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Abstract — This paper defines, with respect to the consumption, the maximum value of self-sufficiency that can be
reached by users, who decide to install photovoltaic (PV) modules, wind turbines and electrochemical storage. The primary
goal of the aggregated users, who become prosumers, is assumed the achievement of the best match between power
profiles of loads and power profiles of generators. Such best match is obtained thanks to an appropriate procedure to
design the sizes of generators and storages. In this procedure, power ratings of PV and wind generators and energy
capacities of batteries are chosen to attain the highest levels of self-consumption and the lowest power exchange with the
grid according to the load profile. Thus, the upgrade of transformers and lines is avoided and there are benefits for both
prosumers and grid operators. The simulation results are very realistic, because the inputs, in terms of irradiances for PV
modules, wind speeds for turbines and powers for loads, are accurate measurements. The return on investments is
estimated according to current costs and market rules. The results can be useful to plan the future electricity mix in the
Mediterranean areas.

Index Terms- Photovoltaic power systems, wind power generation, energy storage, self-sufficiency, grid upgrade.

l. INTRODUCTION

A paramount drawback of power systems based on Renewable Energy Sources (RES) is their intermittency in
energy production, which results in stability problems of the electricity grid and power quality issues. In different
countries, such as Denmark for wind, have become the main sources of power. In Germany and Spain,
Photovoltaic (PV) and wind share is around 20%, while in Italy this goal will be reached in a few years [1]. In every
case, a transformation of the power system will be necessary: infrastructure, policies and markets have to be
improved.

To compensate for the intermittency of PV and wind generators, with respect to hydroelectric pumping systems
which require large reservoirs, electrochemical storages are easy to install and manage in whatever site. Their
widespread utilization addresses the power balance of local loads and distributed generators mitigating RES
negative effects on the grid [2]. For example, the power surplus from PV near midday may be used later to feed
local loads. Nevertheless, electrochemical storage is currently expensive and cannot solve the problem of the
weak seasonal correlation between low demand and high RES generation and vice versa. Thus, it is fundamental
to know the acceptable amounts of grid-connected RES and storages capacities. In particular, the maximum
capacities of intermittent RES must be defined, in order to avoid grid upgrade. By minimizing the power exchange
with the grid, a reinforcement of distribution transformers and lines (for high reverse flow of active powers in
radial networks originally designed to feed purely passive loads [3]) is avoided. Taking into account these general
remarks, the optimal power sharing among PV generators, wind turbines, storage and grid to feed different users
is determined in this paper. These three technologies are sized to meet a substantial amount of the demand,
while the distribution grid provides the remaining power.

The electrical consumers are the owners of PV generators, wind turbines and storage systems: the consumers,
thus, became prosumers. The primary goal of prosumers is assumed the achievement of the best match between

power profiles of loads and power profiles of generators. Such a best match is obtained thanks to a suitable
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profit is not considered. The PV generators are equipped with Maximum Power Point tracker (MPPT) to extract
the maximum power in every irradiance and temperature condition.
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Fig. 2. Distributed RES generation and storage for prosumers.

The wind turbines are equipped with synchronous generators. Gearboxes are avoided (direct drive) and
electronic converters (AC-DC) rectify the AC voltage, at low and variable frequency, for the DC bus.

Batteries have a dynamic nature; actually, they operate outside the equilibrium state due to continuous charge-
discharge cycles. Even under normal operation, degradation takes place and is accelerated by other causes, such
as not optimal charging patterns, overcharging, extreme temperatures and undercharging. Thus, the BESS
includes a Battery Management System (BMS). It is necessary to reduce the degradation and improve system
efficiency and lifetime. BMS is an integrated (hardware/software) system which continuously measures and
processes currents, voltages and temperatures. Using physical models [5], BMS estimates the batteries’ State Of
Charge (SOC) and the State Of Health (SOH) [6]. In case of large systems, many battery packs are series/parallel
connected to create high capacities. Researchers are working on improved BESs, which minimize the negative
effects of temperature gradients and mismatch in batteries’ I-V curves [7]. In this paper, a simulation of the

continuous monitoring of quantities is not needed, because the storage systems are used to provide an
estimation of prosumers’ self-sufficiency.
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Fig. 3. The RES based system under study.



he first aggregation of loads exhibits an annual consumption of =112 GWh with a base load of =10.6 MW
and a peak of =18.5 MW. In this case, the number of users is =220. The aggregation of the power consumed in the
five sites corresponds, in Fig. 4, to more than 900 users with a base load of =50 MW, a peak of 85 MW and
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If the limit Epqr i is reached, batteries are replaced. If the limit Epq: jire is not reached before the lifetime declared
by the manufacturer (10 years), newly the storage is replaced. Thus, the usage of batteries and their replacement
affect the economic analysis.

D. Modeling of Power Converters

The power inputs from PV, WT and storage are converted by DC/AC converters, for which the efficiency ninv
takes into account the DC-AC losses. This efficiency is the ratio between the AC power delivered to the grid and
the DC power inputs [20]. The DC/AC converters are partitioned into 55 kW racks connected in parallel to manage
higher power levels. The number of converters depends on the power ratings of PV and WT systems. Their
weighted average efficiency is 98.4%, while the maximum efficiency is 98.7%.

IV. OPTIMIZATION PROCEDURE AND CONSTRAINTS

A. Optimization Procedure

In order to be sure to achieve the optimal power sharing of PV, wind and storage, an exhaustive method is used.
In particular, all the possible combinations of Ppy,nom, Pwr,nom and Epatrare investigated.

For each considered share of capacities, the energy and economic parameters are computed; then, all the
results are stored in a database. The optimal share is obtained comparing the results of all the simulations.

The ranges in which sizes can vary are initially selected in order to be far from the optimal solution: then, they
are updated by an iterative procedure. First, the range of variables are wide with large step: for example, for
every case study the PV capacity can be evaluated from 0 up to 200 MW with 10 MW step. When the optimal
solution is achieved with this step, it is possible to reduce both boundaries and steps. If the optimum is around
100 MW, the new range may become 80-120 MW with a step of 2 MW. With this kind of iterative method used
for all the three variables, the exhaustive research of the optimum conditions is not too time expensive and the
final solution is certainly the right one.

In case of generator capacities, the simulation can start from a threshold going down to zero. The size of storage
is more difficult and the criteria for the starting point depends on the different goals. In case of the maximization
of self-sufficiency, it is possible to start the simulation from a limit corresponding to a storage capacity which
permits to store the 70% of produced energy from renewables, because it is supposed that the self-consumption
performed without storage is at least =30% [21]. In the case of maximization of NPV for the investment, it is
suggested to omit the storage installation due to its current high cost.

B. Energetic and Economic Constraints

In every case study, the simulator calculates power profiles and cash flows. These data are used to exclude all
the unacceptable solutions and find the optimal one, depending on the goal to be achieved. The first constraint is
economic and excludes all the investments with a NPV<0 (not cost-effective solutions). In addition, the Internal
Rate of Return (/RR) is calculated, because it permits to compare the yield of different investments. Both the
indicators, with the information of the initial cost, give a complete overview of the investment: in this paper, the
interest rate is assumed =3% for equity funds of prosumers. As described in [21], in case of new investments
related to wind and/or PV power systems, the minimum acceptable IRR is >6%.

Regarding the costs, in case of storage system with high rated energy (>1 MWh), the installation cost of Li-ion
batteries is =300 €/kWh [18][19]. In case of wind turbines, it is 1300 €/kW, while Operation and Maintenance
(O&M) costs are supposed =2% of the installation cost (paid every year). In case of many megawatt, the
installation cost of a PV plant is 1100 €/kW, while O&M costs are supposed =0.8%. The above mentioned costs
are all inclusive. Regarding the energy exchange with the grid, the price paid to the user for the electricity
injection into the grid [22], is =4 c€/kWh, while the average cost of absorbed electricity, for the tertiary sector, is
=20 c€/kWh.

The second constraint in the optimization procedure is a limit on the maximum power injected in the grid: the
injection peak has to be lower than the maximum load power measured during the entire year. The limitation in
grid injection corresponds to a restriction in installable nominal power of PV and wind generators. As a result,
current and power limits in every line are always respected and the annual energy injection cannot be too high. In
this way, negative effects on the operation of the distribution grid, due to a high mismatch between load and
generation profiles, are reduced.



V. POWER MANAGEMENT AND SIMULATION RESULTS

The simulator, developed ad hoc in MATLAB®, calculates power flows starting from RES production.

First, a combination of Ppynom, Pwrnom and Epatr is selected. Then, generation profiles are calculates from solar
irradiance, wind speed and air temperature by the models described in Section Ill. The production is compared
with loads and the use of storage and external grid is evaluated. In the simulation, the storage control is based on
SOC: storage can be full charged (SOCmax=1), empty (SOCnin=0.2) or partially discharged (SOCnin<SOC(t)<SOCnax).
The control system checks if there is an energy deficit or surplus from renewables (with respect to the load),
checks the SOC and decides if battery must be used. How much energy can be charged or discharged is defined
according to limits imposed to preserve battery life. The first limit in storage use is the maximum power Ppmax power
that can be absorbed or injected into the batteries during a time step. It is a power value generally defined in the
datasheet of the device in order to preserve battery life. In fact, a too fast charge or discharge can damage the
batteries. The second limit is the maximum energy that can be provided in a time step by the storage without
exceeding the SOCnin—SOCmax range. In the case of discharge, it is:

Pstor,dis = (SOC(1)-SOC i )- Epatr / At (4)

The two limits (Pstor,gis aNd Pmaxpower) are compared and the minimum is considered. The same procedure is
applied in case of battery charge. Now, the role of the grid is discussed. If storage is not sufficient to handle the
power in the local system, the external grid is used to feed the loads. In every case, the active sign convention is
used. The six possible cases step by step are:

e CASE #1: Generation from renewables is higher than load Pre,>Pioas and storage is full SOC(t)= SOCrax;

CASE #2: Generation from renewables is lower than load Pre,<Pioqs and storage is full SOC(t)= SOCrax;

CASE #3: Generation from renewables is higher than load P;.,>Pi.as and storage is empty SOC(t)= SOCnin;

CASE #4: Generation from renewables is lower than load Pr.,<Pioas and storage is empty SOC(t)=SOCrin;

CASE #5: Generation from renewables is lower than load Pren<Pioaa and storage is partially full
SOCmin<SOC(t)<SOCnmax;

e CASE #6: Generation from renewables is higher than load Prn2Pas and storage is partially full

SOCmin<SOC(t)<SOCnmax.

In the first case, storage is not working Pp.=0, because it is full and there is surplus of renewable production;
thus, the external grid injection (P4is<0) corresponds to the difference between RES production and load (Pgig=
Pioad - Pren). As shown in Fig. 6, the fifth case is more interesting, because all the component of the systems could
work. Renewable generators work, but their production is lower than load (Pren<Pioad). Storage is partially full
SOCnin<SOC(t)<SOCmay; thus, it can help to feed the loads. If batteries can completely feed the rest of the load, the
external grid is not used; otherwise, the grid helps to provide the deficit of production (Pgrig+PpatttPren=Pioad)-

Fig.7 shows daily power profiles after the application of the optimization procedure for obtaining the Maximum
Self-Sufficiency (M-S-S). During this day in spring with high irradiance and wind speed, RES production is high and
loads are low, because cooling systems are shut-down. Wind production helps to feed loads during night till 5:00
am (CASE #5). Only for few hours (from 5:00 to 8:00 am) the grid helps to feed loads, because RES generation is
low and batteries are empty (CASE #4). At =7:30 am, RES production starts to be higher than loads (CASE#3) and
during sunlight hours (till 5:00 pm) batteries are charged (CASE #6). The discharge begins in the afternoon (=4:30
pm) and this situation corresponds to CASE#5. CASES #1 and #2 are not present in Fig. 7, because in this
simulation the storage size is high and batteries do not reach full charge in this day.

An alternative strategy to increase the storage life may be the variation of the range SOCnin-SOCmax. Without
varying the size of the storage, a smaller SOC range means a lower capacity usable to meet the consumption. The
advantage of the variation of the SOC range may be the reduction of the number of round-trips with a consequent
increase in lifetime.

In particular, this technique is effective in case of intermittent generators, because they cannot guarantee the
correct charge-discharge profiles to preserve the battery life. In case of PV systems, it occurs mainly in cloudy-sky
days, when rapidly changes in solar irradiance occur. Fig. 8, as an example, shows a cloudy day in July, in which
there is a high fluctuation of PV production. From midday to 5:00 pm, PV generation varies between =10 and =35
MW. Recharge of batteries is possible between 10 am and midday. During the next 3 h, there is a frequent change
between overproduction and underproduction. Then, the load is maximum (25 MW) from 3 to 4 pm and
generation is low 10-18 MW. The last recharge of the day is possible between 4 and 6 pm. If the storage with
nominal capacity of 20 MWh is used to maximize self-sufficiency, it has to compensate for these changes in the
power flow direction.



Storage provides power:
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that it is possible to install a high storage capacity (even if its use is expensive with respect to the use of the grid)
and obtain positive NPVs and IRRs >6%. Nevertheless, it is not cost-effective to reach the total independence from
the grid. The reason is the presence of a constant and great base load: in order to store all the energy required by
the load during the night, a too high battery capacity would be necessary. Thus, during many nights the load is
partially fed by the grid until the PV production rises the next morning.

PV modules are preferred to wind turbines, even when the PV productivity is lower. In fact, the capacity factor
of PV (17%) is lower of the capacity factor of wind (23%) and installation costs are similar. PV is preferred because
PV profiles better match load profiles from both daily and seasonal point of views. In particular, wind farms have
peak production during low load periods (e.g., during night and during winter); thus, the wind farm size is limited
to reduce the reverse power flows.

TABLE |
POWER AND ENERGY CAPACITIES IN OPTIMAL SOLUTIONS
M-S-S C-0-S

Power and Energy Capacities
PV power rating (MW) 180 90
WT power rating (MW) 29.5 55
Storage capacity (MWh) 630 0

TABLE Il

ENERGETIC AND ECONOMIC SIMULATION RESULTS

M-S-S C-0-S
Performance of generators (DC bus)
Capacity factor of PV 17% 17%
Capacity factor of wind 23% 23%
PV production (GWh/year) 264 133
Wind production (GWh/year) 65 124
Energy flows (AC bus)
PV + wind production (GWh/year) 297 238
Load (GWh/year) 530 530
Self-sufficiency (GWh/year) 291 212
Absorption from grid (GWh/year) 238 318
Injection in the grid (GWh/year) 5 26
Energy parameters
RES Energy/Load Energy 56% 45%
Self-sufficiency/Load Energy 55% 40%
Injected Energy/Load Energy 1% 5%
Self-sufficiency /RES Energy 99% 89%
Economic parameters
NPV after 25 years (M€) 158.1 457.5
Initial investment (M€) 434.6 175.2
IRR (%) 6.4 20.6

VI. CONCLUSIONS

The main goal of this paper is to investigate the maximum energy share provided by the most important
intermittent renewable sources (solar photovoltaic and wind power) to feed the aggregation of several users
(industry and tertiary sector) which act as prosumers. To perform this task, accurate measurements of solar
irradiance and wind speed from meteorological stations and of power consumed by loads from energy counters
are used as inputs of the simulations by appropriate conversion models of these technologies. The management
of this multigeneration park with storage is carried out, according to the different load conditions along the year,



to find a cost-effective solution which maximizes the self-sufficiency and minimizes the power exchange with the
grid. By this solution which does not require grid upgrades, the self-sufficiency, within 50-60%, is much higher
than the current RES share in the main European countries. In addition, also with the most profitable solution
which requires to omit storage systems, the self-sufficiency, about 40%, is higher than the conventional limits of
intermittent RES penetration stated by the utility grids.
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