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Abstract: Solar photovoltaics (PV) are one of the low-carbon technologies to address climate change. Residential PV and
battery energy storage are expected to increase significantly in the near future. This increase will likely be driven by falling
prices, government incentives and a growing awareness of climate change. This study explores the evolution of the
electricity demand patterns occurring from a mass deployment of solar PV systems and battery storage in the
residential sector. Multiple scenarios are investigated concerning the penetration rate of PV only and PV-plus-storage
systems, as well as, the typology and operation of the battery energy storage systems. The results can help evaluate
planning and operational constraints in power networks regarding solar energy integration and the system’s net
demand. System operators can benefit from this study and its methodology as a decision-making tool for their
planning activities to accommodate higher levels of renewable energy in the power grids of the future.
1 Introduction

Solar photovoltaic (PV) systems are the distributed energy resources
with the highest presence in small-scale (residential, commercial and
small industrial) electricity consumers, also known as prosumers.
The number of solar PV prosumers are likely to increase
significantly over the following years likely driven by falling prices,
government incentives and a growing awareness of climate change.
Altogether, the global amount of rooftop solar PV installations
accounted for 29.7 GW in 2018 and are predicted to grow in a range
from 48 to 158% by 2023 [1]. Concurrently, solar PV-plus-storage
systems are starting to become an attractive investment option, due
to falling prices of battery packs, to maximise the use of on-site
renewable generation and reduce electricity purchased from utility
companies and demand charges [2]. Battery storage coupled with PV
systems are considered one of the most reliable solutions to facilitate
the integration of renewable energy in low-voltage distribution
networks [3]. In many occasions, PV plus storage is being
encouraged by governments in order to deploy further small-scale
renewable generation and meet national renewable energy targets.

Solar PV systems, as for their intermittency and non-inertial
behaviour, are the low-carbon technology influencing the most on
the aggregated load patterns that system operation have traditionally
dealt with. When present in high shares in the electricity networks,
rooftop solar PV power can significantly alter the system’s net load
patterns and affect the scheduled short-term operation [4]. In those
cases, the so-called ‘duck shape’ of the demand curve poses a
challenge to system operators. The ramp rate capacity required by
the system to response to the evening demand (often the system’s
peak demand) may be constraint, requiring over-generation in the
system. Curtailment of solar PV or alternatively, distributed PV plus
storage, can enhance the flexibility of the system to reduce
constraints derived from the duck-curve problem and accommodate
further renewable generation [5]. The demand masking effect
produced by solar prosumers can also influence the daily and
intraday electric demand forecasts and short- to mid-term planning
activities. These issues can be mitigated with methods to estimate
the aggregated generation of rooftop solar generators (e.g. [6]). The
influence of solar prosumers with battery energy storage was found
to reduce the aggregated average and peak demand in a case
24 This is an open
study with a medium-voltage substation [7] and in a low-voltage
substation with additional integration of electric vehicles [3]. The
maximum level of self-sufficiency of prosumers constraint by the
investment on new electrical infrastructure was also analysed in [8]
for solar PV, wind and storage resources.

This paper explores the evolution of typical aggregated electricity
demand patterns deriving from the high penetration of solar
PV systems and battery energy storage systems (BESS) in the
residential sector. Multiple scenarios are investigated covering
different penetration rates of PV and BESS and operational
strategies of BESS. Concerning the configuration of BESS, previous
studies have considered that the batteries could be charged from
either the grid and renewable electricity [8] or only from the excess
of PV power [7]. The scenarios of this study cover both cases and
the differences are presented as an uncertainty band to provide a
more realistic approach to the complexity and variety of settings in
the operation of multiple decentralised battery systems coupled to
solar PV. The results are presented for a typical summer day under
different weather conditions, i.e. sunny and overcast conditions.

The objective of the paper is to present a set of aggregated, generic
electricity demand profiles in the residential sector with high
penetration of distributed solar PV and storage resources. These
profiles would help identifying and analysing solar penetration
levels leading to potential operational constraints, such as the
duck-curve problem or generation ramps limits. This work
contributes to illustrate scenarios with a sustainable, controlled
integration of solar energy, which can benefit system operators for
their planning activities and decision-making towards facilitating
solar power integration in the electricity networks of the future.
The paper is structured as follows. Section 2 describes the
methods used. The results are then presented in Section 3. Finally,
conclusions and future work are introduced in Section 4.
2 Methodology

The methodology to estimate the aggregated electricity demand
profiles from multiple residential consumers with solar PV and
solar-plus-storage systems consisted of: (i) the estimation of
individual residential load profiles, (ii) modelling of PV and BESS
CIRED, Open Access Proc. J., 2020, Vol. 2020, Iss. 1, pp. 24–26
access article published by the IET under the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0/)

mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:


Fig. 1 Flowchart to estimate the aggregated electric demand for a given
scenario
power output estimation and (iii) the estimation of the aggregated net
demand.

2.1 Estimation of residential load profiles

Time series from aggregated residential electricity demand are rarely
available for research purposes. This constraint was solved using the
CREST demand model [9] by Loughborough University (UK). This
model can generate high-resolution stochastic domestic thermal and
electrical load profiles typical of the UK and it has been widely used
within the research community. In this study, 5000 residential load
profiles with random occupancy were created for summer season
with the CREST model; this number of profiles is a large enough
number of electric loads so that the aggregated demand does not
follow the peculiarities of any particular load, but as a whole.

2.2 Modelling PV and BESS generation

Themodelling of power output from the PV systems and battery energy
storage solutions were simulated with the System Advisor Model
(SAM) [10], a techno-economic software model for renewable
energy systems developed by the National Renewable Energy
Laboratory of the USA. The solar generation modelling in SAM used
typical meteorological year (i.e. TMY3) data from Belfast (UK),
linearly extrapolated at 30 min intervals. In the households with
installed solar system, the PV array capacity was set to 4 with
3.68 kW inverter power. The tilt angle and azimuth of the installation
were set to 31.8° and 178.93° (south orientation), respectively. When
battery systems were coupled with the PV system, a capacity of
6 kWh was chosen and the battery power output 3.68 kW. Table 1
shows the technical characteristics used to model the electrical net
generation from the PV and PV-plus-storage systems.

2.3 Estimation of the aggregated net demand

The aggregated net demand corresponds to the sum of all the loads
subtracting the total generation renewable generation, either solar PV
only or PV plus storage. The described tools of the methodology
were integrated using Python programming and the available
application-programming interface of the SAM model. For a given
scenario, the households’ profiles with PV and BESS were
randomly selected among the total number of profiles. After that
step, each load profile Li followed the flowchart presented in Fig. 1.

2.4 Scenarios

Multiple, arbitrary scenarios concerning solar PV penetration and
BESS deployment are investigated. In this study, solar penetration
is defined as the maximum solar power output over the total
demand at a given time. The battery storage penetration is defined
as the percentage of customers with solar energy and storage over
the total number of customer with solar energy. The scenarios
explored the following penetration levels of solar PV and BESS:

† Solar PV: 5, 10, 25, 40 and 60%,
† BESS: 10, 50 and 100%,

where every solar PV scenario has three options for battery storage
penetration. Moreover, several sub-scenarios were implemented in the
Table 1 Technical characteristics used to model PV and BESS
generation

PV system PV array size (DC) 4 kW
PV inverter size (AC) 3.68 kW
PV module efficiency 15.26%

BESS system battery bank capacity 6 kWh
battery bank power 3.68 kW
battery technology Li-ion NCA

charge limits (min–max) 15–95%
round-trip efficiency 92%
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modelling in order to explore the uncertainty about the typology and
operation of battery energy systems. The charge of the batteries were
modelled enabling charge from PV only and both grid charge and PV
charge. For all scenarios, 50% of the battery systems follow a
peak-shaving strategy (i.e. smart discharge option) for discharge,
while the remaining 50% discharge with a time-of-use function (i.e.
manual discharge option). These battery control strategies are
available within SAM. The hours for battery discharge were set
from 6 to 9 h and from 18 to 21 h, which are the typical periods of
time with the electric peak demand in the UK. The results include
clear-sky (sunny) days and cloudy (overcast) days.
3 Results

3.1 Impact of solar PV penetration

The net electricity demand as changed by different penetration levels
of solar PV systems for a typical sunny day of summer is presented
in Fig. 2. It can be observed how the larger the PV presence, the
higher the valley-peak difference between the core hours of the
day and the evening.

These changes in the net electricity demand illustrate the so-called
duck-shape profile, which at an aggregated level (e.g. regional level)
can represent generation constraints (e.g. ramp-rate issues) or
over-generation issues. For example, the graph shows how PV
Fig. 2 Effect of solar PV penetration in the aggregated residential demand
in a typical clear-sky (sunny) summer day
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Fig. 3 Effect of solar PV-plus-storage in the aggregated residential
demand with PV penetration at 60% in

a Typical sunny summer days
b Overcast summer days
penetration at 60% leads to a generation ramp about 1.4 times the
average demand between 15 and 19 h in a typical sunny summer day.

3.2 Impact of solar PV-plus-storage penetration

This subsection presents the changes in the system’s demand by
solar-plus-storage prosumers using batteries charged by PV-plus-
grid and PV-only. Fig. 3 shows the net demand produced in typical
sunny and overcast days of summer at 60% of solar penetration.
While in cloudy days the battery would require longer times to fully
charge, battery storage could cover up to 0.1 times of the demand in
the evening peak regardless of the weather conditions.

The uncertainty of the type of the battery system (e.g. charged by
PV-plus-grid and PV-only) and the discharging strategy (e.g.
manual or smart) can elevate the level of uncertainty to predict the
output of these prosumers. This uncertainty can be particularly
sensitive at higher penetration levels and it is also illustrated in
Fig. 3, where the uncertainty band represents the behaviour of
charging the batteries with PV or PV-plus-grid. A large number of
prosumers with PV-plus-grid charge using time-of-use operation
could bring spikes of demand higher than the peak demand of the
system. In this simulation, batteries with the ability to charge from
the grid were requested to cover the demand of their households
until 21 h. After that time, as the batteries are at lower charge level
and have no time constraint, these change its state from generators
to loads, producing that spike of demand. The uncertainty band
during the morning reflects the different types of systems; the upper
26 This is an open
uncertainty band corresponds to systems with PV-only charge. As
the solar production charges the batteries, the local demand needs to
be covered by the grid and leading to higher net demand. On the
other hand, the net demand gets reduced for systems with
PV-plus-grid charge. The batteries in those systems had charged the
previous night (after 21 h) and stored energy to supply the morning
demand, either in time-of-use or peak-shaving control. The batteries
cover the customers’ demand and reduce the overall net demand.
4 Conclusion and future work

The aim of this paper was to investigate the changes in the net
demand of a power system considering the aggregated electricity
demand of residential consumers when a great number of them
acts as a prosumer. A set of generic aggregated demand profiles
were presented exploring a wide range of scenarios that may occur
from the anticipated mass deployment of solar PV and
solar-plus-storage systems. The proposed methodology can be also
utilised to assess other scenarios and case studies.

A number of operational constraints were identified in this study,
such as ramp rate constraints or sudden demand changes (i.e.
demand spikes). System operators could elaborate planning
strategies to deal with the prosumers so that smooth the overall net
demand of the power system. For example, request the installation
of PV-plus-storage installations rather than PV-only, establish
requirements for charge/discharge (e.g. time-of-use) based on
specific tariffs for solar-plus-storage prosumers. Future work could
explore operational strategies to minimise the issues identified. In
addition, the effect of solar-plus-storage systems could be
examined in sectors other than residential, e.g. commercial or
industrial customers.
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