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Abstract: Olive mills are extensive in the Mediterranean Basin, and Spain constitutes approximately
45% of global production. The industrial sector faces a new energetic paradigm where distributed
generation provided by small renewable energy sources may reduce the dependence from fossil energy
sources as well as avoid energy distribution losses. Photovoltaic self-consumption systems can play an
important role in confronting this challenge due to their modularity and their decreasing cost. Most of
self-sufficiency energy studies are focused on building sector and discussions about the idiosyncrasy
of industrial load profiles, and their matching capability with photovoltaic generation profiles can
be scarcely found. This work analyzes the potential of photovoltaic self-consumption systems as
a function of the array power, array tilt, and orientation angles to face the electric consumption in
olive mills. Different recording intervals and reporting periods are considered. Results show that
a self-sufficiency index of 40% may be achieved on olive harvest basis. Moreover, due to the load
profile particularities, percentage error lower than 1.6% has been found when considering a recording
interval of 60 min when matching the olive load consumption and photovoltaic generation profiles.
Chosen array tilt and orientation angles may be key parameters to maximize the self-sufficiency index.
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1. Introduction

World electricity generation from renewable energy is expected to considerably increase in the coming
years, where wind and photovoltaics may constitute 29% and 40%, respectively, in world electricity
generation by 2050 [1]. Currently, and due to its modularity and its decreasing cost, photovoltaic systems
are very widespread: photovoltaic plants, building integration, stand-alone photovoltaic systems, water
pumping, street lights, water desalination, space vehicles, satellites, and agriculture [2]. Regarding the
agriculture sector, photovoltaic systems are used in different applications [3,4] such us dairy farms [5],
wineries [6], agriculture in sea [7], olive mills [8], etc.

Olive mills are very extensive in the Mediterranean Basin, and Spain provides approximately 50%
of European production and 45% of global production [9]. There are more than 2,000,000 hectares of
olive trees in Spain and 28% of these hectare are irrigated [10]. More than 1700 olive mills are found
in Spain, which produce more than 1,000,000 tons of olive oil per year according to the Agencia de
Información y Control Alimentarios (AICA) [11,12].
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The international olive oil market has undergone significant increase in levels of competition,
where cost reduction strategies could improve competitiveness. In this scenario, direct photovoltaic
self-consumption systems could promote energy self-sufficient mills, where energy cost and CO2

emissions could be reduced [8].
Olive mills can be categorized regarding their production of olive oil. Large olive mills show

an annual olive oil production higher than 5000 tons and an annual average electricity consumption
around 923 MWh. Medium olive mills provide an olive oil production between 1000 and 5000 tons and
show an average electricity consumption of 435 MWh. Finally, in small mills the olive oil production is
lower than 1000 tons and average electrical consumption is 92 MWh [12], Table 1.

Table 1. Classification according to final olive oil production [12].

Categories Olive Oil Production (t) Average Electricity Consumption (MWh)

Small <1000 92
Medium 1000 < production < 5000 435

Large >5000 923

The electricity consumed by olive mills is obtained from the electricity grid. Electricity energy is
used for different applications; see Table 2. There is energy consumption during a full year due to
ancillary requirements, such as air compressors, computer systems, lighting systems, etc. However,
there is equipment which is only used during the harvest period and it is used in various stages of olive
oil processing, such as cleaning and crushing the olives. Motor drives of conveyor belts, washing for
olives, destemmers, grinding, and mixing equipment centrifugal pumps consume the highest electrical
energy. In this sense, two differentiated energy consumption periods can be found: no harvest, and
harvest periods where the latter has a considerably higher load consumption.

Table 2. Classification according load consumption periods.

Category Period Electricity Consumption (MWh)

Harvest December to March

Cleaning and crushing the olives. Motor drives of conveyor
belts, washings for olive, destemmers, grinding and mixing

equipment centrifugal pumps
Applications ancillary, such as air compressors, computer

systems, lighting system

Annual Full year Applications ancillary, such as air compressors, computer
systems, lighting system

In Thailand a 50 kWp solar photovoltaic system may generate more than 75% energy due to
different array tilt angles (β) and array orientation angles (α) [13]. Meanwhile, when tilt angle is fixed,
almost 20% difference of generated energy from roof-integrated solar photovoltaic system was found
when different orientation angles, +2◦ and −87◦, were considered in the United Kingdom [14]. Several
methods to search the optimum tilt and orientation angles in a fixed position at a specific location can
be found [15–22]. The optimum orientation is usually suggested to be south-facing in the northern
hemisphere and tilt angle is a function of the local latitude [23]. However, these methods are focused
on maximizing the incident irradiance in a fixed position at a specific location but not on maximizing
the matching between load and photovoltaic generation profiles.

In the literature several publications address the analysis and design of photovoltaic self-consumption
systems for residential buildings [24–33], local communities [34], and office buildings [35]. Regarding
agricultural industries, there is a lack of studies that show how self-consumption and self-sufficiency
indices are affected due to array tilt and orientation angles photovoltaic modules. Moreover, the influence
of the recording time resolution of measured data to estimate the energy parameters is not discussed.
The design of a photovoltaic system through techno-economic solutions provided by HOWER are only
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analyzed and proposed [6,8]. In this sense, the aims of this paper are to analyze the idiosyncrasy of olive
mills regarding load profiles and their matching capability with direct photovoltaic generation profiles
and how the array tilt and orientation angles may influence the self-consumption and self-sufficiency
indices. The potential of photovoltaic systems in this type of industry when facing its load consumption
will be shown. It must be noted that this work deals with direct self-consumption systems without storage.
Energy storage devices are experiencing growth, and there a great number of new innovations, such as
a system which insets lithium accumulators into photovoltaic modules for building photovoltaic [36].
However, large-scale energy storage, as required in this type of industry, is not easily developed because
of high capital cost and a lack of financing options and incentives [37].

The paper is organized as follows: Section 2 provides the measured and estimated data together
with the methodology to plot the self-sufficiency and self-consumption curves. Section 3 shows how
self-sufficiency index may be influenced by array tilt and orientation angles. Moreover, the effects of
the recording interval on the estimation of photovoltaic energy which is directly consumed is discussed,
taking into account the particularities of olive mill load profile. Finally, conclusions are drawn in
Section 4.

2. Materials and Methods

2.1. Input Data: Irradiance Profiles

Unpredictable changes in photovoltaic energy generation can be incurred by irradiance fluctuations
in short-term time scales [38]. Different time scales of irradiance data are used from annual values
in pre-design to short-term values to evaluate the system performance. Monthly and annual Global
Horizontal Irradiance (GHI) data may be adequate time resolutions to evaluate the solar resource
in a given region [39–43]. However, this time resolution for irradiance may not be appropriate for
performance analysis and simulations, although it may depend on the dynamics of the solar profile
and the system under study [44]. Moreover, the viability analysis of a solar energy project could
also be sensitive to the time resolution of irradiance data [45]. The effect of averaging irradiance
time-series could have a higher impact depending on the parameter under study. Larger values of
sampling interval will tend to underestimate variability, while smaller sampling intervals will increase
the amount of data and the complexity of monitoring devices and management. In this sense, the
influence of the recording period when matching the load consumption and photovoltaic generation
profiles should be taken into account to choose a proper recording period.

The case presented here, irradiance data is going to be considered with a recording interval of one
minute together and one hour for analyzing the influence of the recording time resolution of measured
data in order to estimate the energy parameters. In-plane irradiance (Gi) with an array tilt of 50◦ and
global horizontal irradiance (GHI) are sampled each second with a recording interval of one minute.
The former array tilt angle is latitude angle plus 15◦ degrees as this one is recommended in photovoltaic
stand-alone system when wintertime load is most critical one [46]. The meteorological station is located
in Jaén (latitude: 37◦ 47′ 14.35” N and longitude: 3◦ 46′ 39.73” W) and the thermopiles are classified
as secondary standards according to ISO 9060. The measurement campaign was developed from
April 2018 to March 2019.

The optimal array tilt angle depends on geographic latitude; however, in photovoltaic systems this
angle and orientation may depend on the relationship between photovoltaic generation and electrical
load demand [15–17,47]. In this sense, a Typical Meteorological Year (TMY) with different tilts (from 0◦

to 90◦ at 5◦ step) and facings (from −90◦, west-facing, to +90◦, east facing with values of −90, −60, −30,
−20, −10, 0, 10, 20, 30, 60, and 90◦) have been obtained from Andalusian Energy Agency databases [48].
The provided data are obtained from measured parameters at ground stations and satellite images. The
databases are hourly based and they may be used to study the influence of array tilt and orientation
angles in self-consumption and self-sufficiency indices. In this sense, the array tilt and orientation
angles for direct photovoltaic self-consumption systems for olive mills may be optimized according to
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matching capability between load and irradiance profiles, which will maximize the self-sufficiency
index and minimize the peak power of the photovoltaic system.

2.2. The Photovoltaic Generation Profile.

Different methods to estimate the output power of a solar photovoltaic system and the annual
energy harvested by a photovoltaic system are summarized by Rus-Casas et al. [49]. Among the possible
ways of estimating the output power, one of the simplest is the method based on the Performance
Ratio (PR). The performance ratio indicates the overall effect of different losses on the output system
due to array temperature and system component inefficiencies of failures, including balance of system
components [50]. Moreover, this method is used in different works [51–54]. PR for conventional
photovoltaic systems may be typically in a range from 0.70 to 0.80 in Spain [55]. In this paper, PR
values of 0.75 will be considered, based on the experience of this kind of system [56–60]. In addition, if
temperature is included as input parameter, the Standard Test Conditions Performance Ratio (PR’STC)
could be used. PR’STC is calculated by adjusting the power rating at each recording interval to
compensate the temperature difference between STC reference module temperature and the module
temperature at that recording interval [50]. The output power may be estimated as:

PPVgen,τ = P0 ×
Gi,k

GSTC
×

(
1 + γ×

(
Tmod,k − 25

))
× PR′STC (1)

where Gi,k(kWh/(m2)) corresponds to the global irradiation in time interval k, GSTC the global irradiance
at Standard Test Conditions (1 kW/m2), γ is the relative maximum-power temperature coefficient (in
units of ◦C−1), γ has a value of 0.0035 ◦C−1 for c.SI. Tmod,k is the module temperature (in ◦C) in time
interval k and it can be estimated as [60,61]:

Tmod,k = Tamb + Gi,k ×
TNOCT − 20

800
−

G
GSTC

× ∆T (2)

where ∆T for glass/cell/glass and for glass–cell–tedlar is 2 ◦C and 3 ◦C, respectively. TNOCT is the
nominal operating cell temperature.

There are several energy losses which are taken into account, such as angular, spectral, tolerance,
and degradation, shading, dirt, dust, mismatch, etc. [49,62]. However, energy production could also be
affected by the mounting structure, where free-standing photovoltaic systems could generate up to
5% more annual energy than roof-integrated photovoltaic systems in hot climates. In cold, moderate,
and warm climates, the annual energy may be reduced from 3% to 4% [63]. Therefore, this lost energy
should be also taken into account when photovoltaic systems are designed, as olive mills usually
provide large spaces on the roofs and yards where photovoltaic systems could be installed.

The PV generation profiles have been estimated considering either measured irradiance and
ambient temperature data or the TMY database.

The photovoltaic generator has been evaluated considering a range of peak power, P0, from 0.01
to 1000kWp with an increase step of 10 kWp.

2.3. Input Data: Load Consumption Profile

The electrical load profile was monitored though a year in an olive mill which manages the milling,
packaging, and storage processes. A smart meter was used to measure the active and reactive energy
with a recording interval of 15 min, which may be appropriate for either monthly or annual reporting
periods [64]. The measurement campaign was developed from April 2018 to March 2019. As shown in
Table 3, the electricity consumption is 1407 MWh/year; therefore the olive mill can be categorized as a
large one and the olive oil production is 5600 tons per year.



Electronics 2020, 9, 348 5 of 23

Table 3. Olive mill load consumption.

Period
Monitoring

Period
(Year)

Electricity Consumption
(kWh/Period) Daylight/Total

(%)
Monthly/Year

(%)

Monthly/Year
(%) (Daylight

Hours)Total
Hours

Daylight
Hours

Night
Hours

January 2019 233352.0 91334.9 142017.1 39.1 16.6 13.4

February 2019 208175.0 92891.8 115283.2 44.6 14.8 13.6

March 2019 139263.0 79591.3 59671.7 57.2 9.9 11.7

April 2018 107102.0 60758.1 46343.9 56.7 7.6 8.9

May 2018 75133.0 50591.8 24541.2 67.3 5.3 7.4

June 2018 68283.0 43612.9 24670.1 63.9 4.9 6.4

July 2018 64509.0 45226.5 19282.5 70.1 4.6 6.6

August 2018 67635.0 38276.9 29358.1 56.6 4.8 5.6

September 2018 52970.0 27188.5 25781.5 51.3 3.8 4.0

October 2018 67194.0 27944.7 39249.3 41.6 4.8 4.1

November 2018 125344.0 47475.7 77868.3 37.9 8.9 7.0

December 2018 198244.0 77012.8 121231.2 38.8 14.1 11.3

Year 2018 1407204.0 681905.8 725298.2

In Table 3, electricity consumption is classified depending on time basis: total hours (24 h), daylight
hours (from sunrise to sunset), and night hours (from sunset to sunrise). Daylight and night hours are
estimated through an astronomical model which shows when sunrise and sunset occur [65]. Moreover,
this table gives different ratios: the ratio of electricity consumption throughout daylight hours to
electricity consumption throughout total hours (Equation (3)); the ratio of electricity consumption for a
whole month to electricity consumption for the whole year (Equation (4)); and the ratio of electricity
consumption for a month throughout daylight hours to electricity consumption for the whole year
throughout daylight hours (Equation (5)):

Daylight
Total

=
EL,d,ss

EL,d
(3)

Monthly
Year

=
EL,m

EL,y
(4)

Monhtly
Year

(daylight hours) =
EL,m,ss

EL,y,ss
(5)

where EL,d,ss is the electricity consumption throughout daylight hours; EL,d is the electricity consumption
throughout the whole day; EL,m is the electricity consumption for a whole month; EL,y is the electricity
consumption for the whole year; EL,m,ss is the electricity consumption for a month throughout daylight
hours and EL,y,ss is the electricity consumption for the whole year throughout daylight hours.

During the four months which generally correspond to olive harvest (i.e., December, January,
February, and March) the monthly power consumption is higher (>9.9% of the annual consumption)
than the rest of the months. In November “early harvest” takes place to obtain the virgin extra olive
oil (premium product) and the monthly load consumption is slightly lower than 9% of the total load
consumption. Furthermore, the electrical consumption is high in April (7.6%) as this month is a
transition month that can be considered as a harvest month depending on the environmental conditions
and the production of olives. During this month, there is a packaging process in the olive mill. The rest
of the months, from May to October, there is a considerably lower power consumption. It must be
noted that during the moths of olive harvest, the power consumption from sunrise to sunset is lower
than the rest of the months. In this period, the number of daylight hours are lower than night hours.
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However, from December to March the percentage of power consumption during daylight hours is
50% of energy consumption year during daylight hours. Therefore, two clearly differentiated periods
regarding consumption may be found: olive harvest and no olive harvest.

2.4. Photovoltaic Energy Consumed, Self-Consumption, and Self-Sufficierncy Indices.

A photovoltaic self-consumption system can be evaluated by self-consumption and self-sufficiency
indices, Φsc and Φss, respectively, together with energy parameters, such as the photovoltaic generated
energy which is directly consumed, EPV,con [28]. The latter is estimated from olive mill load consumption
data, EL, and photovoltaic generated energy data, EPV,gen, using Equation (6) [51,52]. EPV,con,k,τk
corresponds to EL,k,τk when EL,k,τk is lower than EPV,gen,k,τk. Meanwhile, EPV,con,k,τk coincides with
EPV,gen,k,τk when EL,k,τki is higher than EPV,gen,k,τk.

EPV, con,k,τk
=

EL, k,τk
i f EPV, gen,k,τk

≥ EL ,k,τk

EPV, gen,k,τk
i f EPV, gen,k,τk

< EL k,τk

(6)

where τk is the duration of the kth recording interval within a reporting period and k is the number of
recording intervals in the reporting period [50].

The aforementioned parameters may be calculated in a given reporting period (monthly, olive
harvest period, and annual) through Equations (7)–(9):

EPV, gen,τ =
∑

k

PPV, gen,k,τk
× τk (7)

EL,τ =
∑

k

PL,k,τk
× τk (8)

EPV, con,τ =
∑

k

PPV, con,k,τk
× τk (9)

where τ denotes the reporting period.
The self-consumption index, Φsc, can be defined as the percentage of EPV,gen which is locally

consumed (Equation (10)). On the other hand, the self-sufficiency index, Φss, provides the percentage of
EL which is consumed over a reporting period from photovoltaic generated energy (Equation (11)) [66]

Φsc, τ =
EPV, con,τ

EPV, gen,τ
(10)

Φss, τ =
EPV, con,τ

EL,τ
(11)

Self-consumption and self-sufficiency indices can be plotted as function of array peak power [51],
Figure 1.

2.5. Effect of Averaging Irradiance Time-Series in Photovoltaic Direct Self-Consumption in Olive Mills

In this manuscript, direct photovoltaic energy consumed is estimated considering two recording
intervals, 15 min and 60 min, where 15 min recording interval data have been selected as reference data.
The irradiance data, which are measured by the meteorological station with a recording interval of one
minute, are averaged every 15 min to have the same recording interval as EL and EPV,gen. Both recorded
parameters (15 and 60 min) are used to analyze the error when matching the load consumption and
photovoltaic profiles in a photovoltaic direct self-consumption system. If low errors are obtained,
hourly irradiance data provided by TMY database may be used to study the influence of array tilt and
orientation angles on the self-consumption and self-sufficiency indices for the olive mill under study.
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Figure 1. How to plot Φsc and Φss as a function of the nominal array power, P0 [51,52,64].

The percentage error (PE) when analyzing the matching capability due to different recording
intervals may be expressed as [64,66–69]:

PE =
Xestimated −Xre f

Xre f
(12)
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where X represents the parameter considered.
PE can be plotted as function of array peak power, Figure 2.Electronics 2019, 8, x FOR PEER REVIEW 8 of 23 
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Figure 2. How to estimate the percentage error as function of the nominal array power, P0 [51,52,64].

where P0,fini corresponds to 1000 kWp and βfini has a value of 90◦.
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3. Results and Discussion

3.1. Impact of Recording Time in Self-Consumption Analisys

To provide a proper analysis, it is necessary to accurately know the irradiance and the load
consumption profiles [70–73]. In this sense, the annual percentage error for EPV,con is estimated when a
recording interval of 60 min of EPV,gen and EL is used instead of 15 min on an annual basis, as shown in
Figure 3. As can be seen in this figure, annual PEs provide values lower than 1.6% when a recording
interval of 60 min is considered. These small values of PE may be due to the shape of olive mills load
profile: it is almost constant with a low variability during the daylight hours and the load profile
is generally above the generation curves when P0 has a value lower than 200 kWp, as can be seen
in Figure 4. This figure represents a harvest day with two different array powers, P0 (200 kWp and
500kWp) and different recording intervals (15 min and 60 min).
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Figure 3. Annual self-consumed photovoltaic energy error as a function of P0 considering a recording
interval of 60 min. Recording interval of 15 min either for EPV,gen and EL has been taken as a reference
when EPV,con is estimated.

Although it may be desirable to use a recording interval as short as possible [64,66], the impact on
the self-consumption analysis may depend on the dynamics of the solar profile and the system under
study [44]. Therefore, the error when matching the olive mill load consumption profile and photovoltaic
generation profiles in a photovoltaic direct self-consumption system with a recording period of 60 min
may be considerably lower than the ones observed in residential buildings [64,66–69,74–76]. Therefore,
hourly irradiance data and a recording interval of 15 min for EL may be used to estimate EPV,con, Φsc

and Φss in this type of industries on an annual basis.

3.2. Influence of Array Tilt and Orientation Angles in Self-Consumption and Self-Sufficiency Indices.

Photovoltaic generation profiles have been estimated considering different combinations of array
tilt angle, from 0◦ to 90◦ at 5◦ increments, and orientation angles from −90◦ to 90◦, where α = 0◦

corresponds to south. Array powers (P0) range between 0.01 kWp to 1000 kWp at 10 kWp step.
Each one of these 21109 photovoltaic generation profiles, together with the olive mill load profile have
been used to calculate the self-consumption and self-sufficiency indices on an annual basis, on an olive
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harvest basis and on a no olive harvest basis. This work considers olive harvest period from December
to March; therefore, from April to November may be considered to be no harvest period.
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Figure 4. Daily photovoltaic generation and load consumption of an olive mill in Jaén (South of Spain).
Load and Irradiance data correspond to 27 March 2019. EPV,con is represented by the orange area,
EPV,gen is given by blue and orange area and EL is represented by grey and orange areas. In Subplots 1
and 2 the array power considered, P0, is 500 kWp, meanwhile Subplots 3 and 4 corresponds to array
power of 200kWp. The recording interval is 15 min in Subplots 1 and 3; on the other hand, Subplots 2
and 4 has a 60 min recording interval. Orientation angle and tilt angle have a value of 0◦.

Figure 5 shows a no harvest day for three different orientation angles, 0◦, −90◦, and 90◦, and
three array tilt angles, 0◦, 45◦, and 90◦. As can be seen, the different photovoltaic generator profiles
may vary the self-sufficiency index from 0.39 to 0.44. For α = 0◦ the photovoltaic self-consumption
energy is maximized at noon, Subplots 1, 2, and 3. However, in Subplots 4 and 5 for α = −90◦ the
self-consumption energy is emphasized in the morning. Meanwhile, in Subplots 6 and 7 for α = 90◦

the photovoltaic generation is higher in the afternoon. Although the self-sufficiency indices are quite
similar for the seven analyzed cases, the poorest result is obtained when south-facing and β = 45◦

and 90◦ are considered. It must be noted that 45◦ is the array tilt and the south-facing of orientation
angles may be considered the optimum ones when the annual photovoltaic energy generation must be
maximized [15–17]. This fact emphasizes the need for photovoltaic self-consumption analysis for a
given load profile to find not only the optimum array energy generation but the tilt and orientation
angles which maximize the matching capability.
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Figure 5. Daily photovoltaic generation and load consumption of olive mill in Jaén (South of Spain).
Load data correspond to 3 June 2018 and irradiance data correspond to 3 June TMY. EPV,con is represented
by the orange area while EPV,gen is given by blue and orange area and EL is represented by grey and
orange areas. P0 is 900 kWp and the recording interval is 15 min for load profile and 60 min for
photovoltaic generator profile. Subplot 1: α = 0◦ and β = 0◦, Subplot 2: α = 0◦ and β = 45◦, Subplot
3: α = 0◦ and β = 90◦, Subplot 4: α = −90◦ and β = 45 ◦, Subplot 5: α = −90◦ and β = 90◦, Subplot 6:
α = 90◦ and β = 45◦ and Subplot 7: α = 90◦ and β = 90◦.

Table 4 shows the array tilt and orientation angles which maximize and minimize the self-sufficiency
index for each peak power on an annual basis, an olive harvest basis, and no olive harvest basis,
respectively. As can be seen in Table 4, for an annual basis, the orientation angles which maximize
Φss are south-facing (0◦) for P0 between 0.01 and 140 kWp and −10◦ for P0 higher than 140 kWp.
Meanwhile, the array tilt angles that provide the best self-sufficiency index are between 30◦ and 45◦,
depending on P0. On the other hand, when an olive harvest basis is considered, the best results are
obtained with array tilt angles that range from 50◦ and 55◦ and the orientation angle is 0◦, Table 4.
As can be seen, higher array tilt angles are needed on an olive harvest basis than on an annual basis.
Olive harvest periods are months where the solar elevation is lower than no olive harvest period.
Therefore, to maximize the generated photovoltaic energy during olive harvest period, higher array
tilt angles from 50◦ to 55◦ are needed. As the photovoltaic energy generation must be maximized in
winter months, the array tilt must be considerably increased as is the case of photovoltaic stand-alone
systems. The recommended array tilt angle for this type of system will be chosen to meet the load
in the worst month. In this way, for a fixed orientation angle, tilt angle should be set at the latitude
angle plus 15◦ degrees when wintertime load is the most critical and latitude angle minus 15◦ degrees
when summertime load is the most critical [46]. The former may correspond to olive mills as the high
consumption and the less generation is achieved in winter months.

If a no olive harvest basis is considered, the array tilt angles that provide the best Φss may range
from 0◦ to 20◦ and the orientation angles may vary from −30◦ to 0◦ and 90◦. The array tilt angles are
lower than the ones obtained on an annual basis and an olive harvest basis. It must be noted that this
period corresponds to months where the sun is relatively high in the sky so the tilt angle must be low
to maximize the collected energy. However, when P0 is larger than 600 kWp, the orientation angle
needs to maximize self-sufficiency index, thus having a value of 90◦. On the other hand, Φss has a
minimum value when array tilt angle is 90◦ for most cases. Vertical façade is used in building-integrated
photovoltaics (BIPV); however not only a significant impact on the annual energy output of BIPV
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system may be found due tilt and orientation angles [77], but also self-sufficiency index may be 25%
lower as shown in Figure 5.

Table 4. Maximum and minimum self-sufficiency indices as a function of P0.

Reporting Period Φss β (◦) α (◦) P0 (kWp)

Annual basis
Max

30 0 [0.01–110)
35 0 [110–140)
35 −10 [140–300)
40 −10 [300–690)
45 −10 [690–820)
40 −10 [820–1000]

Min
90 −90 [0.01–60)
90 90 [60–1000]

Olive harvest basis
Max

50 0 [0.01–70)
55 0 [70–1000]

Min
90 −90 [0.01–20)
90 90 [20–1000]

No olive harvest basis
Max

25 0 [0.01–170)
20 0 [170–310)
20 −10 [310–380)
20 −30 [380–400)
15 −30 [400–490)
10 −30 [490–600)
0 90 [600–1000]

Min
90 0 [0.01–120)
90 90 [120–1000]

As has been seen, Φss is influenced by array tilt and orientation angles and the angles which
maximizes and minimizes Φss also depends on P0. Once the maximum and minimum Φss are defined,
the self-sufficiency and self-consumption indices as function of P0 will be plotted. Only curves, which
maximize and minimize the self-sufficiency index, are provided. The rest of the curves are within
these limits.

Figures 6–8 represent the self-consumption and self-sufficiency indices as a function of the nominal
array power, which have been obtained through the photovoltaic generation and olive mill profile
matchings. As has been aforementioned, the array tilt and orientation angles that maximize and
minimize the self-sufficiency indices have been considered. As can be seen in Figures 6 and 7, when P0

is higher than 300 kWp, Φss, max and Φss, min may vary up to 25%; however, the difference between
Φss, max and Φss, min values are lower than 15% when P0 is less than 300kWp. Φss, max curves in Figure 8
shows a greater slope up to 400 kWp. Therefore, the lower P0, the smaller influence of self-sufficiency
index is due to array tilt and orientation angles. It must be noted that on an annual and olive harvest
basis, especially in the latter, high self-consumption indices may be reached, i.e., a high matching
capability is achieved.

It must be noted that self-sufficiency curves are asymptotic [51,52]. However, in this case, where a
large olive mill is considered, and in order to see the asymptotes, unrealistic array powers (i.e., much
higher than 1 MW) may be considered. In any case, it can be seen that either on annual or harvest
basis, photovoltaic self-consumption without storage may provide self-sufficiency indices below 0.5,
i.e., almost half the load consumption may be obtained direct from photovoltaics. On the other hand,
on a no harvest basis the self-sufficiency index may be slightly higher than 0.5.



Electronics 2020, 9, 348 15 of 23

Electronics 2019, 8, x FOR PEER REVIEW 14 of 23 

 

 
Subplot 7 

 

Figure 5 Daily photovoltaic generation and load consumption of olive mill in Jaén (South of Spain). 

Load data correspond to 3 June 2018 and irradiance data correspond to 3 June TMY. EPV,con is 

represented by the orange area while EPV,gen is given by blue and orange area and EL is represented by 

grey and orange areas. P0 is 900 kWp and the recording interval is 15 min for load profile and 60 min 

for photovoltaic generator profile. Subplot 1: α =0° and β = 0°, Subplot 2: α =0° and β = 45°, Subplot 3: 

α =0° and β =90°, Subplot 4: α =-90° and β =45 °, Subplot 5 : α =-90° and β =90°, Subplot 6 : α =90° and 

β =45° and Subplot 7 : α =90° and β =90°. 

 

Figure 6 Annual basis. Фsc and Фss curves which maximizes Фss. 

 

Figure 6. Annual basis. Φsc and Φss curves which maximizes Φss.

Electronics 2019, 8, x FOR PEER REVIEW 16 of 23 

 

 

Figure 7 Olive harvest basis. Фsc and Фss curves which maximizes and minimizes the Фss. 

 

Figure 8 No harvest basis. Фsc and Фss curves which maximizes and minimizes Фss. 

Figure 7. Olive harvest basis. Φsc and Φss curves which maximizes and minimizes the Φss.



Electronics 2020, 9, 348 16 of 23

Electronics 2019, 8, x FOR PEER REVIEW 16 of 23 

 

 

Figure 7 Olive harvest basis. Фsc and Фss curves which maximizes and minimizes the Фss. 

 

Figure 8 No harvest basis. Фsc and Фss curves which maximizes and minimizes Фss. 

Figure 8. No harvest basis. Φsc and Φss curves which maximizes and minimizes Φss.

In Figure 6, array tilt and orientation angles may be used to optimize the photovoltaic generator,
e.g., if a 0.2 annual self-sufficiency index must be achieved, the photovoltaic peak power may range
from 250 kWp to 500 kWp and annual self-consumption index may vary from 0.78 to 0.7. Therefore, in
this case, the peak power may be doubled to obtain the same Φss. This highlights the influence of array
tilt and orientation angles when maximizing photovoltaic energy consumed and self-sufficiency indices.
Moreover, it must be noted the high self-consumption index that may be achieved which approaches
0.8. Figures 9–11 show the self-consumption and self-sufficiency curves for tilt and orientation angles,
which maximize self-sufficiency index for photovoltaic generator of 250 kWp. These figures provide
the indices in different periods: annual, harvest period, and no harvest period. In Table 5 is shown the
values of both indices for annual, harvest period, and no harvest period when a 250 kWp array power
is considered. Self-sufficiency indices are similar for 35◦, 20◦, and 55◦ with values in the range from 0.2
to 0.19 on an annual basis; however, Φss for 90◦ is 0.11, only half of these values.

Figures 6–8 allow analysis of the range of array powers which provide a given self-sufficiency
index from different basis (annual, olive harvest, and no olive harvest). Moreover, if peak power of
photovoltaic generator is known, the range of self-consumption and self-sufficiency indices which may
be obtained if array tilt and orientation angles are modified.
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Table 5. Self-consumption and self-sufficiency indices with P0 = 250 kWp.

P0 (kWp) β (◦) α (◦) Reporting Period Φsc Φss

250

35 −10
Annual basis 0.7714 0.2012
Olive harvest basis 0.9002 0.1159
No olive harvest basis 0.7229 0.3069

20 0
Annual basis 0.7667 0.1971
Olive harvest basis 0.9004 0.1060
No olive harvest basis 0.7212 0.3101

55 0
Annual basis 0.7918 0.1944
Olive harvest basis 0.9020 0.1209
No olive harvest basis 0.7441 0.2855

90 90
Annual basis 0.8404 0.1187
Olive harvest basis 0.9203 0.0546
No olive harvest basis 0.8161 0.1982

4. Conclusions

It has been shown that from an energetic point of view, photovoltaic self-consumption systems
without storage may be suitable for olive mills. High self-consumption index may be achieved
(>80%), which provides a high matching capability between load and consumption profiles, together
with self-sufficiency index ranging from 20% to 30% for the olive harvest period (i.e., 20%–30% of
the load consumption may be covered with direct self-consumption without storage and most of
the photovoltaic generated energy is self-consumed by the olive mill). Self-sufficiency index values
provided by this type of system in olive mills may be quite similar to or higher than the ones obtained
in the residential sector.

In this paper, the impact of recording time when estimating photovoltaic self-consumption and
self-sufficiency indices (Φsc and Φss) in olive mills have been analyzed. Moreover, how these indices
may be influenced by array tilt and orientation angles in this type of industry have been developed. It
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must be highlighted that the results obtained here may be extrapolated to any industry with a load
consumption profile with low variability during daylight hours.

As established, it is recommended that recording interval may be as short as possible, due to
the impacts on the estimation of the self-consumed energy; higher recording intervals may provide
an overestimation of EPVcon. However, load consumption profile in an olive mill generally has low
variations during sunshine hours. In this sense, it has been shown that regarding direct self-consumption
(i.e., without storage) the error when matching the olive mill load consumption and photovoltaic
generation profiles with a recording period of 60 min may be considerably lower than the ones observed
in residential buildings. Percentage error lower than 1.6% has been found if a recording interval of 60
min is considered, when matching the olive load consumption and photovoltaic generation profiles.
Therefore, hourly irradiance and load consumption data with a recording interval of 1 h may be used
to estimate EPV,con, Φsc, and Φss in this type of industry from an annual basis. In this sense, data
provided with such a recording interval may be used to analyze the performance of photovoltaic
self-consumption systems in olive mills. Moreover, load data considering this time resolution may be
used as long as the load consumption profiles shows little variability during photovoltaic generation.
It must be highlighted that load consumption data with an hourly recording interval are generally
provided by the grid operators, so a huge amount of data may be used to assess the potential of
photovoltaic technology in olive mills.

Olive mill load profiles follow two fixed patterns through the year: olive harvest and no olive
harvest periods. Olive harvest period is from December to March; although the period is only four
months the energy consumption may be 50% of energy consumption during daylight hours.

Array tilt and orientation angles, which maximize self-sufficiency index, depend on P0. When annual
basis is considered, self-sufficiency index may be maximized if array tilt angle varies from 30◦ to 45◦ and
orientation angle from −10◦ to 0◦. However, array tilt angle has a range from 50◦ to 55◦ and orientation
angle is true south when olive harvest period is considered. Meanwhile, array tilt angle has a range from
0◦ to 25◦ and orientation angle is from −30◦ to 0◦ and 90◦. Array tilt of 90◦ and orientation angle of east or
west minimizes the value of self-sufficiency index in all range of P0 and for the three periods: annual,
olive harvest, and no olive harvest.

If a proper design of photovoltaic system is achieved, self-sufficiency index may range from 0.2 to
0.3 and self-consumption index may be relatively high within the range 0.6–0.8 for P0 = 250–500kWp.
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