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Abstract

Sub-Saharan Africa is the region in the world that suffers the most from poverty and its
worst effects: hunger, lack of water and diseases. This problem is far from decreasing: in
the past years there has been a peak in undernourishment in the continent. Furthermore,
according to ongoing research, the area is expected to be one of the most affected by climate

change.

A solution that tackles at the same time water scarcity, diseases, hunger and greenhouse gas
emissions is therefore urgent. Luckily, with the development in the past years of the solar
photovoltaic and battery technologies, these solutions can now compete head-to-head with
fossil-fuelled pumps. Indeed, the photovoltaic water pump (PVWP) is becoming the
preferred solution by locals and NGOs, enabling a cheaper, less pollutant and more self-

sustainable growth vector.

In this thesis, a PYWP system is pre-designed. This means that the effect of the different
variables over the system are studied, without aiming to design any specific system.
However, the calculations are done with the specific climatic conditions of Fada N’gourma

(Burkina Faso) as an example.

To start, the importance of water for basic supply, sanitation and agriculture is researched
through reviewing existing literature. The specific advantages of an advanced method of

irrigation such as drip irrigation are also investigated.

To continue, the analysis of the influence of each parameter intervening in the system is
undertaken. First, a method to calculate the watering needs of the plants (through the
concept of evapotranspiration), and simultaneously the passive self-regulation of PVWP
systems for irrigation purposes is analysed. Second, the possibility to calculate faithfully the
optimal angle with only climatic values and the size of the orchard is demonstrated. Third,
a model to obtain the optimal diameter of the pipes through the optimisation of the cost is
elaborated. The specific influence of the pump efficiency in this process is also explored.
Fourth, an analysis on the effect in the system resilience to weather changes depending on

the different starting dates for planting the crops is done.

To finish, some considerations and a preliminary design are made. The option of
implementing a storage system is discussed, analysing the advantages of batteries and the
water tanks as options. A quick economical evaluation is also done, leading to the conclusion

that a PVWP system of the characteristics studied is viable under most of the circumstances.
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1 INTRODUCTION

This thesis is done in cooperation with an NGO based in Bilbao, called TADEH. The aim of
TADEH is to improve people’s life in countries in development in a sustainable way,

according to the principles of self-supply.

This project aims to explore the different factors that must be taken into account in order
to design a photovoltaic water pump system. Hence, it can be considered as a pre-study to
set the ground floor for further research that will develop commercial implementations or

PVWP systems specific designs

1.1 Problem

Poverty in sub-Saharan Africa is still one of the biggest problems of the century, and it risks
increasing as climate change menaces to hit already weakened economies. Thus, a solution
that tries to cope with this poverty problem, while at the same time reducing the increase

in climate change, urges.

With the recent advancements in technology, solar photovoltaic systems and batteries are
becoming cheaper, managing even to overtake traditional sources of energy even in the
economic front. And Africa is especially fit for this technology due to hard access to fuels,
lack of electric grids and a high solar intensity. However, the impoverished situation of the
area has prevented the rapid growth in the business seen in other regions, regions having
indeed fewer physical advantages for it. But with the rise of new types of business models,
low income families are more likely to accede to these technologies nowadays, if a proper

ecosystem is implemented and proper external help is obtained.

This opens the perspective not only to enable electricity access in the most obvious sense
(lighting, electricity for mobile phones or computers, etc.), but also, and most important,
it enables the access to a reliable source of water. Indeed, electrical pumps lead to an
increase in the use of water, allowing to improve the sanitation, hygiene and agricultural

output of a household, while reducing the time consumed.

These uses are cornerstones for the empowerment and improvement of the conditions in
sub-Saharan Africa. All of them are indeed vital for improving health conditions, helping to
reduce many of the diseases and deaths of the region caused by lack of sanitation or hunger.
The reduction in the time employed to obtain the water is also key for the development,
empowering especially the most vulnerable groups: women and children. Indeed, the time
saved would allow to develop remunerated jobs or to further in the education, helping to

trigger a locally grown development.



This vision of an empowerment of the society will remain the most important perspective
of this work. Undeniably, one of the problems international cooperation has faced over the
past is that help was not sustainable without further external help. Thus, instead of
contributing to empowerment, it tended to increase the dependency of the “helped” society,
exacerbating the neo-colonialist power dynamics in place. It is therefore important to

acknowledge this, to be able to avoid major problems that bad cooperation can trigger.

1.2 Aims and goals

The aims this study are:

1. To analyse the needs of water of an average low-income household for water

supply, sanitation and irrigation of an orchard.

2. To study the influence of the different design parameters of a photovoltaic water

pump system for irrigation and WSS:
a. Tilt of the solar panel.
b. Efficiency of the pump.
c. Size of the orchard.
d. Depth of the groundwater.
e. Diameter of the pipes.

3. To dimension a PVWP after selecting the optimal or the typical values of the

parameters studied.

4. To do a basic economic analysis of such systems.



1.3 Literature review

1.3.1 Importance of Water Supply and Sanitation (WSS)

Access to water of quality and proximity is one of the biggest problems that society faces
today. Indeed, having a reliable and safe source of water at home not only combats
malnutrition, but strongly prevents the contraction of serious diseases (Bartram and
Cairncross, 2010). According to WHO’s data from 2002, 4.2% of all the deaths worldwide
(2.41 million, from which 2,24 are children) could have been avoided with measures that

improve overall access to water, sanitation and hygiene (Priiss-Ustiin et al., 2008).

Although avoiding the deaths and illnesses should be enough reason to act, water scarcity is
a limitation for economic development and imposes high costs on the poorest and most
vulnerable (UN-Water, 2015). In developing countries, the loss is estimated at 1.5% of
GDP due to the lack of Water Supply and Sanitation (WSS), with notable regional
differences (WHO, 2012), the consequences being higher among the poor (Bartram and
Cairncross, 2010).

Despite all this, WSS do not receive as much attention compared to its importance,
especially in the face of Malaria, HIV and tuberculosis (Bartram and Cairncross, 2010). This
is especially dramatic, knowing that improving hygiene, sanitation and access to water are
one of the most cost-effective measures to improve public health (Leimbach et al., 2018).
Indeed, the Benefit-cost ratio of intervening to obtain universal access to drinking water is
2 to 1 in the world, according to conservative estimates (WHO, 2012). According to other
studies, the return is between USD 1.5 and USD 12 per dollar invested in basic water access,

and it would mainly help women and children (Hutton, Haller and Bartram, 2007).

1.3.2 People without access to WSS

Currently the number of people who need to improve their access to drinking water is still
high. According to data from the Joint Monitoring Program for water supply (JMP), 748
million people (11% population) use unimproved water sources in 2012, of which 90%
belong to the rural world (Who and Unicef, 2014). Moreover, the International Journal of
Environmental Research and Public Health estimates that 1.8 billion people (28%) use
unsafe water in the world (Onda, Lobuglio and Bartram, 2012).

Largely thanks to the awareness of countries and associations, these numbers are being
reduced. In 1990, 76% of the population had access to an improved water source, in 2012
it was 89%, or 2.3 billion more people (Who and Unicef, 2014). Indeed, the world has
reached the Millenium Development Goals (MDG) 7c in water access (Who and Unicef,
2014).



1.3.3 Sub-Saharan Africa: a non-solved problem

But this good trend has been mainly boosted by the rapid rise of China and India. In the case
of sub-Saharan Africa (SSA), the increase has not been enough to achieve the MDG 7c, and
this is especially noticeable in rural areas (Who and Unicef, 2014). Thus, in SSA, access to
improved water sources has increased only 11% from 1990 to 2008, although for example

in Sierra Leone it has fallen by 23% (Salami ez al., 2011).
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Figure 1. Progress with the MDG targets (Who and Unicef, 2014)

In SSA, 36% still do not have access to an improved water source, which is 325 million
(Who and Unicef, 2014). In addition, 160 million people in Africa, especially women,
spend substantially more than 30 minutes per barrel to fill it (Bartram and Cairncross,
2010). This is one of the greatest economic impacts of poor access (Hutton, Haller and
Bartram, 2007), along with deaths and diseases. Therefore, in addition to affecting countries
unequally, it also affects women and children, the main ones usually in charge to fill the

barrels.
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Figure 2. % of population with improved drinking water source (Who and Unicef, 2014)



Economically Africa is the region most affected by poor WSS coverage, with studies
estimating that it creates losses of 5 (UN-Water, 2015) or 4.3%. (WHO, 2012) of its GDP.
And these values could even increse to almost 10% due to climate change (Leimbach et al.,
2018) ademas puede aumentar un 5% mas a causa del cambio climatico (UN-Water, 2015).
For all the above, SSA is the region of the world where more money will cost to reach the
MDG target for WWS, half of the cost being for rural (WHO, 2012). But this does not
avoid SSA to be one of the regions with the highest benefits obtained by dollar invested: the
Benefit-cost ratio of intervening to obtain universal access to drinking water is 2.5 to 1 in
SSA according to conservative figures (WHO, 2012), 4.4 to 1 (Hutton, Haller and Bartram,
2007).

1.34 Sanitation and hygiene

Although it has been mentioned so far, sanitation and hygiene deserve a differentiated
section, because it is usually considered that access to water for drinking is enough. Indeed,
in 2015 2,4 billion in the world still do not have access to improved sanitation, 695 million

of which in SSA (Who and Unicef, 2014).

There is strong empirical evidence that sanitation and hygiene are paramount for health, as
for example the case of England and Wales between 1840 and 1910 shows (Bell and
Millward, 2018). It is therefore vital that access to water is not limited to 2-5 liters per day

and person to drink, but that special attention be paid to sanitation and hygiene.

In this regard, SSA continues to be one of the areas with the worst conditions, with % of
the rural population without sanitation coverage in 2008. Moreover, due to the lower
interest in this type of intervention, it has only increased by 3% since 1990 (Salami et al.,
2011). This is despite being very cost effective, since according to (WHO, 2012), the
benefit-cost ratio of intervening to obtain universal access to improved sanitation is 2.8 to

1in SSA and 5.5 to 1 in the world.

1.3.5 The importance of water for agriculture

1.3.5.1 Hunger in Sub-Saharan Africa

The relevance of water is not reduced to sanitation and drinking: in developing regions,
despite economic growth, this number has continued to rise. There are 815 million people
in the world who suffer from hunger in 2016, 204 of which in SSA. Even more people suffer
from severe food insecurity: 31% of the SSA population (306.7 million). Indeed, SSA is the
only large region in the world where the MDG for hunger has not been met (Bain ez al.,
2013; FAO et al., 2017). These problems would besides worsen due to climate change

increasing the droughts and causing migration (Bain et al., 2013).



1.3.5.2 Macroeconomic benefits

A significant fraction of people suffering food insecurity in SSA are from the agricultural
sector, even if they spend on average 50-80% of their income on food. This is the paradox
of the continent: many farming families are net consumers of food (Banerjee and Duflo,
2007). In fact, one of the basic problems of poverty and malnutrition is the lack of
productivity in the rural world, mainly due to lack of water and adequate methods of crop
management (irrigation, fertilizers, fertilizer, etc.). Projects trying to improve the
management of crops tackle this problem increasing food availability, access and use (Burney
etal., 2010). 115 billion dollars could be saved annually with a more productive use of water
in the world (UN-Water, 2015). Other studies suggest that a comprehensive strategy for

water management could increase production by 41% (Leimbach et al., 2018).

It is thus necessary to increase the productivity of the fields in developing countries if the
serious problem of poverty and malnutrition is to be addressed, by increasing water access

and management.

1.3.6 Possible solutions

1.3.6.1 Type of system

There are nevertheless multiple ways to extract groundwater, being currently the main ones
in SSA the manual systems, the wind power water pump (WPWP), the PVWP and the
Diesel Water Pump (DWP). Manual systems, although effective to cover basic water
consumption needs, are not a reasonable solution for agriculture because they require large
quantities of water. PVWPs are already cheaper than DWPs, as well as more ecological and
sustainable (they last between 15 and 25 years with minimal maintenance). If we compare
them with the WPWP, the PVWP is much more reliable, and is cheaper in most of the
climatic conditions of the continent. (Priiss-Ustiin et al., 2008; Burney et al., 2010;
Campana, Li and Yan, 2015).

Moreover, there is an interesting phenomenon to point out that makes solar panels
especially suitable for this type of solutions. Indeed, the water demand is given by the
evapotranspiration values of the plants to be irrigated, to which the amount of water
absorbed by the rainfall is subtracted. But the evapotranspiration is directly related to the
insolation (Allen, Pereira, Raes, Smith, et al., 1998; Zhang et al., 2014); thus, in a cloudy
day, the production of electricity is reduced but also is the need for water. This effect would

be especially dramatic if the clouds bring rain.

Therefore, the PVWP system does not require big storage systems if it is correctly designed,
since it self-regulates passively, as most of the water is for agriculture. The small fluctuations
could be supplied by a reduced water tank (Burney ez al., 2010). In conclusion, PVWP

systems seem to be the optimal ones for this type of projects.



1.3.6.2 Advantages of drip irrigation systems

The drip irrigation technique is the second biggest opportunity to reduce water
consumption after improving crops (Dobbs et al., 2011). Besides saving water, the drip
allows to save energy, chemigation and labour (Marsh et al., 2007), as well as the nitrogen
to apply (Singandhupe et al., 2003), reducing the nutrient leaching (Woltering, Pasternak
and Ndjeunga, 2011).

According to Dobbs et al. (2011), the average harvest improves by 45%, and it can also
reduce the use of fertilizer (for example in India, 40% reduction), or of water between 20
and 60%. 2.2.12 estimates in commercial cash-crops 31-37% less water use and up to
12.5% more fruits (Singandhupe et al., 2003). An empirical example of success might be
Israel, which has multiplied by 12 its agricultural production, maintaining constant the
water consumption for 50 years. This is partly due to drip and fertigation (drip + fertigation
in water) (Dobbs et al., 2011).

Drip irrigation can work with low pressure (LPS) at 70 g / cm2 (or 0.7 mCA) in small
fields, ideal for the use in small farms where this pressure could be obtained through a high
tank (Marsh et al., 2007; Woltering, Pasternak and Ndjeunga, 2011). This technology has
casy and cheap operation and maintenance, although it requires training and periodic

technical assistance for at least 2 years (Woltering, Pasternak and Ndjeunga, 2011).

This technique is preferable for fruits and vegetables (Dobbs et al., 2011), and potatoes, so,
in the first instance, its use would be better limited to this type of crops (Woltering,
Pasternak and Ndjeunga, 2011). This type of crop can easily be sold, and if needed cereals
could be bought since they are cheaper to produce in large fields, cheap and simple to

transport.

Finally, according to Burney et al. (2010) a PVWP with drip improves up to 80% the living
standard in economic and nutritional terms. Therefore, drip irrigation systems with PVWP
for a medium-sized orchard for fruits and vegetables seems to be a proper option for the

problems considered in this work.

1.3.7 Values of water needed
1.3.7.1 Water for WSS

The importance of WSS has already been stated in previous sections, but a value to be used
needs to be obtained. According to Howard and Bartram (2003), optimal access to water is
when the consumption it is greater than or equal to 100 litres per person and day, and with
water supplied by multiple faucets at home. This will be the number that will be assumed
in this work for WSS, although the creation of a piping system for the installation of multiple

faucets will not be considered.



1.3.7.2 Size of the fields to irrigate

On the other hand, water for irrigation is not so easy to study. It has already been estimated
that the water to be used will be for an orchard independent of the land in which the staple
foods are grown. Therefore, this field will be small, and used to produce vegetables, fruits,

vegetables or potatoes.

In Balana et al. (2017) they talk of an orchard of 250 m?; and in Woltering, Pasternak and
Ndjeunga (2011) three possible sizes are mentioned to install a drip system in SSA: 80, 500
and 5000 m2. Moreover, the average field size in Burkina Faso is 0.12 ha (Houessionon et
al., 2017). This same study considered that farmers with less than 250 m2 had a small field,
and with more of 500 one large. Last, in a study in 2009 orchards of 120 m2 per woman
were installed that gave good results (Burney et al., 2010).

1.3.7.3 Water to use for irrigation

Woltering, Pasternak and Ndjeunga (2011) estimates the maximum required to irrigate
with drip would be 8 mm/day in the conditions of the Sahel and in a crop like the one
proposed in this work. On the other hand, Campana (2015) considers that the maximum
value for an alfalfa field in China is 10 mm/day. Finally, Balana et al. (2017) estimates that
a field of lettuce would need 3.6 mm/day in the Sahel. The same study estimates that in the

case of growing tomatoes, the amount would be 4.5 mm/day in the Sahel.

1.3.8  Quantitative benefits of an irrigation system

The economic benefits of improving access to water for irrigation at the macroeconomic

level have already been studied, but we must also look at the benefits per household.

In Burney et al. (2010) it is argued that a 500 m’ orchard has a 15-month payback time,
while for a 5000 m? (subsequently divided between independent farms) it is of 5-6 months.
These numbers, although they must be taken with care, are encouraging for this type of
intervention. For its part, Woltering, Pasternak and Ndjeunga (2011) estimated that the
Benefit-cost of a drip system exceeding 500 m” is 2 to 1, which supports the previous

statement.

In Balana et al. (2017) gross income values are estimated in an orchard of 250 m” in the
Sudano-Sahel for lettuce, tomatoes and peppers. In the case of lettuce, considering 6 annual
cycles (rapid growth), the income is 10,32 USD/m? per year. For a tomato orchard with 3
production cycles, the income would be 17,50 USD/m’ year. Finally, for peppers in two
crops, the value is 9,72 USD/m’.

On the other hand, in Burney et al. (2010) it is estimated that in a plot of 5000 m” divided
into individual gardens of 120 m” the benefit is 2 USD/m?” with a drip irrigation system.



1.3.9 Acceptance of the population

Improving access to water for irrigation is not only recommended by expert studies but is
what the farmers themselves prefer. Thus, in a study carried out in Burkina Faso, it was
found that farmers preferred interventions that guaranteed above all constant water supply,
efficient water use and labour saving, abundant crop nutrients and soil health improvement

(Houessionon et al., 2017).

Drip is also a technique already contrasted and known, so its implementation should not
have many complications. In fact, drip irrigation was already the most widely used method
in Burkina Faso (33% already using drip), as well as 22.3% already using deep well drilling
(Houessionon et al., 2017).

Thus, according to this same study (values converted from F CFA) in Burkina Faso, farmers
are willing to pay, per hectare and per production, for drip 302 §, for organic matter
recovery 191 §, for deep well 33 §, for drilling 62 §$. If we segregate the poorest, they
would pay $ 285 for drip and $ 163 for Deep well (more than normal). The latter shows
that it is the poorest farmers who see the most interest they could get from the aid when

drilling to extract water to irrigate.

1.3.10 Aquifers in Africa

Since this work is about a water-pump system, the study of the aquifer conditions is capital.
Below is a map of the estimated depth of groundwater in Africa done by the British
Geological Survey (MacDonald ez al., 2011). It can be observed that in most of the continent

water is found at less than 25 m deep, especially when considering SSA.



Estimated depth to
groundwater

B
B 25-100m
100 - 250 m
Bl 2om

Figure 3. Estimated Depth to groundwater (MacDonald et al., 2011)

Another interesting parameter to take into account is the aquifer productivity, which is the
capacity of an aquifer to provide a certain water flow. This can be seen in the Figure 4, also
by the British Geological Survey. Note that most of the aquifers of the continent have a
higher productivity that 0,5 L/s (green and blue areas), which is 1,8 m?/h.
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Figure 4. Aquifer productivity in Africa (MacDonald et al., 2011)
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1.3.11 Climatic conditions

1.3.11.1 Precipitations
Sub-Saharan has a great variety of climates, from tropical to desertic. The precipitations in
the continent can be seen in Figure 5. These values are important to consider, since the

precipitation has a direct impact in the amount of water needed for the crops.

Av. annual rainfall

(mmlyr)
I -
10

Figure 5. Rainfall data in Africa (MacDonald and Bonsor, 2011)
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1.3.11.2  Solar intensity

Last, SSA is centred around the equator, and as so, it receives a lot of sun. In fact, the places
were the sun received is the least (even though not small) are the ones where it rains the
most. This is intuitive since clouds cover the sun, but it poses no problem for a PVWP as

stated in subsection 1.3.6.1. The values of the radiation intensity can be seen below.

Figure 6. Solar radiation per year [PVGIS]
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2 THEORY AND METHODS

2.1 Theory

2.1.1 Evapotranspiration of the crop field

The evapotranspiration is the loss of humidity of a surface by direct evaporation alongside
with de loss of water due to plant transpiration. Its value is typically measured in mm/day
(or just mm), which is a simplification for mm/(m?-day), or litres per day per square metre

(Zhang et al., 2014).

There is not an exact formula to calculate the value of the evapotranspiration of a field due
to its complexity, but several empirical approximations have been proposed along the years.
These are usually obtained for a reference evapotranspiration (ETy, normally alfalfa at a
specific state of growth), that is later multiplied by a single crop coefficient K. (Equation 1).
The result of this product is the real evapotranspiration ET. which now depends on the type
of crop and phase of growth.

EQUATION 1

ET. = ETy - K. [mm - day™!]

2.1.1.1 Mean values for reference evapotranspiration

Without any calculations, there are some generalizations on the values that ET, should have
for different conditions throughout the bibliography. For example, FAO states that in warm
zones (1+30°C), if they are arid the value is to be between 6 and 8 mm/day, if it is a tropical
or sub-tropical climate between 5 and 7 mm/day, and in temperate regions, between 4 and
9 (Allen, Pereira, Raes and Smith, 1998). Furthermore, according to Serdeczny et al.
(2017), the maximum value is 8 mm/day for similar conditions. Finally, with a more
specific example, the maximum for tomato in Niger is estimated to be 4,5 mm/day (Balana

etal., 2017).

Therefore, even though with some variations regarding different climates and sources, it
appears that ET, is comprised between 4 and 9 mm for all the possible climates in Sub-

Saharan Africa.

2.1.1.2  Equations to obtain the reference evapotranspiration ET,

Once having an idea of the values to obtain, two different empirical formulas are going to
be used: the Hargreaves equation (Hargreaves and Zohrab, 1985), and the method of the
net radiation (Irmak ez al., 2003).

Net radiation method

EQUATION 2

ETy = 0,489 + 0,289 -R,, + 0,023 - T [mm - day™1]

T is the average temperature (ftbe day, in this case, the monthly average is used.
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Rn is the net solar radiation. Since it is a complex data to obtain, we will use the maximum direct solar
radiation, because it is easier to obtain, and since it is higher, it will give a more conservative value.
Hargl‘eaves equation

EQUATION 3
ETy = 0,0023 - Ry * \/Tonax — Tmin - (T +17,8) [mm - day™1]

Ra is the extra-terrestrial radiation
Tmax is the maximum temperature in the day, in this case the monthly average maximum is used.
Tmin is the minimum temperature in the day, in this case the monthly average minimum is used.

T is the average temperature thhe day, in this case, the monthly average is used.

2.1.2  Concept of the single crop coefficient, Kc

The single crop coefficient “brings” the information of the type of crop and the phase of the
growth it is undergoing in Equation 1. Of these two variables, the phase of the growth is
the one that has a biggest influence over Kc, as can be seen in the next graph presenting the
values of Kc for one planting cycle of tomato (Allen et al., 1998; where several other crops
are also presented). The type of crop will have an effect on the maximum Kc, and on the

shape of the cycle.

Kc of one cycle of tomatoes
1,2

’

0,8

0,6

Kc [-]

0,4
0,2
0 20 40 60 80 100 120 140
days

Figure 7. Kc evolution over one planting cycle of tomato (Testa, Gresta and Cosentino, 2011)

The evolution of Kc shows the four phases of growth that most crops endure. These are the
initial phase, where Kc is at its minimum, the development phase, where Kc increases, the
middle season phase, where Kc remains constant at its maximum, and the final phase, where
Kc decreases (Allen G. et al., 2006).
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2.1.3 Watering necessities

Even though ETc states the amount of water plants need for their correct growth, it is not
the water amount to artificially provide. This is because water is obtained by the plants also
through natural rain or soil capillarity. Soil capillarity will be ignored in this work because
it is very mild in most conditions, and particularly in the Sahel region (except for oasis). But

the rain is to be considered if pursuing a more precise estimation.

These assumptions are summarized in the following equation for the Watering needs
(Watering):
EQUATION 4
Watering = ET, — Precey

Where Prec, stands for effective precipitation; effective for the watering needs. Quite so,
not all the rainfall is absorbed by the plants, and can be subtracted from the irrigation needs.
There is indeed a sum of factors, such as deep infiltration or superficial and underground
runoff, that must be considered to transform the measured precipitation into effective
precipitation. All these factors are extremely complex to obtain in a precise way, but as

with ETy, some empirical models have been developed.

According to FAO (Dastane, 1978), one of the best methods for arid or semi-arid zones
(such as the one selected for this work in the Sahel) is the one developed by the US Bureau

of Reclamation. According to Ruiz Baena (2017), a simplification of the formula is as

follows:
EQUATION 5
(125 —-10.2 - Prec)
Preces = Prec - 175 ,when Prec < 250 mm/mes
EQUATION 6
Preces =125+ 0.1 Prec ,when Prec > 250 mm

2.1.4 Peak extraction hours

As for the way the water pump works day-to-day, some simplifications are assumed for this
thesis. First, the extraction is considered constant during the time of work of the pump.
Second, for the time of work of the pump, a concept similar to the sun peak hours (SPH) is
used, but applied to the energy generation of a PV panel of 1 kWp. Thus, the peak
extraction hours (PEH from now on) would be the number of hours needed to reach the
energy production if the panel produced at its peak power on a constant basis. It is easy to
note then that if the energy generated by a 1 kWp PV system is measured in kWh per day,

the PEH is equivalent in number to the energy generated.
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The PEH does therefore not depend on the volume needed to be extracted, but depends on
the solar system design, mainly the type of solar PV panel, the energy losses, the azimuth
and angle of inclination. The first three are determined already for all the thesis, but the
angle of inclination is to be determined for each specific design. Therefore, the monthly
water flow evolution will depend work on the angle of inclination chosen, which makes it

important to evaluate all the possible options.

2.1.5 Dynamic Head

To calculate the value of the losses generated by the friction of the pipes, the steps of
(Milnes, 2000) are going to be followed. First of all, the total head is defined as:

EQUATION 7

Hior = Hstar + den {m}

Where Hstat is the static head, which is the height difference between the surfaces of the
well and the tank. In this case, we will consider it constant to simplify the calculations, but
it would vary in a real situation, and obtained after the following formula:

EQUATION 8

Hgiqr = Depth well + height tank = Depth well + 2 m

As for Hdyn, it is the dynamic head, resulting of the friction of the water while circulating
through the system, being the representation as height of the pressure drop. Hdyn is
obtained through the basic equation of Darcy-Weisbach:

EQUATION 9
K -v?

29

Where g is the accelation of the gravity (9,81 m/s’) and v is the average velocity of the

{m}

den =

water through the pipe, obtained dividing the water flow by the area of the pipe:

EQuATION 10

Q Q 4-Q _
VEATn R2 7. D? fm 574

As for K, it is the loss coefficient, which is the sum of two different losses:

EQuATION 11

K= Kfittings + Kpipe {-}

Kfittings represents the losses generated by the discrete elements of the system. In this case
we consider that the system pump/pipes have two non-return valves, two pipe inlets, three
90° bends and one Bell outlet. Still following 3.2.01, the result is:

Kfittings =4,6 {-}
As for Kpipe, it is more complex to calculate, and is the loss generated by the friction of the

fluid against the walls of the pipe while flowing through it. It is calculated as:
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EQuATION 12

fL
Kpipe = {-}

Where L is the length of the pipe (in m), in this work L = Hgzq¢ + 3 m; D is the diameter
of the pipe (in m) and f is the friction coefficient (dimensionless), obtained with the

Colebrook White equation:

EQUATION 13

f=r—" s )

(108(575+7e5%)

Where e is the roughness factor, dependant on the pipe material (since the pipes used are

going to be of PVC, it is 1,5-10° m) and Re is the Reynold number:

EQuAaTION 14
v-D
Re = T {—}

Where V is the kinematic viscosity (in m”/s), and v =1,31-10°¢.

Now, if we substitute develop the equations to the limit, we obtain the following formula

for Hdyn where it is simply dependent on D (in m) and Q (in m3/s).

EQuUATION 15
/ 0,25 L\
2 e 5,74
log®| 37 pt 2Q 09
4-Q \?
K fipei L -D-v .
| Krittings* 5 Z52)
Hayn = )
dyn 2g

Substituting the values we already know:

0,25 >+ (Depth + 5)
,[ 151076 5,74
log 3’7 . D 4 . Q 0,9
7-D-131-10° 4-Q\°
4,6 + = -(n _ DZ)
Hayn = 2-981
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0,01274

1,5-10°¢ m-D-131-10-6\"°
-log? | = . J
D log<3'7_D + 5,74 ( Z-Q ) )

- (Depth + 5) -(4.Q>2

Hayn = | 0,2345 + —3

Thanks to this equation, the effect of these two variables over the dynamic head can be

calculated.

2.1.6 Estimated power and energy consumption

Once Htot obtained, the power and energy required by the pump is to be obtained. The
power needed in each moment to use the pump is with the equation:
EQUATION 16
P (W} = plkg-m=3}-g{m-s=2}-Hyoe{m}-Q{m3-s71}
Npump

Q = f(tilt, month, Area, Npymyp)

Hior = f(Q, D, depth, npump)
P = f(tilt, month, Area, D, depth) = f(Q(t), D); {Area, depth, Nyymy}
This value varies with Q and H, and therefore varies with the angle of inclination, the
diameter of the pipe and the date of the year. It is also different for each depth and size of

the field. The last two variables are used as parameters, as they do not vary once the project

chosen. The power can then be estimated as a function of the flow rate range and diameter.

On the other hand, the energy needed is calculated with the following formula:

EQuATION 17
E _ plkgm™3}g{m-s™2}-Hepr{m}-V{m3}
3=
Npump

Is therefore also dependent on the same variables and parameters as P.

E = f(Q(¢t), D);{Area, depth, nyymy}
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2.2 Methods

2.2.1 Calculations

All the calculations with the exception of the energy generated (obtained by PVGIS) and the
optimal angle per month are obtained through excel calculations, with the formulas

explained throughout the work.

2.2.2  PVGIS

The data of the energy generated is obtained through PVGIS, a free software from the EU.
To do so, we enter in the program and select a point on the map (in our case, close to Fada
N’Gourma). We choose it far from the population because the system is going to be mainly

rural, and we do not want to have any external factor influencing.

l Address: | Eg.Ispra, ltaly| Lat/Lon: |Eg 45.8°||Eg. 8611 ‘

Figure 8. Selection of the location in PVGIS

The, we select the option GRID CONNECTED. This is done because we consider the

system as able to run without batteries, and thus we want the energy used when produced
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The solar system used is of Cadmium Telluride (CdTe), since they are the ones with best
performance in these conditions (Andri€ et al., 2018), but it is not part of the thesis to
determine it. A 1 kWp system is selected as reference, and the system losses are kept at the
default (14%). The system is free-standing and the azimuth is put at 0°: since it is not going

over a roof, we have freedom of movement.

GRID CONNECTED 5 PERFORMANCE OF GRID-CONNECTEDPV @

| TRACKINGE PV Solar radiation database”® PVGIS-CMSAF v
l R PV technology™ CdTe v
Installzd peak PV power [KWp] 1
I MONTHLY DATA System loss [%] 14
| - Fixed mounting options
Mounting position ™ Free-standing v
HOURLY DATA - -
I Slope [] 36 [ Optimize slope
I ™Y Azimuth [T 0 [ Optimize slope and azimuth

[ PV electricity price
PV system cost (your currency)

Interest [Yalyear]

Lifetime [years]

& Visualize results X Download csv

Figure 9. PVGIS window to introduce parameters of the system

The angles Will vary over the study. In this figure, 36° is marked. For negative values of the

slope, they have to be written in positive and change the azimuth angle to 180°.

The results are then displayed as shown below.

Summary Monthly energy output from fix-angle PV system Qutline of horizon
3 2 s
Location [Lat/Lon]: 12.153, 0.008
Horizon: Calculated
Database used; PVGIS-CMSAF N
PV technology: CdTe 150
PV installed [KWpl: 1 = hw \ NE
System loss [%]: 14 § 45
S e -
Slope angle [T 16 & w el E
Azimuth angle [*] 0 2
“Yearly PV energy production [KWh]. 1740 E s —
Yearly in-plane irradiation [kWhim?]: 2210 0
“Year to year variability [kK\Wh): 2520 sw s
Changes in output due to:
Angle of incidence [%]: -2.6 5
Spectral effects [%]- 21 s neignt
Temperature and low imaciance [%]: e ! Jan  Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec —- ngz:er\‘gn?fg.lune

Total loss [%]. -21.2 Momth Sun height, December

Figure 10. “Visualize results” window in PVGIS
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3 RESULTS AND DISCUSSION

Before starting, some parameters and information must be decided. First, the location:
Burkina Faso has been chosen as a country because of the great number of data found
referred to this country. Moreover, part of Burkina Faso is in the Sahel or next to it, a region
with problems for watering crops and chronic hunger. The exact location chosen was Fada
N’Gourma, because it is close to the Sahel, and had many data collected. In this region, the
rain is not excessive (Figure 5), it has good solar radiation (Figure 6), and the aquifer

productivity is above 0,5 L/s (Figure 4).

Second, the size of the orchard must be decided. After what was discussed in 1.3.7.2, we
will work with three hypotheses of field size: 120 m2, 250 m2 and 500 m2, depending on

the will of the farmer. These are relatively small orchards, that can help with extra incomes

and food.

Finally, the depth is to be selected. The water in the region chosen is entirely above 25 m
underground (Depth<25 m; Figure 3). Therefore, three different values of depth are going
to be studied in this thesis: 7, 15 and 25 m.

3.1 Climatic conditions

3.1.1 Average temperatures

Once the location selected, the temperature is one of the easiest parameters to obtain. In
this thesis, the values of different sources are considered to obtain our own results. These
sources show the average monthly temperatures (The World Bank Group, 2015;
CLIMATE-DATA.ORG, 2018; Weatherbase, 2018), and the average minimum and
maximum (CLIMATE-DATA.ORG, 2018; Weatherbase, 2018).

With these data, the average of the three is calculated, and the absolute average maximum
and average minimum are obtained. These results are shown in the following figure, where

the range of temperatures in Fada N’Gourma are easy to identify.

40,0
35,0
200 /\,—/‘\
25,0
20,0
15,0

Temperature [2C

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Figure 11. Range of temperatures in Fada N’Gourma

The maximum temperature is in spring, and the lowest around the winter and the summer.
However, they remain high temperatures throughout the year, without huge variations,

which is to be expected near the Sahel region.
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3.1.2 Precipitation

The data bases used prior also present the average precipitation of the years they have
measured. To have a more comprehensive estimation of the precipitation, in this study the
monthly average of the three, as well as the minimum and maximum, is obtained. These

values of precipitation are going to be essential to estimate the water needed for irrigation.

Since the data used are averages, their variability is very small, which can be seen in the next

graph .
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Figure 12. Range of precipitations in Fada N’Gourma

The graph shows how the dry season occurs in winter, with no rain at all between November
and January. On the other hand, the rainy season is in summer, with a steep increase in

precipitations until August, where the maximum is achieved.

3.1.3 Radiation

The values of the radiation in the location chosen are essential for this work. Indeed, solar
radiation influences both most important parameters. On the one hand, it is a key factor in
the calculation of the evapotranspiration of the crops alongside with the temperature, and
therefore, influences the demand. On the other hand, it the main factor in the solar energy

production by the PV system, influencing then also the supply.

But the solar radiation is divided into different categories. In this case we are going to focus

on the direct and the extra-terrestrial solar radiation.

The values for the direct solar radiation are obtained on Weatherbase (2018) after 22 years
of measurements, and they present the daily average, maximum and minimum. It is relevant
to present the range these numbers can be contained in because direct global radiation
depends not only on the geographical position but also on variations in the climate. As for
the extra-terrestrial solar radiation, it only depends on the position of the system, and
therefore can be easily calculated without the need of empirical measurements. In this work,
these values were obtained through www.saecanet.com (2010). All these are presented in

Figure 13.
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Figure 13. Extra-terrestrial solar radiation (in blue) and range for solar direct radiation (in red), in M]/m’ for Fada
N’Gourma

With the help of the figure we can observe how the extra-terrestrial solar radiation has a
minimum in June, due to the longest distance to the sun in this month and the latitude. As
for the direct solar radiation, it attains its minimum in August. Interestingly, it can be noted
that the trend matches the one of the extra-terrestrial radiation from October to March, the
months of the dry season. On the other hand, it drops during the wet season in a similar

shape as the precipitations trend increases.

30,0 10,0
25,0 8,0
20,0 6,0

_(D

o )

c o)

= 150 40 ©

= E

=
10,0 2,0
5,0 kv v 0,0
0,0 -2,0

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

s ModET-AvDir e Average direct radiation e Modified ET

Figure 14. Experimental approach to relate precipitations with drop in solar direct radiation
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This can be seen in the previous graph, where the average direct radiation is depicted
alongside with of a modified extra-terrestrial one. This modified is the result of obtaining
the average radiation for the months with almost no precipitations (January, February,
March, November and December) in both types, and then escalating the extra-terrestrial
radiation to equate the direct average. Then, the average direct is subtracted to the modified
extra-terrestrial, obtaining the greened area curve. The previous intuition is confirmed, as

both this new curve obtained, and the precipitation data are very close in shape.

These results are however not surprising, since rain comes with clouds, and clouds block
the direct solar radiation. Therefore, the more rain, the less direct solar radiation, which

can help to explain the passive self—regulating concept attributed to PVWP systems.
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3.2 Calculation of the crops watering needs

3.2.1 Evapotranspiration of the crop field

The evapotranspiration is a concept to obtain the need of water for plants, and it is explained
in the theory section 2.1.1. Following the calculations explained there (and with the climatic
values of the previous chapter), Figure 15 is obtained. There, the values of ETj for both the
equations and the range of mean values estimated by different sources in subsection 2.1.1.1

(between 4 and 9 mm/day) are depicted.
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Figure 15. Estimated monthly value for the reference evapotranspiration in Fada N’Gourma for different methods

The values for the Net Radiation Method Equation (Equation 2) are close to the range

estimated; they therefore are accepted as so.

However, the values obtained for the Hargreaves equation (Equation 3) are well above the
range estimated. Since the latter is considered more comprehensive, we would therefore
escalate them to have the same average as the one obtained with the net radiation method.
These new values are ETy Hargreaves modified (Table 31) and are still on the upper limit

of the range found in the references, and therefore still conservative.

3.2.1.1 Estimated reference evapotranspiration

The average for both the reference evapotranspiration obtained by the net radiation method
and the one obtained by the Hargreaves equation modified is calculated. This value of ET,

(ET, work) is the one to be used from now on in this work, and is depicted in the following

graph :
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Figure 16. Estimated monthly value for the reference evapotranspiration in Fada N’Gourma

As can be seen in the figure, this value calculated is conservative if compared to the range

found in the references.

Furthermore, the shape of the resultant reference evapotranspiration is very similar to the
one presented by the direct solar radiation. This again helps to sustain the arguments behind

the concept of passive self—regulation of PVWP for irrigation.

3.2.1.2 Maximum evapotranspiration

The values of single crop coefficient for different crops (Kc, concept explained in section
2.1.2) are shown in Allen et al. (1998), with the highest peaks of Kc being for some trees
and rice (1,2). But it would be recommended to use trees adapted to the local climate, such
as the Pomme du Sahel, and rice is not a type of crop worth to plant for smallholder farmers
(subsection 1.3.6.2). Therefore, the highest value of Kc for a crop that could be convenient
is for example with tomato, which has a still high peak of 1,15.

Using tomato as a reference crop in this work is subsequently a conservative assumption.
Furthermore, since the planting date can vary from year to year in the climate studied if
irrigation is available, to simplify the calculations only the value of Kcmax to calculate

ETcmax is used.
ETomax = ETo - Kemax = ETo - 1,15 {mm - day~'}
3.2.2 Watering necessities for the plants

To obtain the final value of the watering needs, the steps of section 2.1.3 of the theory are

to be followed, as presented in Equation 4:

Watering = ET, — Precey
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To be more conservative, the precipitation used will be the minimal, and ETc the maximal

value.

As the value of the monthly precipitation used is never over 250 mm, only Equation 5 will
be used. With this, the value of Precy is obtained, and will be subtracted to the

evapotranspiration of the crop field in order to obtain the watering necessity (Figure 17).
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Figure 17. Maximum evapotranspiration for a field in Fada N’Gourma (ETcmax), divided between the watering need
and the water obtained from the rain (Prec,), in a monthly distribution.
As can be seen, the water supplied by the rain is strongly related with the monthly rain.
Looking into the artificial watering need, the valley present in ETc in summer (wet season)

is increased due to the rain input, whereas the amount in winter remains constant.

3.2.3  Real evapotranspiration, ETc

It is interesting to remember that, even if these are the values to be used for further
calculations, they are not the real ones. Indeed, a more comprehensive study should

consider the variation of Kc over the year.

To have an idea of this effect, a rough estimation of ETc real and the watering needs will be
calculated here for tomato in Fada N’ Gourma. With the climatic conditions of the location,
tomato can be cultivated up to three times, or cycles, per year (Balana et al., 2017).
Adapting data from Allen ez al. (1998), the following graph with the evolution of Kc over
the year is obtained, given that the first cycle is started in January.
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Figure 18. Evolution qf Kc over the year for tomato.

Following the steps previously done, we obtain:
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Figure 19. Evapotranspiration for a field in Fada N’Gourma (ETcmax), divided between the watering need and the
water obtained from the rain (Prec,y), in a monthly distribution for three cycle tomato crop field started in January.

We can see how the phase of development of the crop, and therefore the moment chosen
to plant, has great influence in certain months. A more detailed study could consider
optimising the match between the watering needs Kc(t) and the solar PV system output or

increasing the resilience of the system (see section 3.6.1).

Indeed, the difference between the watering needs used and the real one will make the
system more resilient to changes in weather conditions (like a security coefficient). If an
electrical system was to be installed to take advantage of the excess electricity production,

these valleys will also help greatly with the production.
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Figure 20. Watering needs for a tomato crop fie]d when using Kcmax and when using Kc variable with crop
development, planting in January

3.2.4 Water volume scenarios

Finally, it is now possible to estimate the total volume to be extracted for each scenario.
The water needs of a person in a day have been estimated to be 100 L (subsection 1.3.7.1).
If we consider a household with 6 members, this would be 0,6 m’ per day, every day. The
water for irrigation must be added to this value, obtaining the next equation.

EQUATION 18

3 Watering {mm/d }-Surface {m?}
1 gy) = 0 e+ 270

The results are shown in Figure 21. The smaller the orchard, the more constant the monthly
volume needed. This is because the 0,6 m® for domestic use must always be kept, and the

smaller the orchard, the smaller the proportion on the water used is for irrigation.

m3 per day of water

2,00 v
1,00
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

120 M2 250 m2 500 m2

Figure 21. Daily volume needed per month for each orchard
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3.3 Evaluation of range of operation

Once the climatic conditions of the location studied, and the values of the water needed
calculated, the next step is to study the different parameters of design. However, two
different goals are pursued. On the one hand, to show how to estimate the values for these
parameters using the example of Fada N’Gourma. On the other hand, to obtain general
conclusions (aiming to go beyond this example) on how to perfect the modelling of PVYWP

systems for irrigation are explored.

3.3.1 Water flow rates

The first value analysed is the water flow. To obtain the flow rate, two things are needed:
first, the total volume to be extracted in a day; second, the profile of extraction of the pump
(instant power of extraction). In this case, to reduce the storage capacity (tank volume or
battery size), we would design a pump working directly with the energy generated by the
sun. The objective of this section is to obtain the range of the average water flows of

operation for each type of orchard.

3.3.1.1 Monthly optimal angles

Since the consumption is variable due to the changes in the watering needs of the field, it is
not immediate to determine the month that needs to be prioritised while determining the
angle of inclination. Thus, until one is chosen, all the monthly optimal angles will be
considered. These angles only depend on the latitude and the month of the year and can
therefore be easily obtained. For this case, (Http://solarelectricityhandbook.com, 2009)

was used, obtaining the values of inclination shown in the next table.

Table 1. Optimal monthly angle of inclination

opt ang DEC 36
JAN 28 NOV 28
FEB 20 OCT 20
MAR 12 SEP 12
APR 4 AUG 4
MAY -4 JUL -4
JUN -12 opt ang

The angles are presented in the table. As can be seen, they can be sorted by couples, plus
the values corresponding to the limits in June and December. This way, it can be observed
that there are only seven monthly optimum angles of inclination. The negative angles of
inclination correspond to solar panels headed north with an equivalent but positive angle of

inclination.

31



3.3.1.2 Electricity generation and Peak Extraction Hours

Once these angles determined, they are to be put in the PVGIS software, which will be run
for each one of them. Thus, the data of the daily energy generation for a 1 kWp is obtained
and depicted in the following figure.
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Figure 22. Daily electricity generation for a 1 kWp solar PV system (or peak extraction hours) per month.

It can be observed that the shape and values of the generation vary with the angle, but all of
them are between 3 and 6 kWh.

These results are the same as for the Peak Extraction Hours, to be used from now on as
stated in Section 2.1.4 of the Theory. The concept of PEH is a simplification of the reality
to make the calculations manageable, and its precision for the results obtained is explored

later in Section 3.5.2.
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3.3.1.3  Water flow values

Once all this done, the daily volume of water needed (by month, for the three different fields, section 3.2.4) is to be divided by all the possible

combinations of angles in the corresponding month. This way, all the possible water flows is obtained for each of the three field sizes. This

evolution of water flow rates over the year for different angles and fields is shown in the next graphs.

Q = f(Month,Tilt); {Surface}

120 m2 250 m2 500 m2
18 1,8 1,8
16 1,6 1,6
— 14 1,4 1,4
~
m
£ 1,2 1,2 1,2 ?\
© 10 1,0 1,0
ne)
(]
20,8 0,8 0,8
(]
£ 06 0,6 e ﬁ 0,6
0,2 : 0,2 0,2
0,0 0,0 0,0
Z 0O x xx >z 24 0 a = >0 Z 0O xx xx > zZz 4 O o = > 0 Z 0O xx xx >z 4 0O o = > 0
TE$x32228628 TE$3x32232838258 TE$x322328528
358 bz a0 128 48 40—

Figure 23. Water flow for different angles of inclination and field size, per month

But since it is too complex to use all this data variation (per month, per angle, per field, and later per diameter and per depth), the range of
water flow for each field size is estimated, and depicted in the next page.
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First, the annual range of water flow for each field and angle of inclination is depicted
in the next graph. It is relevant to notice the average value for each field remains very

similar despite big changes in the angle of inclination.
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1,80
1,60
1,40
1,20
1,00

0,80

Q [m3/h]

0,60

0,20

0,00
120 m2 250 m2 500 m2

Figure 24. Annual Waterﬂow range,for dg'fferent angles qfinc]jnation andfie]d size

The only noticeable difference is in the spread of the range, but they remain
comparable. It will therefore not be very unprecise to estimate a unique range of

water flow for each orchard area, obtaining the following graphic.

Water flow range for different fields
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Figure 25. Total range of annual water flow for all the studied inclinations, for each field size

We can see that for 120 m” it goes from 0,24 to 0,51 m’/h, for 250 m” from 0,35
until 0,89 m*/h, and for 500 m? from 0,55 to 1,61 m’/h. As for the average values,
they are 0,35; 0,59 and 1,05 m*/h respectively.

These ranges are to be used in the next section to evaluate the impact of the losses for
different system configurations in a simpler way. This allows to consider the effects
of the monthly variation and the angle of inclination in a single variable, the water

flow rate, and reducing its spread to the range obtained.
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3.3.2 Dynamic head

Once the range of water flow determined, it is important to calculate the losses (or
the dynamic head) according to it. This initial calculation is done to estimate if a
variation of the diameter of the pipes is relevant enough to take it into account in the
next sections. Consequently, the variation of the dynamic head will be calculated as a
function of the diameter and water flow (with the depth as a parameter), as shown in

Equation 15 in Section 2.1.5 of the theory.

den = f(Q,D);{Depth}

The water flow itself can be divided into different ranges for each size of the orchard
(Surface) to make the approach more precise. Therefore, it would be calculated using

the water flow ranges shown in Figure 25 as:

Hgyn = f(Q,D); {Depth; Surface}

As for the values of the diameter, the options studied would go from '2” pipes (12,7
mm of diameter) to 2” pipes (50,8 mm), increasing the diameter by %4” each (7 pipes
in total). These have been chosen for being the most common pipes for this type of

project.

All this is to be done for the three different values of the two parameters, or nine

different scenarios. The results of the calculation are shown in Figure 26.

However, the values of Hdyn are influenced by the depth of the well in a linear way
(once Q and D fixed), as can be seen from the development of Equation 15, and is

simplified here:

Huyn = [0,2345 + £,(Q, D) - [Depth + 5] - £2(Q, D)
Hgyn = f3(Q, D) + f,(Q, D) - [Depth + 5]
Hgyn = fa(Q,D) + f,(Q, D) - Depth
Where:

fb(QﬁD) = fl(QﬂD) fZ(QﬂD)

Since the point of interest really is to study the influence of the friction relative to the
energy expenditure, it looks possible and better to present the data of Hdyn as a
percentage of the total head (which is linearly related to the power expenditure). This
will allow to better compare each scenario, since the linear correlation would be

turned into an inverse one (which fades with the depth).
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Thus, Figure 27 depicts the percentage of the effective energy expenditure that goes
to cover the losses due to the friction. We can see that in the worst case it can go up
to 65% of the total head (for 7 m and 500 m2) for the scenarios studied. This is a very
high value, that will obviously have a big impact in all the other parameters.
Therefore, the effect of the dynamic head must be studied to calculate the system,

regardless of its complexity.

As for the influence of the different parameters, it can be seen that when decresing
the diameter, Hdyn increases for all the combinations. Likewise, augmenting the
water flow increases the value of Hdyn. It can also be observed that the values of Hdyn
can be as high as the depth of the well in the biggest field, which would mean loosing
half the energy only because of the friction in the pipe.

These values, especially for the 2” pipe for 500 m?, look a priori excessive, but a
more detailed cost analysis need to be held to determine it definitely. It is nonetheless
evident the essential role the diameter of the pipe plays in the energy needs of the
syste. Hence, the determination of the optimal diameter can be vital for the viability

of any project.
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Figure 26. Evolution of Hdyn for different diameters and flows, for each depth and field size studied
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Figure 27. Evolution of Hdyn/Htot [%] for different diameters and flows, for each depth and field size studied
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3.3.3 Values for the pump efficiency

The efficiency of the pump depends on the characteristics of the pump bought. Since it is
beyond the scope to select a pump, a reference value of the efficiency will be used. In
(Tomillo Gutierrez, 2005), a reasonable review over handpumps is done; and with these
values, Figure 28 is depicted. It shows all the efficiencies of the pumps ranged by static head
(depth) of the system. The important conclusion to extract from this figure is that the
average efficiency of a water pump of the categories considered in this thesis is around 65%.
This is going to be the value used by default when the pump efficiency is not considered as

variable.
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Figure 28. Range of efficiencies for the pump (Tomillo Gutiérrez, 2005)

3.34 Estimated values for the cost

For the calculations where the cost is to be minimised, it is necessary to know how expensive
the project is going to be. Since it would be too complicated to do a budget for every
possible scenario and then check the most suitable, simplifications over the cost will be

done.

Therefore, the costs will be divided into two main components. The first one will be the
relative to the solar system (PV panel, inverter, cables, etc) and to the pump. These costs
depend directly on the power needed, and therefore would be one sole coefficient
multiplying the PV panel dimension. It would be presented in USD/Wp. The second
component will be the relative to the drilling and piping and is therefore independent from
the size of the PV system. It is linearly dependent to the depth of the water and would be
presented in USD/m.
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For the cost of the solar system, we would take into account the data from (IRENA, 2016).
According to the study, the cost of solar systems varies widely depending on the location
and the type of system, being generally more expensive in Africa than other regions. The
type of system used in this project is a little bit peculiar, in between mini-grid without
battery (still not considered) and utility on-and-off grid. For this type of systems, the range
goes between 2 USD/W and 8 USD/W as for 2015 prices. For this study, we would choose
5 USD/W, which is in the middle, even though the model should allow to change the value

easily.

As for the drilling cost, it is 21 USD/m (Carter, 2009) for a pipe of 1/2% of diameter. To
estimate the corresponding cost for other diameters, an assumption is made that the cost of
the drilling is directly related to the volume of earth drilled. Therefore, the cost of drilling

when changing the diameter will be:

EQUATION 19

2 2
Drill Costy = prill Costy -+ (322:) = pritt Costa -+ (5z) - {¥m
1/2" ’

It is important to remind that these are assumptions and simplifications for the matter of
this thesis. Therefore, not only these values need to be properly assessed for a more detailed
study, but the model resulting of this thesis needs to be designed in order to easily modify

the way both parameters evolve.
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3.4 Preliminary design of the system

3.4.1 Selection of the tilt

As seen in section 3.3.1, the tilt of the solar panel has effects in the water flow, but also on
the daily electricity generation (Figure 22). It is therefore crucial to obtain the angle that
optimizes the system, along with the critical month. To obtain these values, parameters like
the size of the field, the depth of the well, the diameter of the pipe or the efficiency of the
pump must be considered. Consequently, a great number of calculations must be done. To

simplify them, several assumptions would be done in each case.

3.4.1.1 Example of case

First, an example for a certain scenario is done. This example is intended to show how all
the calculations are held in the following parts of this section. The parameters affecting the

system are given a V&llle:

Table 2. Parameters selected for the example

Surface of the field (Sf) 250 m2
Groundwater depth (Depth) 15m
Pipe diameter (D) 0,0127 m
Pump efficiency (Npump) 65%

First, the value of the daily electricity generation (Figure 22) is obtained for a 1 kWp size
PV system. These values only depend on the month and tilt selected and are therefore not

affected by the parameters of Table 2.
Egen = f(month, tilt)

Second, the value of the flow rate for each month and tilt is obtained like in section 3.3.1.
These values still do not depend on any of the parameters of Table 2 . The value of the total

daily volume needed is also used, which only depends on the orchard size.

Q= f(month, tilt, Sf)

vV =r(S)

Third, the value of Hdyn is obtained for the water flow corresponding to each month and
tilt, taking into consideration now the orchard area, depth and pipe diameter. It is obtained

with Equation 15, here simplified. The values are shown in Table 3.

Hgyn = f(Sf,Depth,D,npump,Q) = f(Sf,Depth,D,npump,month, tilt)
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Table 3. Monthly average dynamic headfor d{'ﬁferent solar panel tilts. System with 250 m2 orchard, 15 m deep
groundwater and pipe diameter of 0,0127 m

Solar panel tilt [2]
362 | 282 | 202 | 1292 | 42 | -49 | -12°
JAN| 4,2 | 4,3 46 |51 (58| 68 | 86
FEB| 49| 5,3 51 |53 (58| 6,5 7,5
MAR| 5,7 | 5,4 53 |53 (54| 57 6,2
APR|6,5| 5,8 53 |51 (49| 49 5,0
MAY | 6,5| 5,5 49 |44 41| 39 3,9
JUN|55| 44 3,8 [33(30| 28 2,7
JUL| 3,7 | 3,1 2,7 |24 (22| 21 2,0
AUG| 24| 2,1 20 |18 [1,8| 1,7 1,7
SEP| 2,7 | 2,5 26 |[23(23| 24 | 25
OCT|4,2| 4,2 42 |43 46| 50 | 56
NOV | 4,7 | 4,9 51 |55(62| 72 | 88
DEC| 4,0 | 4,2 45 | 50 (58| 70 | 89

Fourth, with all these data, we are ready to calculate the daily energy needed, measured in
size of the solar panel (in Wp) that would be required to meet the needs. This is obtained
thanks to Equation 17 (estimated energy consumption), that considers indirectly all the

variables here in question. The results are shown Figure 29.

E = f(Hayn, Depth,Npyump, V) = f(S¢, Depth, D, pyymyp, month, tilt)
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Figure 29. Evolution of the daily energy need for each slope

Fifth, the value of the energy needed (in Wh per month and angle) must be divided by the
energy generated by the 1 kWp solar panel (in Wh) for these same months and angles. This
same number is to be multiplied by 1000, obtaining then the peak power size of the PV
panel to comply with the monthly needs at this angle in W. These results change month by
month for a certain angle, but logically, the PV panel is not going to be changed month after
month. Therefore, the relevant value would be the yearly maximum for each tilt with these
parameters. This would give the minimum size that can meet the energy requirements

throughout the year. These are shown in the next table.

42



Table 4. Monthly PV system size needed (in Wp) for the parameters chosen, and maximum size needed per tilt.

Max PV peak power needed [Wp]
74| 67 70| 80

The month in which the maximum value is obtained would hence be the critical month, and

therefore the one with the highest risk of not being able to meet the requirements.

Now, the minimum size for the PV panel to install is to be determined, and therefore, the
optimal angle. With the values already calculated, it is 20° for this case, being April and

March the critical months.

But to be more precise, the exact optimal angle can be obtained with two methods. First,
with the help of Figure 30 depicting the size of PV to install for each angle. The optimal
angle corresponds to the minimum in the solar PV size and can now be obtained with the

graph directly (18,5°).

The value can also be obtained with the help of the tendency curves (polynomial, 2° degree,
since they match well the distribution). The main advantage of it is that it allows to automate

the process with the help of the LINEST command in excel. For an equation of the type:

EQUATION 20
fX)=a-x*+b-x+c
The value of the maximum/minimum (in this case, minimum) is:
EQuaAaTION 21
x _-b
min — 2a

As so, it can be calculated:

—1,3435

=27 qg3e
Xmin = = 57700368
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Both the angle obtained visually, and the one obtained mathematically are very close to each
other. This is because the polynomial approximation is very close to the reality. The

mathematical value would be nonetheless the one used.
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Figure 30. Variation of the PV system peak power with the angle.



3.4.1.2 Influence of the diameter

Once the method to calculate the optimum angle has been exposed, this procedure is now
to be repeated with variations in the different parameters affecting the optimum angle. The
first one studied will be the influence of the diameter of the pipes (D). In order to correctly
assess the influence, not only D is going to be a variable, but the Depth and the Surface to
irrigate would be considered as parameters, obtaining nine scenarios. The efficiency of the

pump will remain constant at 65%, as there are too many parameters now.

The data are presented in Figure 31, and the optimal angles summarised in Table 5. A few
interesting facts can be concluded. The first one, which was the point of this subsection, is
that the diameter of the pipe does not have a noticeable effect in the optimal angle. This can
be better seen in the following table, displaying the optimal angles for each diameter, each
depth and each surface. The second one is that it also seems that the depth does not have an

influence over the optimal angle. This is confirmed in subsection 3.4.1.3.

Table 5. Optimal angle for different depths, orchards and diameters

Diameter

Depth [m] |0,0127 | 0,01905 | 0,0254 | 0,03175 | 0,0381 | 0,0445 | 0,0508
%1 7 16,8 16,7 16,7 16,7 16,7 16,7 16,7
o 15 16,8 16,7 16,7 16,7 16,7 16,7 16,7
= 25 16,8 16,7 16,7 16,7 16,7 16,7 16,7
%1 7 18,3 18,2 18,2 18,2 18,2 18,2 18,2
9 15 18,3 18,2 18,2 18,2 18,2 18,2 18,2
N 25 18,3 18,2 18,2 18,2 18,2 18,2 18,2
%1 7 18,7 18,6 18,6 18,5 18,5 18,5 18,5
S 15 18,7 18,6 18,6 18,5 18,5 18,5 18,5
n 25 18,7 18,6 18,6 18,5 18,5 18,5 18,5

Only the surface of the field, and in a mild way, has therefore an influence. This makes sense
because the change in the surface to irrigate does not change the configuration of the water
distribution over the months for irrigation, since it will only multiply it by a constant. But,
since the needs for WSS are independent of the orchard, they are not affected by the same
coefficient. Thus, the monthly distribution varies relatively, especially for smaller surfaces,
since at a certain point the water needs for irrigation are so high they make the water for
WSS not noticeable. This can be observed even with the three data calculated: the angle
varies much more from 120 to 250 m? than from 250 to 500 m?2. Thus, it looks that for
bigger fields than 500 m?, the optimal angle will be around 19°.

Last, but probably the most important to notice in the graphs, is that for all the scenarios,
there is nearly no gain in any pipe bigger than 0,0254 m. Indeed, the gain between this one
and the one of diameter 0,01905 m is very small. Consequently, only the three smallest

pipes will be tested from now on (V2 , %47, 17).
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Figure 31. Evolution of the PV system peak power for different tilts and pipe diameters, per value of depth and orchard surface
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34.1.3 Veritying the influence of the depth

Even if the influence of the depth was already deemed minimal, in the next graph this point
is proven to clear all doubts. It can be clearly seen how the optimal angle remains constant
while changing the depth, even beyond the range of this work. Thus, the first estimation

was correct.

50
o o o
0 20 40 -20 0 20 40 -20 0 20
Tilt of the solar panel [in 2] Tilt of the solar pannel [in 2] Tilt of the solar panel [in 2]
5 7= -9 12 15 13 21 il

# * [m of depth]
Figure 32. Variation of the PV system peak power with the angle for different depths and for each field size.

3.4.1.4 Influence of the efficiency

The interest in this subsection is now to evaluate how the efficiency influence the optimal

angle to choose.

It has already been discarded to use any pipe bigger than the PVC 1” for the orchard and
depths of this work. Therefore, aside from the efficiency and the tilt, the nine scenarios can

have each three pipe diameters, but this would mean doing 27 different graphs (3°).

However, since the irrelevance of the depth and the pipe diameter over the optimal angle
has already been stated, we choose to set a fixed depth of 15 m (the intermediate). This let
nine scenarios for each combination of orchard size and pipe diameter where the influence
of the efficiency over the optimal angle is studied. For this, the efficiency is selected as a
variable, ranging from a very low efficiency (14%) to a very good one (90%).The results

are shown in the next page.
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As it seems logical, the value of the peak power for the PV system needed increases when
the efficiency of the pump diminishes. Furthermore, this increase is the biggest the closest
to zero the efficiency gets. But, at least visually, it seems that the efficiency of the pump has
no influence over the optimal angle. This makes sense since the efficiency is dividing all the
value of the effective energy needed, and thus a change in it do not influence the relative
evolution of the water needs. Thus, the critical month and the optimal angle will remain
the same independently on the efficiency. This can be confirmed with the next table,

showing the exact value of the optimal angle.

Table 6. Optimal angle for different pump efficiencies, diameters and orchards.

Efficiency of the pump

Diameter | 14% | 27% | 39% | 52% | 65% | 77% | 90%
0,025 (16,72 (16,72 | 16,72 | 16,72 | 16,72 | 16,72 | 16,72
0,019 (16,73 (16,73 16,73 16,73 16,73 | 16,73 | 16,73
0,013 (16,79 (16,79 16,79 | 16,79 | 16,79 | 16,79 | 16,79
0,025 (18,16 18,16 (18,16 | 18,16 | 18,16 | 18,16 | 18,16
0,019(18,18 18,18 18,18 18,18 18,18 | 18,18 | 18,18
0,013 (18,27 (18,27 | 18,27 | 18,27 | 18,27 | 18,27 | 18,27
0,025 (18,56 | 18,56 | 18,56 | 18,56 | 18,56 | 18,56 | 18,56
0,019 (18,60 | 18,60 18,60 | 18,60 | 18,60 | 18,60 | 18,60
0,013 (18,69 (18,69 |18,69 | 18,69 | 18,69 | 18,69 | 18,69

500 m2

250 m2

120 m2

3.4.1.5 Optimal angle, critical month and critical water flow

The diameter, efficiency of the pump and height have all of them no (or almost) influence
over the value of the optimal angle, and therefore neither over the critical month and the
critical flow. In the next table (Table 7), a calculation for an orchard of 120 m2 (tilt 16,8°),
a diameter of 0,0127 m, a depth of 15 m and a pump efficiency of 65% is presented as an
example. With this it is possible to calculate the minimum viable power peak of the solar
system and obtain the critical month and the critical water flow (which is the average water

flow in the critical month), as shown in subsection 3.4.1.1.
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Table 7. Example qf general calculation

IDiameter | 00127 |pepth | 15 |
En. gen. Daily volume - Hdyn [m] Daily energy Sola.r PV system
[kWh/day] (m3/day) needed [Wh] size [Wp]

JAN 5,28 1,89 0,36 1,8 149 28

FEB 5,4 2,00 0,37 1,9 158 29

MAR 5,21 1,96 0,38 2,0 156 30

APR 4,87 1,84 0,38 2,0 147 30

MAY 4,41 1,61 0,37 1,9 127 29

JUN 4,22 1,38 0,33 1,5 107 25

JUL 3,97 1,14 0,29 1,2 87 22

AUG 3,94 1,01 0,26 1,0 76 19

SEP 4,45 1,20 0,27 1,1 91 20

OCT 4,95 1,70 0,34 1,7 133 27

NOV 5,13 1,93 0,38 2,0 154 30

DEC 5,18 1,84 0,36 1,8 145 28
MAX Max PV peak
158 30

It has been proven in this section that the critical month and the critical water flow remain
constant with changes of the diameter, depth and efficiency. Therefore, this table only needs

to be replicated for the different orchard sizes, obtaining the results summarised in Table 8.

Table 8. Critical flow and critical month for each orchard

Area [m?] | Critical flow [m3/h] | Critical month | Optimal angle
120 0,38 APR 16,79
250 0,66 MAR 18,2¢
500 1,20 MAR 18,62

3.4.2 Optimal pipe diameter

Now the last parameter to optimise in the system for this work is the pipe diameter.
Depending on the diameter chosen and the flow, the value of the frictional forces acting
over the fluid varies, resulting in a change on the pressure drop. The bigger the diameter of
the pipe, the closer would be the power needed to the theoretical, and thus the smaller the
solar system can be. But on the other hand, the bigger the diameter of the pipe, the more
expensive the drilling and piping cost will be. An economical compromise is therefore to

be obtained in this section, using the values set in Section 3.3.4.

The size of the solar panel will be calculated as in section 3.3.3, and the depth of the water
is a parameter that depends on the conditions. The water flow used is the critical one,

calculated earlier. The total cost will thus be:

EQUATION 22

Total cost = Drill Costp - Depth + Solar system cost - Size panel
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The calculations are done for different values of the pump efficiency in order to assess its
influence over the cost, and for the scenarios wih different depths and orchards. The results

are presented below (Figure 34).

As can be seen, the optimal diameter is clearly 0,0127 m for all the efficiencies and depths
in the orchards of 120 and 250 m?.

For the orchard of 500 m?, it looks like both the options of 0,0127 and 0,01905 m of
diameter can be suitable depending on the depths and efficiencies. However, the pipe of
0,0254 is never the most suitable with these values. In the specific case of our assumption
of 65% efficiency, the preferred diameter is 0,01905 for the scenario with 7 m of depth,
and 0,0127 for the other two.

It can be noted that the cost of the system drops drastically when the efficiency of the pump
increases from low values, but starts to stagnate around 40% of efficiency. This is coherent
with the inverse function tendency, since the effciency is dividing the part corresponding
to the solar system costs. Therefore, it looks important that the efficiency of the pump never
stands on the low range (below 50%), while not much is gained for the sizes assumed with

an expensive and very efficient pump.
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3.5 Summary and validation

3.5.1

Summary

All the previous calculus can be summarised in the following table, that shows all the

relevant data for the system design with a pump efficiency of 65%.

Table 9. Summary of the parameters calculated

SURFACE OF THE ORCHARD

120 m? 250 m? 500 m?
Diameter [mm)] 12,7 Diameter [mm] 12,7 Diameter [mm] 12,7
Panel tilt [2] 16,82 Panel tilt [9] 18,32 Panel tilt [2] 18,62
25m || Critical month APRIL Critical month MARCH Critical month MARCH
PV size [Wp] 47,4 PV size [Wp] 95,9 PV size [Wp] 248,9
Estim. cost [$] 762,08 Estim. cost [$] 1004,54 Estim. cost [$] 1769,42
Diameter [mm)] 12,7 Diameter [mm] 12,7 Diameter [mm] 12,7
T Panel tilt [2] 16,82 Panel tilt [9] 18,32 Panel tilt [2] 18,62
E 15m || Critical month APRIL Critical month MARCH Critical month MARCH
e PV size [Wp] 30,1 PV size [Wp] 61,6 PV size [Wp] 163,6
Estim. cost [$] 465,54 Estim. cost [$] 623,10 Estim. cost [$] 1132,98
Diameter[mm] 12,7 Diameter [mm] 12,7 Diameter [mm] 19,05
Panel tilt [2] 16,82 Panel tilt [2] 18,32 Panel tilt [2] 18,69
7m Critical month APRIL Critical month MARCH Critical month MARCH
PV size [Wp] 16,3 PV size [Wp] 34,2 PV size [Wp] 53,1
Estim. cost [$] 228,32 Estim. cost [$] 317,95 Estim. cost [$] 596,25

The values for the solar PV system size are depicted below in Figure 35. The effect of the

change of pipe diameter over the PV panel size can be observed. Indeed, it can be seen how

for the depths close to 7 meters, the size of the solar system to be installed increases only

mildly when going from a 250 m? orchard to a 500 m’ one (bottom-right quarter of the

graph). This because the increase in the power needed for watering (caused by the higher

water demand while having a bigger orchard) is compensated by the reduction over the

power lost (due to the decreases in the losses of the piping system due to wider pipes).
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Figure 35. Solar PV system size, in Wp, for different orchard sizes and water depths (pump efficiency of 65%)

However, this effect is not perceived on the evolution of the total cost as can be seen in
Figure 36. This is because the high reduction in the solar system cost (due to the high
reduction in PV need explained before) is compensated by the high increase in drilling cost
(due to the steep increase in volume to be drilled while augmenting the pipe size). In this
case, the transition is smooth because of the mere conception of the problem, that tried to
optimise the cost. Indeed, this makes that the a change in the pipe diameter is only selected
from the very moment where the “fall” in the solar system cost exceeds the “jump” in the

drilling cost.

25m

15m

7m
120 m2 250 m2 500 m2

W 200-400 m400-600 ™ 600-800 m800-1000 m1000-1200 ™ 1200-1400 m 1400-1600 m 1600-1800

Figure 36. Estimated cost, in USD, for different orchard sizes and water depths (pump efficiency of 65%)
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3.5.2 Validation of the water flow assumption

Until now and as explained in section 3.3.1, the water flow extraction was estimated to be

at a constant rate. In this section, the validity of this simplification to design the system for

the nine scenarios is proven.

3.5.2.1 Hourly power distribution

First of all, the hourly electricity production profile must be obtained. Since the monthly
average is not directly given by PVGIS, the assumption that the relative hourly distributions
are similar for the generation and for the radiation is used. This is done after analysing some

sources (Ghitas, 2012) and because PVGIS does offer the monthly average hourly

distribution for the direct radiation.

Since what is interesting from the Global direct irradiance is the relative hourly distribution,
this is to be calculated for each month. However, before that an angle must be chosen, as it
has an influence over the shape of the profile: higher angles have indeed more flattened
profiles. Since this is simply a quick verification, and the angle variation was very small in

for all the scenarios, an inclination of 17,5° is chosen as a compromise. The values obtained

as such are presented below (Table 10).

Table 10. Relative distribution of the Global Direct Irradiance for 17,5° of inclination in Fada N’Gourma

JAN FEB MAR APR MAY JUN JUL AUG SEP oCT NOV DEC

6:45| 09% | 0,7% | 09% | 1,1% | 13% | 1,2% | 1,0% | 09% | 13% | 1,7% | 1,8% | 1,6%
7:45| 4,0% | 3,9% | 3,9% | 41% | 46% | 43% | 43% | 3,9% | 46% | 54% | 57% | 51%
8:45| 8,1% | 80% | 80% | 82% | 83% | 80% | 7,9% | 7,9% | 85% | 9,4% | 9,8% | 9,1%
9:45| 11,5% | 11,3% | 11,8% | 12,2% | 12,2% | 11,6% | 11,1% | 11,4% | 12,2% | 12,9% | 12,8% | 12,4%
10:45| 14,2% | 143% | 14,7% | 15,1% | 15,2% | 14,4% | 14,1% | 14,1% | 15,0% | 15,4% | 15,0% | 14,8%
11:45| 15,5% | 15,3% | 16,0% | 16,5% | 16,6% | 16,2% | 15,4% | 16,5% | 15,8% | 15,8% | 15,4% | 15,2%
12:45| 15,0% | 14,9% | 15,0% | 15,3% | 15,5% | 15,1% | 15,8% | 16,0% | 14,3% | 14,6% | 14,5% | 14,6%
13:45| 13,0% | 12,9% | 13,0% | 12,6% | 12,3% | 12,6% | 13,3% | 12,6% | 12,4% | 11,8% | 11,7% | 12,1%
14:45| 9,8% | 10,0% | 9,1% | 85% | 81% | 9,1% | 9,1% | 9,0% | 89% | 80% | 81% | 8,8%
15:45| 59% | 62% | 55% | 48% | 45% | 55% | 59% | 58% | 53% | 3,9% | 4,0% | 4,9%
16:45| 2,1% | 2,5% | 2,1% | 1,7% | 1,4% | 2,1% | 2,2% | 2,0% | 16% | 09% | 1,2% | 1,5%

This distribution is going to be the same one followed by the power generated. Since the
section’s aim is only to assess the validity of the simplification, only the values over the
critical month are analysed. This is because the critical month is the one where a wrong

assumption could provoke to design an undersized system that will lead to water scarcity.

With this, the PV system size, the pipe diameter, the critical month and the critical flow
calculated for each scenario; the comparison of the volume extracted with the simplification

and the real volume extracted is done.
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3.5.2.2  Hourly water flow distribution

From now on the values for the scenario with 250 m? and 15 m depth will be presented as
an example. Table 11 presents the values of design, as well as the daily volume and energy
generated (for 1 kWp and then for the size of the module designed) for the critical month
(CM).

Table 11. Design parameters and relevant values on the critical month for a 250 m? orchard and 15 m depth

Diametre [m] 0,0127
PV Size [Wp] 62
Critical month MAR
Crit. Flow [m3/h] 0,66
En.gen. by 1 kW CM [kWh] 5,21
Volume needed CM 3,44

Once the energy generated by the system in an average day of the critical month obtained
(0,321 kWh), the value is multiplied for each time of the day by the percentage of energy
generated in the critical month. Then, the water flow corresponding to this power is

obtained for each hour. This is shown in Table 12.

Table 12. Hourly power and water flow for a 250 m’ orchard and 15 m depth

These values are also depicted in their relative values in Figure 37. This allows to see how

the distribution of the water flow and the power generated may differ.

It can be seen how the water flow is flatter than the energy generated, even though in this
scenario the difference is mild. This difference is because of the losses. Indeed, since the
losses increase when the water flow does so, more proportion of the power is wasted in the
central hours. This effect can be better seen in the scenario with an orchard of 500 m? and
15 and 25 m of depth (Figure 39), as they are close to need a change of pipe size (and thus
the most affected by the losses).
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Figure 37. Relative distribution of energy generated and water flow in the critical month (250 m’ ; 15 m)

3.5.2.3 Total volume extracted

After this, the total average volume extracted in the critical month can be calculated. For
this, two methods are introduced. The first one considers the water flow constant hour by

hour (called discrete approach here). The second one considers it continuously variable.

Both the continuous and discreet water flow distribution are presented in the following
Figure 38. It can be observed that both cases are going to have similar values for the total

volume.
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Figure 38. Average hourly water flow distribution in the critical month for a 250 m’ orchard and 15 m depth

To obtain the volume from the first approach, all the hourly values of water values need
simply to be added. On the other hand, for the second approach the water flow distribution
is approximated by a polynomial of degree 6 (Equation 23), that is integrated (Equation 24),
to obtain the volume (Equation 25).
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EQUATION 23. HOURLY WATER FLOW DISTRIBUTION
Qi) =ag-x®+as-x°+a,-x*+az-x3+a,-x>+a;-x*+ag
EQUATION 24 . INTEGRAL OF THE WATER FLOW DISTRIBUTION

ag ., Qa5 Q4 A3 , A 5 A , Qg
- x'+—x+—=—x+—x"+=x"+——x“+—-x +c
7 6 5 4 3 2 1

EQUATION 25. WATER VOLUME CALCULATION

Vo(t) =

The coefficients of the approximation are obtained through the LINEST command and are
shown in Table 13.

Table 13. Coefficients of the continuous hourly water flow distribution for a 250 m?’ orchard and 15 m depth

ab a5 ad a3 a2 al a0

4,44E-06 -1,72E-04 2,90E-03 -2,66E-02 1,11E-01 -4,96E-02 1,43E-04

With this, the volumes from both methods can be obtained, and the smallest of the two
would be the one considered in each case to make it more conservative (even though the

difference is minimal. The results of this are shown in Table 14.

Table 14. Resultant volumes for each method for a 250 m’ orchard and 15 m depth

Vol Continous 3,86
Vol Discreet 3,86
Vol simplification 3,44
Error 10,9%

As can be seen, in this case the real value of volume extracted with a PV system dimensioned
as calculated is 11% higher than the volume needed. This means that the simplification over

the water volume was a conservative one in this scenario, and therefore, valid.

3.5.2.4 General results for each scenario

This procedure is now repeated for each scenario, obtaining Table 15 and Figure 39. Table
15 presents the errors induced by the water flow simplification. As stated before, if positive,
this mean that the simplification is conservative and thus valid. Therefore, the simplification
is valid for all scenarios, meaning that the size of the PV system calculated will deliver the
water need. Furthermore, the error is never higher than 20%, which makes this

approximation a reasonable one.

Table 15. Resultant error for each scenario

120 m2 250 m2 500 m2
25m 5,1% 10,2% 18,9%
15m 5,5% 10,9% 19,8%
7m 6,4% 12,4% 7,0%

Figure 39 on the other hand presents the relative distribution of the water flow and the
energy generated, as explained at the end of subsection 3.5.2.2. it can be easily observed

the effect induced by the Change in the pipe width for 7 m depth and 500 m? orchard.
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Figure 39. Relative distribution of energy generated (blue) and water flow (orange) for each scenario.



3.6 Example of final calculation

Now some details are going to be studied in this chapter for a specific scenario (orchard size
and depth): 250 m” and 15 m depth, chosen because of being in the middle. The other
parameters are the ones presented in section 3.5.1: Angle 18,3° PV size 61,6 Wp,
efficiency 65%, diameter 0,0127 m.

The data calculated until now to optimise was with Kc max (obtaining Figure 40). This not
only simplifies the process, but also allows to design a system that makes possible to start
the crop cycle in every month of the year. However, it is still relevant to choose the best

pattern for crop planting to make the system even more resilient to changes.

400
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300
250
200
150
100
50
0

Daily energy [Wh/day]

JAN FEB  MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

mmm Daily en. needed [Wh] Extra energy [Wh/day] ==@==En. Gen.[Wh/day] 182

Figure 40. Daily energy distribution by category with Kc max

3.6.1 Initial planting date selection

Introducing now Kc as a new variable not only changes the evolution of water needs over
the year but adds the variable of the starting date for the cycle. Being the case studied the
tomato, that can be planted in three cycles a year, we have then that there could be 4

different months to start planting (January, February, March, April).

The variation in these water needs as a function of the planting date are presented in the

next table.
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Table 16. Evolution of Ke/Kemax and volume needed for a 250 m2 orchard and different planting months

Kc/Kemax [-] |V [m3/day] | Kc/Kemax [-] |V [m3/day] | Kc/Kemax [-] | V [m3/day] | Kc/Kemax [-] | V [m3/day]

JAN 2,01 91% 100% 77% 2,69
FEB 77% 2,86 2,12 91% 100%
MAR 100% 76% 2,75 2,06 91%
APR 91% 100% 76% 2,52 1,86
MAY 1,50 91% 2,47 100% 2,70 76% 2,10
JUN 76% 1,68 91% 2,01 100% 2,23
JUL 100% 1,73 76% 91% 1,53
AUG 91% 100% 76%
SEP 91% 1,65 100% 1,84 76% 1,33
oCT 76% 2,28 1,68 91% 2,65 100% 2,89
NOV 100% 77% 2,75 2,05 91%
DEC 91% 100% 77% 2,60 1,95

400

300

200

100

Daily energy [Wh/day]

400

300

200

100

Daily energy [Wh/day]

With this new volume and the PEH obtained for a panel with 18,3° of tilt, the monthly
water flow can be estimated. This will enable to calculate Hdyn, and therefore calculate the
new (and more precise) energy needs for each planting date. Meanwhile, the energy
generated remains the same for each case, as it is not influenced by the demand (once the
PV system dimensioned). The extra daily energy generated can therefore be estimated for

each month; these data are shown below.
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Figure 41. Daily energy needed, daily energy generated and daily extra energy generated  for each case

61

<
0‘9




First, we can see that introducing the variability of Kc augments noticeably the extra energy
generated by the system, however its distribution depends on the planting day greatly. Since
the system is not intended to have a big energy storage capacity, the key parameter to check
is not the total energy saved, but rather a more qualitative result. Indeed, it is more
important to select the date that makes the system more resilient to possible inconvenients.
These could be changes in the weather (most likely), but also temporary drawbacks in the

system efficiency (for example due to dust in the panel, or to a lower efficiency in the
pump).

Thus, it would be interesting to assure that the system does not fail to accomplish its duties
in any month. Therefore, the planting date that makes it harder not to comply with the
water needs in every month is to be chosen. Looking at Figure 41, it might look that a priori
January and February should be dismissed, since in both cases there are some critical
months. But to estimate this better, the following table with the relative weight of the extra

energy generated over the energy consumption is made.

Table 17. Extra energy generated/ Consumption for different starting months

January | February | March April

JAN| 106% 22% 10% 44%
FEB| 36% 97% 15% 3%
MAR 0% 35% 94% 12%
APR| 13% 0% 38% 101%
MAY | 129% 23% 9% 52%

JUN| 90% 200% 51% 33%
JUL| 70% 155% 349% 97%
AUG | 144% 109% 225% 546%
SEP| 348% 109% 83% 166%

OCT| 62% 134% 34% 19%
NOV 2% 34% 94% 14%
DEC| 24% 12% 46% 108%

Some conclusions can be extracted. If the tomatoes are to be planted in January, March
would have no buffer for any possible unexpected event, and November will be also close
to not meeting the requirements. If it were to start in February, April would be the month
without capacity to overthrow an unexpected event. Hence, starting to plant in March
would be the more convenient thing to do, since the most critical month would be May,

but still with 9% of extra energy as a security.
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But this first estimation, as interesting as it is, would be more relevant if the variables
affecting the proper work of the system were uniformly distributed over the year. This
could be true for the case of failures in the pumping or solar system; however, the rain is
one the variables with a higher impact and is not uniformly distributed. Therefore, a year
drier than the average would have a big effect in the system during the wet season, but none
during the dry season. This is because an important part of the water needs is covered by

the rain during the wet season.

Consequently, all the data of water flow, dynamic head, daily energy need, daily energy
generated, and daily extra energy generated will be calculated for each initial planting date,

and for different rain predictions. An example of this table is presented next.

Table 18. Example of table with daily volume, flow rate, Hdyn, energy needed extra energy generated and energy
generated for a year with 50% of the average rain and with January as initial planting date.

Daily volume . Daily en. Extra En. Gen. Extra En.
[m3/day] & fimzlal denlia! neede\él [Wh] [Ve;/r;‘%gayy] [Wh/day] 182 | /Cons. En.
JAN 2,01 0,38 2,0 159 169 328 106%
FEB 2,86 0,53 3,5 246 89 335 36%
MAR 3,46 0,66 5,3 323 -2 321 -1%
APR 3,03 0,63 4,8 276 22 298 8%
MAY 1,68 0,39 2,1 134 134 269 100%
JUN 1,96 0,47 2,9 163 93 256 57%
JUL 2,10 0,54 3,7 182 60 242 33%
AUG 1,66 0,42 2,4 135 106 241 79%
SEP 1,11 0,25 1,0 84 189 273 225%
OCT 2,40 0,48 3,0 201 105 306 52%
NOV 3,37 0,65 5,2 313 5 319 2%
DEC 2,95 0,56 4,0 259 63 322 24%

These rain predictions range from a year with the same rain as the average (100%) until a
year with no rain at all. The relevant data in this case is the minimum monthly value of the
daily extra energy generated on each scenario, as it is the margin the system will have for

unexpected events with these rain conditions. These data are presented in the next table.
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Table 19. Percentage of the Minimum daily extra energy generated over the energy consumption in that month, for
different planting dates and different values of rain

JANUARY | FEBRUARY | MARCH APRIL
100% | 0% 0% 9% 3%
S | 90%| 0% 1% 7% 3%
>
o | 80%| 0% -1% 5% 3%
S| 70% 0% -2% 3% 3%
f 60%| -1% -3% 1% 3%
£ | s0%| 1% -4% 1% 3%
S | a0%| 1% -5% -3% 3%
o]
c | 30%| -1% -6% -5% 3%
S 20% 1% 6% 7% 1%
o
< | 10%| 1% 7% -9% -3%
0%| -5% -8% 11% -8%

The previous hypothesis is confirmed also in this case, which is that January and February
are not suitable months to start planting. As for choosing between March and April, the
decision would be subjective. In this study, the steadiness of April has been preferred over

the better results of March for years with similar rain as the average.

3.6.2 Storage capacity

This work has been calculated until now without considering any kind of storage capacity.
However, it is always convenient to have such storage capacities, even if reduced, to
mitigate non-modelled variations or breakdowns of the system. Since in this work the
energy generated is used to extract water, the storage capacity could easily be either a water

tank, either a battery array.

To choose between a battery or a water tank is in fact a decision subjected to the priorities
of the project and the advantages and disadvantages of each storing method. The batteries
have as advantage that they allow the storage of electricity for other purposes than water
pumping. The tank has the advantage that it is a basic technology and that it has very low

risk of breakdown. As for the price of each, it will vary with each project.

Therefore, for isolated communities with difficult access to technological advances or spare
parts, a tank is the best solution. If the project is going to be done in a well-connected area
(close to a big city), the cost of both systems is to be considered, but the batteries are

probably going to be more convenient.

As said prior, since the system is designed to be able to work without a storage, the storage
capacity will be small. It has been decided to determine this capacity as the one ensuring all
the water necessities of one day in the most critical month, for the configuration selected
and for an average rainy year. Since we have chosen to start planting in April, this month

will be February.
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In these conditions, if a tank is installed, the water needs are 3,51 m?/day, and consequently
the tank will be of 3,51 m’. The cost of the tank may vary widely depending on many factors
(technology, labour costs, etc.).

It is recommended to ensure in the tank that water is never used for irrigation when a certain
threshold is trespassed (the daily need of water for WSS, or 600 L). An easy way to achieve
this would be to have the outlet of the irrigation pipe placed higher in the tank so the volume
below it is 600L.

If a battery system is installed, the energy needed in one day in February is 325 Wh, and
therefore its storage capacity should be 325 Wh. For a standard 12 V battery, that would
be a 27 Ah battery, which is a fairly small battery. For example, one commercial truck
battery of 12V / 180 Ah (2160 Wh), which is enough capacity for almost a week in
February, costs 174,55 $ on the internet (Voltabateria as for 05/08/2018). Even in the
worst scenario (500 m’ and 25 m depth), the energy needed is 814 Wh, and therefore the

aforementioned battery will still be suitable.

3.6.3 Economic study

3.6.3.1 Initial investment

The cost of the solar system and pump and the drilling were already calculated in previous
chapter (see table Table 9 with the summary), but some additional costs are going to be
added. However, we remind the reader that these values are very rough approximations

that deserve a further study.

First, the cost of the battery. The size of the battery will be escalated to the size of the other
solar systems to make it the same proportion as the studied prior. We obtain therefore the

following price (which corresponds to roughly one week of storage).

Table 20. Battery cost

Battery cost (USD)
120 m2 250 m2 500 m2
7m 46,07 96,85 150,41
15m 85,29 174,55 463,41
25m 134,31 271,68 705,00

Second, the cost of the dripping system needs to be considered; this cost varies depending
on the sources. It starts as low as 0,1 USD/m?2 in India and 0,4 USD/m?2 in South Africa,
but for large and industrialised fields (Dobbs et al., 2011). For projects similar to this one,
the cost is higher: 1,65 USD/m” in a 500 m’ field (Woltering, Pasternak and Ndjeunga,
2011) or 3,96 USD/m” in a 120 m?2 field (Burney et al., 2010).

These values are presented below with a tendency curve, that would be used to estimate

the unitary cost for a 250 m? field.
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Figure 42. Unitary cost of a drip irrigation system, for different sizes of field.

With this, we can calculate the total cost of the drip system, that does not depend on the
depth of the water.

Table 21.Drip system cost

Now, the initial investment can be estimated for each scenario, as the sum of the cost for

the PV system and pump, the drilling, the battery and the drip system.

Table 22. Estimated total investment for each scenario

749,59 USD 1.057,30 USD 1.387,91 USD
1.026,03 USD 1.440,15 USD 2.421,39 USD
1.371,59 USD 1.918,72 USD 3.299,42 USD

Finally, in the next page the cost distribution for the different parts here presented is
depicted for each scenario.
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3.6.3.2 Yearly benefits

After the data obtained in section 1.3.8 (economic befits), the annual gross income
per square meter can be of 9,72 USD if pepper is planted, of 10,32 for lettuce and of
17,5 USD for tomato (Balana et al., 2017). For Burney et al. (2010), the annual
income can be of 3,2 USD/m’. In conclusion, a big variability in the incomes is
presented depending on the source, and for the moment all of them are going to be

considered.

On the other hand, the annual expenses required for inputs, labour, support of
technicians and extension services are 1,20 USD/m? (Burney et al., 2010). However,
according to Houessionon et al. (2017) this cost is as low as 0,30 USD/m” in Burkina

Faso. The first value will be the one used to be conservative.

We obtain the following annual net income for the different values of gross income.

Table 23. Net income for different values of gross income

Net income
Gross income [USD/m2] 120 m2 250 m2 500 m2
17,5 1956,00 4075,00 8150,00
10,32 1094,40 2280,00 4560,00
9,72 1022,40 2130,00 4260,00
3,2 240,00 500,00 1000,00

With these values, the return on investment is calculated for different values of the

gross income.

Table 24. Return on Investment for different scenarios and values of the gross income

Gross income 3,2 USD/m2 Gross income 9,72 USD/m2 Gross income 17,5 USD/m2

120 m2 | 250 m2 | 500 m2 120 m2 | 250 m2 | 500 m2 120 m2 | 250 m2 | 500 m2
7m 3,12 2,11 1,39 7m 0,73 0,50 0,33 7m 0,38 0,26 0,17
15m 4,28 2,88 2,42 15m 1,00 0,68 0,57 15m 0,52 0,35 0,30
25m 5,71 3,84 3,30 25m 1,34 0,90 0,77 25 m 0,70 0,47 0,40

We see that in all the cases, it looks like it could be a viable project. For the next
calculations, only the scenarios with 25 m of depth will be calculated, as they are the
more expensive, and thus more conservative. Three different hypotheses are studied:
that the system lasts 5 years, that the system lasts 10 years, and that the system lasts
20 years. This last assumption is very realistic, at least for the solar components that
tend to last long. Additionally, it is estimated that every 4 years (starting in the 6™)
there need to be an extra expenditure of 20% of the initial cost as maintenance cost.

This expenditure needs to be considered if the system is intended to last long.
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The project is to be done in a developing country, therefore the inflation is high. The
discount rate we are going to use is 12%, as it is the same one stated by the World

Bank for similar projects (You, 2008).

With this data, the Net Present Value (VPN) and Investment Return Rate (IRR) are
obtained for 5, 10 and 20 years of duration, and for the projects with 25 m of depth.

The values obtained are shown in the following tables.

Table 25. VPN and IRR for the 3,2 USD/m? income, 25 m

3,20 USD 120 m2 250 m2 500 m2
IRR5 -4% 10% 16%
VPN 5 -506,44 USD -116,33 USD 305,35 USD
IRR 10 7% 20% 25%
VPN 10 -242,83 USD 588,42 USD 1.804,02 USD
IRR 20 13% 23% 28%
VPN 20 101,98 USD 1.369,61 USD 3.402,40 USD
Table 26. VPN and IRR for the 9,72 USD /m’ income, 25 m
9,72 USD 120 m2 250 m2 500 m2
IRR5 69% 108% 127%
VPN 5 2.313,94 USD 5.759,45 USD 12.056,92 USD
IRR 10 74% 111% 129%
VPN 10 4.177,90 USD 9.798,28 USD 20.223,74 USD
IRR 20 74% 111% 129%
VPN 20 5.946,07 USD 13.544,80 USD 27.752,79 USD

Table 27. VPN and IRR for the 17,5 USD/m’ income, 25 m

17,50 USD 120 m2 250 m2 500 m2
IRR 5 141% 212% 247%
VPN 5 5.679,36 USD 12.770,74 USD 26.079,50 USD
IRR 10 142% 212% 247%
VPN 10 9.452,95 USD 20.787,97 USD 42.203,11 USD
IRR 20 142% 212% 247%
VPN 20 12.919,54 USD 28.072,87 USD 56.808,92 USD

It can be seen how the profitability of the project increases with the incomes generated
by the crops. It would depend on the value of all the variables that were determined
whether the project is suitable (if IRR is bigger than the discount rate). However, we
can already conclude that bigger fields have more chances to be profitable, and that in

general it seems likely that a system such as the one deigned is profitable.
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Table 28. IRR for a 5-year project for a gross income of 3,2 USD/m’

3,2 120 m2 250 m2 500 m2
7m 18% 38% 66%
15m 5% 22% 30%
25m -4% 10% 16%

This can be seen from the previous tables: even in the worst case (5-year duration of
the system, lowest gross income, and in general all the conservative assumptions made
along the work), the value of the IRR is very high in many of the scenarios (painted
green). Indeed, only by augmenting the gross income to 5 USD/m?’, the value of IRR

becomes very high in all the scenarios, which means the project is profitable.

Table 29. IRR for a 5-year project for a gross income of 5 USD /m’

5 120 m2 250 m2 500 m2
7m 54% 86% 135%
15m 34% 60% 73%
25m 20% 40% 50%
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4 Conclusions

4.1 Ethical conclusions

The work has shown the vital importance of water supply for drinking, sanitation and
hygiene, but also agriculture. The benefits are numerous, from the most important,
the ethical one, which is to save lives and reduce suffering, to the economical one.
Indeed, helping developing countries in their pursuit to gain access to a reliable
improved source of water is not only the right thing to do, but also the smart. Most
of the economic studies state that improving access to water is a good investment, as
the returns exceed the expenses, and the economic boost could help the world

economy greatly.

But it is also important to address this problem from a perspective that considers the
effects of climate change. Undeniably, any solution not having in mind the need of a
sustainable solution is risking harming more than helping. This is true because Africa
is the most exposed continent to the devastating effects of climate change. Therefore,

every solution spreading the access of renewable energy in the continent is welcomed.

It is also important to always take into consideration the local needs, wants and beliefs
when addressing a project like this. What might seem a good solution in one case
cannot be good in another. It is paramount to design a project sustainable, that aims
to last more than “the time of the picture” because such projects are usually more
harmful. Thus, the use of technology should be restricted to levels that are accessible
to the technical abilities of the locals. Any other approach reinforces the dominant

roles of colonialism.
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4.2 Theoretical conclusions

4.2.1 Suitability of PVWP

The first conclusion of this work is that solar PV systems are the most suitable ones
for water pumping for irrigation. Certainly, PV systems have great advantages always,
such as the reduction of carbon emissions if compared to diesel systems, the facility
in the maintenance (almost inexistent) and the long duration of the components. All
this makes PV systems the paradigm of a technology in concordance with the
sustainable development principles. Furthermore, the dramatic drop in cost of PV
panels and batteries over the last years has improved its perspectives, since now this

is even the cheapest solution many times.

But in the case of PVWP for irrigation, the benefits are even more. First, since there
is no real need of watering the plants at a specific moment of the day (especially with
drip technology), there is no problem in not having an on-demand technology.
Therefore, the need of batteries is reduced. This is especially true because solar, even
if not an on-demand source, is much more predictable than for example wind power:

the sun rises every day.

It is true that clouds can reduce drastically the power generated (even though PV
panels are increasingly able to use the diffuse energy, mitigating these drops). But
since the watering needs depend on the evapotranspiration, and this value is directly
related to the irradiance, a cloudy day means less energy generated, but also less
energy needed (more so if the clouds bring rain). In conclusion, even if not perfect,

this passive self—regulation is very advantageous to these systems.

4.2.2 Optimum slope and critical month

The second conclusion is that the optimum panel slopes for each month must be
modelled to evaluate the optimum tilt. This is so because the energy consumption is

variable, and thus it is not easy to determine without calculations the optimum tilt.

However, the diameter of the pipes, the efficiency of the pump and the depth of the
groundwater do not have a noticeable effect on the determination of the optimum
angle. The optimum tilt is obtained along with the critical month and the critical flow,

which is the flow in the month with more risk of not Complying with the demands.

Indeed, once a location selected (thus the weather fixed), the watering needs per
square meter are fixed, and the tilt will only vary slightly because of variations in the
area. But this is only true in cases where there is some part of the water needs that
don’t grow linearly with the area of the orchard (like the volume for WSS). If all the
water were for irrigation, or once the water for irrigation exceeds greatly the water
independent from the area, the optimum angle and critical month would not depend

on the parameters of the system, and only on the location (and climate).
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4.2.3 Efficiency of the pump

The average efficiency of a pump in a project of these characteristics has been
calculated, and its value has been estimated to be around 65%. This is far from the

efficiencies of big pumps, but it is reasonable for this type of projects.

4.2.4 Effect of the diameter

Another conclusion is that in these systems, the dynamic head can grow to big
proportions, and therefore it is important to take it into account. In some cases, it
would be more convenient to increase the diameter of the pipes in the system. This
decision would be the first one considering costs, so the result is subject to the relative
cost of each component studied. Two independent variables, the cost due to the solar

system and the cost due to the drilling are presented (Equation 22):

Total cost = Drill Costp - Depth + Solar system cost - Size panel

The drill cost increases when the diameter increases to the power two, whereas the
size of the panel decreases when D augments. A compromise must be reached,
obtaining the optimum diameter, that will depend on the efficiency of the pump, the
drilling cost, the solar system cost, the area of the orchard and the depth of the

groundwater.

However, for the values of volume and depth here studied (no more than 7 m?* per
day nor more than 25 m depth), the diameter would be 2" or %”, being bigger

diameters too expensive due to the drilling costs.

4.2.5 Water flow simplification

It has also been proven that for the purposes of a preliminary design, the estimation
of the water flow profile as constant over the period of time that we have named PEH
is valid. The PEH is a concept like the Sun Peak Hours but regarding the electric
generation. It is the number of hours needed to obtain the real electricity generation
of a certain day if the power generated was constant and equal to the peak power of

the panel.

4.2.6 Planting schedule

Once the optimal diameter determined, and with a value for the pump efficiency, one
last parameter can be adjusted to the benefit of the project. This is the planting date
of the crops. Indeed, since the watering needs depend on the stage of development,
it would be wise to match the valleys of production with the valleys of the single crop

coefficient Kc.
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It would be interesting also to consider the effect of variations in the rain (since it is
not evenly distributed over one season). Therefore, the planting date could also be

changed in order to make the system more resilient to specially dry years.

4.2.7 Rentability

Finally, it seems confirmed that these types of projects can nowadays be very
profitable. Indeed, even if throughout all the thesis, conservative approaches as to the
way of selecting the values to use have been made, and even taking the highest
operational costs and lowest incomes of the ones found in the literature review and
considering a short use period (5 years), the system is still profitable for certain
scenarios. If the incomes generated were to be considered higher than the minimum
(but still much lower than others in the literature review), the system would be very

profitable.

Logically, the bigger the depth of the groundwater is, the less profitable the system
is. On the contrary, the biggest the size of the orchard, the cheapest the system
(because of scale economy, less drilling per m?, etc). This raises the question of the
preferability of PVWP with drip systems for a single household or for a community
that would later divide the field into orchards as desired.
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4.3 Future work

A series of considerations should be taken for future works. First, it would be to

perfect the model used, and make it able to calculate more variables in an easier way.

Second, another work should study the best pump to use in these kinds of projects,
as well as the best PV system. Third, the effect of a variable efficiency of the pump
with the water flow should be explored. Fourth, a more detailed study of the drilling
and PV system cost should be done.

It would be also interesting to study, as stated in 4.2.7, the influence on making these
projects for an entire community or for different households. Indeed, it could happen
that the sense of entitlement makes the individual projects work better even if they
are more expensive. But it could also happen that when designing the system with the

group in mind, the synergies generated make these projects work better.

Another interesting work would be to study the best crop selection to plant
throughout the year. Indeed, there is no need of planting the same thing over the year,
nor there is of planting only one type of crop in each cycle. It is interesting in fact to
evaluate the impact of what is called FCV methods (Fruit, Cereals, Vegetables), or

permaculture, in the long-term crop production.

Finally, a further assessment of the specific needs of the locals would be essential

before thinking about investing a reasonable amount of money.
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Appendix A

Table 30. Weather data

TEMPERATURE PRECIPITATION Radiation daily [MJ/m2]: 22 years ET Radiation
Max High Average Min low Max Av. prec | Av. Av. Prec | Min Av. Prec Max Direct Av Direct Min Direct

JAN 33,5 25,1 16,6 0,0 0,0 0,0 29,7 22,7 19,1 35,3
FEB 36,4 27,9 19,5 0,3 0,1 0,0 31,5 25,7 23,0 36,6
MAR 38,8 31,1 23,1 10,8 7,7 4,4 28,7 23,8 20,2 37,1
APR 39,6 32,5 25,4 28,4 26,4 24,7 28,3 23,0 18,8 36,0
MAY 37,3 31,3 25,0 85,8 71,2 57,8 27,2 22,8 18,1 33,9
JUN 34,2 28,9 23,2 115,0 107,1 95,3 25,8 20,5 16,7 32,7
JUL 31,6 26,9 22,1 186,0 174,8 159,4 23,3 17,7 14,6 33,1
AUG 30,5 26,0 21,4 243,7 225,2 205,0 20,3 15,2 10,8 34,8
SEP 31,9 26,6 21,2 156,0 143,2 134,5 20,6 18,2 13,0 36,4
OCT 35,2 28,4 21,2 45,0 38,7 32,0 24,9 22,3 19,1 36,7
NOV 36,2 27,3 18,1 1,0 0,5 0,0 28,3 25,3 22,1 35,7
DEC 33,9 25,4 16,7 1,4 0,8 0,0 27,1 23,6 20,4 34,8
ANNUAL 34,9 28,1 211 873,4 795,8 713,1 26,3 21,7 18,0 35,3

VI




Table 31. Calculated values for the Igference evapotranspiration in Fada N’Gourma

ETo Hargreaves ETo Net ETo Harg. modified

JAN 14,33 9,65 9,09
FEB 15,81 10,23 10,03
MAR 16,53 9,50 10,49
APR 15,70 9,42 9,96
MAY 13,43 9,07 8,52
JUN 11,64 8,61 7,38
JUL 10,49 7,84 6,65
AUG 10,58 6,95 6,71
SEP 12,15 7,05 7,71
OCT 14,60 8,34 9,26
NOV 15,74 9,29 9,98
DEC 14,34 8,91 9,09

13,78 8,74 8,74

VII




Table 32. Irrigation with Kcmax

Days month | ETo mine ETc max Rain (min av.) Precef Prec_ef Watering
JAN 31 9,37 10,77 0,0 0,00 0,00 10,77
FEB 28 10,13 11,65 0,0 0,00 0,00 11,65
MAR 31 9,99 11,49 4,4 4,37 0,14 11,35
APR 30 9,69 11,14 24,7 23,72 0,79 10,35
MAY 31 8,79 10,11 57,8 52,45 1,69 8,42
JUN 30 8,00 9,20 95,3 80,77 2,69 6,50
JUL 31 7,25 8,33 159,4 118,75 3,83 4,50
AUG 31 6,83 7,85 205,0 137,76 4,44 3,41
SEP 30 7,38 8,49 134,5 105,56 3,52 4,97
OCT 31 8,80 10,12 32,0 30,36 0,98 9,14
NOV 30 9,64 11,09 0,0 0,00 0,00 11,09
DEC 31 9,00 10,35 0,0 0,00 0,00 10,35
ANNUAL 365 8,74 10,05 59,43 46,15 1,51 8,54
Table 33. Irrigation with Kc variable
Watering Watering
Dias/mes Dia medic. Kc/Kcmax | ETo mine ETc Prec_ef Kc(t) Kcmax
JAN 31 15 0,52 9,37 5,62 0,00 5,62 10,77
FEB 29 46 0,77 10,13 9,02 0,00 9,02 11,65
MAR 31 75 1,00 9,99 11,49 0,14 11,35 11,35
APR 30 106 0,91 9,69 10,11 0,79 9,32 10,35
MAY 31 136 0,52 8,79 5,28 1,69 3,58 8,42
JUN 30 167 0,76 8,00 7,00 2,69 4,30 6,50
JUL 31 197 1,00 7,25 8,33 3,83 4,50 4,50
AUG 31 228 0,91 6,83 7,13 4,44 2,68 3,41
SEP 30 259 0,52 7,38 4,43 3,52 0,91 4,97
OoCT 31 289 0,76 8,80 7,70 0,98 6,72 9,14
NOV 30 320 1,00 9,64 11,09 0,00 11,09 11,09
DEC 31 350 0,91 9,00 9,39 0,00 9,39 10,35

VIII




APPENDIX B

Table 34. Daily water flow for each month and tilt

362 282 20° 122 42 -42 -122 362 28¢° 20° 120 40 -42 -122
JAN| 0,33 0,34 0,35 0,37 0,40 0,44 0,50 JAN| 0,58 0,59 0,61 0,65 0,69 0,76 0,87
FEB| 0,36 0,38 0,37 0,38 0,39 0,42 0,46 FEB| 0,64 0,66 0,64 0,66 0,69 0,74 0,81
MAR| 0,39 0,38 0,38 0,38 0,38 0,39 0,41 MAR| 0,69 0,67 0,66 0,66 0,67 0,69 0,72
APR| 0,43 0,40 0,38 0,37 0,37 0,37 0,37 APR| 0,74 0,70 0,66 0,64 0,63 0,63 0,64
MAY| 0,44 0,40 0,37 0,35 0,34 0,33 0,33 MAY| 0,75 0,68 0,63 0,60 0,57 0,56 0,55
JUN| 0,42 0,37 0,34 0,31 0,30 0,29 0,28 JUN| 0,68 0,60 0,54 0,51 0,48 0,46 0,46
JUL| 0,36 0,32 0,30 0,28 0,27 0,26 0,25 JUL| 0,54 0,48 0,45 0,42 0,40 0,39 0,38
AUG| 0,30 0,27 0,26 0,25 0,24 0,24 0,24 AUG| 0,42 0,39 0,37 0,36 0,35 0,35 0,35
SEP| 0,29 0,28 0,28 0,27 0,27 0,27 0,28 SEP| 0,45 0,43 0,44 0,41 0,41 0,42 0,43
OCT| 0,34 0,34 0,34 0,35 0,36 0,38 0,40 OCT| 0,58 0,58 0,58 0,59 0,61 0,64 0,68
NOV| 0,36 0,36 0,37 0,39 0,41 0,45 0,50 NOV| 0,62 0,63 0,65 0,68 0,72 0,79 0,88
DEC| 0,33 0,33 0,35 0,37 0,40 0,45 0,51 DEC| 0,56 0,58 0,60 0,64 0,69 0,77 0,89
. aimyhlforseom2

36° 28¢ 20° 122 42 -42 -122

JAN 1,05 1,07 1,11 1,17 1,26 1,39 1,58

FEB| 1,16 1,21 1,18 1,21 1,27 1,36 1,48

MAR| 1,26 1,22 1,21 1,21 1,22 1,26 1,32

APR| 1,35 1,26 1,20 1,17 1,15 1,15 1,16

MAY| 1,32 1,21 1,12 1,06 1,02 0,99 0,98

JUN 1,17 1,03 0,94 0,88 0,83 0,80 0,79

JUL| 0,89 0,80 0,74 0,70 0,66 0,65 0,64

AUG| 0,67 0,63 0,59 0,57 0,56 0,55 0,56

SEP| 0,75 0,72 0,73 0,69 0,69 0,70 0,72

OCT| 1,04 1,03 1,04 1,05 1,09 1,14 1,23

NOV| 1,13 1,15 1,18 1,23 1,32 1,43 1,60

DEC| 1,02 1,05 1,09 1,16 1,26 1,40 1,61
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APPENDIX C

Table 35. Solar PV system size for pump gﬁ(iciency = 65% and Depth 15 m

PV Size [W] when 120 m2 and 15 m PV Size [W] when 250 m2 and 15 m

PV Size [W] when 500 m2 and 15 m

| 74| 70| 72| 66| 66 e7] 70

228



APPENDIX D

Table 36. Summary tab]efor A=120 m2

Diameter Depth 25

Energy generated Daily volume Daily energy Solar PV system size
[kWh/day] (m3/day) needed [Wh] [Wp]
5,28 41
5,4 43
5,21 43
4,87 0,38 APR
4,41 42
4,22 37
3,97 33
3,94 29
4,45 31
4,95 39
5,13 43
5,18 41
Max PV peak

XI



Diameter

Table 37. Summary table for A=250 m2

Depth 25

Energy generated
[kWh/day]

Daily volume
(m3/day)

Daily energy
needed [Wh]

5,33

Solar PV system size
(Wp]

5,43

73

5,21

76

4,84

78

4,36

78

4,16

73

3,91

62

3,92

51

4,43

43

4,98

48

5,17

68

5,24

77

71

XII

Max PV peak

0,65978545 MAR



Diameter

Table 38. Summary table for A=500 m2

Depth 25

Energy generated
[kWh/day]

Daily volume
(m3/day)

Daily energy
needed [Wh]

5,34

Solar PV system size
(Wp]

141

5,43

5,21

150

153

4,83

152

4,35

138

4,15

113

3,9

87

3,91

69

4,43

82

4,98

129

5,17

151

5,25

138

XIII

Max PV peak

1,20440776 MAR




APPENDIX E

Table 39. Global Direct Irradiance for 17,5° of inclination in Fada N’Gourma

Global direct irradiance W/m? (17,52, Fada N'Gourma)

JAN FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV | DEC

6:45
7:45
8:45| 386 | 389 | 362

9:45
10:45
11:45
12:45
13:45

14:45

15:45
16:45
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