
1 

Quantifying the impact of policy on  

the investment case for residential 

electricity storage in the UK 

Dan Gardiner (a), Oliver Schmidt (b, c), Phil Heptonstall (a) *, Rob Gross (a), Iain Staffell (a) 

(a) Centre for Environmental Policy, Imperial College London, London SW7 1NE, UK 

(b) Grantham Institute, Imperial College London, London SW7 2AZ, UK 

(c) Apricum – The Cleantech Advisory, Spittelmarkt 12, 10117 Berlin, Germany 

* Corresponding author: philip.heptonstall@imperial.ac.uk 

 

Published in the Journal of Energy Storage 

 

Abstract 

Electrical energy storage has a critical role in future energy systems, but deployment is 

constrained by high costs and barriers to ‘stacking’ multiple revenue streams. We analyse 

the effects of different policy measures and revenue stacking on the economics of 

residential electricity storage in the UK.  We identify six policy interventions through 

industry interviews and quantify their impact using a techno-economic model of a 4kWh 5 

battery paired with a 4kW solar system. Without policy intervention, residential batteries 

are not currently financially viable in the UK. Policies that enable access to multiple 

revenue streams, rather than just maximising PV self-consumption, improve this 

proposition. Demand Load-Shifting and Peak Shaving respectively increase the net present 

value per unit of investment cost (NPV/Capex) by 30% and 9% respectively. Given 10 

projected reductions in storage costs, stacking these services brings forward the break-

even date for residential batteries by 9 years to 2024, and increases the effectiveness of 

policies that reduce upfront costs, suggesting that current policy is correctly focused on 

enabling revenue stacking. However, additional support is needed to accelerate 

deployment in the near term. Combining revenue stacking with a subsidy of £250 per 15 

kWh or zero-interest loans could make residential storage profitable by 2020. 
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Acronyms  

BIC Breakeven Investment Cost 

BTM Behind The Meter 

BY Breakeven Year 

CfD Contract for Difference 

DLS Demand Load-Shifting 

DNO Distribution Network Operator 

EES Electrical Energy Storage.  

Used interchangeably with “storage” 

FiT Feed in Tariffs 

FRS Frequency Response Service 

IYI Initial Year Income 

HHS Half Hourly Settlement 

SC Self-Consumption 

PS Peak Shaving 

STOR Short Term Operating Reserve 

ToU Time of Use (Tariff).  

An electricity tariff that has a price per kWh that varies by time of day 
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1 Introduction 

Electrical energy storage (EES) has a critical role to play in future low-carbon electricity 

systems (Braff, et al., 2016, Few, et al., 2016). To limit global warming to below 2°C, 

generation from intermittent renewable sources such as wind and solar PV must rise from 

7.5% of global electricity in 2017 (REN21, 2018) to 58% by 2050 (IRENA, 2018) and from 20 

18% to 61% in the UK (National Grid, 2018). Storage can address the challenges posed to 

the grid by rising intermittent and distributed generation (Heptonstall, et al., 2017), such 

as excess generation and excess reserve capacity, by storing electrical energy when supply 

(generation) exceeds demand for use when demand exceeds supply. In addition storage 

can provide many other services depending on where it is located, when it is operating 25 

and who is the beneficiary (Malhotra, et al., 2016). A key distinguishing characteristic is 

that storage can be deployed flexibly: at scale centrally; on the distribution grid alongside 

intermittent renewable generators; or at industrial/residential premises.  

At the end of 2017, global storage capacity stood at 169 GW (US DoE, 2017). The IEA 

(2014) estimates this capacity must nearly triple by 2050 if global warming is to be limited 30 

to below 2°C. National Grid (2018) believes that UK capacity (2.9 GW at the end of 2017) 

will need to grow nearly sixfold by 2050. New storage technologies and business models 

are supplanting the development of traditional pumped hydro systems to fill this gap.  

Bloomberg New Energy Finance (BNEF) projects that residential, behind-the-meter (BTM) 

storage will account for 35 GW of the additional 120 GW capacity added globally by 2030 35 

(BNEF, 2017). Lithium-ion battery system prices for this application are falling steadily 

(Schmidt, et al., 2017) and consumer installation in Germany stood at 85,000 at the end 

of 2017 (Speichermonitoring, 2018).  

This model faces economic challenges however. Most analysis suggests the savings to the 

electricity bill of an average household do not cover the initial investment costs e.g. (DNV 40 

GL, 2016, Davis & Hiralal, 2016). Rewarding residential battery owners for the value their 

batteries provide to the electricity system is seen as key to overcoming this challenge 

(Eyer & Corey, 2010, Battke & Schmidt, 2015, Stephan, et al., 2016). The flexible nature 

of EES enables it to provide a range of “grid services” (e.g. reducing peak demand or 

balancing grid frequency) while also generating income for a homeowner by increasing the 45 

Self-Consumption of residential PV, for example. However, enabling EES to “stack 

revenues” from grid services and increasing self-consumption is not straightforward. Often 

both the markets for these grid services and linkages between the battery owner, 

aggregator, network owner and system operator need to be created (Staffell & Rustomji, 

2016). Policy and regulation are therefore seen as crucial to enabling stacking (CCC, 2016, 50 
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IEA, 2014, Bhatnagar, et al., 2013). In some markets explicit policy support for storage is 

also provided through subsidies, low cost loans or tax rebates.  

Many academic studies have examined the economics of residential EES in different 

countries, using various technology and service configurations (Hoppmann, et al. 2014, 

Mӧshevel, et al. 2015, Parra & Patel 2016, Zheng et al. 2014, Zheng et al. 2015, Davis & 55 

Hiralal 2016, Staffell & Rustomji 2016, Green & Staffell 2017, Yoon & Kim 2016, Pena-

Bello, et al., 2017, Uddin, et al. 2017, and Teng & Strbac 2016). The broad conclusions are 

that storage is not yet economically viable across a wide range of markets and use-cases, 

and that allowing storage to monetise more of the services it provides through benefit-

stacking is critical to improving this situation. Relatively few studies have focussed on the 60 

impact of policy. Weniger, et al. (2014) and Truong, et al. (2016) discuss the impacts of 

the favourable policy environment in Germany, but do not explicitly model the impact of 

different policies on financial returns. Likewise Winfield, et al. (2018) examine the 

development of policy frameworks in the US, Canada and the EU on the ability of storage 

technologies to offer multiple services in markets simultaneously, but again without 65 

quantification. Conversely, Battke & Schmidt (2015) and Stephan, et al., (2016) model 

battery systems with various levels of revenue and subsidy in Germany and Switzerland 

respectively. Both papers highlighted how a focus on revenue stacking would minimise 

public subsidy, but neither examined the role of policy in enabling revenue stacking or 

considered other policies.  70 

The research question this paper seeks to address is ‘how can different policies affect the 

economics of residential batteries?’, with a focus on comparing policies which subsidise 

the upfront cost of storage systems to those which enable revenue stacking.  We quantify 

the impact of a range of policies on the residential or behind-the-meter (BTM) storage 

model using a techno-economic model of a lithium-ion battery paired with a residential 75 

PV system in a UK context. Section 2 provides background, then Section 3 outlines the 

methods and data sources. Section 4 presents and discusses the results. Section 5 reflects 

on the policy implications for the UK and concludes. Supplementary results are provided 

as an Appendix.  
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2 Background 80 

2.1 Technologies and services 

This paper focuses on the policy and economics of the stationary, BTM model of 

residential EES provided by a lithium-ion battery. BTM is defined as an “on-site” location 

of a battery and a residential deployment primarily aims to reduce the electricity bill for a 

homeowner. This has been termed ‘prosumage’: a prosumer with storage (Green & 85 

Staffell, 2017). Policy and technology developed for other EES approaches and electric 

vehicles (EVs) heavily influence this model but are considered outside the scope of this 

paper.  

Lithium-ion batteries have rapidly become the most popular technology for residential 

storage. They accounted for over 96% of US EES deployments in Q1 2017 (Greentech 90 

Media, 2017), and 99% of German EES deployment in Q1-Q3 2017 (Tepper, 2017). This 

dominance is partly explained by Lithium-ion being highly suited for revenue stacking. 

Dunn, et al. (2011) highlight how lithium-ion’s high power, energy density and rapid 

response characteristics make it suitable to provide a wide range of services. Further cost 

reductions are also likely, both because Lithium-ion batteries have demonstrated high 95 

learning rates, and as the current dominance in both residential stationary and electric 

vehicle deployments is likely to drive scale benefits that reduce costs and make Lithium-

ion more attractive (Schmidt, et al., 2017).  

EES can potentially provide multiple services to the electricity system, either in parallel by 

simultaneously apportioning capacity to different services, or sequentially by switching 100 

between services (Schmidt, et al., 2019). The ability to provide income from multiple 

services is called “revenue stacking” and is considered vital to the EES investment case 

(Eyer and Corey, 2010); however, revenue stacking still appears to be in its infancy in 

many markets (Stephan, et al., 2016) (Jones, et al., 2016). 

EES can provide a wide range of services, which are often segmented using diverse criteria 105 

and different, often conflicting, definitions (Battke & Schmidt, 2015). This paper principally 

distinguishes between “end-user services”, which directly benefit the homeowner, and 

“grid services” where the homeowner is rewarded via an aggregator for the benefits the 

battery provides to the electricity system. This segmentation is shown in the 

Supplementary Material (Table S1) and aims to be consistent with that adopted by the UK 110 

National Grid (Energy UK, 2017). Figure 1 shows how “stacking” end-user and grid 

services benefits the residential battery investment case.  
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Figure 1: Schematic representation of how revenue stacking can benefit the residential battery 

investment case. Homeowners can supplement the direct income they receive from EES (the 115 

reduction in their electricity bills) with income from network, generation and ancillary services 

(“grid services”) via an aggregator. 

 

Sector-coupling is widely seen as the next major step in decarbonisation, linking renewable 

electricity into the heat and transport sectors (Staffell, et al., 2012) (Robinius, et al., 2017).  120 

If a residential battery could enable electric vehicle charging from locally-sourced solar PV 

production, this could radically impact on the optimal sizing and economic viability of the 

storage system (Green & Staffell, 2017). 

 

2.2 UK storage policy 125 

UK policymakers primarily see storage as a form of “flexibility” which, alongside measures 

like demand side response (DSR), interconnectivity and flexible generation, is capable of 

balancing demand and supply in a grid with greater intermittent, distributed electricity 

generation. A coherent storage policy was first set out by The UK Government and 

market regulator in July 2017 (BEIS and Ofgem, 2017). This policy aims to both reduce 130 

costs to consumers and businesses while encouraging growth and innovation. Actions to 

deliver these ambitions were set out in three areas:  

1. Remove (policy) barriers to smart technologies  

2. Enable smart homes (and businesses) 

3. Making markets work flexibly 135 
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There is no policy explicitly focusing on residential EES but enabling the smart home (2) 

is arguably the most relevant objective. By re-committing to rolling out smart meters and 

introducing half hourly settlement (HHS) this policy aims to encourage suppliers to offer 

ToU (Time of Use) tariffs and thereby create an opportunity for residential EES to provide 

Demand Load-Shifting. Making markets work flexibly (3) predominantly focuses on 140 

commercial storage providers but it also identifies the lack of an established market in 

“local flexibility”. 

The UK’s approach to storage policy should be understood within the context of its 

energy policy “trilemma”. This systematic approach aims to ensure considerations of cost 

are balanced against sustainability and security of supply (Hardy, 2016). An argument can 145 

be made for ‘technology neutral’ approach to decarbonisation, and in the UK there has 

been a long standing discussion around ‘not picking winners’ (Gross, et al., 2012).  There 

are many options available to householders that are more cost effective at reducing 

emissions than lithium-ion batteries, such as improved insulation.  Nevertheless, there are 

also long-standing arguments for policies to support early stage technologies in order to 150 

benefit from ‘learning effects’ or to correct market failures (Stern, 2007).   

As commercial markets for sustainability and security do not exist yet, some argue that 

the benefits storage provides in these areas may justify explicit policy support (Pollitt, 

2016). However policies to encourage consumers to adopt “green” technology in the UK 

through explicit financial support can be politically controversial (Garman, 2015). 155 

Storage is also relevant to wider UK industrial strategy. It is seen variously as part of the 

plan to upgrade national infrastructure (NIC, 2016), support electric vehicle 

manufacturing, drive growth, exports and jobs and, via lower energy costs, improve 

productivity. R&D funding support of £246m, available over four years through three 

separate programmes, aims to ensure the UK “leads the world in the design, development 160 

and manufacture of electric batteries” (BEIS, 2017a). 

2.3 International context and policy 

Residential energy storage is a global business and the relative attractiveness of different 

markets for combined PV-storage systems is rapidly evolving.  With more than 10,000 

systems installed by 2018 (Vaughan, 2018), the UK is one of the largest markets for 165 

residential storage, behind Germany, Australia, Japan, Italy and the US (Kelly-Detwiler, 

2018) (McCarthy, et al., 2019) (Wood Mackenzie, 2019). A further 160,000 residential 

storage systems are projected to be installed in the UK by 2025 (Frost & Sullivan, 2019).  

In addition to subsidies, increasing electricity retail prices, new time-of-use tariffs and 
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business models that enable residential battery owners to provide grid balancing services, 170 

together improve the value proposition for residential storage in these markets (Mayr, 

2018).  

UK policy is influenced by experience in other countries, particularly those already 

managing high levels of intermittent generation (for a summary see Table S2 in the 

Supplementary Material). California has successfully stimulated EES deployment but, 175 

despite a $400 per kWh subsidy (approximately £300/kWh) and a 30% tax credit, 

residential EES adoption has been very modest until recently (Itron, 2016, Collins, 2018). 

In contrast Germany, via its state backed development bank KfW, promoted residential 

storage until the end of 2018. Subsidies and low cost loans has lifted the number of homes 

with batteries to 85,000 by the end of 2017 (Speichermonitoring, 2018). With little explicit 180 

policy support Australia is seeing a surge in residential battery sales as utilities increase 

electricity prices (Vorrath, 2018). The regulator (AEMC) has tried to make grid services 

accessible to homeowners to encourage them to remain connected to the grid (Moore & 

Shabani, 2016). 

 185 

3 Methods 

The following approach was employed to address the research question:  

1. Identify major policy issues through interviews with policy experts and providers 

of residential storage; 

2. Establish a “base case” using a techno-economic model of a residential battery that 190 

quantifies returns on investment assuming no change to the UK’s current policy 

environment; 

3. Quantify the impact of policies that aim to address these issues on the investment 

case.  

This paper chose to focus exclusively on the UK as a potentially large market for 195 

residential storage where deployment is currently modest and the policy environment is 

in flux.  The underlying design of this study – combining expert interviews to identify key 

issues with economic modelling of proposed solutions – is internationally relevant, and 

with access to the right experts and market data it could be equally applied to other 

markets. 200 
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3.1 Identifying major policy issues 

We define ‘policy issues’ as topics which the industry (customers, manufacturers, 

suppliers) consider as major uncertainties in the development of the EES market and which 

are expected to be heavily influenced by regulatory decisions and government policy.  Six 

semi-structured interviews were conducted with representatives from the UK energy 205 

industry via telephone during July 2017. Three interviews were with policy experts from 

trade bodies, two with residential EES providers and one with an expert from the 

commercial storage market (their roles and background are listed in Table S3 in the 

Supplementary Material). The range of interviewees provided a broad perspective on the 

issues facing storage beyond just advocates of the residential model. While the 210 

Department for Business, Energy & Industrial Strategy (BEIS) or the Office of Gas and 

Electricity Markets (Ofgem) did not participate directly, their Call for Evidence and “Smart 

Systems and Flexibility Plan” set out their perspective (BEIS & Ofgem, 2016, BEIS and 

Ofgem, 2017). National Grid is not directly involved in residential storage and its views 

on many of the topics are described in their “Future Energy Scenarios” (National Grid, 215 

2018).  

Each interviewee was asked to:  

1. Briefly describe their organisation, the main challenges it faces and their role within it 

2. Outline their perspective on the threats/opportunities created by EES in the UK 

3. Indicate how important they considered policy to the development of EES 220 

4. Identify the policy issues they saw as most significant and how these could be resolved 

This semi-structured approach enabled responses to be compared whilst allowing 

sufficient flexibility to focus on the respondents’ areas of expertise. For interviewees with 

a direct interest in residential storage – namely Powervault, The Renewable Energy 

Association (REA) and Moixa – their responses to the Call for Evidence by the market 225 

regulator (Ofgem) were also analysed. Analysis of the transcripts identified the most 

significant, quantifiable policy issues and the appropriate parameters to feed into the 

techno-economic model.  

3.2 Establishing a base case scenario 

A techno-economic model of a battery investment was constructed in Microsoft Excel. 230 

The model assesses the financial attractiveness of an investment in residential storage for 

an average UK home with a PV system. Approximately 890,000 UK homes (3.5% of 

households) had installed PV as of March 2018 (BEIS, 2018a). The model was initially run 

assuming no change to the policy environment. PV input, size of battery, consumption and 
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tariff assumptions were all designed to be consistent with this market segment (for full 235 

details see Table S4 in the Supplementary Material). Both inputs and outputs were 

compared with results from existing academic literature where available. 

3.2.1 Input assumptions  

A full list of parameters used in the model are given in the Supplementary Material Table 

S4. 240 

PV Input. Due to the lack of representative metered output data from individual PV panels 

in 2014 (the modelled year), the Renewables.ninja model was used to simulate the half-

hourly profile of output from a typical 4 kW PV installation in a central region of the UK 

(the West Midlands) (Pfenninger & Staffell, 2016)1. This accounts for the weather patterns 

experienced during 2014 based on NASA’s MERRA-2 dataset and assumes 10% losses due 245 

to inverters and auxiliaries, giving a capacity factor of 10.1% (an annual yield of 883 

kWh/kWp). This capacity factor varies by around one-third between the least and most 

productive regions of the UK (the Scottish Highlands and Kent respectively) (Pfenninger 

& Staffell, 2016). 

Battery performance and size. A battery was modelled with a 15 year lifetime, 90% 250 

depth of discharge (DoD) restriction, 81% round-trip efficiency and a 1% annual decline 

in usable capacity, based on (BRE, 2016, Xu, et al., 2016, Schmidt et al., 2019) (Faunce, et 

al., 2018).  Modelling of residential storage systems suggests they rarely run partly loaded, 

especially below 50% of rated power (Wilson, et al., 2018) (Ward & Staffell, 2018), 

therefore a static value for round-trip efficiency should adequately capture their 255 

behaviour.  A constant lifetime is assumed across the service scenarios, as the core battery 

operation remains the same (single diurnal cycles) in non-stacking and stacking scenarios; 

however, the exact timing and depth of discharges may differ.  More detailed study of the 

resulting operating patterns with a dynamic efficiency and lifetime model, such as SimSES 

(Naumann, et al., 2017), could be a useful extension of this work. Battery degradation due 260 

to more aggressive cycling will reduce the energy capacity (and thus revenue) in the later 

years of the battery’s operation, and potentially reduce its overall lifetime. However, the 

importance of this is diminished due to financial discounting; for example, a one-year 

reduction in lifetime would cause NPV to fall by 4%. 

 

1 Data is available to download from https://www.renewables.ninja/#/country/ 

https://www.renewables.ninja/#/country/
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A 4 kWh system was chosen as it provided the greatest returns for a 4 kW PV system 265 

and a household consuming 4,074 kWh of electricity annually (see Supplementary Material, 

Figure S5).  Although this is smaller than most residential battery systems currently on the 

market, it concurs with findings from Germany (Weniger, et al., 2014) and the UK (Green 

& Staffell, 2017).  Other studies, such as (Hesse, et al., 2017), find larger battery systems 

to be optimal, but only when paired to larger PV systems and households with larger 270 

annual demand. 

Demand Profile. Half-hourly electricity demand was based on the “Domestic Standard” 

load profile from Elexon (2017). This profile is designed to reflect the average pattern of 

UK residential demand with a pronounced evening peak which varies by day of the week 

and season and has a total annual consumption of 4,074 kWh. The Self-Consumption of 275 

PV output with this demand profile (before any utilisation of the battery) was 24%, 

consistent with the 20 – 35% range identified by Moshӧvel, et al., (2015). An aggregate 

profile was chosen due to a lack of alternative, sufficiently granular data. The model could 

in future be extended to use individual household profiles to gauge the impact of variation 

in consumption patterns on results, see for example Parra, et al., (2014).  280 

Tariffs. The default electricity tariff was a British Gas direct debit Eastern region “flat 

rate” standard tariff of £0.1424 per kWh (British Gas, 2017). In the base case prices are 

assumed to remain at this level throughout the forecast period. We note, however, the 

average annual real term increase in prices between 2010 and 2017 was 2.8% (BEIS, 

2018b). 285 

Aggregated profiles were used for both the PV input and demand profiles, which represent 

national averages with the diversification of a generic household rather than a specific one. 

This gives a better representation of the national average performance of a storage system, 

and reflects the lack of high-resolution metered profiles from individual properties.  It 

should be noted that using PV and load data with coarse temporal resolution can 290 

underestimate the economic value of storage.  For example, Abdulla et al. (2017) find a 

17% improvement in revenues when using 1-minute versus 30-minute resolution data in 

the US.  (Beck, et al., 2016) observe that it is “very hard to obtain measured load profiles 

[and] PV profiles” at higher resolutions, and we find the same is true of publicly available 

data in the UK. 295 

3.2.2 Self-Consumption service 

In the base case the battery generates returns solely by facilitating increased Self-

Consumption of PV, the service currently most easily accessible to homeowners with an 
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existing PV system. By adding a battery, excess electricity generated during the day can be 

stored and then discharged during the evening, thereby reducing the consumption of 300 

metered electricity from the grid. Self-Consumption also reduces excess PV exported to 

the grid but, as export payments in the base case are based on a “deemed” or assumed 

rate (50% of PV production), this does not impact income.  

3.2.3 Financial model inputs 

System cost (battery plus inverter and other electronics). System cost was estimated 305 

from a review of academic literature and market prices for systems in the UK at the end 

of 2017 (Figure S3 in the Supplementary Material). This includes a 4 kW bi-directional AC 

coupled inverter. Based on a regression of system cost against capacity, the model assumes 

a fixed investment cost: the first 1 kWh is three times more expensive than each 

subsequent kWh, and a 4 kWh system (pre-installation and value-added tax (VAT)) cost 310 

of £3,497 in 2017 (£874 or $1,163 per kWh). 

Annual decline in system cost. The model assumes a 12% annual cost decline based on 

Schmidt, et al. (2017). 

Starting year. A base case year of 2020 was chosen to represent a date sufficiently far in 

the future that a range of policy scenarios could plausibly evolve. The forecast system cost 315 

(pre-installation and VAT) in 2020 is £2,383 (£596 or $792 per kWh).  

Cost of Capital. Papers in this area have used cost of capital assumptions ranging from 

zero (Lehmann, et al., 2016) to 10% (DECC, 2013). Results assuming 0% and 10% are 

presented but 5% was selected as the base case, reflecting the mid-point and close to the 

4% assumed by Pena-Bello, et al. (2017). 320 

3.2.4 Outputs 

Two primary indicators were chosen to assess the investment case. Initial Year Income 

(IYI) measures the annual income generated by the battery in its first year of operation, as 

in Equation 1:  

1)  𝐼𝑌𝐼 =  𝑆𝐶 + 𝐷𝐿𝑆 + 𝑃𝑆 + 𝐸𝑥𝑝 325 

In the base case this is just Self-Consumption (SC) but in the more complex revenue 

stacking scenarios (Section 3.3) it also includes income from Demand Load-Shifting (DLS), 

Peak Shaving (PS) and the change in PV export revenues (Exp) due to installing storage (i.e. 

export revenue from PV with storage minus export revenue from PV alone). 
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Degradation of battery performance means that annual income was assumed to fall by 1% 330 

per annum. To isolate the influence of policies on the battery system, no variation in PV 

or real terms changes in electricity prices are assumed in the base case.  

For context, the lifetime return metric ‘NPV per unit of Capex’ (NPV/Capex) is calculated 

using Equation 2: 

2)  𝑁𝑃𝑉/𝐶𝑎𝑝𝑒𝑥  =  
∑  

𝐶𝐹𝑖
(1+𝑟)𝑖

 – 𝐼𝐶
𝑛

𝑖=1

𝐼𝐶
  335 

The net present value (NPV) of the cashflow (CF) generated over all years (i) of the 

battery’s lifespan (n), discounted at rate (r) is compared to the initial costs (IC). If NPV/Capex 

> 0 the battery investment is profitable, otherwise the investment loses money as the 

income generated does not recoup the original investment cost. 

IC includes all system costs (battery plus inverter), installation, VAT and any subsidy. 340 

Dividing the net cash generated by this upfront investment enables the profitability of 

investments of different sizes to be compared.  

This metric is the same as that used by Pena-Bello, et al. (2017) and similar to the PI 

(Profitability Index) used by Stephan, et al. (2016). The relationship between NPV/Capex 

and other common financial metrics is given in Figure S1 in the Supplementary Material. 345 

In addition this paper also evaluated the investment using the breakeven investment cost 

(BIC): the initial investment costs (system costs + installation + VAT) that yield NPV/Capex 

= 0, meaning the system pays back over its lifetime (with a 5% discount rate). Finally, the 

breakeven year (BY) provides an estimate of the earliest year in which residential storage 

is profitable (NPV/Capex > 0), based on the learning rates and market growth rates from 350 

Schmidt et al. (2017).  

3.3 Quantifying the impact of policy 

Assessing the impact of policy required modelling the measures that reduce initial 

investment costs or increase income generated from additional services. Demand Load-

Shifting and Peak Shaving emerged as particularly important areas of policy focus. 355 

3.3.1 Demand Load-Shifting 

The majority of UK households are currently on flat-rate tariffs but the roll-out of smart 

meters and half-hourly settlement (HHS) is anticipated to lead to greater availability of 
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time of use (ToU) tariffs. Where such tariffs are available, a residential battery can be 

charged on cheaper (off-peak) electricity to reduce the consumption of expensive (peak) 360 

electricity.  

To model Demand Load-Shifting income two ToU tariffs were tested. In the first tariff the 

spread between peak and off-peak prices was set at £0.10/kWh, similar to the £0.081/kWh 

spread of ‘Economy 7’, the UK’s first, and most widely adopted, ToU tariff which offers 7 

hours overnight at a lower rate. The second tariff was based on TIDE from Green Energy 365 

(2017) with a £0.20/kWh spread and was similar to that used by Teng & Strbac (2016).  

3.3.2 Peak shaving 

Demand peaks at the national level are problematic as they are typically supplied by the 

most expensive and carbon intensive “peak generators” (Green & Staffell, 2016) and also 

drive spending on the transmission and distribution networks. By simultaneously reducing 370 

demand during the peak period in multiple homes, residential batteries could significantly 

cut system costs.  

To model Peak Shaving, an estimate is required for the value a system operator will place 

on reducing power during the peak period and the proportion of that value might be 

passed onto the homeowner. A wide range of estimates is found in the literature from 375 

£1–700 per kW of capacity (see Figure S2 in the Supplementary Material) (Rocky Mountain 

Institute, 2015), highlighting the highly location-specific nature of the value of this service. 

The model assumes Peak Shaving is worth £100 per kW year based on an average of 

academic studies, and that the residential storage battery owner receives 75% of this value.  

The aggregator is assumed to take 25% as commission based on the revenue models in 380 

other industries, as no precedent could be found specifically for storage. 

3.3.3 Dispatch algorithm 

An algorithm was developed to optimise the income of a residential battery by providing 

up to three services.  Firstly, this evaluates which services are available due to the policy 

environment being modelled.  The available options are Self-Consumption, Demand Load-385 

Shifting and Peak Shaving.  Secondly, it selects from these the service which provides the 

maximum income for each day of the year.  Revenue stacking can be sequential (i.e. the 

battery provides one or another service) for services which are incompatible, or it can be 

parallel (i.e. providing two services simultaneously) for ones which are compatible. 

The choice of which service maximises revenue is ultimately a product of the input data 390 

on how much value is available from each service.  This choice, and thus the results 
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presented, are therefore country-specific but should be broadly reflective of temperate 

climates with higher demand in winter than summer and only modest output from solar 

PV systems.   Applying this model to summer-peaking environments such as California or 

Australia would likely yield different results, and is suggested as an interesting line of future 395 

research. 

With the UK-specific input data, two distinct modes of behaviour are observed. Firstly, if 

Peak Shaving is not available (our default case), then in winter when PV is generally low, 

the battery will predominantly choose Demand Load-Shifting. During the rest of the year 

when PV levels are higher, the battery will wait to be charged up with “free” excess PV 400 

generation (Self-Consumption mode). As the model uses historical PV data it can choose 

the most profitable service to run based on the balance of supply from PV and demand, 

which in turn depends on the prevailing weather. Advances in 24 hour weather forecasting 

suggest this is approaching the real-world situation (Moshövel, et al., 2015).  

Alternatively, when Peak Shaving is available alongside Self-Consumption, the dispatch 405 

model prioritises it across the winter season.  Peak shaving has a value of £33.24 in the 

winter season versus just £5.40 for Self-Consumption (for the specific 4 kW / 4 kWh 

storage system we consider), and so it is therefore prioritised across the whole season 

with the UK-specific prices we use. Given the limited data available on individual 

household demand patterns, a single consumption profile is used for the whole of winter. 410 

Maximising revenue from Peak Shaving therefore requires that maximum demand is 

reduced consistently across all days in the winter season. 

This represents a risk-averse strategy, as the algorithm ensures that Self-Consumption can 

never compromise the battery’s ability to provide the more rewarding Peak Shaving 

service on winter days. From the interviews we conducted, this logic appears to reflect 415 

the commercial reality faced by energy service providers and aggregators, where Peak 

Shaving can only be rewarded if it is firmly guaranteed, and providers are barred from 

offering services in future years if they routinely fail to meet targets for reliability of 

delivery.  

If the model were run with high-resolution demand profiles for individual households, the 420 

provision of Self-Consumption and Peak Shaving would be optimised on a day-by-day  

basis. However, this would require perfect foresight of both the household and national 

electricity demand, and our industry interviews show this is not currently practiced. 

Moreover, since the maximum Self-Consumption revenue, even assuming perfect 

foresight, is approximately £5 for the whole winter season, the limitation caused by having 425 

temporally-coarse (but nationally representative) demand profiles does not materially 
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affect the overall conclusions of the study. We do however suggest applying this model to 

individual household profiles as a line of future research. 

The dispatch algorithm makes decisions at the daily, rather than hourly, resolution. It is 

not necessary in this study to optimise the hour-by-hour operation of the battery, as we 430 

assume a fixed differential between off-peak and peak prices with the Demand Load-

Shifting service. This approach reflects the operation mode of a major UK home storage 

provider, as disclosed during the interviews conducted. It would be possible in future 

work to soft-link a high-resolution dispatch optimisation e.g. Ward & Staffell (2018) to 

model the effects of dynamic time-of-use tariffs which are beginning to emerge in the UK. 435 

When Demand Load-Shifting and ToU tariffs are available alongside Peak Shaving, the 

similarity of charge/discharge cycles in this model means the battery can effectively provide 

both services simultaneously. The model chooses Peak Shaving in winter to access grid 

payments but still provides Demand Load-Shifting by reducing the consumption of peak 

rate electricity. In this case, Peak Shaving effectively adds a “grid payment” to a Demand 440 

Load-Shifting service. As Peak Shaving is deemed to have no system value outside of winter 

(see above) the model prioritises Demand Load-Shifting. 

 

4 Results and discussion 

The following results are presented:  445 

1. The key policy issues emerging from interviews with six industry experts 

2. The financial performance (IYI and NPV/Capex) of an investment in a residential 

battery in a “policy neutral” base case 

3. The impact of key policy issues on the battery investment 

4. The impact of stacking multiple services 450 

5. A sensitivity analysis of a variety of model configurations  

 

4.1 Key policy issues identified  

The policy issues identified by the interviewees as significant to residential battery 

deployment are shown in Table 1. Policy was explicitly stated as very important to overall 455 

EES deployment, but was deemed as particularly significant to commercial and grid-scale 

deployments. Cost was seen as the preeminent issue for the residential market.  
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There was notable consistency in the issues identified. All respondents saw HHS and smart 

meters as critical to making ToU tariffs more widely available and thereby enabling 

Demand Load-Shifting. All residential EES interviewees identified the lack of a mechanism 460 

for capturing the benefits distributed storage provides to the network as an issue, with 

some particularly optimistic about the potential of EES here, and several also saw the 

significant code review of network tariffs as an important issue. While both REA and Moixa 

did not expect it to impact the residential model directly, Powervault was concerned that 

a flattening of wholesale tariffs as a result of changes to network cost recovery might 465 

impact ToU retail tariffs and ultimately reduce the BTM Demand Load-Shifting 

opportunity. Moixa also highlighted the negative impact introducing ToU tariffs with low 

daytime rates could have on PV Self-Consumption revenue.  

The uncertainty created by policy deliberations, rather than the policy environment itself, 

emerged as a key issue, with policy uncertainty broadly considered negatively. In the 470 

debate around network charging, some respondents (REA/Powervault) appeared willing 

to sacrifice some near-term visibility by engaging in a fundamental review to establish a 

stable long-term framework. The issue around the applicable VAT rate appeared 

particularly significant to Powervault2 and uncertainty was also highlighted in the debate 

around the future of deeming and the lack of long-term ancillary service contracts with 475 

consistent definitions. In these cases interviewees explicitly linked this uncertainty with 

access to low-cost financing.  

All residential EES interviewees offered solutions to the current policy issues via their 

written submissions to Ofgem’s Call for Evidence. Often these referenced international 

developments. Both REA and Moixa highlighted policy changes in the US (FERC RM16-23 480 

and 157 respectively) as examples of “levelling the playing field” for storage (Moixa 

Technology Ltd, 2017, REA, 2017). International markets also offered lessons of what not 

to do. For Moixa the impending 80% rise in T&D (transmission and distribution) charges 

in Germany underlined the impact of inadequate preparation for growth in intermittent 

generation. Interestingly there was no explicit call for the large subsidies seen in these 485 

markets although Moixa suggested a “light” subsidy that incentivised the installer/owner 

to register the system and ensure both the installer and device were accredited would be 

helpful.  

 

2 On the 15th August 2017 HMRC confirmed that a 20% VAT rate is applicable to retro-fit EES installations, 

versus 5% for new installations. This removes the uncertainty but the differential treatment between retro-fit 

installations and those bundled with PV remains. Arguably this distorts the market and increases system costs 

(section 4.3.2) 
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To solve the “missing market” in distribution network savings, Moixa proposed the use of 

mandated targets and the provision of low cost asset financing by distribution network 490 

operators (DNOs). In their response to the Ofgem Call for Evidence, the REA also 

suggested the current CfD framework for guaranteeing returns could be extended to 

incorporate a “market stabilisation” element that may ultimately result in savings for 

consumers (REA, 2017). 

Both the REA and Powervault were concerned about further delays to Ofgem’s plans to 495 

address the availability of HHS and the roll out of smart meters. They cited the lack of 

interoperability of previous smart meters and delays to HHS reform (Utility Week, 2017) 

as evidence of the slow pace of change. This evidence suggests it is not just the policy 

environment itself but the implementation of stated policies which creates uncertainty. 

Table 1 summarises the six changes to policy that we quantitatively model to address each 500 

of the issues identified.  These either modify the investment cost of storage through lower 

tax, subsidy or reducing the cost of finance, or modify the revenue potential through 

adjusting tariffs and opening up new markets.  In modelling the impact of these policy 

changes, we take a narrow view and just consider the impact on the profitability of storage.  

It should be recognised that some policy changes will have implications for government 505 

budgets, and potentially broader impacts on the energy system.  For example, changing 

the price spread between peak and off-peak tariffs could alter the aggregate demand 

profile.  These consequences, along with the barriers identified in Table 1 by the 

interviewees warrant further study.    
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Table 1: The six quantifiable policy barriers identified by interviewees 510 

Policy Barrier  Policy Issue  Evidence to Support Change  Potential Barriers to Implementation 

 Impact on 

modelling 

 1) The 

availability of 

ToU tariffs 

Most UK residential customers are currently on flat rate 

tariffs - they pay the same price for electricity in peak hours 

as in off-peak. Without peak and off-peak price variations EES 

cannot be used to provide Demand Load-Shifting and Self-

Consumption benefits are reduced.  

REA - "A lot of our members want ToU tariffs … it’s a simple way of 

monetising the benefit to the consumer ... ToU tariffs would be really 

useful." 

MX - "Smart Batteries ... can deliver an immediate ToU benefit and a 

customer benefit to households" 

PV - "A few suppliers offering ToU but it is not 

genuine HHS - buying blocks of power at an 

average. Speeding move to HHS is a big issue" 

MX - "There is a real potential issue that bills will 

become uncertain and confusing by adding a new 

‘time’ dimension. Such complexity strategies have 

been used in the mobile industry to raise prices" 

Model ToU with 

different peak/off-

peak spreads 

 2) The 

appropriate 

VAT rate for 

retro-fit 

installations 

Retrofit EES projects are currently charged VAT at a standard 

20% rate vs 5% on PV with battery. However the ECJ ruled 

the UK needed to take items off the discount VAT list and 

solar was proposed. Current rules arguably make EES 

expensive, disadvantages standalone providers and creates 

uncertainty.  

PV - "We think we can argue fairly objectively, that this is putting us, as 

a standalone provider, at a considerable disadvantage" 

MX - "needs to be harmonized … a 5% rate on installing solar with a 

battery could negate the EU legal case on discounted VAT rates" 

PV - "… unlikely to be resolved soon. ECJ ruled 

that we need to take items off the VAT list and 

solar was offered to be bumped up to full rate. 

With the current hiatus there is unlikely to be [a 

decision] soon.  

Model 5% vs 20% 

scenarios 

 3) The 

applicability and 

level of any 

subsidy 

The high cost of storage makes it uneconomic for consumers 

currently. Deployment of solar in the UK was originally 

supported by FiT (Feed in Tariffs) and export payments that 

reward homeowners for generating electricity. Other markets 

such as Germany and California have similar support 

mechanisms for storage 

MX - "A light ‘subsidy’ would be the cheapest way for UK to ensure 

convergence, consistent delivery [and track installations]. Innovative 

domestic solutions [could] lose out to US or other markets with a 

temporal subsidy." 

PV - "The FiT has been cut so low, there is huge underspend currently, 

there would be budget available. It’s more a question of political will".  

PV - "I think there is a view in the industry that 

we don’t want a [low cost loan/subsidy] given the 

history of FiT. When they are cut it does 

enormous damage to the industry" 

MX: "No or low subsidies ... is ironically helpful in 

enabling companies and technologies to deliver a 

‘subsidy free’ solution" 

Model different levels 

of subsidy 

 4) The 

potential reform 

of "deemed" of 

PV export tariffs 

Currently homes with solar are "deemed" to export 50% of 

PV to the grid. Adding storage reduces the level of PV 

exported but homeowners are currently still paid the deemed 

50% export rate i.e. they are paid for electricity they are not 

exporting.   

REA - "surprised that the FiT tariff reforms in Feb-16 didn’t mandate 

everyone to get a smart meter but that was probably good for storage" 

PV - "BEIS start thinking about … full price export tariff … once the 

FiT runs out in 2Q2019" 

REA - "Storage devices are … benefitting the 

system as a whole. Deeming is a big motivation to 

get storage – you get an extra payment for that 

50% ... don’t change it until you have something 

sustainable in its place."  

Model the impact of 

removing deeming 

 5) The need to 

establish a 

market for 

network savings 

~ 26% of the average electricity bill is network charges. 

Residential demand in the evening and solar peaks during the 

day are putting pressure on the network in some areas and 

forcing DNOs to upgrade.  

PV - "Markets for [deferring network spending] will see immediate and 

tangible savings for consumers. It’s a sort of a win-win-win situation"   

MX - Network peaks could be cut by 1) DNO incentives under RIIO 

2) payments for BTM installers 3) allowing storage provision to cut 

network charges 4) cutting charges for new towns with lower peaks 5) 

Enabling asset finance 

PV - " ... the networks have spotted that they 

don’t actually need to upgrade this any more so 

Ofgem has cut their funding" 

Model the 

introduction of 

capacity tariffs 

 6) Financing 

costs 

The high upfront capital cost combined with a long payback 

lifetime means that cost of capital assumptions have a big 

impact on the value of the investment. Different investors in 

the market will have very different cost of capital e.g. 

operators with 1% vs consumers or equity investors at 7-9% 

MX - finance a critical factor ... "NIC (National Infrastructure 

Commission) also needs to play a role in systemic asset financing 

issues" 

REA - "UK businesses have consistently faced a ‘Valley of Death’ in the 

commercialisation ... good support for R&D ... for projects which are 

near to market ... there has been a lack of adequate financing"  

MX - provision of finance might need a separation 

in the role of "Battery Asset Provider" and 

"Battery Operator"  

REA - "key to this is sorting out … longer term 

revenue streams" 

Model returns with 

different cost of 

capital 
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4.2  Model results from the policy-neutral base case 

In a scenario where the battery just provides Self-Consumption income, it saves a 

residential homeowner £112 per year (IYI = £112), equivalent to 17% of the electricity 

bill. Less than 5% of this income is generated between December and February. Average 515 

income per day between June and August is £0.46, close to the theoretical maximum 

income per day of £0.52 determined by the size of the battery and the tariff.  

Annual income declines from £112 in the first year to £91 in the final year of life due to 

battery degradation.  Total income over the lifetime equals £1,522, which has a present 

value of £1,063 when discounted at 5%.  Note, if the £1,522 income were spread equally 520 

over the battery’s lifetime (£101 per year), the present value would be £1,053.  The actual 

present value is slightly higher because income is higher in the early years.  This gives an 

overall project NPV of –£2,259 when subtracting the initial investment of £3,322 (implying 

a system cost of £2,383 in 2020, or £596/$794 per kWh).  Dividing this NPV by the 

investment cost gives the NPV/Capex of –68%. 525 

In the base case Breakeven Investment Cost (BIC) is £1,062 (implying a system cost of 

£501 or £125/$167 per kWh) and the Breakeven Year (BY) is 2033 based on projected 

cost reductions for storage technologies. 

 

4.3 Policy cases modelled 530 

The impact of the six policy issues identified in Table 1 on the policy neutral base case (a 

residential battery providing Self-Consumption service in 2020) are shown in Figure 2 and 

discussed in the sub-sections below.  

 

 535 
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Figure 2: The impact of the six quantifiable policy barriers on our four metrics.  Filled bars show 

the initial-year income (IYI) and points show the lifetime return (NPV/Capex).  Central points use 

a 5% cost of capital, the upper/lower ranges show 0% and 10% cost of capital respectively.  The 

data table below shows the breakeven year and breakeven investment cost (BIC). These are only 540 

shown for policies which have a positive impact on the base case. Grey dashed lines reflect the 

base case.  

 

4.3.1 Increasing the availability of a ToU tariff 

Interviewees suggested that the availability of ToU tariffs reflects HHS and smart meter 545 

deployment, both of which are predominantly determined by policy. Where a ToU tariff 

is available a residential battery can provide an Demand Load-Shifting service, either as a 

standalone service or “stacked” with Self-Consumption. Therefore modelling Demand 
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Load-Shifting tests the impact of policies encouraging the availability of ToU tariffs on 

residential battery economics.  550 

As a standalone service with a £0.10/kWh spread between peak and off-peak prices, 

Demand Load-Shifting generates an annual income (IYI) of £65 and is a highly loss making 

investment (NPV/Capex = -81%). With a £0.20/kWh spread, Demand Load-Shifting 

earnings rise to IYI = £162, £50 higher than a standalone Self-Consumption scenario, 

predominantly because Demand Load-Shifting generates more income in the winter 555 

months. However NPV/Capex remains negative (-54%). The breakeven cost (BIC) increases 

by 45% to £1,539 (implying a system cost of £898 or £224/$299 per kWh) and breakeven 

year (BY) is brought forward to 2028. 

Stacking Demand Load-Shifting with Self-Consumption increases battery utilisation. 

Throughout most of the year the battery charges from “free” excess PV in Self-560 

Consumption mode and with a ToU tariff enabled, this offsets the consumption of more 

expensive evening electricity (with a £0.20/kWh peak/off-peak spread Self-Consumption 

IYI rises from £112 to £151). On particularly cloudy or winter days, when there is 

insufficient excess PV to fully charge the battery, it switches to Demand Load-Shifting 

mode. This is effectively the “winter” and “summer” modes described by Moixa (HoL, 565 

2016). The stacked IYI of £217, represents a £105 (94%) increase from the policy neutral 

base case. NPV/Capex is boosted by 30ppts to -38%. BIC increases further to £2,053 

(implying a system cost of £1,326 or £331/$442 per kWh), and BY is brought forward 

eight years from the base case to 2025. 

4.3.2 Applying a 5% VAT rate for retro-fit installation 570 

Cutting the VAT rate from 20% to 5% has only a modest impact on the investment case. 

Reducing the initial outlay in 2020 from £3,322 to £2,907 (13%) improves NPV/Capex by 

just 5 percentage points (ppts) and IYI is unchanged.  

4.3.3 Introducing a subsidy programme 

Introducing a £500 subsidy has a similar impact to cutting the VAT rate, improving 575 

NPV/Capex by just 6ppts. Even a £1,500 subsidy only raises NPV/Capex by 26ppts to –

42%. A subsidy of £2,660 (£665/$884 per kWh) is required to turn NPV/Capex positive 

in 2020 – significantly more than international programmes.  
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4.3.4 Removing deeming 

Moving from “deemed” to metered PV export is the only policy intervention modelled 580 

that could potentially harm residential storage economics. A battery operating in Self-

Consumption mode reduces PV exported to the grid by 42% from 1,767 kWh to 1,028 

kWh. In a policy environment where export payments are metered, this reduces annual 

PV export income from £87 to £51. Modelling this as a £36 (32%) reduction to battery 

IYI, lowers investment returns by 10ppts.  585 

4.3.5 Enabling a peak shaving service 

Interviewees recognised the complexity of establishing a Peak Shaving service but were 

optimistic about the potential value it could provide. Fully discharging a 4 kWh battery 

during the winter evening peak reduced maximum power demand by 440 W per 

household (47%). Assuming the residential battery supplier receives 75% of £100 per kW 590 

suggests an IYI of only £33. NPV/Capex was the lowest of all the services tested at –91%.  

Stacking Peak Shaving with Self-Consumption raises IYI to 29% to £145 and reduces 

investment losses by 9ppts to –59%. BIC is raised to £1,377 (implying a system cost of 

£762 or £190/$254 per kWh) and BY is brought forward to 2029. 

4.3.6 Cost of financing 595 

Reducing the cost of capital from 5% to 0% improves Self-Consumption returns by 14ppts, 

from –68% to –54%. This large impact on returns reflects the 15 year investment life. 

 

4.4 Stacking multiple services 

More ambitious revenue stacking scenarios, beyond those directly suggested by the 600 

interviewees, can be assessed. Combining both Demand Load-Shifting and Peak Shaving 

with Self-Consumption, the battery generates an IYI of £246 (a 119% increase from the 

base case). Peak Shaving IYI falls slightly to £28 as a ToU tariff is assumed to reduce 

demand during the peak period. The dispatch algorithm prioritises Peak Shaving in winter 

when peak demand is much higher. However as the Demand Load-Shifting and Peak 605 

Shaving charge/discharge cycles are similar (charging up off-peak from the grid to reduce 

consumption during the evening peak) Demand Load-Shifting income is effectively 

unchanged. Outside winter the battery predominantly operates in Self-Consumption 

mode with Demand Load-Shifting only selected on days where there is exceptionally low 
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PV. In this scenario NPV/Capex improves by 38ppts to –30%, BIC is £2,336 (implying a 610 

system cost of £1,562 or £390/$521 per kWh) and BY is brought forward to 2024. 

 

 

Figure 3: The impact of stacking multiple services on IYI and returns. The impact of 

varying cost of capital from 0% to 10% is shown by confidence bars. The grey, dashed line reflects 615 

the base case scenario for initial-year income and lifetime return. 

 

A residential battery could potentially access additional “grid services” beyond Peak 

Shaving.  The services available in the UK are summarised in the Supplementary Material 

(Table S1) and in previous works (Staffell & Rustomji, 2016).  620 

Lithium-ion is well suited to the quick response time needed for Frequency Response 

Service (FRS) (Dunn, et al., 2011, Parnell, 2017). Teng & Strbac’s (2016) analysis suggests 

FRS could be worth more than £100 per year in 2030 if aggregated by a local community. 

Moixa’s GridShare currently pays residential storage owners £50 per year to use their 
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capacity to provide FRS. National Grid spent £56–98m per year on procuring 2.5–4.0 GW 625 

of Short Term Operating Reserve (STOR) between 2010 and 2016. The average 

availability price was £6 per MWh and activation price of £195/MWh (equivalent to £52 

per kWh annually or £208 for a 4 kWh battery, assuming 100% availability). However, 

these values are declining as more entrants provide competition (Joos & Staffell, 2018). 

Unlike Peak Shaving, both FRS and STOR are also likely to be valued consistently 630 

nationally. Simulating FRS by adding £75 to Self-Consumption in 2020 boosts NPV/Capex 

by 21ppts to –47%. In a “Full Stacking” scenario (adding FRS to Self-Consumption, Demand 

Load-Shifting and Peak Shaving) the battery generates an IYI of £321 and an NPV/Capex 

of –8% in 2020. BIC is increased further to £3,047 (implying a system cost of £2,154 or 

£539/$718 per kWh), and BY is brought forward to 2021. 635 

4.5 Sensitivity analysis 

Several input parameters were varied both to establish a realistic base case scenario from 

which to measure the impact of different policies and to understand the sensitivity of the 

model (for full results see Table S5 in the Supplementary Material). 

4.5.1 Variation in PV input 640 

PV input was scaled up and down in 10ppt intervals to simulate variation in weather and 

panel location. A 20% increase in PV input raises base case IYI by just 8% and NPV/Capex 

by 2ppts.  

4.5.2 Variation in battery size 

With an NPV/Capex of –68%, a 4 kWh was established as the optimal size for consumer 645 

battery providing Self-Consumption. Returns on smaller batteries suffer due to the higher 

investment cost per kWh (NPV/Capex = –84% for a 1 kWh battery) while larger batteries 

are underutilised (NPV/Capex = –73% for a 7 kWh battery), confirming the findings in 

Green & Staffell (2017). 

4.5.3 Variation in battery cost and the rate of cost decline 650 

System cost (battery cell plus inverter) was estimated as £3,497 or £874/$1,166 per kWh 

in 2017 and was assumed to decline by 12% annually (Schmidt, et al., 2017) in the base 

case. Using the £337/$438 system price per kWh implied by Tesla’s Powerwall (roughly a 

third of rivals’ prices – see Figure S3 in the Supplementary Material) and applying a 12% 

reduction from this level, improves base case NPV/Capex by 37ppts to -31% brings BY 655 
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forward by eight years to 2025. Increasing the annual rate of cost decline to 16% from the 

default cost assumption brings BY forward to 2029 and a 20% decline brings BY forward 

to 2026. 

4.5.4 Variation in consumer electricity prices 

Despite electricity pricing being a prominent political issue in the UK at the time of 660 

research (Pratley, 2017), it was not identified by any of the interviewees as a major topic 

for storage policy. In contrast, Truong et. al., (2016) highlighted the importance of retail 

electricity prices on the economics of residential storage. Assuming 2% annual growth in 

prices (based on historic experience) throughout the battery lifespan raises NPV/Capex 

by 6ppts to –62%. A 6% per annum increase raises NPV/Capex to 23ppts to –48% and 665 

brings forward BY to 2024.  

4.5.5 Variation in consumption levels 

Consumption of electricity varies significantly between households. In the base case, 

battery size (4 kWh) is optimised to both consumption levels (4,074 kWh) and PV input 

(3,533 kWh). Significant changes in consumption in either direction reduce both IYI and 670 

returns. Higher consumption reduces the excess PV available to charge the battery while 

lower consumption reduces battery utilisation during summer months.  

4.6 Comparison of results with other academic studies 

The results are in line with those from previous studies, although they cannot be 

compared to any one study as previous works have focused on a subset of the scenarios. 675 

Self-Consumption IYI of £112 compares to the £140 per year modelled for 2030 by Teng 

& Strbac (2016) with a 2 kWp PV system. This paper finds a 22ppts rise in the proportion 

of PV Self-Consumption (from 28% to 50%) in the base case, which is consistent with the 

(13-24ppts) range identified by Luthander, et al., (2015). The Demand Load-Shifting IYI of 

£162 generated by the model with a £0.20/kWh spread compares to £130 saving modelled 680 

by Davis & Hiralal (2016) using an Economy 7 tariff (£0.0853/kWh spread) with a 7 kWh 

Tesla Powerwall. The £55 IYI per kW generated by combining Self-Consumption and 

Demand Load-Shifting is similar to the £50 modelled by Teng & Strbac (2016) for 2030. 

The £33 Peak Shaving IYI equates to a 5% reduction to the household electricity bill. 

Modelling the impact of a residential battery providing Peak Shaving in the US using a tariff 685 

with a specific power component, Zheng et al., (2015) found a 23% reduction. 
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4.7 Discussion of key findings 

4.7.1 Without intervention residential EES is uneconomic 

The base case of a battery providing just Self-Consumption in 2020 is a highly loss-making 690 

investment and NPV/Capex remains negative until 2033. A battery providing Demand 

Load-Shifting only is marginally better (NPV/Capex = -54%) and BY is 2028. The negative 

returns found in this study are consistent with both the interview commentary and 

existing academic studies of Switzerland and the UK (Pena-Bello, et al., 2017, Davis & 

Hiralal, 2016). 695 

4.7.2 Revenue stacking can significantly improve returns 

Enabling a battery to stack Demand Load-Shifting and Self-Consumption is the single most 

effective policy (Figure 4). This combination lifts IYI by £106 (95%), boosts NPV/Capex by 

30ppts and brings BY forward to 2025. The potential to access grid services such as FRS 

and Peak Shaving lifts IYI by a further £103, boosting NPV/Capex by another 30ppts and 700 

bringing BY forward to 2021. An investment in a residential EES in 2020 able to stack four 

revenue streams (“Full Stacking”) is still uneconomic (NPV/Capex= -8%) but requires only 

modest further policy support to reach breakeven.  

 

Figure 4: The impact of revenue stacking on returns vs other policy issues. The impact 705 

of varying cost of capital from 0% to 10% shown by confidence bars. * see Section 4.3.4 

 

This finding puts the debate around other policy changes in context. The benefit of 

revenue stacking is nearly three times greater than introducing a £1,000 subsidy (+38 vs. 

+14 percentage points increase on base case NPV/Capex) and eight times greater than 710 

cutting the VAT rate (+38 vs. +5 percentage points). Without any revenue stacking, a 

£2,660 subsidy is needed to generate a positive NPV/Capex in 2020. This suggests that 
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the modest enthusiasm for subsidies from residential EES providers and policymakers alike 

appears to reflect their limited economic impact. The differential VAT rate between 

standalone (retro-fit) and bundled installation potentially distorts competition (Table 1), 715 

but lowering it to 5% is unlikely to be game changing. In isolation, subsidies, low cost loans 

or cutting the VAT rate, do not transform the EES investment case. 

4.7.3 The contrasting impact of measures affecting income and costs 

The results also show how measures that increase annual income (IYI) by enabling revenue 

stacking affect returns relative to those that reduce upfront investment cost (Figure 5). 720 

Increasing annual income has a linear effect on returns: every £100 of additional IYI raises 

lifetime return (NPV/Capex) by 26 percentage points. In contrast, measures that reduce 

investment cost (such as falling system prices, higher subsidies or a lower VAT rate) have 

an increasing impact as NPV/Capex rises. Raising returns by 10ppts would require a 

subsidy of £198/kWh in the base case (starting from –58%), but with DLS & PS enabled, 725 

the same increase would only require a subsidy of £102/kWh.   

 

Figure 5: The contrasting impact of reducing the initial investment cost versus enabling higher 

income on lifetime return in NPV/Capex (%). Based on 5% cost of capital and £3,322 investment 

cost. 730 

 

Framed another way, the dashed lines in Figure 5 show the amount of subsidy that would 

give the same returns as enabling revenue stacking.  Enabling any additional services gives 

an improvement to the storage business case equivalent to at least a subsidy of £400 per 

kWh (£1600 in total).  735 
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This has implications for policy design: Lifting IYI makes any potential subsidy much more 

effective as it narrows the gap required to hit breakeven. With an IYI of £50 a £1,000 

subsidy boosts returns by 6ppts. A similar subsidy with an IYI of £250 lifts returns by 

31ppts (sufficient to make the investment economic – see Figure S4 in the Supplementary 

Material). It also impacts how storage returns evolve over time. As system cost steadily 740 

falls, NPV/Capex rises at an increasing rate. NPV/Capex also increases much faster with 

revenue stacking enabled than in a Self-Consumption only scenario (Figure 6). With 

revenue stacking residential storage goes from being highly loss-making to very profitable 

within a decade.  

 745 

Figure 6: The evolution of lifetime returns in different stacking scenarios and the impact of a 

subsidy and 0% loan. Based on 5% cost of capital with the exception of the 0% loan scenario. 

 

4.7.4 Explicit policy support for residential storage 

Stacking three services (Self-Consumption, Demand Load-Shifting and Peak Shaving) 750 

significantly improves returns but is insufficient in isolation to turn NPV/Capex positive 

before 2024. Two policies suggested by industry interviewees could accelerate 

deployment in the near term: 1) low cost financing and 2) subsidies, which are considered 

in Figure 7.  
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Simulating the provision of zero-cost loan by assuming a 0% cost of capital, in a scenario 755 

where income from three services is stacked, boosts NPV/Capex in 2020 by 30ppts and 

brings BY forward four years to 2020. In a “Full Stacking” scenario base case NPV/Capex 

is boosted by 40ppts and BY brought forward to 2018. Low cost finance could be a direct 

policy – governments/DNOs could provide cheap loans – or could be an indirect benefit 

of support for stacking. Both Moixa and Powervault cited Dinorwig’s access to multiple 760 

income streams from the grid as important to its ability to de-risk storage investment and 

secure lower cost financing (Stephan, et al., 2016).  

Subsidies could also prove effective. A subsidy of £986 (£246 per kWh) is needed to reach 

breakeven in 2020 in a scenario where income from three services is stacked. In a “Full 

Stacking” scenario (adding FRS as well), a subsidy of just £275 (£69 per kWh) would be 765 

required to reach 2020 breakeven.  

 

Figure 7: Additional measures required to boost 2020 returns: FRS, subsidies and loans. Based on 

5% cost of capital, with confidence lines indicating the range of 0–10%. 
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Germany’s KfW and EnEv programmes have demonstrated that using loans and subsidies 770 

in combination can stimulate demand (Energy Post, 2016). A similar policy in the UK, if 

combined with revenue stacking of three services, could make residential batteries 

profitable in the UK well before 2020.  

Explicit policy support via subsidies and loans could have additional benefits. Moixa’s 

proposed “light” subsidy would ensure only accredited systems fitted by vetted suppliers 775 

are registered (as, for example, a single fire caused by poorly fitted battery could damage 

public confidence). Registering also ensures that both the total available storage capacity 

is known and potentially accessible to aggregators. Subsidy levels could be varied to reflect 

the severity of local network issues, effectively substituting for the missing market in Peak 

Shaving until formal policy can be established.  780 

Finally, these explicit measures could also be accompanied by a publicly-stated deployment 

target. The use of a target to signal long-term policy intentions has been cited as a reason 

for the success of California’s storage policy (Peterman, 2017). Procurement targets have 

also been used in Ontario and Italy. The Electricity Storage Network has called for a 2 

GW target by 2020 to be established for the UK (ESN, 2014). 785 

 

5 Conclusion and policy implications 

This paper quantifies the impact of a range of policy interventions on the investment case 

for UK residential battery using a techno-economic model of a 4 kWh system paired with 

a 4 kW solar system. Six policy options were identified through industry interviews:  790 

1. Availability of ToU tariffs 

2. Adjusting the VAT rate for retro-fit installations 

3. Direct subsidy 

4. Reforming “deemed” PV export payments 

5. Establishing a market for network savings  795 

6. Reducing financing costs 

The impact of these options on a base case, where a residential battery generates returns 

only by increasing the Self-Consumption of PV, was assessed. 

An investment in the base case scenario in 2020 is not financially viable (NPV/Capex = –

68%) and, even assuming forecast cost reductions in storage are realised, is unlikely to be 800 

so until 2033. Policies that enable the battery to access multiple revenue streams, 
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especially Demand Load-Shifting and Peak Shaving, significantly improve the investment 

proposition (lifting NPV/Capex by 30ppts and 9ppts respectively). Combining all these 

services with Self-Consumption has the potential to bring forward the date when a 

residential battery becomes a profitable investment by 9 years to 2024. Revenue stacking 805 

also increases the effectiveness of policies that aim to reduce upfront investment cost for 

potential purchasers. In the base case a very large (£2,660) subsidy is required to reach 

breakeven in 2020, but with stacking of Self-Consumption, Demand Load-Shifting and Peak 

Shaving enabled, the subsidy required falls to £986 (a 62% reduction). 

Modelling results suggest that explicit policy support through low cost financing and 810 

subsidies may be effective. However, such policy support for residential storage may be 

controversial since using subsidies to bring forward the timing of the breakeven point is 

expensive, even with full stacking. Such policies may risk being branded as “green taxes” 

providing support for relatively wealthy consumers seeking to lower their electricity costs.  

This paper suggests that by combining revenue stacking and modest explicit policy support, 815 

residential battery deployment could be accelerated cost effectively. However the results 

also suggest that residential EES could become a very profitable investment within the 

next decade without explicit policy support if full stacking is enabled. There are broad 

similarities between the commercial prospects for solar battery storage in the UK and 

other developed markets.  Technology costs are global in scope, and are generally too 820 

high at present but are rapidly decreasing.  In many countries, potential revenue streams 

are too low to give financial viability without support at present, but could be improved 

by enabling access to more markets and services (Pollitt, 2016) The exact balance between 

the efficacy of providing capital subsidies versus enabling additional revenue streams will 

differ around the world due to country-specifics of each market, but we propose that a 825 

mix of policies can be effective in bringing forwards the breakeven date for solar storage 

anywhere. 

The broader question of whether to provide explicit policy support for residential storage 

should perhaps be reformulated as: what value is created by bringing forward residential 

EES deployment? To remain cost effective policies must be sufficiently flexible to respond 830 

to rapid shifts in the underlying economics, both falling costs and, potentially, the 

increasing ability to stack multiple services. 

This paper considers the barriers to adoption of residential storage exclusively in 

economic terms. In reality behavioural factors, particularly consumer indifference, are 

likely to play a big role. Over two thirds of UK households remain on standard tariffs 835 

(Ofgem, 2016), and BEIS research suggests just 8% of consumers would definitely buy a 
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battery if they thought it would save them money (BEIS, 2016). Conversely, early adopters 

may be relatively insensitive to the economics and primarily motivated by hostility to 

existing utility suppliers (Agnew & Dargusch, 2017).  

The technical feasibility of allowing EES to provide Ancillary services such as STOR and 840 

FRS needs to be considered in more detail. As FRS was not directly mentioned by 

interviewees it was not built into the original dispatch algorithm and hence annual revenue 

was estimated from market values. Consequently the potential impact of other services 

on the battery’s availability for FRS and the impact of FRS on other service revenue was 

not modelled.  845 

The commercial value of grid services accessible to residential storage is uncertain and 

may decrease over time. The modest value attributed to Peak Shaving used in this paper 

echoes the ENA’s (the trade body representing the network operators) submission to 

BEIS and Ofgem’s Call for Evidence: “We do not know if the commercial market place 

can provide viable storage services in the highly location specific manner networks may 850 

need” (ENA, 2017). Both UKPN’s Smart Network Storage (SNS) and WPD’s SoLa Bristol 

project concluded that Peak Shaving was uneconomic (UK Power Networks, 2017a, 

Western Power Distribution, 2016). The Enhanced Frequency Response auction in 2016 

achieved a value per kWh less than half that used in Teng & Strbac’s (2016) study (£0.007-

£0.012 per kWh vs £0.02) and Joos & Staffell (2018) highlight that ancillary service prices 855 

are declining as new supply enters the market. To justify the initial outlay, consumers will 

need confidence that the battery will generate income for a long period in the future. A 

policy environment that enables residential storage to access multiple services may not 

address the commercial uncertainty. 

These results must also be considered in the context of the full range of EES models vying 860 

for support. Community scale BTM projects, rather than standalone residential storage, 

might ultimately prove more cost-effective and better able to access grid services. 

Announcements of storage coupled to subsidy-free renewables in the UK (BEIS, 2017b) 

suggest grid-scale storage could reach economic viability first; and electric vehicle adoption 

may dwarf the storage capacity provided by the residential market.   Conversely, using 865 

residential storage to facilitate the smart-charging of electric vehicles from rooftop solar-

PV could enhance their business case.  Previous studies have found that behind-the-meter 

storage will offer greater savings when evaluated using sub 1-minute resolution data for 

load and PV output.  If such data were available for this study, we might have found that 

revenues were up to 20% higher.  This would improve the lifetime returns for storage and 870 
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bring forward its breakeven year, but would not change the fundamental conclusions of 

this study regarding the efficacy of increasing revenue versus subsidising upfront cost.  

The techno-economic model used could be adapted to different markets (given sufficient 

input information) and the interaction between measures to encourage revenue stacking 

and those reducing capital is likely to be universal. However different regulatory regimes, 875 

tariffs, PV generation and consumption patterns suggest the most appropriate policy issues 

and responses will vary between countries. In particular, the coincidence between solar 

PV output and peak electricity demand in hotter summer-peaking climates (e.g. Australia, 

California or Spain) would give a different trade-off between PS and SC services, and in 

tariff variability, that would be interesting to investigate in future work. 880 

Taken together, these findings suggest that the current UK policy is correctly focused on 

enabling revenue stacking. Assuming stacking is enabled and forecast cost reductions in 

storage achieved, residential storage will transition from being an uneconomic to highly 

profitable investment (NPV/Capex > 50%) within the next decade, suggesting that 

widespread deployment is likely. However if policymakers want to accelerate storage 885 

deployment, to encourage growth in intermittent generation for example, explicit policy 

support will be needed in the near term. Further work will be needed to fully understand 

the cost of this explicit support, whether it represents a “fair” or effective use of 

resources, and if it is justified by the benefits residential storage would provide to the 

electricity system. 890 

 

Acknowledgements 

Oliver Schmidt acknowledges support from the Imperial College Grantham Institute for 

his PhD research. Iain Staffell was funded by EPSRC under the IDLES programme grant 

(EP/R045518/1).  



35 

6 References 895 

Abdulla, K. et al., 2017. The importance of temporal resolution in evaluating residential energy storage. IEEE Power & Energy 

Society General Meeting, pp. 1-5. 

Agnew, S. & Dargusch, P., 2017. Consumer preferences for household-level battery energy storage. Renewable and 

Sustainable Energy Reviews, Volume 75, pp. 609-617. 

Australian Energy Market Commission, 2015. Integration of Energy Storage: Regulatory Implications. [Online]  900 

Available at: http://www.aemc.gov.au/Major-Pages/Technology-impacts/Documents/AEMC-Integration-of-energy-storage,-

final-report.aspx 

Battke, B. & Schmidt, T., 2015. Cost-efficient demand-pull policies for multi-purpose technologies - the case of stationary 

electricity storage. Applied Energy, Volume 155, pp. 334-348. 

Beck, T., Kondziella, H., Huard, G. & Bruckner, T., 2016. Assessing the influence of the temporal resolution of electrical 905 

load and PV generation profiles on self-consumption and sizing of PV-battery systems. Applied Energy, Volume 173, pp. 331-

342. 

BEIS & Ofgem, 2016. Department of Business, Energy and Industrial Strategy & Ofgem, A Smart Flexible Energy System: A call for 

Evidence, London: HM Government. 

BEIS and Ofgem, 2017. Upgrading Our Energy System: Smart Systems and Flexibility Plan. July 2017, London, UK: Department of 910 

Business, Energy and Industrial Strategy and Ofgem. 

BEIS, 2016. Department of Business, Energy and Industrial Strategy, Smart Energy Research: BEIS Consumer Panel. [Online]  

Available at: 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/566230/Smart_Energy_Consumer_Panel_Res

earch_Summary_Report.pdf 915 

BEIS, 2017a. Department of Business, Energy and Industrial Strategy, Business Secretary Greg Clark announces the launch of the 

£246 million Faraday Challenge to boost expertise in battery technology. [Online]  

Available at: https://www.gov.uk/government/news/business-secretary-to-establish-uk-as-world-leader-in-battery-

technology-as-part-of-modern-industrial-strategy 

BEIS, 2017b. Subsidy free solar comes to the UK, London: Department for Business, Energy & Industrial Strategy. 920 

BEIS, 2018a. Department for Business, Energy & Industrial Strategy - Solar photovoltaics deployment. [Online]  

Available at: https://www.gov.uk/government/statistics/solar-photovoltaics-deployment 

BEIS, 2018b. Department for Business, Energy & Industrial Strategy Consumer prices index: fuels components monthly figures (QEP 

2.1.3). [Online] Available at: https://www.gov.uk/government/statistical-data-sets/monthly-domestic-energy-price-stastics 

Bhatnagar, D. et al., 2013. Market and Policy Barriers to Energy Storage Development, Albuquerque, New Mexico and 925 

Livermore, California, United States: Sandia National Laboratories. 

BNEF, 2017. 2017 Global Energy Storage Forecast, New York, US: Bloomberg New Energy Finance. 

Braff, W. A., Mueller, J. M. & Trancik, J. E., 2016. Value of storage technologies for wind and solar energy. Nature Climate 

Change, Volume 6, pp. 964-969. 

BRE, 2016. Batteries and Solar Power: Guidance for domestic and small commercial consumers. [Online]  930 

Available at: https://www.bre.co.uk/filelibrary/nsc/Documents%20Library/NSC%20Publications/88166-BRE_Solar-

Consumer-Guide-A4-12pp-JAN16.pdf 

British Gas, 2017. Tariffs A-Z; Standard Rates Post 15 Sep 2017.xls. [Online]  

Available at: https://www.britishgas.co.uk/energy/gas-and-electricity/tariffs-a-z.html 

California Public Utilities Commission, 2017. Self-Generation Incentive Program. [Online]  935 

Available at: http://www.cpuc.ca.gov/sgip/ 

CCC, 2016. Meeting Carbon Budgets - 2016 Progress Report to Parliament, London: Committee on Climate Change. 

CCL, 2017. sonnen Batterie ECO 8.2 Battery Storage System with 1x 2kW Battery Module - White - No Display. [Online]  

Available at: https://www.cclcomponents.com/sonnenbatterie-eco-8-2-unit-with-1x-2kw-battery-module-white-no-display 

Collins, C., 2018. Ohm Analytics Publishes Top California Residential Storage Installer List. [Online]  940 

Available at: https://www.ohmhomenow.com/ohm-analytics-publishes-top-california-residential-storage-installer-list/ 

Consolidated Edison Company of New York, Inc, 2015. Schedule for PASNY Delivery Service. [Online]  

Available at: https://www.coned.com/_external/cerates/documents/PSC12-PASNY/PASNYPSC12.pdf 

Coyne, B., 2017. Ofgem confirms deep cuts to Triad payments. the energyst. [Online]  

Available at: https://theenergyst.com/ofgem-confirms-deep-cuts-to-triad-payments/ 945 

Davis, M. & Hiralal, P., 2016. Batteries as a Service: A New Look at Electricity Peak Demand Management for Houses in the 

UK. Procedia Engineering, Volume 145, pp. 1448-1455. 

DECC, 2013. Department of Energy & Climate Change Electricity Generation Costs 2013. [Online]  

Available at: https://www.gov.uk/government/publications/decc-electricity-generation-costs-2013 



36 

Deign, J., 2016. UK Capacity Auction Heralds a Big Opportunity for Storage. Greentech Media. [Online]  950 

Available at: https://www.greentechmedia.com/articles/read/u-k-capacity-auction-heralds-big-opportunity-for-storage 

Deign, J., 2018. In Germany, Storage Now Has More Than Half the Number of Jobs of the Lignite Sector. [Online]  

Available at: https://www.greentechmedia.com/articles/read/german-energy-storage-sector-employs-half-number-people-as-

lignite#gs.5hq_Np4 

DNV GL, 2016. Energy Storage Use Cases - DNV GL for BEIS. [Online] Available at: https://assets.publishing.service.gov.uk/ 955 

government/uploads/system/uploads/attachment_data/file/554467/Energy_Storage_Use_Cases.pdf 

Dunn, B., Kamath, H. & Tarascon, J.-M., 2011. Electrical Energy Storage for the Grid: A Battery of Choices. Science, Volume 

334, pp. 928-935. 

Elexon, 2017. Technical Operations: Profiling. [Online]  

Available at: https://www.elexon.co.uk/reference/technical-operations/profiling/ 960 

ENA, 2017. Energy Networks Association, A Smart Flexible Energy System - response to Call for Evidence from BEIS/OFGEM. 

[Online] Available at: https://www.ofgem.gov.uk/publications-and-updates/smart-flexible-energy-system-call-evidence 

Energy Post, 2016. Why the UK Green Deal failed and why it needs a replacement. [Online]  

Available at: http://energypost.eu/uk-green-deal-failed-needs-replacement/ 

Energy UK, 2017. Ancillary services report 2017, London, UK: Energy UK. 965 

EPRI, 2010. Electricity Energy Storage Technology Options. [Online]  

Available at: https://www.epri.com/#/pages/product/000000000001020676/ 

ESN, 2014. Development of Electricity Storage in the National Interest. [Online] http://www.electricitystorage.co.uk/ 

files/7814/1641/4529/140509_ESN_Elec_Storage_in_the_National_Interest_Report_final_web.pdf 

Eyer, J. & Corey, G., 2010. Energy Storage for the Electricity Grid: Benefits and Market Potential Assessment Guide, Albuquerque, 970 

New Mexico and Livermore, California, US: Sandia National Laboratories. 

Faunce, T. A., Prest, J., Su, D. & Hearne, S. J., 2018. On-grid batteries for large-scale energy storage: Challenges and 

opportunities for policy and technology. MRS Energy & Sustainability, Volume 5, p. E11. 

Few, S., Schmidt, O. & Gambhir, A., 2016. Electrical energy storage for mitigating climate change, Briefing paper No 20, London: 

Grantham Institute, Imperial College. 975 

Frost & Sullivan, 2019. Global Residential Battery Energy Storage Market, Forecast to 2022, s.l.: s.n. 

Garman, J., 2015. When the levies break: the problem with the UK’s clean energy subsidies, s.l.: Greenpeace. 

Green Energy Plc, 2017. Take control with TIDE, our new smart time-of-day tariff. Prices frozen until March 2018. [Online]  

Available at: https://www.greenenergyuk.com/Tide 

Green, R. & Staffell, I., 2016. Electricity in Europe: exiting fossil fuels?. Oxford Review of Economic Policy, 32(2), p. 282–303. 980 

Green, R. & Staffell, I., 2017. "Prosumage" and the British electricity market. Economics of Energy and Environmental Policy, 

6(1), pp. 33-49. 

Greentech Media, 2017. U.S. Energy Storage Monitor: Q2 2017 Executive Summary. [Online]  

Available at: https://www.greentechmedia.com/research/subscription/u-s-energy-storage-monitor 

Gross, R. et al., 2012. On picking winners: the need for targeted support for renewable energy, s.l.: s.n. 985 

Hardy, J., 2016. Low Carbon Energy System Transformation: Where are we at and where are we going?. London, [Presentation] 

Grantham Institute for Climate Change and the Environment. London. 12 October. 

Heptonstall, P., Gross, R. & Steiner, F., 2017. The costs and impacts of intermittency – 2016 update, London: The UK Energy 

Research Centre. 

Hesse, H. C. et al., 2017. Economic Optimization of Component Sizing for Residential Battery Storage Systems. Energies, 990 

Volume 10, p. 835. 

HoL, 2016. House of Lords Select Committee on Economic Affairs. Corrected oral evidence: The Economics of UK Energy Policy. 

London, HM Government. 

Hoppmann, J., Volland, J., Schmidt, T. & Hoffmann, V., 2014. The economic viability of battery storage for residential solar 

photovoltaic systems – a review and a simulation model. Renewable and Sustainable Energy Review, Volume 39, pp. 1101-995 

1118. 

IEA, 2014. Energy Technology Perspectives: Technology Roadmap, Energy Storage, Paris, France: International Energy Agency. 

IRENA, 2018. Global Energy Transformation: A roadmap to 2050, Abu Dhabi: International Renewable Energy Agency. 

Itron, 2016. Final Report: 2014-2015 SGIP Impacts Evaluation, Davis, California, US: Itron. 

Jones, F. et al., 2016. Cracking the Code - A guide to energy storage revenue streams and how to de-risk them. s.l., Scottish 1000 

Renewables. 

Joos, M. & Staffell, I., 2018. Short-term integration costs of variable renewable energy: Wind curtailment and balancing in 

Britain and Germany. Renewable & Sustainable Energy Reviews, Volume 86, pp. 45-65. 



37 

Kelly-Detwiler, P., 2018. The Global Outlook for Energy Storage, s.l.: 

https://www.ge.com/power/transform/article.transform.articles.2018.aug.the-global-outlook-for-energy-storage. 1005 

KPMG, 2016. EFR tender results: Market Briefing. [Online]  

Available at: https://home.kpmg.com/content/dam/kpmg/uk/pdf/2016/10/kpmg-efr-tender-market-briefing-updated.pdf 

Lehmann, N. et al., 2016. Can storage help reduce the cost of a future UK electricity system?, London: Carbon Trust and 

Imperial College. 

Luthander, J., Widén, J., Nilsson, D. & Palm, J., 2015. Photovoltaic self-consumption in buildings: a review. Applied Energy, 1010 

Volume 142, pp. 80-94. 

Malhotra, A. et al., 2016. Use cases for stationary battery technologies: A review of the literature and existing projects. 

Renewable and Sustainable Energy Reviews, Volume 56, pp. 705-721. 

Mayr, F., 2018. Dentists, clouds and virtual batteries – how residential energy storage providers can drive market uptake in 

Germany, s.l.: Apricum Group. 1015 

McCarthy, R., Xu, L., Manghani, R. & Gupta, M., 2019. Global Energy Storage Outlook, s.l.: Wood Mackenzie. 

Moixa Technology Ltd, 2017. Response to Consultation A Smart, Flexible Energy System – A Call for evidence, London: Ofgem. 

Moixa, 2017. Smart Battery. [Online] Available at: http://www.moixa.com/products/#Tech 

Moore, J. & Shabani, B., 2016. A Critical Study of Stationary Energy Storage Policies in Australia in an International Context: 

The Role of Hydrogen and Battery Technologies. Energies, 674(9), pp. 1-28. 1020 

Moshövel, J. et al., 2015. Analysis of the maximal possible grid relief from PV-peakpower impacts by using storage systems 

for increased self-consumption. Applied Energy, Volume 137, p. 567–575. 

National Grid, 2018. Future Energy Scenarios, July 2018, Warwick: National Grid. 

Naumann, M. et al., 2017. SimSES: Software for techno-economic Simulation of Stationary Energy Storage Systems. International 

ETG Congress: Bonn, Germany, s.n. 1025 

NIC, 2016. National Infrastructure Commission, The Impact of Technological Change on Future Infrastructure Supply and Demand, 

London, UK: HM Treasury. 

Ofgem, 2016. Standard variable tariff comparison: 28 November 2016. [Online]  

Available at: https://www.ofgem.gov.uk/publications-and-updates/standard-variable-tariff-comparison-28-november-2016 

Parnell, J., 2017. What we know about the UK’s 200MW storage tender. Energy Storage News. [Online]  1030 

Available at: https://www.energy-storage.news/blogs/what-we-know-about-the-uks-200mw-storage-tender 

Parra, D. & Patel, M., 2016. Effect of tariffs on the performance and economic benefits of PV-coupled battery systems. 

Applied Energy, Volume 164, pp. 175-187. 

Parra, D., Walker, G. S. & Gillott, M., 2014. Modeling of PV generation, battery and hydrogen storage to investigate the 

benefits of energy storage for single dwelling. Sustainable Cities and Society, Volume 10, pp. 1-10. 1035 

Pena-Bello, A., Burrer, M., Patel, M. & Parra, D., 2017. Optimising PV and grid charging in combined applications to improve 

the profitability of residential batteries. Journal of Energy Storage, Volume 13, pp. 58-72. 

Peterman, C., 2017. Calif. Regulator Cites Importance of Storage Targets [quoted by Fractal]. [Online]  

Available at: https://www.energystorageconsultants.com/calif-regulator-cites-importance-storage-targets/ 

Pfenninger, S. & Staffell, I., 2016. Long-term patterns of European PV output using 30 years of validated hourly reanalysis 1040 

and satellite data. Energy, Volume 114, p. 1251–1265. 

Pfenninger, S. & Staffell, I., 2017. Renewables.ninja. [Online] Available at: https://www.renewables.ninja/ 

Pollitt, M., 2015. Business Models for Energy Storage.. Birmingham, Presented at UKES Conference. 

Pollitt, M., 2016. What are the prospects for electrical energy storage (EES)? Lessons from Europe and California. The 

International Conference on the Frontier of Advanced Batteries, s.n. 1045 

Pratley, N., 2017. Angry at British Gas price hike? Save your fury for the government. The Guardian. [Online]  

Available at: https://www.theguardian.com/business/nils-pratley-on-finance/2017/aug/01/angry-british-gas-price-electricity-

hike-save-fury-for-government 

Pyper, J., 2018. Everything You Need to Know About California’s New Solar Roof Mandate. [Online]  

Available at: https://www.greentechmedia.com/articles/read/everything-you-need-to-know-about-californias-new-solar-roof-1050 

mandate#Energystorage 

REA, 2017. REA response to BEIS/Ofgem Call for Evidence on a Smart Flexible Energy System. [Online]  

Available at: https://www.r-e-a.net/resources/consultation-responses 

REN21, 2018. Renewables 2018: Global Status Report, Paris: REN21 Secretariat. 

Robinius, M. et al., 2017. Linking the Power and Transport Sectors—Part 1: The Principle of Sector Coupling. Energies, 1055 

Volume 10, p. 956. 

Rocky Mountain Institute, 2015. The Economics of Battery Energy Storage. [Online]  

Available at: https://rmi.org/insights/reports/economics-battery-energy-storage/ 



38 

Schmidt, O., Hawkes, A., Gambhir, A. & Staffell, I., 2017. The future cost of electrical energy storage based on experience 

rates. Nature Energy, Volume 2, pp. 1-9. 1060 

Schmidt, O., Melchior, S., Hawkes, A. & Staffell, I., 2019. Projecting the future levelized cost of electricity storage 

technologies. Joule, Volume 3, pp. 81-100. 

Spector, J., 2018. Residential Batteries Almost Beat Out Utility-Scale Deployments Last Quarter. [Online] Available at: 

https://www.greentechmedia.com/articles/read/residential-batteries-almost-beat-utility-scale-deployments-last-quarter 

Speichermonitoring, 2018. Annual Report 2018. [Online] Available at: http://www.speichermonitoring.de/news.html 1065 

Staffell, I., Brett, D., Brandon, N. & Hawkes, A., 2012. A review of domestic heat pumps. Energy & Environmental Science , 

Volume 5, pp. 9291-9306. 

Staffell, I. & Rustomji, M., 2016. Maximising the value of Energy Storage. Journal of Energy Storage, Volume 8, pp. 212-225. 

Stephan, A. et al., 2016. Limiting the public cost of stationary battery deployment by combining applications. Nature Energy, 

Volume 1, pp. 1-9. 1070 

Stern, N., 2007. The Economics of Climate Change: The Stern Review. Cambridge: Cambridge University Press. 

Teng, F. & Strbac, G., 2016. Business cases for energy storage with multiple service provision. Journal of Modern Power 

Systems and Clean Energy, Volume 4, pp. 615-625. 

Tepper, M., 2017. Solarstromspeicher-Preismonitor Deutschland 2017 [German].. 

Tesla, 2017. Powerwall (4 bedroom w/4kWp PV). [Online] Available at: https://www.tesla.com/en_GB/powerwall  1075 

Truong, C. et al., 2016. Economics of residential photovoltaic battery systems in Germany: the case of Tesla’s Powerwall. 

Batteries, 2(14), pp. 1-17. 

Uddin, K. et al., 2017. Techno-economic analysis of the viability of residential photovoltaic systems using lithium-ion 

batteries for energy storage in the United Kingdom. Applied Energy, Volume 206, pp. 12-21. 

UK Power Networks, 2017a. Smarter Network Storage: Close-Down Report. [Online]  1080 

Available at: http://innovation.ukpowernetworks.co.uk/innovation/en/Projects/tier-2-projects/Smarter-Network-Storage-

(SNS)/Project-Documents/SNS+Close-Down+Report+v1.0+PXM+2017-03-31.pdf [Accessed 30 August 2017]. 

UK Power Networks, 2017b. Annual Report and Financial Statements. [Online]  

Available at: http://www.ukpowernetworks.co.uk/internet/en/about-

us/documents/UK%20Power%20Networks%20Holdings%20Limited-2.pdf 1085 

US DoE, 2017. US Department of Energy, Global Energy Storage Database, US Department of Energy. [Online]  

Available at: http://www.energystorageexchange.org/projects/data_visualization 

Utility Week, 2017. Ofgem resets half hourly settlement timetable. [Online]  

Available at: http://utilityweek.co.uk/news/ofgem-resets-half-hourly-settlement-timetable/1308052#.Was82CiGOUk 

Vaughan, A., 2018. UK home solar power faces cloudy outlook as subsidies are axed, s.l.: The Guardian. 1090 

Vorrath, S., 2018. Home battery storage uptake tripled in 2017 in Australia, as costs tumble. [Online] Available at: 

https://reneweconomy.com.au/home-battery-storage-uptake-tripled-in-2017-in-australia-as-costs-tumble-79283/ 

Ward, K. R. & Staffell, I., 2018. Simulating Price-Aware Electricity Storage Without Linear Optimisation. Journal of Energy 

Storage, Volume 20, p. 78–91. 

Weniger, J., Tjaden, T. & Quaschning, V., 2014. Sizing of residential PV battery systems. Energy Procedia, Volume 46, pp. 78-1095 

87. 

Western Power Distribution, 2016. Project SoLa Bristol. Closedown Report. [Online]  

Available at: https://www.westernpowerinnovation.co.uk/Document-library/2016/SoLa-Bristol-Closedown-Report-FINAL-

090616-CLEAN.aspx 

Wilson, I., Barbour, E., Ketelaer, T. & Kuckshinrichs, W., 2018. An analysis of storage revenues from the time-shifting of 1100 

electrical energy in Germany and Great Britain from 2010 to 2016. Journal of Energy Storage, Volume 17, pp. 446-456. 

Winfield, M., Shokrzadeh, S. & Jones, A., 2018. Energy policy regime change and advanced energy storage: A comparative 

analysis. Energy Policy, Volume 115, p. 572–583. 

Wood Mackenzie, 2019. Global energy storage outlook, s.l.: s.n. 

Xu, B. et al., 2016. Modeling of Lithium-Ion Battery Degradation for Cell Life Assessment. IEEE Transactions on Smart Grid, 1105 

9(2), pp. 1131-1140. 

Yoon, Y. & Kim, Y.-H., 2016. Effective scheduling of residential energy storage systems under dynamic pricing. Renewable 

Energy, 87(2), pp. 936-945. 

Zheng, M., Meinrenken, C. & Lackner, K., 2014. Agent-based model for electricity consumption and storage to evaluate 

economic viability of tariff arbitrage for residential sector demand response. Applied Energy, Volume 126, pp. 297-306. 1110 

Zheng, M., Meinrenken, C. & Lackner, K., 2015. Smart households: Dispatch strategies and economic analysis of distributed 

energy storage for residential peak shaving. Applied Energy, Volume 147, pp. 246-257. 

  


