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Abstract 
To provide electricity access to the population currently deprived of it, is one of the sustainable development 
goals. Although the number is decreasing and is below 1 billion people without access to electricity for the 
first time in the year 2017, there is still much to be done. At the current rate of electrification an additional 
approximately 550 million people of those deprived now would have access to electricity by the year 2030, 
but 650million would still be without electricity access. This report studies the spatial factors that affect how 
MV network expansion occurs. The motivation for this report comes from studying previous research work 
using GIS and studying the Open Source Spatial Electrification Tool (OnSSET) which is developed by the 
division of Energy Systems Analysis at KTH. The objective of this tool is to aid electrification planning by 
examining options ranging from national grid expansion to off-grid resources such as solar, wind, hydro 
based on spatial analysis of data. 

The study is conducted into two parts. First by undertaking a literature review of relevant GIS based 
electrification and utility planning articles, to identify the factors that contribute to the costs of grid network 
extension. Thereafter, existing grid networks in Malawi, Nigeria and Uganda have been analyzed to examine 
the correlation to the different factors identified in the literature review. A qualitative comparison is 
conducted between the different countries to aid the development of spatial analysis tools such as OnSSET. 

The observations made studying the countries in the Sub-Saharan Africa region are noted down in the 
results section depicting similarities in planning and implementation of the grid network. Finally, necessary 
suggestions are made that might supplement and help the efforts in geospatial electrification network 
planning tools like OnSSET. The differences between literature review and practical geospatial analysis tools 
is also mentioned including the challenges faced during this thesis. 
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Sammanfattning 
Att kunna förse el till befolkningen som för närvarande ej har tillgång till det är ett av de globala 
hållbarhetsmålen. Även om andelen av befolkningen som inte har tillgång till el sjunker och befinner sig 
under 1 miljard för första gången år 2017, behöver mer göras. Vid nuvarande tillväxt av antalet människor 
som får tillgång till el kommer ytterligare 550 miljoner ha tillgång år 2030, men 650 miljoner kommer 
fortfarande vara utan. Denna rapport studerar de rumsliga faktorerna som påverkar sättet som utbyggnad 
av MV-nätverk sker. Motiveringen till denna rapport härrör från tidigare forskning med GIS och 
undersökningar av Open Source Spatial Electrification Tool (OnSSET) vilket är utvecklat av enheten för 
Energisystemanalys på KTH. Syftet med detta verktyg är att bistå planering för elektrifiering genom att 
analysera såväl utbyggnad av det nationella elnätet som fristående alternativ som sol-, vind- och 
vattenbaserade resurser med hjälp av spatiala dataanalyser.  
Denna undersökning genomförs i två delar. Den första delen behandlar litterära studier av relevanta GIS-
baserade studier för elektrifikations och nätverksplanering,, för att identifiera faktorer som bidrar till 
kostnaden av nätverkets expansion. Den andra delen behandlar existerande nätverk i Malawi, Nigeria och 
Uganda som har analyserats för att analysera korrelationen mellan de faktorer som identifierats i den litterära 
undersökningen. En kvalitativ jämförelse genomförs mellan de olika länderna för att bidra till utvecklingen 
av rumsliga analytiska verktyg som OnSSET. Observationerna som gjorts vid undersökningen i delen av 
Afrika söder om Sahara är noterade i resultatsektionen som skildrar likheter i planering och implementering 
av rutnätverken. 

Slutligen är nödvändiga förslag gjorda som möjligen kan bidra till och hjälpa i arbetet för geospatial 
elektrifikations planeringsverktyg som OnSSET. Skillnader mellan litterära undersökningen och praktiska 
geospatiala analysverktyg är också nämnd inklusive utmaningarna inför denna avhandling. 
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1. Introduction 

 Background 
“Electricity can transform people’s lives, not just economically but also socially.”  

– Mr. Piyush Goyal Minister for Power, Govt. of India, 2014 
The United Nations Sustainable Development Goals feature 17 goals and are created to work upon a wide 
range of global problems from poverty, peace and justice to form partnerships between organizations to 
achieve these goals. Amongst these, Sustainable Development Goal 7 (SDG7) is dedicated to ensuring 
access to affordable, reliable, sustainable and modern energy for all by the year 2030. It has been seen that 
since the year 2000, electricity access globally has increased from 78% to 89% in the year 2017, while the 
total number of people without electricity has gone below 1 billion, which is still a long way to go. The 
increased access to electricity has been mainly due to the progress made in least developed countries (United 
Nations, 2018). The United Nations has also launched a sustainable energy for all (SEforALL) project that 
entails 20 of the world’s high impact countries. Almost half of these 20 countries are in the African 
continent, wherein a large portion of the population is still dependent on traditional means of energy 
sources. The other half are countries from Asia, particularly South-Asia. The heatmap in fig.1 below shows 
the countries with lack of access to electricity in the year 2014 spread across the continents of Asia and 
Africa (Sustainable Energy for All, 2017). However, it is also some of these countries, like Kenya, Malawi, 
Sudan and Uganda, which have made the most progress in electrification access from 2012-14. The report 
also states that to achieve the objective of sustainable and affordable energy for all by 2030, global rates in 
progress of electrification needs to be quadrupled. The electricity access increase rate was 0.19% a year 
during 2012-14 (Sustainable Energy for All, 2017) while the rate required to reach electricity for all by year 
2030 is 0.80 % a year (The World Bank, 2019). 

 
Figure 1: Sustainable Energy for All Heatmap of countries with population without access to electricity in millions 

(Sustainable Energy for All, 2017) 

The (Sustainable Energy for All, 2017) report indicates that a positive steep rise in electrification rates 
coincides with a growing economy of the country as the incomes rise from 500$-1000$ per capita of GDP. 
It is seen that countries with high levels of poverty have regions that lack access to modern energy, primarily 
since they cannot afford the service. This also translates to households lacking access to electricity having 
fewer opportunities for income generation. At the same time, multiple studies indicate that households or 
small businesses with access to electricity usually have higher household income (The World bank, 2017). 
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The 17 UN sustainable development goals combined together have 169 targets in the Agenda 2030 and 
(Nerini, et al., 2018) undertook research to validate the interlinkages and dependencies of the goals with 
respect to energy systems. The research found that actions in the energy systems would have a follow-on 
impact in 113 targets (~65%). It also state, that providing electricity access can achieve targets for education, 
provide basic healthcare, water and sanitation, information and communication technologies to enable 
global citizenship and eliminate local and global equalities. The improvement of existing infrastructure is a 
major component to achieve the SDG7 targets. This includes extending the electricity infrastructure to 
remote parts so that the dependencies on traditional means of fuel are reduced. Multiple research literature 
(Eggoh, et al., 2011; Rehman & Deyuan, 2018; Wolde-Rufael, 2004) shows that there is a direct linear 
relation to a country’s economic growth and it’s increasing energy demand.  

 Problem and Purpose of Project 

A report tracking the sustainable development goals estimates the people lacking electricity access as of 
2017 at 840 million. It also states that the global electrification rate is at 89% up from 83% in 2010 (The 
World Bank, 2019). The World Bank notes that the electrification access rate in rural areas is 79% as 
compared to the urban areas at 97%, with the consistency of electricity connection being fragile due to 
distribution networks. A part of the problem going ahead being to maintain a steady rate of electricity access 
is that the population that lacks access to electricity especially in parts of Sub-Saharan Africa lives 9 out of 
10 times in remote locations. On the other hand, in developing Asia, the part of population that remains to 
be served is in the overcrowded cities. (The World Bank, 2019).  

This thesis is inspired by the work carried out by the KTH division of Energy Systems Analysis and its 
Open Source Spatial Electrification Tool (OnSSET) which utilizes spatially explicit characteristics related to 
energy to perform electrification modelling using a bottom-up approach. This tool could be used to aid in 
education, help communities and energy specialists that may want to generate, analyze and visualize least-
cost electrification investment scenarios (KTH Division of Energy Systems Analysis, 2019; Mentis, 2017). 
Thus, OnSSET determines which technology (centralized grid connection, mini-grids or stand-alone) 
should be used in each location of an area to increase electricity access rates at least-cost, drawing on 
geospatial information. The expansion of grid depends on many factors, e.g. the level of electricity demand, 
population concentration, technical requirements and other factors. The cost of grid extension to connect 
new settlements depend among other things on the cost of the MV-lines connecting the settlement to the 
existing grid network. However, this cost can be different from location to location, depending on factors 
such as e.g. the terrain, slope, elevation, and distance to roads and infrastructure. This thesis aims to identify 
and inspect these factors and find a correlation and patterns with respect to existing infrastructure in place 
so that better planning of electrical utility expansion can take place using GIS in a least-cost manner. 
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 Research Questions 

1. To determine geospatial factors that plays a significant role in the cost of extending the grid network 
(e.g. road connectivity, terrain, etc.). 

2. To study existing grid networks and analyze the spatial factors that historically affected the choice 
of grid routing and to suggest improvements that would affect the choice of future grid routing. 

 Delimitations 

The thesis focuses primarily on literature review to determine and list out the different geospatial factors 
that affect the cost of extending a medium-voltage electricity distribution network. The fundamental 
application would be for electricity distribution planning with the use of spatial data and analysis. The study 
was restricted to existing overhead medium voltage grid networks with grid voltages ranging between 11-
66kV. Further, the working of the OnSSET tool is studied to understand how it can be enhanced for further 
development. The countries studied in this thesis are from Sub-Sahara African region, namely Malawi, 
Nigeria and Uganda. In the case of Nigeria, the dataset for electricity transmission network is obtained only 
for the service area for the Kano electricity distribution company (KEDCO). The timeline for the data 
collected for all datasets was set at data published after 2014. This is to ensure that most recent changes are 
considered while studying and analyzing the obtained data. Thus, the transmission and distribution network 
data for Malawi and Nigeria is from 2017 while the data for Uganda is from 2016.  
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 Methodology 
This section outlines the process applied and the methods adopted to meet the objectives of this thesis. The 
primary methodology for this thesis report is literature review of peer-reviewed journal articles, reports from 
independent individuals and international organizations to understand the use of spatial data and how it is 
used for electricity distribution planning. Further, the OnSSET developed by KTH-dESA) was studied. 
Relevant technical information was also derived from academic textbooks, guidebooks and other necessary 
technical documentation to learn the different aspects of planning an electricity distribution network. 
Analysis of GIS data by means of a case study for the countries of Malawi, Nigeria and Uganda was 
undertaken to analyze the trends and patterns for the existing electricity grids and produce a qualitative 
analysis report. 

 Open Source Spatial Electrification Tool (OnSSET) 
OnSSET is an energy modelling tool developed by KTH-dESA to generate electrification investment 
scenarios, considering both on- and off-grid technologies. It can be used both in academia and policy 
analysis to estimate, analyze and visualize energy related GIS data. OnSSET uses spatial population density 
maps as its base dataset layer, and simulates where grid-expansion or off-grid technologies can provide 
electricity at the lowest cost (KTH-dESA, 2019). The other geospatial data layers for data analysis that are 
used by OnSSET are mentioned in Appendix A (KTH-dESA, 2019). 

 Geographical Information Systems (GIS) 
The effective use of geographical information systems (GIS) began in the 1960’s when the Department of 
Forestry and Rural Development in Canada used automated maps to gather data and create an inventory of 
natural resources distributed across the country. It laid the foundation for coordinate systems, ability to 
transform physical data scans into different layers of topology and map formats based on specific location. 
Over time, GIS as a tool evolved as the ability to gather, visualize and analyze data became sophisticated 
and digital. This facilitated and expanded the geospatial boundaries and the capacity to store and process 
data. In modern times after continuous refinement and improvements, GIS has acquired tools and 
techniques that enable it to be used for purposes ranging from urban planning, disaster response, utility 
distribution, natural resource distribution and defense planning. The additional feature of remote sensing 
has made it possible to accumulate data from any part of the world using spatial sources (Tate, 2018). 

GIS is a platform that “integrates hardware, software, and data for capturing, managing, analyzing, and 
displaying all forms of geographically referenced information”. It helps in understanding problems, finding 
relations and complexities, patterns, trends and coming up with solutions in the form of charts, reports and 
data. Although utilities have been using GIS for some years, they have been mainly used as a system of 
record. However, since the past few years, use of GIS in utility distribution, especially electricity distribution 
has transformed the working of a power company can be both planned and documented with the modern 
GIS. Spatial analysis of data is a common feature in GIS which is used by sectors such as utility, city planning, 
defense, retail, health etc. Using spatial data, a company can map weather patterns, areas of flooding, 
equipment failure locations and much more. This helps utilities find out new challenges and information 
about their current and future investments, reduce risks and allows them to study the technical, financial 
and environmental factors. Any changes during the planning, implementation or maintenance stage of a 
project can also be easily updated and documented using GIS. GIS also helps public utilities especially to 
determine optimal pathways that has the shortest and least impacts on environment or disruptions and that 
can be built with minimum costs (Adejoh, et al., 2013). 
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Spatial analysis models using GIS have been used in many instances for mass electrification around the 
world in countries such as India (Kanmani & Babu, 2014); South Africa (Dwolatzky, 2002) and Kenya 
(Parshall, et al., 2009) among others. The spatial model by Parshall et al., (2009) on national electricity 
planning for Kenya, where the penetration of electricity was low, tried to merge the engineering and 
planning of spatial rural electrification in terms of both cost and geographical coverage. The authors 
proposed a model which connected the demand nodes by shortest path available for a 100% penetration 
by identifying the population into clusters. In the long term it was seen that 93% of the households were 
at a distance that could be covered by the national grid which in the long run would be a cost-effective 
technology as compared to off-grid solutions. The study also revealed that when the penetration was 
aimed to be 100%, the average cost of national grid expansion per household was much lower than when 
the penetration was aimed to be more realistic at around 65%. 
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 Literature Review 

 The Electricity Network Infrastructure 

The below Fig.2 is a typical schematic diagram of the electricity infrastructure as it flows from the generator 
to the consumer, which includes large industrial, large commercial, small commercial and domestic 
consumption. As electricity is generated from the generating stations it is boosted up to travel long distances. 
Countries can have their own set of electrical standards depending on their requirements. However, the 
International Electrotechnical Commission (IEC) acts as an international standards organization that sets 
the standards for all electrical, electronic and related technologies. Although the technical data is uniform 
and in accordance with IEC, modifications can be done on a countrywide basis individually. 

 
Figure 2: The electricity flows from generators to consumers (Department of Energy and Climate Change, UK, 2010) 

For instance, based on IEC standards, the European standard (EN) for voltage classification according to 
EN 60 071 [1.8] standard is as follows: 

- Below 1 kV: Low Voltage (LV), 
- Between 1 kV and 45 kV: Medium Voltage (MV), 
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- Between 45 kV and 300 kV: High Voltage (HV), 
- Between 300 kV and 750 kV: Extra-High Voltage (EHV), 
- Above 800 kV: Ultra-High Voltage (UHV). 

The ultra-high voltage rating is given to voltages above 800 kV, extra-high voltage (EHV) contains 300KV 
and above ratings, high voltage (HV) lines contain 45kV and up to 300kV. These high voltages are then 
stepped down as per consumption areas for medium voltage (MV) distribution. The ranges lower than 33kV 
are also MV lines, however their classification is done on the basis of high-tension lines that supply electricity 
to industrial consumers whereas the low tension lines supply it to the residential consumers with the typical 
residential voltage, also known as low voltage (LV) being 110 V in the US, 230 V in other parts (World 
Standards, 2019; Government of India , 2019). Also, the voltage ratings for transmission and distribution 
are approximately the same the world over. 

The need for different voltage levels was required due to the massive cost differences between a HV network 
and a LV line. The medium voltage distribution network acts as a transitionary phase between the generation 
of electricity at the generators to the consumption of electricity. In rural areas the distribution lines are single 
phase primarily because they are adequate to carry loads of up to 25 amps and single-phase lines are also 
economical as compared to three-phase lines. The difference between the project costs of single-phase and 
three-phase line construction could be up to 50%. Moreover, if required the single-phase construction can 
be easily converted to a three-phase construction in the future. Single phase medium voltage networks once 
constructed only need minor adjustments such as upgradation of new distribution substations and circuits 
as the load increases in an area (Energy Sector Management Assistance Programme, 2000). The study for 
this report is concentrated to distribution network between 11kV – 66kV medium voltage network, for new 
connection routes connecting both the urban and rural locales. 

A report by Energy Sector Management Assistance Program (ESMAP) in the year 2000, for the Joint 
UNDP/World Bank, lays out the various factors that affect the cost of expanding medium voltage 
distribution network. These include cost of materials, labor cost and miscellaneous costs including profits. 
The material costs alone constitute about 70-90% of the total project costs depending on the type and 
quality of material used and its life cycle costs for maintenance. The labor cost varies from 10-30% based 
on the hourly rate paid to the workers (Energy Sector Management Assistance Programme, 2000). 

Medium voltage network distribution was introduced as an intermediary link between high voltage 
transmission networks and low voltage distribution networks. This is because the capital costs for MV 
networks is one tenth that of a HV network but only marginally higher than a LV 400V network. Thus, the 
introduction of a MV network is cost effective when it comes to electricity distribution even when taking 
into account all the HV/MV conversion infrastructure (Lakervi & Holmes, 2008).  

In a paper by Monteiro, et al., (2005) to aid the decision making process for power line path selection based 
on economic and environmental factors using GIS, a multi-criteria weightage system was proposed which 
considers the technological, economic, environmental and/or social interests. A case study in the region of 
La Rioja from Spain was used to propose path alternatives to install a 66kV overhead power distribution 
line with aluminum-conductor steel reinforce cable (ACSR-350) conductor size. Here studies showed that 
the line-corridor from (scenario 1) economic group perspective, considered costs for equipment, terrain 
installation costs. Terrain installation costs depended on extra difficulties due to forest cover, slope, distance 
to road and soil conditions. Additionally, weather component costs to consider special equipment due to 
weather and environmental safety costs to consider for special environment crossings or populated areas 
that require additional safety features were also evaluated by the economic group in scenario 1. It was seen 
that the options for least cost pathways in a region might not be necessarily adjacent to one another and 
that they can differ by up to 10%/km of the total cost. Although, the prerogative to choose the weightage 
of criteria if the proposed electric distribution line is to pass through farmlands, dense forests, places of 
natural or historic importance and environmentally or ecologically sensitive regions lies with the network 
designer (Monteiro, et al., 2005; Bagli, et al., 2011). 
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On the other hand, for (scenario 2) environmental group perspective, the criteria studied was 
environmentally protected areas and sensitive regions. This includes regions which are ecologically 
important and sensitive, within proximity to suburban inhabited areas but not too close to urban cores. The 
distance to road infrastructure was also assessed such that impact of road infrastructure and electricity 
distribution pathways is concentrated in the same space. The weightage was prioritized for maps which 
included environmentally protected areas, distance from densely urban areas (for health reasons) and 
proximity to roads (Bagli, et al., 2011). Hence, the algorithm chose median paths which were not too far 
away from the path suggested for the economical group perspective, both in terms of distance and costs 
investment. 

 
Figure 3: Towers for Medium Voltage distribution lines (Kiessling, et al., 2003) 

In rural areas of the developing countries, the electricity loads are considerably less, the distribution 
networks therefore can be overhead with towers having longer spans, with only air as insulation. The 
parameters that influence the tower configuration for overhead lines depends on the voltage to be carried, 
number of circuits per tower and type of conductor used. These factors also determine the type of tower to 
be used including their configuration and make of the towers which also influences the project costs 
(Kiessling, et al., 2003). Figure 3 represents the different types of towers that are used for overhead medium 
voltage distribution lines. The selection of a right distribution voltage is important as it determines the size 
of the conductor that would carry the electricity over long distances especially in rural areas. The size of the 
conductor is dependent on the estimated annual load growth per year, as the cost of conductor can forego 
the larger extra investment costs required at a latter state. Although it is the distribution voltage that 
determines the cost and the number of substations required, using higher voltages while selecting a MV 
network will reduce the number of substations thereby reducing overall costs. In comparison to this, in the 
urban centers, a single block could have a high-power demand, thus requiring several distribution 
transformers, underground insulated cables due to space constraints which are expensive. Thus, feeding 
distance is the main criteria in rural areas for electrical distribution, since the load points can be at far away 
distances. On the other hand, for urban locations, substation equipment, limited cable routes and losses 
decide the voltage. In such cases, a higher load of the available load is selected, for e.g. 10 or 20 KV, 11 or 
33KV etc. (Lakervi & Holmes, 2008). 
As mentioned earlier, medium voltage distribution networks can be planned either with overhead lines or 
underground cables. While designing the path of a distribution network, an overhead line is usually followed 
closer to straight roads wherever possible, unless the road has several bends and has a considerable slope 
due to its terrain. A road with several bends and turns is generally not followed, as an extra pole at every 
bend would be required for the conductors to be able to bend. A large quantity of such avoidable poles can 
increase the overall cost of an overhead electric distribution line significantly (West, et al., 1997). For 
instances where the path must be altered, the length of cables can only be approximated using a static detour 
factor, which is determined by “the ratio between the total length of the current network and the sum of 
the linear distances of the connected network nodes” (Lichtinghagen, et al., 2017). The approximated line 
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length for geographical realities can either be under estimated or overestimated In case of a winding road 
over steep slope terrain, the electricity path cannot be besides the road as large number of electricity poles 
are required over the bends, thus increase the cost of the project (West, et al., 1997). Underground cables 
are primarily preferred in urban areas or areas with high density of population. Apart from material costs, 
digging a trench for single underground cable makes for more than 80% of the cost, although subsequent 
use of cables in the same trench is only 10% (Lichtinghagen, et al., 2017). Thus, when implementing 
underground routing, it is important to factor in the number of cables that are planned to be underground. 
Overhead lines in general are cost effective as compared to underground cables and are especially preferred 
in rural areas as the population density is scarce which requires electricity to be distributed over long 
distances. Also, since overhead wires use air as insulation as opposed to underground cables that require 
special insulation which increases costs. The costs can include the terrain, access to construction material, 
cost of labor, maintenance and service costs, power losses. However, overhead wires are clearly cost-
effective when mountainous terrain or river crossings are involved. The construction of overhead wires 
requires enough electrical clearance from ground, such that they do not encounter trees, buildings and can 
facilitate the movement of both road and rail traffic underneath. These design requirements make for a 
good reason for overhead conductors in rural areas where population is sparsely distributed (Lakervi & 
Holmes, 2008). 

An example of another utility resource to estimate the least cost pathway can be seen from the company 
Bechtel, that designed a prototype for pipeline routing using remotely sensed data and GIS analysis. There 
are multiple examples of literature that work upon easing up the least cost pathways for utilities, such as 
highways for transport, gas pipelines and especially electricity distribution networks which are either based 
on Dijkstra’s shortest path method (further explained in Appendix B) or use a modified version of this 
method to find the shortest possible path (Huber & Church, 1985; Bagli, et al., 2011; Kosyakov & Sadykov, 
2016). The cost factors that were taken into consideration during the analysis included topography, terrain 
costs including slope, soil analysis, rail and road crossings, proximity to urban centres. A path of least 
resistance was then developed using a cumulative cost surface and ensuring that the path adhered to the 
boundaries defined by the technical project personnel. It was noticed that the urban and industrial areas and 
large water bodies projected higher cost factors, steep slopes and areas with sparse population estimated 
moderate costs while the lowest cost factors were encountered in areas with barren land, dry grass, 
agricultural areas and areas with less dense vegetation. The difference in costs between the straight-line path 
and the least cost pathway was achieved by avoiding urban and industrial cells on the straight-line path that 
showed higher cost factor. Their analysis concludes with the findings that a straight-line path could be up 
to 14% costlier than the least cost pathway even if the least cost pathway is longer than the straight-line 
route. (Feldman, et al., 1995). The same is also reiterated by (Lichtinghagen, et al., 2017), which states that 
depending on the geographical restrictions in reality, “the length of the detour factor is determined by the 
ratio between the total length of the current network and the sum of linear distances of the other connected 
network nodes”. 
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Thus, based on literature review, both technical and spatial factors affect the cost of construction for 
overhead power distribution lines. In the Table1. below some of the important technical aspects are listed 
and briefly explained: 

Sr. No Factor Sources 
1 Selection of Voltage Levels (Kiessling, et al., 2003); 

(Farrokhifar, et al., 2009); 
(Laanetu, et al., 2016) 

2 Conductor selection (Kiessling, et al., 2003) 
3 Line Configuration (Kiessling, et al., 2003);  

(Santos & Legey, 2013) 
4 Technical requirements and clearances (Kiessling, et al., 2003) 
5 Wind loads, Ice loads and combined loads (Kiessling, et al., 2003) 
6 Material selection for poles (Kiessling, et al., 2003); 

(Inversin, 2000); (Guldman, 1984); 
(Ahemad & Mundhada, 2013) 

7 Foundations (Kiessling, et al., 2003); (Blanco, et al., 2010) 
Table 1: List of Technical factors that affect the construction of overhead distribution lines 

 
1. Selection of voltage levels depends on the distribution distance and the current to be distributed 

that can satisfy the load in the planned areas. This because over longer distances there are voltage 
drops which need to be regulated to maintain the capability and reliability of a line over a longer 
period. 

2. Conductor design is an important part of the technical criteria as cost of conductors for overhead 
distribution lines is typically 30 to 35% of the total investments in the grid line. Earlier copper 
conductors were used which were costly and had technical difficulties over longer spans. The 
conductors in current use are aluminium conductor steel reinforced (ACSR) types which combine 
the good electric properties of aluminium with high strength of steel. 

3. Line configuration refers to the number of circuits per tower and other technical aspects such as 
high surge impedance which can differ on a project to project basis. 

4. Certain licenses and permit procedures are necessary to be obtained before planning the 
construction of an overhead electric distribution. This is required so that the planned path may 
traverse through forests, water bodies or close to residential housing. 

5. Depending on the area of study, factors such as wind velocities and ice loads are also taken into 
account as technical considerations to determine the tensile strength of the ACSR conductors, the 
strength of towers, materials for towers, foundation requirements and other technical equipment 
as required. 

6. There are various materials in use around the world for medium voltage overhead distribution 
power lines. Wooden poles are used extensively as they are economical for medium and low voltage 
lines. Also, in parts of Africa and India poles made of concrete and pre-stressed concrete are also 
used. Steel pole structures are used for high voltages or for medium voltage distribution in areas 
with specific requirement which may vary due to certain site conditions. 

7. The poles are connected to foundations as the entire weight of the distribution lines is transferred 
onto the foundation loads. Support sites and additional civil works maybe required at places of 
vulnerability or risk. 
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In Table 2. below the spatial factors identified in the literature review that affect the investment cost of 
national grid expansion. They are further explained as below. 

Sr. No Factor Sources 
1 Terrain (West, et al., 1997) 

(Kiessling, et al., 2003); 
 

2 Elevation/Slope (West, et al., 1997) 
(Kiessling, et al., 2003); 
(Shu, et al., 2012); 

3 Land Cover / Land Use (Kiessling, et al., 2003);  
(Jewell, et al., 2009); 
(Monteiro, et al., 2005) 

4 Distance from substations (Kiessling, et al., 2003) 
5 Access to infrastructure: Roads, railways (West, et al., 1997); 

(Kiessling, et al., 2003); 
(Jewell, et al., 2009); 
(Cheng & Chang, 2000) 

6 Population Concentration (Kiessling, et al., 2003); (Longa, et al., 2018) 
(Farrokhifar, et al., 2009) 

7 Sub-soil conditions (Kiessling, et al., 2003); 
(Şenyel & Guldmann, 2016) 

Table 2: List of spatial factors that affect the construction costs of overhead distribution lines 
 

1. Terrain: The geographical inundations of an area play an important role in electricity distribution 
planning. Especially in rural and rural-urban settlements, where the distance to be travelled could 
be longer, local topography such as hilly areas, forests or other environmentally sensitive areas play 
an important role as it is difficult to lay cables (West, et al., 1997).  

2. Elevation/Slope: Elevation data is essential for route selection as it contains flat and steep areas 
which can be studied according to their slope. The elevation data has two components, first being 
the altitude, height above the sea level in meters. Secondly, slope which is the subcomponent of 
digital elevation model (DEM) raster layer, used in estimating the grid extension suitability. The 
slope can differ on a site to site basis and for OnSSET elevation raster layer is separated into five 
class values based on elevation. DEM can either be continuous raster cells or triangulated irregular 
networks (TIN) created by elevation data. The classification of slope is further explained in section 
8.5 of this report. 

3. Land Cover: Current land cover also plays an important role when planning the route for 
distribution line network. As land cover can be either forest, plains, agriculture use or wetlands, 
priority is given on a project basis to each of the criteria while selecting the distribution line. Right 
of way is also an important aspect while analyzing land cover as appropriate forest clearances need 
to be undertaken with minimum impact on the environment. A right of way can be described as a 
piece of land which is used by the utility company to construct, build, operate and maintain the 
transmission or distribution line (Pagi & Badgujar, 2017). 

4. Distance from substations: Substations are used to convert a high voltage line to a suitable 
medium voltage line of desired use. Hence substations can be the beginning and terminating points 
of an electrical network. It also gives an idea of existing power lines and their current characteristics. 
Thus, distance of a distribution line plays an important criterion in the cost of electric grid 
distribution planning. 

5. Road Network: Most utility distribution lines run along the existing road networks or are planned 
in a way such that they follow the future road network layout (West, et al., 1997). This helps in 
cutting down the cost of transportation of material and labor to the specified route of distribution 
line. If the location of the desired route is further away from the existing road network, carrying the 
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material and labor might need special equipment which can be expensive and add to the overall 
costs. 

6. Population concentration: Power routes not only provide as electric routes but can also act as 
routes for telecommunication and cable networks. Hence, population concentration decides both 
the load requirement of a region and the eventual routing path of an overhead electric distribution 
line. As there are necessary clearances and technical specifications to be considered while passing 
around residential areas, combined with the reduced availability of land as there is an increase in 
population density and increasing land prices. 

7. Subsoil-conditions: As overhead electrical distribution requires for additional structures that need 
to support the weight of overhead wires and other equipment, therefore the foundations for the 
poles need to be strong enough to support it all. A sub-soil investigation also ascertains the risk of 
natural phenomenon like landslides due to unsecured soil conditions and helps determine the 
equipment needed for carrying out the foundation work for the electrical pole structures. 
Characteristics of the earth such as corrosiveness, depth of water table, layer of rock, ease of 
construction in a soil layer etc. are all factors to be considered while planning the construction of 
foundations for electric distribution grid. Corrosivity of the soil layer is an important effect that 
should be studied as it can have a significant cost impact on electricity cost models (Şenyel & 
Guldmann, 2016). It is therefore important to investigate subsoil conditions for electric grid 
distribution, as can be seen from the experience of ‘Mid-South Synergy’ an electric utility in Texas, 
US having problems with resilience, as dead trees caused outages. The utility then used GIS and 
soil analysis data to help identify the areas at a greater risk of outage (Feller, 2019).  There are various 
types of foundations to support the pole structures for overhead lines which depend on the type of 
support, magnitude of load, soil conditions and on possibilities for installing the foundations. The 
subsoil conditions determine the resistance and load that a pole can carry to support the overhead 
line and hence geotechnical designs and standards need to be followed. The foundations are also 
dependent on the soil layers, the soil itself being classified into individual types depending on the 
characteristics of the region. Undisturbed natural soil can be classified as (Kiessling, et al., 2003); 

1. Non-cohesive soils – with particle sizes above 0.06 mm, incoherent piles of sand, gravel, stones and 
rocks. 

2. Cohesive soils – with particle sizes below 0.06 mm, where individual particles cannot be told by the 
naked eye. Although they are further subdivided into silt and clay. 

3. Soils with mixed particle sizes – Mixed particle size soils are classified as non-cohesive if the 
proportion of weight of particles below 0,06 mm is less than 15 % and the non-cohesive parts 
determine the characteristics of the soil. Otherwise, the soil is addressed as cohesive soil with non-
cohesive additions. 

4. Organic soils – this contains residues of decomposed plants and animal organisms that comprises 
of peat, mud and clay. 

5. Rock – All solid soils are addressed by the term ‘rock’ representing the hard part of the earth’s crust. 
6. Filled-up soil – artificial filling or floating islands made up by filled up soil from external debris is 

classified as filled up soil. 

Sub-soil investigations need to be undertaken to ensure that necessary information is gathered to select a 
well-suited foundation type as it forms the basis of foundations of an overhead line. Although due to 
economic reasons and lack of time, sub-soil investigations need not be carried out at individual support sites 
over a constant terrain. Soil investigations are necessary to determine the depth at which the well-bearing 
soil is found. 
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There are different standards that deal with soil classification such as ASTM D 1452 (American Society for 
testing and Materials), BS 5930 (British Standard), DIN 4021 (Deutsches Institut fur Normung E.V.). In 
DIN 4021 soil samples can be distinguished as: 

1. Quality Class 1: 
Unaffected samples with respect to granulated composition, moisture content, density, coefficient 
of permeability, modulus of stiffness, shear strength. 
 

2. Quality Class 2: 
Unaffected samples with respect to granulated composition, moisture content, density, coefficient 
of permeability. 

3. Quality class 3: 
Unaffected samples with respect to granulated composition, moisture content. 

4. Quality class 4: 
Unaffected samples with respect to granulated composition. 

5. Quality class 5: 
Incomplete samples, only sequence of strata to be determined. 

Generally, for overhead lines, to determine soil characteristics, geotechnical characteristics established by 
laboratory tests are not necessary. The important characteristics such as determination of soil strata, their 
boundaries, particle composition, consistency, water table and organic components can be known from 
class 4 or 5 (Kiessling, et al., 2003). 
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 Case Study 
To ascertain the information found in literature review a case study for the countries of Malawi, Uganda 
and the region under KEDCO in Nigeria was conducted and the results were analyzed. A selection of the 
spatial factors mentioned above in Table 2. were studied and an attempt was made to find out similar 
characteristics and trends that show up in the existing MV grid network to better understand how the factors 
affect the route of the grid. The spatial data for distribution network for the countries under study was 
obtained from open source data portals. The datasets are as mentioned below: 

Sr. 
No 

Dataset Datatype Sources 

1 Administrative Boundaries Vector/Polygons (DIVA-GIS, 2019) 
2 Elevation/Slope Raster (DIVA-GIS, 2019) 
3 Land Cover / Land Use Raster (DIVA-GIS, 2019) 
4 Distribution Network Vector/Lines (Energydata, 2019) 
5 Roads Vector/Lines (DIVA-GIS, 2019) 
6 Population  Raster (Center for International 

Earth Science Information 
Network, 2019) 

Table 3: Datasets used for case study 

The GIS data is in either raster or vector form. The raster datasets were transformed to vector forms and 
appropriately classified. The MV grid network distribution data was analyzed with respect to factors such 
as proximity of the grid to roads networks and the surrounding buffer areas, the share of the grid passing 
through different areas of land cover, altitude and slope of the geographical area and population dispersion 
in and around the existing MV grid networks.. The voltage range under consideration was restricted to 11kV 
– 66kV which falls under medium voltage range. The data was analyzed with respect to the factors 
mentioned in the literature review. The data layers were corrected and reclassified where necessary. Further 
information on the steps taken to reorganize GIS data layers to analyze the data obtained is explained below. 
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 Case Study Results 

 Grid Distribution network proximity to Roads  
As mentioned earlier in the report the literature shows that the cost of construction for a grid is significantly 
less if the grid lines follow existing infrastructure lines such as roadways. Figure 4. below shows the existing 
MV grid network in the countries of Malawi, the region of Nigeria and Uganda and compares it to how 
closely it follows existing road infrastructure. It was observed by West, et al., (1997) that the network of 
roads usually provides for a good routing corridor for distribution network. Therefore, the basic planning 
of a distribution network commences with a road layout in all possible directions. Hence, generally during 
the planning phase sufficient buffer along the areas of interest is considered as a standard practice (Kiessling, 
et al., 2003; Etherington, 2016). To do this, the existing grid layer was a line layer, which was converted to 
a point layer with the distance between two points being 100m. The average span length between two 
overhead electricity distribution poles is 100m-120m (Kiessling, et al., 2003). Hence this same distance of 
100m was considered while breaking up the electricity grid into smaller parts for analysis. As planning of an 
electricity grid route also requires buffer areas to be considered both sides of the grid, and area with 500m 
and 1000m was considered as buffer. The chart below shows the percentage of existing grid lines within the 
buffer areas of roads. 

  

 

Figure 4: MV Grid distribution in proximity to roads (%) 

The total length of MV grid studied in Malawi, Nigeria and Uganda was approximately 161 km, 138 km and 
362 km respectively. The above chart shows that the percentage of the existing MV grid distribution lines 
that lie within the 500 meters is 18% for Malawi, 39% for Nigeria and 41% for Uganda. Whereas, percentage 
of the MV grid distribution lines within the 1000 meters on both sides of the roads 32% for Malawi, 58% 
for Nigeria and 61% for Uganda approximately.  As per (Langaas, 1995) report on Digital Chart of the 
World and its data quality the roads considered in the dataset are primary and secondary roads. Primary 
roads being “hard surfaced, all weather roads, with two or more lanes in width utilized for automobile 
traffic” while secondary roads are “all other roads maintained for automobile traffic”. More than 40% of 
the existing grid lines in Nigeria and Uganda are within 500 m, this corresponds to the information found 
in the literature where the cost of construction of an electric grid line is linked with the proximity to road 
networks.   
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 Population within Road Buffer 

 
Figure 5: Percentage of population within Road buffer area 

The total population of Malawi in the year 2017 was approximately 17.2 million, while that of Uganda was 
approximately 39 million. The above chart shows the percentage of people within 500m and 1000m both 
sides of the road. The population of the Kano region according to the dataset is approximately 25.2 million 
inhabitants out of which, 25% are within 500m buffer of roads while 40% are within 1000m. 

For Malawi, about 18% population falls within 500m of the road network, while around 31% residents are 
within 1000m of the road network. When we compare the same for Uganda, it is observed that 23% of the 
population is within 500m of the roads while 36% of the population is within 1000m on either side of the 
road network. 
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 Grid Distribution Lines according to Land Cover Areas 
It is well established in the literature that route planning for utility distribution lines, in particular for electric 
overhead power distribution, natural landscapes, areas of natural and historical importance, water bodies, 
residential areas, industrial areas must be taken into consideration for both the technical and aesthetic 
aspects (Kiessling, et al., 2003; Monteiro, et al., 2005; Etherington, 2016). The land cover dataset has been 
obtained from the open source DIVA-GIS portal (Hijmans, 2019) and is based on Food and Agriculture 
Organization’s (FAO), Land Cover classification system (LCCS) on the legend Global Class (GLC2000) 
into 22 different classes as below: 

Table 4: GLC2000 according to LCCS (FAO Land Cover Classification System, 2019) 

DN Class Classification of Land Cover 

1 1 Natural Forest Reserves, Wildlife Sanctuaries, Protected Areas etc. 

(greater than 40% closed forest cover, more than 15% open forest cover) 

2 1 Tree Cover, broadleaved, deciduous, closed  

3 1 Tree Cover, broadleaved, deciduous, open 

(open 15-40% tree cover) 

4 - Tree Cover, needle-leaved, evergreen 

5 - Tree Cover, needle-leaved, deciduous 

6 - Tree Cover, mixed leaf type 

7 - Tree Cover, regularly flooded, fresh water (& brackish) 

8 - Tree Cover, regularly flooded, saline water, (daily variation of water level) 

9 2 Mosaic: Tree cover / Other natural vegetation  

10 - Tree Cover, burnt 

11 - Shrub Cover, closed-open, evergreen (Examples of sub-classes at reg. level *:  

(i) sparse tree layer 

12 - Shrub Cover, closed-open, deciduous  

(Examples of sub-classes at reg. level: (i) sparse tree layer) 

13 3 Herbaceous Cover, closed-open (Examples of sub-classes at regional level: 

(i) natural, (ii) pasture, (iii) sparse trees or shrubs)  

14 - Sparse Herbaceous or sparse Shrub Cover 

15 - Regularly flooded Shrub and/or Herbaceous Cover 

16 4 Cultivated and managed areas: Agriculture or Crop areas 

17 - Mosaic: Cropland / Tree Cover / Other natural vegetation 

18 5 Mosaic: Cropland / Shrub or Grass Cover  

19 6 Bare Areas 

20 6 Water Bodies (natural & artificial) 

21 - Snow and Ice (natural & artificial) 

22 7 Artificial surfaces and associated areas 
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The Digital numbers (DN) from each of the land cover datasets were homogenized and dissolved to form 
individual classes. The DN which were not found in the dataset for the three countries are denoted as (-) in 
the table above. The consideration for classes is done as below: 

Class 1: According to the legend, most of the areas with dense tree cover (more than 15%) for longer 
periods of time during a year. This landcover class engulfs forests, wildlife sanctuaries and other protected 
areas with water present for at least three months in a year. The tree cover types can include broad leaved 
or deciduous forests closely dense or scattered at a regional level. 

Class 2: The areas with tree cover in a closed area having tree height 3m-30m and natural vegetation where   
some parts may also have crop components is considered as Class 2. Hence this class could either be natural 
or areas where cultivation occurs. 

Class 3: The main layers consists of herbaceous vegetation with the height for plant cover ranging from 
0.03m – 3m. These areas can either be sparsely populated with 15% or densely populated up to 100% of 
the land cover. 

Class 4: The areas under Class 4 considered are land cover used for agriculture or flooded crops such as 
rice. It has a fixed timeline for vegetation state and needs maintenance with the intention of economic 
benefits. 

Class 5: This class of land cover contains thick shrubs or herbaceous vegetation occurring naturally which 
may be harvested. This can also consist of grass cover used for grazing of animals or open grass fields.  

Class 6: Bare areas that do not have any vegetation for about 10 months during a year and water bodies, 
both natural and artificial, are considered in this classification. This such that it is highly unlikely for human 
settlement to have a significant presence in bare areas, while the costs for crossing water bodies are high 
and as seen in the literature review. 

Class 7: This land cover classification consists of artificial and built up areas, including urban areas.  The 
land cover layers are attached in Appendix C. 

 

Figure 6: Grid Lines according to Land Cover areas 

We can see in the above analysis that the grid network characteristics take significant inundations going 
from Class 1 to Class 7.  
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As the dataset for MV grid for Malawi is for the entire country the possibility of a significant number 
traversing through dense forests (Class 1) can be seen. The same is true for Uganda where dataset for 
Uganda is available and studied. However, for Nigeria the dataset studied is for KEDCO and the region 
serviced by KEDCO, under which the land cover dataset does not consider much area within dense forests 
classification. 

For Class 2 in mosaic land cover, it drops down to almost zero for Malawi and remains as the dataset for 
Malawi does not show any area under mosaic and other natural vegetation land cover classification. For 
Nigeria, it remains close to zero as the dataset for the region under KEDCO shows that not many MV lines 
are planned through area classified as mosaic land cover with natural vegetation.  

There seems to be an increase in Class 3 for MV grid through sparse trees and shrubs for both Malawi and 
Uganda due to easier planning routes and population concentration as can be seen from the figure 8 below. 
Again, for Nigeria the MV grid lines do not show any results of being planned under this land cover 
classification.  

The MV grid network for both Nigeria and Uganda peaks for Class 4, which falls under agricultural areas. 
One reason for this could be that since the MV grid network is substantially spread in the region under 
KEDCO and in Uganda, much of the agricultural land is either converted or used for MV grid distribution 
planning. For Malawi however the existing infrastructure shows lack of penetration throughout the country 
which could be the reason that MV grids do not travel across agricultural land.  

For Class 5 in open areas with grass, the share of the existing grid network peaks for Malawi (approximately  
45%) and Nigeria (around 48%), while remaining at approximately 10% for Uganda. One possible 
explanation could be due to grass covered areas being on surfaces with no additional pruning or clearing of 
space required for MV grid planning and construction. 

The trend for MV grid in Class 6 shows a dip due to the population concentration as seen in figure 8 below 
showing a similar dip and the cost of crossing a water body being significantly higher than going around it 
as suggested in literature review above. However, it is not zero in all three countries and there is little scope 
for the grid lines to have crossed water bodies. 

Finally, for Class 7 the network is most present for Nigeria as a significant part of the dataset area is classified 
under artificial built up areas such as urban areas. However, for both Malawi and Uganda the percentage of 
MV grids through artificial urban areas is less than 5%. One reason could be that the penetration of MV 
grids is not as good as in the case of Nigeria as the overall electricity access for Nigeria is 54% while that of 
Malawi is 13% and Uganda is 22%. 
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 Population concentration according to Land Cover 

 
Figure 7: Concentration of population according to Land Cover Classes in percentage 

The above figure represents the concentration of population for Malawi, Nigeria and Uganda according to 
the classes. Although comparing figure 6 and figure 7 shows that both the charts showcase a similar trend 
for both MV grid line network and population concentration, it does not necessarily mean that the grid is 
closer to the population. The proximity of grid to population also depends on the extent of land cover 
classes within the countries. However, there is potentially a possibility for easier and faster provision for 
electricity access in Uganda due to higher percentage of MV lines being available closer to population 
concentrations in similar land cover areas.  

For Malawi, the analysis shows approximately 18% of population concentration in Class 1, which is dense 
forests. A slightly smaller percentage of people are in land classified as dense forests for Uganda, while in 
Nigeria the population concentration is approximately 0.01%, as the area classification does not show the 
presence of dense forests.  
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  Grid – Slope relationship 

According to (Şenyel & Guldmann, 2016) a slope of (0-5%) is easy for transportation and building 
construction purposes, however drainage could be an issue. The low slopes in the range (5-10%) have a 
high suitability for development. Slopes which are steeper than 10% and are in the range (10-30%) are 
difficult to work with and are not considered suitable for development. 

In GIS, the SRTM elevation raster layer contains information related to both elevation and slope. The slope 
classification was based on values found in the literature and as mentioned above. The slope gradient was 
reclassified according to the table below.  

DN Class Slope description 

0-5 1 Low slopes easy for transportation (0-5%) 

6-10 2 High suitability for development (5-10%) 

11-15 3 Slopes that are difficult to work with and are not for urban development. Also 
difficult for utility distribution planning (10-20%) 16-20 4 

>20 5 Very difficult for any kind of development (>20%) 

Table 5: Classification of slope 

 
Figure 8: Grid-Slope characteristics for MV networks 

The above figure depicts the slope (X-axis) against the percentage of grid distribution lines in the slope (Y-
axis) characteristics. We can see that the existing grid lines almost certainly are routed avoiding extreme 
steep slopes. Approximately, 95.5% and 100% of the grid network in Malawi and in Nigeria the area under 
KEDCO is built on slopes that have (0-5%) slope gradient. There are some grids in Malawi that fall under 
(5-10%) Class 2 slope. Class 3, Class 4 and Class 5 have values below 1%, which suggest the grid avoids 
these areas. The slope layers for Malawi, Nigeria and Uganda are attached in Appendix C. 
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 Population-Slope characteristics for Malawi 
The chart below shows the dispersion of population with the slope factor for Malawi 

 

Figure 9: Population-slop characteristics for Malawi 

The above chart shows slope gradient classes on X-axis and population in Malawi in percentage on the Y-
axis. The total population for Malawi is approximately 17.2 million. From the figure above, we can see that 
almost 95% of the population (16.3 million) is based in slope regions of 0-5%. The population in slope 
regions of 5-10% is approximately 2.5% (450,000). As the steepness of the slope increases, the population 
density decreases and there is very little population of around 0.25%, 0.01% in areas with 10-15% slope and 
15-20% slope respectively. 
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 Discussion 
There is consistency between the results produced above in the case study and the literature review for 
spatial factors that affect the expansion of a grid. The literature lacks quantitative information and lacks 
approximation of costs related to the spatial factors and their effects on the overall costs of extending a grid 
network. However, it states that electricity grid expansion planning is a heuristic process and hence the 
ambiguity remains. It is also suggested in the literature that sub-soil analysis is an important factor and the 
classification of soil and its spatial analysis could play an important role. However, substantial information 
or examples in practice of the same were not found during this thesis. 

One of the important points that could be deciphered from the case study results are is that the existing 
electric grid network is planned in a way such that it follows the road networks. This is possibly for ease of 
transport of labor and material, with literature review stating similar facts. Also, distinguishing land cover 
and the use of it seems to be the high priority factor. A possible explanation is that priority is given to areas 
under open vegetation and grass cover, which require minimum clearances, both technical and procedural. 

When it comes to electric grid expansion, the aim is to cater to as much of the population as possible as 
electricity grid expansion needs heavy capital investments. To select appropriate routes for the electric grid 
routing, availability of land is of utmost importance, followed by accessibility to the location. Therefore, 
distance from nearest road infrastructure to carry both material and labor is essential in the grid planning.  

Even though a significant progress has been made and 570 million people are projected to gain access to 
electricity by 2030, there is still a long way to go for the world to achieve the targets for electrification 
according to SDG7 by 2030 at the current rate of electrification. 9 out of 10 people from Sub-Saharan Africa 
would still lack access to electricity at the current rate of electrification. It would be imperative to make use 
of GIS technology to plan the electricity distribution networks such that cost-effective and resilient 
infrastructure is constructed. 

In most of the existing electrification planning tools using GIS including OnSSET, spatial factors such as 
terrain, elevation and slope, land cover, proximity to road infrastructure, population concentration etc. have 
been included. However, the sub-soil analysis has been excluded. As climatic changes take place and extreme 
weather conditions occur increasingly across the globe, it would be beneficial to include an added layer in 
the form of sub-soil analysis. This to avoid regions of flood, landslides or other natural phenomenon that 
may damage the MV grid network, as grid-extension is a capital-intensive project. Also, it has been observed 
from literature that unexpected terrain can have a significant impact on the cost of electricity grid 
distribution especially while travelling long and remote distances as unforeseen challenges due to terrain, 
soil, slope may arise.
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 Conclusions 
The results from the above study for Malawi, Nigeria and Uganda clearly show that the MV grid clearly tries 
to avoid areas that contain natural forests, wildlife sanctuaries, steep slopes and are oriented towards areas 
such that maximum population can have access to electricity. This analysis is also supported by the literature 
that suggests that electricity distribution and planning is a capital intensive process and a balance needs to 
be maintained between the economical-social-technical aspects of a project. Thus, a least-cost extension 
path while planning is important, to ensure network costs that are as affordable as possible. 

Geo-spatial tools such as OnSSET increasingly help to plan and execute electrification networks in SSA by 
using GIS as a tool to study and analyze spatial data to find the least-cost electrification pathways. The 
analysis also brings to light the fact that the electricity infrastructure increases in an area in relation to the 
population concentration in that area. Inclusion of a subsoil layer could help avoid the potential areas of 
hazard and can elongate the life of electricity distribution cables in turn bringing down the costs further. 

 Future Scope 
Although sub-soil analysis could be an important factor, it is yet unclear on which soil layer in the form of 
a spatial layer would be required to be studied in order to refine the results of a GIS-based electrification 
tool like OnSSET. Hence, on the basis of the literature studied in this report, a recommendation could be 
made to study the prospect of including a sub-soil layer for e.g. corrosivity layer, rock layer, organic soil 
layer etc. from the International Soil Reference and Information Centre (ISRIC) (Internation Soil Reference 
and Information Centre, 2019). This could be identified and studied to fine-tune the results in geospatial 
electrification studies. 
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 Appendix A 
1. Population density & distribution: This forms the foundation of analysis by spatial identification 

and quantification of the base year population. It is the population density and distribution that 
determines the residential electricity demand, and has a significant impact on the distribution of 
network (KTH Division of Energy Systems Analysis, 2019; National Rural Electric Cooperative 
Association (NRECA) International, 2019). 

2. Administrative boundaries: This layer is used to demarcate an area concerned and to determine the 
delimitations of the area under analysis. 

3. Existing grid network: This is used to identify the existing grid network availability, including the 
starting/ending points from where the grid must be extended. 

4. Substations: It is used to identify and geographically calibrate the existing grid infrastructure to the 
current electrified/non-electrified population. The substation location also is important to calibrate 
the suitability of grid extension. 

5. Roads: A layer of existing road networks is used to determine the distance, the equipment during 
construction of the grid network needs to be carried. 

6. Planned grid network: This includes any plans to expand the national electric grid including location 
of substations, power plants etc. 

7. Nigh time lights: This dataset is used to identify and spatially calibrate the currently electrified/non-
electrified population. 

8. Global Horizontal Irradiance (GHI): This is used to study the global horizontal radiation 
(kWh/m2/year) over a specified area, which is later used to determine the feasibility of photovoltaic 
systems. 

9. Wind speed: This raster layer provides data about the wind velocity (m/sec) over the specified area 
and is used to determine the feasibility of wind power (using capacity factors). 

10. Hydro power potential: This is a point shapefile that exhibits the hydro potential in the region. 
11. Travel time: This raster layer visualizes the travel time required to reach from any given point in the 

cell to the closest town with a population of more than 50,000. 
12. Elevation map: This is a raster layer with filled digital elevation maps that are used for multiple 

processes in the analysis, including energy potentials, restriction zones, grid extension suitability etc. 
13. Slope: This is a subcomponent of the DEM raster layer, used in estimating the grid extension 

suitability. 
14. Land Cover: This raster layer of the map is used to determine any forest cover natural or otherwise 

which helps in the analysis of number of processes. 
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  Appendix B 
Dijkstra’s shortest path algorithm was invented by computer scientist Edsger W. Dijkstra in 1956. The 
objective of the algorithm is to find the shortest path between any two vertices in a graph. This algorithm 
also helps to find the shortest path from a given starting vertex to every other vertex in the graph (Cevizci, 
2018).  

Consider the graph below, which is taken from (Cevizci, 2018; YouTube, 2019). The objective is to find the 
shortest path from A to every other vertex. Once it is run, Dijkstra’s algorithm will generate this information 
including all the necessary information.  

The algorithm makes use of two lists, to keep track of vertices that have been visited and the one’s that have 
not. Starting from vertex A, the distance to A from A is ‘0’. The distance to all other vertices from A is 
unknown, hence for the purposes of algorithm they are set at a very high value, e.g ‘infinity ∞’. This 
information is set in the first column. 

 

 

 

 

 

 

 

 

 

The algorithm starts by visiting the unvisited vertex, with the shortest known distance from the start vertex. 
If the start vertex is A, the algorithm then examines its unvisited neighbors, which are B and D, the vertices 
that A shares edges with. For the current vertex, the distance is calculated from each neighbor from the start 
vertex. The distance from A to B is 0+6 = 6 and the distance from (A to D) is 0+1 = 1. If the calculated 
distance of a vertex is less than the known distance, the algorithm updates the shortest distance in the table, 
which at the moment are all ‘∞’. Therefore the algorithm updates the current distance which are 6 and 1. 
Since B and D were visited via A, this information is written in the second column. Since A has been visited 
already, it will not be visited again. 

 

 

 

 

 

 

 

 

The algorithm repeats itself again, and visits the unvisited vertex with the smallest known distance from the 
start vertex. It is seen from the table that this is vertex D. The algorithm examines the unvisited neighbors 
to D, which are B and E. For the current vertex (D), the distance is calculated to neighbor from the starting 

Vertex Shortest 
Distance 
from A 

Previous 
vertex 

A ∞  

B ∞  

C ∞  

D ∞  

E ∞  

Vertex Shortest 
Distance 
from A 

Previous 
vertex 

A 0  

B 6 A 

C ∞  

D 1 A 

E ∞  

6 

2 
1 

1 

5 

5 

2 

6 

2 
1 

1 
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5 

2 

0+6=
 

0+1=
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vertex (A), i.e. A to B is 1+2=3 and the distance from A to E is 1+1=2. As stated before, if the calculated 
distance of a vertex is less than the known distance, the shortest distance is updated. The shortest known 
distance from A to B as written in the table is 6, while the newly calculated distance is 6. The shortest known 
distance from A to E is ∞, while the calculated distance is 2 via D. Hence, the algorithm have found some 
shorter paths. The algorithm then updates the visited vertices in the second column to D for both paths.  

 

 

 

 

 

 

 

 

 

Then it moves to the next unvisited vertex with the smallest known distance from the start vertex which is 
E. For E vertex, it examine the unvisited neighbors, which are vertices B and C, for which it calculate the 
distance from the start vertex A. From the figure, it can be seen that the total distance to B from A is 4, 
which is greater than the previously updated distance, hence it is not updated. However, for C the shortest 
distance calculated is 7, which is less than ∞, hence it updates the previous vertex to E. 

 

 

 

 

 

 

 

 

It then move to the next unvisited vertex with the smallest known distance from the start vertex, which is 
B, with its unvisited neighbors being C. The shortest path then would be 3+5=8 as per the previous iteration 
of the algorithm. This distance is however more than the known distance, which is 7, so the algorithm does 
not update the new distance.  
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Now the algorithm has the shortest total distance from the starting vertex to all the other vertices. The total 
shortest distance from A to B is 3, from A to C is 7, from A to D is 1 and from A to E is 2. It also has the 
shortest sequence of vertices from A to every other vertex, in other words the shortest paths. To get from 
A to C, it arrives at C via E, which is shown in the previous vertex column. Examining the information for 
E it can be seen that it arrives via D. Similarly, it arrives to D from A. So the previous vertex column gives 
the shortest path from A to every other vertex. 

Another research for GIS-based cost distribution analysis of new consumer connections in urban power 
grid is based on least-cost path analysis (LCPA). The LCPA has been used to find paths across off-road 
difficult terrain, planning utility pipelines, crossing of rivers and 
canals and for road alignment. The research by (Kosyakov & 
Sadykov, 2016) is based on study of spatial data of city of 
Ivanovo and its power companies. The study shows that each 
spatial cell raster is determined a cell weight depending upon if 
the cell is traversable or completely insurmountable according 
to the terrain, elevation, land cover, distance to road or other 
factors. Each cell would therefore have eight surrounding cells, 
with each straight line to the neighbouring cell with a value ‘1’ 
and with a diagonal line of value ‘√2’. As in the figure the dark 
cells denote a raster cell that cannot be traversed (Kosyakov & 
Sadykov, 2016).  
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Figure 10: Graph fragment for choosing routes in a 
raster model (Kosyakov & Sadykov, 2016). 
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  Appendix C 

 Land Cover Classification for Malawi for Malawi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Landcover classification for Malawi 

The land cover classification with DN values for Malawi and its classes as in GIS. An explanation for the 
classes can be found above in the report section 7.3 above in the report. 

 

 

DN Class DN Class 

1 1 12 - 

2 1 13 3 

3 1 14 - 

4 - 15 - 

5 - 16 4 

6 - 17 - 

7 - 18 5 

8 - 19 6 

9 2 20 6 

10 - 21 - 

11 - 22 7 
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 Slope classification for Malawi 

 
Figure 12: Slope classification for Malawi 

 

DN Class Slope description 

0-5 1 Low slopes easy for transportation (0-5%) 

6-10 2 High suitability for development (5-10%) 

11-15 3 Slopes that are difficult to work with and are not for urban development. Also 
difficult for utility distribution planning (10-20%) 16-20 4 

>20 5 Very difficult for any kind of development (>20%) 



-42- 
 

 Land Cover Classification for Nigeria 

 
Figure 13: Land Cover classification for Nigeria 

 

 

 

 

The land cover classification and legend as seen in GIS for Nigeria. The detailed explanation for the 
land cover classification can be found in section 7.3 above in the report. 

DN Class DN Class 

1 1 12 - 

2 1 13 3 

3 1 14 - 

4 - 15 - 

5 - 16 4 

6 - 17 - 

7 - 18 5 

8 - 19 6 

9 2 20 6 

10 - 21 - 

11 - 22 7 
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 Land Cover Classification for Uganda 

 
Figure 14: Land cover classification for Uganda 

 

The land cover classification and legend as seen in GIS for Uganda. The detailed explanation for the 
land cover classification can be found in section 7.3 above in the report. 
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 Slope for Nigeria 

 
Figure 15: Slope classification for Nigeria 

DN Class Slope description 

0-5 1 Low slopes easy for transportation (0-5%) 

6-10 2 High suitability for development (5-10%) 

11-15 3 Slopes that are difficult to work with and are not for urban development. Also 
difficult for utility distribution planning (10-20%) 16-20 4 

>20 5 Very difficult for any kind of development (>20%) 
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 Slope layer for Uganda with grid lines 

 
Figure 16: Slope classification for Uganda 

DN Class Slope description 

0-5 1 Low slopes easy for transportation (0-5%) 

6-10 2 High suitability for development (5-10%) 

11-15 3 Slopes that are difficult to work with and are not for urban development. Also 
difficult for utility distribution planning (10-20%) 16-20 4 

>20 5 Very difficult for any kind of development (>20%) 
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