 307.5 560 327.5 575 25 41.0 56.9 247.5 382.5 265 400

50 65.4 87.0 570 995 605 1030 50 265.3 354.6 615 1120 655 1150 50 66.6 92.5 495 765 530 800

75 89.5 119.0 855 1492.5 907.5 1545 75 392.4 524.5 922.5 1680 982.5 1725 75 91.1 126.6 742.5 1147.5 795 1200

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

BS 2015

BAU 2030

EE 2030

DR 2030

Te 2030 on-peak

Te 2030 off-peak weekdays

Te 2030 off-peak weekends

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

Gas/electrically heated buildings/summer

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

Electrically heated buildings/winter

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we
No of 

connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we

Gas heated buildings/winter

No of 
connections

No of 
connections

Electricity peak demand kW Daily electricity consumption kWh

wd we
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Chapter 5  

Phase 3: Electrical energy storage 

requirements Ð daily autonomy  
 

 

5.1 Overview  
This chapter addresses Phase 3 of the methodology, where the outputs of 

Phases 1 and 2 were combined. In this Phase, the study assessed the 

electrical energy storage requirements of the nine battery technologies 

identified in Phase 1 for community scales up to 75 buildings. Having 

established the database from Phase 1 and using the electricity consumption 

ranges from Phase 2 as a base, the spatial requirements and the cost of the 

storage system for the scales of interest were estimated in each scenario in 

2030 considering daily storage. This process led to the outline of a set of 

considerations, which formed the base of a framework demonstrating how to 

allow for electricity storage in the future built environment. The framework also 

makes the process possible, providing guidance for each step. 

 

5.2 Electrical energy storage capacity for the nine battery 

technologies and the ir applicability at the different scales for daily 

storage  

This analysis is based on the electricity consumption ranges for electrically 

heated households, calculated in Phase 2 for the different building scales in 

2030. This includes powering the electrical appliances at home, using 

electrical energy for space heating, as well as running the automobiles off 
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electricity. The analysis is also based on the outputs of Phase 1 and more 

specifically on the key aspects for integration identified there. Thus, the 

potential of nine different battery technologies to provide electricity storage at 

the scales of interest were investigated and the following battery technologies 

were explored in this Phase: the conventional technologies Pb-acid, NiCd, 

NiMH, the advanced technologies Li-ion, NaS, NaNiCl, and the flow battery 

technologies V-Redox, ZnBr and Zn-air. The key aspects for their physical 

integration in a high energy application, as identified in Phase 1 and 

summarized in Table 5-1, are energy rating, specific energy, energy density, 

round-trip efficiency, cycle lifetime, daily self-discharge, DOD, spatial 

requirement and investment energy cost. 
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In line with the characteristics outlined in Table 5-1 and in order to specify the 

electricity storage requirements for the residential sector, another set of 

parameters with regard to their sizing needed to be addressed. First, the 

specification of the nominal capacity of the battery bank had to be calculated, 

which enabled the specification of the spatial requirements of the battery, 

such as its footprint, its volume and its mass, according to the values provided 

in Table 5-3. For the calculation of the nominal battery capacity, the round-trip 

efficiency, the daily self-discharge factor and the DOD from Table 5-1 as well 

as a further set of five parameters identified as critical to the sizing of the 

storage system were considered: 

¥ the round-trip efficiency of the battery, 

¥ the daily self-discharge factor, 

¥ the depth of discharge, 

¥ the autonomy period, 

¥ the temperature factor, 

¥ the aging factor, 

¥ the design margin and 

¥ the inverterÕs efficiency. 

 

The above factors are dimensionless and were considered in appropriate 

equations for the estimation of the batteriesÕ nominal capacity. The equations 

are discussed after the details given for each factor below. 

 

Round-trip efficiency of the battery 

The round-trip efficiency is different for each battery technology and ranges 

from 60% to 98% for the nine battery technologies considered in this study. 

The conventional batteries have efficiencies of 70-90%, the flow batteries 

have lower efficiencies of 60-75%, while the advanced batteries present the 

highest efficiencies among the nine battery technologies and range between 

85 and 98%. The batteryÕs round-trip efficiency will affect its sizing, as the 

lower the efficiency is the higher the losses will be, in which case they need to 

be included in the calculations to allow for sufficient battery capacity. The 
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lower bound of the efficiency range was used in the calculations so as to 

account for the worst-case scenario, as in some cases the very high 

efficiencies are only achieved in a laboratory environment. It is possible, 

however, for the efficiency to increase in the future, but no information has 

been found in the literature to suggest that this is already the case. 

Furthermore due to the current maturity and relatively high efficiency of most 

technologies at present, no major improvement on efficiency is anticipated. 

 

Daily self-discharge factor 

Lead-acid and Li-ion batteries have the lowest daily self-discharge rate among 

all batteries of 0.1-0.3% of their nominal capacity, while NiCd technology 

comes next with a range of 0.2-0.6%. NaS and NaNiCl systems have a 

considerable self-discharge rate of 15% and 20% per day respectively. 

Redox-flow batteries can reach a self-discharge rate of 10%, while ZnBr 

batteries generally have very low self-discharge levels up to 1%. For Zn-air 

there was no information available, so a factor of 1 was assumed. In order to 

address the worst case scenario, the highest value of daily self-discharge was 

considered in this study. Therefore, a factor of 1.003 for lead-acid and li-ion 

batteries, 1.006 for NiCd, 1.012 for NiMH, 1.2 for NaS, 1.15 for NaNiCl, 1.1 for 

V-Redox, 1.01 for ZnBr and 1 for Zn-air were assigned for each day of the 

autonomy period and were considered in the calculation of the revised 

capacity figures. It should be noted that the overall self-discharge factor for a 

given system is proportional to the number of autonomy days considered in 

the design. This is because the battery is assumed not to be recharged at all 

during the period of discharge (i.e. the autonomy period), so the self-

discharge of each day adds up to the self-discharge of the previous day. For 

example, if the autonomy period is set to four days, the battery is assumed to 

be discharged continuously during the four-day period without being 

recharged and so the overall self-discharge factor would be 4.012 (= 4 * 

1.003) for lead-acid and li-ion batteries, 4.024 (= 4 * 1.006) for NiCd and so 

on. 
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Depth of Discharge (DOD) 

Most batteries should not be discharged to 100% DOD, as this would shorten 

the cycle life of batteries [214]. For most of the batteries it is advised that they 

are discharged to 80%, while NiCd and lead-acid have a DOD value of 75% 

and 50-75% respectively. The typical DOD value for lead-acid technology is 

50% [94, 95, 284, 285]. Flow batteries can be discharged to 100% without any 

implication on the storage systemÕs operation. 

 

Autonomy period 

The autonomy period refers to the days or hours for which a house or 

community operating off-grid would solely rely on the electricity stored in the 

battery to power itself, without drawing electricity from the grid. In the case of 

days, these would be the days with minimal or no renewable energy available, 

e.g. minimal or no sunlight, wind and hydropower. Energy storage allows for 

the collection of energy when it is available in the form of solar or wind and 

the use of it when needed. It is advised that in the sizing of an off-grid system 

in the UK, the autonomy period should be around 3-5 days according to [286] 

and [287]. According to [288], [289] and [290], storage should be sized for a 

minimum of 3 days as a rule of thumb for area of California in the US. 

However, California is sunnier than the UK and therefore, in this study, four 

days will be assumed as autonomy period for the battery1. This does not 

mean literally four days of total deprivation2, but could be five consecutive 

days at 20% average input, or six days at 33% average input. Another 

scenario where the autonomy period is 1 day was also considered. In that 

occasion, either grid energy or a diesel generator could be used to offset the 

demand when renewable energy generation or energy from the battery is not 
                                            
1 The autonomy days for a stand-alone application might be different in future applications 

due to the effects of climate change. As Fragaki and Markvart [291] claim, the statistics of 

solar radiation have changed to a surprising degree over the past years. Hence, although the 

average daily solar radiation has remained almost constant, the probability of a long 

sequence of days with low solar radiation has increased substantially. This would have a 

significant impact on the sizing of the battery in the design of stand-alone PV systems. 
2 In both the UK and the US cases. 
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available. The investigation on both 4 days and 1 day cases is useful for 2 

reasons: first, the nominal capacity is not linear, meaning that the capacity for 

4 days will not be 4 times the capacity required for 1 day. This is due to the 

inconsistent electricity consumption values on weekdays and weekends. It 

would, therefore, be useful to calculate the actual nominal capacity required in 

these two cases. Secondly, depending on the nominal capacity required, 

some technologies are likely to be unavailable according to their energy 

rating. Thus, it would be useful to explore which of the technologies would be 

applicable in each of these two cases and for which scales. In the case of an 

autonomy period of hours Ð and thus sub-daily autonomy Ð these hours would 

typically be the evening and/or night hours, after the sun has set and the 

battery has been charged through solar PV. Further details on sub-daily 

storage are provided later in chapter 6. 

 

Temperature factor 

Especially for Pb-acid batteries, their effective capacity is affected by low 

temperature. More specifically, low ambient temperature increases battery 

size [292] and this factor allows for this effect to be captured in the 

calculations [293]. The capacity for lead-acid battery cells are typically quoted 

for a standard operating temperature of 25¡C and where the actual 

temperature at the installation differs from this recommended temperature, a 

correction factor must be applied. The calculations for the battery technologies 

in this study were performed for Cardiff, as it is the location of the WSA, where 

this research was undertaken. According to the Met Office [294] the average 

annual temperature for Cardiff and generally for the middle and south part of 

the UK is 10¡C. This value is based on measurements in the averaging period 

of the years 1981-2010 (Figure 5-1). 
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Figure 5-1: Mean annual average temperature in the UK  [294]  

 

Table 5-2 provides recommended values for flooded and gel type lead-acid 

cells according to guidance provided by IEEE Standard 485 [295] and Trojan 

Battery Company [296]. So for 10¡C the temperature correction factor to be 

applied on the nominal capacity of the system should be 1.19 and 1.11 for 

flooded lead-acid cells and for gel type lead-acid cells respectively. 

 

Table 5-2: Temperature correction factors for flooded and gel type lead -acid 

cells [295, 296]  

 

Cardiff !
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It should be noted that low or high temperatures lower battery life irrespective 

of capacity and the correction factor is for capacity sizing only, i.e. battery life 

cannot be increased by increasing capacity. In this study, the temperature 

factor was applied only to lead-acid battery technology, as for the rest of the 

battery technologies no temperature issues were found to occur. So for the 

rest of the technologies a temperature factor of 1 was applied. 

 

Aging factor 

The aging factor captures the decrease in battery performance and capacity 

due to age. The performance of a lead-acid batteries is relatively stable but 

drops markedly at latter stages of life. IEEE Standards 450 [297] and 1188 

[298] recommend that a lead-acid battery is replaced when its actual capacity 

drops to 80% of its rated capacity. Therefore, to ensure that battery can meet 

its design loads throughout its useful life, an aging factor of 1.25 should be 

applied (i.e. 1 / 0.8) [295]. For Ni-Cd batteries, the principles are similar to 

lead-acid cells and generally, a factor of 1.25 is applied as standard3 [292, 

293]. Li-ion batteries do not experience this sort of aging and could be sized 

without accounting for large future capacity loss [94]. For the rest of the 

battery technologies no information was available so an aging factor of 1 was 

assumed. 

 

Design margin 

The design margin is normally considered for future equipment or load growth, 

allows for operation at lower temperatures than anticipated and can cover for 

less than adequate maintenance [292, 295]. A method of providing this design 

margin is to add 10% to 15% to the battery size determined by the 

calculations, so a design factor of 1.1 to 1.15 is suggested, with 1.1 being 

typically recommended [292]. The design margin is assumed to be applicable 

to all battery technologies. 

 

                                            
3 For applications with high temperatures and/or frequent deep discharges, a higher factor of 

1.43 may be used. For shallower discharges, a lower factor of 1.11 can be used.!
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InverterÕs efficiency 

An inverter is used to convert the DC current produced from the battery to AC 

current in order to power the loads in the home. Inverters have an efficiency in 

the range of 85Ð97%, which depends on the quality of the device but also on 

the relative amount of power it delivers [299]. This study assumed a constant 

inverter efficiency of 90% based on current technology [300] and values 

assumed in similar investigations [301]. 

 

Summing up, the aspects and associated values that this study took into 

account per battery type are presented in Table 5-3. 
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As no formulas regarding the sizing of the storage system were found in the 

literature, considering the information presented above, appropriate 

equations needed to be devised. The nominal capacity of the battery was 

therefore calculated using the equation (1) below and an illustration of the 

electricity flow through a storage system is presented in Figure 5-2: 

 

! !"# !
! !"" ! ! ! ! ! ! ! !" ! ! ! ! ! ! ! ! !" !

! !"## ! !"! ! ! !"#
 

 

where ! !"#  is the nominal capacity of the battery 

! !""  is the effective capacity of the battery according to the number of 

connections, taken from Phase 2 

! !  is the temperature factor 

! !  is the aging factor 

!"  is the design margin 

!  is the autonomy period in days 

! !"  is the daily self-discharge factor 

! !"##  is the round-trip efficiency of the battery 

!#!  is the depth of discharge 

! !"#  is the inverterÕs efficiency 

 

 

Figure 5-2: Illustration of electricity flow through a storage system (authorÕs 

own)  
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In equation 5-1, two !  (referring to the autonomy period in days) appear. This is not a 

typo; one !  is associated with the effective capacity of the system, so if ! !""  is the 

effective capacity for one day, then ! ! ! ! !"" !  is the effective capacity for !  days. The 

other !  is associated with the self-discharge factor, so if ! !"  is the daily self-

discharge factor, then ! ! ! ! !" !  is the self-discharge factor for !  days. 

 

It is assumed that in the case of communities (i.e. groups of 2 households or more) 

there will be one centralised battery in each scale that will be shared among the 

households. Furthermore, in this study, ! !"#  refers to a range of electricity 

consumption values depending upon the scale, i.e. single building or community 

scale. The effective capacity (! !"" ) of the battery according to the number of 

connections is taken from Phase 2.  

 

As the electricity consumption on weekends is slightly higher, in the case of one-day 

battery supply, the battery will be designed so as to be able to meet the consumption 

on a day in the weekend. In the case of the four-day battery supply, Saturday and 

Sunday are considered to be two of the four days assumed for autonomy of the 

system. In this way, it is ensured that enough battery capacity is allowed if the 

autonomy is needed on a weekend day. As the four days must be consecutive, the 

four days of autonomy will have to be one of the following groups: Thursday-Friday-

Saturday-Sunday, Friday-Saturday-Sunday-Monday, or Saturday-Sunday-Monday-

Tuesday. This is not much of importance for the calculations, but it is included for a 

better understanding of the sizing process of the battery system. Therefore, the 

electricity consumption range on the two weekend days and two weekdays is 

included in the calculations for all scales. 

 

In order to add the above hypotheses for the two cases in equation 5-1, equation 5-1 

is broken down to the two equations below: 

 

¥ equation 5-2 for the case of one-day battery supply: 
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! !"# ! !
! !""

!"
! ! ! ! ! ! ! !" ! ! ! ! ! ! ! !"

! !"## ! !"! ! ! !"#
 

 

! !"# ! !
! !""

!"
! ! ! ! ! ! ! !" ! ! !"

! !"## ! !"! ! ! !"#
 

 

 

where ! !"# !  is the nominal capacity of the battery for one day 

! !""
!"

 is the effective capacity of the battery for a day in the weekend 

 

¥ and equation 5-3 for four-day battery supply: 
 

! !"# ! !
! !""

!"
! ! ! ! ! ! ! !" ! ! ! ! ! ! !"

! !"## ! !"! ! ! !"#
!

! !""
!"

! ! ! ! ! ! ! !" ! ! ! ! ! ! !"

! !"## ! !"! ! ! !"#
 

 

! !"# ! !
! ! ! ! !""

!"
! ! !""

!"
! ! ! ! ! ! ! ! !" ! ! !"

! !"## ! !"! ! ! !"#
 

 

where ! !"# !  is the nominal capacity of the battery for four days 

! !""
!"

 is the effective capacity of the battery for a day in the weekend 

! !""
!"

 is the effective capacity of the battery for a weekday 

 

As seen in equation 5-3 above, the first and second half that are added together on 

the right side of the equation refer to the nominal capacity for two days; the first half 

for the weekend and the second half for 2 weekdays. Therefore, the overall self-

discharge factor for four days has been split into two and two days and in both 

halves appears the self-discharge factor of (2!! ! !" !  in the numerator, as explained in 

Table 5-3. 
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Based on the two equations above, the required nominal battery capacity for each of 

the nine technologies and for the scales of interest in BS 2015 and the 2030 

scenarios is presented in the tables included in Appendix C. 

 

For example, assuming 5 households in a stand-alone mode that are supplied by a 

Li-ion battery, the nominal capacity (min and max values) of the battery for an 

autonomy period of 4 days in winter for all scenarios in 2030 was calculated as 

follows using equation 5-3: 

 

¥ for BS 2030 scenario 

! !"# !
!"#

!
! ! !""

!"
! ! !""

!"
! ! ! ! ! ! ! ! !" ! ! ! ! !"

! !"## ! !"! ! ! !"#
 

! !"# !
!"#

!
! !" ! !" !! ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
 

! !"# !
!"#

! !"# !!" !  

 

! !"# !
!"#

!
! ! !" !

!"
! ! !""

!"
! ! ! ! ! ! ! ! !" ! ! ! ! !"

! !"## ! !"! ! ! !"#
 

! !"# !
!"#

!
! !"# ! !!" ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
 

! !"# !
!"#

! !"#! !!" !  

 

¥ for BAU 2030 scenario 

! !"# !
!"#

!
! !" ! !" ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
 

! !"# !
!"#

! !"# !!" !  

 

! !"# !
!"#

!
! !!" ! !"! !! ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
 

! !"# !
!"#

! !"#$ !!" !  

 

¥ for EE 2030 scenario 

! !"# !
!"#

!
! !" !! ! !" !! ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
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! !"# !
!"#

! !"# !!" !  

! !"# !
!"#

!
! !" ! !" ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
 

! !"# !
!"#

! !!"# !!" !  

 

¥ for Te 2030 scenario 

! !"# !
!"#

!
! !" !! ! !" !! ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
 

! !"# !
!"#

! !"# !!" !  

! !"# !
!"#

!
! !!" ! !!" ! ! ! ! ! ! ! !! ! ! ! ! !!!"

! !! ! ! !! ! ! !!
 

! !"# !
!"#

! !"#$ !!" !  

 

As observed in the calculations above for the Li-ion battery, the temperature factor 

(! ! ), the aging factor (! ! ), the design margin (!" ) and the self-discharge factor (! !" ) 

remain the same for all scenarios. Therefore, only the effective capacity values 

(! ! !"" ) change.  

Based on the tables in Appendix C, the required nominal battery capacity for 

electrically heated communities of up to 5 households in all scenarios is presented in 

Figure 5-4 to Figure 5-7. As there is a linear correlation between the number of 

properties and the nominal battery capacity, the required capacities for up to 5 

properties are displayed there, as the effect would be similar regardless of the 

number of properties studied. In Figure 5-4 to Figure 5-7, the minimum and 

maximum nominal capacity for each technology and scale is shown in stacked 

columns. Figure 5-4 and Figure 5-5 address 4 autonomy days. In the vertical axis, 

which indicates the nominal battery capacity steps of 500kWh have been used. 

Steps of 50kWh in the vertical axis have been used in Figure 5-6 and Figure 5-7, 

which address 1 autonomy day. The readerÕs attention is drawn to the fact that the 

scales are different in each graph. In the horizontal axes the battery technologies 

with a minimum and a maximum indication are shown; the minimum indicates the 

minimum nominal capacity required for the respective technology according to the 

minimum electricity consumption for the specific number of households. Similarly, the 
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maximum indicates the maximum nominal capacity required for the respective 

technology according to the maximum electricity consumption for the specific number 

of households. The vertical axis shows the nominal capacity, which is linearly 

correlated to the number of households. The number of households is indicated in 

different colours, which are stacked, as the nominal capacity is linearly correlated to 

the number of households. More specifically yellow refers to one household, blue to 

two households, pink to three, green to four and orange to five households. In these 

graphs columns referring to minimum values should be compared together, as 

should those referring to maximum values. The higher the column the higher the 

nominal capacity required, so the less efficient the technology is. 

 

An example showing how the graphs should be read is provided in Figure 5-3, which 

presents the minimum and maximum nominal battery capacity required by different 

technologies for 4 days of autonomy in the Te 2030 scenario in winter. By comparing 

the columns referring to the minimum values, Pb-acid appears to require the highest 

nominal capacity, while Li-ion, V-Redox, ZnBr and Zn-air require the lowest capacity. 

The same is true for the columns referring to the maximum values. Generally, it is 

not likely that the comparison among the minimum values brings a different result 

from the comparison among the maximum values, since the parameters affecting 

minimum and maximum values are the same for each technology. It can be 

concluded from this graph, that Li-ion, V-Redox, ZnBr and Zn-air are the most 

efficient technologies for the specific case, while Pb-acid is the least efficient one. 

Looking more closely, and consulting the relevant table in Appendix C, the 

technologies could be ranked according to the required nominal storage capacity and 

thus efficiency in energy, cost and space, as shown in Figure 5-3. Technologies 

requiring less nominal capacity, such as Zn-air, Li-ion, ZnBr and V-Redox rank first, 

while NiCd and Pb-acid rank last. 
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Figure 5-3: Ranking of technologies in terms of nominal capacity (ascending order). 

Technologies in t he first places are more efficient regarding energy, cost and space, 

requiring less nominal capacity.  

 

In Figure 5-4 it is observed that for all scenarios Pb-acid requires the highest nominal 

capacity followed by NiCd, which means that these two technologies are the least 

efficient ones in terms of energy use, cost and space. For Li-ion, V-Redox, ZnBr and 

Zn-air the columns are lower than the rest of the technologies, so these are generally 

considered to be more efficient requiring less nominal storage capacity. This is 

generally the case for all scenarios, as can be observed in Figure 5-5, Figure 5-6 and 

Figure 5-7, regardless whether winter or summer. In the case of one autonomy day 

(Figure 5-6 and Figure 5-7), because numbers were rounded to the nearest integral, 

some values between technologies which rank close in the 4 autonomy days case 

might appear similar for one household (for example see similarity in winter values 

between V-Redox and ZnBr values in EE 2030 or Te 2030).  
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As expected, the requirements for nominal electricity storage capacity are 

higher in winter than summer. Hence, if the battery is to be used all year 

round, as assumed, the sizing of the storage system needs to be based on 

winterÕs values. The summer values are presented here for two reasons; first, 

to provide a comparison between the batteriesÕ nominal capacity required in 

summer and winter for the UK; secondly, the daily capacity values for summer 

are used in chapter 5 to identify potential interactions between daily and sub-

daily storage throughout the year. Based on the data provided in Appendix C, 

the % change between the winter and the summer nominal capacity values 

ranges from 19% to 42%. More specifically, compared to the nominal capacity 

requirement in summer considering 1 autonomy day, the winter minimum 

capacity requirement is about 35% higher and the winter maximum capacity 

requirement is 41% higher in the BS 2015, BAU 2030 and EE 2030 scenarios.  

In the Te 2030 scenario the minimum capacity requirement is 19% higher in 

winter than in summer, while the maximum capacity requirement is 30% 

higher in winter in comparison to summer. If 4 days of autonomy are 

considered, the % change is very similar to the change in the case of 1 day of 

autonomy. Compared to the summer values, the winter minimum capacity 

requirement is about 37% higher and the winter maximum capacity 

requirement is 42% higher in the BS 2015, BAU 2030 and EE 2030 scenarios.  

In the Te 2030 scenario the minimum capacity requirement is 19% higher in 

winter than in summer, while the maximum capacity requirement is 31% 

higher in winter. As the sizing of the storage system would be based on 

winterÕs higher values and considering the hypotheses presented above, the 

system is expected to be oversized for the summer period at an extent of 19-

42% depending on the scenario and the days of autonomy. 

 

At this stage, an assessment on the applicability of the nine battery 

technologies for the different scales was performed. The nominal battery 

capacity values for the winter period for 4 or 1 days of autonomy from the 

tables in Appendix C were crosschecked with the energy rating of the 

technologies from Table 5-1. Where the required nominal capacity value was 
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outside the energy rating range, the technology was considered unsuitable for 

the respective residential scale4. The applicability assessment for 4 or 1 days 

of autonomy is presented in Table 5-4 and Table 5-6 respectively. Grey 

coloured cells indicate that the battery technology can be applied to the 

respective residential scale. White coloured cells indicate that the battery 

technology cannot be applied to the respective residential scale, due to the 

limitations posed by the technologyÕs energy rating range. An illustration of the 

battery technologiesÕ applicability or not to community scales up to 5 

households is presented in Figure 5-8 and Figure 5-9. In case of no 

applicability, the colored blocks - which the columns consist of and which 

address minimum or maximum nominal capacity values - are void. Minimum 

and maximum nominal capacity correspond to low and high consumption 

households respectively. So, for example, looking at Table 5-4, NaS is not 

applicable for one or two low consumption households in BS 2015 and BAU 

2030. As shown in Figure 5-8, the yellow and blue blocks in the NaS 

mimimum column in the graphs for BS 2015 and Te 2030 are void.  

                                            
4 It should be noted that if the required nominal storage capacity is lower than a technologyÕs 

lower b0ound of the energy rating range, this does not mean that the technology is not 

applicable; yet the battery would possibly be oversized. This would only be an energy 

efficiency issue, but not an applicability issue regarding the lower summer consumption 

values. 
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Table 5-4: Applicability of battery technologies for different  scales if 4 days of 

autonomy is applied  
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Notes:
low cons. is low consumption household according to the range used in the study
high cons. is high consumption household according to the range used in the study
Grey cells indicate that the battery technology can be applied to the respective residential scale
White cells indicate that the battery technology cannot be applied to the respective residential scale

ZnBr Zn-air

Zn-air

No of
connections

Te 2030
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox

No of
connections

EE 2030
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr

Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

NaS NaNiCl V-Redox ZnBr Zn-air

No of
connections

BAU 2030
Pb-acid NiCd NiMH

Electrically heated communities/winter - Nominal capacity (kWh) for 4 days

No of
connections

BS 2015
Pb-acid NiCd NiMH Li-ion
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It is observed from Table 5-4 that the Pb-acid  and Li -ion  technologies already 

have a wide enough energy rating range to be able to serve all scales at 

distribution level for an autonomy period of 4 days in all scenarios in 2030. 

NaNiCl  would be capable of serving a community of up to about 25 residential 

buildings, as is the case for ZnBr . These technologies would not be able to be 

applied to a larger district scheme, due to the limitations posed by the 

technologiesÕ energy rating range. Moreover, V-Redox  would be able to serve 

up to 25 houses regardless of their electricity consumption and up to 75 

houses if their consumption was towards the lower bound of the range 

assumed in this study. This is the case for Zn-air  too. As shown in Figure 5-8, 

NiCd and NiMH technologies with their current limited energy ratings cannot 

meet the requirements for a group of households bigger than 5. In addition, as 

seen in Table 5-4 and Figure 5-8, NaS is able to serve all scales in all 

scenarios, except a single household in EE 2030 or a single household or two 

with generally low consumption in the rest of the scenarios. This can be 

explained by the fact that NaS cells are primarily suitable for large-scale, non-

mobile applications such as grid energy storage [302]. This, according to 

Doughty et al. [302] is attributed to the batteriesÕ high operating temperature 

range of 300¡C to 350¡C and the highly corrosive nature of the sodium 

polysulfide discharge products.  

 

The ranking of the technologies according to their nominal capacity and their 

applicability for the respective scales (number of connections) for four 

autonomy days is presented in Table 5-5. What is remarkable is that as the 

number of propert ies increases, fewer technologies are available at 

present.  For example, while for one household all technologies are available 

in BAU 2030 and Te 2030, for 75 households only Li-ion, NaS, Pb-acid and 

perhaps Zn-air and V-Redox (depending on the electricity consumption of the 

house) might be applicable. 

 

 

194



T
able

 5-5: R
anking of te

chnologie
s according to nom

inal capacity and the
ir applicability for four autonom

y days in 2030 (m
ost 

suitable
 te

chnologie
s =

 te
chnologie

s w
ith le

ast nom
inal capacity 

w
hich rank first)

 

 
N

ote: Italic font denotes that the technology is not entirely applicable. Its applicability is restricted to either low
 or high consum

ption households. 

1
2

3
4

5
10

25
50

75
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

2. N
aS

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. V

-R
edox

3. P
b-acid

4. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. N

aS
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. P

b-acid
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. N

aS
7. N

iM
H

7. N
iM

H
7. N

iC
d

7. N
iC

d
7. N

iC
d

7. P
b-acid

7. P
b-acid

8. N
iC

d
8. N

iC
d

8. P
b-acid

8. P
b-acid

8. P
b-acid

9. P
b-acid

9. P
b-acid

1
2

3
4

5
10

25
50

75
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. V

-R
edox

3. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. V

-R
edox

4. N
aS

4. N
aS

5. N
aN

iC
l

5. N
aN

iC
l

5. N
aN

iC
l

5. N
aN

iC
l

5. N
aN

iC
l

5. N
aN

iC
l

5. N
aN

iC
l

5. P
b-acid

5. P
b-acid

6. N
iM

H
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. N

aS
7. N

iC
d

7. N
iM

H
7. N

iM
H

7. N
iM

H
7. N

iC
d

7. P
b-acid

7. P
b-acid

8. P
b-acid

8. N
iC

d
8. N

iC
d

8. N
iC

d
8. P

b-acid
9. P

b-acid
9. P

b-acid
9. P

b-acid

1
2

3
4

5
10

25
50

75
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
1. Z

n-air
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

2. Li-ion
2. Li-ion

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. Z

nB
r

3. Z
nB

r
3. Z

nB
r

3. V
-R

edox
3. V

-R
edox

3. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. V

-R
edox

4. V
-R

edox
4. N

aN
iC

l
4. N

aS
4. N

aS
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aN
iC

l
5. N

aS
5. P

b-acid
5. P

b-acid
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. N

aS
6. P

b-acid
7. N

iM
H

7. N
iM

H
7. N

iC
d

7. N
iC

d
7. N

iC
d

7. P
b-acid

8. N
iC

d
8. N

iC
d

8. P
b-acid

8. P
b-acid

8. P
b-acid

9. P
b-acid

9. P
b-acid

Tecnology ranking

Te 2030 - N
o of connections

Tecnology ranking Tecnology ranking

E
E

 2030 - N
o of connections

4 days of autonom
y

B
A

U
 2030 - N

o of connections

195



 

Table 5-6: Applicability of battery technologies for different scales if 1 day of 

autonomy is applied  
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Notes:
low cons. is low consumption household according to the range used in the study
high cons. is high consumption household according to the range used in the study
Grey cells indicate that the battery technology can be applied to the respective residential scale
White cells indicate that the battery technology cannot be applied to the respective residential scale
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It is observed from Table 5-6 that Pb-acid  and Li -ion  are able to serve all 

scales at distribution level for an autonomy period of 1 day as well, in all 

scenarios in 2030. NaNiCl  and V-Redox  are also suitable for all scales if 1 

day of autonomy is applied. However as shown in Figure 5-9, Zn-air, like 

ZnBr, is not suitable for a single house or 2-3 low consumption houses 

depending on the scenario in 2030. Furthermore, NiCd can serve up to about 

25 households or 50 if they are low consumption ones in all scenarios except 

Te 2030, where it is suitable for up to about 10 households or 25 low 

consumption households . The maximum number of households NiMH can 

serve ranges from 5 to 25 depending on their consumption and the scenario 

considered. Regarding NaS batteries, as their energy rating starts at 360 kWh 

for a typically available system, NaS technology cannot serve individual 

buildings or groups of 2-5 residential buildings for one autonomy day as 

shown in Figure 5-9. It would be applicable though for a community of 10 

households if their overall consumption was towards the lower bound of the 

range assumed in this study. The ranking of the technologies according to 

their nominal capacity and their applicability for the respective scales (number 

of connections) for one autonomy day is presented in Table 5-7. What is 

notable is that for 10 households all technologies are available and then 

on both sides of it, i.e. for either mor e or less households, the number 

of technologies gradually decreases. Hence, for one household only 6 

technologies are possible options and for 75 households only 7.  
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 or high consum

ption households. 
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Overall, it is observed that the Pb-acid and Li -ion technologies already 

have a wide enough energy rating range to be able to serve all 

community scales at distribution level for an autonomy period of up to 

4 days in all scenarios in 2030. The NaNiCl and the V -Redox are also 

suitable at all scales if 1 day of autonomy is applied.  If 4 days were 

applied, then NaNiCl  would be capable of serving a community of up to 

about 25 residential buildings, as is the case for ZnBr . Moreover, V-Redox  

would then be able to serve up to 25 houses when their electricity 

consumption is closer to the upper bound of the range used in this study and 

up to 75 houses if their consumption was towards the lower bound of the 

range. This is the case for Zn-air  too. However Zn-air, like ZnBr, is not 

suitable for a single house or 2-3 low consumption houses depending on the 

scenario if one day of autonomy is applied. In the case of 4 autonomy days, 

NiCd and NiMH technologies with their current energy rating cannot meet 

the requirements for a group of households bigger than 5. Similarly, in the 

case of one autonomy day, the maximum number of households they can 

serve is between 10 and 50. Regarding NaS batteries, as their energy rating 

starts at 360 kWh for a typically available system, NaS technology cannot 

serve individual buildings or groups of 2-5 residential buildings for one 

autonomy day. In the case of 4 autonomy days, NaS is able to serve all 

scales in all scenarios, except a single household in EE 2030 or a single 

household or two with generally low consumption in the rest of the scenarios. 

Please note that these limitations are based on the hypotheses made earlier 

regarding all the parameters affecting nominal capacity of the battery bank. 

So under different performance parameters or through R&D in the future, 

these limitations might be overcome and technologies that currently are not 

suitable for some scales might then become applicable. In addition, as the 

storage capacity requirements are lower for summer, the battery 

technologies could possibly serve bigger scales in that period. 
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5.3 Footprint, volume, mass, investment cost and levelised cost 

of energy (LCOE) for the nine battery technologies for one or four 

autonomy days at the different scales  

 

The footprint, volume, mass, the investment cost and the levelized cost of 

electricity (LCOE) for the nine battery technologies at different scales are 

presented in this section, based on the information included on Table 5-1. 

The analysis on this part is performed using the columns referring to the 

spatial requirement (m2/kWh), the energy density (kWh/m3), the specific 

energy (Wh/kg), the investment energy cost (! /kWh), the round-trip 

efficiency (! batt ), the lifetime in cycles and the DOD as shown in Table 5-8. 

For the values that appear in ranges, i.e in the columns for spatial 

requirement, energy density, specific energy and investment cost two 

separate sets of data and graphs are produced and presented in this section. 

Thus through the consideration of the minimum and maximum values a low 

range and a high range are derived respectively, as indicated in the figures 

and/or their captions. 
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5.3.1 Estimation of footprint 

Based on the nominal capacity values in the tables in Appendix C and using 

the column for spatial requirement  from Table 5-8, the estimation of the 

footprint  for each of the nine technologies for the different scales in winter is 

presented in the relevant tables in Appendix C. As there is a range for the 

spatial requirement in some technologies, two different sets of footprint 

values were calculated, considering the minimum and maximum value of this 

range. An illustration of the footprint for the nine battery technologies for 

communities up to five households is presented in Figure 5-10, Figure 5-11, 

Figure 5-13 and Figure 5-14. Figure 5-10 and Figure 5-11 show the battery 

footprint for four days of autonomy assuming the minimum and maximum5 

spatial requirement values from Table 5-8 respectively. Figure 5-13 and 

Figure 5-14 show the battery footprint for one day of autonomy assuming the 

minimum and maximum spatial requirement values from Table 5-8 

respectively. On the left hand side of the figures all technologies are 

included, while on the right hand side all but Pb-acid are presented so as to 

allow for comparisons, as Pb-acid has by far the biggest footprint, distorting 

the figures. In all figures in the cases where the technologies were not 

applicable the relevant coloured blocks in the columns are substituted with 

void blocks. The process described in this section was also followed for the 

estimation of the volume, mass, cost and LCOE of the battery technologies 

as well, so in 5.3.2, 5.3.3, 5.3.4 and 5.3.5 only the graphs are shown. 

 

 

                                            
5 Through the consideration of the minimum and maximum spatial requirement values a low 

footprint range and a high footprint range are derived respectively, as indicated in the figures 

and/or their captions. The same happens for volume and mass. 
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It is observed from Figure 5-10 and Figure 5-11 that Pb-acid would occupy by 

far the most space in all scenarios in 2030 with 4 autonomy days, regardless 

of whether the minimum or maximum spatial requirement value is considered 

from Table 5-8. In addition, the technologies that could serve all scales in all 

scenarios in the case of four autonomy days would be Pb-acid and Li-ion. 

Considering the mimimum spatial requirement value for each technology from 

Table 5-8, and consulting the relevant table in Appendix C the technologies 

can be put in the following order in terms of footprint (technologies that rank 

first are more favourable): 

1. Li-ion 
2. NaS 
3. Zn-air 
4. ZnBr 
5. NiCd 
6. NaNiCl 
7. V-Redox 
8. NiMH 
9. Pb-acid 
 

This is a general ranking list and depending on the technologiesÕ applicability 

to the scales of interest, some technologies would need to be removed from 

the list for some scales in some scenarios. For example, among the 

technologies that can serve one household in all scenarios Li-ion is the most 

favourable, followed by Zn-air. NaS is a competing technology only in BAU 

2030 and Te 2030 but is only applicable for high consumption households. 

NaS is not applicable in EE 2030. For two households NiMH is not applicable 

for high consumption households in all scenarios, while NaS is not applicable 

for low consumption households in BAU 2030 and EE 2030. For three 

households, NiCd is not available for high consumption households in BAU 

2030 and Te 2030, while NiMH is not applicable in these scenarios. In EE, 

NiMH is not available for high consumption households. Moreover, NaS is 

available only for high consumption households in EE 2030. For four 

households NiCd is not available for high consumption households in all 

scenarios. NiMH is not applicable in BAU 2030 and Te 2030, while in EE it is 

not applicable for high consumption households. For five households, NiCd is 
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not available for high consumption households, while NiMH is not applicable 

in all scenarios. 

 

Considering the maximum spatial requirement value for each technology from 

Table 5-8 and consulting the relevant table in Appendix C and Figure 5-11, 

the technologies can be put in the following order in terms of footprint 

depending on their applicability (technologies that rank first are more 

favourable): 

1. NaS 
2. Zn-air 
3. Li-ion 
4. NaNiCl 
5. ZnBr 
6. NiMH 
7. V-Redox 
8. NiCd 
9. Pb-acid 

 

It is observed that there is a clear difference in the ranking when considering 

the minimum or maximum values for the spatial requirement from Table 5-8. 

In both cases, Li-ion, NaS and Zn-air are the top three technologies exhibiting 

the smallest footprint and Pb-acid the last one having the biggest footprint. In 

the case the minimum values for spatial requirement are considered, Li -

ion comes first, followed by NaS and then Zn -air, while when 

considering the maximum values for spatial requirement Zn -air comes 

first, followed by NaS and Li -ion.  

 

What is noteworthy is that although some technologies have similar 

nominal capacity values, they have very d ifferent footprint . An example 

for Li-ion, V-Redox, ZnBr and Zn-air technologies for four days of autonomy in 

Te 2030 is shown in Figure 5-12, where their nominal capacity range, as well 

as their minimum (middle graph) and maximum footprint (bottom graph) are 

presented for communities up to 5 households. As can be observed there, all 

four technologiesÕ minimum capacity is about 800kWh for five households and 

their maximum capacity about 1500kWh for the same number of households; 
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yet their footprint values vary. So, for example, considering the mimimum 

spatial requirement values from the range in Table 5-8, Li-ion has a footprint 

of 4-8m2, V-Redox a footprint of 20-40m2, ZnBr a footprint of 12-20m2 and Zn-

air a footprint of 5-10m2. 
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Figure 5-12: Comparison between nominal capacity and footprint for Li -ion, V -

Redox, ZnBr and Zn -air for four days of autonomy in Te 2030  
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The ranking of the technologies according to combined criteria, including their 

footprint and applicability for the respective scales (number of connections) for 

four autonomy days, is presented in Appendix D, as are the rankings for all 

aspects. As it is observed, the ranking according to smallest footprint is very 

different from the ranking according to least nominal capacity in Table 5-5. 

Therefore, in the case of four autonomy days, if a technology is the most 

favourable in terms of nominal capacity doesnÕt mean that it is the most 

favourable one in terms of footprint and vice versa.  
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It is observed from Figure 5-13 and Figure 5-14 that Pb-acid again would 

occupy by far the most space in all scenarios in 2030 with 1 autonomy day, 

regardless of whether the minimum or maximum spatial requirement value is 

considered from Table 5-8. In addition, the technologies that could serve all 

scales in all scenarios in the case of one autonomy day would be Pb-acid, Li-

ion, NaNiCl and V- Redox. As observed from the relevant table in Appendix C, 

Figure 5-13 and Figure 5-14, the ranking is the same as in the case for four 

days of autonomy considering either the mimimum or the maximum spatial 

requirement value for each technology from Table 5-8. Therefore, in both 

cases of daily autonomy, Li -ion, NaS and Zn -air are the top three 

technologies exhibiting the smallest footprint and Pb -acid the last one 

having the  biggest footprint.  

 

Regarding the applicability aspect in the low footprint range, among the 

technologies that can serve one household in Te 2030 Li-ion is the most 

favourable with a range of 0.1-0.2m2, followed by NiCd with a range of 0.3-0.6 

m2 and then NaNiCl with a range of 0.4-0.8 m2. This is because NaS, Zn-air 

and ZnBr are not applicable for one household. NaS is a competing 

technology but for scales comprising at least 10 houses. For two households 

Zn-air can serve only high consumption houses in BAU 2030 and Te 2030, 

while in EE 2030 it is unavailable. ZnBr is applicable for high consumption 

houses. For three households, Zn-air can serve only high consumption 

houses in all scenarios, while ZnBr can serve this type of houses only in EE 

2030. For four households Zn-air is available for high consumption houses in 

BAU 2030 and EE 2030. For five households, only NaS remains unavailable 

in all scenarios, as previously mentioned. As regards the technology ranking 

for one autonomy day in Appendix D, it is observed that the ranking according 

to smallest footprint is very different from the ranking according to least 

nominal capacity in Table 5-7. Therefore, as also mentioned in the case of 

four autonomy days, in the case of one autonomy day, if a technology i s 

the most favourable in terms of nominal capacity doesnÕt mean that it is 

the most favourable one in terms of footprint and vice versa.  
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5.3.2 Estimation of volume 

Based on the tables presented in Appendix C and using the column for 

energy densit y from Table 5-8, the estimation of the volume  for each of the 

nine technologies for the different scales in winter is presented in Appendix C. 

An illustration of the volume for the nine battery technologies for communities 

up to five households is presented in Figure 5-15, Figure 5-16, Figure 5-19 

and Figure 5-20. Figure 5-15 and Figure 5-16 show the battery volume for four 

days of autonomy, while Figure 5-19 and Figure 5-20 for one day of 

autonomy. On the left hand side of the figures all technologies are included, 

while on the right hand side all but Pb-acid, NiCd, V-Redox and ZnBr are 

presented so as to allow for comparisons, as these four require by far the 

biggest volume. 
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It is observed that there is a clear difference in the ranking when considering 

the minimum or maximum values for energy density from Table 5-8. In the 

case where the minimum energy density values are considered (high 

range), Zn -air, NaS and NiMH are the top three technologies exhibiting 

the smallest volume. In the case where the maximum values are 

considered (low range), the  top three are Zn -air, Li -ion and NaS. In both 

cases Pb -acid, V -Redox and ZnBr are the least favourable technologies 

requiring the biggest volume.  

 

What is noteworthy is that although some technologies have similar 

nominal capacity values, not only can the y have very different footprint, 

but also very different volume . In addition, the footprint and the volume 

are not correlated values, and therefore a big footprint doesnÕt mean a 

big volume and vice versa.  An example for Li-ion, V-Redox, ZnBr and Zn-air 

technologies for four days of autonomy in Te 2030 is shown in Figure 5-17, 

where their nominal capacity range, their footprint based on minimum and 

maximum spatial requirement values, as well as their volume based on 

minimum and maximum energy density values are presented for communities 

up to 5 households. As can be observed there, all four technologiesÕ minimum 

capacity is about 800kWh for five households and their maximum capacity 

about 1500kWh for the same number of households. Yet apart from the 

variation in their footprint values, there is a variation in their volume. So, for 

example, considering the mimimum energy density values from the range in 

Table 5-8 (high volume range), Li-ion has a volume of about 8-15m3, V-Redox 

and ZnBr a volume of about 45-80m3 and Zn-air a volume of 1-2m3. 
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Regarding the lack of association between the values for footprint and 

volume, Figure 5-18 is included below. This is an example showing a 

comparison between the footprint and the volume of NaNiCl and ZnBr for 

communities up to five households in Te 2030 with one autonomy day. The 

example addresses the case in which the maximum spatial requirement has 

been taken into account. These technologies have similar footprints, but 

different volumes considering either minimum or maximum energy density 

values. More specifically, considering the maximum energy density values, 

ZnBr requires a volume five times bigger than NaNiCl and considering the 

minimum energy density values, ZnBr requires a volume seven times bigger. 

However, they occupy the same area of about 3-5m2. This clearly indicates a 

difference in their heights. Therefore, even if technologies have similar 

footprint, this doesnÕt mean that they will have similar volume. 
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Figure 5-18: Comparison of footprint and volume ranges for NaNiCl and ZnBr 

and Zn -air for 1 autonomy day (Te 2030)  
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The ranking of the technologies according to their volume considering their 

applicability for the respective scales (number of connections) for four 

autonomy days is presented in Appendix D. As it is observed, the ranking 

according to smallest volume is very different from the ranking according to 

least nominal capacity in Table 5-5 or the smallest footprint. Therefore, in the 

case of four autonomy days, if a technology is the most favourable in 

terms of nominal capacity or footprint doesnÕt mean that it is  the most 

favourable one in terms of volume too and vice versa.  
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It is observed from Figure 5-19 and Figure 5-20 that Pb-acid would be the 

most unfavourable, needing the largest volume in all scenarios in 2030 with 

one autonomy day, regardless of whether the minimum or maximum energy 

density value is considered from Table 5-8. Pb-acid is followed by V-Redox 

and ZnBr and especially when the maximum energy density values are 

considered the three of them are very close. As observed from Appendix C, 

Figure 5-19 and Figure 5-20, the ranking is the same as in the case for four 

days of autonomy considering either the mimimum or maximum energy 

density value for each technology from Table 5-8. Therefore, in both cases of 

daily autonomy, the same conclusions apply regarding the ranking of 

technologies, but not regarding their applicability in different scales.  

 

As regards the technology ranking in Appendix D, it is observed that the 

ranking according to smallest volume is very different from the ranking 

according to least nominal capacity in Table 5-7 or smallest footprint. 
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5.3.3 Estimation of mass 

Based on the tables in Appendix C and using the column for specific energy  

from Table 5-8, the estimation of the mass  for each of the nine technologies 

for the different scales in winter is included in Appendix C. An illustration of 

the mass values for the nine battery technologies for communities up to five 

households is presented in Figure 5-21, Figure 5-22, Figure 5-25 and Figure 

5-26. Figure 5-21 and Figure 5-22 show the battery mass for four days of 

autonomy, while Figure 5-25 and Figure 5-26 for one day. On the left hand 

side of the figures all technologies are included, while on the right hand side 

all but Pb-acid are presented so as to allow for comparisons. 
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It is observed that there is a clear difference in the ranking when considering 

the minimum or maximum values for specific energy from Table 5-8. In the 

case where the minimum specifi c energy values are considered (high 

range), Zn -air, NaS and NaNiCl are the top three technologies exhibiting 

the smallest mass. In the case where the maximum values are 

considered (low range), the top three are Zn -air, Li -ion and NaS. In both 

cases Pb -acid and NiCd are the least favourable technologies having 

the biggest mass.  

 

What is noteworthy is that although some technologies have similar 

nominal capacity values, not only can they have very different footprint 

and volume, but also very different mass . An example for Li-ion, V-Redox, 

ZnBr and Zn-air technologies for four days of autonomy in Te 2030 is shown 

in Figure 5-23, where their nominal capacity range, their footprint, volume and 

mass are presented for communities up to 5 households. The footprint is 

based on minimum and maximum spatial requirement values, the volume is 

based on minimum and maximum energy density values and the mass on 

minimum and maximum specific energy values. As can be observed there, all 

four technologiesÕ minimum capacity is about 800kWh for five households and 

their maximum capacity about 1500kWh for the same number of households. 

Yet apart from the variation in their footprint and volume values, there is a 

variation in their mass. So, for example, considering the minimum specific 

energy density values from the range in Table 5-8 (high mass range), Li-ion 

has a mass of about 8-16kg, V-Redox a mass of about 12-22kg, ZnBr a mass 

of about 15-27kg and Zn-air a mass of 2-4kg. 

 

In addition, the footprint, volume and mass are not corr elated values, 

and therefore a big footprint or volume doesnÕt mean a big mass and 

vice versa.  In this respect, Figure 5-24 is included below as an example 

showing a comparison between the footprint, the volume and the mass of 

NiMH, NaNiCl and V-Redox for communities up to five households in BAU 

2030 with one autonomy day. These technologies were chosen for 
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comparison as they have similar mass in BAU 2030, so it would be interesting 

to explore how the footprint and volume compare. The example addresses the 

case in which the maximum spatial requirement, the maximum energy density 

and the maximum specific energy have been taken into account. It is clear 

that these technologies, although they have similar mass, hey have different 

volume and footprint. More specifically, NiMH has a footprint similar to V-

Redox, but about two times times bigger than NaNiCl and requires about half 

the volume of NaNiCl and about 1/9th of V-RedoxÕs volume. However, they 

have similar mass of about 1-3kg. Therefore, even if technologie s have 

similar mass, this doesnÕt mean that they will have similar footprint or 

volume.  
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Figure 5-23: Comparison of nominal capacity, footprint, volume and mass for 

Li -ion, V -Redox, ZnBr and Zn -air for 4 autonomy days in Te 2030  
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Figure 5-24: Compariso n of footprint, volume and mass for NiMH, NaNiCl and 

ZnBr for 1 autonomy day (BAU 2030)  
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dwellings should not exceed the value of 0.25kN/m2, which is about 25kg/m2. 

Taking this into account, in the case that storage was provisioned for 4 days 

of autonomy, in BAU 2030 and Te 2030, Pb-acid would not be able to be 

positioned in the loft of a highly consuming home, as the mass of the battery 

would be about 29kg, for the following conditions: 

 

¥ The batteryÕs specific energy was close to the minimum value from 

Table 5-8 

¥ The loft space was relatively small so the battery wouldnÕt occupy an 

area greater than 1m2 (considering that extra space for the BOS 

equipment6, access, circulation and maintenance would be needed too) 

¥ The loft floor was designed according to the regulations 

 

There would be the same barrier for the installation of a Pb-acid or NiCd in the 

loft if two houses shared a battery that would be located in one homeÕs loft. In 

these cases the following solutions could be applied: 

¥ Seek an alternative location (e.g. garage, basement, storage room, 

garden) 

¥ Distribute the load across a sufficiently big area in the loft 

¥ Strengthen the floor 

¥ Opt for another battery technology 

 

As it is observed in the technology ranking in Appendix D, the ranking 

according to smallest mass is very different from the ranking according to 

least nominal capacity in Table 5-5, the smallest footprint or the smallest 

volume. Therefore, in the case of four autonomy days, if a technology is 

the most favourable in terms of nominal capacity, footprint or volum e 

doesnÕt mean that it is the most favourable one in terms of mass too 

and vice versa.  

                                            
6 BOS equipment: Balance of system equipment. It includes all the components of a battery 

system except the battery. 
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It is observed from Figure 5-25 and Figure 5-26 that Pb-acid would be the 

most unfavourable, having the highest mass in all scenarios in 2030 with one 

autonomy day, regardless of whether the minimum or maximum energy 

density value is considered from Table 5-8. As observed from Figure 5-25 

and Figure 5-26, the ranking is the same as in the case for four days of 

autonomy considering either the mimimum or maximum specific energy 

value for each technology from Table 5-8. Therefore, in both cases of daily 

autonomy, the same conclusions apply regarding the ranking of 

technologies, but not regarding their applicability in different scales.  

 

Regarding the technology ranking for one autonomy day in Appendix D, it is 

observed that the ranking according to smallest mass is very different from 

the ranking according to least nominal capacity, smallest footprint or smallest 

volume. 

 

 

 

 

 

 



 
 

236 

5.3.4 Estimation of investment cost 

Based on the tables in Appendix C  and using the column for investment 

cost per kWh from Table 5-8, the estimation of the investment cost  for 

each of the nine technologies for the different scales in winter is presented in 

Appendix C. It could generally be assumed that the cost values addressing 

low range would be possible by 2030 due to further deployment of EES 

technologies and mass production. Yet the high range cost values were also 

calculated and provided for comparison. 

 

An aspect that was not considered in this study is that in many cases, 

batteries, when purchased in bulk, are priced lower than regular retail prices, 

which means that, as the number of connections increases, the price per 

kWh should decrease. However, this depends largely on where the battery 

would be purchased from Ðfor example, whether it would be a cash purchase 

or a lease, a wholesale cash purchase or a retail purchase from a distributor. 

A useful analysis on this is provided in [304]. Therefore this work didnÕt deal 

with this aspect, as this would require a separate cost analysis study. An 

illustration of the cost values for the nine battery technologies for 

communities up to five households is presented in Figure 5-27, Figure 5-28, 

Figure 5-29 and Figure 5-30. Figure 5-27 and Figure 5-28 show the battery 

cost for four days of autonomy, while Figure 5-29 and Figure 5-30 show the 

battery cost for one day. 
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Figure 5-27: Battery investment cost (low range) for electrically heated 

properties in the various scales under th e different scenarios in winter 2030 

for four days of autonomy considering the minimum cost from Table 5-8 

0

50,000

100,000

150,000

200,000

250,000

300,000

350,000

400,000

450,000

min max min max min max min max min max min max min max min max min max

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

In
ve

st
m

en
t c

os
t (

!
) 

Investment cost ( ! ) - 4 autonomy days - low range
BAU 2030

5 households

4 households

3 households

2 households

1 household

0

50,000

100,000

150,000

200,000

250,000

300,000

350,000

400,000

450,000

min max min max min max min max min max min max min max min max min max

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

In
ve

st
m

en
t c

os
t (

!
) 

Investment cost ( ! ) - 4 autonomy days - low range
EE 2030

5 households

4 households

3 households

2 households

1 household

0

50,000

100,000

150,000

200,000

250,000

300,000

350,000

400,000

450,000

min max min max min max min max min max min max min max min max min max

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

In
ve

st
m

en
t c

os
t (

!
) 

Investment cost ( ! ) - 4 autonomy days - low range
Te 2030

5 households

4 households

3 households

2 households

1 household



 
 

238 

 

Figure 5-28: Battery investment cost (high range) for electrically heated 

properties in the various scales under the different scenarios in winter 2030 

for four days of autonomy considering the maximum cost from Table 5-8 

It is observed that there is a clear difference in the ranking when considering 

the minimum or maximum cost per kWh from Table 5-8. The difference in cost 
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depends on the figures which the manufacturers or providers quote and can 

also include lower expected figures in the future. In the case where the  

minimum cost per kWh is considered (low range), NaNiCl, ZnBr and V -

Redox are the top three technologies having the lowest investment 

cost, while NiCd is the most expensive one. In the case where the 

maximum cost per kWh is considered (high range), the top  three are 

NaNiCl, Zn -air and ZnBr, while Li -ion is the most expensive one.  

However the high range cost values are not likely to be the case in 2030, as 

R&D and greater deployment are expected to help to lower the costs. 

 

What is interesting to note is that although NiMH has a greater cost per kWh 

(240-1200! /kWh) than NiCd (200-1000! /kWh), the overall cost of the battery 

bank is lower in all scenarios in both low and high range cases, because of 

NiMHÕs lower nominal capacity. Moreover, in the low range case, although Pb-

acid has a much lower cost per kWh (50! /kWh) than Zn-air (126! /kWh), the 

Pb-acid battery bank is eventually more expensive than the Zn-air one 

because of its much higher nominal capacity. Therefore, the respective results 

presented demonstrate that a lower investment cost per kWh does not 

mean a lower investment cost for the entire battery bank, as it is 

dependent upon the nominal capacity of the battery bank, which in turn 

largely depends on the DOD and the efficiency of the battery 

technolog y. 

 

As it is observed in the technology ranking in Appendix D, the ranking 

according to lowest cost is very different from the ranking according to least 

nominal capacity, the smallest footprint, the smallest volume or the smallest 

mass. Therefore, in the case of four autonomy days, if a technology is 

the most favourable in terms of nominal capacity, footprint, volume or 

mass doesnÕt mean that it is the most favourable one in terms of 

investment cost too and vice versa.  
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Figure 5-29: Battery inve stment cost (low range) for electrically heated 

properties in the various scales under the different scenarios in winter 2030 

for one day of autonomy considering the minimum cost from Table 5-8 
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Figure 5-30: Battery investment cost (high range) for electr ically heated 

properties in the various scales under the different scenarios in winter 2030 

for one day of autonomy considering the maximum cost from Table 5-8 
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It is observed from Figure 5-29 and Figure 5-30 that NiCd and NiMH, 

followed by Li-ion, are the most expensive technologies in the low range 

case (Figure 5-29) in all scenarios in 2030 with one autonomy days. Pb-acid, 

Zn-air, V-Redox, ZnBr and NaNiCl options have considerably lower 

investment costs. However, ZnBr and Zn-air are not applicable at all scales. 

As observed from Appendix C, Figure 5-29 and Figure 5-30, the ranking is 

the same as in the case for four days of autonomy considering either the 

mimimum or maximum cost per kWh for each technology from Table 5-8. 

Therefore, in both cases of daily autonomy, the same conclusions apply 

regarding the ranking of technologies, but not regarding their 

applicability in different scales.  

 

As it is observed in the technology ranking in Appendix D, the ranking 

according to smallest cost is very different from the ranking according to 

least nominal capacity in Table 5-5, the smallest footprint, the smallest 

volume or the smallest mass. 

 

5.3.5 Estimation of levelized cost of electricity (LCOE) 

The investment cost, as described in the previous section is a useful 

indicator of the capital investment for each of the battery technologies, but it 

doesnÕt capture the competitiveness of the technologies over their lifetime. 

So it would be best to compare battery storage technologies not simply via a 

! /kWh of capacity figure, but via a ! /kWh of electricity generated (over the 

lifetime of the product) figure, which is a levelized cost of electricity (LCOE) 

comparison. LCOE is the - per-kilowatthour - cost of building and operating a 

battery system over an assumed financial life and duty cycle [305]. Key 

inputs to calculating LCOE include capital costs, fixed and variable 

operations and maintenance (O&M) costs, round-trip efficiency, cycle life and 

DOD. 
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The LCOE of the battery, ! !"#$  (! /kWh of electricity generated over lifetime 

of technology), is calculated using equation (4) below. Equation (4) is a 

synthesis from the equations presented in [306] and [307]. 

! !"#$ !
! !"##

! !"# ! ! !"## ! ! !"!#$% ! !"!
 

 

where ! !"##  (! /kWh) is the battery investment cost 

! !"#  is the nominal capacity of the battery 

! !"##  is the round-trip efficiency of the battery 

! !"!#$% is the batteryÕs cycle life at the specified DOD and 

!"!  is the depth of discharge 

 

The O&M costs of the batteries were not considered in this calculation. It was 

instead assumed that they are fixed during the year and therefore, they do 

not depend on the performance of the batteries. In addition, the cost of the 

BOS was not considered and was assumed to be the same for all 

technologies. Furthermore, another aspect that was not considered is the 

lower per kWh price in larger communities, i.e. number of connections, due 

to economies of scale. Instead, this study assumed that the price per kWh 

remains the same regardless of the number of connections. 

 

In equation (4) the efficiency, the cycle life and the DOD were substituted 

with the respective values from Table 5-8 for each technology and the 

nominal capacity and investment cost were substituted with the relevant 

values. The LCOE based on maximum and minimum investment cost for 

each of the nine technologies in winter is presented in Figure 5-31 and 

Figure 5-32. The data labels are also shown with two decimal places. This 

level of precision was considered appropriate in order to allow for effective 

comparisons among technologies. In both cases NiMH is the most 

unfavourable technology and this is attributed to its low cycle life, low round-

trip efficiency and high investment cost compared to the rest of the 

technologies. Zn-air is the most favourable option in both cases, yet the 
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LCOE for Zn-air is the same in both figures as there was no minimum and 

maximum value for its investment cost. In a similar way to the case with the 

minimum and maximum values for the investment cost, the values in Figure 

5-32 are more likely to be the case in 2030 due to greater deployment of 

EES technologies in the built environment, further R&D and mass production. 

What these values actually mean is that, for example, if one currently pays 

£0.14/kWh [308] or 0.19! /kWh7 as the standard electricity rate, by installing 

a Li-ion battery the cost would currently be 0.63! /kWh, but in 2030 it could 

come down to 0.07! /kWh. It is, therefore, observed that there is great 

potential for reduction of the LCOE for all technologies by 2030. More 

specifically, as Figure 5-33 shows, all technologies have the potential to 

reduce their LCOE value by over 75%, except for NaNiCl, whose potential is 

just over 50% for pricing reduction. Zn-air is also likely to have a reduced 

LCOE by 2030; yet it was not possible to quantify this as no information 

regarding a lower investment cost has been sourced from the literature or 

from manufacturers. Li-ion and V-Redox batteries present the greatest 

decrease in their LCOE value, namely from 0.63! /kWh to 0.07! /kWh and 

from 0.10! /kWh to 0.01! /kWh respectively. Considering the maximum 

investment cost Zn-air and NaNiCl are the most favourable technologies, 

followed by V-Redox. Considering the minimum investment cost, V-Redox 

and Zn-air are the least expensive options, followed by NaNiCl and the Li-

ion, NaS and ZnBr. 

 

                                            
7 The exchange rate of 1.4EUR per GBP for 2015 has been used [309].!
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Figure 5-31: LCOE for the nine battery technologies based on maximum 

investment cost from  the range in Table 5-8 (lower values are more 

favourable)  

 

 
Figure 5-32: LCOE for the nine battery technologies based on minimum 

investment cost from the range in Table 5-8 (lower values are more 

favourable)  
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Figure 5-33: LCOE percentage difference considering maximum and 

minimum values for investment cost  

 

The ranking is subject to the applicability of the technologies in the scales of 

interest. It is observed that there is a clear difference in the LCOE ranking 

when considering the maximum or minimum investment cost from Table 5-8. 

In both cases Zn-air, NaNiCl and V -Redox are the top three options, 

while NiMH and NiCd and Pb -acid rank last . 

 

Comparing the LCOE with the investment cost ranges calculated in the 

previous section, the following observations can be made: considering the 

minimum investment cost per kWh, ZnBr, which is not within the top three 

technologies in the LCOE ranges, comes second in terms of the battery 

investment cost. In addition, while Zn-air ranks second in LCOE, it is not 

within the top three technologies in investment cost. Also while NaNiCl 

comes third in terms of LCOE, it comes first in terms of the investment cost. 

Similarly while V-Redox comes first in LCOE, it is ranked third in the 

investment cost. Considering the maximum investment cost per kWh, V-
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and ZnBr, which is not within the top three technologies in LCOE, ranks third 

in investment cost. Considering the above, it can be observed that there can 

be differences in technology suitability when the criterion is switched 

from investment cost to LCOE and  vice versa.  

 

5.4 Discussion  
The Te 2030 scenario has been chosen as an example for discussion, as the 

comparisons across scenarios are similar due to the linearity of the values. 

The nominal capacity required by the battery technologies in winter along 

with the respective graphs for footprint, volume, mass, investment cost and 

LCOE for communities comprising up to 5 households in Te 2030 are 

presented in Figure 5-34 and Figure 5-35 below. On the left hand side of the 

figures the low range of the various aspects is presented, while the high 

range is on the right hand side. Figure 5-34 addresses four days of 

autonomy and Figure 5-35 one day of autonomy, and both figures allow for 

comparisons among the quantitative aspects of integration assessed in this 

chapter. The technologies are compared vertically across the 

aforementioned aspects and the strenghts and the weaknesses of each 

battery option are then discussed. 
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Figure 5-34: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 

technologies for four days of autonomy  
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Figure 5-35: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 

technologies for one day of autonomy  
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As observed in Figure 5-34 and Figure 5-35, the different aspects for four and one 

days of autonomy present a similar picture. The only aspect that is different and 

could affect the ranking of the technologies is their applicability to the different 

scales. 

  

Pb-acid requires the biggest nominal capacity  and is by far the most unfavourable 

technology in terms of footprint , volume  and mass . However, is applicable  at all 

scales for both one and four days of autonomy, which is a convenient aspect. It has 

medium investment cost  and relatively low LCOE, which makes it an economic 

option. 

 

NiCd is just behind Pb-acid as regards the nominal capacity and the mass  and is 

only able to serve up to  about 5 houses in the case of four autonomy days 

depending on the scenario, rendering it largely unfavourable in terms of these three 

aspects. If one autonomy day is required, NiCd would then be problematic for 

communities of 25 or more households. It has a big footprint  especially when the 

maximum spatial requirement is assumed and medium volume . It has the highest 

investment cost  per connection and high LCOE, making it an expensive storage 

option. 

 

NiMH has medium capacity  requirement and has little applicability, being able to 

serve up to  4 houses in the case of four autonomy days depending on the scenario. 

If one autonomy day is required, NiMH would then be problematic for communities of 

10 or more households. It also has a quite big footprint  especially in the case where 

the minimum spatial requirement has been considered. It has medium volume  and 

mass  values. It has high investment cost  and the highest LCOE, making it the 

most expensive option over its lifetime. 

 

Li-ion ranks second in terms of nominal capacity  requirement and being applicable  

at all scales for either one of four days of autonomy makes it a highly favourable 

technology. It is among the top three technologies regarding the footprint  and ranks 

second in terms of volume  and mass  when the maximum energy density and 
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specific energy values are assumed. Li-ion, along with NaS, are among the most 

expensive technologies in terms of investment cost  in both the low and high range 

graphs, yet it has medium to low LCOE assuming a great reduction in investment 

cost by 2030 due to R&D. 

 

NaS has medium nominal capacity  requirement and might not be applicable  for 

communities up to 3 households if four autonomy days are required depending on 

the scenario. In the case of one autonomy day, NaS might be problematic for 

communities of 10 or less households. It ranks either first or second as regards the 

footprint. NaS is among the top three technologies as regards the volume  and the 

mass , regardless of whether the minimum or maximum energy density and specific 

energy values is considered. It has high investment cost , but medium to low LCOE. 

 

NaNiCl has medium nominal capacity  requirement and is not applicable  in 

communities consisting of 25 houses or more if four days of autonomy are required. 

Yet in the case of one autonomy day NaNiCl is applicable in all scales. It is a 

medium option regarding footprint . It ranks third in terms of mass  if the maximum 

specific energy values are assumed and fourth if the minimum specific energy values 

are assumed. It has medium volume  range like NiCd and NiMH. It has very low 

investment cost  and LCOE. 

 

V-Redox has medium to low capacity  requirement and might be problematic in 

serving  communities of 50 households or more in the case of four autonomy days. 

Though it is applicable in all scales if one autonomy day is required. It is a relatively 

unfavourable technology regarding its footprint . It has medium mass  values and 

considerably unfavourable volume  requirements due to its low energy density. It has 

medium to low investment cost  and the lowest LCOE assuming the low investment 

cost value expected in 2030. 

 

ZnBr has medium to low capacity  requirement and is likely not to be applicable  to 

communities comprising 25 households or more in the case of four autonomy days. If 

one autonomy day is required, ZnBr might be problematic in serving a group of 3 or 
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less households. It is a medium option regarding footprint , ranking fourth if the 

minimum value for spatial requirement is assumed .It has medium mass  values and 

just like V-Redox, it is unfavourable in terms of volume . It has low or medium 

investment cost  in the low and high cost range graphs respectively and medium to 

low LCOE. 

 

Zn-air requires the least nominal capacity and in terms of applicability in the case 

of 4 autonomy days it performs exactly the same as V-Redox, being potentially 

problematic for communities of 50 households or more. If one autonomy day is 

required, Zn-air might not be able to serve communities comprising up to five 

households. It is one of the top three technologies regrding footprint  and also the 

top technology in terms of the lowest volume  and mass , exhibiting the highest 

energy density and specific energy among all battery technologies. It also has 

medium to low investment cost  and one of the lowest LCOE values. 

 

5.4.1 Volumetric analogy 

In order to assess the implications of the batteriesÕ volume on building design, a 

volumetric analogy was performed considering a standard washer device. Assuming 

a washer measuring 0.8m*0.8m*0.9m8 [310], the equivalent amount of washers 

(volume-wise) required for one household9 depending on the technology and 

scenario is presented in Table 5-9. A volumetric analogy is presented for 4 and 1 

days of autonomy in Figure 5-36 and Figure 5-37 respectively. 

 

                                            
8 The dimensions refer to (width*depth*height) respectively. 
9 The investigation in this section addresses only the scale of a single household, as the number of 

washers is proportional to the number of households. 
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Table 5-9: Equivalent amount of standard washer devices fo r 4 and 1 days of 

autonomy (volumetric analogy)  

  

 

 

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed
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Figure 5-36: Volumetric analogy demonstrating the number of standard washers 

required in each scenario for 4 days of autonomy  
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Figure 5-37: Volumetric analogy demonstrating the number of standard was hers 

required in each scenario for 1 day of autonomy  
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requirements, as they would require an equivalent amount of less than 5 standard 

washers. This is a reasonable volume considering the amount of autonomy days 

they could serve. In the case of 1 autonomy day, as seen in Figure 5-37, assuming 

the maximum energy density values, a single household would need a maximum 

equivalent volume of about 2 standard washers. This volume would apply again for 

Pb-acid, V-Redox and ZnBr technologies. The rest of the technologies would require 

an equivalent amount of less than 1 standard washer. The volumetric analogy 

shows that the implications of the integration of battery technologies on the 

spatial requirements are of little importance to designers. Greater attention 

should be given in the case of four  days of autonomy, which indicates that 

consideration should be generally given for any period of over four days. For 

intermediate periods further analysis is suggested.  

 

5.4.2 Gravimetric analogy 

In order to further assess the implications of the batteriesÕ volume on building design, 

a gravimetric analogy was performed considering the same standard washer device. 

Assuming a washer with a mass of 80kg [310], the equivalent amount of washers 

(mass-wise) required for one household10 depending on the technology and scenario 

is presented in Table 5-10. A volumetric analogy is presented for 4 and 1 days of 

autonomy in Figure 5-38 and Figure 5-39 respectively. 

 

                                            
10 The investigation in this section addresses only the scale of a single household, as the number of 

washers is proportional to the number of households. The impact will therefore be proportional to the 

number of households. 
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Table 5-10: Equivalent amount of standard washer devices for 4 and 1 days of 

autonomy (gravimetric analog y) 

 

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed

min max min max min max min max min max min max min max min max min max

BAU 2030 151.2 375.6 62.5 155.2 35.3 87.8 16.3 40.6 13.8 34.3 15.0 37.2 22.9 57.0 28.2 70.1 3.9 9.7

EE 2030 105.5 263.0 43.6 108.6 24.7 61.5 11.4 28.4 9.6 24.0 10.5 26.1 16.0 39.9 19.7 49.1 2.7 6.8

Te 2030 200.0 357.5 82.6 147.7 46.8 83.6 21.6 38.6 18.3 32.6 19.8 35.5 30.4 54.3 37.3 66.7 5.2 9.2

BAU 2030 81.6 202.8 35.1 87.3 17.7 43.9 6.5 16.2 8.6 21.4 15.0 37.2 22.9 57.0 21.2 52.6 3.9 9.7

EE 2030 57.0 142.0 24.5 61.1 12.3 30.7 4.6 11.4 6.0 15.0 10.5 26.1 16.0 39.9 14.8 36.8 2.7 6.8

Te 2030 108.0 193.1 46.5 83.1 23.4 41.8 8.6 15.5 11.4 20.4 19.8 35.5 30.4 54.3 28.0 50.0 5.2 9.2

BAU 2030 20.1 47.8 8.3 19.8 4.7 11.2 2.2 5.2 1.8 4.4 2.0 4.7 3.0 7.3 3.7 8.9 0.5 1.2

EE 2030 14.0 33.5 5.8 13.8 3.3 7.8 1.5 3.6 1.3 3.1 1.4 3.3 2.1 5.1 2.6 6.2 0.4 0.9

Te 2030 25.8 45.3 10.7 18.7 6.0 10.6 2.8 4.9 2.4 4.1 2.6 4.5 3.9 6.9 4.8 8.5 0.7 1.2

BAU 2030 10.8 25.8 4.7 11.1 2.3 5.6 0.9 2.1 1.1 2.7 2.0 4.7 3.0 7.3 2.8 6.7 0.5 1.2

EE 2030 7.5 18.1 3.2 7.8 1.6 3.9 0.6 1.4 0.8 1.9 1.4 3.3 2.1 5.1 2.0 4.7 0.4 0.9

Te 2030 13.9 24.5 6.0 10.5 3.0 5.3 1.1 2.0 1.5 2.6 2.6 4.5 3.9 6.9 3.6 6.3 0.7 1.2

Use cases #1 and #3
DR 2030 7h 6.09 14.33 2.50 5.90 1.41 3.33 0.66 1.55 0.46 1.09 0.53 1.24 0.84 1.99 1.13 2.66 0.16 0.37

Use cases #2 and #4
Te 2030 7h or 14h 17.86 26.10 7.35 10.75 4.14 6.05 1.93 2.83 1.36 1.99 1.55 2.26 2.48 3.61 3.31 4.84 0.46 0.68

Use case #5
DR 2030/EV 

contribution 7h
N/R 2.55 N/R 1.05 N/R 0.59 N/R 0.28 N/R N/A N/R 0.22 N/R 0.35 N/R 0.47 N/R 0.07

Use cases #1 and #3
DR 2030 7h 3.29 7.74 1.41 3.33 0.70 1.66 0.26 0.63 0.29 0.68 0.53 1.24 0.84 1.99 0.85 1.99 0.16 0.37

Use cases #2 and #4
Te 2030 7h or 14h 9.65 14.10 4.14 6.05 2.08 3.03 0.78 1.13 0.85 1.25 1.55 2.26 2.48 3.61 2.48 3.63 0.46 0.68

Use case #5
DR 2030/EV 

contribution 7h
N/R 1.38 N/R 0.59 N/R 0.30 N/R 0.11 N/R N/A N/R 0.22 N/R 0.35 N/R 0.35 N/R 0.07

N/A    Technology not applicable at all scales N/R    Storage not required at home level

7 or 14 hours of autonomy, max specific energy assumed

   The technology is not applicable for one household; however the equivalent value for one household is illustrated 
to 
   provide an analogy

ZnBr Zn-air

4 days of autonomy, max specific energy assumed

1 day of autonomy, min specific energy assumed

1 day of autonomy, max specific energy assumed

7 or 14 hours of autonomy, min specific energy assumed

Electrically heated communities/winter - 1 connection
Gravimetric analogy - equivalent amount of standard washer devices

Scenarios
and

use cases

4 days of autonomy, min specific energy assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox
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Figure 5-38: Gravimetric analogy demonstrating the number of standard washers 

required in each scenario for 4 days of autonomy  
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Figure 5-39: Gravimetric analogy demonstrating the number of standard washers 

required in each scenario for 1 day of autonomy  
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floor, Li-ion, NaS and Zn-air could serve as good alternatives, having only 5-10% of 

this mass, thus an equivalent mass of 5-20 washers. 

 

This is a reasonable mass considering the amount of autonomy days they could 

serve. In the case of 1 autonomy day, as seen in Figure 5-39, assuming the 

maximum specific energy values, a single household would have a maximum 

equivalent mass of about 25 standard washers. This mass would apply again only 

for Pb-acid, whilst Li-ion, NaS and Zn-air would have an equivalent mass of less than 

3 standard washer. The gravimetric analogy shows that the implications of the 

integrati on of battery technologies regarding their mass and associated 

structural requirements of the floor are of little importance to designers. 

Greater attention should be given when more than one day of autonomy is 

applied.  

 

Based on the findings from this chapter, Table 5-11 below presents a schematic 

characterisation of the battery technologies according to their suitability across the 

integration criteria as well as their applicability in different building scales. The picture 

presented there is that of the low range scenarios and is based on the minimum 

spatial requirement, maximum energy density, maximum specific energy and 

minimum investment cost from the range in Table 5-8, as these figures are more 

likely in 2030 due to R&D. 
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Table 5-11: Illustration of suitability criteria for battery technologies with daily storage 

in the low range scenarios in 2030  
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5.5 Conclusions  

The architectural implications of the integration of battery storage technologies 

considering daily storage are of little importance to designers. Attention should be 

given when more than one day of autonomy is applied. The choice of the most 

suitable technology according to its applicability in different building scales according 

to different daily autonomy periods should be carefully assessed. More specifically, 

in the case of an autonomy period of 4 days, as the number of properties increases, 

fewer technologies are available. In the case of an autonomy period of 1 day, for 10 

households all technologies are available and then on both sides of it, i.e. for either 

more or less households, the number of technologies gradually decreases. Hence, 

only 6 technologies are available for one household and only 7 for 75 households. In 

addition, Pb-acid and Li-ion technologies already have a wide enough energy rating 

range to be able to serve all scales at distribution level for an autonomy period of 4 

days in all scenarios in 2030. NaNiCl and V-Redox are also suitable at all scales if 1 

day of autonomy is applied. 

 

In terms of the suitability criteria, if a technology is the most favourable in terms of 

nominal capacity, footprint, volume or mass doesnÕt mean that it is the most 

favourable one in terms of investment cost too and vice versa. Li -ion, NaS and Zn -

air  are the top three technologies exhibiting the smallest footprint and Pb-acid  the 

last one having the biggest footprint. Regarding volume, in the case that the 

minimum energy density values are considered, Zn-air, NaS and NiMH  are the top 

three technologies exhibiting the smallest volume. In the case where the maximum 

values are considered (which are more likely in 2030 due to R&D), the top three are 

Zn-air, Li -ion and NaS . In both cases Pb-acid, V -Redox and ZnBr are the least 

favourable  technologies requiring the biggest volume. Regarding mass, in the case 

where the minimum specific energy values are considered, Zn-air, NaS and NaNiCl  

are the top three technologies exhibiting the smallest mass. In the case where the 

maximum values are considered, the top three are Zn-air, Li -ion an d NaS. In both 

cases Pb-acid and NiCd are the least favourable  technologies having the biggest 

mass. In terms of investment cost, a lower investment cost per kWh does not mean 

a lower investment cost for the entire battery bank, as it is dependent upon the 
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nominal capacity of the battery bank, which in turn largely depends on the DOD and 

the efficiency of the battery technology. In the case where the minimum cost per kWh 

is considered, NaNiCl, ZnBr and V -Redox  are the top three technologies having the 

lowest investment cost, while NiCd is the most expensive one. In the case where the 

maximum cost per kWh is considered, the top three are NaNiCl, Zn -air and ZnBr , 

while Li -ion  is the most expensive one. In terms of LCOE Zn-air, NaNiCl and V -

Redox  are the top three options, while NiMH, NiCd and Pb -acid rank last.  
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Chapter 6  

Phase 3: Electrical energy storage 

requirements Ð sub -daily autonomy  
 

 

6.1 Overview  
This chapter addresses the second part of Phase 3 of the methodology, 

where the outputs of Phases 1 and 2 were combined. In this chapter, the 

study assessed the electrical energy storage requirements of the nine battery 

technologies identified in Phase 1 for community scales up to 75 buildings 

considering sub-daily storage, i.e. autonomies of 7 or 14 hours. Having the 

database from Phase 1, the electricity consumption ranges from phase 2 and 

the daily demand profiles as a base, the spatial requirements and the cost of 

the storage system for the scales of interest were estimated in five use cases 

in 2030. The process followed in this chapter is similar to the one in chapter 

5. This process led to a further set of considerations, which demonstrate how 

to allow for electricity storage in the future built environment, complementing 

the considerations for daily storage outlined in chapter 5. The results were 

then evaluated against a case study in the UK. An error variation and 

possible limitations are also included at the end. 

 

In this section, an investigation on the storage requirements for the different 

residential scales in the case that storage would be needed during the day is 

presented. The houses were assumed to be grid-connected and powered by 

renewable energy technologies, namely solar PVs. The PVs were assumed 

to generate electricity during the day, so that surplus electricity is stored in a 
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battery. The electricity stored in the battery is then discharged during the 

evening and/or night hours to power the needs of the house. The model 

presented in this section forces the battery to be emptied completely each 

night, as is suggested by Provost [67]. Furthermore, the use cases described 

below address winter weekend values to account for the highest electricity 

requirement. The methodology used in this section is the same as for the 

daily storage presented in section 5.1. Five use cases as to how many hours 

of storage on a diurnal basis would be required were investigated in this 

section. The load profiles for winter in three scenarios in 2030, which were 

adjusted from the profiles presented in section 4.5.2 are presented in Figure 

5-1. 

 

Figure 6-1: Domestic load  profiles for unrestricted customers in electrically 

heated households on a weekend in DR 2030, Te 2030 with off -peak and on -

peak charging using DR 2030 peak load as a reference (authorÕs own)  

 

The peak load for DR 2030 was used as a base in order to draw the profiles 

for Te 2030. As the figure shows, the profiles for Te 2030 follow exactly the 

DR 2030 curve, except at the times when EV charging takes place; if on-

peak charging takes place (Te on-peak) there is a deviation from the DR 

2030 curve in the evening and if off-peak charging takes place (Te off-peak) 
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there is a deviation from the DR 2030 curve in the morning hours. Figure 6-1 

suggested the use cases and thus periods in which a battery could be of use 

in 2030. Two use cases were considered for DR 2030, one for Te 2030 on-

peak and two for Te 2030 off-peak. In DR 2030 a typical use case of battery 

discharging in the evening hours, after it would have been charged during the 

day from PVs, was assumed. In Te 2030 on-peak and Te off-peak the same 

scenario was assumed so as to explore the difference between the storage 

requirements. In addition to these three cases, another one in Te 2030 off-

peak where the battery discharge would account for the charging of the EV in 

the morning hours was also considered. Finally a fifth case assumed that the 

battery from an EV could contribute to the overall domestic consumption 

during the required hours of storage and this was included in the DR 2030 

scenario. This could be performed through the charging of an EV in a 

charging station away from the ownerÕs home, but at a relative proximity. 

Assuming that the vehicleÕs battery holds a considerable amount of the 

capacity when arriving home, it could be used to power the electrical needs 

of the home in the evening. Nevertheless, a possible adoption barrier 

resulting from more frequent charging/discharging of the vehicles compared 

to driving alone and thus accelerated battery degradation would have to be 

carefully evaluated (e.g. [311]). 

 

6.2 Use cases  
An illustration is provided in Figure 6-2. As shown with a grey band at the 

bottom of the graph, the discharge of the battery from 5pm to 12am  was 

considered. That is 7 hours of storage as Parra et al. [301] also suggest. This 

timing was chosen because in the three scenarios (DR and Te) load shifting 

starts at 5.30 and this is when the evening peak load starts to occur (Figure 

6-2). During peak time the grid electricity price is high because of high 

demand, so using a battery at that time would bring cost savings too. 

Moreover, to account for the slope increase between 5pm and 5.30pm, as 

seen in Figure 6-2, the discharge of the battery was assumed to start at 5pm. 

As for the end time of battery discharge in the cases of 7 hours storage, in 
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DR 2030 and Te 2030 on-peak, the load but also the grid electricity prices 

are much lower in the early morning hours after 12am, so storage is 

assumed to be required until 12am. Though in another use case in Te 2030 

off-peak, 14 hours of storage were assumed to account for EV charging, thus 

applying storage from 5pm to 7am on the following day (as indicated with the 

grey band). 

 

Figure 6-2: Illustration of assumptions and indication of hours of storage  

 

The five use cases are presented in Table 6-11. As shown, four of the use 

cases considered the discharge of the battery from 5pm to 12am . 

Considering the overall daily electricity consumption on a winter day in 

weekend in each scenario, as indicated in section 4.8, and its distribution 

over the day as shown in Figure 6-1, the calculation of the consumption from 

5pm to 12am was made possible. The consumption for this period in DR 

2030 was 43% of the overall daily consumption, so according to the 

minimum and maximum daily values, this translates to a minimum value of 
                                            
1 For a better understanding of the use cases it is suggested that Table 6-1 and Figure 6-2 

are consulted in parallel. 
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3.1kWh and a maximum value of 7.3kWh, as indicated in Table 6-1. This 

applies for use cases 1 and 3 and can be seen in Figure 6-2. In the Te 2030 

scenarios, when the EV charging is included in the provision for storage, an 

additional consumption value of 6kWh was added. Therefore, the minimum 

value becomes 9.1kWh and the maximum value 13.3kWh, applying in use 

cases 2 and 4. In use case number 5, in which the EV makes a contribution 

by meeting part of the storage requirement, 6kWh were subtracted from the 

values presented for case number 1. Therefore only 3 kWh of effective 

storage capacity is required as a maximum. As for the minimum value in this 

case, not only is no storage required, but also the EV could contribute 

another 3kWh, indicated with a minus sign in this case. The electricity 

consumption for the indicated period in Table 6-1 coincides with the effective 

capacity ! !"" ! !  of the battery. 

 

Table 6-1: Use cases for electricity storage during the day  

Use cases  Timing  
Hours 

of 
storage  

Consumption for 
this period (kWh)  

! !"" ! !  

Daily  
consumption 
for scenario 

(kWh)  
min  max min  max 

1. DR 2030 
No EV contribution 

5pm - 12am 7 
3.1 

(44% of 
total) 

7.3 
(43% of 

total) 
7.1 17 

2. Te 2030 on-peak  
Including EV charging (5.30pm-
10.30pm) 

5pm - 12am 7 
9.1 

(69% of 
total) 

13.3 
(58% of 

total) 
13.1 23 

3. Te 2030 off -peak  
Not including EV charging (2am-7am) 

5pm - 12am 7 
3.1 

(24% of 
total) 

7.3 
(32% of 

total) 
13.1 23 

4. Te 2030 off -peak  
Including EV charging (2am-7am) 

5pm - 7am 14 
9.1 

(69% of 
total) 

13.3 
(58% of 

total) 

5. DR 2030 
EV contribution 

5pm - 12am 7 
-3 

(-42% 
of total) 

1.3 
(8% of 
total) 

7.1 17 

 

 

6.3 Estimation of batteriesÕ nominal capacity in the five use cases  
The nominal capacity, applicability, footprint, volume, mass, investment cost 

and LCOE were calculated or estimated in the same way as in the case of 
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four or one days of autonomy. The nominal capacity ! !"# ! !  for each of the 

technologies and in the use cases described above was calculated using 

equation (2) from section 5.2 in the following form: 

 

! !"# ! ! !
! !"" ! ! ! ! ! ! ! ! ! !"

! !"## ! !"! ! ! !"#
 

 

It was assumed that minimal self-discharge would occur during the hours of 

operation of the battery, so the daily self-discharge factor ! !"  was not 

considered in this case. The nominal capacity for each of the technologies 

for the various scales considering the five use cases is presented in 

Appendix C. Regarding use case #5, there is a minus sign in the column for 

the minimum capacity, indicating the surplus amount of electricity the EV 

could contribute. The nominal battery capacity for communities comprising 

up to 5 households is presented in Figure 6-3. The ranking of the 

technologies was expected to be similar to the ranking in the case of four or 

one days as the assumptions used were the same in these cases. There 

might have been though some slight differences due to the exclusion of the 

self-discharge factor. 
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Figure 6-3: Nominal battery capacity for electrically heated communities of up 

to 5 households in the three use cases (autonomy of 7h or 14h) in winter 2030  

 

It is observed from Figure 6-3 that the results regarding the ranking of the 

technologies in the five use cases are very similar to the cases with four and 

one autonomy days, as expected. So Pb-acid and NiCd are the least efficient 
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options, while Li-ion, V-Redox, ZnBr and Zn-air are the most efficient ones. 

In addition, NaS and NaNiCl are now characterized as favourable options, 

contrary to the findings in the case of four or one days of autonomy. This is 

attributed to the fact that no daily self-discharge was assumed to occur in the 

five use cases. More specifically in use cases #1 and #3, where no EV 

charging or EV contribution is included in the calculation of the storage 

capacity, Pb-acid could require a capacity of up to about 160kWh for a group 

of 5 households, while the most efficient technologies up to about one third of 

this capacity. In use cases #2 and #4, in which EV charging is included, Pb-

acid would require a capacity of about 280kWh, while the most efficient 

technologies about 100kWh. In the use case #5, where the charg ed EV 

feeds back to the home when arriving back in the evening,  in the case 

of low consumption households, no additional storage would be 

required at home level . In addition Pb-acid could feed back an extra 

capacity (excluding losses) of about 65kWh, while the most efficient 

technologies a capacity of about 25kWh. However, not all technologies are 

suitable for EV applications, so for example, NiCd, NaS, V-Redox and ZnBr 

would not be applicable for low consumption households in use case 

#5. 

 

At this stage, an assessment on the applicability of the nine battery 

technologies for the different scales and use cases was performed in the 

same way as in the case of four or one days of autonomy. The applicability 

assessment for the five use cases is presented in Table 6-2. An illustration of 

the battery technologiesÕ applicability or not to community scales up to 5 

households is presented in Figure 6-4. 

 

 

 

 

 



272 
 

 

Table 6-2: Applicability of battery technologies for different scales in the five 

use cases (sub -daily autonom y of 7h or 14h)  

 

low
cons.

high
cons.

low
cons.

high
cons.

low
cons.

high
cons.
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cons.

high
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low
cons.
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cons.
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cons.

high
cons.
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cons.

high
cons.
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cons.

high
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3
4
5
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No of
connections

Use case #5
DR 2030/EV contribution 7h

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

No of
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Use cases #2 and #4
Te 2030 7h or 14h

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

Electrically heated communities/winter/weekend
Applicability for 7 or 14 hours

No of
connections

Use cases #1 and #3
DR 2030 7h

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study

Battery technology can be applied to the respective residential scale

Battery technology cannot be applied to the respective residential scale

No storage required, as EV's contribution is more than enough
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Figure 6-4: Applicability of battery technologies for scales up to 5 households 

in the three use cases in winter 2030 (min and max indicate low consumption 

and high consumption households respectively. Void blocks indicate that the 

tech nology is not applicable for either the minimum or the maximum value 

calculated for the specific scale)  
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It is observed from Table 6-2 that the Pb-acid  and Li -ion  technologies 

already have a wide enough energy rating range to be able to serve all 

scales at distribution level for a sub-daily autonomy period. NaNiCl  and V-

Redox  could be applied to nearly all scales in use cases from #1 to #4, 

except for single low consumption households in use cases #1 and #3. In 

use case #5 they both start being suitable in groups of buildings of 5 or more. 

NiCd is not available for either low consumption households in communities 

of 75 buildings in use cases #2 and #4 or high consumption households in 

communities of 50-75 buildings depending on the use case. NiMH has a 

more limited applicability, as it is unsuitable for communities comprising 10 to 

75 households depending on the consumption and the use case. NaS is 

quite unfavourable, as it can only be applied in use cases #1 to #4 and only 

to scales bigger or equal to 25 households depending on the consumption 

and the use case. In use cases #1 to #4 ZnBr  and Zn-air  can only serve 

communities of at least 3 or 4 households respectively. In use case #5 both 

can serve scales of at least 50 households, but ZnBr can also serve smaller 

scales of about 25 households. 

 

The ranking of the technologies according to their nominal capacity and their 

applicability for the respective scales in the five use cases is presented in 

Appendix D. 
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6.4 Estimation of batteriesÕ footprint, volume, mass and cost for 
the five use cases  
 

The footprint of the battery technologies in the five use cases is presented in 

Figure 6-5 and Figure 6-6. The volume, mass and cost are also presented in 

the following figures. The same process as described in Chapter 6 for the 

four and one days of autonomy was followed and Appendices C and D can 

be used for guidance. 
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The picture regarding footprint is similar to the ones for four and one days of 

autonomy, except the values and the applicability in this case are lower. This 

is because the picture regarding nominal capacity was similar as well. So 

again, Pb-acid would occupy by far the most space in all use cases 

regardless of whether the minimum or maximum spatial requirement value is 

considered. Li-ion and Zn-air, where applicable, seem to be the most 

favourable technologies. As an example, letÕs assume that the Li-ion 

technology was selected for storage at community level, shared among 5 

households. The battery would provide 7 hours of storage supplying the 

electricity needed to power the appliances in the five homes from 5pm to 

12am and also charge the EV (use case #2). Based on Figure 6-5 and 

Figure 6-6, the Li-ion battery would then occupy an area of about 0.6m2-

1.5m2 if these were high consumption households or an area of about 0.4m2-

1m2 if they were all low consumption households. In the case the households 

were mixed or had medium consumption levels, the footprint value would be 

somewhere in the middle of these two ranges. In a similar example where 

Pb-acid technology was used, based on Figure 6-5 and Figure 6-6 the 

battery would occupy an area of about 16m2-60m2 in the case of high 

consumption households and an area of about 10m2-40m2 in the case of low 

consumption households. 

 

If the battery at home level was not used to also charge the EV (use cases 

#1 and #3), apart from the home appliances from 5pm-12am, the footprint 

would decrease by 45-65% depending on the exact value of spatial 

requirement used. If the EV provided part of the storage for the home 

appliances (use case #5), the footprint would be about 90% smaller, which 

signifies a huge difference. 

 

The picture regarding volume is similar to the ones for four and one days of 

autonomy, except the values and the applicability in this case are lower. So 

again, Pb-acid would be the most unfavourable, needing the most volume in 

all use cases regardless of whether the minimum or maximum energy 
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density value is considered. Li-ion and Zn-air, where applicable, seem to be 

the most favourable technologies. Considering the previous example 

regarding the footprint of Li-ion and Pb-acid in a community comprising five 

households, now based on Figure 6-7, the Li-ion battery would then need a 

volume of about 0.2m3-1m3 if these were high consumption households or an 

area of about 0.1m3-0.8m3 if they were all low consumption households. In 

the case the households were mixed or had medium consumption levels, the 

volume value would be somewhere in the middle of these two ranges. In a 

similar example where Pb-acid technology was used, based on Figure 6-7 

the battery would need a volume of about 3.5m3-7m3 in the case of high 

consumption households and a volume of about 2.5m3-5m3 in the case of low 

consumption households. 

 

If the battery at home level was not used to also charge the EV (use cases 

#1 and #3), apart from the home appliances from 5pm-12am, the volume 

would decrease by 45-65% depending on the exact value of energy density 

used. If the EV provided part of the storage for the home appliances (use 

case #5), the required volume would be about 90% smaller, which signifies a 

huge difference. 

 

The picture regarding the mass of the battery technologies in the five use 

cases is similar to the ones for four and one days of autonomy, except the 

values and the applicability in this case are lower. So again, Pb-acid would 

be the most unfavourable technology, weighing the most in all use cases 

regardless of whether the minimum or maximum energy density value is 

considered. Li-ion, NaNiCl and Zn-air, where applicable, seem to be the most 

favourable technologies. Considering the previous example (use cases #2) 

regarding the footprint and the volume of Li-ion and Pb-acid in a community 

comprising five households, now based on Figure 6-8, the Li-ion battery 

would then weigh about 300kg-800kg if these were high consumption 

households or about 450kg-1100kg if they were all low consumption 

households. In the case the households were mixed or had medium 
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consumption levels, the mass would be somewhere in the middle of these 

two ranges. In a similar example where Pb-acid technology was used, based 

on Figure 6-8 the battery would weigh about 5500kg-10.500kg in the case of 

high consumption households and about 4000kg-8000kg in the case of low 

consumption households. 

If the battery at home level was not used to also charge the EV (use cases 

#1 and #3), apart from the home appliances from 5pm-12am, its mass would 

decrease by 45-65% depending on the exact value of specific energy used. If 

the EV provided part of the storage for the home appliances (use case #5), 

the mass would be about 90% lighter. 

 

The picture regarding the investment cost of the battery technologies in the 

five use cases is similar to the ones for four and one days of autonomy, 

except the values and the applicability in this case are lower. So again, NiCd, 

NiMH and Li-ion would be the most unfavourable technologies, while NaNiCl 

and Zn-air, where applicable, seem to be the most favourable ones. 

Considering the previous example (use cases #2) regarding the footprint, the 

volume and the mass of Li-ion and Pb-acid in a community comprising five 

households, now based on Figure 6-8, the Li-ion battery would then cost 

about 22,500! -200,000!  if these were high consumption households or 

about 15,000! -140,000!  if they were all low consumption households. In the 

case the households were mixed or had medium consumption levels, the 

cost would be somewhere in the middle of these two ranges. In a similar 

example where Pb-acid technology was used, based on Figure 6-7 the 

battery would cost about 15,000! -90,000!  in the case of high consumption 

households and about 10,000! -60,000!  in the case of low consumption 

households. If Zn-air was chosen instead, the investment cost would be 

around 14,000!  for high consumption households and around 9,000!  for 

low consumption households. 

 

If the battery at home level was not used to also charge the EV (use cases 

#1 and #3), apart from the home appliances from 5pm-12am, the initial costs 
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would decrease by 45-65% depending on the exact value of cost per kWh 

used. If the EV provided part of the storage for the home appliances (use 

case #5), the investment costs would come down by about 90%, which 

signifies huge savings. 

 

The LCOE in the five use cases is the same as for the daily storage 

(presented in chapter 6) for all technologies, as the factors that would affect 

the LCOE values, such as cycle-life, DOD and efficiency remain the same. 

 

6.5 Discussion  
Figure 6-10, Figure 6-11 and Figure 6-12 below present the nominal capacity 

required by the battery technologies along with the respective graphs for 

footprint, volume, mass, investment cost and LCOE for communities 

comprising up to 5 households in use cases #1 and #3, #2 and #4, and #5 

respectively. On the left hand side of the figures the low range of the various 

aspects is presented, while the high range is on the right hand side. Figure 6-

10 addresses 7 hours of autonomy without EV charging supplied by storage 

at home level, Figure 6-11 7 or 14 hours of autonomy with EV charging 

supplied by storage at home level and Figure 6-12 7 hours where an amount 

of the electricity needed in this period is supplied by the EV. All three figures 

allow for comparisons among the quantitative aspects of integration 

assessed in this chapter. The technologies are compared vertically across 

the aforementioned aspects and the strenghts and the weaknesses of each 

battery option are discussed. 
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Figure 6-10: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 

technologies for cases #1 and #3  
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Figure 6-11: Comparison among nominal capacity, applicability, footprint, volum e, mass, investment cost and LCOE of battery 

technologies for cases #2 and #4  
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Figure 6-12: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 

technologies for case #5  
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As discussed earlier, the picture in Figure 6-10, Figure 6-11 and Figure 6-12 is 

similar to the one for four or one days of autonomy, except the applicability and the 

values are different. So the relationship among the different battery technologies is 

quite the same. It would be worth spotting that in Figure 6-12 that represents the use 

case where the EV feeds back to the home (use case #5), no storage at home level 

is required if the households have low consumption. Overall Pb-acid is still the most 

unfavourable technology in terms of footprint, volume and mass, while Li-ion and Zn-

air score high in almost all aspects. Li-ion has high investment cost, yet relatively low 

LCOE. 

 

6.5.1 Volumetric analogy 

Similarly to the process followed in chapter 5, in order to assess the implications of 

the batteriesÕ volume on building design, a volumetric analogy was performed 

considering a standard washer2 device. The equivalent amount of washers (volume-

wise) required for one household3 depending on the technology and use case is 

presented in Table 6-9. The volumetric analogy is presented for sub-daily storage, 

namely 7 or 14 hours of autonomy in Figure 6-13. 

 

 

 

 

 

 

 

 

 

 

 

                                            
2 The washerÕs dimensions, as presented in chapter 5 are 0.8m*0.8m*0.9m (width*depth*height) [310] 
3 The investigation in this section addresses only the scale of a single household, as the number of 

washers is proportional to the number of households. 
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Table 6-3: Equivalent amount of standard washer devices for 4 days of autonomy, 1 

day and 7 or 14 hou rs of autonomy (volumetric analogy)  

  

 

 

 

 

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed

!

Use cases !
!



290 
 

 

Figure 6-13: Volumetric analogy demonstrating the number of standard washers 

required in each scenario for 7 or 14 hours of autonomy  

 

As shown in Figure 6-13, considering the maximum energy density values that are 

more likely in 2030 due to R&D, a single household would need a maximum 

equivalent volume of about 1.3 standard washers for 7 or 14 hours of autonomy. This 

volume would apply for Pb-acid, V-Redox and ZnBr technologies in use cases #2 

and #4, in which the EV battery is also charged from the home battery. The rest of 

the technologies, which could be used as an alternative, have minor volume 

requirements, in the range of an equivalent volume of 0.2 washers. The volumetric 
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analogy shows that the implications of the integration of battery technologies 

on the spatial requirements are of no importance to designers in the case of 

sub -daily storage.  

 

6.5.2 Gravimetric analogy 

In order to further assess the implications of the batteriesÕ volume on building design, 

a gravimetric analogy was performed considering the same standard washer4 

device. The equivalent amount of washers (mass-wise) required for one household 

depending on the technology and use case is presented in Table 6-4. A gravimetric 

analogy is presented for 7 and 14 hours of autonomy in Figure 6-14. 

 

Table 6-4: Equivalent amount of standard washer devices for 4 days of autonomy, 1 

day and 7 or 14 hours of autonomy (gravimetric analogy)  

 

 

 

                                            
4 The washer is assumed to have a mass of 80kg [310], as presented in chapter 5. 

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed

min max min max min max min max min max min max min max min max min max

BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67

EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47

Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64

BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67

EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47

Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64

BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09

EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06

Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08

BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09

EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06

Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08

Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005

Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03

Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05

Use case #5
DR 2030/EV 

contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005

N/A    Technology not applicable at all scales N/R    Storage not required at home level

   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy

Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices

4 days of autonomy, min energy density assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air

4 days of autonomy, max energy density assumed

1 day of autonomy, min energy density assumed

1 day of autonomy, max energy density assumed

Scenarios
and

use cases

7 or 14 hours of autonomy, min energy density assumed

7 or 14 hours of autonomy, max energy density assumed

!

Use cases !
!

min max min max min max min max min max min max min max min max min max

BAU 2030 151.2 375.6 62.5 155.2 35.3 87.8 16.3 40.6 13.8 34.3 15.0 37.2 22.9 57.0 28.2 70.1 3.9 9.7

EE 2030 105.5 263.0 43.6 108.6 24.7 61.5 11.4 28.4 9.6 24.0 10.5 26.1 16.0 39.9 19.7 49.1 2.7 6.8

Te 2030 200.0 357.5 82.6 147.7 46.8 83.6 21.6 38.6 18.3 32.6 19.8 35.5 30.4 54.3 37.3 66.7 5.2 9.2

BAU 2030 81.6 202.8 35.1 87.3 17.7 43.9 6.5 16.2 8.6 21.4 15.0 37.2 22.9 57.0 21.2 52.6 3.9 9.7

EE 2030 57.0 142.0 24.5 61.1 12.3 30.7 4.6 11.4 6.0 15.0 10.5 26.1 16.0 39.9 14.8 36.8 2.7 6.8

Te 2030 108.0 193.1 46.5 83.1 23.4 41.8 8.6 15.5 11.4 20.4 19.8 35.5 30.4 54.3 28.0 50.0 5.2 9.2

BAU 2030 20.1 47.8 8.3 19.8 4.7 11.2 2.2 5.2 1.8 4.4 2.0 4.7 3.0 7.3 3.7 8.9 0.5 1.2

EE 2030 14.0 33.5 5.8 13.8 3.3 7.8 1.5 3.6 1.3 3.1 1.4 3.3 2.1 5.1 2.6 6.2 0.4 0.9

Te 2030 25.8 45.3 10.7 18.7 6.0 10.6 2.8 4.9 2.4 4.1 2.6 4.5 3.9 6.9 4.8 8.5 0.7 1.2

BAU 2030 10.8 25.8 4.7 11.1 2.3 5.6 0.9 2.1 1.1 2.7 2.0 4.7 3.0 7.3 2.8 6.7 0.5 1.2

EE 2030 7.5 18.1 3.2 7.8 1.6 3.9 0.6 1.4 0.8 1.9 1.4 3.3 2.1 5.1 2.0 4.7 0.4 0.9

Te 2030 13.9 24.5 6.0 10.5 3.0 5.3 1.1 2.0 1.5 2.6 2.6 4.5 3.9 6.9 3.6 6.3 0.7 1.2

Use cases #1 and #3
DR 2030 7h 6.09 14.33 2.50 5.90 1.41 3.33 0.66 1.55 0.46 1.09 0.53 1.24 0.84 1.99 1.13 2.66 0.16 0.37

Use cases #2 and #4
Te 2030 7h or 14h 17.86 26.10 7.35 10.75 4.14 6.05 1.93 2.83 1.36 1.99 1.55 2.26 2.48 3.61 3.31 4.84 0.46 0.68

Use case #5
DR 2030/EV 

contribution 7h
N/R 2.55 N/R 1.05 N/R 0.59 N/R 0.28 N/R N/A N/R 0.22 N/R 0.35 N/R 0.47 N/R 0.07

Use cases #1 and #3
DR 2030 7h 3.29 7.74 1.41 3.33 0.70 1.66 0.26 0.63 0.29 0.68 0.53 1.24 0.84 1.99 0.85 1.99 0.16 0.37

Use cases #2 and #4
Te 2030 7h or 14h 9.65 14.10 4.14 6.05 2.08 3.03 0.78 1.13 0.85 1.25 1.55 2.26 2.48 3.61 2.48 3.63 0.46 0.68

Use case #5
DR 2030/EV 

contribution 7h
N/R 1.38 N/R 0.59 N/R 0.30 N/R 0.11 N/R N/A N/R 0.22 N/R 0.35 N/R 0.35 N/R 0.07

N/A    Technology not applicable at all scales N/R    Storage not required at home level

7 or 14 hours of autonomy, max specific energy assumed

   The technology is not applicable for one household; however the equivalent value for one household is illustrated 
to 
   provide an analogy

ZnBr Zn-air

4 days of autonomy, max specific energy assumed

1 day of autonomy, min specific energy assumed

1 day of autonomy, max specific energy assumed

7 or 14 hours of autonomy, min specific energy assumed

Electrically heated communities/winter - 1 connection
Gravimetric analogy - equivalent amount of standard washer devices

Scenarios
and

use cases

4 days of autonomy, min specific energy assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox
min max min max min max min max min max min max min max min max min max

BAU 2030 151.2 375.6 62.5 155.2 35.3 87.8 16.3 40.6 13.8 34.3 15.0 37.2 22.9 57.0 28.2 70.1 3.9 9.7

EE 2030 105.5 263.0 43.6 108.6 24.7 61.5 11.4 28.4 9.6 24.0 10.5 26.1 16.0 39.9 19.7 49.1 2.7 6.8

Te 2030 200.0 357.5 82.6 147.7 46.8 83.6 21.6 38.6 18.3 32.6 19.8 35.5 30.4 54.3 37.3 66.7 5.2 9.2

BAU 2030 81.6 202.8 35.1 87.3 17.7 43.9 6.5 16.2 8.6 21.4 15.0 37.2 22.9 57.0 21.2 52.6 3.9 9.7

EE 2030 57.0 142.0 24.5 61.1 12.3 30.7 4.6 11.4 6.0 15.0 10.5 26.1 16.0 39.9 14.8 36.8 2.7 6.8

Te 2030 108.0 193.1 46.5 83.1 23.4 41.8 8.6 15.5 11.4 20.4 19.8 35.5 30.4 54.3 28.0 50.0 5.2 9.2

BAU 2030 20.1 47.8 8.3 19.8 4.7 11.2 2.2 5.2 1.8 4.4 2.0 4.7 3.0 7.3 3.7 8.9 0.5 1.2

EE 2030 14.0 33.5 5.8 13.8 3.3 7.8 1.5 3.6 1.3 3.1 1.4 3.3 2.1 5.1 2.6 6.2 0.4 0.9

Te 2030 25.8 45.3 10.7 18.7 6.0 10.6 2.8 4.9 2.4 4.1 2.6 4.5 3.9 6.9 4.8 8.5 0.7 1.2

BAU 2030 10.8 25.8 4.7 11.1 2.3 5.6 0.9 2.1 1.1 2.7 2.0 4.7 3.0 7.3 2.8 6.7 0.5 1.2

EE 2030 7.5 18.1 3.2 7.8 1.6 3.9 0.6 1.4 0.8 1.9 1.4 3.3 2.1 5.1 2.0 4.7 0.4 0.9

Te 2030 13.9 24.5 6.0 10.5 3.0 5.3 1.1 2.0 1.5 2.6 2.6 4.5 3.9 6.9 3.6 6.3 0.7 1.2

Use cases #1 and #3
DR 2030 7h 6.09 14.33 2.50 5.90 1.41 3.33 0.66 1.55 0.46 1.09 0.53 1.24 0.84 1.99 1.13 2.66 0.16 0.37

Use cases #2 and #4
Te 2030 7h or 14h 17.86 26.10 7.35 10.75 4.14 6.05 1.93 2.83 1.36 1.99 1.55 2.26 2.48 3.61 3.31 4.84 0.46 0.68

Use case #5
DR 2030/EV 

contribution 7h
N/R 2.55 N/R 1.05 N/R 0.59 N/R 0.28 N/R N/A N/R 0.22 N/R 0.35 N/R 0.47 N/R 0.07

Use cases #1 and #3
DR 2030 7h 3.29 7.74 1.41 3.33 0.70 1.66 0.26 0.63 0.29 0.68 0.53 1.24 0.84 1.99 0.85 1.99 0.16 0.37

Use cases #2 and #4
Te 2030 7h or 14h 9.65 14.10 4.14 6.05 2.08 3.03 0.78 1.13 0.85 1.25 1.55 2.26 2.48 3.61 2.48 3.63 0.46 0.68

Use case #5
DR 2030/EV 

contribution 7h
N/R 1.38 N/R 0.59 N/R 0.30 N/R 0.11 N/R N/A N/R 0.22 N/R 0.35 N/R 0.35 N/R 0.07

N/A    Technology not applicable at all scales N/R    Storage not required at home level

7 or 14 hours of autonomy, max specific energy assumed

   The technology is not applicable for one household; however the equivalent value for one household is illustrated 
to 
   provide an analogy

ZnBr Zn-air

4 days of autonomy, max specific energy assumed

1 day of autonomy, min specific energy assumed

1 day of autonomy, max specific energy assumed

7 or 14 hours of autonomy, min specific energy assumed

Electrically heated communities/winter - 1 connection
Gravimetric analogy - equivalent amount of standard washer devices

Scenarios
and

use cases

4 days of autonomy, min specific energy assumed

Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox

Gravimetric !
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Figur e 6-14: Gravimetric analogy demonstrating the number of standard washers 

required in each scenario for 7 or 14 hours of autonomy  

 

As shown in Figure 6-14, considering the maximum specific energy values that are 

more likely in 2030 due to R&D, a single household would have a maximum 

equivalent mass of about 14 standard washers for 7 or 14 hours of autonomy. This 

mass is quite high, but it would apply only for Pb-acid, which have low specific 

energy values, in use cases #2 and #4. In order to circumvent any structural 

limitations in the design of the floor, the rest of the technologies could serve as good 

alternatives, having only 5-40% of this mass, thus an equivalent mass of 0.2-6 
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washers. The gravimetric analogy shows that the implications of the 

integratio n of battery technologies regarding their mass and associated 

structural requirements of the floor are of little importance to designers.  

 

Based on the findings of this chapter, Table 6-5 below presents a schematic 

characterisation of the battery technologies according to their suitability across the 

integration criteria as well as their applicability in different community scales5 in the 

case of an autonomy period of hours. The picture presented there is that of the low 

range scenarios and is based on the minimum spatial requirement, energy density, 

specific energy and investment cost, as these figures are more likely in 2030 due to 

R&D. 

 

 

 

 

 

 

 

 

 

 

 

 

                                            
5 The applicability in different community scales is explained in the box in the bottom right corner of 

Table 6-5. Depending on the full applicability (black), partial applicability (grey/hatch) or no 

applicability (blank) of the technologies, the pie slices, which correspond to different community 

scales, are painted with the appropriate colour. The result is indicated in the tableÕs column titled 

ÒApplicability in scalesÓ. So looking back at the pie, starting from 00:00 and going clockwise, the first 

slice corresponds to 1 household, the first two slices to two, three slices to three and so on until five. 

Then half the pie corresponds to 10 households, 4/6 of the pie to 25, 5/6 of the pie to 50 and the 

whole pie to 75 households, which is the highest scale. 

 












































































































































































































































