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Abstract: Solar PV and battery energy storage (BES) costs for domestic consumers are constantly
diminishing. On top of this, the end of the Feed-in-Tariff programme has significantly increased
interest in combined PV + BES systems. In this paper, we explore the economics of domestic PV + BES
systems, extending the current literature on the topic via the use of a large smart meter dataset and a
demographic comparison. Predictably, time-varying tariffs and higher electricity prices generally
strengthen the economic arguments for PV + BES systems, however our consumption data yields a
wide range of Net Present Values for different consumers. In terms of demographics, we find that
batteries are more favourable for more affluent households due to their larger consumption levels,
though profitability becomes more uniform if the batteries are tailored to individual households. This
is an important point for policy, since it indicates that if PV + BES systems become widely profitable
this is unlikely to help the financial situation of lower-income households.

Keywords: PV; battery; NPV; consumer classification; smart meter data

1. Introduction

To avoid the worst effects of climate change on our societies, our greenhouse gas
emissions must be reduced within the context of economic growth. To facilitate this,
European governments have bet on a mix of energy efficiency and electrification of end use
energy demands. Part of this includes the use of rooftop PV systems [1]. In the UK, solar
PV capacity has substantially risen since 2011, although the installation rate has dropped
since 2016. At the present time, the UK has a total of 13.5 GW of PV capacity, of which
21% are installations of less than 4 kW (mainly residential). By number, however, these
represent 92% of all installations [2]. With the end of the Feed-in-Tariff (FiT) scheme for
small PV systems in 2019 (remunerating domestic producers for the electricity they inject
into the grid), solar momentum is expected to slow [3]. However, some commentators
suggest that this is very likely to further drive the uptake of coupled PV battery systems
to maximise self-consumption [4]. Furthermore, within the government’s “Transitioning
to a net zero energy system: Smart Systems and Flexibility Plan 2021” [5], domestic PV
generation is expected to have a significant role going forward [6].

Within the same plan, battery storage systems are also expected to contribute substan-
tially to the future flexibility of the electricity grid [5]. Of the various battery chemistries in
development, lithium-ion dominates, representing 93% of total annual installed stationary
storage capacity worldwide in the year 2018 (excluding pumped hydro storage) [7]. Fur-
thermore, in the period 2012-2019, the percentage of energy storage technologies dedicated
to behind-the-meter (residential, commercial and industrial) use went from 27 to 48% [7].
Overall, it seems likely that residential PV and batteries will have a significant role to play
in decarbonising and increasing the electricity system flexibility.

Considering this, an important question for policy makers is: Are PV plus battery
systems (referred to herein as PV + BES systems) profitable for consumers? In general, the
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financial benefit to the owners of such a system is not straightforward, and often involves a
significant capital cost [8]. The answer to this question is highly dependent on the policy and
regulatory environment in which the system is operating; the UK provides an interesting
case study. As previously mentioned, the UK first saw a boom in rooftop solar deployment
in the period 2011-2016, followed by a reduction in deployment which is now rebounding
due to increases in domestic energy costs. This recent increase in PV deployment into a grid
now containing significant renewable penetration parallels the situations of other northern
European nations with similar irradiation levels and highlights the need for increased
storage deployment. Furthermore, as a result of the level of renewable deployment, new
innovative electricity tariffs are being rolled out. However, so far, centralised subsidies
specifically for household batteries have not yet materialised. It has been previously
observed that some households may find PV systems profitable, but are unable to cover
the large capital costs [9]. This is also a major barrier to household adoption of batteries,
coupled alongside low levels of awareness regarding energy storage. Thus, at present, as
is the case in other European nations, few people are willing to pay for the installation of
battery systems [10].

Therefore, the aim of this work is to explore the aforementioned question in the
context of the UK. In particular, we are interested in how profitability depends on con-
sumer demand patterns, and whether there may be differences between socio-economic
groups. Using large consumption datasets, we aim to draw conclusions valid across a
range of consumers.

Previous studies have also looked at this question to some degree in both the UK and
international contexts. For example, studies conducted in Switzerland [11], Finland [12] and
Australia [13] show that under the current cost scenarios, adding a battery to a residential
PV system is typically not profitable. Barbour and Gonzalez [14] examined the price
point at which coupled PV battery systems become more attractive than PV-only systems,
finding at 2015 price levels that PV-only systems are generally much more attractive.
However, this study highlights the fact that there is a large range of economic returns due
to different consumer load profiles and that as the FIT rate reduces, coupled PV + BES
systems will become significantly better investments. For the UK, Gardiner et al. [15]
developed a techno-economic model of a 4 kWh battery paired with a 4 kW PV. The
model was run for a household consuming 4074 kWh/year with a standard load profile
from Elexon (A wholesale electricity market manager in the UK). Their results show
that an investment under the base case scenario of the study in 2020 is not profitable.
Zakeri et al. [16] performed a similar analysis again with a 4 kW PV, a 6.4 kWh battery
and a 3750 kWh/year domestic class 1 household load profile from Elexon. The study
pointed out that electricity storage can provide significant electricity bill savings, and
these savings would be maximized with time-of-use (ToU) and real-time tariffs. However,
without policy intervention, it was found that the system is not profitable. Dong et al. [17]
compared Household Energy Storage (HES) and Community Energy Storage (CES) in the
UK, including load profiles for five households with different consumptions and Ofgem
(The Office of Gas and Electricity Markets is the UK energy regulator) TDCV (Typical
Domestic Consumption Values) Classifications. The energy model contained a 3 kWp PV
and 2.5 kWh battery units (that could be added together to increase storage capacity). They
found that while PV paired with battery energy storage (BES) tends to yield higher energy
savings as well as a larger Self-Sufficiency Ratio (SSR) and Self-Consumption Ratio (SCR),
under the current tariffs and subsidies, the profitability for PV + BES, for both HES and
CES, are not yet established [17].

Profitability was established by Gil et al. [18] under specific conditions. Their study
optimized the size of PV and BES systems for five different household types (all with an
electric vehicle and different annual electricity demands) under standard and economy
7 tariffs, with both FITs and smart export guarantees. Their economic analysis found that
with optimized systems, in a post-FiT situation in the UK, the PV + BES systems can be
profitable if battery costs are subsidized by 50%.
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While these studies all shed some light on the aforementioned question regarding
PV + BES profitability in the UK, they use a limited number of simulated or typical
load profiles. Therefore, this study aims to expand the research in this area by using a
comparatively large real electricity consumption dataset and performing a demographic
comparison. Hence, we use electricity consumption data from the Low Carbon London
(LCL) smart meter project [19]. Notably, this dataset includes ACORN (A Classification Of
Residential Neighbourhoods) [20] demographic classifications, which we also explore to
determine if PV + BES systems are more profitable to specific demographic groups.

2. Methodology
2.1. Overview

To assess the profitability of PV + BES in the UK, a PV + BES techno-economic model
was developed. Its inputs were weather data (for the PV generation model), smart meter
consumption data (the LCL data), system costs, electricity prices and battery and PV ageing
properties. The ageing of the PV and the BES were simulated over 20 years and the BES was
replaced each time it achieved its maximum number of cycles. For each consumer in the
LCL database, the NPV was calculated for a fixed PV + BES configuration (12 PV modules,
totalling 3.3 kW, and a 5 kWh BES). Additionally, the optimum PV + BES configuration
for each consumer was assessed by varying the PV and BES sizes (PV going from 6 to
36 modules and BES from 0 to 13 kWh) under all the simulated tariffs. The sensitivity to the
system capital costs were also explored through the development of a baseline cost scenario
and a future cost scenario with reduced PV and BES costs and higher electricity prices. This
is in line with the current trends of increasing electricity prices [21] and reducing PV and
BES costs [22,23].

2.2. Data

The LCL data (https://data.london.gov.uk/dataset/smartmeter-energy-use-data-in-
london-households, accessed on 21 March 2022) included half-hourly consumption, the
ACORN type, ACORN group, the electricity tariff type and a randomised ID. Consumption
data were collected from 2011 to 2014 for approximately 5567 London households. The
data were cleaned using Python3 to keep data for 2013, filtering for a complete year of data
for the most consumers. Consumers with more than 50 h of missing data were removed.
This left 4169 households. Within the LCL project, households were billed under two
tariff types: a standard flat tariff (3302 consumers), denoted as Std, and a Time-of-Use
tariff (867 consumers), denoted as ToU. The ACORN classification is a geo-demographic
classification of the UK'’s population that segments households into three groups and
17 types. The demographic classification ACORN types go from ACORN-A to ACORN-Q
(there was also an unclassified marker in the LCL data for some IDs), and are split into
three ACORN groups (Adversity, Comfortable, and Affluent).

2.3. Consumer Response to Different Tariffs

In this study, our main goal is to investigate the profitability of PV + BES systems
under different tariffs. However, different tariffs may significantly change the consumption
patterns we observe, for example, if consumers opt to significantly reduce their consump-
tion at times with high prices. Since there are two different schemes already within the
data, we study if the ToU tariff leads to significant consumption behaviour changes from
the Std tariff. We also do this by ACORN group (Adversity, Comfortable and Affluent) in
case there is a tendency for one group to show a significant difference, while this is not the
case for others. While we would have preferred to do this for ACORN types, for several
types there were insufficient consumers to make a proper comparison. In our analysis,
we looked at two aspects. Firstly, differences in the overall consumption, and secondly,
differences in consumption at high tariff times.

In relation to the overall consumption, under the null hypothesis that the median
of annual consumption distributions are similar between Std and ToU consumers, we
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found that the differences are not significant (all have p-values which do not preclude the
null hypothesis, i.e., p > 0.01 for all groups) (see Figure 1). Interestingly, we found that
consumers in the Affluent and Comfortable groups tend to consume more electricity than
those in the Adversity group under all tariffs.
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Figure 1. Annual consumption distribution per ACORN group.

Figure 2 compares the typical consumption at high tariff times with those at non-high
tariff times (the LCL data contain high tariffs with no set schedule and which may occur at
all times during the day). We observed that high tariffs did not create a large consumption
shift from peak to off-peak demand times. Surprisingly, we actually observed a tendency
for ToU consumers to consume more during peak times when tariffs are high; however, the
magnitude of this difference is relatively small, as shown in Figure 2.

High tariff
— 0.225 X Not high tariff

0
0.175 - xx X

0.150 1 X
X

X

X

XXXWxWx)o()o(xx

X

X
X

.075 1
0.0 i S

0.050

0 10 20 30 40
Half-Hour

Figure 2. LCL ToU consumer median load profile when tariffs are high and when they are not.

In the literature, there is no clear consensus as to whether tariff structure has a large
impact on consumption patterns. Bartusch et al. [24] found that real-time tariffs can induce
behaviour changes (consumption shifts from peak to off-peak periods). However, these
real time tariffs are less popular than static ToU tariffs (with a repetitive weekly or daily
schedule with two or three types of prices—typically high, normal and low) [25]. For the
latter ToU tariffs, some studies found small shifts in the consumption pattern with very
little effect on the overall consumption level [26], while other studies found little response
to time-varying prices [27]. The study [27] also finds that the ratio of peak to off-peak prices
has little influence on the ratio of peak to off-peak electricity consumption.
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Given that there is no clear consensus as to whether ToU tariffs do induce significant
long-term behaviour changes, and in our data we observed little difference between the
ToU and Std consumers, it seems reasonable to simulate different tariffs using the LCL
consumption data for both ToU and Std consumers. Other studies have made similar
assumptions [28].

2.4. Techno-Economic Model
2.4.1. PV Model

The PV model was adapted from Paulescu et al. [29] and Schopfer et al. [11]. The PV
module characteristics were taken from [11], as shown in Table 1. The PV array is connected
to an inverter with 95% efficiency. As the LCL consumption data are from London in 2013,
hourly weather data were collected for London using the PVGIS tool [30] for 2013. Indeed,
weather can have a significant impact on electricity consumption and therefore weather
data concurrent with the consumption time range was used. Irradiance and temperature
were then used as inputs for the PV generation model. The power output of the PV module
at the instant f is given by:

P Psrc ¢ )
(14 w(Tstc — TH)) (1 + 51“(%)) Gstc

G is the incident irradiance and ¢ and <y are empirical coefficients, 0.085 and —0.0033,
respectively, for a monocrystalline silicon module [29]. STC denotes Standard Test Con-
ditions, yielding Gsr¢ = 1000 Wm™2, Tsyc = 25 °C and Psrc ~ 275 W. T}, is the lower
module temperature (depending on the irradiance G' and the ambient temperature T! )
and is given by:

T, =T, +Ci*G )

With C; = W = 0.031[°Cm2W~1]

NOCT is the nominal cell temperature in Celsius when irradiance is 800 Wm™2,
ambient temperature is 20 °C and wind speed is 1 ms~! at a module tilt angle of 45°. The
ageing was simulated assuming, as stated in Table 1, a 0.5% yield loss each year. Therefore,
the output power at the instant ¢ of the year y is:

Pj = (1 -y *0.005) * P' (3)

Table 1. PV module characteristics.

PV Module Characteristics

Open circuit voltage Voc,stc 379V
Short Circuit Current Isc stc 873 A
Max. power point voltage Vi pp 316V
Max. power point current I;pp 873 A
Module Area A, 1.63 m2
Tilt angle « 36°
Asimuth angle 0°
Yield loss 0.5%/year

2.4.2. Battery Model
The battery follows a load following schedule. The energy in the battery at a time ¢ is

given by:

min(El 1+ AEzoudﬂcharge/ Eé\gtAXt) if AEltou}i >0

max(E!-1 + A JEMny if AE!L

bat Naischarge” —bat load

AElto:wl = (4)
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t _ Et
PVoutput demand*

respectively, are the PV energy output and household demand at

Here, AE] . is the energy load of the battery at t and AE] , = E

loa
t

t
EPVoutput and Edemand’

time t. E"i s the minimum energy stored in the battery, which in our case is equal to a
fraction of (1 — DoD) of the initial capacity of the battery. To simulate the ageing of the

battery, E%“‘X’t is the battery capacity at time t and is given by:
,t ,0
Epat” = Epat (1= Closs ¥ N') )

With E;Zf ? the initial battery capacity, N! the number of cycles made at time t and
Cjoss the capacity loss per cycle of the battery. N is given by:

BES!
MAX,0 (6)
bat

N'=N"14

BES' is the energy delivered by the battery to meet the demand at time ¢. Figure 3
illustrates how the main components of the system fit together. The battery efficiency as
shown in Table 2 is the product of the inverter efficiency and the battery efficiency, each
of which is assumed to be 95%. Hence the charging efficiency is 0.95% = 0.9025 and the
roundtrip battery efficiency is 0.9025% = 0.8145.

Table 2. Battery characteristics.

Battery Characteristics

Initial State-Of-Charge SOC;y,; 60%
Depth of discharge DoD 80%
Lifetime cycles N, 4000
Capacity loss 0.005%/ cycle
Charging efficiency 7carge 90.25%
Discharging efficiency #ischarge 90.25%
C-rate Rpc 100%

Switch board

Figure 3. Major components of the model.

2.4.3. Applied Tariffs

Three tariff types were applied in this study. For proper comparison, these tariffs were
scaled to be neutral (having the same average price over the year). The first applied tariff is
an Agile tariff based on the Octopus Agile tariff scheme (a dynamic pricing tariff following
wholesale market rate trends in which prices change every half-hour; historical data for the
Octopus Agile tariff were taken for 2019 [31]). The average price of this tariff is 10.64 p/kWh,
almost twice as low as the current electricity price in the UK [21,32]. Therefore, the prices
at all times were scaled up by a factor of two to achieve an average price of 21.28 p/kWh.
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This is broadly similar to the average November 2021 UK electricity price of 20 p/kWh as
stated by the Energy Saving Trust (https://energysavingtrust.org.uk/about-us/our-data/,
accessed 21 March 2022). A second flat tariff with a price of 21.28 p/kWh at all times was
created. Finally, a third ToU tariff was adapted from (Yunusov and Torriti, 2021) [28], again
scaled to be neutral with the other tariffs. For this tariff, high tariffs occur between 17:00
and 21:00, low tariffs between 00:00 to 13:00 and normal tariffs the rest of the time. While
the ToU and agile prices were scaled up, reaching these price levels is anticipated in the
short term. A summary of the tariffs is shown in Table 3.

Table 3. Applied tariffs comparison. The percentiles refer to the prices in the RT tariff.

Tariff High/90th Normal/50th Low/10th

Agile 42.84 p/kWh 17.81 p/kWh 12.81 p/kWh
ToU 43.69 p/kWh 21.85 p/kWh 13.07 p/kWh
Std - 21.28 p/kWh -

Although the Feed-in-Tariff (FiT) program is closed for new applications in the UK,
Octopus is introducing the beta of Outgoing Octopus (a dynamic electricity export tar-
iff) [33], a potential successor to the FiT. The export tariff can either be fixed (to 5.5 p/kWh)
or based on day-ahead wholesale rates. For this study, the export tariff was either fixed to
GBP 0.05/kWh (Baseline scenario) or GBP 0/kWh (Future scenario) comparison.

2.4.4. Cost Scenarios

The various cost assumptions for the baseline and future scenarios are given in Table 4.
PV costs were taken from [34], battery costs from [35,36] and inverter costs from [37]. For
the Operation and Maintenance (O&M) costs in both scenarios, the PV was set to GBP
20/kW /year [38,39] and the BES to GBP 10/kW /year [40]. For both baseline and future
scenarios, we used a discount rate of r; = 3%, based on UK public sector social discount
rates. In the future scenario, all tariffs are scaled up so that the average electricity cost
reaches GBP 0.3192/kWh (which corresponds to three times the average historical Octopus
Agile tariff or a 50% price rise from the baseline cost scenario). The export tariff is set to
zero in the future scenario. While the exact price increase that we assume for the future
scenario is arbitrary, we have opted for a 50% price increase since we believe this price
increase level to be possible in the medium term. Indeed, as of April 2022, energy suppliers
in the UK have been able to increase bills by 54% following the introduction of the new
price cap set by Ofgem.

Table 4. Capital costs in the baseline and future scenarios.

Inverter
PV BES Replacement
Baseline scenario £1500/kWp £1000/kWh £800/kW
Future scenario £750/kWp £600/kWh £250/kW

2.4.5. NPV Calculation

The PV system is expected to last 20 years and hence the NPV is evaluated over this
period. The inverters have a lifetime of 10 years and are replaced at their end of life. The
battery lifetime is 4000 cycles, after which point it has lost 20% of its capacity and is replaced.
The NPV is calculated using the following formula:

(PVsci 4+ BES;). Ty, . PVpy imtex — O&M; — Cg);
(1+7y)! (1+7ry)t

NPV =12, -G (7)
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Here, PVsc ; and BES; are arrays of the electricity directly consumed from the PV and
the BES in year i at all times. 713, is the applied import electricity tariff over the year and
Ttey is the export tariff. PV,, ; is the PV electricity injected into the grid for year i.

3. Results
3.1. Application to One Consumer

To illustrate the PV and battery models, we first applied these to one randomly selected
consumer. The selected consumer happens to be in the Affluent ACORN group and has an
annual electricity consumption of 3092 kWh/year. First, for this consumer, we show the
results for the fixed size PV + BES system (3.3 kW PV + 5 kWh BES) and then we show how
the optimum PV + BES system is found under both the baseline and future cost scenarios.

3.1.1. Fixed Configuration

Over the course of the year, the 3.3 kWp PV system produces 3246 kWh, of which the
consumer self-consumes 844 kWh and exports 1403 kWh. The battery meets 812 kWh of the
consumers demand. The remainder is lost in the BES round-trip storage process. Figure 4
illustrates the demand profile for this consumer over two days and how the demand is met
by generation from the PV, grid and battery.

We found that the NPV of the fixed configuration is -GBP 9679 under the standard
tariff, —9064 with the agile tariff and -GBP 9393 under the TOU tariff, illustrating that in
the baseline cost scenario no system is profitable for the fixed size PV + BES system. This
changes in the future scenario where the NPV rises to £1455 under the Agile tariff and £961
under the ToU tariff, showing that the system is profitable under these tariffs. However,
under the flat tariff, the NPV drops to £533.
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1 \
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! \
1.0 4 \ 80
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> 3
>
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c 40
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T T T T T 0
0 20 40 60 80
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Figure 4. Operation of the PV and BES for the randomly selected consumer for two example days.

3.1.2. Optimum PV + BES + Tariff Configuration

We now discuss the optimum PV + BES configuration for this consumer. In the
baseline cost scenario, we do not find any system to be profitable, with the best NPV
(—GBP 482) occurring for the smallest PV system simulated and no battery under the agile
tariff. However, under the future cost scenario, storage becomes more attractive. As shown
by Figure 5, we found that maximum NPV generally occurs for small PV and battery
systems. Interestingly, although optimum profitability is reached for the smallest PV sizes,
under all tariffs a positive NPV can be achieved by adding a battery to some larger PV
systems. It is also noticeable that while the ToU tariff is the best option here for the fixed
configuration, the profitability is maximised with the optimal system under the Agile tariff
(see Figure 5).
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Figure 5. Heatmaps of NPVs (x£1000) for different PV power and BES sizes for the example consumer
in the future cost scenario for all tariffs. (a) NPVs for the Agile tariff in the future scenario. (b) NPVs
for the ToU tariff in the future scenario. (c¢) NPVs for the Std tariff in the future scenario.

3.2. Fixed PV + BES Configuration for All Consumers

We now show the results for all consumers. NPV distributions are presented for the
fixed PV + BES configuration (3.3 kW PV and 5 kWh BES), segmented by applied electricity
tariff, ACORN group and household annual consumption.

3.2.1. Tariff Comparison

Figure 6 shows that with the fixed PV + BES system, the ToU tariff generally yields
the largest NPV for consumers. In fact, the bigger NPVs we observed for ToU and Agile
tariffs are due to the fact that self-consumption is more valuable under these tariffs due to
higer evening prices (while the Std tariff has a constant price). The results also show that
under the baseline cost scenario (Figure 6a), the fixed system is profitable for none of the
consumers. However, profitability is reached for a majority of the consumers with Agile



Energies 2022, 15, 3732

10 of 15

and ToU tariffs (with 54.62% and 57.78% of positive NPVs, respectively, versus 40.58%
for the Std tariff) under the future cost scenario (Figure 6b). Thus, reduced PV, BES and
associated equipment installation and replacement costs, as well as a rise in electricity
prices, significantly increases financial benefits from PV + BES systems.

(a) 6 000+ — (b) — 5
6 000
~7 000 Il
4 000
-8 000
.. —‘ 2 000 r ;
£ ~10,000- j [ ] c 01 L [
2 [ ] 2 > 000 |
Z ~11,000+ £
—12,000 —4 000+
—13,000 =6 0001
-14,000{ § E -8 oo0{ § E
Agile Std Tou Agile Std ToU
Tariff Tariff

Figure 6. Boxplots of the distribution of NPVs for the fixed PV + BES configuration for all consumers
under all tariffs. (a) The NPV distributions under the baseline cost scenario. (b) The NPV distributions
under the future cost scenario. The median of the distribution is shown by the horizontal line.

3.2.2. ACORN Group Comparison

We also found that profitability varies depending on the ACORN group. While the
percentage of positive NPV is largest for the Comfortable group, we observed very little
difference (using Mood’s median test comparing NPV distributions of consumers between
groups) in NPV between the Comfortable and Affluent ACORN groups. Thus, we conclude
that there is no significant difference between Comfortable and Affluent NPVs. However,
Figure 7 highlights that the Adversity NPV distribution is lower than for the other ACORN
groups. The fact that Comfortable and Affluent consumers in the LCL database have
similar NPVs is explained by the fact that they have similar annual consumption values (see
Figure 1).

Figure 8 shows that annual consumption has a substantial impact on the NPV, which
supports the interpretations made in the previous section explaining the NPV similarities
between Comfortable and Affluent consumers. Thus, for the fixed PV + BES system, the
bigger the annual consumption is, the bigger the NPV will tend to be. Interestingly, the
fixed PV + BES configuration is not profitable for consumers with less than 2000 kWh
annual consumption even for the future cost scenario. There is a transitionary range
(2000—4000 kWh annual consumption) for profitability above which almost all consumers
find positive NPV for the future cost scenario. Within this range, a vertical comparison
between the right-hand plots in Figure 8 shows that the percentage of consumers for which
the fixed system is profitable is highly dependent on tariff, with around 34% of households
in the 2000-3000 kWh bracket achieving profitability for the Agile tariff, compared to ~4%
and 46% for the Std and ToU tariffs, respectively.
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Figure 7. Boxplots of NPV distributions for the fixed PV + BES system segmented by ACORN
consumer groups under all of the applied tariffs. (a) Fixed configuration NPVs for baseline cost
scenario. (b) Fixed configuration NPVs for future cost scenario. The red line illustrates the percentage
of consumers in the group for whom the PV + BES system has NPV > 0.
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Figure 8. NPV distributions segregated into different annual consumption brackets for the fixed
PV + BES system. (a) Agile tariff in the baseline costs scenario. (b) Agile tariff in the future costs
scenario. (c) Std tariff in the baseline costs scenario. (d) Std tariff in the future costs scenario. (e) ToU
tariff in the baseline costs scenario. (f) ToU tariff in the future costs scenario. The red line illustrates

the percentage of consumers within the consumption bracket with NPV > 0.
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3.3. Optimum NPV PV + BES Configuration

Under the baseline cost scenario, no profitability is found with a battery under any
tariff scheme for the optmised systems. Only the smallest PV-alone system (1.66 kWp
PV) is found to be profitable for the largest consumers (>5000 kWh per year), but only for
Agile and Std tariffs. Conversely, under the future cost scenario, Figure 9 shows that the
time-varying tariffs (Agile and ToU) tend to favour the use of a battery in the optimum
PV + BES system. Indeed, while with the Std tariff only 23.8% of consumers have an
optimum PV + BES system with a battery, this figure rises to 92.8% and 98.8% respectively
with the Agile and ToU tariffs. Thus, reduced installation and replacement costs, as well as
electricity price rises and a time-varying tariff highly contribute to making batteries more
profitable. Furthermore, it must be highlighted that the future cost scenario is without
any electricity export tariff which diminishes profitability for PV-only and increases the
value of self-consumption. It is interesting to note that when the optimal PV + BES system
for each consumer is selected, the profitability dramatically increases for small consumers.
While with the fixed configuration very few consumers with a consumption less than
2000 kWh/year found a battery to be profitable, when the optimum system size is selected
more than 68% of consumers under all tariffs in the 1000-2000 kWh/year bracket find a
profitable system.
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Figure 9. Future costs scenario results. (a) Optimum PV and battery sizes for the future Agile tariff.
(b) NPV of optimum PV + BES system by consumption for future Agile tariff. (c) Optimum PV and
battery sizes for the future Std tariff. (d) NPV of optimum PV + BES system by consumption for
future Std tariff. (e) Optimum PV and battery sizes for the future ToU tariff. (f) NPV of optimum
PV + BES system by consumption for future ToU tariff.
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4. Discussion
4.1. Interpretation

PV and battery costs are likely to decrease further in the future while electricity prices
are currently experiencing a significant rise. This electricity price rise is expected to continue
particularly steeply in the medium term set in the context of recent geopolitical events.
Furthermore, as more renewable electricity generation is installed in the electricity system,
the price of the actual units of electrical is likely to fall while the need for flexibility will
increase substantially [41]. The effect of this is already being felt as a push towards more
time-variable electricity prices, and hence it is likely that the prevalence of real time and
ToU tariffs will increase for all consumers. Our results show that, under current conditions,
the economic case for PV is unfavourable for all but the largest consumers without subsidies
and there is no economic sense in battery systems (although some consumers may still want
to install these to increase their reliability and self-sufficiency). However, our future scenario
suggests that a threshold will eventually be reached wherein a majority of households will
find PV + BES systems profitable—notwithstanding other constraints on installations—such
as unsuitable roofing for PV installations. In general, larger consumers are more likely to
find PV + BES systems profitable, particularly when only limited battery sizes are available.
As battery options which are tailored to specific consumers become more widely available
the economic case for PV + BES will improve.

Our results are broadly consistent with previous studies, so far as they indicate a lack
of profitability for PV + BES systems under current electricity tariffs, i.e., [15-17]. They
also show a range of profitability as a result of differing consumer load profiles which has
previously been observed [14]. While we are not aware of studies which have explained
this observed range of profitability for PV + BES systems, a notable previous study [42] did
find a strong positive correlation between annual consumption and PV self-consumption
for PV-only systems for households in Australia, Belgium, Germany, Netherlands, UK and
the USA. Our work extends this body of literature by exploring household classifications to
try and explain the observed range of profitability for PV + BES systems. In terms of finding
differences between the ACORN household classification groups, our results indicate that
consumers in the Affluent and Comfortable groups find PV + BES systems more profitable.
This difference primarily owes to the smaller annual consumption of the households in
the adversity group, and these households generally find PV + BES systems less profitable
under all the simulated tariffs. This is an important observation for policymakers, and they
must be aware that if PV + BES systems become widely profitable, this is unlikely to help
the economics of lower-income households. Thus, it risks further exacerbating problems
related to energy poverty.

4.2. Limitations and Barriers

While we believe that the general results from our analysis are important going
forward, the analysis also makes a number of simplifications. The time resolution of the
data is 30 min, and therefore we do not observe misalignment between generation and
demand on shorter timescales than this. Importantly, the LCL smart meter consumption
data do not contain any information on dwelling type. Thus, we do not know how many
households are likely able to install PV. Furthermore, it is unlikely that the consumers in
this dataset are representative of the UK. London dwellings are much more likely to be
smaller and more expensive compared to the rest of the UK, with a higher proportion
of rented homes. Therefore, while our work represents an improvement over previous
studies in terms of load profile diversity, this can certainly be improved going forward.
Another limitation is the implicit assumption that weather data would be similar over the
20 years simulated, since we use concurrent demand and weather data. This is a limitation
of this study as weather greatly varies from a year to another and that it highly influences
consumption and PV output. Additionally, over 20 years, there is a high chance that the
households will change their consumption patterns, for example, possibly due to new
people in the household or adoption of new technologies such as EVs or heat pumps.
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Finally, it should be noted out that climate change is likely to drive significant long-term
differences in both weather and consumption patterns.

5. Conclusions

In this study, we use LCL smart meter consumption data and weather data to simulate
the operation of PV and battery systems. We find that under a baseline cost scenario,
PV and battery systems are not profitable, while PV only systems are only profitable for
the largest consuming households. However, we find that in a representative future cost
scenario (which sees significant rises in electricity prices and reductions in the capital
costs of PV, batteries and inverters), PV and battery systems do become widely profitable,
especially under variable electricity price tariffs. The largest consumers (also typically those
who are better off financially) find PV and battery systems the most profitable, while less
wealthy consumers with lower consumption may not achieve profitability. This situation is
improved when systems can be tailored carefully to individual consumers.
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