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Abstract. A paradigm shift is taking place in Low Voltage (LV) distribution
networks, motivated by progressive implementation of renewable micro-
generation (UG), mainly Photovoltaic (PV), near household consumers. The
concept of self-consumption linked to battery storage is emerging as a way to
enhance the quality of electrical network. Smart-Grid (SG) environment comes
close to this approach and may have a crucial relevance on management of in-
telligent power distribution networks, in the framework of a Smart Environ-
ment. This paper proposes an additional contribution on the subject by investi-
gating the economic profitability of PV battery systems being analyzed with re-
spect to its impact and economic feasibility, taking into consideration their ini-
tial investment and operation costs. The purpose is to verify if prosumer’s in-
vestment is financially more interesting than purchasing all electricity needed
for consumption from the LV grid. The results of the performed economic anal-
ysis show that self-consumption with storage is a potential solution.

Keywords: Micro-Generation, Self-Consumption, Battery Storage, Economic
Analysis

1 Introduction

Nowadays, a paradigm change is ongoing in LV distribution networks driven by the
progressive implementation of renewable uG next to the consumers, mainly from
small PVs type. This change can bring benefits, mainly in rural areas, as it allows to
improve the quality of electrical energy supply [1]. This novel operational model
allows to highlight the concept of prosumers (consumers that both produce and con-
sume electricity), considering that this strategy may be interesting both from a tech-
nical and economical point of view [2, 3]. Self-consumption and storage of electricity
surplus in batteries during daylight, to be used later when there is no sun power, is
being recently adopted as a way to facilitate the integration of more small renewable
energy sources in LV distribution networks. The advantages resulting from the im-
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plementation of prosumers in the distribution network, as well as the possibilities for
integration of energy storage technologies, can be further enhanced by combining the
intelligent power distribution networks or SG [4, 5].

The SG concept comes very close to this paradigm change. It is nowadays well-
known that SG can bring benefits in terms of safety, economy and efficiency of the
network [6]. Moreover, the evolution of communication and information technolo-
gies, is supporting the development of SG and appears as an assimilated vision for the
future power systems [7, 8].

Nowadays, PV feed-in tariffs incentives are progressively being removed. This can
be perceived as a prelude for the promotion of self-consumption. Intense research on
economic viability of PV systems have been recently presented. These works intend
to validate the viability of PV systems from different perspectives: net-metering and
bill savings [9, 10], feed-in tariffs assessment [11, 12], energy policies to support the
promotion of PV systems [13, 14]. As a result, it is now commonly accepted that it is
essential to have investment and operating costs information, in order to enable timely
planning and on-line buying and selling of electrical energy, bearing in mind the net-
metering context [15].

This paper proposes a supplementary contribution on the subject by investigating
the economic profitability of PV battery systems. Battery Energy Storage (BES) aims
at reducing the electricity consumption from the distribution networks, because resi-
dential clients consume and store the energy they produce on their own. PV battery
systems are analyzed with respect to its impact and economic feasibility, taking into
consideration, their initial investment and operation costs, where the purpose is to
verify if the prosumer's investment, is financially more interesting than purchasing all
electricity needed for consumption from the LV grid.

2 Contribution to Cyber-Physical Systems

Cyber-Physical Systems (CPS) are the new generation of engineering systems that
offer close interaction between cyber and physical components [16]. CPS are at the
center of current discussions about the next generation of intelligent services, that
power areas as diverse as medicine, aerospace, electrical networks, consumer appli-
ances [17]. This approach may be the new vision of the future in several areas of soci-
ety. The potential investment gains of CPS are immense, inasmuch as the traditional
systems can fail in solving problems of physical and computational nature. Continu-
ous advances in science and engineering improve the bond between the computational
and physical elements through smart mechanisms, significantly increasing the adapta-
bility, autonomy, efficiency, reliability, security and functionality of cyber-physical
systems [18].

The SG concept is connected to the evolution of communication and information
technologies, where CPS may be the answer to bring this concept to another level.
Some entities, such as the NIST Engineering Laboratory [19], are dedicated to the
development of SG study in a CPS context. This approach, from SG perspective, can
bring many benefits in terms of safety, economy, efficiency and reliability [20, 21].



Impact of Self-consumption and Storage in Low Voltage Distribution Networks 443

Classical SG example are the smart-meters, in which is possible through CPS,
monitor and manage the power of the smart house. On another scale, in theory, the
aim of CPS is not only managing and monitor the smart house but manage and moni-
tor the entire electrical network as a whole. In sequence of this management through
CPS, the net-metering system can be applied. Net-metering is based on the concept
that the surplus production and injected into the network is recorded as credits, that
can be compensated for consumption, in greater time period, using the grid as a long-
term storage [13]. An alternative would be to manage the power grid with the possi-
bility of using the batteries of residential prosumers, if required, by the power grid.
The CPS, in this case, could manage and use energy from these batteries, bridging any
gaps of the network. In this case, there would be a compensation to the prosumer,
credited for the energy used in this process, similar to net-metering, where CPS could
be an excellent contribution, allowing the optimization of management of the entire
electrical system.

Is essential to have a knowledge of the investment and operating costs, in order to
enable timely planning and, considering the net-metering context, the on-line buying
and selling of electricity. In future, the storage system can be fundamental, in electric-
ity sales perspective by credits, in which CPS may reveal great importance on the
management of this process. Consequently, this paper aims to make an investigation
related to this issue, by verifying the economic viability and profitability of PV bat-
tery systems, in several scenarios.

3 Research Contribution

3.1  Methodology

Commonly, the purpose of an economic analysis is to make an economic assessment
of the viability, stability and profitability of project investment, wherein this analysis
helps to reach a decision about that investment. There are some key-indicators of
economic parameters that should be considered [15], as follows.

The net present value NPV is defined as the sum of present values of incoming and
outgoing cash flows over a period of time of the project.

VIR SRATRIN SR
_ __ . 1)
ia(1+a) (1+a)

Where n is the project period time, a the discount rate, I;is the investment for year
j, Ry is the net revenue obtained for year j calculated from the difference between
gross revenues R; and maintenance and operation costs domj, It relates to the total in-
vestment.
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The internal rate of return IRR is a rate of return used in a capital expenditure
budget to measure and compare the profitability of the investment.
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The discounted payback period DPP is the length of time required to recover the
initial investment from the present value of the expected future cash flows.
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3.2  Case Study Definition

According to the current Portuguese legislation (Decree-Law 153/2014), the produc-
tion of electricity for self-consumption is allowed with the possibility of injection of
surplus to the network. Another important aspect, is that individual capacity of puG
must be less than or equal to 100% of prosumer contracted power. These legal speci-
fications have been taken into consideration in this work.

Load and uG data, for a typical prosumer, was estimated based on the annual pro-
files of consumption and uG made available by the Portuguese Energy Services
Regulatory Authority (ERSE), based on average 15 minutes intervals. On the other
hand, it was assumed, based on consumption data profile, that prosumer's contracted
power is 4.6 kVA, where bi-hourly tariff was selected. The average annual energy
consumed per consumer is 2293 kWh.

For purposes of economic analysis of PV systems, considering the concept of self-
consumption by prosumers, eight scenarios were proposed: (i) PV of 0.5 kW, where
all the energy produced by PV system is used only for self-consumption; (ii) PV of 1
kW + net-metering, the surplus is injected in network, on net-metering format; (iii)
PV of 1 kW + batteries, a part of surplus is used to charge the batteries; (iv) PV of
1.5 KW + grid injection, the surplus is injected in network; (v) PV of 1.5 kW + net-
metering, the surplus is injected in network, on net-metering format; (vi) PV of 1.5
kW + batteries, a part of surplus is used to charge the batteries; (vii) PV of 1.5 kW +
grid injection + batteries, the surplus is used to charge the batteries and to be inject-
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ed in network; (viii) PV of 1.5 kW + net-metering + batteries, the surplus is used to
charge the batteries and to be injected in network, on net-metering format.

In scenarios (iv) and (vii), is considered that the prosumers sell the surplus of ener-
gy to the network. In this context, the prosumers have to install and pay a bidirection-
al counter, pay a fee and get a certificate of exploitation. The remuneration Ry, of
surplus (Decree-Law 153/2014) is calculated by

R, = E, OMIE, 90%. )

Rm [€] corresponds to the remuneration of surplus energy, En [KWh] is the provid-
ed energy to grid, OMIEn, [€/kWh] is the average Iberian market value, where m is the
month referred to electricity counting. Considering the net-metering format, the
prosumers in scenarios (ii), (v) and (viii) are paid by credits.

The battery bank was sized to support only 7h of consumption per day, resulting in
a set of 18 OPzV gel battery units of 2 V — 220 Ah, at scenarios ((iii), (vi), (vii),
(viii)). Batteries sizing was made bearing in mind the depth of discharge (DOD) and
the efficiency of the energy-conversion process. Accordingly to the manufacturer,
these type of battery has an approximate lifetime of 7 years, considering 2500 cycles
at 35% DOD.

In the economic analysis, for the eight proposed scenarios, was considered: a peri-
od of 20 years, a discount rate of 4%, a maintenance and operation costs of 1% of
total investment of the project (based on [22, 23]) and also a depreciation factor Ds of
0.75% per year has been considered [24]. The D factor accounts for the decrease in
the efficiency of the PV panel, over its lifetime. Table 1 shows the total investment
for the proposed scenarios.

Table 1. Total investment (lt) of PV system to eight scenarios proposed for economic analysis.

Scenario It [€] Scenario It[€] Scenario It[€]
0] 1135.5 (iv) 32344 (vii) 14014.2
(i) 24494 (v) 32344 (viii) 14014.2
(iii) 13027.0 (vi) 13477.2

PV system values include: PV panels; micro-inverters ((i), (ii), (iv), (v)); battery
bank and inverter ((iii), (vi), (vii), (viii)), where the inverter is replaced after 11 years;
connecting (DC/ AC) cables structure; bidirectional meter (scenarios (ii), (iv), (v),
(vii), (viii)) and the value of the installation. A tax of 23% is included on these
values.
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4 Simulation Results and Discussion

Fig. 1 represents the average curves of the load and PV pG profiles of a residential
prosumer, on a summer typical day. The radiance and temperature were taken into
account on PV G profile. Self-consumption with PV 0.5 kW and PV 1.5 kW is about
78.8% and 32.1%, respectively. The energy produced by PV 0.5 kW and PV 1.5 kW
is approximately 800 kWh and 2400 kWh, per year.

Fig. 2 presents the savings resulting from self-consumption, at first year of
operation. The electricity bill was calculated using the present bi-hourly tariff for
Portuguese electricity consumers. The first bar represents the annual electricity bill,
considering that no PV system is installed. The subsequent blue bars represent the
annual electricity bill considering that different PV systems are installed. The orange
bars display the savings as compared to the case in which no PV system is installed.
As it can be seen, each type of PV system allows a reduction of the electricity bill
from network consumption. These calculations refer to the net electricity bill, no
investment costs in the PV systems being considering. As is possible to perceive, PV
0.5 kW allows a annual reduction of 30.2%, PV 1.5 kW of 40.4%, and PV 1.5
kW+Batteries of 63.3%.

Consumption ----- PV 0.5 kW —-— PV 1.5kW
1.5
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1t J/ \
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05 | / \
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Fig. 1. Load and PV pG profiles of a residential prosumer on a summer typical day of the year.
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Fig. 2. The resulting savings from self-consumption, accordingly with PV system type.

Table 2 presents the economical analysis results for the eight scenarios proposed.

Table 2. The results of economic analysis.

Scen. NPV[€] IRR[%] DPP[Years] Scen. NPV[€] IRR[%] DPP[Years]

(i) 807.9 11.2 9.3 ) 2491.7 11.8 8.7
(i) 15448 105 9.6 (vi) -7215.9 -16.5 N/A
@iiiy -6877.9 -16.1 N/AL (vii) -7255.8 -16.0 N/A
(iv) 2677 4.9 16.8 (viii)  -6065.7 -12.7 N/A

The results presented in Table 2 allow to conclude that scenarios (iii), (vi), (vii)
and (viii) have a payback superior to 20 years. Contrariwise, the remaining scenarios
are feasible for investment.

Currently, a PV system for self-consumption, sized to the minimum peak
consumption throughout the day, avoiding the injection in network as much as
possible, presents a reasonable profitable solution for the prosumer. Scenario (i), as
presented in Fig. 1, comes close to this requirement. Although feasible, (iv) has a
payback on a long period of time, making it unattractive as investment. This happens
because, currently, the sale of electricity to the network is not economically feasible.
On the other hand, the scenarios (ii) and (v) present an investment with an interesting
IRR. It should be mentioned that was not considered any percentage penalty,
relatively, to the net-metering approach.

1 Not Applicable.
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Ideally, the PV with storage allows to increase the amount of self-consumption by
prosumer, as presented in Fig. 2, in comparison with a conventional PV system, with-
out batteries. However, results of all scenarios with batteries, presented in Table 2,
demonstrate that these scenarios are not profitable. This can be explained by the fact
that the batteries, at present, are still expensive, although its technology has evolved.
Currently, there are batteries with a long life-cycle reaching up to 5000 cycles, as
lithium technology for instance. Consequently, investment on PV system with storage
may become interesting, when the price of batteries decrease.

It is possible to conclude, by analyzing the results that IRR improves, if increasing
the Rm, thus making it economically, more viable and profitable for the prosumer’s
investment. In addition, the energy traders should encourage the prosumers with fi-
nancial support, for the PV system and storage equipments. Despite the net-metering
not be yet a reality in Portugal, this study revealed, in this context, that the self-
consumption with storage is feasible, being a very interesting possibility for the fu-
ture.

5 Conclusions

An economical analysis of profitability and feasibility of PV battery systems were
proposed. The main contribution of this work is to investigate, if the prosumer's in-
vestment is attractive on an economic perspective. Is essential to have a knowledge
about the investment and operating costs, in order to enable timely planning and, con-
sidering the net-metering context, the on-line buying and selling of electricity where
CPS can be an excellent contribution in this process.

Eight scenarios were proposed for economic analysis. The results reveal that pay-
back of prosumer's investment can improve: if increase the Rm, or if is on a net-
metering format. On the other hand, the batteries are still expensive, despite its tech-
nology has evolved.

In future, is expected, with the prices reduction of batteries, that most of the resi-
dential PV systems will be equipped with storage. On a net-metering context, self-
consumption with storage promises to be a very feasible solution, with high potential,
on an economic outlook.
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