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ABSTRACT: This paper analyzes the self-consumptiossybilities of the local electricity generated angrid-
connected to low voltage PV system. In particutaigcuses on theoretical and simulated studigb®fenergy flows
and exchanges that take place within the systemtlamdnfluence that Demand-Side Management andagtor
systems have. Different factors based on the erftogsg of the system have been defined for theyst&thally, an
economic study, focused on the profitability shdwrthe self-consumption, has been included.
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1 INTRODUCTION

Different studies, found in the literature, have
concluded that Demand-Side Management (DSM) is
beneficial to the grid, both retailers and usersJ[1In
addition, by combining DSM with PV Distributed
Generation systems these benefits are increastaking
into account the local generation in the DSM altiponis.

In this situation, the concept of self-consumptarises.
The self-consumption represents the electrical ggner
consumed by the loads, which is supplied by thalloc
generation sources [2].

Self-consumption is emerging as a new possible
operating mode for PV grid-connected systems. Self-
consumption avoids losses in the transport of eyt
because it is generated in the same place wheie it
consumed. In addition, users can reduce the aligtri
bill using its own generated electricity, and inmso
countries, they even gain a financial incentive dayf-
consuming electricity rather than selling it to tie¢ailers
(existing in Germany since 2009 [4] and currenthygler
discussion in Spain [5]). This fact, together witie
rising prices of the retail electricity and thedestractive
feed-in-tariffs for PV, suggests that new operatioodes
for PV Distributed Generation systems should be
explored, different from the traditional approactséd on
maximizing the exported electricity to the grid. wiver,
not only economic benefits are expected; a higher
efficiency in the electricity use is also expectsdwell a
greater user participation in electricity markets]. [
Additionally, self-consumption and new regulatory
frameworks with time-dependent electricity tariffse
two factors to consider in the implementation o&do
management solutions and specifically in the desifjn
PV Distributed Generation systems.

This paper aims to analyze the feasibility of teH-s
consumption of the electricity produced by PV syste
integrated in residential and small commercial grid
connected buildings and with an electrical storage
system.

2 ELECTRICAL STUDY

An electrical analysis has been made to a better
understanding of how the self-consumption of local
generated electricity works. The electrical studg been
carried out on an electrical system inspired onethergy
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self-sufficient housgrototype “MagicBox” [2,3].
2.1 System under study

The electrical system has been implemented based on
an AC bus topology. It consists of a PV generator
connected to the grid, with electricity storageotigh
batteries and a set of loads. Figure 1 shows akbloc
diagram where all the electrical elements can be
observed. The arrows shown next to the power vimsab
(related to the PV system, batteries, grid anddoBgl,

Poan Pgria andPyoaq respectively) indicate the positive sign
criteria adopted in our study.
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Figure 1: Block diagram of PV hybrid system installed
in a typical grid-connected building.

To establish a design condition based on the self-
consumption term, it is necessary to cover diffefex
generatorssizes. So that, in the simulations carried out
the PV generator nominpbwer is variable. The inverter
used in the simulations consists of a TransformessL
(TL) inverter, which has a high efficiency andntsminal
power is related with the PV generator with a faaib
0.9.

The storage system is composed of a lead-acid
battery with 6 kWh of capacity and a battery ingedf 5
kW of nominal power. It is managed with the objeetof
maximizing the self-consumption [3]. In order to
optimize the local consumption of PV electricityther
immediately or deferred over time through locarate,
the battery operation is set independent of the. grhis
means that batteries are not allowed to be chdingea
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the grid, nor be discharged to it.

To model the load consumption of the electrical
system, we have used three different demand psofile
The first profile has the form of the aggregate dedof
the residential sector, but its consumption isakerage
consumption of a domestic usep,£p; in Figure 2) [6]. In
the second one we have followed the same methdd, bu
for the commercial sector (B »in Figure 2) [6]. Finally,
the third profile is based on a single domesticruse
consumption profile, which is composed of the tgbic
appliances of a highly electrified home(R; in Figure
2) [2,3].
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Figure 2: Load profiles.
2.2 Self-consumption factors

To analyze the possibilities of self-consumptidn o
the local generation, we have defined two factdise
first one is the Self-consumption fact@y,(defined as the
electricity consumed locally from local sources of
generation. It also includes the electricity pr@ddy the
storage systemgremember that only PV electricity is
stored).

The Self-consumption factor has two variants
depending on the term used to normalize the faQoe
is defined as the fraction of load that is suppliéidectly
and indirectly) from the PV syster, ( see Equation 1.a)
and the other one is the fraction of generatedtraddy
that is used to suppthe loads{g, see Equation 1.b).

EL - Epv,load + Ebat,load (1.a)
Eload

EG — Epv,load+ Ebat,load (1.b)
EG

where Epy j0ad is the PV electricity feeding the loads,
Ebat,loadiS the electricity extracted from the batteryte t
loads, Ejpaqis the electricity consumed by the loads and
Eg is the local generated electricited = Epy +
Ebat,loaa-

&, expresses the independence that the user has over
the grid while&g represents the efficiency of the local
generated electricity to meet the demand of a &ace
the direct and indirect local use of PV production
ultimately depends on the demand, it can be coedud
that £ 00[0,1] and &sJ[0,1], however, the meaning of
each factor is different§,=0 would be the case of a
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building with no local generation available, af&1 the
case of a building with an autonomous —physically o
functionally— PV system. Whil&s=0 means that all the
generated electricity goes to the grid and the dses
not self-consume anything§c=1 means that all the
generated electricity supplies the local demandhdéiuld

be noted that both proposed factors could be used i
different time frames. In addition, because theg ar
normalized, comparisons betwetlre Self-consumption
factorsof PV systems with different sizes and loads are
possible.

3 ECONOMIC STUDY

To analyze the economic viabilitgf the system
under study, we have used the Net Present Valu¥\NP
per W, cost using the model described in [7]. The NPV
represents the present value of an investment ghrou
benefits and costs related with the operation ef BV
system. lis calculated as follows:

NPV, =[Benefits-Costg,,, (3)
where, [Benefitg,, are expressed in Equation (4) and
[Costg,,, are described bgquation (5).

1 Per [Eqe + Py [Ey
C\Np EPnom (A/ P’ r Ie 1 N)
where, Cy, is the initial system cost or capital cost (per
installed W), Pnom is the nominal power of the PV
generator (W), per is the price of the electricitynported
from the grid (€/kWh),Es. is the electricityconsumed
from local sources of generatiop, is the price of the
electricity exported to the grid or Feed-In Ta(FT), Eyq
is the electricity exported to the gri(iA/p,r'e,N) is the

(4)

[Benefitg,,, =

capital recovery factor for the rat®, in N years of

system lifetime and the rate — F=Fe  wherer is the

e

1+r,
discount rate and, is the market energy escalation rate.
f
Costdy,, =| Frpe +——2M Q)
[ $Wp financ (A/ P,r'e,N)
Fﬂnanc = fp + (1_ fp - Z—subv)E;A/P;PNl) |:rfdep (6)

(A/P,r,N) Tine
where, Finane included different financial possibilities
(downpayment, subventions, loans and taxes relaiitd
depreciation)f, is the downpayment factor (fraction of
capital cost)zuy is the tax subventiomr; is the market
loan interest rateN; is the loan periodg,. is the
incremental income tax rate, _ 1 is the
“ "N, {A/P,r,N,)

straight-line depreciation of the PV installatioieo Ny
years andoy, is the annual operation, maintenance and
insurance cost.

Finally, the capital recovery factor for a ratén N
years is given by:

-N
(A/P,r,N)= 1‘1(1”)
1 it r=0
N
This method for calculating the NPV is convenient
handle not very large figures and to establish when
investing in a PV systerts economically profitableif

the NPV value is positive, the installation is [itafle.
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Figure 3: Self-consumption factor of the three differentsmmption load profiles.
4 RESULTS generated electricity (self-consumption maximizatio

The results are obtained trough yearly simulatioins
a PV system made of crystalline PV modules, located
Madrid with south orientation and optimum inclirati
(Bp=35°). Simulations have been performed using a
Typical Meteorological Year (TMY) [8]. In the
simulations, the elements of the system under shady
been configured in different ways. We have simulates
system with and without the battery to see thectdfef a
storage system in the self-consumption. In addittbe
simulations have been made with the three diffelesd
profiles to see the differences between domestid an
business users and between average consumptidlegrof
and a real consumption of only one user.

Furthermore, we have used different strategies of
Demand-Side Management. DSM is defined as actions
that influence the way consumers use electricitgriser
to achieve savings and higher efficiency in energgy [9]
and its combination with an automatic control oé th
household demand leads to a new concept called/é\cti
Demand-Side Management (ADSM) [1-3]. In this paper,
we have implemented a load shifting strategy far th
ADSM. However, we used two different objectives to
implement it: (i) displacement to the “valley hduos the
demand curve (minimum demand in aggregate terms,
VDSM) and (ii) displacement to the maximum of the
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To implement the load shifting with the objectiod
maximizing the self-consumptiors, forecast of the PV
generation for the next day is needed [10]; for the
displacement of the demand to the valley a foremaste

of the average consumption of the day is neces¥uey.
have used two different PV forecasted generation
profiles: one corresponding to simplified estimataised

in Spanish legislation (Royal Decree 661,[11])
(DSM,RD), and an optimum forecasted profile (DSM,O)
which is equal to the actual PV generation pradilehe
next day. However, we can only displace an amodint o
the electricity demand along the day or “deferraldad.

In the case of a domestic user the “deferrabled lea
typically a 20% of the total (corresponding to the
washing-machine, the dryer and the dishwasher) [3].
However, for a business user there is typically no
“deferrable” load because consumption mainly ocairs
times of PV generation.

4.1 Electrical results

The results of the yearly simulations of the Self-
consumption factors can be observed in Figure Bako
the cases, Figure 3 shows that the bigger theddiR/
system is, the highef, is. In contrasts decreases its
value when the size of the PV generator grows, gein
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oversized with respect to the demahmdgeneral, the,
reached without using ADSM techniques or storage
system is less than half of the demanded energthbéy
user. However, using ADSM techniques and/or storage
system increase the self-consumption factor.

Figure 3(a) shows the results of the average
consumption of a business user without storageesyst
and the maximun®, reached is about 0.4. However,
ADSM could not be applied because there is no
“deferrable” load. In the case of the average comion
of a domestic user, the maximuép reached without
using ADSM is around 0.35 (see Figure 3(b)). Howeve
applying ADSM techniques increases the valué_odnd
the level reached depend on the amount of “defixtab
load (the bigger the amount of “deferrable” loate t
higher the level reached is). For this user, weehav
simulated the effect of three amounts of “deferéabl
load, 10%, 20% and 30% (in red, blue and green
respectively in Figure 3(b)), for which the maximsié
are about 0.45, 0.5 and 0.55 respectively.

With these two averagesers, we have studied the
self-consumption in general, but it is necessargttaly
the self-consumption with a single real user. Fég8(c)
shows the results of a single domestic user witheout
storage system; in this case the maxin§ynmeached for
natural self-consumption (without using ADSMSC in
black colour, which is below the green one in Figures), i
about 0.3. This result matches up with the one
corresponding to VDSM (in green). However, the hssu
obtained applying ADSM to maximize the self-
consumption (DSM,RD in red and DSM,O in blue) are
higher than the ones reached before, 0.5 for DSMaRID
0.53 for DSM,0. The difference between these two
results is the error of the forecasted PV genaratio
profile. If we introduce a storage system, all the
previously results increase their values (see Ei@{d)).

For all the casest, is doubled and reduces the error

between the forecasted generation profiles. With a
storage system and an ADSM system is possible to
supply all the user demand with local generated
electricity.

In addition, there is an intersection point betwée
and &g for all the cases in Figure 3. This poift € &g)
represents that the annual electricity generatedlliois
equal to the annual electricity consumed by thddqaee
Equations 1.a and 1.b). For all the cases withbat t
storage system, the value &f = &g departs from the
maximum less than 10% and by using a storage system
this point departs from the maximum less than 3Ube
corresponding PV generator sizes are gatheredbiteTa
The PV generator size for the domestic user psofile
without using a storage system is five times logem
the average business user, which is about the same
relationship of the daily consumed electriclygtween
these users. The use of a storage system reduedé®vth
size of the intersection to half the size withosing it.

Tablel: PV generator sizes in kWor §, = &c.

Figure 3 Pnom(ELzﬁG) [kWD]
(a) 20
(b) 4
(© ~4
(d) 2
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4.2 Economic results

The simulations analyze the NPV pey, @ést of an
electrical system like the one described in Secfidh
The NPV evaluates the electrical system in a 25syea
period. These simulations have taken into accohat t
different configurations of the electrical systewitll or
without the storage system) and techniques useatieto
enhancement of the self-consumption. The user lprofi
selected to this study is the load profile correstiog to
a single domestic user.

The initial investmentost of thePV system without
batteries has been set at 3§/svid the initial investment
cost of the storage system has been set to 0.9ftg/We
battery inverter and 13.57€/Ah for the batteffhe
electrical information is constant yearly and idaited
from the study made before. Three tariffs have been
defined to study their effect in the profitabilitf the
systemi) T1, single tariff with no discrimination period
of time, which is called “Last Resource Tariff’ (LRT)
and its value is 14c€/kWh, il 2, tariff with two periods
of time discrimination, which values are 16c€/kWir f
peak-on periods (winter: 12-22 h., summer: 13-23hd
6¢€/kWh for peak-off periods (winter: 22-12 h., suar:
23-13 h.) and iii)T 3, hourly discrimination tariff, which
consists of a different prices of electricity fach hour
of the day depending on the average consumptioa of
domestic user; the average price of this tariff is
14c€/kWh as the price of T1. The Feed-In TariffT(FI
considered has a value of 28c€/kWh, applicable o P
systems under 20 kW in Spain in 20[12]. Half of the
funds are owned resources and the other half ofutigs
is a loan with an interest rate of 5% repayabler d\@
years. The depreciation period is 15 years and the
operating and maintenance costs are the 1% of the
investmentcost of the PV system. Finally, the discount
rate is set to 3% and the annirdremental rate of the
electricity price is set to 2%.

The results of NPV per WWcost obtained are
summarized in Figure 4. Figure 4(a) shows the
profitability of the system under study without tterage
system. In this case the results of the NSC and V&M
the same because the consumption of electricithes
same. The profitability in this scene is reachedmfr
2kW, onwards and the maximum profitability reached at
the end of the investment lifetinie 0.4. However, with
ADSM techniques to maximize the self-consumptios th
profitability is reached from 4k\Wonwards, which is the
double size of the previous case, and the maximum
profitability reached at the end is 0.3Fhis increase can
be explained by thdower revenues from exported
electricity derived from implementing ADSM undereth
considered scenario (current Spanish regulatidhggn
be also observed that among the three tariffs tszlebe
most profitable would be T3. However, with the
incorporation of a storage system, there is not any
profitable PV size generator (see Figure 4(b)). fdason
is that the initial investment of the system ish@gdue to
the cost of the storage system. Thus, it is necgssa
reduce the storage system costs. In addition, the
profitable differences between NSC and ADSM of self-
consumption maximization have been reduced. Adeen t
most profitable tariff is T3 and the maximum prafitlity
reached at the end of the investment lifetis.5.
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Figure 4: Net Present Value of a single domestic user.

Finally, Figure 4(c) represents the profitabilitf @
scenario in which the price of the FIT is equathte price
of the purchasedlectricity. It can be observed that there
is not profitable PV size generator because now the
revenues are lower than in the other two casestlaad
system has a storage system. In this case the ADSM
techniques to maximize the self-consumption getebet
profitability than NSC and VDSM. The most profitable
tariff is again the T3 for DSM,O with a value of.2lat
the end of the simulation.

In view of the results it is stated that a reduwrtin
the costs of the PV systems and the storage systems
necessary. Another measurement that would stimthate
self-consumptiorof PV electricity is the recognition of
the added value of PV technology (market and non-
market values) in terms of tariff incentives [18). this
way the PV sector will be prepared to the arriviathe
grid parity.

5 FINAL REMARKS AND CONCLUSIONS

In this paper the self-consumption of the local
generated electricity has been analyzed from astrial
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and an economic point of view. The system undeystu
consists of a PV generator connected to the gritl wi
storage system and different load consumption.

The self-consumption factor<, (and £g) are not
directly proportional to the size of the PV generand
are important design criteria for PV grid-connected
systems in the framework of Smart grids with high
penetration of Distributed Generation. The tendesfdy
is to increasewith the PV generator size, whil&g
decreases its value. Demand-Side Management
techniques improve the rate of the self-consumed
electricity, and together with storage systems cedu
drastically the electricity consumed from the grid.
addition, DSM and/or storage systems relatively Isma
sizes of PV generators are sufficient to achiegh lsielf-
consumption levels (>60% of annual PV generation or
load consumption).

An interesting PV generator size is wh&n= &g
because it means that the consumed electricitguiale¢o
the generated electricity. In this point the maximaof &,
is almost reached (difference < 10% of maximum).

Increasing the self-consumption malkies exchanges
with the grid smaller. The imported electricity finothe
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grid could be reduced to zero in the case of using
storage system combined with an ADSM system
managed to maximize self-consumption. The reduaifon
exchanges with the grid lead to savings, howevatsib
involves economic losses, under prevailing Spanish
regulations, due to less surplus of electricity.

Under existing PV and Low Voltage electricity féi
conditions in Spain, there is a profitable size R/
systems when there is no electrical storage (si@tjo
batteries considered). However, there is still no
profitability when the system includes storage. sThi
highlights the needs to reduce PV system costs and
promote self-consumption (for example, via tariff
incentives) in the transition towards Distributed
Generation powered Smart Distribution Networks.
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