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Abstract

In this work, the study of different remuneration schemes for the implementation of a solar energy sys-
tem on a building is performed. The photovoltaic system is implemented on a public educational build-
ing, and four different schemes are compared, to understand the economic feasibility of self-consuming
solar energy with and without a battery system, versus selling to the electricity grid. The system per-
formance is compared to the building’s needs, and the different consumption and grid-injection shares
are analysed. Three of the schemes are applied according to the conditions and requirements of the
Portuguese Law, while the remaining one is not yet allowed, and so the legislation from another cho-
sen country is considered. Lastly, a financial analysis is performed to evaluate the feasibility of each
project implementation. The results of this analysis show that both the non-legislated and legislated
self-consumption schemes make for an attractive investment, and that savings resulting from the con-
sumption of solar energy are much higher than the revenues from selling to the grid, which presents as
the least attractive scheme. Finally, the battery implementation also does not show feasibility because
the cost of technology is still too high, despite the reduction witnessed in recent years.
Keywords: PV System; Self-consumption; Net-metering; Economic Feasibility.

1. Introduction

The planet’s population is using its natural re-
sources at an extremely accelerated rate and this
consumption is already leading to obvious environ-
mental consequences. Mitigating and adapting to
climate change are key challenges of the 21st cen-
tury, and at the core of these challenges is the ques-
tion of energy — more precisely, our overall energy
consumption and our dependence on fossil fuels.
To succeed in limiting global warming, the world
urgently needs to use energy efficiently while em-
bracing clean energy sources if we wish to see real
changes in the near future.

According to data from the European Environ-
ment Agency, the residential and commercial sec-
tors are the third biggest sector responsible for
GHG emissions, only behind the transport and in-
dustry sectors [1]. There have been continuous ef-
forts to reduce these emissions by reducing con-
sumption from fossil fuels in the sector, specifically
by introducing renewables as one of (or the only)
consumption source. This continuous and signifi-
cant integration of RES has only been possible due
to major kick-starting incentives and support poli-
cies created by governments. However, as the tech-
nologies become cost-competitive with fossil fuels,
previous incentives are being lowered, and new ap-

proaches need to be employed to maintain the evo-
lution of said technologies and reach the desired en-
vironmental goals.

Policy changes regarding RES have been essential
for an increase of their share in worldwide energy
generation. For PV systems especially the initial
investment is a significant burden to the investor
and even if the cost of technology has been de-
creasing significantly over the last years, the incen-
tives coming from governments as a way to promote
RES were incredibly important to “kickstart” their
growth. The application of Feed-in Tariffs specifi-
cally showed the most effective promotion of wind
and PV systems, which lead to a significant growth
in generation from these sources [2]. High Feed-
in Tariffs in the last decade helped PV technology
to grow and mature, leading to the significant cost
decrease. With this decrease, a threshold of eco-
nomic feasibility was reached and the FIT schemes
have been reduced or even terminated in various
countries. For these solutions to continue to be af-
fordable to costumers, innovation and sustainable
solutions are needed, which currently means shift-
ing to self-consumption of PV energy rather than
selling it.[3]

Rodrigues et al. (2016) [4] analyzed a repre-
sentative set of countries to determine the ones
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with the best investment opportunities for self-
consumption schemes. It was seen that the prof-
itability of the projects always increased with more
self-consumption, and for the majority of the cases,
the 100% self-consumption scenario was the most
viable. Lang et al. (2016) [5] also saw that self-
consumption can already be attractive for many
buildings in central Europe, particularly, large res-
idential and commercial buildings, and it tends to
be more favorable in commercial, rather than in res-
idential buildings, due to a naturally better match
of the demand and PV production curves. The im-
plementation of these systems in public educational
buildings has been studied, and shown positive re-
sults [6, 7, 8]

Since the curves will never be a perfect match, not
only residential but also commercial buildings can
benefit from applying Demand Side Management or
adding a Battery Energy Storage System (BESS) to
the installation. [9]. Many authors have studied the
implementation of a BESS for the improvement of
self-consumption shares [9, 10, 11], and found that
due to the high price and short lifecycle of batter-
ies, the overall benefits of the implementation are
negative. However, the declining cost and increas-
ing lifecycle of batteries are the main factors that
will turn these projects viable in the near future.
In the end, what makes or breaks a project can be
how the consumed and stored energy are managed.

This work aims to show the feasibility of imple-
menting a PV system in an educational building
considering new regulations and incentives for the
technology. The viability of implementing a BESS
together with the RES should also be studied, espe-
cially seeing how battery technologies are a growing
solution that will start to be viable not just for res-
idential applications. The regulation scheme con-
sidered are inserted in the Portuguese legal frame,
apart from net-metering that is not allowed, but will
also be studied. The comparison of these implemen-
tations is done through an economical analysis.

Following this introduction, in section 2 the
Methodology for the study is presented, detailing
the PV system topology, the legal workframe of the
implementations and the economical model. In sec-
tion 3 the system is sized and implemented accord-
ing to the building needs and area. Finally, the re-
sults of the implementation are discussed in section
4, which is followed by the conclusions in section 5.

2. Methodology
2.1. PV system topology
To calculate the PV system’s output, the solar cell
behaviour needs to be modelled. For this effect,
the PVsyst software is used, and the outline of
these calculations is presented to understand what
are the factors that influence the system behaviour
and in what sense. To simulate the behaviour of a

solar cell, the one diode and five parameters model
[12] defined by the equivalent circuit in Figure 1, is
considered.

Figure 1: Equivalent circuit representing the one
diode and five parameters model of the solar cell.

The unknown variables of this model are the cur-
rent supplied by the module (I) and the voltage at
its terminals (V), which will be dependant on the
remaining five variables, as seen in equation 1. As
this is an implicit equation, it needs to be solved
using a successive approximations approach.

I = Iph,ref−I0,ref×
(
e

V + I × Rs
m × V T,ref − 1

)
−V + I ×RS

RSH

(1)

To determine the unknown variables, the five pa-
rameters that have to be calculated are: the pho-
tocurrent Iph,ref , the diode inverse saturation cur-
rent I0,ref , the series and shunt resistance, RS and
RSH , and the diode’s ideality factor m. They cal-
culated using the three most relevant points on the
I-V curve: short circuit, open circuit, and maxi-
mum power point. Seeing there are 5 different pa-
rameters to calculate and only three equations that
result from these points, the calculations involve
lengthy mathematical manipulation, as well as the
use of other relations between the parameters in
those equations [13].

The cell temperature and incident irradiance are
the two main factors on which the cell’s behaviour
is will depend, because the short circuit current and
open circuit voltage results are based on those pa-
rameters. The cell temperature is determined with
regards to the energy balance between the ambient
temperature and the cell’s heating up due to in-
cident irradiance, and this irradiance is calculated
based on the values of its different components.

The irradiance has three components: direct, dif-
fuse, and albedo. Here, only the calculation of
the direct component is detailed, and the geomet-
rical relations seen in Figure 2 are considered. The
vale of Sincident depends on the elevation angle (α)
which is the angular height of the sun in the sky,
and the panel’s tilt angle (β) for which the opti-
mal choice in Portugal is around 33° [13]. These
parameters are all present in equation 2:
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Smodule =
Shorizontal × sin (α+ β)

sinα
(2)

Figure 2: Components of solar irradiance on a tilted
surface.

2.2. Compensation schemes
In this work, the Portuguese legal framework for
the decentralized production of energy for self-
consumption or grid-injection is considered. The
Decree-Law that is exposed here presents the con-
ditions in which Self-consumption Units (UPACs)
and Small Production Units (UPPs) can be im-
plemented [14]. The addition of a battery system
inserted in the self-consumption framework is also
considered, as well as the implementation of net-
metering for self-consumption, which is not allowed
in Portugal.

2.2.1 Self-consumption

In this operating mode, the PV energy is gener-
ated by an UPAC and is directly consumed by the
installation to which it is connected. In this case
the UPAC is connected to the grid, so when the
PV generated energy is higher than the consumer’s
needs, the surplus is injected into the grid and re-
munerated considering 90% of the monthly average
Iberian electricity market (OMIE) closing price, as
seen in equation 3:

RUPAC,m = Einj,m × OMIEm × 0.9 (3)

where RUPAC,m is the remuneration in EUR
(€), Einj,m is the energy injected in the grid, and
OMIEm is the average Iberian market closing price;
all considered for each month m. In this case,
the value of OMIEm will be constant and equal to
the average price for the year of 2019, which was
47.87€/MWh.

Furthermore, for the entities that install these
self-consumption units, the government has also
permitted the exemption of the costs Energy Pol-
icy, Sustainability, and General Economic Interest
(CIEG) [15]. Units with installed capacity above
30kW are exempt from paying 50% of these costs,
during the first 7 years of the project’s lifetime.
With this exemption, the yearly cash flows from the
UPAC installations will correspond to the savings
resulting from self-consumption and the exemption

of CIEG costs, combined with the revenue of selling
surplus energy to the grid.

Since this implementation of an UPAC is grid-
connected, there will need to be two different elec-
tric meters installed: one at the interconnection of
the installation with the UPAC to measure the in-
stallation’s self-consumption, and another at the in-
terconnection with the grid, to count the injected
surplus and the purchased energy. The system con-
figurations with the necessary interconnections can
be seen in Figure 3. Furthermore, the UPAC’s
yearly generation must be inferior to the installa-
tion’s consumption needs, and the power connec-
tion to the grid should be less than 100% of the
installation’s contracted power.

Figure 3: UPAC system connections and meter dis-
play.

2.2.2 Battery implementation

For the battery implementation, the same legal
framework as for regular self-consumption will ap-
ply, with the only difference being where the energy
is consumed from (battery or PV system directly)
and when it is injected in the grid or stored in the
battery. In this work, only one type of implemen-
tation for the battery is considered: the energy is
stored as soon as it is available (when there is a sur-
plus of PV production), and then is “immediately”
used when the consumer’s consumption needs have
to be satisfied. Since the storage capacity is lim-
ited, once the battery reaches its maximum state
of charge, if there is still surplus, it will be injected
into the grid. In this implementation the battery is
only connected to the PV system, and never trades
any energy with the utility grid. With the addition
of the technology, the system display and energy
flows are now as it is displayed in Figure 4.

2.2.3 Net-metering

This model simply presents a different remunera-
tion method for a self-consumption system, and it
is based on the concept that the grid can be used as
a “long-term storage”. Therefore, the functioning
of the system is exactly like before, given that the
surplus PV production will still be injected into the
grid; but in net-metering that energy is recorded as
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Figure 4: PV system interconnections and energy
flows to grid, battery, and consumer.

credits. As this model is applied to UPACs, the en-
ergy is measured like it is presented in Figure 3, and
the metering is not done instantaneously, but rather
after a more extended period of time (depending on
the regulation).

Since, at present time, this operation is not al-
lowed in Portugal, the example of another EU coun-
try that allows for net metering is applied as if
it were legal also in Portugal. The chosen coun-
try was Cyprus, where net-metering can be used in
households with small capacities but also commer-
cial units and public administration buildings [16].
In this regime, the electricity offsetting will be car-
ried out each month, for each calendar year. This
means that if, for example, at the end of January
there is a surplus of production it will be recorded
as credits that are available for usage in the follow-
ing months, and the credits remaining in December
are not available for the following year.

2.2.4 Full grid-injection

In this implementation, the production unit (UPP)
is only connected to the grid and not the installa-
tion, so the totality of the produced energy will be
sold to the grid, with the remuneration being done
through a bidding scheme. This regime applies for
a period 15 years, during which it is considered that
the energy is sold at the rate of the reference tariff
for 2020, which is 0.045 €/kWh [17]. After that
period, the UPP has to sell its energy to the last
resort trader, through the general regime [18], in
which the monthly remuneration (Remm) is calcu-
lated as seen in equation 4:

Remm =

2∑
i=1

Wi × OMIEm × fp × Ci (4)

Where i represents the tariff periods (peak or off-
peak) during which electricity is delivered to the
installation; Wi (kWh) is the energy generated in
month m, during period i; OMIEm (€/kWh) is

the average Iberian market closing price, relative to
month m; fp is a factor to account for losses during
each period; and Ci is the weighting coefficient for
each period (0.86 for off-peak, and 1.13 for peak).

In the display of this implementation seen in Fig-
ure 5 there are still two electric meters, but they are
both uni-directional since they only measure the en-
ergy sold to the grid by the UPP, and the energy
consumed from the grid by the installation. Fur-
thermore, for each kW of installed power, the max-
imum amount of electricity that can be sold to the
grid per year is 2.6 MWh; the yearly UPP produced
energy cannot be higher than two times the energy
consumed by the installation; and the power con-
nection to the grid should be lower than 100% of
the installation’s contracted power, and lower than
250 kW.

Figure 5: UPP system connections and meter dis-
play.

2.3. Financial Analysis
This analysis is based on the revenues from the dif-
ferent compensation schemes and, in contrast, the
cost of technology. The savings and compensation
from the different schemes will be compared, to
conclude which implementation might be the most
profitable investment, by using different economic
performance measurements such as the NPV, IRR,
and ROI. The SPBT is also calculated.

Since there are three different implementations,
the yearly cash flows will be different for all of them,
but generally, they can be defined by equation 5.

Rt = Savings + Compensation − O&MCosts (5)

The values of all of these components are pre-
sented in EUR (€) and differ for each of the imple-
mentations. The savings refer to the money that
is saved from self-consuming energy, and the com-
pensation is the revenue from selling energy to the
grid.

The NPV metric shows the difference between
the present value of cash inflows and the present
value of cash outflows over a period of time. A
positive NPV means that a project or investment’s
estimated profits surpass the planned costs, and the
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it is considered to be profitable. The metric is cal-
culated with equation 6, in which the initial invest-
ment I0 is considered to be done in year 0, and a
discount rate i is applied to the annual cash flows
until the end of the project’s lifetime n.

NPV =

n∑
t=1

Rt

(1 + i)
t − I0 (6)

The cash flows to consider in this calculation will
be different for each implementation: in the regular
self-consumption and net-metering there is a con-
stant cash flow until year 7 because of the CIEG
savings, and then a different one from year 8 until
the end-of-life; and in the battery implementation,
because its lifetime is shorter than the project’s and
higher than 7, there will be one constant cash flow
from year 1 to 7 with savings from CIEG exemp-
tion and higher self-consumption, another from year
8 to 10 only for the battery utilization without the
CIEG exemption, and another until the end-of-life
that will be equal to the cash flow from the regu-
lar self-consumption, since the battery has reached
its end-of-life. Lastly, for the UPP implementation,
there are two different cash flows: from year 1 until
15, and after that until the end-of-life.

These same cash flows will apply to the calcu-
lation of the IRR (eq. 7), which is essentially the
discount rate that makes the NPV equal to zero,
so it estimates a project’s break-even discount rate,
which indicates the annual rate of growth an invest-
ment is expected to generate. If the IRR obtained
is above the discount rate i considered in equation
6, then the project will most likely be accepted.
Otherwise, it is rejected.

0 =

n∑
t=1

Rt1

(1 + IRR)
t − I0 (7)

Lastly, the ROI calculates the ratio of the gain
from an investment relative to the amount invested
(eq. 8), but it does not consider the time frame of
the investment as it just indicates the total growth
of the investment from start to finish, and not an-
nually like the IRR.

ROI =
Net benefit

Total Investment
(8)

2.3.1 Life Cycle Analysis

With this assessment, the environmental impacts
associated with the life-cycle of the complete sys-
tem (PV modules and BoS) are studied, so the en-
ergy requirements throughout the complete life cy-
cle (manufacturing, transport, operation, disposal,
etc.) are estimated to perform the evaluation. Even
though there are no CO2 emissions that result from
the PV energy generation, the system still presents

an environmental impact in other phases of its life,
especially during the manufacturing and disposal.
The net saving of emissions is calculated in tons
through the Carbon Balance, in equation 9.

CO2 Balance = Eoutput×n×LCEgrid−LCEsyst (9)

where Eoutput is the yearly energy generated by
the PV system, in MWh; LCEgrid and LCEsystem

are the grid and PV system Life Cycle Emissions
in gCO2/kWh and tCO2, respectively; and n is the
project’s lifetime in years.

Furthermore, to understand the impacts of the
system, the greenhouse gas and energy payback
time are calculated as seen in equations 10 and 11,
respectively.

GPBT =
LCEsystem

Eoutput × LCEgrid
(10)

EPBT =
ES,E + EBoS,E

Eoutput
(11)

where Eoutput is the annual energy output of the
system, and ES,E and EBoS,E are the embodied en-
ergy of the PV modules and the BoS; all in kWh.

3. Implementation
The system implementation is performed for a pub-
lic educational building located in Beja, Portugal.
The real meterological conditions for the year of
2019 are obtained from Solcast [19], and considered
constant for the remaining years of the simulation.
The architectural plan of the building is seen in
Figure 6, and the system will be implemented in
rooftops G and E.

Figure 6: Architectural plan of the building, com-
posed of small buildings, listed from A to G.

3.1. Consumer energy needs and billing
To size a PV system that is designed for self-
consumption, the user’s consumption needs must be
known. For this effect, the monthly electricity bills
from the school’s chosen utility company were con-
sulted, and showed that the installation has a con-
tracted power of 465 kW, and the yearly consump-
tion and electricity bills amount to 337.609 MWh
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and 53.634 k€, respectively. The building is con-
nected to the grid at a medium voltage level, and
so the energy consumption is charged at a tetra-
hourly rate, based on a daily cycle, which means
that the cycles apply equally to weekdays, Satur-
day, and Sunday. The tariffs applied in each of the
cycle, as well as the breakdown of the hours in each
cycle are presented in Table 1.

Table 1: Tetra-hourly cycle: duration of each cycle
and corresponding tariff, for Winter and Summer
schedules.

Daily Cycle (Duration)
Winter Schedule

(NOV – MAR)

Summer Schedule

(APR – OCT)
Tariff (€/kWh)

10h – 12h 11h – 13h
Peak (4h)

19h – 21h 20h – 22h
0.0793

08h – 10h 09h – 11h

12h – 19h 13h – 20hFull (10h)

21h – 22h 22h – 23h

0.0728

22h – 02h 23h – 02h
Off-peak (6h)

06h – 08h 06h – 09h
0.0591

Super off-peak (4h) 02h – 06h 02h – 06h 0.0511

Since the information in the electricity bills is not
detailed enough to know the hourly consumption of
the building, all of the daily values will be an aver-
age, based on the monthly data that is known. For
each month, the only information available is of the
overall consumption for each one of the four cycles,
which means that for every hour that is included in
each cycle, the consumption value will be consid-
ered equal. In Figure 7 the daily load profile for a
specific month can be seen, with the different cycles
highlighted in the same colors as in Table 1.

Figure 7: Average daily consumption during each
one of the four cycles, for a given month.

3.2. System components details, sizing, and costs
The complete system is composed of PV modules,
battery, and BoS hardware, including the inverter,
and the choices made for these components are cru-
cial for both the system’s final costs and overall
performance. Firstly, the chosen module was the
TallMax TSM-PE15H, a polycrystalline model from
Trina Solar, rated at 340 Wp [20].

Considering the available roof area and the peak
power of the panels, it is seen that in rooftop E
it is possible to install 8 arrays with 17 modules
each, and in rooftop G there will be 19 arrays but

with also 17 modules each. This calculations for
the system display in each in each rooftop are done
according to the spacing that is necessary between
each array to minimize nearby shading, using the
HelioScope online software [21]. To simplify the cal-
culations the two systems will be considered as one,
with a peak power of 156.06 kWp.

The inverter choice is based on the ratio between
the array and the inverter’s nominal power, which
should have a value of around 1.25, for the inverter
to support the output energy of the PV system.
The model chosen was a Sunny Tripower 5.0 from
SMA [22], which has a nominal power of 5kW.

Lastly, for the battery implementation, the con-
sidered technology was Lithium-Ion. According to
[?], among various storage technologies, Li-ion have
had a rapid cost decrease over the past decade
and currently show the lowest cost of energy (271
$/kWh). The sizing is dependent on the building’s
consumption needs, and so it is only performed later
in this work.

4. Results and Discussion
4.1. Overall PV system production and self-

consumption shares
From the simulation of the implemented system,
it was seen that the yearly production amounts to
267.131 MWh, which will also be the total amount
of energy sold to the grid each year in the UPP in-
stallation. This is less than the building’s yearly
consumption, and well below the maximum of
2.6 MWh per each kW installed that is allowed
by the Portuguese law. Furthermore, the power
connection to the grid is also lower than the build-
ing’s contracted power, which was a necessary con-
dition for both UPP and UPAC installations, which
establishes that the PV system implementation is
within the parameters of the law for both cases.
The monthly PV produced energy compared to the
building’s needs is presented in Figure 8.

Figure 8: Monthly energy needs of the building and
PV output energy, in MWh.

From the results presented in Figure 8, it can be
seen that, in 8 out of 12 months, the total PV pro-
duction is lower than the building’s consumption
needs. The yearly production represents around
79% of the user’s needs, which does not mean that
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these needs will be reduced by that percentage, be-
cause some of this energy is surplus that will be
injected into the grid. To understand the relation
between these two parameters, the daily values from
two different days are exposed: one day with high
needs and low production (January), and another
with lower needs and high production (July).

The weak PV production (2nd worst after Novem-
ber) combined with extremely high consumption
needs are what cause the monthly discrepancy that
is seen in Figure 8. This can be observed in Figure
9, where the plotted PV production corresponds to
a random day for which the output of the system
was considerably lower than the needs of the con-
sumer.

Figure 9: Hourly plot of the user’s needs (purple),
effective global irradiance (red), and output of the
PV system (green), for a day in January.

In Figure 9, the effective global irradiance is also
presented, and, as expected, its plot follows the PV
system output very closely, meaning that these pa-
rameters are almost equal in shape. This is because,
as it was seen before, the output of the PV system
depends mainly on irradiance and temperature, and
with such significant changes in irradiance the out-
put will also vary. Such low and inconsistent values
of irradiance are seen due to clouds blocking the
sun and partial shading of the modules, but the re-
sulting system losses are only 1.1% of the array’s
nominal energy for the worst month (November),
and much higher losses are observed due to high
temperatures (around 13.6% in August). So, even
though the month of August shows the highest ac-
cumulated irradiance value, the PV output is not
the highest because of temperature losses, which
makes July instead the best performing month.

Considering now the month of July, besides it
showing the highest PV energy output compared
to the rest of the year, this is the month in which
the consumer’s needs are lowest, making it the most
promising case for a high share of self-consumption.
In contrast to the previous example for January,
here the irradiance values are considerably higher,
and while in January there are several days with
no grid injection, in July there is surplus energy

generation every day. Figure 10 shows a day in July
with the highest levels of irradiance of the whole
month, and it can be seen that the majority of the
PV generated energy is surplus, that could be grid-
injected, stored, or both.

Figure 10: Hourly plot of the user’s needs (purple),
effective global irradiance (red), and output of the
PV system (green), for a day in July.

4.1.1 Sizing of the BESS. Daily charg-
ing/discharging profile

Now that the user’s needs and PV production are
known, it is possible to perform the battery siz-
ing. Ideally, for considerably higher shares of self-
consumption, the battery would be sized for the
highest daily surplus observed. However, this would
mean having a capacity of above 600 kWh, and
knowing that the price of technology is 229 €/kWh,
this investment would be too high and certainly
there would be no feasibility in such an implementa-
tion. Therefore, the battery energy capacity is cho-
sen simply based on the options that the PVSyst
software presents, considering an energy capacity
in the hundreds of kWh range. A model from LG
Chem with a capacity of 110.9 kWh is chosen and
3 battery banks are implemented.

The simulation is performed for this implementa-
tion and the plots of the battery charging and dis-
charging energy, together with the grid-injected and
the available solar energy, for the day in July with
the maximum energy surplus, are seen in Figure 11.
Since the battery was not sized to store all of the
PV energy surplus, it is seen that in this particular
day a share of that surplus is stored, and when the
battery reaches its maximum state of charge the
charging energy goes to zero, with the remaining
surplus of the following hours being injected into
the grid. Once the PV energy fails to meet the
user’s consumption needs, the battery starts to dis-
charge until it reaches its maximum maximum state
of discharge.
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Figure 11: Hourly plot of the user’s needs (grey),
PV system output (blue), grid-inject energy (pur-
ple), battery discharging energy (green), and bat-
tery charging energy (red), for a day in July.

4.1.2 Shares of self-consumption for the dif-
ferent implementations

In a real-life implementation, the daily load pro-
file of an educational building would be signifi-
cantly more similar to the PV production curve,
since generally these buildings have the most activ-
ity from 8AM to 7PM. However, with the condi-
tions that were established from the available data,
the shares of self-consumption might not be as high
as they could be, and those results are shown in
Table 2, which presents the breakdown of the con-
sumed and injected energy for each of the three self-
consumption implementations.

Table 2: Self-consumed, bought from grid and grid-
injected energy for all three implementations: with
and without BEES, and net-metering.

Energy (MWh/yr)

Self-consumed Brought from Grid Grid-injected

Without BESS 133.501 200.807
133.629

Net-metering 258.019 76.289

With BESS 211.499 129.804 48.309

As expected, it is seen that the net-metering
implementation is the one with the most self-
consumption of PV energy, representing a share of
76.5% of the yearly building consumption, while
the self-consumption in the regular implementation
(without BESS) and with BESS represent 39.5%
and 62.6%, respectively.

Even though it is said that the grid works as
”long-term storage” for net-metering, it is seen just
how different the results are from the actual storage
implementation. Because the battery is limited by
its capacity, there is less self-consumption and more
energy bought from the grid, but there is also the
additional revenue of selling all of the surplus energy
to the grid (like in the regular implementation).
Previous studies say that the self-consumption of
energy is becoming more profitable than selling sur-
plus to the grid, and so it is necessary to analyze

the revenues and savings from each implementation
to complement the energy consumption information
and conclude which of the schemes (if any) is a vi-
able investment.

4.2. Revenues and saving for each compensation
scheme

4.2.1 Regular self-consumption, BESS im-
plementation, and net metering

In the law it is foreseen that the energy metering
for self-consumption should be done in a 15-minute
time frame, which was not the case for this project.
Since the building’s consumption and the PV sys-
tem production are only known hourly, the metering
was done according to this time frame as well. The
yearly savings and revenues in k€ resulting from
the self-consumption and grid-injection of energy,
respectively, for each of the implementations, are
seen in Table 3.

Table 3: Yearly cash flows from savings and rev-
enues of self-consumed and grid-injected energy, for
each implementation.

Cash flow (k€/yr)

Self Consumption Grid Injection

Without BESS 9.544 5.757

Net-metering 18.446 -

With BESS 15.120 2.081

Logically, as seen in Table 3, the higher shares
of self-consumption that were seen in the previous
section result in higher cash-flows, and therefore
the possibility of higher savings on the electricity
bills. The cash flows presented here do not con-
sider the savings from the CIEG exemption, which
amounts to 5.636 k€ each year until year 7, for all
implementations. For the BESS implementation,
the cash flows presented are only for the years of
until the battery’s end-of-life, and after that they
will be equal to the regular implementation. Fig-
ure 12 shows the impact of these cash flows on the
yearly electricity bill.

Figure 12: Energy bill savings for the different sys-
tem implementations using self-consumption.

Recalling the results from Table 2, for the im-
plementation without a BESS, the amount of en-
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ergy that is self-consumed and sold to the grid is
rather similar, but it is seen here that the cash
flows differ significantly, with the self-consumption
resulting in significantly higher savings when com-
pared to the revenues from selling to the grid. More
specifically, the average saving for each MWh that
is self-consumed was 71.490€, while the revenue per
each grid-injected MWh was 43.083€. This serves
to confirm that injecting energy into the grid is be-
ing discouraged ever since FIT schemes were termi-
nated, and energy from a PV source is sold to the
grid at a much lower price than what it is bought
for.

4.2.2 Full grid injection

For the UPP implementation, the only positive cash
flow comes from selling energy to the grid in two
different, so the results of the yearly remuneration
for those periods (year 1 to 15, and 16 to 25) are
presented in Table 4.

Table 4: Yearly remuneration for the grid-injected
energy in two different time periods.

Years Cash Flows (k€/yr)
1-15 11.700
16-25 9.573

As expected, it is seen that selling energy to the
grid, even in this scheme, is less profitable than
self-consuming. Even though, for the first 15 years
of the project, the remuneration per each MWh is
slightly higher than in the self-consumption scheme,
for the following 10 the average value per MWh
that is injected is 35.836 €. Comparing these
results with the previous self-consumption imple-
mentations makes it undeniable that simply self-
consuming energy is more profitable than injecting
and selling surpuls (or all) energy to the electricity
grid.

4.3. Financial and environmental analysis
4.3.1 Detailed system costs

To perform the economic analysis it is necessary to
have the detailed system costs, in order to know
the value of the initial investment. The total sys-
tem cost is composed of the installation/investment
costs, and operational costs (CAPEX and OPEX):
the OPEX costs are simply the Operation and
Maintenance costs, which are considered to be 2.5%
of the CAPEX [23]. The CAPEX costs include the
modules, inverter, battery and all components of
the BoS, which were based on [24], and are dis-
played in Table 5.

Finally, the total costs of each system implemen-
tation can be seen in Table 6. These costs will be
constant for all simulations and the only possible

Table 5: Breakdown of the CAPEX with the re-
spective costs per Wp.

CAPEX Breakdown Costs (€/Wp)
Modules 0.41

BoS 0.486
Battery 0.494

value to add to the initial investment will be if the
battery is implemented or not, which is how these
final costs are organized.

Table 6: Final system costs, detailing the CAPEX
and OPEX, depending on whether BESS implemen-
tation is considered or not.

System Costs (€/Wp)
CAPEX OPEX

Without BESS 0.896 0.0224
With BESS 1.39 0.0348

4.3.2 Investment viability

The considered investment period/lifetime of the
project is 25 years, the discount rate i is considered
to be 6%, and a VAT of 23% is applied to the in-
come cash flows that have been previously detailed.
Now that the O&M costs are known, they are con-
sidered in the cash flows that are presented in Table
7, which depend also on the revenues and savings of
each implementation, for the diferent time periods.
The results for the metrics of the financial analysis
are now presented, and the viability of investing in
the different project implementations can now be
studied precisely.

As expected, the net-metering scheme is the most
profitable implementation out of all four, above the
regular self-consumption, which is the only other
implementation in which the investment shows a
positive financial outcome. Both of these imple-
mentations show a positive NPV, an IRR above the
discount rate, and a positive ROI, and so, they can
be considered economically viable. The ROI, how-
ever, is a less reliable metric out of all three, be-
cause it shows positive results even for extremely
unattractive investments. This is the case for the
BESS implementation, for which the ROI remains
positive, with a small percentage (8.7%) above the
initial investment being recovered, even though the
NPV and IRR are both negative.

Only now, knowing the system costs for the BESS
implementation and considering them in the finan-
cial analysis, can it be concluded that the cost of
this technology is a definite setback for the invest-
ment. Even with negative values for the BESS
implementation it is still seen that, because there
is self-consumption of energy, the project might
present a less unattractive investment, compared
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Table 7: Results of the financial analysis for each implementation. Comparison of the SPBT, NPV, IRR,
and ROI.

Years Cash Flow (k€) SPBT (years) NPV (€) IRR (%) ROI (%)

1-7 16.639
Without BESS

7-25 11.003
12.04 186.39 6.01 1.829

1-7 19.784
Net-metering

7-25 14.148
9.36 38 114.36 8.63 2.287

1-7 16.169

7-10 10.533With BESS

11-25 11.003

21.08 (109 394.11) 0.67 1.087

1-15 7.402
Grid Injection

16-25 5.275
> 25 (79 084.76) (0.4) (4.735)

to full grid-injection. However, it is still relevant to
denote the considerably negative impact that the
high costs of this technology have on the system’s
financial results. This shows that the existent bat-
tery technologies have not matured enough to be
a viable self-consumption solution, and even con-
sidering a technology that is widely commercialized
and generally the cheapest option (Li-Ion), it still
was not able to make the investment reach a level
of attractiveness.

4.3.3 Life Cycle Assessment

To calculate the Carbon Balance, as seen in equa-
tion 9, the project’s lifetime and energy generated
by the PV system are known, the Grid LCE for
Portugal is considered to be 310 gCO2/kWh [25],
and the system LCE is calculated according to the
default values set by PVSyst for the manufacturing,
transport and disposal of the modules and BoS com-
ponents. Table 8 presents the values for the LCE
and and embodied energy of each system compo-
nent.

Table 8: LCE and embodied energy of the different
system components.

System components LCE (gCO2/kWp) Embodied Energy (kWh)

Modules 1 662 338 208

Inverter 227 36 685

BoS 2.29 17 841.6

The sum of the embodied energies of all compo-
nents is equal to the total system LCE, so knowing
this value the Carbon Balance can be calculated,
and it is estimated that the implementation of this
system saves 1 567.142 tons of CO2 emissions dur-
ing its lifetime. Lastly, with the results from Table
8, the GPBT and EPBT are calculated and it is
seen that it takes around 3.5 to compensate for the
CO2 emissions of the transport and manufacturing
processes, and just 1.5 years to recover the energy
that was spent during those stages.

5. Conclusions
This work presented the study of different com-
pensation schemes for PV technology, and their fi-

nancial viability, as well as the environmental im-
pacts and gains of the implementation. The dif-
ferent schemes were applied as it is foreseen in
the Portuguese law, excluding the net-metering im-
plementation, which is not allowed. Other than
self-consumption with net-metering, this work im-
plements the self-consumption legislation with and
without storage, and full grid injection.

In most months out of the simulated year, the
PV produced energy did not match the needs of
the building, and yearly it represents around 79%
of the needs. With the regular self-consumption,
the solar energy consumed by the building was still
lower than the amount that was bought from the
grid, but with the BESS and net-metering, the self-
consumption was 1.6 and 1.9 times higher, respec-
tively, compared to the regular implementation.

The profitability of self-consumption and selling
energy to the grid was first studied by calculat-
ing only the positive cash flows for each imple-
mentations. It was seen that the self-consumption
allows for an average saving of 71.49 €/MWh,
while the revenues from selling energy to the grid
were 43.083 €/MWh, clearly showing why self-
consumption is preferred over the selling of surplus.
This is observed because of the termination of FITs,
and therefore, continuous discouragement of grid-
injection schemes.

The results of the financial analysis showed that
only the net-metering and regular self-consumption
schemes would be a viable investment, and as ex-
pected, the net-metering implementation showed
the most attractive results for investment. As
for the BESS implementation and the full grid-
injection, both schemes show negative results over-
all and the investment fails to reach attractiveness,
with the lowest NPV result seen for the BESS im-
plementation, and the only negative IRR for the
grid-injection. The overall results of the analysis
show that the self-consumption of energy is more
profitable than grid-injection, and BESS technol-
ogy still needs to improve to see a significant price
reduction for its implementation and become viable
on a medium-system scale.
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N. Cafôfo, X. Chen, A. R. Ivaki, H. Mata-
Lima, and F. Morgado-Dias, “Economic feasi-
bility analysis of small scale pv systems in dif-
ferent countries,” Solar Energy, vol. 131, pp. 81
– 95, 2016.

[5] T. Lang, D. Ammann, and B. Girod, “Prof-
itability in absence of subsidies: A techno-
economic analysis of rooftop photovoltaic self-
consumption in residential and commercial
buildings,” Renewable Energy, vol. 87, pp. 77
– 87, 2016.

[6] D. Fiaschi, R. Bandinelli, and S. Conti, “A case
study for energy issues of public buildings and
utilities in a small municipality: Investigation
of possible improvements and integration with
renewables,” Applied Energy, vol. 97, pp. 101
– 114, 2012. Energy Solutions for a Sustain-
able World - Proceedings of the Third Inter-
national Conference on Applied Energy, May
16-18, 2011 - Perugia, Italy.

[7] L. Bilir and N. Yildirim, “Photovoltaic sys-
tem assessment for a school building,” Inter-
national Journal of Hydrogen Energy, 03 2017.

[8] A. Al-Otaibi, A. Al-Qattan, F. Fairouz, and
A. Al-Mulla, “Performance evaluation of pho-
tovoltaic systems on Kuwaiti schools’ rooftop,”
Energy Conversion and Management, vol. 95,
05 2015.

[9] R. Luthander, J. Widén, D. Nilsson, and
J. Palm, “Photovoltaic self-consumption in
buildings - a review,” Applied Energy, vol. 142,
pp. 80 – 94, 2015.

[10] C. Galilea, J. Pascual, A. Berrueta, A. Ursua,
and L. Marroyo, “Economic analysis of res-
idential pv self-consumption systems with li-
ion batteries under different billing scenarios,”
pp. 1–6, 06 2019.

[11] J. Weniger, J. Bergner, T. Tjaden, and
V. Quaschning, “Economics of residential pv
battery systems in the self-consumption age,”
09 2014.

[12] B. Goss, I. Cole, E. Koubli, D. Palmer,
T. Betts, and R. Gottschalg, “4 - modelling
and prediction of pv module energy yield,” in
The Performance of Photovoltaic (PV) Sys-
tems (N. Pearsall, ed.), pp. 103 – 132, Wood-
head Publishing, 2017.

[13] R. Castro, “Uma introdução às energias
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