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• Real demand data for residential dwellings and small business.
• Prosumer aggregation more efficient than battery.
• Aggregation of 10 households has significant impact on self-consumption rates.
• Aggregation of different demand profiles is very effective.
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a b s t r a c t

Themismatch between photovoltaic generation and residential load leads to relativemodest rates of self-
consumption of solar electricity unless expensive storage solutions are locally available. One alternative
to batteries is the aggregation of demand of different prosumers, as the collective load diagram might be
better adapted to the solar resource. This hypothesis is tested for empirical data from 18 dwellings and
3 small businesses in the city of Lisbon, Portugal. Results show that a relatively low number of dwellings
and a local small shop with a PV system without any storage will reach 90% self-consumption rates at a
much lower cost than an individually owned PV system with 1 kWh/kWp storage system.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The impressive cost decrease of photovoltaics in particular
during the last decade (IEA) led it to reach grid parity in many
countries, at least at the retail level (sometimes called plug par-
ity) (Breyer and Gerlach, 2013). Overcoming the grid parity thresh-
old creates conditions to replace feed-in tariff incentive mecha-
nisms by no-subsidy PV self-consumption business models which
are being implemented in many communities (Coughlin et al.,
2012; Cucchiella et al., 2017). Conceptually, this approach is based
on a prosumer who owns a rooftop PV system, avoiding some
demand during sunshine hours when his or her home is (partially)
powered by solar electricity, feeding eventual excess energy into
the grid, while being a ‘regular’ grid customer when the sun is
not shining. Except for special net metering arrangements, most
of these self-consumption solutions provide high value for self-
consumed solar electricity while penalizing excess energy fed into
the grid (Comello and Reichelstein, 2017). This regulatory setup
promotes the deployment of small PV systems, sized in such a way

∗ Correspondence to: FCUL, DEGGE, Ed. C8, 1749-016, Campo Grande, Portugal.
E-mail address: mcbrito@fc.ul.pt (M.C. Brito).

1 Currently at Instituto de Energía Solar - Universidad Politécnica de Madrid,
28031 Madrid, Spain.

that PV peak power corresponds to minimum daytime demand
(Silva et al., 2016). For a typical working family, away from home
when the PV has higher production, this often means an almost
residual PV power system. Furthermore, individual load profiles
feature very high variability, especially when analyzed with a sub-
hourly resolution (Cao and Sirén, 2014), which further reduces
optimal PV peak power for self-consumption customers. Small PV
systems benefit less from economies of scale and therefore this
market conditions may be argued to limit the full deployment of
photovoltaics, in particular in the distributed residential market.

One possible option to increase the self-consumption rate of
photovoltaic-generated electricity is the use of a battery bank that
stores excess solar electricity during sunshine hours which is later
used in the evening (Jallouli and Krichen, 2012; Gitizadeh and
Fakharzadegan, 2014; Lupangu and Bansal, 2017). However, cur-
rent and expected battery prices for the next few years are too high
to make this option price competitive in most situations (Bendato
et al., 2018).

A complementary approach is the aggregation of different elec-
tricity customers. The central limit theorem states that the vari-
ability of independent random variables will decrease with the
square root of the number of variableswhich suggests that the load

https://doi.org/10.1016/j.egyr.2018.11.002
2352-4847/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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Table 1
Overview of characteristics of load diagram for different units and their aggregation. †Due to the relative high demand of hotel, these sets
combine the load of the hotel with 4 and 8 times the load of the 7 and the 18 dwellings, respectively.
Units Energy consumption

[MWh/year]
Power range
[kW]

Observations

Residential units 0.3 – 3.1 0.0 – 5.8 Typical residential load diagrams
Bank 3.8 0.1 – 2.6 Almost flat consumption during working hours
Pub/restaurant 7.4 0.2 – 4.1 Higher demand in the evenings
Hotel 83.1 3.7 – 31.3 Higher demand in winter
Condominium 18.9 0.7 – 8.6 Aggregation of all 18 dwellings
Condominium 6.9 10.0 0.35 – 4.3 Aggregation of the 7 dwellings with 6.9 kVA
Condominium & bank 22.6 0.9 – 8.8
Condominium 6.9 & bank 13.7 0.5 – 5.0
Condominium & pub 16.0 1.1 – 9.3
Condominium 6.9 & pub 10.3 0.6 – 6.3
Condominium & hotel 157.8 7.5 – 49 8x the load of the condominium†
Condominium 6.9 & hotel 161.8 7.7 – 54 4x the load of the condominium 6.9†
Condominium & bank & pub 18.2 1.4 – 9.5
Condominium 6.9 & bank & pub 12.4 0.9 – 6.9

aggregation of different prosumers2 would lead to a less variable
load, increasing the rate of self-consumption of PV systems. This
statistical effect has been identified, and quantified (Salom et al.,
2011) but, as it has been pointed out by Luthander’s recent review
on photovoltaic self-consumption in buildings (Luthander et al.,
2015) there is a lack of evaluation of this aggregation effect using
empirical data.

Osawa et al. (2012) simulated a community with electric vehi-
cles, based onmeasureddemanddata for 50homes in Tokyo, Japan.
Their results show that the impact of aggregation of 10 homes is
to increase self-consumption from 42 to 52%, with an increase of
4% in self-sufficiency. The case study developed by Mahran et al.
(2016) for two typical days in Konstanz, Germany, shows that self-
consumption may exceed 60% without storage for single users as
well as for an entire community. Luthander et al. (2016) evaluated
high-resolution irradiance and power consumption data from a
community of 21 single-family houses in Sweden and observed
that self-consumption ratio increased +15% when using shared
instead of individual storage. Merei et al. (2016) show that a
PV system can be a very attractive investment for a supermarket
in Aachen, Germany, whilst the implementation of storage sys-
tems with large battery sizes just lead to a slight increase in self-
sufficiency degree at a high cost.

The main objective of this paper is to contribute with empirical
data to the evaluation of the impact of load aggregation on the
rates of self-consumption and self-sufficiency of PV electricity and
its potential to reduce storage capacity. In particular, it explores
the potential of combining the load of residential and small local
shops, with very different load profiles and higher demand during
daytime, which offers an even higher potential to increase the rate
of self-consumption of PV electricity.

A full economic analysis is performed to assess the impact of
load aggregation on the internal rate of return and payback time
of the PV systems. The analysis is performed for current market
conditions in Portugal but its conclusions are at least qualitatively
valid for all markets allowing PV self-consumption. The data set
includes sub-hourly demand data for 18 individual households and
3 commercial customers (one bank, one pub/restaurant and a small
hotel).

The rest of the paper is structured in a Methods section, de-
scribing the details of the input data, the PV and storage models,
and the economic parameters, which is followed by the Results
section reporting on the results for the load aggregation of resi-
dential prosumers and its aggregation with the small shop’s load.
In the end, Conclusions and comments regarding future work are
summarized.

2 Load profiles of different prosumers are not exactly independent random
variables since demand patterns are often determined by common drivers such as
lighting, cooking or heating/cooling needs.

2. Methods

For this analysis, measured load data for residential and com-
mercial units are used to assess the potential self-consumption and
self-sufficiency of photovoltaic systems with a range of installed
powers, extrapolated from locally measured PV generation data,
and different levels of storage.

2.1. Load data

This work is based on electricity consumption data residential
and commercial units located in Lisbon, Portugal, for 2013, which
was provided by ISA (Intelligent Sensing Anywhere http://www.
isasensing.com). The residential units were a set of 18 dwellings
with contracted power from3.45 to 10.35 kVA; 7 of these dwellings
have the same contracted power (6.9 kVA) and in the analysis
are considered as ‘condominium 6.9’ to test the impact of a more
homogeneous sample.

The commercial units are those of a bank branch, a pub
/restaurant and a hotel. The contracted powers of these commer-
cial units are not known. Table 1 summarizes the most relevant
characteristics of the load diagrams of the different units consid-
ered and their aggregation.

Time resolution for load data is 15 min and, for privacy issues,
there was no geographical information on either the residential
or commercial units. Missing data were addressed by linear in-
terpolation considering the day of the week (separating week
and weekend days) and local holidays. For further details on the
interpolation procedure refer to Reis (2017).

2.2. PV system

The photovoltaic energy generation data is for a single location,
also in Lisbon, with a time resolution of 10min. Themeasured data
was obtained from a south facing polycrystalline silicon modules
with the local optimum inclination (34◦). These data were linearly
interpolated to a 15 min resolution, for synchronization with the
demand data, and normalized for kWh/kWp.

For each building unit or combination of building units, the sim-
ulated system configuration consists of the PV array, an inverter,
battery storage system (when available) and bi-directional meter.
The PV installed power and storage capacity aremodel parameters.
Table 2 summarizes the relevant technical parameters for the PV-
battery system. Battery lifetime and self-discharge losses assume
lithium-based battery, which have been shown to be more appro-
priate as residential electricity storage (Krieger et al., 2013).

The energy management strategy gives priority to the use of
solar energy: the generated PV electricity is primarily used to fulfill

http://www.isasensing.com
http://www.isasensing.com
http://www.isasensing.com
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Table 2
Operating and technical parameters of PV-battery system.
Parameter Value Unit

PV module warranty 25 Years
Inverter efficiency 97 %
Inverter warranty 10 Years
Round trip efficiency 89 %
Battery losses 1 %/month
Battery warranty 10 Years

the consumption needs. If generation is higher than demand, ex-
cess power is sent to the battery or, if the battery is totally charged,
fed to the grid. If generation is not enough to fulfill demand, the
energy stored in the battery will be used before using the grid.

2.3. Assessment

Self-consumption is here defined as the fraction of photovoltaic
-generated electricity that is consumed by the producer on-site
or by associates directly contracted to the producer. The excess
of electricity can either be injected into the grid or stored to be
consumed when needed. This delayed use is also accounted as
self-consumption. A 100% rate of self-consumption means than no
photovoltaic generation is fed to the grid. Note that this definition
means that electricity loss in charging/discharging a battery is also
considered self-consumption.

Following the nomenclature of Luthander et al. (2015), if L (t)
is the instantaneous load, P (t) the photovoltaic production and
S (t) the power to and from the battery (S (t) < 0 when charging
and S (t) > 0 when discharging), the rate of self-consumption
is defined by Eq. (1) where M (t) = min (L (t) , P (t) + S (t)) is
the instantaneously overlapping part of the generation and load
profiles:

SC =

∫
M (t) dt∫
P (t) dt

(1)

The rate of self-sufficiency, defined in Eq. (2), represents the
degree to which the on-site PV production is sufficient to fulfill the
energy needs of the building unit.

SS =

∫
M (t) dt∫
L (t) dt

(2)

The PV system economic assessment is based on the discounted
payback period and the internal rate of return, which are defined
as usual. The payback is the number of years it takes for the initial
cost of the project to equal the discounted value of expected cash
flows. The investment comprises the initial expenditure, e.g. the
costs of the PV, the inverter, the battery (when available) and
the installation, operation and maintenance costs (1%/year) and
replacements costs (both inverter and battery are assumed to have
operational lifetimes of 10 years and hence need to be replaced
twice during the duration of the project). The cash inflow is the
sum of the (avoided) cost of electricity bought from the grid and
the revenue from the electricity fed into the grid.

For numerical simulations, the particular case for Portugal (as
established by the Law Decree 153/2004) was used. These eco-
nomic parameters are summarized in Table 3.

3. Results

Results are presented by considering the aggregation of res-
idential units only and then, in Section 3.2, the aggregation of
residential and the local commercial units.

Table 3
Relevant parameters for the economic assessment.
Parameter Value Unit References

Cost PV 1.8 e/Wp (Collares Pereira et al.,
2016)

Cost inverter 0.3 e/Wp (FF Solar, 2017)
Cost battery 470 e/kWh (The Tesla Powerwall,

POWERWALL 2 AC, 2016)
Feed in price 0.05 e/kWh (OMIE, 2017)
Electricity cost 0.1587 e/kWh (ERSE, 2015)
Inflation 2.0 %
Project lifetime 25 Years

3.1. Aggregating residential systems

The impact of the load aggregation of the 18 residential units
was performed by considering 100 random combinations of pairs,
triplets, etc. of different loads, without any restrictions regarding
repetitions. The PV installed power was varied from one 250 Wp
module up to the load peak power. The storage capacity varied
from zero (no battery) to 2 kWh/kWp.

The particular results presented in Fig. 1 are representative of all
simulations. The boxplot represents themedian, the 25th and 75th
percentiles the most extreme data points not considered outliers,
which are plotted individually. They were obtained for maximum
PV power (i.e. PV installed power equals the peak consumption
of the instantaneous sum of the load of the dwellings considered,
rounded to the nearest integer number of 250 Wp modules) and
1 kWh/kWp storage capacity. Increasing storage capacity leads to
higher self-consumption and self-sufficiency but with diminishing
economic performance due to the present high cost of batteries.

One can observe that, on average, the self-consumption in-
creases from about 50 to 80% when the number of dwellings
increases from single unit to about ten homes. Aggregation ofmore
dwellings does not seem to lead to significant changes in self-
consumption. It is also noticeable that the self-sufficiency range
is very wide, hence this factor is very sensitive to the particular
load diagrams of the residential units considered (e.g. the self-
sufficiency for a single home may vary between 20 and 100%). Of
course, this result reinforces the relevance of behavior impact and
demandmanagement strategies as complementary approaches for
improved self-consumption. This variability decreases with the
number of aggregated dwellings.

Another impact of load aggregation is the reduction of the self-
sufficiency rate. This result is expected as the smoothing not only
reduces the number of instances when the generation exceeds
the load (with a high impact on self-consumption) but also re-
duces the number of instances when the load exceeds the gen-
eration. This anti-correlation between self-consumption and self-
sufficiency has been clearly shown in Luthander et al. (2015).
Again, the impact of load aggregation is not very significant above
ten homes.

The impact on economical parameters follows closely the be-
havior of the self-consumption rate since the IRR and payback
times critical depend on the high value of avoided consumption
from the grid and the low value of surplus photovoltaic electricity
fed into the grid. For this particular PV-storage system configu-
ration, the impact of load aggregation leads to a potentially risky
investment for single homes to a clearly attractive project when
including more than 6 dwellings, with average internal rates of
return above 5%.

3.2. Aggregating residential and commercial units

A better match between consumption and photovoltaic gen-
eration leads to higher self-consumption, higher self-sufficiency,
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Fig. 1. Impact of number of residential units on (a) self-consumption, (b) self-sufficiency, (c) internal rate of return and (d) discounted payback period. Results for peak PV
power and 1 kWh/kWp storage.

higher internal rate of return and lower payback periods. This
can be observed in Fig. 2, which presents these four parameters
for the ranges of peak power and storage capacity for the hotel
case study. For low installed PV power, below 10 kWp, all the
generated photovoltaic electricity is consumed on-sitewhich leads
to local self-consumption and linearly increasing self-sufficiency.
The internal rate of return decreases proportionally to the storage
capacity because the battery is not being used and higher storage
capacities are more expensive. The discounted payback period
follows the opposite trend, for the same reason.

Above 10 kWp, some of the generated solar electricity will
not be consumed instantly, being either temporarily stored in the
battery or sold to the grid. This means that above this PV installed
power, the level of self-consumption will decrease. The decrease
rate depends on the storage capacity. If the system has no or
low storage capacity, the self-consumption will decrease rapidly,
while a larger battery will slow the decreasing rate. The level of
self-sufficiency will also increase if a larger storage capacity is
considered. The internal rate of return and the discounted payback
period will tend to converge, as more expensive (high capacity)
batteries are more fully used. Nevertheless, the cost of storage
solutions is so high that, for the range of ratio battery capacity over
PV power explored in this study, from an economic point of view,
large storage capacities are always less interesting than smaller
systems.

The self-consumption and the self-sufficiency, for a certain
installed power and storage capacity, will vary from case to case
but their general behavior is common to all case studies analyzed.

The excess energy point, here defined as the installed power
before instantaneous self-consumption drops below 97%, varies
from case to case (for instance, in the case of the hotel, presented in
Fig. 2, the excess point is 10 kWp, or 38% of the contracted power).
Fig. 3 shows the excess energy point as a fraction of the maximum
contracted power for the different building units or combination of

building units without storage. Results show that aggregation will
lead to a bettermatch between installed PV power and load profile.
As expected, the aggregation of commercial and residential units
enables higher PV dissemination without producing an excess of
energy.

It is interesting to compare the excess point over maximum
power for the condominium (28%) and condominium 6.9 (31%)
with the excess points for the individual dwellings (<8%). In fact, in
most individual dwellings the excess point does not exist, which
means that 97% self-consumption would occur for installed PV
power below the PV module unit.

The maximum installed power is never the most economic sys-
tem configuration but it is nevertheless interesting to look at, since
it is the situation leading to the maximum use of the battery. Fig. 4
shows the self-consumption of the different sets of building units
studied, for the maximum PV installed (equal to the contracted
power) and the different levels of storage capacity, from zero (no
battery) to 2 kWh/kWp. These results can be compared to self-
consumption rates of 26–58% for the average individual dwelling,
for 0 kWh/kWp–2 kWh/kWp, respectively.

These results show that individual sites, the restaurant, the
bank and the condominiums, feature the lower self-consumption
rates. Thehotel is a notable exception since, on its own, it achieves a
high level of self-consumption (65–90%, depending on the storage
capacity). In general, the self-consumption rate increases when
different users, i.e. different load diagrams, are merged together.
Depending on the storage capacity, the self-consumption levelmay
overcome the 90%barrier in a number of situations. It is also impor-
tant to note that even without batteries, the self-consumption of
PV systems increaseswith aggregation of diverse users. Comparing
with the results for single units shown in Fig. 1, one can notice
that an aggregated condominium without any storage will feature
higher self-consumption that the average dwelling with a typical
1 kWh/kWp.
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Fig. 2. Impact of PV installed power on (a) self-consumption, (b) self-sufficiency, (c) internal rate of return and (d) discounted payback period, for the hotel case study.

Fig. 3. Installed PV power for self-consumption above 97% (excess point) as a fraction of contracted power for single units and different aggregation sets.

As far as economic parameters are concerned, Fig. 5 presents the
comparison of the internal rate of return, considering maximum
peak power installations, for the different level of aggregation and
PV-storage ratios. The results show that the investment is never
returned for the restaurant, on its own or when in combination
with other users. All other system configurations feature positive
internal rates of return. Again, the aggregation of diverse users
leads to higher returns. It is also worth noting that, as discussed
above, the lower the storage capacity is, the higher the economic
interest of the PV systemwill be. This relation is due to the current
high cost of battery systems.

Considering a plausible threshold of 5% for the internal rate
of return to validate the investment, we can conclude that all
PV systems without batteries are viable (excluding the restaurant

units, as mentioned before). Aggregated systemsmay reach viabil-
ity even with some storage, hence with higher self-consumption.
For the average individual dwelling, the internal rate of return
ranges between 0 and 2.7%, depending on battery size.

The analysis of the discounted payback period (Fig. 6) again
highlights that the restaurant has the lowest economic perfor-
mance, with payback periods above the project lifetime. The ag-
gregation of the restaurant with other users slightly decreases the
payback time, which is kept above 25 years, regardless of the use
of batteries. All other cases feature payback periods in the range
of 10–18 years, with slightly lower value for aggregation sets and
minimum levels for the no-battery configuration. These results
underline the conclusions of the analysis of the internal rate of
return. When lower PV installed power is considered (not shown
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Fig. 4. Self-consumption rate for all PV-storage configurations, for maximum installed power for single units and different aggregation sets.

Fig. 5. Internal rate of return for all PV-storage configurations, for maximum installed power for single units and different aggregation sets.

in figure) payback periods are further reduced, from 8 to 12 years,
depending on the size of the battery.

3.3. Sensitivity to storage costs

These results have shown that the cost of the storage system
has a significant impact on the economics of the PV systems. Since
an important reduction of storage costs is expected for the near
future, a sensitivity analysis related to battery cost was performed.
For that purpose, the economic parameters were assessed when
the cost of the battery is reduced by 50%, a decrease projected to
occur in a 5-years’ time-frame (Berckmans et al., 2017). Results
are shown in Fig. 7 for the aggregated 18 dwellings. One observes
that the impact of cost reduction is of course more significant for
larger storage systems andmaymore than double the internal rate
of return for those configurations. This leads to a less pronounced
relative advantage for lower storage systems. The discounted pay-
back time may decrease by 40% for larger systems. Nevertheless,
the relative benefit of load aggregation is maintained, as one can
observe when comparing the no storage data points in Figs. 3–6

3.4. Limitations of this work

It is important to highlight that although based on measured
load andPVgenerationdata, thiswork is a simulation and therefore
does not account with human behavior features such as, for exam-
ple, the well-documented energy-saving behavior of owners of PV
systems (Keirstead, 2007) or other not so well studied cooperative
(or selfish) conducts in renewable energy communities (Facchini
et al., 2017). The demand attitude of prosumers could certainly lead
to different load diagrams that are expected to further improve
self-consumption but that nevertheless require further study.

It is also relevant to mention that the data used in this study is
from the region of Lisbon but not necessarily from the same street,
due to data privacy issues. It is likely that if all dwellings belonged
to the same building (typical dwellers with somewhat similar
social-economic conditions and more similar demand patterns)
the variability observed in Fig. 1 would probably be reduced.

The relatively coarse time resolution of 15 min provides itself
a smoother vision of the load diagram. In fact, Beck et al. studied
the influence of different time resolutions would have on the self-
consumption rate (Beck et al., 2016) and showed that, compared
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Fig. 6. Discounted payback time for all PV-storage configurations, for maximum installed power for single units and different aggregation sets.

Fig. 7. (a) IRR values for increasing PV installed power, and (b) Change of internal rate of return for a 50% decrease of battery cost, for different levels of Wh/Wp storage
systems.

to 10 s time resolution, a 15 min time step could lead to a 10%
over-estimation of self-consumption. If taken into consideration in
our study, this effect would probably increase the impact of load
aggregation on the self-consumption rate perhaps increasing the
optimum number of dwellings required.

The model results regarding self-consumption and self-
sufficiency are generally in accordance with previous literature for
other locations (as mentioned in Section 1). The economic param-
eters are very much dependent on the local legal-economic frame-
work (which determines the price of the displaced consumption
and fed in revenue) and solar radiation local resources and there-
fore their quantitative extrapolation for other countries/regions
requires caution. Nevertheless, their qualitative variation with
aggregation of different load diagrams, increasing installed power
or storage capacity is expected to hold across a varied landscape.

4. Conclusions

The hypothesis that the aggregation of electricity consumption,
from different users with different consumption profiles, will lead
to an improvement of the collective load diagram, in the sense
of being better adapted to the photovoltaic generation profile, is
confirmed and supported by these results. The demand aggrega-
tion of up to 10 residential households leads to an increase of the
average self-consumption from 50 to 80%, considering a storage
level of 1 kWh/KWp. This increase ismore significant than in earlier
literature due to the diversity of demand profiles.

The internal rate of return at current costs easily reaches 5%
for these shared systems. When the local small shop is included in

the load diagram, the PV self-consumption may exceed 90%. These
results go beyond the reviewed literature, which has focused on
the aggregation of residential customers only.

We can conclude that self-consumption rate and project prof-
itability increases with load aggregation of dwellings and small
business units. A relatively low number of dwellings and a local
small shop with a PV system without any storage will feature
higher self-consumption rates than a much more expensive indi-
vidually owned PV system with 1 kWh/kWp storage system.

Regarding energy policy recommendations, these results show
that legalmechanisms to allowaggregation of demand, storage and
PV generation could have a relevant role for further dissemination
of PV, in particular in the urban environment, without extra costs
for the grid and/or other consumers. This can help to bring new and
more investment to PV-storage systems by prosumers from both
commercial and residential areas.
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