Photovoltaicself-consumption in buildings: A
review

Rasmus Luthander, Joakim Widén, Daniel Nilsson and Jenny Palm

Linkdping University Post Print

& Tweet

N.B.: When citing this work, cite the original article.

Original Publication:

Rasmus Luthander, Joakim Widén, Daniel Nilsson and Jenny Palm, Photovoltaicself-
consumption in buildings: A review, 2015, Applied Energy, (142), 80-94.
http://dx.doi.org/10.1016/j.apenergy.2014.12.028
Copyright: Elsevier

http://www.elsevier.com/

Postprint available at: Linkdping University Electronic Press
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113676



http://dx.doi.org/10.1016/j.apenergy.2014.12.028
http://www.elsevier.com/
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113676
http://twitter.com/?status=OA Article: Photovoltaicself-consumption in buildings: A review http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113676 via @LiU_EPress %23LiU

Photovoltaic self-consumption in buildings: A review

Rasmus Luthander®* , Joakim Widén?, Daniel Nilsson®, Jenny Palm®

aBuilt Environment Energy Systems Group (BEESG), Division of Solid State Physics,
Department of Engineering Sciences, Uppsala University, P.O. Box 534, SE-751 21
Uppsala, Sweden.

b_inkGping University, Department of Thematic Studies, Technology and Social Change,
SE-581 83 Linkdping, Sweden

* Corresponding author. Tel. +46 18 471 62 15.
E-mail address: rasmus.luthander@angstrom.uu.se

Keywords: Photovoltaics; Self-consumption; Household electricity; Energy storage;
Load shifting; Demand side management

ADSTIIACT ...t n e n e e e nnnee e 2
1. 1] A geTo LU Yo 1] o HO S PSPPI 3
1.1  Brief overview of self-consumption policies and technologies ............ccccceevvviereiiinenen. 3
1.2 AIm and reSearCh qUESTIONS .......ciiuuiiiiiiiiie ettt e s 4
1.3 OUtliNg Of the PAPET ... .. e e e e e e e e 4

2. Self-consumption definition and MEriCS .......coociiiiiiiiiii e 5
2.1 BaSIC AefINITIONS. ....iiiiiiiieiie ettt 5
2.2 Metrics for self-consumption and grid iNteraction...........c.ueeeieieriiiiiiiiiiee e 6
2.3 Important factors affecting self-consumption Metrics.........cccccceeiviiiiiieieee e 6
Behavioral responses t0 PV SYSTEMS ..ot 8

4. Options for improved Self-CONSUMPLION ..o 9
4.1 Demand side management (DSM).......ccuuiiiiieiiiiiiiiiiee e e e e e s 9
4.2 StOrage teChNOIOGIES. ....coiuiiiie ittt e 9
4.2.1 Residential battery StOrage........ocuvieiiiiiiiiiii e 9

4.2.2  Other storage teChNOIOGIES .......ocuuiiiiiiiiii e 10

5. Improved Self-CONSUMPTION .......uiiiiiiii e 11
6. Discussion and suggestions for further research........ccccccccveiiiici e 12
7. (070 T od [T 1= o] o 1= TP OPPPPPN 14
8. ACKNOWIEAGEMENTS ...eiiiiiieiiee et st e e s eb e e s et e e e e naeas 15
9. RETEIENCES ...ttt e e e e e et e e e e 16



Abstract

The interest in self-consumption of PV electricity from grid-connected residential systems is increasing
among PV system owners and in the scientific community. Self-consumption can be defined as the share
of the total PV production directly consumed by the PV system owner. With decreased subsidies for PV
electricity in several countries, increased self-consumption could raise the profit of PV systems and lower
the stress on the electricity distribution grid. This review paper summarizes existing research on PV self-
consumption and options to improve it. Two options for increased self-consumption are included, namely
energy storage and load management, also called demand side management (DSM). Most of the papers
examine PV-battery systems, sometimes combined with DSM. The results show that it is possible to
increase the relative self-consumption by 13 to 24 percentage points with a battery storage capacity of 0.5
to 1 kWh per installed kW PV power and between 2 and 15 percentage points with DSM, both compared
to the original rate of self-consumption. The total number of papers is however rather limited and further
research and more comparative studies are needed to give a comprehensive view of the technologies and
their potential. Behavioral responses to PV self-consumption and the impact on the distribution grid also
need to be further studied.



1. Introduction

In recent years, the installed photovoltaic (PV) capacity in the world has rapidly increased. In 2013, PV
capacity of more than 37 GW has been installed worldwide, adding up to a cumulative capacity of
approximately 137 GW [1]. While the European share of the world PV market has declined from more than
70 percent in 2011 to 28 percent in 2013, Asia now makes up the largest share of new PV installations [1].
The growth of the PV market has led to a significant price drop of new installations, with an average PV
system price decline of 6 to 7 percent per year since 1998 [2]. PV modules have faced the largest price drop
in the last years and the global module price index is now less than $1 per W [2]. China is now the largest
manufacturer of PV modules, with seven of the world’s ten largest PV module suppliers [3]. The main
reason to the Chinese dominance is the scale and supply-chain development [4].

The vast majority of all PV installations today are grid-connected [5]. Therefore, the PV production
does not have to match the local consumption, in contrast to off-grid PV systems where the electricity
production and storage have to match the consumption instantly as well as over a longer period of time.
Traditionally, electricity is generated at large-scale power plants and distributed to the consumers via a
network of high- and low-voltage transmission and distribution lines. Distributed generation, often
intermittent such as small scale PV and micro-turbines, is often located closer to the consumers, resulting
in a number of potential benefits such as reduced peak power consumption and increased power quality [6],
[7]. There are however challenges needed to be solved to achieve a high penetration of intermittent
electricity production in the electric power system, such as frequency regulation, the ability to rapidly start
and ramp the remaining electric power generation and better match the consumption with the intermittent
generation to avoid exceeding voltage limits [8-10]. The latter case can partly be achieved with increased
self-consumption of the distributed generation. Self-consumption is in this paper defined as the PV
production consumed directly by the producer, which often is the owner of the PV system.

1.1 Brief overview of self-consumption policies and
technologies

To promote PV electricity in the power system, support policies have been introduced in several countries
to compensate for the gap between the costs of PV production and the revenue from utilizing or selling the
PV electricity [11,12]. However, the cost of self-produced PV electricity is nowadays lower than the retail
price of electricity in some countries, which makes self-consumption profitable without subsidies [5]. There
exist several different incentives for renewable energy such as PV, for example feed-in tariffs (FiT), quota
and trading systems, portfolio standards, tax credits and pricing laws [13]. In 2012, FiT schemes contributed
to the largest share of the market incentives, but self-consumption is becoming a more important motive
force [5].

The billing period is also an important aspect. The traditional definition of self-consumption states
that PV electricity is consumed instantaneously or within a 15 minutes time frame [5]. Instead, so-called
net-metering can be used to set off PV production over a longer period of time against the consumption,
which means that the production can be “stored” in the electric grid and thus increase the self-consumption
as recorded on the meter or the bill [5,14]. If net metering is used on a yearly basis, surplus PV production
during the summer months can be saved to the winter months with surplus consumption or vice versa.

Germany has, since 2000, a comprehensive act for encouraging renewable energy, the Renewable
Energy Act (Erneuerbare-Energien-Gesetz) [15]. Until 2012, there was a special bonus for self-consumed
electricity, but since the FiT fell below the retail price of electricity, self-consumption has become profitable
even without the extra incentive and it has therefore disappeared [5,16]. China has also recently introduced
a self-consumption subsidy and Japan has a slightly higher feed-in tariff for micro-producers with self-
consumption [5]. In the end of 2012, Italy also had a premium dedicated to self-consumption similar to the
one in Germany, called V Conto Energia, whereas countries such as Denmark, the Netherlands, Belgium,
Turkey and some US states have net-metering schemes [5,16,17].

There exist different technologies to increase PV self-consumption, where the two major ones are
energy storage, mainly using batteries, and active load shifting, which is an important part of the concept
demand side management (DSM) [18]. Depending on the revenue of selling PV generated electricity to and
cost of buying electricity from the grid, increased self-consumption using these options or combinations of
them can be profitable for owners of small-scale PV systems.



1.2 Aim and research questions

The aim of this review paper is to give an overview of PV self-consumption in residential buildings and to
summarize results from previous papers within the field. Similarities and differences between the studies
are presented and discussed. Moreover, the review paper forms a basis and gives suggestions for further
studies of self-consumption from PV systems. The following research questions will be examined in this

paper:

— How can self-consumption for a residential PV system be defined?

— What is the spontaneous self-consumption increase in response to installing a PV system in a
household?

—  Which methods exist to increase the self-consumption for a residential PV system?

— How much can the self-consumption be increased according to previous studies?

—  Which are the identified knowledge gaps in the literature and what should be focused on in further
research?

1.3 Outline of the paper

The outline of the paper is as follows: Section 2 will give an introduction on self-consumption and how to
define it. In Section 3, previous research results on *spontaneous’ self-consumption improvement or change
in energy use due to increased awareness, etc. will be presented. The different alternatives of increasing the
self-consumption from PV systems are discussed in Section 4 together with an overview of papers using
the different methods. A comprehensive overview of papers presenting explicit results of how much the
self-consumption can be increased with the different methods is included in Section 5. In Section 6, a
discussion of the findings and suggestions for further research can be found, together with other important
aspects of self-consumption. Finally, conclusions from the review are compiled in Section 7.



2. Self-consumption definition and metrics

In this section, self-consumption is more formally defined and some relevant metric types are reviewed and
discussed. An overview of the most important factors affecting the metrics and the interpretation of them
is also included.

2.1 Basic definitions

Figure 1 shows a schematic outline of the power profiles of on-site PV generation and power consumption.
The areas A and B are the total net electricity demand and generation, respectively. The overlapping part
in area C is the PV power that is utilized directly within the building. This is sometimes referred to as the
absolute self-consumption (as in [19]). What is most commonly meant by self-consumption, however, is
the self-consumed part relative to the total production, which in the simplified nomenclature of Figure 1
would be:

Self-consumption = _C )
B+C

The self-consumed part relative to the total load is also a commonly used metric. As shown below,
many denominations have been proposed for it, and there is no consensus on a common nomenclature. In
the following we will refer to it as the self-sufficiency (as in [20]) both because this clearly expresses what
the metric shows — the degree to which the on-site generation is sufficient to fill the energy needs of the
building — and because of its linguistic symmetry to the word self-consumption:

.. C
Self-sufficiency = ——— 2
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To define self-consumption more formally, we denote the instantaneous building power consumption
L(t) and the instantaneous on-site PV power generation P(t). The power generation utilized on-site is limited
by whichever of the load and the generation profiles is the smallest, which can be expressed as:

M (t) = min{L(t), P(t)} 3)

where M(t) is the instantaneously overlapping part of the generation and load profiles. In the case of energy
storage (battery or heat storage) in the building this can be extended to

M (t) = min{L(t), P(t) + S(t)} o)

where S(t) is the power to and from the storage unit, with S(t) < 0 when charging and S(t) > 0 when
discharging. This takes the losses due to charging, storing and discharging of the energy storage into
account. Self-consumption and self-sufficiency can now be defined as:
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The relationship between self-consumption and self-sufficiency is therefore:
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This equation allows, among other things, for a conversion between self-consumption and self-
sufficiency, if the total load and production, or at least the ratio between them, are given. The typical
integration period is one year, which is sufficiently long to take seasonal variations into account and to
minimize the influence of short-term random fluctuations in generation and demand.

2.2 Metrics for self-consumption and grid interaction

The basic self-consumption and self-sufficiency metrics defined above are part of a wider range of metrics
describing different aspects of the interplay between on-site power generation and demand. It would lead
to far to go into details on all metrics previously described in the literature, but Table 1 shows a
classification scheme proposed in [21], where a large set of so-called load matching and grid interaction
indicators have been reviewed. Load matching metrics quantify, in different ways, the overlap between the
load and generation, which makes self-consumption as defined above a load matching metric. Grid-
interaction metrics quantify the net power generation and demand, i.e. the non-overlapping parts. Different
metrics have also been reviewed with a focus on load matching metrics in [22], on grid interaction metrics
in [23], and on both categories in [24]. Some of these have also been evaluated and compared for simulated
and monitored buildings [24-26]. Many of the metrics have been defined to analyze Net Zero Energy
Buildings (Net ZEBs), but are equally valid for any building with on-site generation.

The metrics that we focus on in this review, self-consumption and self-sufficiency, belong to category
I, being based solely on the on-site profiles. Many metrics in the literature that belong to category I in Table
1 differ mainly by the name. For example, load match index, solar fraction and cover factor mentioned in
[21] and self-consumption factor, self-sustenance index and renewable energy fraction mentioned in [22]
are all used to describe basically the same thing as the self-sufficiency metric defined above. A more
ambitious, generalized definition scheme for self-consumption and self-sufficiency in buildings connected
to heating, cooling and power grids and having on-site generation of all three energy forms is presented in
a series of studies by Cao et al. [27-30].

It is important to note the difference between load matching and grid interaction. Load matching is
mainly important for determining the value of the on-site generation and could be used for this purpose by
building designers and building owners, while grid interaction is mainly relevant for the capacity of the
distribution grid or the operation of a building in response to time-of-use (TOU) tariffs [21]. Load matching
metrics typically quantify the energy over longer periods of time while grid interaction metrics are based
on the instantaneous power imported from or exported to the grid. This is also reflected in the metrics in
categories 111 and IV, which use electricity prices to value the on-site matching and power system data to
value the system impact of grid interaction. An example of a metric in category Il is the mismatch
compensation factor [31] that describes which ratio between on-site generation and load is required to make
the market value of the on-site generation match the value of the on-site demand. An example of a metric
in category 1V is the coincidence factor that quantifies the random coincidence of peak powers of a large
number of buildings in a grid [21].

2.3 Important factors affecting self-consumption metrics

When evaluating and interpreting metrics for PV self-consumption, it is important to be aware of how a
couple of factors affect the results:

— Relative sizes of PV power generation and power demand. Self-consumption, as defined above, is
normalized by the total power generation, and self-sufficiency by the total power demand. Therefore,
increasing the PV generation relative to the demand will always decrease the self-consumption while
self-sufficiency will be increased or remain unchanged, cf. Figure 2. The converse holds for a
relative increase of the power demand. A Net ZEB that has a perfect annual balance between on-site
generation and demand is a special case where the self-consumption is always equal to the self-
sufficiency, cf. Figure 3. This is also given by Eq. (7) when the total load equals the total production.



Time resolution. In many practical situations, the self-consumption of a building is determined from
discrete data series of average power generation and demand, typically hourly values. A lower
resolution will always lead to an overestimation of the self-consumption since fluctuations causing
mismatch between the generation and load profiles are evened out by averaging, cf. Figure 4. Several
previous studies have investigated the impact of the time resolution on on-site generation analyses
[32—36]. A general conclusion seems to be that for individual buildings, sub-hourly data are needed,
especially to capture the behavior of high peak powers.

Number of buildings. The combined load and generation profiles of larger aggregates of buildings
are subject to random coincidence, which evens out stochastic fluctuations (cf. Figure 5). However,
since smoothing of the PV generation is caused by cloud movements and the highest peak powers
occur on clear days, load profiles can be expected to be more affected by the number of buildings.
This is especially relevant for grid integration since the ratio of peak generation to peak demand can
be expected to get higher when more buildings are aggregated. However, there is a lack of studies
analyzing this in detail.



3. Behavioral responses to PV systems

Producing one’s own PV electricity is often seen as a life style issue. A common assumption is that a
household’s intention to become electricity producer is a first step to a change in behavior [37]. In several
countries, residential PV systems are still rather scarce and installation of PV, micro wind turbines etc. is
then mainly done by so called early adopters. Because of this, some studies choose to focus on intentions
and attitudes in general or by different segments [37,38]. Energy consumption needs to be discussed in its
social context, as it is a part of a chain of decisions and actions [39,40]. Households’ electricity consumption
can only be understood as parts of daily habits and routines that families establish in their homes. Previous
studies on PV use in households have for example indicated the existence of a rebound effect, where
households increased the use of energy-efficient technologies due to savings [41].

An important question regarding self-consumption of PV electricity is the potential impacts that a
PV installation has on the energy behavior in households, i.e. how the households interact with the electric
power grid. It may be hypothesized that a PV installation in itself, or in combination with electricity
production and consumption monitoring and visualization, could spark an interest in the households’ energy
use and lead to efforts to further reduce it, or to match it to the PV power generation, causing both the total
electricity use and the daily load patterns to be different before and after installation. Previous studies on
this topic have been summarized and synthesized e.g. in [42-45], indicating interesting but somewhat
ambiguous results. An overview of the most relevant studies can be found in Table 2.

Most of these studies give some indication that both energy reductions and load shifting activities
have taken place in households following an installation of micro generation, albeit under differing
circumstances. Haas et al. [46], in an early study of Austrian PV installations, had consumption data
available before and after installation and could determine the short-term changes in consumption. In
particular high-consumption households reduced their consumption following installation of a PV system.
Jenny et al. [47] studied an off-grid PV system supplying Cuban rural villages and showed that the
community developed and followed rules to adapt the electricity use to the available supply, primarily to
reduce consumption peaks. Hondo and Baba [48] did not analyze actual monitoring data but showed
through a questionnaire that Japanese households claim to have changed both attitudes and energy-related
behaviors following a PV installation.

Two UK studies have presented the most positive results. Keirstead [41] indicated, through self-
reported estimates, that households both reduced their energy use after installation (6% on average) and
performed some form of load shifting activity in response to the PV power generation (43% of the
households). Dobbyn and Thomas [49] studied responses to micro generation in general and provided
examples of changed attitudes, behaviors and load shifting activities for improved self-consumption.
Behavioral changes were noted both in households that had actively chosen to install their own PV system
and in households where it had been installed e.g. by a housing association.

In other studies the responses have been few or non-existent. Bahaj and James [50] made a study of
nine low-energy social housing homes in the UK equipped with identical PV systems. Despite the fact that
the tenants were provided with a display meter and information about how to improve the financial return
on the PV systems by avoiding electricity exports, no load shifting activities seem to have taken place.
However, a clear reduction in energy use in two households could be seen after an information session, but
it was not sustained over a longer period. Most households increased their electricity use over the studied
period. In another UK survey [51] early adopters of micro generation (80 households and 30 community
projects) claimed to be more aware of energy use but very few (4-5%) claimed to have made further
reductions in energy use. A reason for this may be that the early adopters had already taken significant
efficiency measures before installing micro generation.

From these previous studies, it is not possible to draw any general conclusions on the responses to
PV installations. Many results have been based on self-reported data through questionnaires and interviews.
As also suggested by Sauter and Watson [42] and Stedmon et al. [45] it is important to complement these
studies with actual consumption data collected before and after installations of PV systems. Another
important issue, also raised by Stedmon et al. [45], that has to be addressed in further research is what
causes the behavioral responses if they take place; the PV system in itself or the devices for production and
consumption monitoring and visualization that often accompany them.



4. Options for improved self-consumption

Options for increasing self-consumption for residential PV systems and papers that have in some way
examined these are presented in Table 3. There are two methods used for improved self-consumption,
namely energy storage and load management. These techniques can either be used separately or combined.
Load management is hereafter included in the broader concept of demand side management (DSM). A more
detailed description of each of these options can be found below.

4.1 Demand side management (DSM)

There are several meanings of the concept of demand side management (DSM), where the common
denominator is to improve the energy system at the side of consumption [87]. In this review paper, the term
is used for load shifting, which can be used to shift the power demands of the loads in a household, for
example washing machine and heating, ventilation and air-conditioning (HVAC) systems, from time
periods with surplus consumption to periods with surplus PV production. The periods with highest
interaction with the power distribution grid (feed in and out) can therefore be decreased. Load shifting can
either be achieved manually, where persons switch on electric devices when the sun is shining, or
automatically, which requires control algorithms and devices, and sometimes also weather forecasts of
ambient temperature and solar irradiation [71,88].

There exist a number of different techniques for DSM, such as direct-load control, load limiters,
smart metering and appliances etc. [89]. DSM can also be combined with battery storage to further increase
the self-consumption. Control mechanisms for DSM can be included in inverters used for PV, using load
shifting, weather forecasts and integrated battery storage to increase the self-consumption [88]. The inverter
could thereafter be connected to energy meters at shiftable appliances.

For the papers using DSM, both theoretical algorithms for load shifting and experiments are used
for the evaluations. Often, the simulations are done in retrospect when actual consumption and PV
production data are given, but the load shifting can also be done in advance if weather forecasts are used.

4.2 Storage technologies

There are a few techniques to store energy available on the market with different performance in costs,
maximum power, energy capacity, energy density, storage period, response time, efficiency, lifetime in
both cycles and years, self-discharge and maturity of the technology [90,91]. For residential PV systems,
either hydrogen or solid state battery storage or a combination of both is most suitable for electricity
conversion, depending on the period of storage [82]. Batteries have high conversion efficiency but also a
relatively high self-discharge — depending on battery technology — over longer periods of time, and are
therefore best suited for balancing daily fluctuations [92]. Hydrogen can be produced from electricity using
an electrolyzer and stored in a high pressure tank and reconverted into electricity with a fuel cell. Converting
electricity into hydrogen and back to electricity again has an efficiency of about 36 percent, which is
remarkably lower than for batteries [92]. The rate of discharge with hydrogen storage is however close to
zero.

PV electricity can also be stored as heat in for example a water tank to be used when the heat demand
is high. Heat storage in a regular water tank, i.e. with moderate temperature, is however not a realistic
alternative for electricity conversion and storage due to the low efficiency defined by the Carnot cycle [93].

When using energy storage, it is important not to count losses related to it as self-consumption. [52].
Since management of energy storage, i.e. charging, storing energy and discharging, always leads to losses,
it is more efficient to use the generated PV electricity instantly — if possible — instead of storing it for later
use. This aspect is important to take into consideration, since energy storage is likely to be used as method
of increasing the self-consumption.

4.2.1 Residential battery storage

Residential battery storage refers to a stationary battery system used only together with the PV system.
There are two main system layouts for residential PV systems with battery storage; either AC coupled
where the battery is connected via an inverter and a charge regulator to the AC link of the PV system, or
DC coupled where the batteries are connected to the DC link of the inverter [67]. A schematic of the two



PV-battery system variants is presented in Figure 6. If the PV system and battery storage are connected to
only one phase on the AC side of the electric system, the self-consumption will be lower compared to a
connection to all three phases, depending on how the power flows are measured [58]. With a single-phase
connection, all the electric power will be fed into one phase, and will only supply loads connected to that
phase. With a three-phase connection, power is fed into each phase, which distributes it to more loads and
potentially increases the self-consumption. However, if the grid interaction is measured as the difference
between what is fed in and out as a sum of all the phases, a single- versus three-phase connection does not
influence the rate of self-consumption.

Today, the costs of a battery storage system is high — from a few hundred up to more than thousand
dollars per kWh of storage capacity — which is one important drawback [94]. At least four aspects besides
rated capacity and costs should also be considered: voltage limitation, cycle life, calendar life and efficiency
[53].

There are a few different battery technologies available on the market suitable for residential
electricity storage, for example lead-acid, lithium-ion (Li-ion), sodium-sulphur (NaS), Nickel-cadmium
(NiCd) and Nickel metal hydride (NiMH) [95]. Of these, lead-acid is the most mature storage technique
but lithium-ion batteries has the greatest potential for future development and optimization due to high
storage efficiency as well as high energy density [96]. The cost of lithium-ion batteries is however high and
lead-acid batteries could have an negative environmental impact [97]. Thanks to another current trend,
namely the increasing use of electric and hybrid cars which often use high energy-density batteries, there
is a potential to utilize used batteries for residential energy storage since the energy density is less important
for residential than for transportation applications [53].

The size of the battery is important not only due to storage capacity, but also due to the increasing
stress of the system with a smaller battery reducing its lifetime. A larger battery will reduce its depth of
discharge of the cycles, which increase the cycle life, even though the effect of deep discharge differs
between battery technologies [98,99]. With a limitation of the depth of discharge, the actual battery capacity
needs to be oversized compared to the usable capacity, resulting in higher investment costs.

New battery technologies suitable for residential energy storage are for example sodium-ion and flow
batteries. The sodium-ion technology is comparable to lithium-ion batteries, since both are alkali metals
with similar chemical properties, and therefore methods of development used for lithium-ion could be
applied for sodium-ion [100]. The higher abundance and lower cost of sodium compared to lithium makes
sodium-ion batteries interesting for energy storage, especially since the lower energy density of sodium-
ion compared to lithium-ion is not a concern [101-104].

4.2.2 Other storage technologies

While batteries are best suited for short-term storage due to relatively high rate of self-discharge, longer
storage periods require other storage techniques such as hydrogen storage [92,94]. Another advantage of
hydrogen storage is the individually scalable components, i.e. electrolyzer, storage tank and fuel cell, in
contrast to a battery where there is often a relationship between rated power and stored energy [92].

Moreover, the battery in electric or plug-in hybrid vehicles can be used as energy storage, similar to
the use of residential battery storage. One important drawback with electric vehicles as option to increase
the residential self-consumption is the high mismatch between the vehicle charging, which often is
concentrated to late afternoon, night and early morning, and the PV production, which normally is highest
during noon [59]. Therefore, electric vehicle battery storage is not counted as residential battery storage in
this paper.

The PV energy can also be converted into heat, for example via direct heating or with a heat pump,
and stored in a hot water tank. This could be a good alternative if the house has a high heating demand and
a water based heating system combined with a hot water tank. In colder regions at high latitudes, most of
the yearly heat demand occurs in the winter when the solar irradiation is low and vice versa.



5. Improved self-consumption

This section presents a summary of the studies that have quantified the self-consumption improvement with
the different options presented above. Table 4 gives an overview of the results. The papers are grouped
according to the method used to increase the self-consumption, such as residential battery storage and DSM.
Moreover, the table gives a summary of the data used for the simulations or experiments, such as installed
PV power and yearly consumption, as well as location, simulation or measurement time span and time
resolution. Finally, the results of the study are presented as the relative self-consumption, i.e. as self-
consumption as percent of the total PV production, both with and without any measures taken. Only papers
with explicit results showing the increase of self-consumption are included in the table and as much
information about the papers as obtainable is presented.

Most of the papers with explicit results of the self-consumption increase use energy storage,
especially residential battery storage. The papers come from Germany [20,52,57,58,66,67,85], Sweden
[20,60,66,82], Spain [73,75], Italy [77], Switzerland [85] and Japan [60]. The last paper is the only one
from outside Europe, but since Asia now dominates new PV installations, as presented in the EPIA Market
Report 2013 [1], it is likely to change in the future.

Almost every paper presents simulations of measurements over one year with a resolution of one
hour or less. By doing long-term simulations, every time of year is simulated or measured. This is of high
importance especially for countries at high latitudes with a considerable seasonal variation in solar
irradiation, which strongly affects the PV production and thus the self-consumption.

Most of the papers studied a PV-battery system with a storage capacity of 0.5 to 1 kWh times the
installed PV capacity in kW [52,57,58,66,73,77,81,83,85]. This means that the storage is used for short
term storage, normally shorter than one day. This trend could be explained by the fact that batteries are still
expensive compared to the storage capacity [94]. As the name suggests, batteries can only store energy, not
produce electric energy. Therefore, the profit — incentives excluded — comes from the difference in selling
and buying price of electricity. To make a PV-battery system profitable, there has to be a balance between
consumption, PV production and storage capacity, i.e. profits and costs, even though this is not the main
point of several of the papers. For the papers with the mentioned relationship between storage capacity and
rated PV power, the increase of self-consumption is between 13 and 24 percentage points.

The potential of self-consumption enhancements with residential battery storage, normalized by
installed PV power or yearly PV production, and DSM for the studies included are graphically presented
in Figure 7, Figure 8 and Figure 9, respectively. The relationship between battery capacity normalized by
the rated PV power, and increase in self-consumption of the papers, as seen in Figure 7, is not linear but a
clearly distinguishable trend with increasing growth of self-consumption. The conditions in the papers, such
as consumption and its pattern, climate zone, initial self-consumption etc., not included in the diagram,
have most certainly influences on the results. One way to compensate for different PV production per
installed power is to normalize the installed battery capacity (in kWh) to the yearly PV production (in
MWh), which is shown in Figure 8. However, many of the papers did not present the PV production, and
it is therefore difficult to distinguish a significant difference to Figure 7. The values presented in the figures
and from which paper they come from are given in Table 5.

Three papers [73,77,81], with four results since one of the papers contained two scenarios [77],
presented results for a PV-battery system using DSM. There is no overall trend in the increase of self-
consumption, other than that the increase is higher than for a PV-battery system without DSM. Three results
show an increase between 29 and 32 percentage points [73,77], whereas one presents an increase of 15
percentage points [81].

Similar to the results for PV-battery systems using DSM, the results with only DSM also
significantly diverge [19,73,75,77,81], as seen in Figure 9. The results vary between an increase of 2 and
15 percentage points. The difference between the four results a-d from Widén are the four PV system sizes
indicated in Table 4, with the highest self-consumption increase (a) for 3 kW PV and the lowest (d) for 12
kW PV. The difference between Femia (a) and (b) is the two different households studied, where (a) refers
to a household with two working persons and (b) to a household with four persons of whom one is working.
The differences between the studies are substantial, and is likely due to a combination of factors such as
climatic conditions (between Sweden, Spain and Italy) affecting the availability of irradiance, the overall
consumption in the households, how many appliances are considered shiftable, etc. This points out the
importance of making more comparable studies where such factors can be controlled.



6. Discussion and suggestions for further research

All of the papers summarized in this review article show a potential of increasing the self-consumption,
although the results vary significantly. The reason for this is that many of the studies are based on very
particular cases and that many influential factors differ between the studies, e.g. climate, building
characteristics, load types, PV system sizes, etc. This suggests that an important further step for the research
in this area is to make more comparable studies for more representative samples of buildings and end-users.
Some papers did not present all the values, such as yearly PV production. Whereas the rated power of a PV
system is fixed, the yearly production corresponds better to location and weather where the PV system is
installed. The type of heating system was also not fully stated. This can be of large importance, since use
of an electrically heated water tank for heating and tap water has most certainly higher potential for self-
consumption improvement with DSM than use of other heating sources.

Apart from these differences between the studies, it is important to keep in mind when interpreting
the results that they are presented, both for battery storage and DSM, as increases in percentage points. It
is possible that the original self-consumption affects the total increase. Increases from for example 30 to 50
respective 50 to 70 percentage points are counted as the same increase, although it could be more difficult
to raise the self-consumption if it already is high without any arrangements, as seen in Figure 10. As seen
in the left case, the time span available for DSM is broader than in the right case. Therefore, DSM probably
gives a higher increase in self-consumption — measured as percentage points — when starting at a low level.
For energy storage, it is more likely that the whole storage capacity would not be used for this example day
for the right scenario than for the left one. It would therefore lower the increase in self-consumption when
using battery storage.

Figure 10, as well as Figure 2, discussed previously, once again highlights the importance of
considering the ratio between total consumption and total production as expressed by Eq. (7), since this
ratio determines the relative sizes of self-consumption and self-sufficiency and the possible improvements
in either of these. Since this ratio is affected by different system sizes and by climate differences, it
complements the self-consumption and self-sufficiency metrics with important information, especially
when comparing different systems and studies.

Another factor affecting the self-consumption is the control strategies for batteries and DSM. The
simplest storage management for a PV-battery system is one where the battery is charged when there is a
surplus PV production and discharged when there is a surplus consumption. This optimizes the self-
consumption, but there can be other aspects of increasing the self-consumption. If the storage should be
used for peak shaving, i.e. reduce the peak surplus PV power injected into the grid, this alternative is not
the optimal one when the daily PV production is higher than the storage capacity. Lower feed-in peaks
could decrease the stress on the grid, especially if several households with PV systems are connected to the
same distribution grid. Instead, an storage management optimized for peak shaving could be used, such as
proposed in Schreiber and Hochloff [20]. An example of peak shaving is presented in Figure 11. To achieve
this, a weather forecast including for example irradiation and temperature could be used. In this way, the
charging pattern could be optimized to minimize the grid interaction. The same battery management could
be used when there is a surplus consumption, although consumption could be more difficult to forecast
automatically. This is also valid for DSM, where shiftable loads should be distributed during periods with
surplus PV production. However, since some of the loads are not perfectly controllable to match periods
with surplus PV production, for example a washing machine with a pre-defined program, it would probably
be more difficult to even out the grid interaction with DSM than with energy storage. If the storage system
is charged directly from the grid, for example in the night, it can be used to further smooth the consumption
and thus lower the peaks. With large fluctuations in the electricity price over the day, this storage
management could be profitable.

As mentioned, the local climate could have an impact on the rate of self-consumption, especially if
the house has electric heating, cooling or ventilation. In cooler regions, a heat pump can be used to store
heat in a water tank for heating and tap water. However, the heat demand is higher in the winter whereas
the solar irradiation peaks in the summer and thus lowers the self-consumption. In warmer regions where
the demand of cooling correlates with the daily and yearly irradiation pattern, the self-consumption can be
increased if air-conditioning is used.

As also mentioned previously, when using a PV-storage system, it is important not to count losses in
the charging and discharging of the storage as well as self-discharge as self-consumed energy, since this
would boost the self-consumption whereas the useful energy would not increase. If the self-consumption is
solely based on grid interaction and the power flows are measured at the connection point, there is a risk to
include the losses in the assessment. The losses could therefore be counted as a reduced production.



To further advance the research about self-consumption of PV electricity, the following aspects need to be
further investigated:

— Forecasts of solar irradiation to optimize the self-consumption with PV-storage and DSM systems
and how to integrate them into energy management systems for buildings, such as examined in
[105].

—  Further research on how to minimize the peak consumption and production when using a PV system
with energy storage or DSM (cf. Schreiber and Hochloff [20]), i.e. not only aim for a high self-
consumption but optimize the grid interaction.

— The aggregate impact on the distribution grid with increased self-consumption of PV electricity in
buildings. Self-consumption should be further studied as one possible way to increase the hosting
capacity of local electricity distribution grids.

— More comparative studies, both for energy storage and DSM, to make it possible to evaluate where
possible similarities and differences originate from. A larger and broader selection and
representativity of studied households could also increase the potential of comparison. This would
make it possible to apply the results for other households, PV system sizes etc. than the studied ones.

—  Further studies on behavioral responses to PV systems should preferably divide households into
relevant control groups so that the responses in households with PV can be compared to those in
both households with only consumption monitoring and households without both monitoring and
PV systems.



7. Conclusions

This review paper has summarized previous research in the field of self-consumption of electricity from
residential PV systems. Self-consumption is in this review defined as the share of the PV production that is
consumed in the household. The number of published papers about self-consumption is quickly increasing
due to increased interest among end-users and the scientific community. The papers summarized use in
particular two techniques to increase the self-consumption, namely battery storage and demand side
management (DSM).

The majority of the papers using energy storage have batteries with a capacity in kwh of 0.5 to 1
times the installed PV power in KW. The increase of self-consumption is between 10 and 24 percentage
points for the systems referred to. There is a distinguishable trend between the size of battery storage,
normalized by the size of PV system, and the increase of self-consumption, although the individual results
vary.

The results when applying DSM of a household with a PV system are more varying, but the number
of papers found is limited and it is therefore difficult to distinguish a clear trend. There are also a few papers
about battery storage combined with DSM. Again, the results differ but show an improvement compared
to either battery storage or DSM.

A number of studies have also quantified behavioral responses to PV systems in terms of reductions
in energy use or altered load patterns, without any technologies for increased self-consumption. Some of
these indicate the existence of behavioral responses, but the overall results are ambiguous and general
conclusions cannot be drawn.

Despite the increasing interest in the topic over the last few years, the research of self-consumption
of PV electricity is still rather scarce. Also, almost all the papers are from Europe, even though Asia
nowadays is the largest market for PV. The field has to be further investigated, especially grid interaction
and self-consumption as a way to increase the hosting capacity of distribution grids. Further studies also
have to be more comparative to draw general conclusions about the potential for the different technologies.
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Highlights

e Review of papers examining options for increasing residential PV self-consumption
e Two main options: battery energy storage and demand side management (DSM)

e Higher potential for increased self-consumption with battery storage than DSM

e Further research needed for a comprehensive view of technologies and potential

Figure captions

Figure 1. Schematic outline of daily net load (A+C), net generation (B+C) and absolute self-consumption
(C) in a building with on-site PV. It also indicates the function of the two main options (load shifting and
energy storage) for increasing the self-consumption.

Figure 2. Example of a PV system with a low (left) and a high (right) rated power supplying the same
building load. Whereas the absolute self-consumption (measured in kWh) remains similar, the relative
self-consumption (measured as the absolute self-consumption divided with the total PV production)
decreases when the rated power of the PV system increases.

Figure 3. Example of the relation between self-sufficiency and self-consumption. For Net Zero Energy
Buildings (Net ZEBs), the self-consumption and self-sufficiency are equal according to Eq. (7).

Figure 4. Example of the difference in PV self-consumption when using 10-min (left) and hourly (right)
data.

Figure 5. Example of the smoothing effect on the load (L) from averaging over 181 buildings compared to
one. The PV power generation (P) is also shown.

Figure 6. Simplified system layouts of AC coupled (left) and DC coupled (right) residential PV battery
storage systems. To maximize the power output from the PV modules, a maximum power point tracker
(MPPT) has to be used. The figures are based on models published in Weniger et al. [67].

Figure 7. Increase of self-consumption for residential PV systems with either battery storage or battery
storage combined with DSM, based on the results presented in Table 4, normalized by installed PV
power. Only studies possible to evaluate are presented. Results for PV systems with storage based on
electric vehicles are not presented, since they are primarily not used to increase self-consumption. The
results are also given in Table 5, which lists the specific studies corresponding to each result. To make the
results more comparable, a ratio of 0 to 2 has been chosen. Therefore, the result from Thygesen and
Karlsson [65] with a ratio of 4.62 (24 kWh useful storage) or 9.25 (48 kwWh nominal storage) is not
presented.

Figure 8. Increase of self-consumption for residential PV systems with battery storage, based on the
results presented in Table 4, normalized by yearly PV production. Only full-year studies where the PV
production is presented are included in the figure. For identification of individual studies, see Table 5.

Figure 9. Increase of self-consumption using solely load shifting (DSM) for a PV-system. Only studies
possible to evaluate the change of self-consumption by DSM are presented. The studies are:

Widén a-d [19], Widén & Munkhammar [81], Castillo-Cagigal et al. (1) [75], Castillo-Cagigal et al. (2)
[73], Femia et al.a,b [77]

* |n Castillo-Cagigal et al. (1) [75], only self-consumption enhancement with DSM for a PV-battery system
was found.

Figure 10. Example of two identical PV systems with different total daily consumption.



Figure 11. Example of grid interaction (dotted line) with a PV-battery system with different rates of
charging: in the left case, 100 percent of the surplus PV power is stored until the battery is fully charged,
whereas the charging is limited to 40 percent of the surplus PV power in the right case, lowering the peak
feed-in power. The total battery capacity is the same in both cases.

10. Table captions

Table 1. Categories of load matching and grid interaction metrics previously presented in [21].

Table 2. Previous studies on households’ behavioral responses to PV systems. Evidence for or against a
response is indicated with ‘y’ or ‘n’, or with both for conflicting or ambiguous results. If the response was
not studied this is indicated with ‘—.

Table 3. Options for improved self-consumption in studies covering PV self-consumption or related fields

Table 4. Overview of different studies quantifying increased self-consumption with different options. The
papers are presented in following order: first come papers using residential battery storage, thereafter
electric vehicles, thermal combined with battery storage, DSM combined with battery storage and finally
only DSM. As much information about the papers as obtainable is presented in the table.

Table 5. Authors, references and results for residential PV-battery systems.
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Table 2
Indicated household response to PV system
Year of sample
Study Location  investi- Method size Change Change Reduced Load
gation in in energy shifting
attitudes  behavior use activities
Analysis of
Haas etal. Austria 1990s consumption 21 - - y -
[46] d
ata
Questionnaire,
Jennv et al interviews,
[‘)1/7] ' Cuba 2004 analysis of 49 - y - y
consumption
data
Analysis of
. consumption
Bahaj & UK 2004 and 9 - y y/n n
James [50] .
production
data
Hondo & . .
Baba [48] Japan 2004 Questionnaire 200 y y - -
Keirstead 2004- Questionnaire,
[41] UK 2005 interviews 118 y y y y
Dobbyn & .
Thomas [49] UK 2005 Interviews 29 y y - y
Element ; ;
UK 2008 Questionnaire 110 - - y/n -

Energy [51]




Table 3

Method for improved
self-consumption

Description of technology

Studies using or
describing the
method

Battery storage
(residential or electric
vehicles)

DSM

DSM and battery storage

Alternative and
combinations of storage

Residential PV system equipped with energy storage using
batteries to optimize the utilization of the PV electricity.

Shifting of flexible electric loads in households to optimize
the utilization of the PV production.

Residential PV system equipped with battery storage
combined with demand side management to optimize the
PV energy utilization.

Thermal or hydrogen storage, which could be combined
with a battery storage system.

[18,20,52-67]

[18,19,68-71]

[72-81]

[65,82-86]

techniques
Table 4
Author and Method for Method for calculation Data sources, Location Results of the study: percent
reference self-consump- of self-consumption number of samples self-consumption with and
tion and time span and type of building without measures taken
Braun et al. — Residential —One year simulation — Empirical PV model  — Kassel, — Approx. 35 % without storage
[57] battery — 15 min resolution — Measured irradiation Germany  — Approx. 45 % with 2.3 kWh
storage, — Statistical storage
lithium-ion consumption profiles — Approx. 50 % with 4.6 KWh
for three types of storage
different households — Economically interesting with
- 5kW PV battery costs below 350 €/kWh
systemBattery blocks
of 2.3 kWh each
— Yearly consumption
of 5.5 MWhYearly
PV production of
approx. 5 MWh
Bruch & Miller  — Residential —One year simulation — Production data from  — Southern - 29 % without storage
[58] battery PVGIS Germany  — 47 % with 2 kWh storage
storage, — Consumption data of — 51 % with 4 kWh storage
lead acid a two person

household, yearly
consumption of
approx. 3.5 MWh.

— 6 kW PV system

— Yearly PV production
of approx. 5.8 MWh



Author and Method for Method for calculation Data sources, Location Results of the study: percent
reference self-consump- of self-consumption number of samples self-consumption with and
tion and time span and type of building without measures taken
Li & Danzer — Residential — Dynamic programming — Simulated PV — Stuttgart, - Results for a day with low natural
[52] battery storage — 15 min resolution production using Germany self-consumption
— Simulations for two days PVsyst o 17 % without storage
— Two daily o 33 % with charging strategy for
consumption and PV optimized self-consumption
production profiles, — Results for a day with high natural
one with high and one self-consumption
with low natural self- o 34 % without storage
consumption, of a o 64 % with charging strategy for
four person household optimized self-consumption
— 3.5 kW PV system — Mean self-consumption of the two
— 3.3 kWh battery days
storage o 26 % without storage
— Yearly consumption o 50 % with charging strategy for
of 4 MWh optimized self-consumption
— Yearly PV production
of approx. 4 MWh
Schreiber & — Residential —One year time span —Measured — Germany  — 31 % without storage
Hochloff battery storage — 15 min resolution consumption — 72 % with storage
[20] consumption of one —Simulated PV
household production using
—Numeric simulation Transvalor
— 4.1 kW PV system
— 7.4 KWh battery
— Yearly consumption
of approx. 4.3 MWh
Waffenschmidt ~ — Residential —One year simulation in — Measured PV — Germany  Approx. 38 % without storage
[66] battery storage NEPLAN production Approx. 57 % with storage
— 15 minute resolution — 1.1 kW PV system
— Yearly consumption
of 1 MWh
— Yearly PV production
of 1.1 MWh
— 1 kWh battery
storage
— Rated power of the
PV system, yearly
consumption and size
of battery storage are
linearly scalable
Weniger et al. — Residential —One year simulations — Measured irradiation - North-east Approx. 35 % without storage
[67] battery —One minute resolution data Germany  Approx. 65 % with storage
storage, — 3.2kW PV system
lithium-based (most cost-efficient)

Munkhammar et — Battery storage —Markov-chain model
al. (electric —One minute resolution
[59] vehicles) —One year simulation

— 4.4 KWh battery
storage (most cost-
effective)

— Yearly consumption
of 4 MWh

— Yearly PV production
of 3.3 MWh

— Measured irradiation

— Synthetic
consumption data

— Total yearly
consumption of 5.7
MWh (electric car +
household)

— Maximum 14 kWh
battery storage

— Two PV sizes: 4.3 kW
and 5.8 kW

— Uppsala,
Sweden

— Results for a house with a 4.3 kW
PV system:
o 31 % without battery storage
o 34 % with battery storage

— Results for a house with a 5.8 kW
PV system
o 25 % without battery storage
o 28 % with battery storage



Author and Method for Method for calculation Data sources, Location Results of the study: percent
reference self-consump- of self-consumption number of samples self-consumption with and
tion and time span and type of building without measures taken
— Battery storage — Algorithm controlling the  — Measurements of — Tokyo, — 41 % without electric vehicle
Osawa et al. (electric EV charge-discharge consumption for 50 Japan — 79 % with optimized
[60] vehicles) —One year time span houses charge/discharge control and
—Hourly resolution — Measured irradiation utilization of the electric vehicle
— 3.4 kW PV system battery
— 24 KWh lithium-ion
battery (vehicle)
Thygesen & — Thermal and — Parametric analysis — Irradiation data from  — Vasterds,  — 56 % without storage
Karlsson residential — Three minute resolution Meteonorm Sweden — 88 % with thermal storage
[65] battery storage —One year analysis - 5.19 KW PV system — 89 % with battery storage
— 48 kWh battery
storage (of which 24
kWh can be used)
— 185 litre hot water
storage tank
— Yearly consumption
of approx. 10.6 MWh
— Yearly PV production
of approx. 5.1 MWh
— Thermal and — Algorithms for batteries — PV production — Switzer- — 20 % without battery storage,
Vrettos et al. residential and flexible thermal calculation using land without optimized algorithm for the
[83] battery storage  loads Polysun heat pump
—One year simulation — Single-family house, — 37 % with optimized algorithms for
two parents and one battery storage and utilization of
child the heat pump
— 10.8 kW PV system — Battery storage has a higher
— 3.3 kW (electric) heat potential than optimized utilization
pump of the heat pump
— 6 kWh battery storage
— Yearly consumption
of approx. 11 MWh
Williamsetal.  — Thermal and — Algorithms for batteries — Simulated PV — Stuttgart, — Approx. 37 % without battery
[85] residential and heat pump production using a Germany storage, without thermal load/heat
battery storage —One year simulation synthetic weather pump
model and the — Approx. 55 % with battery storage,
program PVsyst without thermal load/heat pump
— Four person
household
— 3.9 kW PV system
(Yearly production of
3.9 MWh)
— Yearly electric
consumption
o 3.9 MWh (without
heat pump)
— 2.5 kWh battery
storage
Castillo-Cagigal — DSM and — Experimental results — 5 kWh PV system — Madrid, — 15 % without storage, without
etall residential during one week — 5.4 kWh battery Spain DSM
[73] battery storage — 27 % without storage, with DSM
storage, lead — Daily load between 10 — 35 % with storage, without DSM
acid and 11 kWh — 44 % with storage, with DSM

! According to the definitions of self-consumption and self-sufficiency in section 2.1, the results in Castillo-Cagigal et al. [73] are
presented as self-sufficiency and the results have therefore been recalculated with Eq. (7).



Author and Method for Method for calculation Data sources, Location Results of the study: percent
reference self-consump- of self-consumption number of samples self-consumption with and
tion and time span and type of building without measures taken
Castillo-Cagigal — DSM and — Experimental results — Daily loads between  — Madrid, — 33 % with storage, without DSM
etal.? residential from two weeks of 11 and 13 kWh Spain — 42 % with storage, with DSM
[75] battery operation as comparison,  — 5,55 kW PV system No results presented for a PV system
storage, lead presented as daily — 5.4 KWh battery without storage
acid average storage
Femiaet al. — DSM and —Numerical simulation on - Two households — Napoli, House with two persons:
[77] residential fictive houses o two persons, both Italy — 16 % without storage, without
battery —One year simulation working during DSM
storage, lead the day, yearly — 31 % without storage, with DSM
acid consumption of — 33 % with storage, without DSM
2.3 MWh — 48 % with storage, with DSM
o Four persons, one House with four persons:
working during — 44 % without storage, without
the day, yearly DSM
consumption of — 53 % without storage, with DSM
5.0 MWh — 65 % with storage, without DSM
~ 2.9 kW PV system — 73 % with storage, with DSM
— 2.2 KWh battery
storage
Widén & — DSM and —One year simulation — Measured — Sweden, - 50 % without storage, without
Munkhammar residential —10 minutes resolution consumption from 20 several DSM
[81] battery — Load shifting algorithm detached single- locations - 53 % without storage, with DSM
storage, lead family houses — Approx. 63 % with storage, without
acid — Measured DSM
meteorological data — Approx. 65 % with storage, with
— 5 kW PV system DSM
— 5 kWh battery storage
— Yearly PV production
of 4.9 MWh
Widén — DSM — Load shifting algorithm — Measured load — Sweden,  Average results
[19] —One year simulation profiles for multiple several 3 kW PV system:
—10 min resolution appliances locations  — 63 % without DSM

— 200 Swedish single-
family households

— Measured
meteorological data

— 4 sizes of PV systems:
3,6,9and 12 kw

— 67 % with DSM

6 KW PV system

— 45 % without DSM
— 48 % with DSM

9 kW PV system

— 35 % without DSM
— 37 % with DSM
12 KW PV system

— 29 % without DSM
— 31 % with DSM

! According to the definitions of self-consumption and self-sufficiency in section 2.1, the results in Castillo-Cagigal et al. [75] are
presented as self-sufficiency and the results have therefore been recalculated with Eq. (7).



Table 5

Author Battery capacity (kWh)  Battery capacity (kWh) Percentage point increase of
PV peak power (kW) PV production (MWh)  self-consumption
Bruch & Muller [58] 0.33 0.34 18
Braun et al. [57] 0.46 0.46 10
Vrettos et al. [83] 0.56 - 17
Williams et al. [85] 0.64 0.64 18
Bruch & Milller [58] 0.67 0.69 22
Femia et al. [77] 0.76 - 17 (32 combined with DSM)
Femiaetal. [77] 0.76 - 21 (29 combined with DSM)
Waffenschmidt [66] 0.91 0.91 19
Braun et al. [57] 0.92 0.92 15
Li & Danzer [52] 0.94 0.83 24
Castillo-Cagigal et al. [73] 0.97 - 20 (29 combined with DSM)
Widén & Munkhammar [81] 1 1 13 (15 combined with DSM)
Weniger et al. [67] 1.38 1.33 30
Schreiber & Hochloff [20] 1.80 - 41
Thygesen & Karlsson [65] 4.62/9.25 (24/48 kWh storage) 4,71/9.41 (24/48 kWh) 33
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