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Abstract: The industrial sector has a great opportunity to reduce its energy costs through distributed
generation. In this sense, the potential of photovoltaic self-consumption systems in the industrial
cooling and refrigeration sector is shown. Two industries with photovoltaic self-consumption
installations are shown and the electricity consumption profile of this type of industry which has a
remarkable basal electricity consumption during daytime is analyzed. The matching between
consumption and photovoltaic generation profiles is provided through the self-consumption
and self-sufficiency curves considering different reporting periods (monthly and annual). Moreover,
a new index is presented: self-sufficiency index for sunshine hours, ϕSS,SH. This index evaluates the
performance of the photovoltaic self-consumption system when facing the consumption only during
sunshine hours. This index may complement the self-sufficiency index and may improve the analysis
of this type of systems in the industrial sector. Self-consumption indices of 90% may be provided.
Moreover, self-sufficiency indices for total (24 h) and for sunshine hours of 25% and 50%, respectively,
for industry A, and 26% and 45% for industry B have been obtained. During daytime, half the load
consumption in this type of industry may be covered by photovoltaics while achieving high levels of
use of the photovoltaic energy generated.

Keywords: photovoltaic self-consumption; distributed generation; industrial cold; energy efficiency;
energy relocation

1. Introduction

Renewable energies have gradually increased their contribution to global primary energy
consumption; in 2018 they accounted for 10.8% of the total, according to the Association of Renewable
Energy Companies (APPA). Likewise, renewable energies are still the fourth largest source of primary
energy consumption in the world, after oil, coal, and natural gas. In the last place is nuclear energy,
with a 4.4% representation of primary energy consumption. It is important to note that more than
84% of the primary energy consumed in the world still comes from fossil fuels. In Europe, renewable
energies account for 15.5% of total primary energy consumption, 13.9% in Spain, a percentage very
similar to Europe. This fact confirms the great dependence that still exists on fossil energy sources,
more than 70%, and the opportunity to apply renewable energies to solve the great energy dependence
of many countries [1]. In this sense, it is important to note that the industrial sector represented 68%
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of the total electricity demand worldwide in 2019. The trend of this demand may be affected by
the current crisis caused by the SARS-CoV-2 virus. At a global level, electricity demand during the
first quarter of 2020 was 2.6% lower than during the first quarter of 2019, but it should be noted that
generation based on renewable energy increased by 3% [2]. According to the type of renewable energy,
the most numerous installations are those of photovoltaic solar generation, which is causing a change
in the electricity generation model [3].

Among the advantages that can be found in energy generation systems that use renewable
resources, such as photovoltaic solar energy, is that they emit much less pollution than any other fossil
fuel to produce electricity. This is in line with meeting the objectives of the Spanish and European Union
energy policy. In addition, energy imports and payments for CO2 emissions are reduced, economic
profitability and energy efficiency are increased, and transmission losses in the electricity networks are
reduced [4,5]. In this sense, distributed generation, by means of photovoltaics, can represent an energy
alternative where there is a relevant consumption of energy during daytime [6]. There are different
applications, depending on technical, economic and environmental aspects, as well as user needs
and the technology used [7]. The concept of distributed generation is not yet internationally agreed
upon, as each country has different legislation regarding renewable energies and their connection to
the electricity system [8,9]. In Spain, it is defined as the set of electricity generation systems that are
connected within the distribution networks [10]. These systems are characterized by their relative
small power and their location close to the points of consumption [11].

The potential for distributed generation such as photovoltaic self-consumption depends on the
matching between the consumption and generation profiles. In the literature, there are several studies
that analyze the suitability of photovoltaic (PV) self-consumption in the residential sector [12–15].
However, considering photovoltaic self-consumption in the industrial sector, very few references
can be found in the literature that address the impact of photovoltaic solar energy on electricity
consumption and energy efficiency. In this sense, an analysis of different opportunities for energy
efficiency in food industry is provided in [16]. A control method based on energy optimization for a
cane sugar plant, which analyses different energy sources, including photovoltaics, is given in [17].
Moreover, in Reference [18] photovoltaic systems on Algerian dairy farms are analyzed and it is shown
that the reliability of the electricity grid is improved in periods of maximum load, while reducing
greenhouse gas emission. In Reference [19] it is highlighted the continuous interruptions in the
electricity supply suffered by the industry in Pakistan. In order to overcome this handicap and using
HOMER software, a hybrid network with different renewable energies has been designed, including
photovoltaics, for the industrial sector. There may be found other examples of how photovoltaic solar
energy can be technically feasible in the industrial sector and could solve numerous problems, as in
the Philippines [20]. Uganda has developed a study in the industrial sector, with 36 industries, focused
on the inclination and the surface of photovoltaic solar plants [21]. In Reference [22] it is analyzed
the viability of integrated photovoltaic systems in industrial buildings in Greece while [23] shows
that the investment in photovoltaics in the industrial sector of ferroalloys in Brazil has good appeal
from the financial market point of view. Moreover, it has been shown that incorporating photovoltaic
systems for energy supply can make the production of this industry suffer no interruption. As is
the case of the food industry, i.e., eatables items like biscuits or breads; industries placed in areas
where the continuous supply of electrical energy is a major problem [24]. There may be also found
different studies in wineries that provide a techno-economic analysis based on HOMER software,
where the operation of the factory is driven by the renewable energy generated by a photovoltaic
array during the production process [25], or the feasibility study of photovoltaic systems connected
to the grid for different types of oil mills in Andalusia (southern Spain) [26]. Regarding olive mills,
the effect of inclination and orientation angles of the photovoltaic array over the self-consumption
and self-sufficiency indices in photovoltaic self-consumption systems without energy storage is also
analyzed [27]. Moreover, the feasibility of this renewable energy source in this type of industry
is shown.
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It should be highlighted that there are industries that present a consumption profile with high
basal consumption and little variability during daylight hours, which makes them ideal candidate
for photovoltaic self-consumption. The industrial refrigeration and cooling industries stand out,
which also show a notable increase in consumption in summer that can be balanced with the increase
in electricity generation by photovoltaic arrays in this same season.

The refrigeration sector in Spain, according to the Association of Cold Storage Companies
and their Technologies, has experienced a growth of 7 to 15 percent in the last 3 years, registering a
turnover of more than 5000 million euros in 2018 and adding 22,000 direct jobs with one hundred
percent employability rates. This volume includes the different activities of the value chain, from the
manufacture and distribution of components to the manufacture and sale of equipment, and the
execution and maintenance of commercial refrigeration and industrial refrigeration installations.
Behind these figures are more than 5000 certified installation companies, more than 200 manufacturers,
consultants and marketers of refrigeration supplies and equipment whose work transcends the
refrigeration sector. This is because refrigeration is necessary to carry out the productive processes of a
large number of business sectors. Some of them are very relevant for the Spanish economy, such as
the food industry and distribution and the hotel and catering industry. Together they account for
around 40 percent of GDP and both are absolutely dependent on the proper functioning of the cold
chain [28]. In these sectors, refrigeration is synonymous with food safety and quality assurance for
millions of consumers. Another sector of activity in which refrigeration and the cold sector are essential
and which also have a great social impact is the pharmaceutical sector: many medicines—including
vaccines—require cold for their manufacture and preservation. It can be also mentioned other sectors
such as telecommunications, the textile sector or the automotive industry as productive areas that use
in an intensive way, Table 1. In this way, cooling is an important element of productivity. However,
the commitment of the refrigeration industry to environmental sustainability has also made it an
ally for companies in all the sectors we have mentioned to meet their sustainability objectives and to
respond to the climate change-related demands of their customers.

As stated before, additional research may be necessary in order to study the potential of photovoltaic
self-consumption systems in the industrial sector. It should be noted that in this sector too many
different consumption profiles can be found, depending on the productive processes that are carried out
in the industries. Therefore, an ad hoc analysis is necessary to study the adequacy of the photovoltaic
generation profile to the given consumption profile of each type of industry. The main objective of this
manuscript is to highlight the role of this type of systems in Industrial Cooling and Refrigeration as
the consumption profiles of this type of industry may be well matched with the generation profiles of
photovoltaic systems. In this sense, the self-consumption and self-sufficiency curves, considering a
certain range of the photovoltaic generator power, will be used to analyze the suitability of this type of
distributed generation in this type of industry. Likewise, a new index will be provided: self-sufficiency
index for sunshine hours, which will improve the analysis of self-consumption photovoltaic systems
installed in industries. Given that the consumption profiles of companies tend to be very varied,
depending on the power consumption, the equipment required for their production processes and the
production schedules, this index will make it possible to quantify the level of matching of the generation
and consumption profiles exclusively in the hours when photovoltaic generation exists. This parameter
can be of significant interest since it indicates the level of coverage of this technology, limiting itself
exclusively to the consumption existing in the period of time in which this energy source is active.
At the same time, it makes it possible to better characterize this type of installation in the industrial
sector where the consumption profile is very varied and can be unequally distributed throughout the
day, unlike in the residential sector. It should be highlighted that in the case of the latter, electricity
consumption is generally very low between 0:00 and 6:00, which is not the case in the industrial sector.
Furthermore, this new parameter together with economic ones may be also used to provide a new
design approach to better size the array in this type of systems.
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Table 1. Industrial cold applications by type of industrial sector.

Sector Application

Pharmaceutical and hospital White and clean rooms

Logistic

Robotic cold stores
Picking areas

Antechambers
Self-supporting warehouses

Fruit vegetable

Cold rooms with controlled atmospheres
Rapid forced air cooling

Water cooling
High vacuum cooling

Meat

Channel cold rooms
Process rooms

Clean or white rooms
Dryers

Cold rooms for finished products
Freezing tunnels

Blast chillers
Freezing cold rooms

Heated packaging rooms

Dairy Cold rooms for dairy products

Fishing

Boat cooling
Refrigeration of reception areas and markets

Ice factories
Cold storage

Refrigeration of fish workers
Freezing

Hospitality and restoration

Cold rooms in large central kitchens
Small cold rooms for restaurants

Installation of blast chillers
Freezing tunnels

Bakery and pastry

Freezing tunnels, continuous static or spiral
Refrigerated bakery workers

Controlled fermentation chambers
Freezing chamber for precooked

Small pastry chambers

Distribution, hypermarkets
and supermarkets

Separate cold rooms
Cold storage plants for vegetables, meat, fish, dairy

Freezer chambers
Butcher shop workers with a view towards the store

Bread workers
Refrigeration equipment by air or by water

Ice and flake generators

The article is structured as follows. The first section presents the industrial refrigeration industries
that have been monitored in order to provide real data. The consumption profile of this type of
industry is characterized and the methodology used to analyze the suitability of the photovoltaic
systems for self-consumption in this type of industry through the self-consumption and self-sufficiency
indices is presented. In addition, a new self-sufficiency index for sunshine hours is provided to
characterize photovoltaic self-consumption systems in the industrial sector. Moreover, Zero point
Energy Industry (ZEI) point is defined. The following section analyses the different self-consumption
and self-sufficiency curves, during total and regarding sunshine hours, considering different reporting
periods (monthly and annual). Finally, conclusions are drawn in the last section.
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2. Materials and Methods

2.1. Consumer Profiles of Industrial Refrigeration and Cooling Companies

Two industries of the industrial refrigeration sector in Spain have been monitored for one
year. In both industries it has been installed photovoltaic self-consumption systems. In this sense,
data regarding electricity consumption, photovoltaic generation and photovoltaic self-consumption
have been collected. It has been considered a storage or recording interval of 5 min either for the
power consumed and the photovoltaic power generated [29]. This recording time is appropriate as the
consumption profile of this type of industry shows little variability.

The first industry analyzed in this article, Industry A, and whose main activity is cold storage,
is located in the southern region of Spain. It has cold stores with a capacity of 35,000 m3 and a
freezing temperature of −24 ◦C. The annual electricity consumption corresponding to the year of
measurement was 2,024,583.50 kWh, and the electricity generation of the photovoltaic self-consumption
facility installed on its roof was 76,819.44 kWh. The electrical characteristics of the self-consumption
photovoltaic system are shown in Figure 1a. Likewise, the accumulated daily values of energy
consumption and photovoltaic generation are shown in Figure 2. Moreover, daily load and photovoltaic
generation profiles are shown in Figure 3.
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Figure 1. (a) Data of the photovoltaic self-consumption generation installation, industry A; (b) Data of
the photovoltaic self-consumption generation installation, industry B.

Industry B also belongs to the industrial refrigeration sector but differs from the previous one in
that it also has a productive process of separation, calibration and packaging of its product. However,
its most representative consumption is due to storage in cold rooms, as is the case with industry A.
It is located in the northern region of Spain. The electricity consumption in the annual period was
1,026,312.34 kWh, and the electricity generation of the photovoltaic self-consumption facility installed
on their roof was 128,307.78 kWh. The electrical characteristics of the self-consumption photovoltaic
system are shown in Figure 1b. Cumulative daily consumption and generation values and daily load
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and photovoltaic generation profiles are shown in Figures 2 and 4, respectively. It can be seen that
self-consumption photovoltaic system corresponding to industry B has twice the power that industry
A. However, it does not provide twice the photovoltaic generation, as irradiation is a very important
variable in this type of systems (industry A is located in the south of Spain while industry B is in
the north).
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Figure 2. Bar graphs for cumulative daily consumption and photovoltaic generation (kWh/day)
corresponding to industry A and B throughout a year (365 bars). (a) Industry A-Daily consumption
data; (b) Industry A-Daily generation data; (c) Industry B-Daily consumption data; (d) Industry B-Daily
generation data.

As can be seen in Figure 2, industry A presents high daily energy consumption on the central days
of the year, coinciding with summer, reaching 8000 kWh/day on specific days of the season. On the
other hand, the lowest consumption is obtained for winter days, decreasing consumption, in this case,
to 4000 kWh/day. On the other hand, industry B carries out other productive and complementary
activities to those of the cold sector itself, especially in the winter season, which means that the annual
consumption curve has a different shape. In this way, it can be seen that, for industry B, its daily
consumption reaches 2500 kWh/day in summer. With respect to photovoltaic generation in industry A,
on summer days, when there is more solar radiation, generation can exceed 300 kWh/day on specific
summer days. On the other hand, it can be seen in the graphs of industry B, in terms of photovoltaic
generation they are similar in shape to that of industry A, but with different magnitude as the array
powers of the facilities are different and they are located at different latitudes.
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Figure 3. Daily load and photovoltaic generation profiles. Industry A. (a) Weekend-May 6; (b) Labor
Day-May 4; (c) Weekend-August 6; (d) Labor Day-August 7; (e) Weekend-November 5; (f) Labor
Day-November 6; (g) Weekend-February 4; (h) Labor Day-February 6.

With regard to the daily consumption profiles, it should be noted that the industrial refrigeration
industry generally presents a very characteristic consumption profile that is repeated in the majority
of companies in this sector, Figures 3 and 4. They differ only in the magnitude of the power
consumed, which depends on the size of the industry. In this sense, this type of industry has an
electricity consumption with a relative high basal consumption with little fluctuations during the day
which varies throughout the year depending on the ambient temperature, with the highest electricity
consumption in spring and summer when this temperature is higher and the lowest electricity
consumption in winter, when the ambient temperature is lower. Likewise, the consumption may be
increased during sunshine hours due to other services and management activities that are carried out
during daylight hours to keep the industry running. This characteristic of increased consumption
during sunshine hours can facilitate the matching between the generation and consumption profiles in
this type of industry.
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Figure 4. Load and photovoltaic generation profiles. Industry B.(a) Weekend-May 6; (b) Labor
Day-May 4; (c) Weekend-July 30; (d) Labor Day-July 31; (e) Weekend-October 22; (f) Labor Day-October
26; (g) Weekend-February 5; (h) Labor Day-February 6.

Based on the daily power consumption and generation profiles, it can be seen that for industry
A, Figure 3, both on non-working days and on working days, and in all seasons, there is a basal
consumption, which is maintained 24 h a day and it is even higher during sunshine hours in labor
days. As can be seen, it is greater in summer and spring months, where it may generally reach 300 kW
in labor days, while in autumn and winter months this basal consumption may be around 250 kW.
For industry B, there is a basal consumption which is also greater during sunshine hours in labor days.
In this case, this basal consumption may reach, at least, 100 kW.
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2.2. Generation Profiles

In Figures 3 and 4, the generation profiles together with the consumption profiles of each industry
are shown, both for holidays and for labor days. It can be also seen that the photovoltaic generation
profiles of the facilities installed in industry A and B correspond, respectively, to clear skies and to skies
which often present a greater variability throughout the year. This is due to their location: industry
A and B are located in southern and northern Spain, respectively. In these graphs, it is possible to
appreciate the coupling that occurs in the daytime between both curves, generation and consumption,
obtaining a good matching. As can be seen in Figures 3 and 4, the energy production with photovoltaic
from both industries is practically self-consumed. Likewise, the good coupling between photovoltaic
generation and consumption in industry B is also remarkable, even better than that observed for
industry A as load consumption profile is considerably above photovoltaic generation profile. However,
if the aim is to supply the greatest amount of photovoltaic energy to be self-consumed, it may be
possible to increase the power of the photovoltaic installation corresponding to industry A in order to
increase the energy of photovoltaic generation without wasting it.

In order to analyze the suitability of photovoltaic self-consumption systems it may be plotted
self-sufficiency and self-consumption curves for a given array peak power range. Moreover, the output
power of a photovoltaic self-consumption system considering a determined recording interval can be
calculated as:

Pk
Pv, τk

= ξk
pv,τk

× P0 (kW) (1)

where Pk
Pv, is the photovoltaic power for the photovoltaic self-consumption system for each k period,

τk is the recording period, P0 (kW) is the rated power, ξk
pv(p.u) is the per-unit PV power output at each

k period which is irradiance function, ambient temperature and photovoltaic system efficiency [30].
These simplifies expressions have been used in other similar studies [31,32]. In this way, a range of P0

from 0.01 kWp to 2 MWp was used with a step of 10 kWp. The upper limit has been chosen in order to
properly plot the aforementioned curves.

As mentioned above, both PV power profiles has been measured for one year. The cold storage
industries A and B have a PV array of 52.8 kWp and 110.2 kWp and with a final yield (Yf) of
1455 kWh/kWp and 1164 kWh/kWp, respectively. Yf defined by IEC 61,724 is calculated as the AC net
energy output of the PV system (Eout) per rated kW (DC) of installed PV array (P0) [33]:

Yf =
Eout

P0

(
kWh
kWp

)
(2)

Once the electrical consumption and generation profiles of the industries have been characterized,
the self-consumption and self-sufficiency indices are used to determine the behavior of the photovoltaic
self-consumption installations with respect to consumption demanded by the industry.

2.3. Self-Sufficiency and Self-Consumption Indices. Self-Sufficiency Index for Sunshine Hours Index ϕSS,SH

The self-consumption index (ϕsc) can be defined as the ratio of self-consumed photovoltaic energy
(EPV,con) and generated photovoltaic energy (EPV,gen), Equation (3), and indicates the level of use of
self-consumed photovoltaic energy with respect to the generated photovoltaic energy. On the other
hand, the self-sufficiency index (ϕss) provides the percentage of the energy consumption (EL) that
is covered from the generated photovoltaic energy, Equation (4) [34,35]. Figure 5 shows an example
of a daily photovoltaic consumption and generation profiles, where the different areas used for the
calculation of self-consumption and self-sufficiency indices can be observed.

ϕsc,τ =
EPV,con,τ

EPV,gen,τ
(3)
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ϕss,τ =
EPV,con,τ

EL,τ
(4)
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τ corresponds to the reporting period (daily, monthly or annual). In this sense, daily, monthly
and annual self-consumption and self-sufficiency curves will be obtained and analyzed, both in total
hours (24 h) and in sunshine hours for a given array power range. These two indices are generally used
to characterize self-consumption photovoltaic systems. The self-sufficiency index considers the total
energy consumed during all the daytime, whether there is photovoltaic generation or not. It should
be noted that in the case of photovoltaic generators they only generate during a fraction of the day
(from sunrise to sunset). In the case of self-consumption photovoltaic systems aimed at the residential
sector, the generation period generally corresponds to the activity period of the homes, except for a few
hours’ delay before the tenants go to bed, so consumption decreases considerably at night (i.e., between
00:00 and 6:00 the consumption may be marginal). However, in the industrial sector each company
may have a different consumption profile, which may or not depend on the photovoltaic generation
period. In that sense, it may be interesting to define a new parameter that quantifies and evaluates the
performance of the photovoltaic self-consumption system only during sunshine hours and evaluate the
role that PV generators can play in coping with consumption in that period of time. This new parameter
defined as self-sufficiency index for sunshine hours, ϕss,SH, may be interesting to evaluate the level of
coupling between the consumption and generation profiles for the aforementioned generation time.
It can be also interesting when different complementary energy sources to the electricity grid are
considered (e.g., wind and photovoltaic energy. ϕss,SH can be estimated as:

ϕss,SH,τ, =
EPV,con,τ

EL,SH,τ
(5)

where EL,SH,τ is the energy consumed during sunshine hours (from sunrise to sunset) for a given
reporting period. Sunshine and night hours can be estimated by means of an astronomical model
that determines when sunrise and sunset occur [36]. Table 2 provides the value of ϕsc, ϕss and ϕss,SH

indices for each industry.
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Table 2. Final PV system yield, annual self-consumption index, annual self-sufficiency index and annual
self-sufficiency index during sunshine hours.

Parameter Industry A Industry B

Yf (kWh/kW) 1455 1164
ϕsc 0.9999 0.9995
ϕss 0.0375 0.1249
ϕSS,SH 0.0726 0.2361

Therefore, a photovoltaic self-consumption system can be better evaluated considering
self-consumption and self-sufficiency indices together with the new proposed index. In order
to get the self-sufficiency index for sunshine hours it is necessary to estimate the photovoltaic energy
generated, EPV,gen, Equation (6), the energy consumed by the installation EL, Equation (7) and the
energy consumed during sunshine hours, EL,SH, Equations (8) and (9), as well as the photovoltaic
self-consumed energy, EPV,con, Equations (10) and (11).

EPV,gen,τ =
∑

k

Pk
PV,gen,τk

× τk (6)

EL,τ =
∑

k

Pk
L,τk
× τk (7)

Pk
L,SH,τk

=

Pk
L,τk

from sunrise to sunset

0 from sunset to sunrise
(8)

EL,SH,τ =
∑

k

Pk
L,SH,τk

× τk (9)

Pk
PV, con,τk

=

Pk
L,τk

if Pk
PV,gen,τk

≥ Pk
L,τk

Pk
PV,gen,τk

if Pk
PV,gen,τk

< Pk
L,τk

(10)

where τk corresponds to the recording interval and k is the number of recording intervals in the
reporting period [33]. PPV,gen and PL corresponds to the output power and to the load power,
respectively, of the photovoltaic system for each k period; PL,SH is the load power during sunshine
hours (from sunrise to sunset) for each k period and PPV,con is the photovoltaic self-consumed power
for each k period. Once EPV,con is obtained, self-consumption and self-sufficiency indices can be
estimated [32,34], Figure 6. In addition, self-sufficiency for sunshine hours, ϕSS,SH, has been included.

Regarding residential self-consumption, this range was considered to be between 0 and 10 kW
since this interval represents the majority of power contracts in this sector [37]. In order to properly
observe the shape of the curves mentioned above, the range has been extended to 2 MW. This study
will make it possible to determine not only what percentage of the consumption can be covered with
different array powers, it will be shown the potential of photovoltaic self-consumption for this type of
industry characterized by a considerable basal consumption. To obtain the curves mentioned above,
the method indicated in Figure 6 will be used for different τ: daily, monthly and annual. This will be
done for each company and differentiating the analysis by total hours and sunshine hours.
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Figure 6. Method followed to estimate ϕSC, ϕSS and ϕSS,SH, as a function of the nominal power of the
array, P0.

3. Results and Discussion

With regard to industry A, Figure 7a shows the self-sufficiency and self-consumption curves for
each month of the year. It can be seen how the self-consumption index present a value of 100% for
a certain range of power. Thus, for July, the total use of the energy generated is achieved for array
powers lower than 370 kW. On the other hand, January only provides a 100% self-consumption index
up to 110 kW. In relation to the monthly self-sufficiency curves, it should be noted that these show a
linear behavior for a certain array power range. Outside this interval, the growth is no longer linear,
becoming asymptotic. For July, a self-sufficiency index of 52% is reached for a power of the array of
2 MW, while if this same power is considered in the month of January this index is slightly higher
than 30%. Moreover, if the analysis is focused on the region of lineal behavior, for an array power of
400 kWp a self-sufficiency index of 28% and 17% may be reached for July and January, respectively.
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Figure 7. (a) Monthly self-consumption and self-sufficiency curves; (b) Annual self-consumption
and self-sufficiency curves. Industry A.

If a period of analysis of one year is considered, the annual self-sufficiency and self-consumption
curves are obtained (τ = year), Figure 7b. As already indicated, a high level of use of the photovoltaic
generated energy with a self-consumption index of 90 and 80% for generator powers of 400 and 600 kWp,
respectively, stands out. Likewise, the self-sufficiency index shows a linear behavior up to a considerable
array power: 400 kWp, where a self-sufficiency index slightly higher than 25% is achieved. From that
point on, the self-sufficiency index increases as the generator power does, but this increase is no longer
lineal. In fact, the slope of the curve decreases as the power increases. At the end of the power range
studied, the increase in the self-sufficiency index is very poor in relation to the increase in power.
The intersection of the two curves indicates the ZEI (Zero Energy Industry) point as an analogy related
with Zero Energy Building (ZEB) point which corresponds to the residential sector [38,39], and in this
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case, it is reached for 1400 kW. This point is characterized by the fact that the two indices are equal.
From Equations (2) and (3) it can be deduced that for ZEI point the annual energy consumed matches
the annual photovoltaic generated energy, i.e., if it were possible to use all the photovoltaic energy
(e.g., using storage systems and demand side management, DSM), the company’s entire consumption
could be covered.

ZEI ⇒ EL,τ = EPV,gen,τ (11)

Considering the new index defined in Section 2.2, new self-sufficiency curves, both monthly
and annual, are now obtained, Figure 8. It can be seen that these curves have a similar shape to those
shown in Figure 7, except that they are less asymptotic while relatively large self-sufficiency values
are obtained. This new index restricts the analysis to sunshine hours where the photovoltaic array is
generating. This index is not intended to replace the self-sufficiency index defined in the literature but
to complement it as it can provide important information on the operation of PV self-consumption
systems specially in the industrial sector. For monthly reporting analysis, Figure 8a, the curves are
already more profiled, and higher self-sufficiency values are obtained than in the previous analysis of
total hours, between 40% and 56%, for a self-consumption index up to 90%. Finally, if we consider
an annual reporting period, Figure 8b, it is obtained a curve where the self-sufficiency index shows a
linear behavior up to 400 kWp, where the annual self-sufficiency index for sunshine hours is close
to 50%: half the annual consumption in the daytime may be covered by photovoltaics. For the array
power range considered it may be higher than 85%. That is, considering daytime hours and an array
power of 2 MW, the self-consumption system may practically cover the energy consumption associated
with that period. Moreover, as can be seen, a new point can be defined: ZEISH. Now at this point,
the energy consumed during sunshine hours would be equal to the energy provided by the array.
In this sense, if all the photovoltaic generated energy would be used, it would be possible to face all
the consumption restricted to sunshine hours, Equation (12). On this occasion, the ZEISH point drops
to 750 kW.

ZEISH ⇒ EL,SH,τ= EPV,gen,τ (12)

Considering the different self-sufficiency and self-consumption curves shown in Figures 7 and 8,
it can be indicated that the photovoltaic self-consumption system of 52.8 kW currently installed in
industry A could increase its peak power up to 180 kWp while maintaining a self-consumption index
of 100% (all the energy generated would be completely used) and self-sufficiency indices, total and for
sunshine hours, of 14 and 30%, may be achieved, respectively. The usefulness of these curves for
dealing with an appropriate sizing of this type of installation should be highlighted.

Regarding industry B, monthly self-consumption and self-sufficiency curves are shown in Figure 9a.
It can be observed that there is a self-consumption of 100% between 100 kW and 150 kW depending on
the month of the year, with self-sufficiency indices between 5% and 15%. Thus, in January, the total
use of the energy generated is achieved for powers below 150 kW. On the other hand, April only
presents a 100% self-consumption value to array powers below 100 kW. In relation to the monthly
self-sufficiency curves, it should be noted that these ones show a linear tendency for a certain power
interval. Outside this interval, the growth is no longer linear, becoming asymptotic as aforementioned.
For July, a self-sufficiency index of 62% is reached for an array power of 2 MW, while if this same
power is considered in the month of January this index is slightly higher than 23%.
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Figure 8. (a) Monthly self-consumption and self-sufficiency curves during sunshine hours; (b) Annual
self-consumption and self-sufficiency curves during sunshine hours. Industry A

If an annual reporting period is considered, the annual self-consumption and self-sufficiency
curves may be obtained, Figure 9b. As it occurred with industry A, a high level of use of the generated
energy with a self-consumption index of 90 and 80% for array powers of 250 and 310 kWp, respectively,
stands out. Likewise, the self-sufficiency index shows a linear behavior up to 200 kWp where this
index is close to 22%. From that point on, the self-sufficiency index increases as the generator power
does, but this increase is no longer proportional. At the end of the array power range considered,
the increase in the self-sufficiency index is very poor in relation to the increase in power. Point ZEI,
on this occasion, is placed at 900 kWp.
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If the analysis is focused on daytime, the self-sufficiency index for sunshine hours may be
considered, Figure 10. As in industry A, the curves obtained in this case are different from the ones
shown in Figure 9a. For τ = month, Figure 10a, higher self-sufficiency values than those estimated in
the previous analysis of total hours are obtained, between 30% (January) and 64%, (September) for a
90% self-consumption index. Finally, if an annual reporting period is taken into account, Figure 10b
a self-consumption index of 90% may be obtained for a photovoltaic generator power of 300 kW,
providing a self-sufficiency index for sunshine hours slightly higher than 45%. In this case, ZEISH point
brings down to 450 kW.
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Figure 10. (a) Monthly self-consumption and self-sufficiency during curves sunshine hours; (b) Annual
self-consumption and self-sufficiency curves during sunshine hours. Industry B.

These self-sufficiency and self-consumption curves, for both, total for sunshine hours, indicate
that photovoltaic self-consumption may be a good choice for this type of industry characterized by a
high basal and low variability consumption during daytime where a complete use of the photovoltaic
energy generated may be achieved. Moreover, theses curves show that the photovoltaic installation of
110.2 kWp currently installed in industry B is properly sized in order to cover a considerable portion
of the consumption due to industrial cooling, maintaining a self-consumption rate of 100% and a
self-sufficiency index for sunshine hours around 20%.

To conclude the discussion and the analysis of the results, the self-consumption and self-sufficiency
curves, curves for both total hours and sunshine hours are shown in Figure 11. The use of
these self-sufficiency curves may be an interesting indicator when sizing the array in photovoltaic
self-consumption systems in the industrial sector.
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Figure 11. Annual self-consumption and self-sufficiency curves calculated with total hours (24h)
and sunshine hours. (a) Industry A; (b) Industry B.

4. Conclusions

The suitability of photovoltaic self-consumption systems depends on the matching between
photovoltaic generation and consumption profiles. In the industrial sector, unlike the residential
one, it may be found too much different consumption profiles. In this sense, it is necessary to
study the suitability of this technology to each type of industry considering its own consumption
profile. Moreover, it may be necessary to define new indices and parameters which take into
account the idiosyncrasy of this sector and, therefore, estimate better the performance of photovoltaic
self-consumption systems in this sector.

In this manuscript it has been analyzed two photovoltaic self-consumption systems installed
in two industries corresponding to the industrial refrigeration and cooling sector which have been
monitored during a year. The nominal array power for industries A and B are 52 and 110 kWp,
respectively. It has been shown how this type of industry presents a consumption profile with high
basal and little variability consumption during daylight hours, and it may be an interesting candidate
for photovoltaic self-consumption. Moreover, they suffer a considerable increase in consumption in
summer that can be compensated for by the increase in electricity generation by the photovoltaic
arrays in this same season. The self-consumption and self-sufficiency curves, considering a certain
range of the photovoltaic generator power, have been used to analyze the suitability of photovoltaic
self-consumption systems in this type of industry. In order to improve the matching analysis between
the generation and consumption profiles of this type of systems, a new index, self-sufficiency index
for sunshine hours, has been defined. This index, which complement the information provided by
self-sufficiency index, evaluates the performance of the photovoltaic self-consumption system when
facing the consumption only during sunshine hours. It indicates the level of coverage of this technology,
limiting itself exclusively to the consumption existing in the period of time in which this energy source
is active. At the same time, it makes it possible to better characterize photovoltaic self-consumption
systems in the industrial sector where the consumption profile is very varied and can be unequally
distributed throughout the day. It can be also interesting when different complementary energy sources
to the electricity grid may be considered (e.g., wind and photovoltaic energy).
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For industry A and considering an annual reporting period, a high level of use of the energy
generated may be achieved with a self-consumption index of 90% for array powers up to 400 kWp.
Likewise, the self-sufficiency index shows an almost linear behavior up to this power, where a
self-sufficiency index close to 25% is reached. Moreover, the annual self-sufficiency index for sunshine
hours reaches almost 50%. Regarding industry B, a 90% self-consumption index may be reached for
an array power range up to 300 kWp. For this array power, self-sufficiency and a self-sufficiency for
sunshine hours indices of 26 and 45%, respectively, may be obtained. In this sense, the suitability
of photovoltaic self-consumption systems for industrial cooling and refrigeration has been shown.
Consumption and generation profiles corresponding to both industries provide a very high level of
coupling for a relative high array power interval, up to 300 kWp, as self-consumption indices may be
higher than 90%. Moreover, taking into account the new index defined, both industries may cover
half the annual consumption during daytime by photovoltaics considering the aforementioned array
powers. These values highlight the suitability of photovoltaic self-consumption systems to this type of
industry to photovoltaic self-consumption systems.

Furthermore, the new parameter defined here together with economic ones may be also used to
provide a new design approach to better size the array in this type of systems. Further research should
be done in this way.
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Abbreviations

EL,τ Total energy consumption during the reporting period
ELSH,τ Total energy consumption during the reporting period for sunshine hours
Eout Energy output
EPV,con,τ Photovoltaic energy consumed during the reporting period
EPV,gen,τ Photovoltaic energy generated during the reporting period
GDP Gross domestic product
HOMER Hybrid optimization model for electricity renewables
L Load
PL Load power (Wp)
PL,SH Load power (Wp) for sunshine hours
P0 PV Nominal power (Wp)
PPV Photovoltaic output power (W)
PPV,con Photovoltaic self-consumed power (W)
PPV,gen Photovoltaic output power (W)
PR Performance Ratio
PV Photovoltaic
τ Reporting period (daily, monthly or annual)
τk Recording interval
YF Annual final yield of a PV System (kWh/kWp)
ZEB Zero Energy Building
ZEI Zero Energy Industry
ZEISH Zero Energy Industry for sunshine hours
ϕsc Self-consumption index
ϕss Self-sufficiency index
ϕSS,SH Self-sufficiency index for sunshine hours
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