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Abstract: Semiarid regions are characterized by prolonged droughts and drought regimes. In Brazil,
57% of the northeast region is considered semiarid, with an average annual rainfall of less than 800 mm.
This climatic condition imposes the need to conduct public policies and develop infrastructure in
order to mitigate drought effects. In this context, the São Francisco River transposition project is an
alternative to problems concerning city water supplying and aiming at decreasing socio-economic
impacts resulting from water restrictions in this region. On the one hand, the river transposition has the
potential to establish a new development cycle in Northeastern Brazil, while, on the other, electricity
demands, estimated at 2533 GWh/year from 320 MW of installed capacity, require technological
alternatives that ensure the project’s financial sustainability. In this context, this study presents
proposals for arrangements concerning electric energy production through photovoltaic systems as
an alternative supply for the transposition project. To this end, a study of the region’s photovoltaic
solar potential was carried out. Based on the performed assessment, three production arrangement
proposals that consider the use of (i) the lateral area and (ii) the transposition channel and (iii) part of
the area of some reservoirs belonging to the transposition of São Francisco river. The study point out
that the use of this potential for all three studied arrangements is favorable to supply, individually or
in a combined form, the electrical energy demanded by the pumping stations installed.

Keywords: solar photovoltaic energy; sustainable; transposition; semiarid; Brazil

1. Introduction

Northeastern Brazil occupies 18.25% of the total Brazilian territory, comprising 8,516,000 km2, with
an estimated population of 54 million inhabitants (27% of the entire Brazilian population). In economic
terms, this region contributes to approximately 14% of the Gross Domestic Product (GDP), 12% of
industrial production and about 21% of agricultural production [1].

The Northeast as an institutionalized territorial space dates back to 1942, when the Brazilian
Institute of Geography and Statistics (IBGE) structured the country’s Regional Division into five regions
defined according to natural, social, cultural and economic aspects. However, its imagery construction
is fundamentally shaped around the recurring drought phenomenon present in the region.

This region [1,2] also registers a significantly lower socioeconomic development level compared to
central south Brazilian regions, with an Municipal Human Development Index (MHDI) mostly between
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0.557 and 0.595 (2010 data), despite the economic advances noted in the last four decades.
Poverty, when taken in the national context, is still an old trait that the economic dynamism of
this century has not managed to alter significantly since the 1980s [3]. At first glance, persistent poverty
in the Northeast is largely credited to a drought history in extensive areas located in the interior of
most Northeastern states, most notably in the semiarid region, where demographic densities are lower
and poverty rates, higher.

The Brazilian semiarid region extends over an area that covers most Northeastern states and part
of the state of Minas Gerais, totaling 1262 municipalities comprising 1,127,953 km2—an area equivalent
to France, Spain and Portugal combined—with an annual rainfall index below or equal to 800 mm,
a Thornthwaite aridity index equal to or less than 0.50 and a daily percentage of water deficit equal to
or greater than 60%, considering all days of the year [4,5]. Approximately 27 million people (12% of
the country’s population) live in this area, making it one of the most populous semiarid areas of the
planet, surpassing the population of countries with similar climatic attributes, like Israel, at 8 million,
and Australia, at 25 million. Figure 1 presents a map of the Brazilian semiarid region according to the
Superintendence for the Development of the Northeast (SUDENE) resolution of November 2017.
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The region’s unfavorable hydrography is insufficient to sustain its large rivers and maintain
perennial conditions during the long and recurrent drought periods [6]. The exception is the São
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Francisco River, which holds 1.7% of the national total freshwater and 70% of the entire Northeastern
water supply. In this context, its water availability (average net water discharges observed in the
courses of a hydrographic basin—amount per inhabitant a year) acquires a special meaning for the
surrounding populations settled on its bed [7–9].

Faced with this scenario and guided by a necessary development and dynamization of the Brazilian
northeast economy from the reduction of its historical water vulnerability through the implementation
of an infrastructure capable of promoting better drought coexistence, the Federal Government made
the São Francisco River Water Transposition Project possible.

In October 2019, this project was concluded, and the pre-operation phase launched.
However, operational costs, concerning, in particular, the resources necessary to bear the electricity
taxes demanded by the project, which account for about 70% of total operational costs, restricts its
full operation.

It is important to highlight that all the electricity demanded for the transposition comes from
the Brazilian National Interconnected System (SIN) whose main source is hydroelectric plants.
Approximately 65% of Brazil’s installed capacity originates from hydroelectric plants [10], which may
indicate potential system restrictions in extreme drought conditions in the future and may affect the
transposition objectives.

On the other hand, the Northeast has an abundance of renewable energy resources, in highlight
solar energy, potential alternative for sustainable transposition operations [11]. The Brazilian
Solarimetric Atlas [12] reports that the Brazilian Northeast presents the highest potential for solar
energy in Brazil, few solar irradiation indices variations, averaging between 5.39 and 5.59 kWh/m2/day.
Additionally, in this region, the highest global solar irradiation values were found in the semi-arid
area [13]. In the semi-arid region, the extremely dry environment and the high number of hours of
sunshine all year round result in daily solar irradiation up to 6.50 kWh/m2/day [14]. Recent studies
indicate that the lowest values of Global Horizontal Irradiation for the semi-arid Northeast region
occur between the months of March and May, during the rainy season, and the average values of solar
irradiation vary between 4.30 and 5.80 kWh/m2/day. The highest Global Horizontal Irradiation values,
in turn, occur between the months of September and February, during the dry season, where average
solar irradiation values vary between 4.90 and 6.30 kWh/m2/day [15], as shown in Figure 2.
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In this context, the history of water scarcity in the Northeastern semiarid region, in contrast
to the recognized abundance of renewable energy resources in the region—with emphasis on solar
energy—raises the possibility of using solar resources to supply the electricity for the energy demands
of this important infrastructure project.

Infrastructure projects, like the one discussed here, demand high public resources for investment
and maintenance, natural resources and incur social and environmental impacts. This increases the
relevance of the debate on technological alternatives that minimize such impacts, as well as broadening
the sustainability agenda from conception to full operation of these works, as guided by the Sustainable
Development Goals (SDG–7) [16]. In this context, the adoption of photovoltaic technology, evaluated
in this article, is in line with such guidelines, since it has the potential to reduce maintenance costs and
socio-environmental impacts.

Thus, the article aims to evaluate the benefits of inserting productive electrical energy arrangements
from large-scale solar photovoltaic systems. The aim is to contribute to the understanding of the
technological and economic challenges, while using, as a background, the promotion of sustainability
in the operation of these types of projects. The study developed here, based on the reality of the
transposition of the São Francisco River, broadens the scope of its findings when extended to other
regions of the world where the duality of the abundance of solar and the scarcity of water resources is
also registered.

1.1. São Francisco River Transposition Project

The transposition project, termed PISF, is structured throughout 477 km comprising channels,
tunnels and aqueducts, and classified into two axes, North and East. The North Axis ranges from
Cabrobó (PE) to Cajazeiras (PB), 260 km in length and flowing through the states of Pernambuco,
Ceará and Paraíba and 12 municipalities, while the East Axis, ranging from Floresta (PE) to Monteiro
(PB), comprises 217 km flowing through three municipalities.

The aim of the PISF project is to transport water from the São Francisco River at a flow of up to
127 m3/s, at 99 m3/s in the North Axis and 28 m3/s in the East Axis, to branches that will supply most
Northeastern semiarid regions. After its completion and when operating at full capacity, it is expected
to benefit 12 million people settled in 390 municipalities throughout the four Northeastern Brazilian
states covered by the project. It will, therefore, provide water security for this population, safeguarding
sustainable access to adequate amounts of acceptable quality water to maintain the livelihoods of this
population, promoting human well-being and population development in the area. Totals investments
are estimated at USD 2.85 billion [8].

1.1.1. The Physical Structure of the PISF

In structural terms, the PISF comprises 13 aqueducts, four tunnels, nine pumping stations (EB),
named EBI or EBV (three located at the North Axis and six at the East Axis), 27 reservoirs, eight 230-kV
substations and one 69-kV substation, 250 km of high voltage transmission lines (230 kV) for both axes
and distribution lines (6.9 kV, 13.8 kV and 69 kV). In addition to these physical structures, the project
also plans to recover 23 reservoirs located in the region and build another 27 to expand pumping
capacity during the second stage [17–19]. A summary of the physical structure dimension of the project
is displayed in Table 1, with emphasis on the axes dimensions and the number of pumps required for
each operation stage.
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Table 1. Physical structure of the PISF.

North Axis East Axis Total

Distance 260 km 217 km 477 km

Pumping stations (EB) 3 6 9

Installed pumps (Stage 1) 6 12 18

Predicted pumps (Stage 2) 24 24 48

Flow rate 99 m3/s 28 m3/s 127 m3/s

Substations
230 kV/6.9 kV 69 kV/6.9 kV -

8 1 9

Transmission lines (230 kV) 250 km

Distribution lines 6.9 kV, 13.8 kV and 69 kV

Aqueducts 13

Tunnels 4

Reservoirs 27

Recovered weirs 23

A simplified structure of each axis is displayed in detail in Figure 3 and in Figure 4, emphasizing
the distances between pumping stations and the differences in channel heights at the pumping stations.
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Water transposition works have been sought out on a global basis and several countries have already
adopted this technique. China, for example, is carrying out a similar project, still under construction
and considered the largest transposition project in the world, with the aim of bringing water from the
South to the North of the country, it will channel 25 billion cubic meters of water a year, covering about
1200 km through three channels [22,23]. This work, located in Beijing, is expected to be completed in
2050 and has been estimated as costing approximately USD 70 billion [24]. One of the project’s channels
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will transport 14.8 billion cubic meters of water a year, over a distance of 1156 km, making use of 23
water pumping stations with an installed capacity of 453 MW. During its partial operation, which began
in 2014, the transposition has diverted 9.6 billion m3 of water, benefiting 53.1 million people [25].

1.1.2. PISF Operations

With about 97% of the PISF works completed, the project is partially operational, according to
data from March 2020. All EBs in the East Axis are working at 50% of their nominal pumping capacity,
while the North Axis has completed 94.92% of its planned works [26,27].

The transposition water is captured at two different points along the São Francisco River, one in the
upstream channel of Assunção Island for the North Axis, close to Cabrobó (PE) and one downstream
of the Itaparica dam for the Eastern Axis, between the cities of Floresta and Nova Petrolândia.

The Brazilian National Water Agency (ANA), responsible for implementing the management
of Brazilian water resources [28], establishes that the steady and continuous pumping of the flow
in both axes will be of 26.4 m3 (annual average corresponding to 1% of the river flow) intended for
human and animal consumption, exceptionally reaching the project flow limit value—127 m3/s [26,29].
Figure 5 presents the general PSIF Map, emphasizing the axes and covered states.
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In order to contribute to the fluidity to this transported water, the PISF uses EB motor pumps to
overcome route unevenness throughout the two axes. To this end, an installed capacity of approximately
105 MW is projected to supply the electrical demand of the first stage, reaching 320 MW when fully
operational in the second stage. At full operation, water pumping will be carried out for up to 21 h
during weekdays and for 24 h on weekends [31]. The annual electric energy demands by the EB are
estimated at 835 GWh during stage 1 and 2533 GWh during stage 2, with a projected expenditure of
USD 70 million a year concerning electricity purchases to supply PISF demands.

This new electric power demand results in the PISF applying pressure on existing generation
units, adding costs to the system expansion and maintenance categories. In its pre-operation phase,
the PISF demanded energy purchases at a cost of USD 50.00 per MWh in 2016, USD 69.00 per
MWh in 2017 and USD 95.00 per MWh in 2018. Electricity expenditures for the PISF are increasing,
as presented in Figure 6, reaching USD 53 million in 2019 [32]. These financial volumes have imposed
public management concerns and, consequently, have led to decision-making advocating full PISF
operations restrictions.
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Figure 6. Total electricity expenditures at the PISF.

The current PISF energy purchase model presents an inherent risk, since electricity purchases
are made in a free consumer condition. This allows commercialization to take place in two different
environments, namely the free market and the captive (regulated) market. Large consumers,
with demands above 3 MW, can buy energy on the open market, defining price, term and volume.

It is worth noting that, in electricity supply scarcity scenarios, the practiced values certainly
tend to exceed 2018 values, potentially enhancing the financial impacts of the project’s operation,
which, despite having a high sunk cost, may, in the light of public policies, make it unfeasible.

In this scenario, the use of photovoltaic solar energy to supply PISF electricity demands is anchored
in the economic-financial analysis developed through Levelized Energy Cost (LCOE) studies. LCOEs
are, therefore, one of the metrics recurrently used in economic-financial analyses, defined as a measure
of competitiveness of different energy generation technologies. This metric represents the generating
plant’s construction and operation costs per MWh, in discounted monetary units, throughout the
plant’s economic useful life cycle [33].

LCOE studies carried out by [34] consider the average price of the renewable energy auction
held in January 2018, where a value between the price ceiling and the one auctioned at LEN 01/2018
of USD 66.91/MWh (USD to BRL average exchange rate for January 2018 is 3.213), was reached for
photovoltaic technology, where the following LCOEs were obtained for the investigated productive
arrangements: (i) USD 37.00 to USD 41.00; (ii) USD 53.00 to USD 59.00 and (iii) USD 40.00 to USD
44.00 [34]. Such studies conclude that the proposed arrangements are economically and financially
viable, since their respective LCOE’s are below both the average auction price and their maximum
value reached USD 97.10/MWh.

The adoption of solar photovoltaic technology in the study region must take place within
an institutional environment that promotes a sustainability culture, strengthening the necessary
relationship with the social, economic and environmental development spheres in the region. In this
scenario, the implementation of projects of this nature can contribute to the promotion of the use and
dissemination of photovoltaic technology as a prominent source in the electrical supply system and
develop the entire production chain, leveraging local and regional income.

The materialization of these initiatives is not only dependent on actions of a technical and
economic nature, but also strongly results from public policy actions applied to order market activities,
contemplating technology transfer and the development of the national industry and its trade and
service chain, as well as the technical framework formation within the scope of professional training
and the formal educational path. According to [35], the lack of qualified professionals in the domestic
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market is an important barrier that must be overcome and public policies will have a direct impact
on resource mobilization, while also enhancing entrepreneurial and training activities in the sector,
thereby generating employment and income.

In these terms, it is imperative that photovoltaic projects, such as the arrangements proposed
for the PISF, expand the benefits of their use beyond financial gains in terms of kWh as a function
of the useful life of the utilized systems. It is then necessary to expand their positive impacts to
different society segments, in order to develop a local production and service supply chain, in addition
to research and knowledge production. These considerations create the necessary framework for a
reflection that points to the importance of going beyond the traditional orientation, that permeates
infrastructure projects. Therefore, new conceptions must be incorporated, including energy alternatives
that consider natural resources and local potentials, such as photovoltaic solar energy.

At the same time as a strong demand for electric energy and a high volume of financial resources
needed to operate transposition projects, such as the PISF, attention is also being paid to the potential
effects of the water diversions, carried out upstream from the hydroelectric plants, may cause
the generation capacity of these plants. In the case of the PISF, the plants located on the São
Francisco river channel [36]. In adverse hydrological regime situations, this scenario may lead
to local economic problems, increasing the dispatch of thermoelectric plants and, consequently,
energy taxes. Figure 7 presents the hydroelectric plants belonging to the São Francisco Hydroelectric
Company—CHESF—located on the São Francisco River and its respective installed capacities, as well
as the water catchment points for the North and East axes.
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Studies aimed at identifying water removal effects from the São Francisco basin at the average
flow provided for the PISF in the CHESF system indicate that this activity presents potential and may
cause average losses of about 240 MW to the hydroelectric complex downstream of the catchment [36],
the equivalent of 2.4% of the nominal CHESF system capacity [39]. These studies, in spite of the
uncertainties and the excess of information, point out the need to further these assessments, since,
under unfavorable hydrological regimes, these effects can add difficulties to full PISF operations, as
well as to the SIN energy supply.

1.2. The Solar Photovoltaic Potential

The analysis of the potential of renewable energy sources, such as solar, involves the verification
of geographical, technical and economic aspects [40]. The theoretical potential is the theoretical limit of
the primary resource. For sources derived from the solar source, this limit is the solar energy itself or
solar energy converted into wind or biomass. The geographical potential is the theoretical potential
reduced to the energy generated in areas that are considered available or desirable for their production.
The technical potential is the geographical potential limited by the conversion losses from the primary
source into secondary energy sources. Economic potential is the total amount of technical potential
that, at cost levels, subsidies (incentive policies) and social constraints, are competitive with different
energy alternatives.

Thus, the exploitable solar photovoltaic potential is the amount of electricity that can
be produced from solar energy, considering the theoretical potential of the source (e.g., solar
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radiation), geographical characteristics (e.g., climate, relief and vegetation), technical constraints
(e.g., photovoltaic conversion efficiency, area availability) and environmental and legislative constraints.

Concerning the theoretical solar potential, there are different approaches to estimate solar
irradiation on a given collecting surface [41]: an approach that is based on the measurement of the
local meteorological data, an approach that derives solar radiation from satellite data, and an approach
that is a mixture of both, using terrestrial and satellite data. Solar radiation is affected by atmospheric
conditions such as optical depth and turbidity (cloudiness); topographic features such as latitude,
relief, roughness and shading; natural processes such as thawing, and evapotranspiration; and human
activities. In most cases, the solar radiation incident on a surface is the result of the interaction between
all these factors [42,43].

High-quality temporal-series solar irradiation data are crucial to a successful deployment of
photovoltaic solar systems since it is the greatest impact variable on electrical power output [44].
Site-specific climatic data are important since technical and economic feasibility have a direct relation
with the local solar resource, in both magnitude (high irradiance) and quality (low variability and high
predictability) [45]. The key variable for fixed module, commonly used in large-scale Photovoltaic
Systems (PVS), is Global Horizontal Irradiance (GHI), that is the amount of radiation received by a
horizontal surface.

The technical potential can be estimated in terms of electric power or energy generation, per unit of
area, and enable assessment of the absolute technical potential of the region. The overall performance
of a Photovoltaic Plants (PVP), usually estimated on a yearly basis, is characterized by the final
system yield (Yf), that figure representing the energy generated by the PV system normalized by the
installed capacity peak power (kWh/kWp), and may be understood as the effective number of electricity
generation hours [11]. The Performance Ratio (PR) is defined as the ratio between the final system yield,
in operation conditions, to the reference yield (Yr), under ideal no-losses condition [11,46]. The PR
includes the optical losses (Shadings, Incidence angle, soiling), the array losses (temperature operation,
ageing, module quality, mismatch, wiring) and the system losses (inverter efficiency) [47–49]. The PR
is useful for finding the efficiency of the entire PVP, regardless of module efficiency. Recent PV systems
implementation reveals an annual PR that is typically around 0.8 [50].

The overall PVP capacity has also a relationship dependent on variables such as the PV module
technology, the tilt angle of the array or inter-row spacing. These important PV system design
parameters determine the area directly occupied by photovoltaic arrays in PVP, that is, the area of
the PV generator—related to sum of the installed PV modules areas. Several studies of the technical
potential in PV systems use a Ground Cover Ratio (GCR) to refer to the ratio between the PV array
and the total ground area required for PV array installation [51,52]. The GCR has been identified as a
key parameter enabling a sensitivity analysis of the PV technical potential. In general, the packing
factor constantly decreases with increase in latitude and it is highest for fixed PV modules at optimum
tilt angles, with GCR varying, almost linearly, from 0.9 to 0.45, at latitudes varying from 10◦ to 40◦,
respectively [53].

2. Methodology

A methodological path was applied to achieve the aims of this study, including a bibliography
review concerning the São Francisco River transposition project characteristics and its importance
for the Northeast Region, a survey of the available area within the PISF study region regarding solar
potential; estimates concerning photovoltaic solar potential for electricity generation in the surveyed
area; and the study of alternative productive electric energy arrangements from the use of PVP as a
way to contribute to reduced dependence on the electric supply demands of interconnected systems,
in infrastructure projects, as well as derived impacts, consequently contributing to the sustainability of
projects of this scale.

Estimates concerning the photovoltaic solar potential for electricity generation in the transposition
project area were performed using information available in the literature and in public and private
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organizations, in particular, the Brazilian Solarimetric Atlas [12,54] and its state versions [55] concerning
solarimetric indices in PISF areas. The productive electric energy arrangements from PVP were obtained
from solar potential calculations for the study region, using recurrent literature methods and analytical
equations, aiming to fully supply the electric energy demands placed on the project. To do so, the annual
average daily solarimetric indices of each pumping station were used, based on their geographical
coordinates and the survey of the transposition project areas. Arrangements were defined according to
the possible areas for PVP installation: 1. useful areas on the sides of the channels; 2. useful areas on
the channels themselves; and 3. useful areas within reservoirs.

The São Francisco River water transposition project was first characterized by the useful PISF
area survey, through an assessment of the entire documentary base presented in official publications
and legal regulations [20,21,56–58], as well as on-site technical visits, aiming at data collection,
comparisons and analyses as a way of revealing the reality experienced during the work execution.

2.1. Electrical Energy Demands of the PISF

Considering a scenario in which all PISF electricity demands are met during the pumping time (tb),
the annual electricity required EReq(i) in GWh per EB (i) for each PISF operation stage were calculated
according to Equation (1).

EReq(i) =
tb.nb(i).Pb(i)

109 (1)

where: tb is the pumping time, nb(i) is the number of pumps for each EB and Pb(i) is the power of each
pump, in W.

2.2. Useful Available PISF Areas

2.2.1. Useful Areas on the Sides of the Channels and on the Channels Themselves

The sum of the lengths of the channels between catchments, pumping stations and dams and their
respective widths on the lateral margins were used to calculate the total area available on the lateral
earth strip and on the channels themselves. The strip of land with an average width of 200 m extending
to the entire channel is PISF real estate, 100 m wide on each side starting from the central channel axis.

A width of 55 m was used on each margin for the calculation of the useful area in the lateral
land strip of the channels, which can be occupied with photovoltaic solar modules. This value was
defined based on possible exclusions related to channel slopes on both margins and service access
roads, as presented in Figure 8.Sustainability 2020, 12, x FOR PEER REVIEW 10 of 27 
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Considering the entire length of the two axes—excluding areas cut by roads,
bridges, walkways, culverts, tunnels and aqueducts—and using the measurements of the widths of the
sides of the channels and their spans, the useful and favorable area for photovoltaic module installation
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on the sides of the channels in the North Axis comprise approximately 19.92 km2 and in the Eastern
Axis, approximately 19.09 km2.

Channel width at the North Axis from the São Francisco River to EBI-3 comprises 23 m, decreasing to
21 m from EBI-3. The channel width at the East Axis is 14m along its entire length. Channel lengths
were used to calculate the useful area and the installation of photovoltaic modules on fixed structures
on the channel, approximately 3.94 km2 at the North Axis and 2.43 km2 at the East Axis. The available
photovoltaic module installation areas by applying these premises are displayed in Table 2.

Table 2. Useful area on the sides and on the channels themselves.

Channel Stretch Length
(m)

Lateral Area
(m2)

Top Area
(m2)

NORTH AXIS

São Francisco River to EBI 1 2080 228,800 47,840
EBI 1- EBI 2 43,120 4,743,200 991,760
EBI 2 - EBI 3 21,570 2,372,700 496,110

EBI 3 – Jati Reservoir 39,900 4,389,000 837,900
Jati Reservoir - Atalho Reservoir 2350 258,500 49,350

Atalho Reservoir - Piranhas
Assu River 72,100 7,931,000 1,514,100

Total–North Axis 181,120 19,923,200 3,937,060

EAST AXIS

Itaparica Reservoir - EBV1 5730 630,300 80,220
EBV 1 - EBV 2 8050 885,500 112,700
EBV 2 - EBV 3 14,500 1,595,000 203,000
EBV 3 - EBV 4 53,190 5,850,900 744,660
EBV 4 - EBV 5 58,810 6,469,100 823,340
EBV 5 - EBV 6 4160 457,600 58,240

EBV 6 – Porções Weir 29,100 3,201,000 407,400

Total – East Axis 173,540 19,089,400 2,429,560

2.2.2. Available Reservoir Area

The reservoirs closest to the EBs were considered for the calculations concerning the total available
area in PISF reservoirs. Table 3 presents the total area of some of the main PISF reservoirs, as well as
the closest pumping station. In this study, we opted for a 25% portion of the total reservoir area as a
useful area, in order to avoid module shading caused by the edge of the reservoirs, guaranteeing PVP
integrity and functionality, even in situations of potential reservoir volume variations [59].

Table 3. Reservoir areas near the pumping stations.

Reservoirs Proximity Area (m2) Reservoirs Proximity Area (m2)

Areias EBV-2 1,674,453 Barro Branco EBV-6 88,427
Baraúnas EBV-2 1,331,286 Tucutu EBI-1 3,567,873

Mandantes EBV-3 949,707 Terra Nova EBI-2 2,338,136
Salgueiro EBV-3 958,840 Serra do Livramento EBI-2 1,580,230
Muquém EBV-4 768,060 Mangueira EBI-2 3,244,998

Cacimba Nova EBV-4 867,894 Negreiros EBI-3 2,480,666
Bagres EBV-4 792,282 Milagres EBI-3 11,299,275
Copiti EBV-4 1,523,182 Jati EBI-3 1,311,886

Moxotó EBV-5 506,232 Atalho EBI-3 5,622,193
Barreiro EBV-6 750,949 Porcos EBI-3 8,136,503
Campos EBV-6 909,240 Cana Brava EBI-3 862,631

Total 51,476,516

Considering 25% of the total area of the reservoirs, approximately 12,869,129 m2 of usable area for
installing floating PVP is available.



Sustainability 2020, 12, 8982 12 of 27

2.3. Solar Potential of the PISF Region

The theoretical solar potential (solar radiation) was obtained by SunData software of the Reference
Center of Solar and Wind Energy Sérgio Brito (CRESESB). The SunData software provides daily
average monthly solar radiation values at any point of the Brazilian territory. The SunData database is
composed by a 17 years history of satellite images and with information of more than 72,000 points in
the whole Brazilian territory [54]. Figure 9 presents the Brazilian theoretical potential of solar radiation.

Sustainability 2020, 12, x FOR PEER REVIEW 11 of 27 

 
 

guaranteeing PVP integrity and functionality, even in situations of potential reservoir volume 
variations [59]. 

Table 3. Reservoir areas near the pumping stations. 

Reservoirs Proximity Area (m2) Reservoirs Proximity Area (m2) 
Areias EBV-2 1,674,453 Barro Branco EBV-6 88,427 

Baraúnas EBV-2 1,331,286 Tucutu EBI-1 3,567,873 
Mandantes EBV-3 949,707 Terra Nova EBI-2 2,338,136 
Salgueiro EBV-3 958,840 Serra do Livramento EBI-2 1,580,230 
Muquém EBV-4 768,060 Mangueira EBI-2 3,244,998 

Cacimba Nova EBV-4 867,894 Negreiros  EBI-3 2,480,666 
Bagres EBV-4 792,282 Milagres EBI-3 11,299,275 
Copiti EBV-4 1,523,182 Jati EBI-3 1,311,886 

Moxotó EBV-5 506,232 Atalho EBI-3 5,622,193 
Barreiro EBV-6 750,949 Porcos EBI-3 8,136,503 
Campos EBV-6 909,240 Cana Brava EBI-3 862,631 

Total         51,476,516 

Considering 25% of the total area of the reservoirs, approximately 12,869,129 m2 of usable area 
for installing floating PVP is available. 

2.3. Solar Potential of the PISF Region 

The theoretical solar potential (solar radiation) was obtained by SunData software of the 
Reference Center of Solar and Wind Energy Sérgio Brito (CRESESB). The SunData software provides 
daily average monthly solar radiation values at any point of the Brazilian territory. The SunData 
database is composed by a 17 years history of satellite images and with information of more than 
72,000 points in the whole Brazilian territory [54]. Figure 9 presents the Brazilian theoretical potential 
of solar radiation. 

 
Figure 9. Brazilian theoretical potential of solar radiation. Source, adapted from [12].

The annual geographical potential (EGeo) of the overall PISF areas was obtained according to
Equation (2).

EGeo = Hday.APISF.365 (2)

where: Hday is the estimated average daily solar radiation
(
kWh/m2/day

)
, in an incident plan, and A

is the total PISF area, in m2.

2.3.1. Photovoltaic Electricity Generation Potential

The solar photovoltaic potential of the region was estimated by applying the data concerning
available and suitable areas for the installation of photovoltaic modules and the annual average of
local daily irradiation.

The total technical photovoltaic potential of the assessed region was obtained individually for each
arrangement given around the EBs and the sum of the individual potentials. Concerning value solar
modules, the maximum power values and the projection of the offered energy reflect the availability of
the area and its solar potential in each stretch. It is noteworthy that the sum of all the proposed PVP
application capacity and its energy generation projections are added in order to contribute to a total
offer of the proposed arrangements.
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The Ground Cover Ratio (GCR), defined as the ratio of the total PV generator area ( AGen) to the
actual land area occupied by all the PV system ( APV), according to Equation (3):

GCR =
AGen
APV

(3)

where: AGen is generator area and APV is actual land area occupied by all the PV system, in m2.
PVP sizing in each controlled arrangement, in the two stages, takes into account the inclination

angle of the modules, the maximum power and the area occupied by the typical photovoltaic module
and the losses and variations applicable. Thus, the proposed arrangements are modular and adjust to
station demands.

Many studies provide theoretical bases for calculating the ideal slope angle using complex
expressions [60], where some comprise simple linear expressions calculated as a function of local
latitude [61,62]. An inclination angle (α) of 10◦ was chosen, since the entire PISF region is located at
latitudes between 8◦ and 9◦, corroborating the definitions stated in [63–65]. A correction factor for the
inclined surface was used to correct the irradiation value in the regions of interest, as shown in Table 4
and according to [66].

Table 4. Correction factor for a 10◦ inclined surface at 9◦ longitude.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0.95 0.98 1.01 1.04 1.06 1.06 1.05 1.03 1.01 0.98 0.95 0.94

Source: adapted from [66].

Generic solar modules were used for PVP dimensioning, displayed in Table 5.
Analytically, the potential installed power estimates were obtained from the surrounding PISF areas, PVP
physical dimensions and annual electricity production estimates.

Table 5. Generic solar module parameters.

Maximum Module Power - WP 360

Dimensions in mm 2000 × 1000 × 40
Module efficiency—η in (%) 18

Nominal Operating Cell Temperature (NOCT) 45 ± 2 ◦C
Temperature coefficient −0.41%/◦C

The annual energy production estimate for each PVP was calculated according to Equation (4).

ETech = Hday.GCR.APV.η.PR. 365 (4)

where: Hday is the estimated average daily solar radiation
(
kWh/m2/day

)
, in a horizontal incident

plan, GCR is the ground cover ratio, APV is the area, in m2, occupied by all the PVP, η is the nominal
conversion efficiency of the solar module and PR is the performance ratio of the PVP.

Considering that the entire useful area occupied by PV generator (AGen) and the area of each
generic module (Amodule) adopted in this study, the number of modules ( NM) installable in this area
was determined according to Equation (5).

NM =
AGen

Amodule
(5)
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In this case, the installable photovoltaic potential (PInst) of the PVP was calculated by multiplying
the number of modules (NM) by their peak power (PSTC), in W, according to Equation (6).

PInst = NM.PSTC (6)

The estimated average Capacity Factor FC was calculated using the ratio between the estimated
annual energy and the energy production that would have been generated had the system been
operating at full capacity, i.e., the entire potential installable period over the entire period [67,68],
according to Equation (7).

FC =
ETech

PInst.8760
(7)

The results obtained in the analytical analyses were compared with the values found using the
PVSYST Photovoltaic Software [69], in order to validate the applied analytical method. PVSYST was
chosen among the various existing software packages due to its interchangeable characteristics with
other programs and practicality in quickly defining PVS general resources, in addition to its functionality
in the use of geographic and solarimetric data and those that characterize photovoltaic modules and
their inverters [70].

2.3.2. Productive Photovoltaic Electric Arrangements

Based on the dimensioning obtained from the viable usage areas and their solar potential,
the following productive arrangements were proposed herein:

• Arrangement 1—aims to supply the entire electricity demands of the total EB with PVP installed
in the available areas on the side of the channels, in both stages;

• Arrangement 2—aims to supply the electricity demands of the total of EB with PVP installed in
the available areas on the channels themselves, in both stages;

• Arrangement 3—aims to supply the electricity demand of the total EB with PVP installed in the
available 25% of reservoir areas in both stages;

It is important to highlight that channel coverage favors decreased water losses by evaporation and
reduces algae growth [59]. Photovoltaic solar energy applied to floating structures in lakes, dams and
weirs, among others, is one of the current solar industry trends and has been widely applied, especially
in China. In Brazil, several projects have already adopted this technology [13,71]. Some studies indicate
an efficiency gain for photovoltaic modules installed in Brazilian reservoirs [13,72]; the conservative
rate of 7% was used in this work [10].

The electricity demands required for the two PISF stages were calculated for PVP dimensioning,
according to the pumping time defined in the project and the sum of the powers of each pump in the
different EBs.

3. Results and Discussion

3.1. PISF Electricity Demand

The pumping structure required for the PISF is shown in Table 6 alongside the power of each pump
per lifting station, the total power of each station and their sum in each stage. The data magnitude
is noteworthy.
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Table 6. Installed power of PISF pumps.

Pumping Station Pump Power (kW) Number of Pumps Station Power (kW)

North Axis Stage 1 Stage 2 Stage 1 Stage 2

EBI1 Tucutu 5500 2 8 11,000 44,000
EBI2 Terra Nova 8950 2 8 17,900 71,600
EBI3 Mangueira 12,660 2 8 25,320 101,280

East Axis Stage 1 Stage 2 Stage 1 Stage 2

EBV1 Areias 5300 2 4 10,600 21,200
EBV2 Baraúnas 3700 2 4 7400 14,800
EBV3 Mandantes 5500 2 4 11,000 22,000

EBV4 Cacimba
nova 5300 2 4 10,600 21,200

EBV5 Moxotó 2200 2 4 4400 8800
EBV6 Campos 3400 2 4 6800 13,600

PISF Total 52,510 18 48 105,020 318,480

3.2. Solar Photovoltaic Potential of the Northeastern Semiarid

All PISF pumping stations, object of this study, are located in the State of Pernambuco.
The geographic location regions of the EBs have Global Horizontal Irradiation indexes averages
over 5.80 kWh/m2/day (In Figure 10). In the region of the Sertão de Itaparica (Petrolândia, Floresta,
Jatobá and Itacuruba) on the river shores of the São Francisco, Global Solar Radiation exceeds 6.40
kWh/m2/day [55].
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The monthly average solarimetric indices for each EB are shown in Table 7 obtained from the
SunData program available at the CRESESB website [73] and presented by the Brazilian Atlas of Solar
Energy [12]. The values in this table corroborate the aforementioned assumptions and characterize the
PISF region as a suitable area for photovoltaic solar generation.
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Table 7. Solar irradiation at the PSIF pumping stations—horizontal plane.

Average Daily Solar Radiation (H) (kWh/m2/day)

Pumping stations Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec H

EBI-1 6.31 6.06 6.11 5.47 4.84 4.47 4.74 5.49 6.32 6.52 6.72 6.49 5.79
EBI-2 6.11 5.89 5.92 5.41 4.79 4.4 4.64 5.42 6.36 6.49 6.65 6.31 5.7
EBI-3 6.02 5.92 5.9 5.48 4.79 4.45 4.73 5.52 6.39 6.41 6.59 6.29 5.71

EBV-1 6.35 6.12 6.11 5.48 4.64 4.18 4.43 5.14 6.08 6.36 6.65 6.46 5.67
EBV-2 6.30 6.10 6.19 5.53 4.64 4.16 4.40 5.13 6.10 6.44 6.75 6.48 5.68
EBV-3 6.32 6.10 6.12 5.51 4.65 4.18 4.48 5.15 6.10 6.43 6.74 6.44 5.69
EBV-4 6.32 6.19 6.19 5.70 4.79 4.22 4.47 5.24 6.21 6.47 6.78 6.50 5.76
EBV-5 6.35 6.16 6.1 5.63 4.84 4.31 4.52 5.31 6.21 6.49 6.79 6.54 5.77
EBV-6 6.35 6.16 6.1 5.63 4.84 4.31 4.52 5.31 6.21 6.49 6.79 6.54 5.77

Source: the author, based on [54].

Solar Photovoltaic Potential of Available PISF Areas

The calculations of the PISF solar potential that make up the arrangements proposed in this study
were carried out using the average daily radiation data obtained and presented in Table 7, the useful
available PISF areas, as presented in Tables 2 and 3, an adopted generic module efficiency

Sustainability 2020, 12, x FOR PEER REVIEW 15 of 27 

The monthly average solarimetric indices for each EB are shown in Table 7 obtained from the 
SunData program available at the CRESESB website [73] and presented by the Brazilian Atlas of Solar 
Energy [12]. The values in this table corroborate the aforementioned assumptions and characterize 
the PISF region as a suitable area for photovoltaic solar generation. 

Table 7. Solar irradiation at the PSIF pumping stations—horizontal plane. 

Average Daily Solar Radiation (H) (kWh/m2/day) 
Pumping stations Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  

EBI-1 6.31 6.06 6.11 5.47 4.84 4.47 4.74 5.49 6.32 6.52 6.72 6.49 5.79 
EBI-2 6.11 5.89 5.92 5.41 4.79 4.4 4.64 5.42 6.36 6.49 6.65 6.31 5.7 
EBI-3 6.02 5.92 5.9 5.48 4.79 4.45 4.73 5.52 6.39 6.41 6.59 6.29 5.71 
EBV-1 6.35 6.12 6.11 5.48 4.64 4.18 4.43 5.14 6.08 6.36 6.65 6.46 5.67 
EBV-2 6.30 6.10 6.19 5.53 4.64 4.16 4.40 5.13 6.10 6.44 6.75 6.48 5.68 
EBV-3 6.32 6.10 6.12 5.51 4.65 4.18 4.48 5.15 6.10 6.43 6.74 6.44 5.69 
EBV-4 6.32 6.19 6.19 5.70 4.79 4.22 4.47 5.24 6.21 6.47 6.78 6.50 5.76 
EBV-5 6.35 6.16 6.1 5.63 4.84 4.31 4.52 5.31 6.21 6.49 6.79 6.54 5.77 
EBV-6 6.35 6.16 6.1 5.63 4.84 4.31 4.52 5.31 6.21 6.49 6.79 6.54 5.77 

Source: the author, based on [54]. 

Solar Photovoltaic Potential of Available PISF Areas 

The calculations of the PISF solar potential that make up the arrangements proposed in this 
study were carried out using the average daily radiation data obtained and presented in Table 7, 
the useful available PISF areas, as presented in Tables 2 and 3, an adopted generic module 
efficiency ῃ of 18% and a photovoltaic system performance rate (PR—ratio between the real yield 
and the expected PVS yield) of 80%, as adopted in [74]. 

Table 8 presents the electrical generation potential to be used around the PISF, according to the 
area delimitations defined in the survey, annual electric energy production estimates and the 
installable potential by channel length or reservoir area, in the specific case of arrangement 3. A total 
installable potential in the region of 10,488 MW and an estimated generation of 17,598 GWh of annual 
electricity are available, for an approximate  of 19%. 

Table 8. Installable potential in the PSIF Region. 

Axes Useful Area Installable Potential Annual Energy  
North 19.92 km2 3586 MW 5999 GWh 19.12% 
East 19.09 km2 3436 MW 5772 GWh 19.10% 

North 3.94 km2 709 MW 1186 GWh 19.12%
East 2.43 km2 437 MW 735 GWh 19.10%

North 40.4 km2 1820 MW 3067 GWh 19.15% 
East 11.12 km2 500 MW 839 GWh 19.22%

3.3. PISF Energy Demands 

Considering the data displayed in Table 6, which presents the pumping stations demands, the 
annual electricity demands were calculated for each stage per pumping station (Table 9).  

Table 9. Annual energy demand from PISF pumping stations. 

Stage 1 Stage 2 

Station Power Per Pump
(kW) 

Number of 
Pumps 

Annual Demand 
(GWh) 

Number of 
Pumps 

Annual Demand 
(GWh) 

North Axis 

of 18%
and a photovoltaic system performance rate (PR—ratio between the real yield and the expected PVS
yield) of 80%, as adopted in [74].

Table 8 presents the electrical generation potential to be used around the PISF, according to the
area delimitations defined in the survey, annual electric energy production estimates and the installable
potential by channel length or reservoir area, in the specific case of arrangement 3. A total installable
potential in the region of 10,488 MW and an estimated generation of 17,598 GWh of annual electricity
are available, for an approximate FC of 19%.

Table 8. Installable potential in the PSIF Region.

Axes Useful Area Installable Potential Annual Energy FC

North 19.92 km2 3586 MW 5999 GWh 19.12%
East 19.09 km2 3436 MW 5772 GWh 19.10%

North 3.94 km2 709 MW 1186 GWh 19.12%
East 2.43 km2 437 MW 735 GWh 19.10%

North 40.4 km2 1820 MW 3067 GWh 19.15%
East 11.12 km2 500 MW 839 GWh 19.22%

3.3. PISF Energy Demands

Considering the data displayed in Table 6, which presents the pumping stations demands,
the annual electricity demands were calculated for each stage per pumping station (Table 9).
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Table 9. Annual energy demand from PISF pumping stations.

Stage 1 Stage 2

Station Power Per Pump (kW) Number of Pumps Annual Demand (GWh) Number of Pumps Annual Demand (GWh)

North Axis

EBI1 5500 2 87.52 8 350.06
EBI2 8950 2 142.41 8 569.65
EBI3 12,660 2 201.45 8 805.78

East Axis

EBV1 5300 2 84.33 4 168.67
EBV2 3700 2 58.87 4 117.75
EBV3 5500 2 87.52 4 175.03
EBV4 5300 2 84.33 4 168.67
EBV5 2200 2 35.01 4 70.01
EBV6 3400 2 54.10 4 108.20

TOTAL 52,510 18 835.54 48 2533.83

In general, total PV system losses are of approximately 18% [75], with losses between 10 and 40%
reported in the literature. In the present study, the PV system losses discussed above were used to
estimate a PR value for the PV system of arrangement 1, as presented in Table 10.

Table 10. PVS loss estimates.

Losses Percentages

Temperature losses 6%
Inverter losses 5%
DC cable losses 2%
AC cable losses 1%
Shading losses 0%

Losses by weak and reflected radiation 3%
Losses due to dust 0%
Mismatch losses 3%

PR = Performance rate given the loss coefficients 80%

The number of installed module power values and the offered energy projection reflect the area
availability in each stretch. Table 11 presents the dimensioning of the different photovoltaic generation
units for each EB on arrangement 1, necessary for the PISF demands of steps 1 and 2. The table shows
the total area occupied by the modules and the length of the channel required for each PVP.

Similarly, the necessary PVS for arrangements 2 and 3 were also dimensioned, as displayed
in Tables 12 and 13, respectively. A performance rate of 88% was adopted for both arrangements,
reflecting an increase in photovoltaic module performance due to the cooling effect [10,68].
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Table 11. Photovoltaic system dimensioning for arrangement 1— PVP installed in the lateral channel areas required by PISF demands.

EB Annual Demand (GWh) PVP Power
(kWp)

Number of
Modules

Area
(m2)

Length
(m)

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2
EBI1 87.52 350.06 51,711 206,844 143,642 574,567 287,283 1,149,134 3899 15,593
EBI2 142.41 569.65 85,550 342,200 237,639 950,556 475,278 1,901,112 6449 25,796
EBI3 201.45 805.78 120,795 483,181 335,543 1,342,170 671,085 2,684,341 9106 36,422
EBV1 84.33 168.67 50,998 101,996 141,661 283,322 283,322 566,645 3845 7688
EBV2 58.87 117.75 35,490 70,980 98,584 197,167 197,167 394,334 2675 5351
EBV3 87.52 175.03 52,750 105,500 146,528 293,056 293,056 586,112 3976 7952
EBV4 84.33 168.67 50,188 100,377 139,412 278,824 278,824 557,649 3784 7567
EBV5 35.01 70.01 20,780 41,560 57,723 115,446 115,446 230,891 1567 3133
EBV6 54.1 108.2 32,115 64,230 89,208 178,416 178,416 356,832 2421 4842

TOTAL 835.54 2533.82 500,378 1,516,868 1,389,940 4,213,524 2,779,877 8,427,050 37,721 114,343

Table 12. Photovoltaic system dimensioning for arrangement 2—PVP installed on the channel areas themselves required by PISF demands.

EB Annual Demand (GWh) PVP Power
(kWp)

Number of
Modules

Area
(m2)

Length
(m)

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2
EBI1 87.2 350.06 47,010 188,040 130,583 522,334 261,167 1,044,667 11,355 45,420
EBI2 142.41 569.65 77,773 311,091 216,035 864,142 432,071 1,728,284 18,786 75,143
EBI3 201.45 805.78 109,814 439,256 305,039 1.220,155 610,077 2,440,310 26,525 106,100
EBV1 84.33 168.67 46,362 92,724 128,783 257,566 257,566 515,132 18,398 36,795
EBV2 58.87 117.75 32,264 64,527 89,621 179,243 179,243 358,485 12,803 25,606
EBV3 87.52 175.03 47,955 95,909 133,207 266,415 266,415 532,829 19,030 38,059
EBV4 84.33 168.67 45,626 91,252 126,738 253,477 253,477 506,953 18,105 36,211
EBV5 35.01 70.01 18,891 37,782 52,475 104,951 104,951 209,901 7496 14,993
EBV6 54.1 108.2 29,195 58,391 81,098 162,196 162,196 324,393 11,585 23,171

TOTAL 835.54 2533.82 454,889 1,378,972 1,263,581 3,830,477 2,527,162 7,660,954 144,084 401,499

Table 13. Photovoltaic system dimensioning for arrangement 3—PVP installed in reservoirs required for PISF supplying.

EB Annual Demand (GWh) PVP Power
(kWp)

Number
of Modules

Area
(m2)

Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2 Stage 1 Stage 2
EBI1 87.2 350.06 46,896 187,584 130,267 521,067 388,856 1,555,422
EBI2 142.41 569.65 77,378 309,512 214,939 859,756 641,609 2,566,436
EBI3 201.45 805.78 108,694 434,778 301,929 1,207,715 901,280 3,605,121
EBV1 84.33 168.67 46,144 92,777 128,177 257,713 382,618 769,292
EBV2 58.87 117.75 32,157 64,427 89,325 178,964 266,642 534,221
EBV3 87.52 175.03 47,303 95,602 131,397 265,561 392,231 792,720
EBV4 84.33 168.67 45,583 91,166 126,619 253,239 377,968 755,936
EBV5 35.01 70.01 18,921 37,842 52,559 105,118 156,893 313,785
EBV6 54.1 108.2 29,141 58,281 80,946 161,893 241,631 483,262

TOTAL 835.54 2533.82 452,217 1,371,969 1,256,159 3,811,026 3,749,728 11,376,196
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PVS dimensioning required for arrangement 3 is displayed in Table 13.
The arrangement sizing results were very similar when compared to those obtained using the

PVSYST Photovoltaic Software [69], thus validating the applied methodology [76].

3.4. Solar Potential in the Region

This study indicates that the photovoltaic solar potential on the sides and on the channels
themselves, either combined or individually, as well as in the reservoir area, would supply the
electricity demands for PISF’s stages 1 and 2 when considering the entire useful area and solar potential
available in the region. For stage 2, the photovoltaic solar potential of the channels themselves would
be insufficient to supply the total electricity demands for the PISF, displayed in Figure 11.
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Alternatively, the solar potential of the reservoirs and the sides of the channels could also be used.
The use of different useful area combinations is an interesting option for the use of the evaluated solar
potential to supply the PISF electrical energy demands in its several stages, with the possibility of
generating surplus that can be commercialized on the energy market.

3.5. PV Arrangements for the PISF

After calculating the PVP dimensioning for each arrangement, an analysis was performed
concerning the area installation demands for PVP in comparison with PSIF availability.

For arrangement 1, an area utilization factor of 0.67 was used. The illustration of this arrangement
is shown in Figure 12.
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Figure 13 portrays channel length requirements for the PVP installations for each EB (left scale)
and the total (right scale), using arrangement 1, aiming at supplying the electricity demands of the first
PISF stage. The conclusions are the same for the second stage supply.
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Figure 13. Arrangement 1—length required to supply PISF electricity demands—PVP installed in the
available areas on the side of the channels.

In a similar analysis, when considering only arrangement 2, Figure 14 indicates that for stage 1,
all EBI stations and EBV stations 1, 3, 4 and 6 are long enough to install the necessary PVP power.
To supply the PISF electricity demands in step 2, the use of only EBI-3 and EBV 3, 4 and 6 would be
self-sufficient. In both stages, the excess space noted in the other stations could be used to supply the
area requirements of the other stations. The joint use of arrangements 1 and 2 PVP are also presented as
an alternative to supply the need for space for PVP installation in order to supply the entire electricity
demands of stages 1 and 2.

Sustainability 2020, 12, x FOR PEER REVIEW 19 of 27 

 
 

 
Figure 13. Arrangement 1—length required to supply PISF electricity demands—PVP installed in the 
available areas on the side of the channels. 

In a similar analysis, when considering only arrangement 2, Figure 14 indicates that for stage 1, 
all EBI stations and EBV stations 1, 3, 4 and 6 are long enough to install the necessary PVP power. To 
supply the PISF electricity demands in step 2, the use of only EBI-3 and EBV 3, 4 and 6 would be self-
sufficient. In both stages, the excess space noted in the other stations could be used to supply the area 
requirements of the other stations. The joint use of arrangements 1 and 2 PVP are also presented as 
an alternative to supply the need for space for PVP installation in order to supply the entire electricity 
demands of stages 1 and 2. 

 
Figure 14. Arrangement 2—length required to supply PISF electricity demands—PVP installed in the 
available areas on the channels themselves. 

Figure 14. Arrangement 2—length required to supply PISF electricity demands—PVP installed in the
available areas on the channels themselves.

For arrangement 2, an area utilization factor of 1 was used. The illustration of this arrangement is
shown in Figure 15.
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Figure 16 graphically presents the useful areas of the reservoirs closest to each EB and the demands
for the area required to install floating PVP to serve the pumping stations.
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Figure 16. Arrangement 3—length required to supply PISF electricity demands—PVP installed in the
available 25% of reservoir areas in both stages.

It presents the installation area availability for a floating PVP to supply the electricity demands
of PISFs’ only stages 1. By design option, the EBV2 area can be used to install PVP at stations EBV1
and EBV2.

For arrangement 3, an area utilization factor of 0.67 was used. The illustration of this arrangement
is shown in Figure 17.
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Floating PVP can be implemented alongside PVP on the sides and on the channels themselves as
an arrangement for the total PISF electricity demand supply. This association reduces the land space
occupied by PVP along the channels.

4. Conclusions

On a planet-wide level, it is grounded in society that access to water enables the maintenance and
reproduction of life, since this is an essential element for the survival of other living beings, as well as
ecosystems. A lack of or improper access to water imposes wide-ranging impacts on people’s lives,
affecting their health and socioeconomic development. Its importance is so particular that the United
Nations (UN) recognizes access to clean and quality water in a safe way as a fundamental right to
promote life in all entirety, also allowing for attention to all other rights credited to humans.

In Brazil, the Northeastern semiarid region has historically been the focus of attention in terms
of guaranteeing the dissemination of drinking water supplies and promoting local socioeconomic
development. The area’s annual rainfall rate is low, and a recurring prolonged drought phenomenon
is noted, which has hampered the lives of about 27 million people who inhabit this region.

From the evaluation of the project of transposition of the São Francisco River, this article investigates
productive electric energy arrangements using solar photovoltaic systems. It appears that, due to the
high demand for electric energy imposed by the project, and, consequently, the financial volumes
required to acquire this energy, photovoltaic solar energy can contribute to decrease the pressures
imposed by electricity taxes on the project, as well as promote technology development in the region,
favoring employment generation and local income.

During the implementation and pre-operation phase, the PISF demanded the movement of
approximately USD 120 million in electricity acquisitions. In this scenario, government estimates point
to an average cost of USD 70 million per year of operation.

This study points out that the vigorous use of the solar energy potential registered in the PISF
area has proven favorable to the generation of electric energy through photovoltaic systems. In these
terms, the research presents electricity generation estimates for four studied arrangements. (i) PVP
installed in available areas on the side of the channels; (ii) PVP installed in available areas on the
channels themselves; (iii) PVP installed in 25% of available areas in the reservoirs; (iv) PVP installed in
all available areas around the PISF.

The estimated electric power generation potentials from PVP for arrangements 1, 2 and 3 were,
respectively, 7022 MW, 1146 MW, 2320 MW totaling 10,488 MW.
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i. Arrangement 1 allows for an offer of 11,761 GWh/year, enough energy to supply the annual stage 1
PISF demands, estimated at 835.54 GWh/year and stage 2 demands, estimated at 2533.83 GWh/year.
In this arrangement, to supply stage 1 demands, the PVP should have an installed capacity
of approximately 500 MWp, occupying 38 km of channel length with photovoltaic modules.
For stage 2 demands, the PVP must have an installed power of approximately 1500 MWp and fill
115 km of channel length.

ii. Arrangement 2 presents an estimated supply of 1921 GWh/year, able to supply the entire demands
of stage 1 or 75% of the demands of stage 2. To meet stage 1 demands, the PVP of this arrangement
must have an installed capacity of approximately 455 MWp, with PV modules covering 144 km of
channel length. For stage 2, the PVP must have an installed capacity of approximately 1378 MWp
and fill 400 km of channel length. Usable length is not available for the North and East axes.

iii. Arrangement 3 can offer 4446 GWh/year, energy that allows the total supply of stages 1 and 2,
with approximately 452 MWp of installed power and PV module coverage in 3.7 km2 of reservoirs
necessary to supply stage 1 energy demands. For stage 2, the PVP would require approximately
1372 MWp and occupy approximately 11.38 km2 of reservoir area with PV modules.

In the case of joint operation, the three proposed arrangements provided an estimated installed
capacity of 10,488 MW, able to offer 18,128 GWh annually. For this arrangement, the estimated energy
exceeds the PISF demand in its two stages by approximately seven-fold, thus allowing the project
operator to choose to take advantage of this potential and also operate in the market offering the
surplus, thereby generating additional PISF incomes. Another alternative would be to allow external
operator bids on surplus areas, also assessing additional incomes to the project.

Whether or not the entire useful area of the PISF is used, PVP use for all arrangements is presented
as a viable option to provide partial, complete or surplus electricity for sustainable PISF operations.

The present study argues that the adoption of solar photovoltaic technology must occur
within an institutional environment that promotes a sustainability culture, strengthening the
necessary relationship with regional social, economic and environmental development.
It, therefore, demands actions to promote technological development and population training and
qualification based on the area covered by the project, as a way of enabling employment generation
and income.

In these terms, it is imperative that photovoltaic projects expand the benefits of their use beyond
the strict market logic that focuses on the financial benefits of kWh as a function of the useful
life of the applied systems. It is then necessary to expand positive impacts for different society
segments, in order to develop a local production and service supply chain, in addition to research and
knowledge production.

This article contributes to the knowledge regarding the adoption of photovoltaic systems in
infrastructure projects, pointing out the need to be globally oriented from conception, to adopt
sustainable technologies and practices adherent to SDG–7.
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