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Abstract

As an integral component of modern society, access to electricity plays a pivotal role
in economic prosperity and growth as exemplified by the SE4ALL initiative and the
corresponding SDGs. Its influence reaches to the foundations of human development,
with the potential to enrich and trigger income generation and overall welfare
enhancement from industrial, to commercial and agricultural development. Such
activities are defined as “productive uses of energy”, and their incorporation constitutes
a significant addition in the electrification planning process. Agricultural sector is
usually the backbone of the economies in emerging countries, such as the United
Republic of Tanzania, accounting for almost 32% of the GDP. With regards to
agriculture, electricity is principally used to provide motive power for agriculture-based
industries in order to power farm machinery for pumping irrigation. The alarming
population and food demand projections, coupled with the general paucity of energy
demand related georeferenced data, highlight the need for a holistic water-energy
approach for national and sub-national planning. In this Thesis, an integrated GIS
assessment combining a gridded water and energy balance model has been developed
to assess and evaluate the water and energy demand for pumping irrigation from
groundwater resources. It highlights the interactions between water use and energy
consumption and focuses on the electricity demand impact associated with changes in
irrigation technologies efficiencies and irrigated areas. For the dominant crop of maize
in the country, irrigation accounts for 1.8 krn3/ year of water abstraction, estimated to
reach 13.3 km® by 2030. Electricity demand is estimated at 170 GWh as of 2013 and
1.3 TWh by 2030. This study is intended to create a generic framework aiming to
facilitate sub-national energy planning in developing countries and it is expected that
the findings will be complementary to already existing energy planning models but also

the base for future research towards energy poverty elimination.



Iepiindn

H npéofBocn otov nhextplopd amoTehel ovamoOOTAOTO OLUCTATIXO oTolyelo TNg olYYpovng
xowvwviog, xou Sdpopatilel xevipiwd podAo oTNV owovouxr eunuepia xan ovamTudr, OTwS
egnyeltow and v npwtofouiia SE4ALL xou toug avtiotoiyoug otdyoue SDGs. H emppor tou
@Tdvel ota Yepéhio TN avlpdmyng avanTuEng, Ue TN SuvaTdTNTO VoL EUTAOUTIGEL Xt VO TEOXOAETEL
TN Onuovpyio eloodiuatog xor TN cuvokixh Beitiwon tng sunueplag amd TN Pounyoviny, TV
EUTOELXY Xa TN YEWEYXY avdnTtudn. Tétolec Spactneidtnteg opllovTal W «TApAYWYIXES YENOELS
TNG EVEQYELUGY , XAl 1) EVOWUATWON Toug anotehel onuavtixy teocixn oty dladixacio oyedlacuol
novtéhwv nhexteixhc evépyelag. O YewpyxOc Tougas amoTeAel cUVATWC TN EUYOXOXAAMA TV
AVATTUGOOUEVWY Y WGV, 6twe N Tavlavia, otnv onola avtinpoownelel oyedov to 32% tou AEIL
‘Ocov agopd 1 vewpyld, 0 NAEXTELOUOC YENOWOTOLEITAL xURlKE YLt TNV ToEoYY| XLVNTARLIG
OUVOUNG OTIC YEWEYWES [Blounyavieg, ywr tnv dpdeuor e yenorn aviiiov. O avnouyntixég
npoPAéelc oyetxd pe TN peYdAn adinon tou mAnduouol xar e {ATnong TEoRluwy, ot
ouvduoopo pe TN yevxrp €lhewn otouyelowv mou oyetillovton pe T {HTnom evépyelog,
avTxotonTelouy TNV avayxn UG OAGTIXAG TEOGEYYLONG YLot TN oy€am VEROD Xou EVERYELNS OF
edvixd xau Tomxd eminedo. YNy nopoloa epyacio avantiyUnxe éva ohoxhnpwuévo yoviého GIS
nou ouvBLAlel wovtéha tooluylwy vepol xou evépyelag Yoo Ty a&lohdynor e {htnone vdatog
X EVEQYELNS YOl AVTANOT pBEUTIXMY TOPWY and LTOYELOUS LBATIVOUS Ttopous. T roypouuilet Tig
oAnAemdpdoel UeTaED yEHoNe UBATOC %o XUTOVAAWONG EVEQYELNS XL EMIXEVIQWOVETOL GTOV
avtixtumo e {ATNONS NAEXTEIXAC EVERPYELNS TOU CUVOEETOL HPE TIC AANXYEC OTIC TEXVOAOYIES
GEOEUONC %Ol TIC UPEOEUOUEVES TEPLOYEC. LUYXEXPWEVO YL TO XUAOUTOXL, TOU OTOTEAEL TNV
emxpatoloa xahhépyela otn ywea tne Toavloviag, n dedeuon aviiotouyel oe 1,8 »ufuxd
YhopeTpa/étog xan extiwdton dtL Yo @ddoer ta 13,3 péyer to 2030. H TAtnon nhextpwxrc
evépyelag unoloyiletoaw oe 170 GWh to 2013 xou 1.3 TWh péyer to 2030. H yerétn avty
arnooxornel vo dnuovpyniel €va yevixd mhaiclo mou Vo BleUXOADVEL TOV TOTUXO EVERYELXO
TEOYQPUUUATIONS OTIG OVAUTTUGGOUEVESG YWPEES, X0 OVOUEVETOL OTL ToL EUPHUATA Yol CUUTANEMCOLY
To }ON UTAPYOVTA TEOTUTOL EVEQYELUXOU TEOYEOUUATIONOU oG Yo amoTeAécouv xai Bdor yio

peAhOVTIXES €peuveg Yo TNV eEAAeLdn TNG EVERYELOXNS PTWYELS.
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1. Introduction

1.1 Background

In a time when the world is working towards universal access to clean energy and
sustainable development, the provision of reliable, secure, and affordable energy
services has been defined as “the golden thread” connecting economic growth, social
equity, and environmental sustainability [1]. As exemplified by the SE4All initiative
[2], and the UN SDGs [3] on energy, “Access to modern energy” is considered key to
poverty alleviation and growth strategies by policy makers and development
practitioners alike [4]. According to WB & IEA’s latest Global Tracking Framework
2017 [5], almost 1.1 billion people live without access to electricity, the vast majority
of which live in rural areas, particularly rural Africa. In detail, over half of Africa’s
population (more than 620 million people) lack access to electricity and many more
rely on poor electricity supplies [5] (Figure 1.1). Making reliable and affordable energy
widely available for Africa, a region that accounts for 16% of the total world’s
population [1], is crucial to human well-being but has also become essential for modern

civilization.

RN

0.1 1 10 100 10..

Figure 1.1: Population without access to electricity, 2016 (millions) (WB, 2016)
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Thanks to its adaptable nature, electricity is currently considered as a preferred and
convenient form of energy and has become an integral component of modern
civilisation, playing a pivotal role in economic prosperity and growth. The main reasons
for this lie on the fact that it can be easily converted into other forms of energy (such
as heating, lighting, mechanical energy etc.) [6]. In additions to this, devices and
systems powered by electricity usually operate under simple and convenient starting
and control processes and are not associated with smoke or other poisonous gases
reducing greenhouse emissions. Furthermore, electricity can be easily stored and
transmitted from one place to another with the help of conductors and transmission

lines [7].

While electricity itself is used for various consumption purposes such as household
electrification, lighting, access to information, comfort and entertainment which are
principally met in urban areas , it is not sufficient by itself to trigger development in a
national level [8]. According to Cabraal et al. (2005), for rural development, energy
was, and in some cases still is, classified and looked at as having two distinct uses:
residential and productive. Residential uses of energy are expected to positively impact
the rural quality of life or improve rural living standards, making significant inroads
for household lighting, cooking and entertainment. Although electricity certainly
provides improvements in the quality of life through these household applications, it is
the productive uses of energy that can provide the desired development benefits to
rural areas [9][10]. More specifically, the productive use of energy is expected to result
in increased rural productivity, greater economic growth, and a rise in rural
employment, which would not only raise incomes but also reduce the migration of the
rural poor to urban areas [10]. The SDGs, however, emphasize not just poverty
reduction in terms of income, but embrace a much broader definition of well-being by
highlighting the importance of improved health, food security and responsible
consumption and production, universal education and other welfare related activities,

even gender equality [5].
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Hence, since there is a high correlation between electricity access and human prosperity,
and based on studies that point out that even the very first kilowatt-hours provided
play a pivotal role, the usage of it should also be aligned in such a way that it will

trigger development and bring about the desired socioeconomic impact.

1.2 Productive uses of energy

In the general discussion, there have been several attempts to come up with a clear
definition of the term productive uses of energy. While in some cases productive use is
mainly defined through income generating activities that are directly positively affected
by the use of electricity, others draw a much broader definition by including the use of
electric energy for education and health or other welfare related activities, even gender

equality.

Ron White's paper presented at a GEF/UN FAO workshop on Productive Uses of
Renewable Energy back in 2002, suggests a comparatively narrow definition of
productive uses, taking into account only uses of energy that render outcomes that can
be measured in monetary terms: “[activities that| involve the application of energy |...]
to create goods and/or services either directly or indirectly for the production of income
or value. The production of income or value is understood to be achieved by selling
products or services at greater than their cost of production, resulting in an increase in
the net income of the enterprise or the entrepreneur.” [11]. A similar definition is used
in the Productive Use of Energy (PRODUSE) manual that defines productive uses of
electricity as “agricultural, commercial and industrial activities involving electricity
services as a direct input to the production of goods or provision of services.” [4]. By
contrast, Jose Etcheverry (2003) outlines a different approach by classing as productive
use projects in rural contexts those that “aim at enhancing income generation
opportunities and productivity in rural areas |[...| to improve quality of life and increase
local resilience and self-reliance”, with education and health mentioned among the key

sectors for productive use of energy in rural contexts [12]. In the same context, a World
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Bank paper by Kamal Kapadia (2014) employs an even broader definition of productive
uses of energy as activities “that involve the utilization of energy — both electric, and
non-electric energy in the forms of heat, or mechanical energy - for activities that
enhance income and welfare. [In rural contexts| these activities are typically in the

sectors of agriculture, rural enterprise, health and education.” [13] .

In this context, rural electrification is key for the socio-economic development of non-
urban regions in developing and emerging areas of the world, such as Africa. With
regards to agricultural production, electricity can be used principally to provide motive
power for agriculture-based industries in order to power farm machinery for irrigation
and post-harvest processing, such as water pumps, fodder choppers, threshers, grinders,
and dryers. For the purposes of this research we will refer to the productive use and
demand of electricity needed in terms of agricultural activities, with a focus in primary
agriculture which includes inputs and on-farm mechanization for pumping irrigation,

which constitutes the first step towards the modernization of agricultural production.

1.3 The Water-Energy-Food demand challenge

According to the UN (Graph 1.1), the current world population of 7.6 billion is
expected to reach 9.8 billion in 2050, which means that the world will have to feed 2.5
billion more people than today [14]. FAO estimates that by 2050 current food
production needs to rise by 70% to satisfy the expanding demand [15], to be met
primarily through yield increases [16]. Given the planetary boundaries, especially
limited energy and water resources, meeting this target is one of the century’s biggest

challenges.
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Graph 1.1: Population of the world: estimates, 1950-2015, and medium-variant projection with 95 % prediction
intervals, 2015-2100 (UN, 2017)

In most cases of emerging countries, food production and overall agricultural sector is
considered as the backbone of the economies, accounting for a large share of their GDP

and employing a large proportion of the labour force (Graph 1.2).
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Graph 1.2: Share of employment by sector in selected countries, 2000 and 2015 (IEA, 2017)

At the same time, agriculture represents a major source of foreign exchange and
constitutes the bulk of basic food providing subsistence and other income to the

majority of their population. Increased productivity and the modernisation of
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agricultural production systems are the primary drivers of global poverty reduction and

the contribution of energy is unarguably crucial in achieving this.

Energy and water inputs to modern and sustainable agricultural production and
processing systems, is a key factor in moving beyond subsistence farming towards food
security, added value in rural areas and expansion into new agricultural markets.
Agricultural mechanization and intensification has been approached in a number of
ways by different reports and studies [15], [17]-[20]. Perhaps the most appropriate and
inclusive definition by Sims et al (2006) is that the term mechanization accounts for
“the process of improving farm labour productivity through the use of agricultural
machinery, implements and tools. It involves the provision and use of all forms of power
sources and mechanical assistance to agriculture, from simple hand tools, to animal
draught power, and to mechanical power technologies”. It is, therefore, expected to
result in improved productivity of labour and per unit area, as a result of improved
timeliness of farm operations and potential expansion of the area under cultivation
where land is available. It overall contributes, to a great extent, to the accomplishment
of tasks that are difficult to perform without mechanical aids and to improvements in

the quality of work and of products.

The aforementioned concerning numbers (Graph 1.1) highlight the rapidly growing
demand in a world with limited resources, which cannot be replenished but rather are
diminishing day by day. Specifically, the interdependency of water, energy and food is
of concern and has become more and more evident, as the international debate
progresses since the Bonn 2011 nexus conference [21]. Food production requires water
and energy throughout the whole agricultural process. It is reported that 30% of global
energy usage can be traced back to the food sector [15], [20]. This includes supply
industry, agricultural production, processing, transport, merchandising and
consumption. Agricultural primary production alone accounts for 20%, along with food

processing (including transport), amounting to 40% (Graph 1.3). The agricultural and
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food sector thus contributes significantly to global energy consumption along the

agricultural value chains.
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Graph 1.8: Energy consumption in agriculture for low- and high-GDP countries (FAO, 2011)

Energy in the form of electricity, is an important —if not the most important- enabler
for the agriculture sector to realize its growth potential, especially for power intensive
value chains. Figure 1.2 shows that the need for electricity is distributed across the life
of the crop—from mechanized irrigation to processing for final consumption. The power
demand for irrigation primarily comes from (i) sourcing bulk water from a water body
(e.g., a dam, river or groundwater aquifers) and (ii) distributing it over the cultivated
area. Bulk water pumping is typically the major source of demand and depends on the
vertical and horizontal distances of the scheme from the water source. Demand from
distribution systems varies by the types of irrigation system, which range in scale from
manual to surface flooding and localized ones to centre pivots. Post-harvest and
primary processing (e.g., milling and drying) and secondary processing (e.g., packaging
and bottling) represent a growth area. It is clear that milling is likely to increase

significantly owing to the expected demand growth of dominant food crops such grains
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as maize, wheat, and rice [22]. In the same WB report by Banerjee et al. (2017), it is
estimated that by 2030, electricity demand from agriculture in the Sub-Saharan Africa
region is expected to double from today’s level, to about 9 GW. The estimated
incremental demand between 2015 and 2030 is 4.2 GW. Irrigation would provide about
75% of agriculture’s demand, with the rest coming from agro-processing, constituting
in this way the largest source of power demand in the sector. However, these are
simplified estimates as the varying nature of product value chains and associated
irrigation, processing, and storage processes make it impossible to develop

comprehensive, region-wide or country estimates.

Electricity

Heating
Cooling

- w Irrigation i Distribution : ® Households

i | : ¢ m Drying : i m Evaporation
: m Mechanisation : : m Coldstorage : : m Distillation >3 centres : ¢ M Restaurants
: = Agrochemical : : : i W Fermentation : : m Supermarkets : : M Hotels

¢ m Canning

inputs :
¢ ¢ m Packing

: ® Food outlets §

Figure 1.2: Agri-food processing chain and energy inputs (IEA, 2017)

In terms of water use, agriculture is currently the number one consumer of global water
resources, accounting for 70% of all freshwater use [23| (Graph 1.4), required for land
preparation, food production, processing and transport. Water abstraction would not
be feasible without the contribution and use of energy which is a basic requirement for
pumping, distribution and treatment of water. Overall, it is expected that, by 2030,
population expansion, increasing food demand and economic growth will increase the
global demand for energy and water by 40% [24], [25], which will play a critical role,

both on farm and beyond the farm.
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Sagasta et al.,2015; FAO)

1.4 The geospatial dimension of the challenge

In order to outline and optimize the design of a comprehensive, region-wide, sustainable
process within the agricultural production chain with regards to water and electricity
demand, it is essential to assess the situation holistically: starting from exploring the
desired region where the process will be based in, in a microscopic level, and finishing
by optimizing individual process parameters according to the significant geographic
parameters. Throughout this process, the use of energy models can be applied to answer
questions and provide valuable insights. Computer models can process large amounts
of data in order to generate demand forecasts, analyze energy supply strategies and
impacts of energy policies. Mentis et al. (2015) also highlight the importance of the
geo-spatial dimension in energy planning by the integration of GIS models in the energy
modeling process. In their paper, they highlight that energy planning has a strong
linkage to geographical characteristics of the area in which the planning is being
conducted. Besides, it is commonly agreed that geospatial analysis is an effective tool
for supporting the planning, implementation and monitoring of basic services delivery
in developing countries [26]. As national statistics is often incomplete or lacking in
many areas, especially in developing countries, GIS data can be used to help filling
these data gaps. Furthermore, the ability to differentiate significant location

specificities as well as visualizations and maps are also brought up as advantages of

27



geospatial tools in energy planning [27]-[29]. However, the use of GIS data and
associated analytical tools to conduct strategic energy planning remains at an early
stage. Yet it has multiplied in recent years to support public and private sectors
stakeholders in prioritizing and rationalizing decision making related to energy

infrastructure [27].

There are many examples in the literature of GIS approaches employed for different
dimensions of energy planning. GIS has been widely used for renewable energy resource
assessments and optimal power plants location spanning from local, to national and
continental scale assessments principally for household electrification and applications
[28]-[37]. Besides these studies, there are few modelling models for electrification
planning that utilize GIS tools to compare on- and off-grid technologies. Network
Planner [38] and HOMER [39] are some of these models which compare grid-connection,
diesel generation and standalone PV systems for given locations. The programs use GIS
among other things to calculate the shortest distance for grid extension to multiple
areas. GEOSIM [40] is another GIS based program which determines the optimal
electrification option for areas which may function as centres for social and economic
development. It also identifies which areas can be connected to the grid based on
economics and grid capacity and compares several other technologies for. Lastly,
OnSSET [41] uses GIS and allows the estimation, analysis and visualisations of the
most cost effective electrification option based on grid-connection and six off-grid
technologies (grid, mini grid & stand-alone) for the achievement of electricity access
goals. OnSSET differs from the aforementioned tools in a sense that it considers all
areas of a country or region instead of focusing on certain locations, considering location
explicit resources’ availability, infrastructure, economic activities and demand related
parameters employing a large number of spatial datasets [27]. Nevertheless, one of the
biggest assets of this tool is that the OnSSET code is open source, allowing for anyone
to use and customize it based on the study area and the location dependent implications

that come with it.
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Most of these studies and models, however, focus on renewable energy supply and the
optimal technology mix for household electrification without accounting for the location
dependent energy demand and use. On the demand side of the energy planning
infrastructure, most studies focus on the energy use in the built environment, employing
models at an urban, district or even individual building level. ESMAP has already
demonstrated that the concept of access to energy in a regional level does not lend
itself to an easy definition [42]. In the same report, the locales of energy use are defined
as “the broad locations of end use of energy for availing energy services” and are

classified in household applications, community facilities and productive uses (Figure

1.3).
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Figure 1.3: Hierarchy of energy access indices (WB/ESMAP, 2015)

In the aforementioned GIS models, the electricity demand (usually implying household
access) is most commonly estimated based on demographics, national spatial statistics
and energy targets. The electrification algorithm in OnSSET, for example, is based on
the electrification tiers from the WB/ESMAP GTF report, under the SE4ALL
initiative [2]. The Multi-tier Framework approach is based on residential electricity
consumption and describes if the household has access to electricity as well as the level
of access. It defines five tiers of access, each tier representing different levels of

electricity services provided starting from basic lighting (lowest tier) to services that
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provide comfort, such as air-conditioning (See Appendix A). The electrification deficit,
coupled with the tier of access to be targeted and the location dependent population

allow the electricity demand to be estimated.

With regards to the location dependent access to energy for productive engagements,
measuring electricity needs is more of a complex challenge, and research on the specific
areas has been rather overlooked, hence the lack of GIS models in the literature. The
wide variety of productive activities, with varying scales of operations and degrees of
mechanization, make it very challenging to devise a common metric for energy access,
and such a multi-dimensional modelling approach would incorporate numerous external
factors that are volatile and highly interdependent; from climate and geographic

parameters to individual activities and local policy and legislative frameworks.

1.5 Statement of objectives

The literature gap mentioned in the previous section and the general paucity of reliable
georeferenced energy demand related information in developing countries hampers
analysis and planning. Electricity access and associated infrastructure planning cannot
be addressed without due regard of the spatial nature and dynamics of human
settlements, activities and sources of economic production [43]. In the context of
productive uses of energy, agricultural food production accounts for one of the largest
shares in global energy consumption and water use, and therefore, its incorporation
constitutes a significant addition in the electrification planning process. With regards
to agriculture, electricity is primarily required for irrigation which is of the utmost
significance in the agricultural production process and leads the way towards
sustainable and efficient production systems. The first step towards this holistic
integration of sustainable energy development and strategies is about understanding
the origins of the challenge and addressing it to its core by answering the simple

question “What is the actual demand and the future projections?”.
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The scope of this Thesis is to develop a spatiotemporal demand model that will be able
to perform a comprehensive, multi-criteria analysis which can be potentially replicated
and applied on a national level for different study areas, and could also be integrated
in electrification models, such as OnSSET. The main objectives are a) the geospatial
estimation of water requirements for explicit food crops and b) the geospatial
estimation of the electricity demand for groundwater irrigation, throughout the
country’s agricultural calendar in each 100 km? harvested area grid-cell. The output of
this spatially distributed model leads to the estimation of a temporal and spatial
variation of the water and electricity demand for irrigation purposes in the study area,
and allows the development and assessment of scenarios highlighting the interactions
and dynamics between water use and energy demand. These scenarios mainly focus on
the impacts associated with changes in irrigated areas and different irrigation
technologies. For the purposes of this work, the methodology is applied for the case
study of the United Republic of Tanzania which will be presented in the following

chapter.

1.6 Thesis organization

In Chapter 1, an introduction to the overall approach of the research topic is presented,
highlighting the current socioeconomic framework and the rationale under which this
Thesis was elaborated upon, outlining the specific research questions. Evidence and
brief literature review of the state of the art are included in selected sub-sections if

needed.

Chapter 2 focuses on the case study of the United Republic of Tanzania, describing the
country’s demographic, social and geospatial profile with regards to the research

questions.

In Chapter 3, an in-depth description of the developed methodology is presented,

including all datasets, tools and methods employed.
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Chapter 4 discusses on the results of the application of the aforementioned
methodology, specifically commenting on the dynamics of the outputs and the

development of possible scenarios for further analysis.

Finally, conclusions and recommendations for future work are given in Chapter 5.

32



2. The case study of Tanzania

The rationale for selecting Tanzania as a case study for this developed methodology is
based on the critical, far-reaching energy-related challenges facing the country,
combined with efforts already undertaken by the Government of Tanzania, UN, FAQO,
the WB, and other global organizations to meet them. Key issues include a climate
change—induced energy crisis, high rates of energy poverty, high population and
economic growth, rapidly increasing energy demand, and diverse and abundant
renewable energy resources that remain largely untapped. The government is strongly
committed to developing the nation’s renewable energy resources and has made
significant efforts to create an enabling legislative and institutional framework. The
country is also selected as a pilot emerging, low-income country to benefit from many
global programs (FAO, WB, UN etc.) and was also of great interest during my
internship and research tasks at KTH-dESA.

2.1 Area of study

The East African nation of Tanzania, officially the United Republic of Tanzania, lies
on the East Coast of Africa between 1° and 11° S latitude and between 29° and 40° E
Longitude. It is bordered by Kenya in the North and shares Lake Victoria with Kenya
and Uganda in the West. Tanzania has frontiers with Rwanda, Burundi, and
Democratic Republic of Congo in the Southwest, and Zambia, Malawi, and
Mozambique in the South (Figure 2.1) [44]. With 947,300 km” of land, Tanzania is the
31st largest country in the world and the 13th largest in Africa. The area it occupies
consists of the mainland and Zanzibar, which is made up of the islands Unguja and
Pemba [45], [46], and is divided by region in 30 administrative areas which can be
found in further detail in Appendix A [47]|. According to the UN, the estimated 2016
population of Tanzania is 55.57 million, up from the 2012 official census estimate of
44.93 million, ranking 26th in the world. The vast majority of the population resides

in rural areas, reaching up to almost 68 % of the total estimate [14]. The annual
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population growth rate is 3.1 % and the average population density is 62.7

inhabitants/km?, with the population distribution varying significantly within different

parts of the mainland and the islands.
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Figure 2.1: Map of Tanzania (GENI)

Tanzania has registered an average economic GDP growth rate of 6-7 % in the past
decade, which was well above the 6 % average for SSA and EAC members and the
global average of 4 % [46] (Graph 2.1). Economic growth, which is estimated by the
Tanzania NBS to have reached even 7.3 % in the first three quarters of 2016, largely
thanks to the agriculture and manufacturing sectors as well as the emerging gold-
mining sector, which was the fastest growing industry, driven by a strong performance

in the information and communication sectors, public administration and defence,

financial and insurance [46]-[48].
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Graph 2.1: Tanzania GDP % growth change (WB, 2016)

According to WB, UN and national government data, under the social context, poverty
has declined since 2007 and continues at a modest pace, with a fall in the poverty rate
from 28.2 % in 2012 to 26.9 % in 2016. This decline has been accompanied by
improvements in human development outcomes and living conditions. In 2014, the
country’s HDI score was 0.521, making it 151st of 188 countries, which puts the country
in the low human development category. Between 1985 and 2014, Tanzania’s HDI value
increased from 0.371 to 0.521, an increase of 40.5 % or an average annual increase of

about 1.18 %.

The energy sector in Tanzania is still dominated by traditional biomass for domestic
uses, mainly harvested and processed in unsustainable ways. Electricity access and
consumption are low but increasing at a fast pace. According to IEA, as of 2016, only
36.8 % of the population had access to different levels of electricity (37 million people
without access), among which almost 17 % in the rural areas [49] [46]. Tanzania’s per
capita electricity consumption was estimated at 104.79 kWh per year in 2014, which is
less than half of the consumption of low-income countries. TANESCO, which is the
main electricity supplier of the country, anticipates major demand increases from
several mining operations, factories and water-supply schemes for agriculture and other

activities. Peak demand capacity is projected to increase rapidly, from about 1,000 MW
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in 2013 to about 4,700 MW by 2025 and 7,400 MW by 2035. Production is projected
to increase ten-fold, from 4,175 GWh in 2010 to 47,723 GWh in 2035

Overall, despite the country’s reported phenomenal improvement and growth, poverty
and under-nutrition remain acute and widespread, particularly in rural areas where the
majority of the population is found. While the poverty rate in the country has declined,
the absolute number of poor has not because of the high population growth rate; more
than 13 million people remained below the poverty line in 2016 along with many other

significant geographical disparities.

2.2 Agriculture and crop production: the case of maize

Agriculture in Tanzania is considered as the backbone of the economy. In 2016, GDP
was estimated at US$ 47.314 billion, with an annual growth rate of almost 7 % for the
past decade. Agriculture contributed 31.5 % to the GDP, down from almost 50 %
twenty years earlier. The sector still employs 66.7 % [45], [46], [50] of the active
population (the majority of whom are found in rural areas) and thus continues to drive
the economic growth of the country in spite of the emergence of the new high-growth

sectors of mining and tourism [51], [52].

According to AQUASTAT [45], land cover is dominated by woodland, grassland and
bushland which account for about 80% of the total area. Agricultural land is estimated
to be about 44 million hal, or 42 % of the total area. In 2013, 15.65 million ha or 17
percent of the country was cultivated, comprising 13.5 million ha of arable land and
2.15 million ha of permanent crops. Smallholder farming covers almost 9 million ha,
with an average farm size ranging from 0 to 5 ha, medium-scale farm owners (5-100
ha) cover an area of around 6 million while commercial farming (>100 ha) is spread in

just below 1.3 million ha for just over 1,000 farms [53], [54] (Graph 2.2).

11 ha = 0.01 km?
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Graph 2.2: Area owned/controlled by small-scale (0-5 ha), medium-scale (5-100 ha) and large-scale (>100 ha)
farm holdings in 2015 (Jayne et al.,2016)

Agricultural production remains predominantly based on smallholder production, with
commercial farming concentrating on cash crops and productivity generally low with
modest progress over the past two decades. Smallholder farmers principally depend on
rain-fed production, limited use of improved seeds and fertilizers, and occupy a low

share of cultivated over arable land.

The main food crops grown are maize, dry beans, rice, sunflower, cassava, sorghum,
groundnuts, sweet potato and coconuts. According to the WB and the National 2018
USDA GAIN report, maize (or white and yellow corn) is the dominant crop with a
planted area of over 4 million ha, followed by dry beans with over 1.1 million ha and
rice with around 1 million ha (Graph 2.3). Traditionally, the country was a net exporter
of agricultural products, but it has become a net importer in recent years. The main
agricultural products exported are green coffee, tobacco, cashew nuts, cotton, sesame
and tea, while the main agricultural products imported are soybeans, wheat and palm

oil [45], [47], [55].
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Graph 2.3: Harvested area and production of maize in Tanzania 1994-2016 (WB, 2016)

Although, maize comprises almost 45 % of the cultivated area and the country ranks
as the first producer of maize in East Africa, Tanzania still faces lots of challenges of
achieving full business operation and sustainable production to meet the increasing
forecasted demand. The production of maize accounts for more than 70 % of the cereal
produced in the country reaching almost 6 million tonnes (Graph 2.3). White corn is
the main staple grain consumed in Tanzania, providing 80% of dietary calories and
more than 35 % of utilizable protein to the population. The majority of smallholder
farmers produce maize for their personal consumption and sell a portion to the market
as a significant source of income. Typically, about 40 % of the production in Tanzania
is sold in the market, mostly locally and annual per capita consumption is estimated

at 135 kg per person per year.

2.3 The Water-Energy-Food approach

According to the latest WEO Special Report 2017, as a country undergoes a shift
towards a more modernized and mechanized economic system that capitalizes on
technological advancement and accounts for industry and services, it employs more

energy. Hence, a larger share of total final energy is devoted to productive uses (Graph

2.4) [49].
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Graph 2.4: Global final energy consumption by income group, 2016 (IEA, 2017)

The above graph highlights the economic divide and the significance of improving
energy access to stimulate economic growth in low-income countries, such as Tanzania.
Despite agriculture’s importance to the economy of the country, reliance on erratic
precipitation, limited use of improved seeds and fertilizers, and the low share of
cultivated over arable land have prevented Tanzania from reaching full production
potential and have contributed to one of the lowest levels of productivity in Sub-

Saharan Africa, which ranks among the last positions in a global level (Graph 2.5).
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Graph 2.5: Total food production per capita in Sub-Saharan Africa (IEA, 2017)
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According to the WB and the AfDB [56], the electricity access rate in rural areas of
the country in 2016, reached only 17 % . Animal and human power provide the main
energy inputs for farms, while traditional use of biomass or direct solar energy (not to
be confused with modern solar PVs) provide energy for the limited processing that
takes place [49]. Limited access to electricity highly affects food production in the
context of irrigation, resulting in large numbers of food loss since post-harvesting

processing and storage options that require electricity are not available [20].

Irrigation can play a pivotal role to the intensification of the Tanzanian agricultural
productivity, though it needs to be carried out in a sustainable fashion. IEA states that
irrigated cropland can be two-times more productive than rain-fed land, improving
yields, and irrigation can help to manage fluctuations that occur from a dependence on
precipitation [57]. Based on data from FAO and AQUASTAT, the total area equipped
for irrigation in Tanzania was 184,330 ha back in 2002. Geographically, 183,988 ha
were located in mainland Tanzania and 342 ha in Zanzibar. On the same year, a study
on the country’s NIMP, estimated a total irrigation development potential of 29.4
million ha, of which 2.3 million ha as high potential in Tanzania mainland and Zanzibar

[51], [58]. As of 2013, 363,514 ha are reported to be equipped for irrigation (Graph 2.6).
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Graph 2.6: Evolution of the area equipped for irrigation in Tanzania, 2002-2013 (AQUASTAT, FAO)
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The use of irrigation, especially groundwater irrigation, is highly dependent on access
to energy to pump and move the required volume of water. According to AQUASTAT,
total water withdrawal in mainland Tanzania was estimated to be 5.142 million m® for
the year 2002. Irrigation for agriculture was reported to be the largest consumer
reaching up to 86 % of the total amount (Graph 2.7). Without more recent data, the
2002 National water Policy [58] and the 2009 Water Resources Management Act
[59] consider that irrigation withdraws an average of about 85 % of the total water

withdrawals since then.
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Graph 2.7: Total water withdrawal by sector in Tanzania, 2002 (AQUASTAT, FAO)

In 2010, groundwater withdrawals were estimated to be around 462 million m3, mostly
for domestic purposes (60 %), but also for livestock, fishing (28 %), irrigation (10 %)
and industries (2 %) [45]. With regards to the energy intensity, it is estimated that
roughly seven-times more energy is required to pump groundwater than is required for

surface water extraction [24].

Overall, it is made clear that accounting for enhanced access to energy for irrigation
can result in improvements in productivity. If inefficient pumps are used however, both
water and electricity demand can increase, which depending on the availability of each

resource, can lead to unsustainable irrigation practices. An emphasis on irrigation
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infrastructure efficiency and the use of groundwater in a sustainable manner is vital to

ensure that improvements in yield do not have adverse impacts.

2.4 Legal and policy context

2.4.1 Energy policies and incentives

The first NEP for Tanzania was presented in 1992, in order to ensure an overall efficient
practice within the energy sector. Since then, two new NEPs have been presented by
the Ministry of Water and Minerals, replacing the one from 1992; one in 2003 and the
most updated one in 2015. The NEP of 2003 resulted in, amongst other things, a large
increase in installed capacity and an increase in the electricity consumption levels per
capita. In this context, the country also managed to double the population connected
to the grid. NEP 2015 aims for a larger and more active participation from private
actors in the energy sector. Under the SE4ALL initiative, the new policy also focuses
on improving energy conservation, efficiency and increasing the diversity within the
energy mix, aligned with the SDGs framework. For the electricity sector, in particular,
the aim is to increase the rural electrification rate and to enhance the reliability of the
transmission and distribution network [60]. In the updated PSMP of 2016, six
generation expansion scenarios, with different shares of power resources such as natural
gas, coal, hydro and renewable energy were developed, and each one of them was
evaluated under the economical, energy balance and environmental aspect. It was
concluded that Scenario-2, which has the energy generation mix of 40% gas, 35% coal,
20% hydro and 5% renewable and others, was considered to be the best among six
scenarios [61]. According to PSMP, the optimal generation plan has a total installed
generation capacity of 5,011 MW (excluding renewable and import) by 2020 which is
beyond the government target of 4,915 MW by 2020. The investment cost required for
this, is calculated to a total cost of US$ 31.7 billion in the long term (2026-2040) and
includes investment on generation, transmission and substation. It is interesting to

point out that generation accounts for almost 80% of the total investment cost. The
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policy guidelines are aligned with the government’s aspirations and targets to accelerate
economic growth through the on-going Vision 2025, MKUKUTA and the Five-Year
Development Plan-II (2016/17-2020/21, FYDP-II), which constitute the backbone of
the legislative framework towards sustainable development and economic growth for

Tanzania.

2.4.2 Water management for irrigation and agri-food policies

According to the updated NIP 2009 by the MWI, national irrigation development is
constrained by the almost inexistent level of government funds for both irrigation and
water storage infrastructures and by the low rate of contribution of the private sector
[51]. As a result, irrigation development, together with sustainable water resources and
land use management, was set as priority investment in the 2011 TAFSIP Plan for
2011 to 2021 development, along with the establishment of two funds; DIDF and NIDF,
which have the objective of ensuring sustainable availability of irrigation water and its
efficient use for enhanced crop production, productivity and profitability by promoting
and financing mechanization for agriculture. The main regulatory framework for
irrigation in Tanzania is the 2009 WRMA No.11 [59], which was completed by the 2013

NIA establishing a National Irrigation Commission [62].

Looking at the current status of agriculture intensifications policies, the Government
has formulated TDV 2025, which envisages that by 2025 the economy will have been
transformed from a low productivity agricultural economy to a semi-industrialized one,
led by modernized and highly productive agricultural activities [63]. As an integral part
of UNDAP II (2016-2021), the latest 2017 CPF includes the prioritization of four areas,
under the guidance and aligned with FAQ’s global strategic objectives and striving to
attain the SDGs under the SE4ALL initiative. The priority areas account for: i)
“evidence-based agriculture policy, planning, investment and sector coordination” ii)
“increasing agricultural production, productivity for food and nutrition security”, iii)

“lmproving market access for increased incomes”, and iv) “strengthening resilience to
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natural and man-made threats and crises, such as climate change tmpacts; and

unsustainable management of natural resources” [63).

In order to reach TDV 2025, other significant policies include FYDP II, which among
other key interventions, highlights the integration of modern technologies including
ICT and the promotion of skills, expertise, research and innovation throughout the
agricultural transformation procedure. In addition to this, TAFSIP 2011/2012 —
2020/2021 is highly prioritized since it aims to map the investments needed in order to
meet the CAADP target of 6 % annual growth in the agricultural GDP. The
Government together with development partners has also taken a number of initiatives,
including ASDP II, SAGCOT, the Kilimo Kwanza initiative, and BRN, all of them
intended to enhance technology uptake, market development, and an overall shift
towards improved productivity, increased production, incomes and resilience, and
ensuring food and nutrition security (Figure 2.2).
Pilot Conditional Transfer (2010)
Food for Education Programme with WFP (2010)

National Food Reserve System (NFRA) (2008) - Producer/consumer measure Most Vulnerable Children Programme (2010)

3rd Phase of Tanzania Social Action Fund (TASAF Il1)

East African Community (EAC) Common Market (2010)
WRS for grains (2007) Removal of all bans (2012)

2000 2005 2010 2015

Agricultural Sector Development Strategy (2001) National Irrigation Policy Strategy (2007)
Warehouse receipt Act (2005) & Regulations Kilimo Kwanza (Agricultural First) (2009)

Agricultural Sector Development Programme (ASDP) 2006-2012/13

Accelerated Food Security (ADSP) (2008)
National Inputs Voucher Scheme (NAIVS) (2009)

Tanzania Agriculture & Food Security Investment Plan, TAFSIP (2011)

National Nutrition Strategy (2011-16)

Consumer oriented - Producer oriented ‘ Trade and market Big Results Now (2013)

Figure 2.2: Main strategies related to irrigation and food security, 2000-2015 (FAO, 2014)
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3. Methodology

3.1 Overview

This study describes a combination methodology developed to assess and compute
agricultural water requirements and estimate the electricity demand associated with
pumping irrigation from groundwater sources in Tanzania. It highlights the interactions
between water use and energy consumption, and focuses on the electricity demand
impact associated with changes in irrigated area and irrigation technologies. In order
to comprehensively explore, analyze and assess the multi-dimensional aspects of this
approach, GIS software and programming in Python language were employed as the

main tools for this study.

At the core of this work is a monthly water balance model generated from spatial
datasets and regional statistics in order to estimate the electricity demand for typical
irrigated crops grown in the studied area. Water demand is computed from historical
climate data and crop specific water needs according to national statistics, crop
patterns, agricultural calendars and spatially explicit parameters. The electricity
required to abstract and apply the required water is then calculated using national data
on water sources, irrigation methods and sources of energy. The application of this
spatially distributed water balance model leads to the estimation of the temporal and
spatial variation of water and electricity demand for irrigation purposes in a selected

area and allows the creation of scenarios for further dynamics analysis and insights.

3.2 Data approach and tools

Initially, historical geospatial data about croplands in the country and their reported
irrigation status is collected in order to illustrate the temporal and spatial distribution
throughout the agricultural calendar and the corresponding planting, growing and
harvesting seasons accordingly. The differentiation between rain-fed and irrigated areas

is the first step towards this direction and essential for addressing the core of our
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research questions. Proper temporal and spatial criteria regarding the crop water needs
with regards to the various climate zones and land conditions are implemented.
Historical monthly climate data as well as land and groundwater related data are
collected and manipulated appropriately in order to come up with a monthly dynamic
spatiotemporal model. All these criteria imply explicit agricultural zones and crop
patterns which are discussed subsequently. Thereafter, it is required to quantify the
monthly theoretical crop water needs and from there derive the actual water
abstraction requirements and sustainable water management constraints that come
along. Once the water needs are estimated, the monthly electricity demand is calculated
based on the energy required for transfer, abstraction and water application. The latter
highly depends on the morphology of the land, both underground and over ground, and
needs to take into account the different operating and application pressure required
under different irrigation technologies, as well as friction and transfer losses within the
distribution systems. A description of the methods and datasets used are described in

detail in the following sub-sections and summarized in Figure 3.1.

The multi-dimensional approach of this study highlights the need for inclusive energy
planning and tools that can be aligned and adjusted to the local context in which they
are applied, making it easier for the eye to recognize patterns such as distance,
proximity, contiguity and affiliation. Drawing on the numerous advantages of GIS and
the geospatial dimension of energy planning already discussed in Chapter 1, the
methods followed rely solely on open-source software QGIS v3.2 [64] for geospatial
analysis and cartography, and use Python 3.6 [65] for further data analysis, modelling

and visualizations.
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HarvestChoice (2005, 10x10km) [66] WorldClim (1970-2000, 1x1km) [67] GADM v2.8 [64], WHYMAP [68],

HWSD [69]
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Figure 3.1: Schematic flowchart of the methodology
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3.3 Data collection and description

In order to reach an accurate and reliable estimation of the water and electricity

demand for irrigation purposes in a selected area, proper data should be collected,

validated, potentially projected and analysed. Several sources are utilized not only for

the crop and land cover data, but also for administrative country data, climatic

conditions and groundwater parameters.

Table 3.1 below lists the datasets that are used and identified as useful for the

estimation of water requirements and electricity demand for agriculture in the studied

area. The type, resolution and the sources of the datasets are also provided. A more

detailed description, along with all the data resources employed for the analysis, follows

in the sub-sections below.

Table 3.1: Datasets used in the analysis

Dataset

Administrative boundaries
Elevation (m)
Total harvested area (ha)
Irrigated area (ha)
Rainfed area (ha)
Total yield (kg/ha)
Yield — irrigated (kg/ha)
Yield — rainfed (kg/ha)

Total production (t)
Production — irrigated (t)
Production — rainfed (t)
Minimum monthly temperature (°C)
Maximum monthly temperature (°C)
Average monthly temperature (°C)
Monthly solar radiation (kJ m™ day™)
Monthly wind speed (m s™)

Monthly precipitation (mm)
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Type

Vector polygon
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster
Raster

Raster

Resolution

1 km x 1 km
10 km x 10 m
10 km x 10 m
10 km x 10 m
10 km x 10 m
10 km x 10 m
10 km x 10 m
10 km x 10 m
10 km x 10 m
10 km x 10 m
1 km x 1 km
1 km x 1 km
1 km x 1 km
1 km x 1 km
1 km x 1 km

1 km x 1 km

GIS layer
Source
name

adm0 [66]
elev [67]
harv_t
harv i
harv_r
yield t
yield i [68]
yield r
prod _t
prod i
prod r
tmin
tmax__
tavg
[69]
srad
wind
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GIS layer
Dataset Type Resolution Source
name

Groundwater depth (m) Raster 10 km x 10 km gw_m [70]

Available water storage capacity
Vector - gw_m [71]
(/)

3.3.1 Administrative boundaries

The administrative boundaries of the studied area should be clearly stated, so as to
determine and quantify the main research objectives for each one of them. Including
exact boundary locations, on a national or sub-national level, allows the classification
into geospatial zones and the detection of similar patterns and dynamics among
different areas. For this work, Level 1 data from the publicly available GADM version
2.8 database [66] was retrieved in shapefile format and manipulated subsequently in

the GIS environment. (See Appendix B)

3.3.2 Crop data

Crop-related datasets, which constitute the base layer of our study, were extracted
from the HarvestChoice database (2015). 5 arc-minute gridded data (710x10=100 km?
resolution) include crop-specific total irrigated and rain-fed harvested area (ha) , total
irrigated and rain-fed yield (kg/ha), and total irrigated and rain-fed production (mt),
all representing spatially disaggregated production statistics of circa 2005 using SPAM
v2.0 [68]. You et al. (2014) used a variety of information sources to generate plausible,
disaggregated estimates of crop distribution for 42 crops creating a global grid-space at
the confluence between geography and agricultural production systems [72]. In addition
to this, data was compiled for main crop characteristics based on experimental

information reported in the FAO/AQUASTAT database [73]. These characteristics and
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insights are assumed to be representative for optimal planting, growing and harvesting
conditions in the different agricultural zones of the studied region which are defined in
the following sub-sections. Information on the land use, cropped and irrigated areas, as
well as on the agricultural crop calendar were retrieved accordingly from national data
in the FAO/AQUASTAT database and in FEWS NET [45]. These insights are followed
by a calibration and cross-referencing procedure as explained later on, in order to ensure
that the reported statistics are consistent with the aggregated spatial crop patterns

obtained from the remotely sensed data mentioned above.

3.3.3 Climate data

Climate data is based on the high resolution (1 km” resolution) gridded climate dataset
(WorldClim Version2) developed by Hijmans et al (2005) updated by Fick et al (2017).
This is a spatially interpolated monthly climate dataset for global land areas aggregated
across a target temporal range of 1970-2000, using data from between 9000 and 60 000
weather stations [69]. The primary variables used for this work are: minimum,
maximum and average temperature (°C), precipitation (mm), solar radiation (kJ m™>
day™) and wind speed (m s™). According to the authors, weather station data were
interpolated directly using thin-plate splines covariates including elevation, distance to
the coast and three satellite-derived covariates: maximum and minimum land surface
temperature as well as cloud cover, obtained with the MODIS satellite platform [69].
Other climatic parameters such as net radiation at the crop surface (MJ m™ day“l), soil
heat flux density (MJ m™> day’l), saturation vapour pressure (kPa), actual vapour
pressure (kPa), slope vapour pressure curve (kPa °C'1) and psychometric constant (kPa
°C'1) were arithmetically derived from the aforementioned dataset variables using
functions from the open-source Mark Richards (2015) Python package PyETO [74].
Additional climatic input variables, such as effective rainfall (mm), are introduced in

the irrigation water demand modelling section in the following paragraphs.
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3.3.4 Groundwater resources and abstraction management

Regarding the water availability for irrigation, data about major groundwater resources
was retrieved from WHYMAP [70]. The Groundwater Resources Map provides various
characteristic groundwater environments in their areal extent and classified by their
aquifer productivity and recharge potential. Additional groundwater related features
such as depth to groundwater (m), aquifer recharge (mm) and available water content
in the root zone (mm) were included in the methodology (source). Also, national data
on water resources, withdrawal management (abstraction/pumping) and irrigation
methods were obtained from the FAO global water information system AQUASTAT

[73] and FAO’s ITrrigation Water Management Training Manual 1992 [75].

3.4 Data analysis

In this section, it is depicted how the collected required data are analysed and processed
for the subsequent GIS and Python analysis. Before this comprehensive data analysis,
it is essential to define the different GIS routines and methods used so as to gain a
more detailed insight of the applied methodology and modelling process. Once data are
manipulated in a convenient way, an aggregated data table is extracted for further
analysis in a complementary Python code which was developed for reaching the
objectives of this study. The combination of the quantitative modelling outputs with
the qualitative research inputs allows the creation of evaluation scenarios in order to
explore the dynamics among the input variables and draw conclusions and

recommendations.

3.4.1 GIS concepts and analysis

Initially, the identification of the requirements of the objectives and the clear
understanding of the processing tasks should take place so that the quality and

reliability of the derived GIS outputs are not ultimately affected. Hence, the multi-
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criteria and geospatial character of this study highlights the need for a bottom up data
handling approach which would not be feasible without the use of a GIS environment.
All of the aforementioned datasets are imported in GIS allowing for geospatial analysis
and multiple graphic representations of where the features are, explicitly and relative

to one another.

On this basis, all data should be firstly organized and modified in a format that will
facilitate the manipulation and analysis tasks that will be subsequently required. Each
dataset is expressed and stored as a single, vertical layer in the GIS database prior to
the application of common integrated database commands such as queries and
statistical analysis. Once the datasets are properly named and overlayed within the
GIS environment, it is essential to make sure that every single layer is in the same
coordinate system and might need to be potentially projected into the suitable
projection system in order for all of them to use common geographic locations for
integration. For the purposes of this work, all layers are projected into the World
Geodetic Datum 1984 (WGS84) which comprises of a reference ellipsoid, a standard

coordinate system, altitude data and a geoid [76].

Input layers are distinguished into two primary data types; spatial data and attribute
data. Spatial data describe the absolute and relative location of geographic features
and represent either vectors (arcs/polylines, polygons or points) or rasters
(georeferenced grid-cells). Attribute data, on the other side, describe characteristics of
the spatial features which can be either quantitative or qualitative [77] and, simply put,
they are represented as additional columns in a dataset table. The selection of a
particular data model, vector or raster, depends on the source and type of data, as well
as the intended use of the data [78]. As is often the case however, conversions from one
type to the other are possible via GIS routines and tools. Total harvested area dataset
(harv_t, ha) which is originally retrieved in raster format, is converted into a vector
layer and constitutes the base layer of our model. In more detail, the 5 arc-minute

resolution aforementioned raster layer is extracted into 4100 individual grid-cell points
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where each one of them represents a physical area of 100 km? or 10000 hectares (Figure

3.2).
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Figure 3.2: Maps of irrigated and rainfed land in Tanzania

The required output from the geospatial processing is a table built on top of the base
layer where the rest of the raster layer values are extracted and assigned as additional
attributes. Taking advantage of the GIS integrated Python console, a script was
developed in order to extract all data into an indexed, aggregated table of 4100 rows

and 86 columns (attributes) for further analysis.

3.4.2 Crop modelling

As already discussed in Chapter 2, maize was chosen for the purposes of this case study
as it is considered the most dominant food crop in Tanzania, grown by 3.5 million
households (60%) [79], accounting for 40% of calories consumed [80] and contributing
to over 20% of the total agricultural GDP [52] and 31% of total production [81].
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Crop calendar

First step of the crop modelling procedure, is defining the maize crop calendar.
According to FAQO, the crop calendar is basically a schedule for the crop containing
information on planting, sowing and harvesting periods of locally adapted crops in
specific agro-ecological zones. It provides both spatial and timely information allowing
for better planning of the farm schemes activities and local crop production. Based on
the country’s complex rainfall patterns and on information drawn from the online FAO
Calendar platform and the 2012 WFP/WB Food Security and Vulnerability analysis
report [48|, Tanzania is claimed to present at least seven (varying up to nine)
recognized major agro-ecological zones. However, due to the complexity of the spatial
and temporal identification of the sub-regions, they have been simplified into two main
categories, unimodal and bimodal areas, based on the dual rainfall regime of the
country. In more detail, the unimodal zone (Msimu rains) covers the south and west,
and experiences one long rainy season from November to May with planting and land
preparation taking place from October until January and harvesting from May until
August. The bimodal zone (Vuli and Masika rains) — Tanzania’s north, east and
northern coast — experiences a short rainfall period from mid-September to January
and long rains from March to June. Short rains harvesting occurs in late January and
February and long rains harvesting in July until September (Figure 3.3). The bimodal
areas, followed by two distinct rainfall seasons, allow two water demanding crop cycles
per year to be grown and cover the regions of Kilimanjaro, Kigoma , Kagera, Mwanza,
Mara ,Arusha, Tanga and parts of Morogoro, Mbeya and Coast/Dar es Salaam and
transition areas such as Mwanza, Kagera and Kigoma, Masika where rains may begin
in February, with sometimes no interruption between Vuli and Masika season [48]. (See

Appendix B)
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Figure 3.8: Tanzania crop calendar based on the rainfall pattern (FAO, FEWS)

Reference crop evapotranspiration (ET,)

Having defined the spatial and temporal context of the crop modelling procedure, next
step is the estimation of the reference crop evapotranspiration (ET,). According to
FAQ’s Irrigation and Drainage paper 56 [82], evapotranspiration (ET) is defined as the
combination of two different processes whereby water is lost on the one hand from the
soil surface by evaporation and on the other hand from the crop by transpiration. In
detail, evaporation is the process whereby liquid water is converted to water vapour
via the vaporization process and removed from the evaporating surface (vapour
removal) while transpiration consists of the vaporization of liquid water contained in
plant tissues and the vapour removal to the atmosphere [82], with no significant
distinguishing between the two process since they occur simultaneously. According to
Allen et al., there are multiple factors affecting evapotranspiration such as weather

parameters, crop factors and various management and environment conditions

Reference crop evapotranspiration (ET,) or potential evapotranspiration (PET) is
defined as the evapotranspiration rate from a reference surface, not short of water,
which is usually considered as a hypothetical grass reference crop with specific

characteristics [82]. Unlike ET, the only factors affecting ET, are climatic parameters

55



and can be therefore computed from weather data without taking into account other
crop characteristics or soil factors. Recent studies [83]—[86] found that more than 50
mathematical models are currently available to estimate ET, which range from
hydrologic or water balance models, to analytical methods based on climate variables
(primarily temperature and radiation) and empirical estimates [82], [87]-[93]. There is
also a plethora of literature and research [87], [94]-[99] on the evaluation and
comparison of the varying calculation methods and their complexity. Even though the
aforementioned research pieces are applied for significant crops in different parts of the
world under different climatic and soil conditions, they all imply that there are not
significant differences in the results and that the selection of the most suitable
calculation method should be clearly based on the data availability and the needs and
objectives of the given study. Some of the most widely used ET, models include the
temperature-based Thornthwaite (1948) [100] and Hargreaves-Samani (1985) [101]
estimation formulas and the radiation-based Priestley and Taylor formula (1972) [102].
Several studies [17], [38-39] however, have shown that the physically based Penman-
Monteith formula (1965) [105], which considers both climatic factors and their
interaction with surface vegetation characteristics [99], is the most accurate and
commonly used for estimating ET,. Penman and Monteith combined the energy
balance with the mass transfer method and derived multiple equations in order to
compute the evaporation from an open water surface from standard climatological

records of sunshine, temperature, humidity and wind speed [82].

For the purposes of this study, the widely used FAO-56 Penman-Monteith method is
used, which was originally developed and adapted in May 1990 by a consultation of
FAO experts and researchers in collaboration with the International Commission for
Irrigation and Drainage and the World Meteorological Organization [82]. This method
overcomes shortcomings of the Penman-Monteith method and provides values more
consistent with actual crop water use data worldwide, referring to ET, as the
“evapotranspiration of a hypothetical reference crop with a height of 0.12 m, a surface

aerodynamic resistance of 70 s m™ and an albedo of 0.23, closely resembling an extensive
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surface of green grass of uniform height, actively growing, completely shading the
ground and with adequate water” (Allen et al, 1998). The FAO-56 Penman-Monteith

formula is the following (Equation 3.1):

900
0.0484(R, — G) + YW‘MZ (es —ey)

ETo =
° A+ y(1+0.34u,)

Equation 3.1: The FAO-56 Penman-Monteith equation

where ET, is the reference evapotranspiration (mm da,y'l), R, is the net radiation at
the crop surface (MJ m™ day™), @ is soil heat flux density (MJ m™ day™), T is the
mean daily air temperature at 2 m height (°C), ug is the wind speed at 2 m height (m
s'l), es is the saturation vapour pressure (kPa), e, is the actual vapour pressure (kPa),
es - €4 is the saturation vapour pressure deficit (kPa), A is the slope vapour pressure
curve (kPa °C™) and g¢ the psychrometric constant (kPa °C’') [82]. Climate data
mentioned in section 3.3.3 are used as input variables in the calculation process drawing
on the features offered in the “Pyeto” Python library [74]. Pyeto provides numerous
functions for estimating missing meteorological data such as net outgoing longwave
radiation, psychometric constant, soil heat flux, saturated vapour pressure, solar angles,
daylight hours etc based on the methods described by Allen et al. (1998) in the FAO

Irrigation and Drainage paper 56.

Crop evapotranspiration under standard conditions (ET.) and single crop coefficient
(ke)

According to Allen et al. (1998), the crop evapotranspiration under standard
conditions, denoted as ET, is the evapotranspiration from disease-free, well-fertilized
crops, grown in large fields, under optimum soil water conditions, and achieving full
production under the given climatic condition. ET, is determined by the crop coefficient

approach, whereby the effect of the various weather conditions are incorporated into
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ET, from the previous paragraph and the crop characteristics into the k. coefficient
which is defined in the following paragraphs. ET. basically represents the crop water

needs and is expressed as the product of ET, and k. (Equation 3.2).

ET. = ET, * k,

Equation 3.2: ET, crop evapotranspiration equation (mm,)

The calculation procedure consists of the identification of the crop growth stages,
determination of their lengths and selection of the corresponding k. coefficients by
constructing the crop coefficient curve (Figure 3.4) allowing one to determine k. values
for any requested period or even specific day during the crop calendar [82]. Crop
coefficient values mainly depend on the type of crop, the growth stage of the crop and

the climate [106].

time (days)

+— initial— [«-crop development—«— mid season —¢late season+

Figure 3.4: Crop coefficient (kc) curve (FAQO)

FAO Irrigation and Drainage Paper 24 [107] and several other studies [108]-[110]
provide general lengths for the distinct growth stages and total planting, growing and
harvesting periods for various types of climates and locations. Growth stages are usually
determined and distinguished into four different seasons (Figure 3.4). The initial stage
is the period from sowing or transplanting until the crop covers about 10% of the

ground. The crop development stage starts at the end of the initial stage and lasts until
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the full ground cover has been reached (ground cover 70-80%); it does not necessarily
mean that the crop is at its maximum height. Following is the mid-season stage which
starts at the end of the crop development stage and lasts until maturity; it includes
flowering and grain-setting. Final is the late season stage which lasts until the last day
of the harvest and usually includes ripening [107]. Brouwer et al. (1989) provide an
indicative table with typical average values of aggregated growth stages, ranging from
80 to 180 days for maize. A more comprehensive assessment for maize in Tanzania
[111], showed that the length of the season ranges from 131 to 150 days in Mbeya and
Songea region in the south and Kigoma in the west. In Dodoma and Iringa regions, the
duration was found to be as short as 93 to 97 days. Due to the complex variation and
the inconsistency of the growth stages data sources within the different regions of the
country, the crop calendar modelling classification explained in the previous
paragraphs, is put in use in order to define the different growth stages for each one of
the 4100 points on the map. Three instead of four growth stages are assumed for the
purposes of this approach; the initial stage is introduced as the planting season, crop
development and mid-season stage are merged into growing season, and final stage is
expressed as harvesting season. By calibrating and consolidating the temporal
information of the adopted crop calendar (Figure 3.3), fixed planting, growing and
harvesting start and end dates, are joined and assigned accordingly as attributes in the

entries based on the zone they belong in (bimodal or unimodal).

With regards to the three seasons assumed for this work, three corresponding crop
factor coefficients are introduced as kep, keg and key for planting, growing and harvesting
season respectively. In FAO’s Irrigation Water Management Training manual no 3
[106], indicative nominal values for maize are provided (0.4, 0.8, 1.15 and 0.7-1) for
the different growth stages. In an attempt to get more realistic and accurate values
throughout the different agricultural seasons, a function was developed in Python
aiming to represent and fit the k. curve presented in Figure 3.4. The numerical
determination of the k. given a specific day, lies on the idea that the crop coefficient

for any period of the whole season can be derived by considering that during the
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planting and growing season, k. is constant and equal to the k. value of the season
under consideration. Following this concept, during the growing and harvesting season,
k. varies linearly between the k. at the end of the previous stage (keprev) and the ke at
the beginning of the next stage (Kenext), which is keend in the case of the harvesting
season (terminal condition) [82].

i— Z (Lprev)

L l (kcnext - kcprev
stage

ke = kcprev + [

Equation 3.3: k. crop coefficient equation
where ¢ is the day number within the growth stage, K, is the required crop coefficient
on day i, Lsage is the length of the season under consideration (days), X(Lyres) is the

sum of the lengths of all previous stages (days).

3.4.3 Irrigation water demand modelling

The methodology followed in this section is mainly adapted from the widely used work
of Kay and Hatcho (1992) presented in FAQO’s Irrigation Water Management; Training
Manual for small-scale pumped irrigation [75]. An irrigation scheme must be capable
of supplying the water needed for the crop to be planted, then grow until it is harvested.
In other words, the water supply must be equal to the demand throughout all the
growth stages. The capacity to supply the required amount of water is called system
capacity and implies the evaluation and identification of certain design criteria prior to
the application of different irrigation techniques. Overall, it depends on the crop water
requirements which are determined by the crop type and stage of growth (expressed in
ET.), climatic and land conditions, and the field application and distribution

efficiencies which will be further discussed in the following paragraphs.
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Monthly crop water needs

The outputs derived from the crop modelling process, are used as primary inputs in
the estimation of the monthly aggregated crop water requirements variable (CWN;j) for
each point in our dataset. Along with the monthly ET. values, more climatic and land
variables are either calculated or introduced from the literature, allowing for a more
inclusive and accurate parameterization and estimation of the actual crop water needs
at a given location. There are several approaches reported in the literature, from simple
water balance models (sources) to more complex hydrological analysis (sources), based
on the available data and research objectives of the study area. The method followed
in this work relies on a simplified, yet comprehensive combination approach, that takes
into account the effective rainfall (mm), the leaching requirements (%) and the
available water content in the root zone (mm) at a given point, according to Equation

3.4:

CWN; = ET,, + ET,, x LR — ef f; — awg;

Equation 3.4: Monthly crop water needs equation (mm,)

where 7 is the month, CWN; is the monthly aggregated crop water need (mm), ET¢; is
the product of the monthly ET. and ke from the previous sections (mm), LR is the
percentage of leaching requirements (%), eff; is the monthly effective rainfall (mm) and

awc; the monthly available water content (mm).

Effective rainfall according to FAO reports [106], [112] is defined as the effective part
of the rainwater which can be retained in the root zone and can be used by the plant.
When rain falls on the soil surface, some of it infiltrates into the soil, some stagnates
on the surface, while some flows over the surface as runoff. From all the water that
infiltrates into the soil, some percolates below the root zone, while the rest remains
stored in the root zone. Numerically, it could be defined as the total rainfall minus
runoff, minus evaporation, minus deep percolation. Most common calculation models

for the estimation of the effective rainfall include the simplified FAO empirical formulae
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reported in [106] which can only be applied in areas with a maximum slope of 4-5%,
the potential evapotranspiration/precipitation ratio method [113], and the USDA-SCS
method [112] which is implemented in widely used models for planning and
management of irrigation as the FAO CROPWAT model [114], [115]. The USDA
method is based on a soil water balance model where cumulative monthly precipitation,
evapotranspiration and irrigation application depth are considered to be the three
factors to influence the effectiveness of precipitation, lying on the assumption that the
average monthly effective precipitation can exceed neither the total average monthly
rainfall nor the total evapotranspiration. In this study, the eff; is calculated on a

monthly basis by the following empirical expression (Equation 3.5):

eff; = f *(1.253 x« P9824 _ 2 935) x 100001*ET)

Equation 3.5: Monthly effective rainfall equation (mm,)

where eff; is the effective rainfall per month (mm), P is the total precipitation per
month (mm), ET), is the total crop evapotranspiration per month (mm) and f a
correlation factor which depends on the depth of irrigation water application
(dimensionless). The factor fequals 1.0 if the irrigation water application depth is 75

mm while for other application depths, the value of fequals (Equation 3.6):

_{ 0.133+0.201*InD,, D, <75mm
- 10.946 +7.3x10°*xD,, D,>75mm

Equation 3.6: f correlation factor equation

where D, is the water application depth (mm) for the irrigation system design and

assumed to be accounted for 1.0 for the purposes of this work.

Available water content (awc) or maximum soil water deficit is the maximum amount
of water stored in the plant’s root zone that is readily available for use [116]. The

available water storage capacity dataset was retrieved from the Harmonized World Soil
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Database version 1.2 [71| and was used in order to gain insights on the availability of
water in the root zone. The HWSD dataset is classified into 7 classes where each one
of them represents different depths AWSC per soil unit (mm/m). Typical rooting depth
(RD in m) value of 0.9 m for maize is assumed from Nyvall (2015) report and is used

in Equation 3.7 for the estimation of the total soil water storage (SWS) in mm:

SWS = RD « AWSC

Equation 3.7: Soil water storage equation (mm)

To prevent plant water stress, an allowable depletion factor (DF as of %) is used to
calculate the manageable allowable depletion and is usually accounted for 50 % [116].
The product of the soil water storage (Equation 3.7) multiplied by the above depletion

factor leads to the estimation of monthly available water content (Equation 3.8):

awc; = SWS; x DF

Equation 3.8: Monthly available water content equation (mm,)

Peak crop water demand (PWD) and seasonal scheme water demand (SSWD)

One of the most important design criteria, is the maximum discharge (in m®/d/ha or
1/s/ha) required to satisfy the peak water requirements of the scheme. In other words,
it is the rate at which the water must flow to meet the peak demand. Kay et al. (1992)
highlight its significant importance for the design of the irrigation scheme, stating that
it basically determines the size of the pump and the distribution system and eventually
the operational power demand for the scheme. The pipes, canals or channels must be
large enough to carry this discharge and the pump and power unit must be capable to
deliver the discharge at the pressure required. In the same FAO training manual, it is
stated that due to the high variation of the demand throughout the season, the peak
requirement might be at least double the average daily water needs. The following
equations retrieved from [75] (Equation 3.9-12) are applied for units conversion in a

convenient way so that they are easily manipulated in the next steps:
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Monthly crop water needs (m3/ha) = CWN; (mm) = 10

FEquation 3.9 : Monthly crop water needs equation (m%/ha)

Monthly crop water needs (m3/ha)
30

Average daily crop water needs (m3/d/ha) =

Equation 3.10: Average daily crop water needs equation (m'y/d/ha)
Peak crop water requirements (m3/d/ha) = Average daily crop water needs (m3/d/ha) * 2

Equation 3.11: Peak crop water requirements equation (mg/d/ha)

A discharge in m’ /d/ha is not a very convenient unit to use for design purposes. A

more common unit is 1/s/ha, calculated by:

Peak crop water requirement (lI/s/ha) = Peak crop water requirements (m3/d/ha) * 0.012

Equation 3.12: Peak crop water requirements equation (1/s/ha)

The peak scheme water demand is the discharge in litres per second (1/s) required to
meet the peak crop water needs, plus the losses which occur in field application and
the distribution system. The overall loss is called irrigation efficiency and can be
calculated by Equation 3.13. (See Table 3.2-3)

Irrigation efficiency (%) = field application efficiency * distribution efficiency = 100

Equation 3.13: Irrigation efficiency equation (%)

Peak water demand (PWD) can be calculated from:

Peak crop water requirements (l/s/ha)

Peak water demand (l/s/ha) = Irrigation ef ficiency

Equation 3.14: Peak water demand equation (1/s/ha)
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This discharge in 1/s/ha is called duty. The value assumes that 1 ha of land is being
irrigated and the system will be running 24 hours every day to meet the water demand.
In practice the irrigated area may be more or less than 1 ha, and pumping systems do
not normally operate 24 hours a day, and may only operate during a few hours
throughout day. To take account of areas with various size (<> 1 ha) and for different

hours of operation, the following equation is used:

Peak water demand (l/s/ha) * cropped area (ha) * 24

Peak scheme water demand (l/s) = hours of operation (h)

Equation 3.15: Peak scheme water demand equation (1/s)

Finally, seasonal scheme water demand (mg) is referred to as the amount/volume of
water needed over a season, taking into account the water losses in the distribution
system and in field application [75]. It also constitutes the main responsible parameter
for the estimation of the electricity demand required for pumping over a season as it

will be further explained in the following section.

Monthly crop water needs (m®/ha) * cropped area (ha)

Seasonal scheme water demand (m?) = - - —
Irrigation ef ficiency

Equation 3.16: Seasonal scheme water demand equation (7n3)

3.4.4 Electricity demand modelling

Water abstraction from underground aquifers typically requires energy for pumping.
Electrical energy or electricity (kWh) is expended when a unit volume (m?) of water
passes through a pump during its operation. According to Ahlfeld et al. (2011), energy
consumption for pumping irrigation purposes can be expressed as the energy required
to lift the water from the groundwater source, followed by the energy required to
overcome friction in pipes, pumps, and other elements of the distribution system used

for conveyance of the water across the land surface [117]. As shown in Figure 3.5, an
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essentially linear relationship seems to exist between the electricity intensity value for

ground water pumping and the depth from which it is pumped at a specific pressure

[118].
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Figure 3.5: Electricity required for pumping 1 m3 of water as a function of lift with different discharge pressure
requirements (Martin et al., 2011; Plappally et al., 2012)

It should be noted at this point, that the aforementioned lift depicted in Figure 3.5,
does not represent the actual depth of the groundwater source, but it includes as well,
the sum of the distance from the base of the pumping plant to the static ground water
level and the ground water drawdown. Water drawdown, in simple terms, represents a
potential cone-shaped depression in the aquifer ground water level that results from
pumping in the long-term. The amount of energy consumed in lifting underground
water is also highly affected by the location of the water source relative to the location
of discharge [117], a significant parameter, which would not be easily accounted for

without the use of GIS in the employed methodology.

In any case, nonetheless, a detailed review of the complete irrigation should be first
taken into account, assessing the distribution and conveyance system and the explicit
pump characteristics. Some of the general type of pumps used for drawing ground water
are fixed speed, horizontal multi-stage centrifugal pumps, and submersible pumps

[119]. Thus, the electricity demand depends on the efficiency of the pump, the pipeline
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line and diameter, pipe material roughness or friction factor, and the volumetric
demand for water. Electricity demand, Ep (kWh), can be therefore expressed as the

following function:

ED =f(drVrPrt'fl)

Equation 3.17: Electricity demand function (adapted from Plappally et al., 2012)

where d is the distance through which the water is to be lifted, V is the required
volumetric amount of water for pumping, P is the pressure requirement at the point of
use, t is the time over which the water is pumped (assuming a constant head), and f;

is the friction loss along the distance d within the distribution system [117], [118].

In an attempt to interpret Figure 3.5 into a numerical example, a system with a
pumping lift of 46 m and requiring a discharge pressure of 4 bar would consume around
0.367 kWh/ m® of electricity. Similar energy consumption numbers have been reported
in multiple case studies for pumping groundwater around the globe [120] [121], allowing
for the translation to a value close to a specific groundwater pumping energy use of
0.004 kWh/m” per m of lifting [118] [122] (Figure 3.6). This figure is greater than what
gravitational head alone would require; that being simply water density times gravity,

or 0.00272 kWh/m® per m of lifting.
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Based on the above numbers and reports, the calculation of the electricity demand
(EDgyw in kWh) for pumping water from groundwater resources, can be synopsized in
the following equation:

Seasonal scheme water demand (m3) + TDH ;,,(m) * 0.00272
PPsr (%)

EDgw (kWh)l =

Equation 3.18: Electricity demand equation 1 (kWh)

where Seasonal scheme water demand ( m‘?) was defined in the previous section as the
total volume of water required pumping over a selected season, TDHy,, (mm) represents
the Total Dynamic Head which is basically a meter of pressure (Equation 3.19) and
PP,y (%) accounts for the Pumping Plant efficiency which is presented in Equation
3.20.

The calculation of the Total Dynamic Head is estimated using the following equation:

TDH,, (m) = EL (m) + SL (m) + OP (m) + FL (m)

Equation 3.19: Total Dynamic Head equation (m)

where EL (m) is the Elevation Lift which is the sum of the depth to the groundwater
level of water and of the water table or drawdown, SL (m) expresses the Suction Lift
which is assumed to be zero in groundwater vertical pumping, OP (m) stands for
Operating Pressure and accounts for the pressure needed based on the application and

conveyance system, and FL (m) expresses the Friction Losses in the piping systems.

The equation used for the estimation of the Pumping Plant efficiency is given below
(Equation 3.20), while a detailed efficiency table for the overall irrigation pumping
process can be found in the following sub-section in Table 3.4.
PP.ss (%) = fuel efficiency » power unit ef ficiency = transmission ef ficiency

* pump ef ficiency x 100%

Equation 3.20: Pumping plant efficiency equation (%)
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The above electricity demand equation (3.18) is also validated and suggested, in a
different form, by Kay et al. (1992) [75] in the corresponding FAO Training Manual,

where the overall electricity need over a period of time is given by the equation:

Seasonal scheme water demand (m?) «* TDH ,,,(m)
367 * PPF .7 (%)

EDgW (kWh)z =

Equation 3.21: Electricity demand equation 2 (kWh)

where the multiplier (1/367) is equal to 0.00272479564 as found in Equation 3.18.

Finally, the overall power demand for pumping water from the underground, is

determined using the equation adapted from the aforementioned FAO manual [75]:

9.81 * discharge (m3/s) x TDH 5,,(m)
PP ;s (%)

PD,,, (kW) =

Equation 3.22: Power demand equation (kW)

where discharge (m’/s) is the Peak scheme water demand (I/s) (Equation 3.15)

3
expressed in m”/s.

A simple energy (EC) cost equation is finally formulated, taking into account the fuel

consumption and the current or projected fuel or electricity grid price.

EC,,,($) = ED 4, (kWh) + fuel consumption (I/kWh) * cost per litre or energy unit consumed($/l or $/kWh)

Equation 3.23: Energy cost equation ($)
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3.4.5 Scenarios under consideration

Baseline reference scenarios (Base year 2013)

In order to be able to comprehend and evaluate the dynamics of the output, as well as
investigate how results change under different circumstances and parameters, a number
of indicative scenarios was selected for further assessment. Within this context, the
identification of scenarios which would allegedly be of the highest interest and impact
for useful insights took place, having in mind estimated projections and potential
situations that might arise in the future regarding irrigated agriculture. Because of the
complex nature of the multi-dimensional approach described in the previous sections,
the development of the scenarios was based on the intersection of three main categories:
irrigation technology efficiencies and energy sources of irrigation water pumping,

changes in irrigated land, and climate change.

The baseline reference scenario was calibrated and based on the most recent data from
FAO AQUASTAT [45] for the year 2013. According to this, a total area of 4,120,269
ha of maize was planted in Tanzania, from which only 3 % being irrigated (124,000
ha). Out of the total area of 363,514 ha equipped for irrigation (2.3% of the total area
cultivated) in Tanzania in the same year, the main types of irrigation schemes
distinguished were: large irrigation schemes covering an area of 55,229 ha (15 %),
usually managed by the Government, commercial farms and other external agencies,
traditional irrigation schemes ran and initiated by the farmers themselves, with no
external intervention, covering 117,000 ha (33 %), improved traditional irrigation
schemes with the only difference of improved diversion structures for full control
irrigation, drainage and flood protection, reaching up to 190,285 ha (52 %), and finally
spate irrigation with only 1,000 ha (1 %), which basically use flash flood irrigation
when available. With regards to the methods of irrigation, there are mainly three most
commonly used, distinguished into surface (SU), sprinkler (SP), and trickle or drip
(DR) irrigation (Table 3.2). Breaking them down, SU is the most common and less
expensive method used for traditional, small schemes, and involves flooding water

across the soil surface so that it can be infiltrated below the root zone and be used by
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the cultivated crop. It generally requires less energy than the other methods, mainly
because of the low dynamic head required for distribution across the farm. SP irrigation
is involves distributing water in pipes under pressure and spraying it into the air so
that it falls to the soil surface like natural rainfall. Compared to SU, SP systems are
generally more efficient, but pressure (or head) play an important for the successful
operation, making them more energy intensive. Finally, DR irrigation systems involve
dripping water onto the soil at a very low flow rate from small diameter, usually plastic,
pipes with outlets, called emitters. In such systems, water is applied really close to the
root of the crops so that only those parts are wetter. DR irrigation is supposed to be
the most efficient method of applying water to the crops, requiring less operating

pressure that SP, and therefore, less energy to operate successfully.

Table 3.2: Typical values of irrigation methods application efficiencies (%) (adapted from FAO, 1992)

Irrigation method = Application efficiency (%) Source

SU 60
SP 75 [75]
DR 90

For the water to be distributed from the pumping location across the soil surface, as
well as taking into account the vertical distance to the groundwater level, different
methods of distribution are employed. Earth and lined canals, and most often pipes
nowadays, are used and losses may occur from the channels through seepage,
evaporation, mismanagement and malfunction of the distribution systems. For design
purposes and the development of potential scenarios, Table 3.3 below indicates

indicative values of distribution efficiencies for the aforementioned structures.
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Table 3.3: Typical values of distribution methods efficiencies (%) (adapted from FAO, 1992)

Distribution efficiency (%) Source
Scheme size (ha)

Earth canals Lined canals Pipes

Large (> 2000) 60 - 80 95 95
[75]

Medium (200-2000) 70 - 85 95 95

Small (< 200) 80 - 90 95 95

With regards to the pump type and the source of energy, compatible pumps are usually
driven by a power unit such as a diesel or petrol engine, or an electric motor. In the
spotlight of sustainable development and the holistic integration of renewable energy
sources in the electrification mix, solar and wind power are also used to provide the
power source for pumps to operate; however, they are out of the scope of this study.
The primary concern in this piece of work, and therefore the development of the
corresponding scenarios, is the use of diesel (DP) and electric (EP) pumps. Pumps are
classified into axial flow, centrifugal and mixed flow, accompanied by different
characteristics regarding the pump size (diameter), discharge rates and efficiency of
operation [75], [119]. It is really important to note that the study of the optimal pump
selection and the differences among different kinds of pumps may go in very deep detail
and have significant impacts on the efficiency of the overall irrigation system; however
due to their complex nature, the scenarios are limited to their efficiency parameter
only. The efficiency of the components of the pumping plant are distinguished into fuel
efficiency (%), power unit efficiency (%), transmission efficiency (%), and pump
efficiency (%), as seen in Equation 3.20. The overall pumping plant efficiency scenarios

assumed for this work can be found in the following table (Table 3.4):
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Table 3.4: Typical values of pumping plant efficiencies (%) (adapted from FAO, 1992)

Fuel
Power unit Transmission Pump Pumping plant
Pump type efficiency Source
) efficiency (%) efficiency (%) efficiency (%) efficiency (%)
(]

Low-

efficiency 90 30 90 40 10
(WC)

DP

High-

efficiency 100 40 100 80 32

BC
(B9 (73], [19],
[123]

Low-

efficiency 90 75 90 40 25
(WC)

EP

High-

efficiency 100 85 100 80 70
(BC)

Energy costs, and more specifically, grid electricity price (US$/kWh) and diesel pump
prices (US$/1) are assumed to be the same across the whole country at a standard level
of 0.11 US$/kWh and 1.9 US$/1 respectively for 2013. Projected estimations for the
following scenarios are retrieved from TEMBA-OSeMOSYS, a tool that describes the
least cost power generation mix based on the net present value [124]. The grid
electricity cost is estimated to be 0.062 US$/kWh, while the diesel pump price 0.81
US$/1 in 2030 [24].

Projected future scenarios (End year 2030)

Based on the really low share of irrigated area over total cultivated area in the country
of Tanzania (only 2-3 % of the total area is equipped for irrigation) and the irrigation

development potential reported in the country’s NIMP (2002), relevant scenarios are
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developed on the axis of changes in irrigated land. The irrigated land could increase
substantially over the next years as the agricultural sector sees increasing investments
from both public and private sector, as well as the Government’s shift towards policies
and development plans aiming at agriculture modernization, discussed in Chapter 2.
Two scenarios are considered for the above reasons; a moderate development scenario
following the past trends and patterns of irrigated land as seen in Graph 2.6 of Chapter
2 (estimated at an annual growth of 6.7 %), and an optimistic scenario trying to keep
up and meet the high potential target of the total 2.3 million which could be potentially
irrigated as reported in [51]. Assuming that irrigated maize will continue to comprise
the 40 % of the irrigated land as in 2013, an average annual rate of 12.5 % is estimated

in order to reach a total area of 920,000 ha by 2030.
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4. Results

4.1 Baseline reference scenarios results

In total, 14 scenarios (Graph 4.1-14) were developed for the baseline scenario of the
reference year 2013. The output of these scenarios is presented as aggregated tables
representing monthly values for the water requirements (mS), power demand (kW),
electricity demand (kWh) and energy cost (US$). The parameterization of the
aforementioned scenarios lies on the assumptions presented in the previous chapter,

accounting for the significant application and distribution efficiencies of typical

irrigation technologies, as well as for energy source and efficiencies of pumping plants.
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250000

200000

150000

100000

50000

0

Jan

ESSWD (x1000mA3) | 113947
HPPD (kW) 26580
"ED (x100 kWh) 38384
HEC($Us) 42223

Feb
48708
11020

15914

17505

Mar
67128
15171

21909

24099

Apr

52506
12435

17957

19753

Graph 4.2: 2. 2013 _100EFF _EP scenario
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Overall, despite the significant changes in terms of the efficiencies applied, there is, as
expected, a linear relationship between the total volume of water required and the
energy demand for the depicted irrigated areas. Water and energy requirements for
total irrigated land of 124,000 ha maize in Tanzania were subjected to different
scenarios, and indicative developed heat maps are presented in Figures 4.1-4, in order
to showcase the output features of the developed methodology. Electrically-driven
pump scenarios seem to be less energy intensive than diesel engine pump scenarios.
This is, generally, the case as electric pumps operate much more efficiently than diesel
ones. The total aggregated electricity demand in an annual base, for the reference year
of 2013, seems to present a significant range; from 170 GWh for DR irrigation powered
by electric pumps, up to 28 TWh for the least efficient worst case scenario of SP
irrigation powered by diesel pumps. Despite the relatively low water demand for the
SP scenarios, the energy input is exponentially increasing due to the high operating
and application pressure required, constituting those scenarios energy intensive
compared to the rest, and therefore out of consideration. SU scenarios seem to perform
well, with relatively low energy inputs due to the very low pressure levels required in
order to convey and apply the abstracted water across the soil surface. SU irrigation
methods applied may look promising to be accounted for, however field experience
indicates that they are quite difficult to be managed efficiently, especially when it comes
to large irrigation schemes. Unlike electricity, on the side of the volumetric demand of
water, SU scenarios perform the worst, with water needs required for abstraction
reaching up to 2.7 km3, while SP and DR scenarios performance ranges between 1.8
and 2.1 km®. It is interesting to point out, that the irrigation water withdrawal for
maize in Tanzania in 2013 (FAO), was estimated at 2.7 km® in order to cover the crop
water needs of 1.55 km”® in total, for the reported year. Drawing on the advantages of
GIS, heat maps or attribute maps are easy to be developed, as can be seen from the
indicative maps of electricity demand. Higher inputs of energy are spotted in the north-
east and south-west areas of the country, where the bimodal administrative regions
happen to be located. The high water and energy needs are also explained during the

months of May-June and November-December, since during these seasons of the
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agricultural calendar, Msimu and Vuli rains overlap within the dual rainfall pattern of

the country.

4.2 Projected future scenarios results

Two additional scenarios were developed taking into account changes, and more
specifically expansion, in the irrigated area under cultivation. A moderate (6.7 %) and
an optimistic (12.5 %) development scenarios were employed in order to reach a
potentially irrigated area of 373,437 ha and 920,000 ha of maize, respectively. From the
baseline scenarios, scenario number 14 was selected as the optimal, thus the projected
future scenarios are assumed to be irrigated under improved drip irrigation technology,
powered exclusively by electric pumps. As estimated from the following maps, the
aggregated volume of water withdrawal increased from 1.8 km® to 5.42 km® for the
moderate development scenario, reaching up to 13.3 km® for the optimistic scenario. In
terms of electricity needs, demand increased to 518 GWh for the moderate scenario,

followed by the optimistic one which was estimated to almost 1.3 TWh.
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Figure 4.5: Projected water demand 2050 (kmd) - Moderate development scenario
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Figure 4.6: Projected water demand 2050 (kmg) - Optimistic development scenario
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5. Conclusions and recommendations for future work

In this study, a GIS-based approach for the incorporation of productive uses of
electricity, with regards to irrigation in agriculture, was conducted. The developed
methodology was applied in the case study of maize for Tanzania. Lying on the
rationale of the global growing energy demand towards global electricity access by 2030
under the scope of the SDGs and the SE4ALL initiative, the objectives of this work
were focused on the estimation of water and electricity demand for pumping water

from groundwater sources.

The study initiated with a base line collection of geospatial and national statistics data;
however, the general paucity of georeferenced demand related information hindered the
collection process to a great extent. As an outcome, a model accounting for climatic,
spatial and temporal parameters was created, in order to answer the research questions
under consideration. Additionally, 16 scenarios were developed in order to assess and
evaluate the dynamics of the output, taking into account irrigation technology and
energy source efficiencies, as well as projected changes in irrigated area aligned with
the overall shift towards the modernization of agriculture. Namely, Tanzania’s water
demand for irrigating 124,000 ha of maize was estimated, under the optimal scenario,
to be 1.8 km3, projected to reach 5.42 km® or even 13.3 km® by 2030. Subsequently,
irrigation electricity needs in 2013 were estimated at 170 GWh in the same optimal
scenario, with a range subject to increase significantly under different irrigation method

efficiencies and changes in irrigated area.

This piece of work was the first attempt in order to cover the reported literature gap
and intended to create a generic framework aiming to facilitate national and energy
demand planning in developing countries through a holistic approach. Paying respect
to the global initiatives towards energy poverty elimination through sustainable
development and promoting the continuous research on the field of energy assessment,
planning and implementation, the recommendations and ideas for future work are

suggested below.
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The Thesis was elaborated on findings, estimations and assumptions derived mainly
from literature review, which at times could be considered obsolete. Due to the lack
related data, cross referencing was not always feasible, therefore validation of the data
through a field study would contribute to a great extent, adding significant value to

the developed methodology.

Further improvement of the water balance demand model is also recommended by
including further water related information and parameters under the context of
sustainable water management. Another option would be the incorporation of different
sources of water (such as surface water, rivers, lakes, dams etc) for pumping irrigation,
besides groundwater. A shortest path algorithm for the optimal selection of the water
source in GIS would allow a more detailed and comprehensive approach of the water

requirements and, subsequently, the implied energy needs.

With regards to the scenarios development and the future projections, there is
unanimous belief that irrigation can play a pivotal role against the mitigation of climate
change and variability impacts, enhancing agricultural productivity and profitability.
Temperature, rainfall, solar radiation, and wind, are highly interconnected with the
estimation of reference crop evapotranspiration and the required crop water needs
throughout the agricultural calendar, and therefore with the overall seasonal energy

needs. The estimation of crop production and potential yields is also recommended.

Finally, the results of the Thesis are expected to infer to critical improvements on the
existing methodology behind geospatial energy planning for agricultural purposes and
enhance the application of the model in similar studies of other countries in the future.
The incorporation of the results of the case study of Tanzania in OnSSET in the future,
is expected to show the optimal split between grid, mini-grid and standalone
electrification solutions, as well as which energy resources should be used in order to
achieve the lowest cost of electrification. This information could potentially be used by
energy planners in the country, policy-makers or other organizations involved in
electrification projects but also be the base for future research towards energy poverty

elimination.
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APPENDIX A

Table A.1: Multi-tier Framework Matriz for household electricity access and services (ESMAP/WB)

Scope
Power
capacity
Peak (W)
capacity Power
capacity
(Wh)
Hours
Availability /day
(duration) Hours
/evening
Reliability

Tier criteria

98

Tier 1

Min 3 W

Min 12
Wh

Min 4
hrs

Min 1 hr

Task
lighting
and
phone
charging

Tier 2

Min 50 W

Min 200 Wh

Min 4 hrs

Min 2 hrs

General
lighting and
phone
charging and
television and

fan

Tier 3

Min 200 W

Min 1 kWh

Min 8 hrs

Min 3 hrs

Tier 2 and
any
medium-
power

appliances

Tier 4

Min 800 W

Min 3.4
kWh

Min 16 hrs

Min 4 hrs

Max 14 hrs
disruption

per week

Tier 3 and
any high-
power

appliances

Tier 5

Min 2 kW

Min 8.2 kWh

Min 23 hrs

Min 4 hrs

Max 3 hrs
disruption/week of
total duration <2

hrs

Tier 2 and any
very high-power

appliances



APPENDIX B

Table B.1: Tanzania administrative boundaries and rainfall pattern

ID

10

11

12

13

14

15

Administrative

Area - Level 1
Arusha

Dar es Salaam
Dodoma
Geita

Iringa

Kagera
Katavi
Kigoma
Kilimanjaro
Lindi
Manyara
Mara

Mbeya
Morogoro

Mtwara

Rainfall
pattern

Bimodal
Bimodal
Unimodal
Bimodal
Unimodal
Bimodal
Unimodal
Bimodal
Bimodal
Unimodal
Unimodal
Bimodal
Unimodal
Unimodal

Unimodal

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Mwanza
Njombe
Pemba North
Pemba South
Pwani
Rukwa
Ruvuma
Shinyanga
Simiyu
Singida
Tabora

Tanga

Zanzibar North

Zanzibar South

and Central

Zanzibar West

Bimodal

Unimodal

Unimodal

Unimodal

Unimodal

Unimodal

Unimodal

Bimodal

Bimodal

Unimodal

Unimodal

Bimodal

Unimodal

Unimodal

Unimodal
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