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Abstract 
 
Load shedding events are a major concern today for the Senegalese power grid, which 

production, transport, distribution and selling are operated by the national power 

company SENELEC. Even if some improvements have been made these last years 

through important power plant renovation campaigns, unserved energy still 

represented 1.5% of the total power demand in 2013. These events are mainly due to 

two factors: grid failure or work on the one hand (65% of unserved energy in 2013) and 

production lack or failure on the other hand (35% of unserved energy in 2013). If grid 

failure problems are being tackled by some rehabilitations and extension of the network, 

production lack problems will only be solved on the long term by setting up new power 

plants to face the increasing power demand. 

 

 In order to face these power shortages, many customers have installed their own 

generation sources, mostly diesel generators used in case of emergency, but also more 

recently photovoltaic panels to both ensure power supply reliability thanks to storing 

batteries and reduce their electricity bills. These installations represent an important 

power production still unexploited today by SENELEC. 

 

The goal of this Master Thesis was then to see the potential use that could be made of 

these generation sources to reduce unserved energy in the short term. Diesel generators 

could thus be used for voluntary load shedding if properly implemented and 

photovoltaic installations could be connected to the grid to inject their production 

surplus. These two solutions were studied both from a technical and economical point of 

view, and their potential impact on unserved energy reduction was quantified. 

 

The results show that voluntary load shedding could actually reduce the amount of 

unserved energy due to production lack or failure by 40% to 80%, and that it is 

economically viable compared with other solutions such as production capacity renting. 

They also show that it is possible to connect domestic-scale photovoltaic installations to 

the low voltage grid without any negative impact on its operation in most of the 

situations met today. 

 

Finally, some recommendations were made, including proposals for voluntary load 

shedding implementation and the setting up of a dedicated team at Senelec for 

photovoltaic integration studies. 
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1. Introduction 

 

1.1. Electricity in Senegal: an important challenge 

 

Africa is today seen by many economists as a greatly growing region with a great potential 

for the coming years. If many opportunities are foreseen, big challenges are still to be 

overcome to unlock Africa’s potential. Among them, developing access to energy and 

especially electricity is considered to be one of the key factors, populations having access to 

electrical power being able to get light in their houses to study or work, to acquire ways to 

store food or develop new commercial or industrial activities [1]. 

In Senegal, electrification began for lighting purposes in 1887 in Saint Louis, capital city of 

the country during the French colonization. The increasing power needs with industrial and 

domestic development in Senegal then led to the development of new local power 

production units, and finally to the current Senegalese power grid. At the same time, many 

businesses were developed where power supply is central, and the total yearly power 

produced was 3000 GWh for year 2013 [3]. 

However, in 2011 it was estimated that only 40% of the country’s population had access to 

electricity, this rate being of 70% in urban areas and 22% in rural areas [2]. Moreover, even 

in the electrified areas, power access is not guaranteed as in 2013 Senegal experienced 118 

days with load shedding and unserved energy, for an estimated amount of unserved energy 

of 41 GWh, either due to a lack of production or some network instabilities and failures [3]. 

This phenomenon is likely to worsen if no investment is made to develop new production 

capacity as the demand for electricity on the interconnected network (national grid) has 

been growing of 6.5% per year between 2004 and 2014 [13] and is still expected to grow of 

8.3% annually between 2014 and 2016 [6].  

In this context, the main challenges that have to be faced are to increase production in order 

to meet the growing demand, to develop the grid in order to give access to electricity to an 

increasing share of the population and to strengthen the existing grid in order to secure 

power supply. 
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1.2.  Senelec and the Senegalese power system 

 

Senelec was created in 1983 as a company, inheriting the state prerogatives concerning 

electrical power system management. It was originally managing all responsibilities in the 

power system, from production to transportation, distribution, selling and billing. It is owned 

by the State but has the duty to be economically independent. Since 1998, the long term 

goal is to liberalize the market [4, 5] thus making Senelec mainly the transmission and 

distribution system operator, leaving production to independent private entities. However, 

Senelec still represented 63% of the Senegalese power production in 2013 [3], mainly due to 

the time needed to find new private investors. 

The Senegalese transmission system is divided into two categories. The first one is called 

“national interconnected network” and represented in 2013 more than 95% of the nation’s 

power consumption connected through the same transmission and distribution grid [7]. It 

includes Dakar, the main cities of the northern part of the country (Kaolack, Saint-Louis and 

Touba among others) and is connected to Mali and Gambia through a common hydropower 

plant situated in Manantali, in the east of the country. The second one is the “national non-

interconnected network” made of different areas locally electrified but being run 

independently from the interconnected grid. The main components of these networks are 

situated in Kolda, Tambacounda and Ziguinchor. The geographical distribution of the grid as 

it was in 2007 can be seen on figure 1 below (no major changes have appeared since then). 

 

  

 

 

 

 

 

 

 

 

 Figure 1 : The Senegalese power grid in 2007 
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Power production mainly comes from fossil fuels, oil and gas representing 89% of the 

primary energy consumption for power production. The remaining 11% come from 

Manantali and Félou hydropower plants [3].The country is then highly dependent on the fuel 

cost variation and experiences a high electricity price (around 115 XOF/ kWh, or 0.18 €/kWh 

for domestic use (already lower than the actual production cost because it is subsidized by 

the Senegalese State) [15], to be compared for example to the price of 0.13 €/kWh 

approximately in France [8] where purchase power is higher) and some potential fuel supply 

shortages in case of financial problems as it happened in 2011 for example [10].  

 

1.3. Problem definition 
 

As we have seen, the three main challenges for the Senegalese power field is to develop new 

production capacity to meet the demand, to reinforce the grid in order to secure power 

supply, and to extend it to new areas. Among these problems, access to electricity is being 

developed by some rural electrification programs, distinct from the interconnected network 

and then not directly concerned by the Senegalese power grid. The transmission and 

distribution grid is also being reinforced by some programs, lately the 90kV loop around 

Dakar that aims at providing an alternative path for current in case of a failure on a 

transmission line, thus improving power supply continuity [57]. 

The last challenge that remains is increasing power capacity. It is estimated that this installed 

capacity should increase of 23% per year between 2013 and 2016 (which means 196 MW per 

year) to face the demand increase [6]. Some projects are thus being developed, using 

conventional or renewable energy sources, a new coal power plant opening in 2015 for an 

installed capacity of 125 MW, and two other ones scheduled for 2017 and 2018, some 

photovoltaic solar projects being developed for a total amount of power estimated at 100 

MW between 2015 and 2018, or the Organisation pour la Mise en Valeur du fleuve Sénégal 

(OMVS, Senegal river development organization) and Organisation pour la Mise en Valeur du 

fleuve Gambie (OMGS, Gambia river development organization) projects aiming at 

developing new international hydropower production capacity on the rivers of the region. 

However, these projects need time and money to be developed, and at the same time some 

other power plants are being stopped because of their age. Thus, on the short term, other 

solutions have to be found to help for a better balance between production and demand. 

This has been done partially through demand reduction, with a low consumption lighting 

project and some awareness campaigns.  

But another short-term power production potential is to take advantage from the installed 

small capacity power generators installed by private producers to meet their own needs. 

They are currently installed only as an alternative to grid connection or in order to ensure 
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power continuity in case of load shedding or distribution failure, and are thus not used at 

their best.  

The first small-scale power production unit that is found in Senegal is diesel generators. 

Indeed, in order to secure their power supply in case of failure, many industrial or 

commercial businesses invest in private generators They are used only in case of power 

supply shortage, and the client then voluntarily disconnects from the network by an inverter 

that switches to diesel generator power production (except for some specific power 

production for energy-intensive industries as cement production where diesel generators 

are used continuously for power supply) These generators represent a great voluntary load 

shedding potential, still unexploited today and could help to face the recurrent lack of 

production that appears on the Senegalese grid (representing almost have of the causes of 

load shedding in 2013, the other half being due to grid failures or works [3]).  

The second small-scale power production units are solar panels: Senegal experiences a great 

and uniform irradiation rate, estimated between 1800 and 2000 kWh/m²/year [9], 

distributed regularly along the year and the country. Large solar power production projects 

are being developed and should be delivered from year 2016 or 2017, but they take time to 

be set up. In the meantime, some private persons or companies have already invested in 

solar panels for their own energy supply, often being energetically independent thanks to 

some battery energy storage. This is thus for them both a way to reduce their costs through 

power self-production and to secure their power supply. However, no mechanism is 

currently set up to buy the production surplus in order to inject it into the grid, mainly due to 

the lack of fixed buying tariffs for injected power and no existing technical study on the 

network stability in case of small-scale integration of solar power production. 

Concerning other private power production sources, none of them seems representative 

enough to be interesting for Senelec, as wind power is almost not developed in Senegal 

(even if some potential has been identified on the north west coast of the country, it will 

mainly be developed through some bigger projects involving an installed capacity of 150MW 

between 2017 and 2020), biomass is almost only used for domestic heating and cooking, and 

no grid-connected projects are currently planned for electricity production thanks to 

biomass. Finally geothermal, tide or other energy sources have not yet been considered. 
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1.4. Goal and outline of the master thesis 

 

The goal of this thesis is then to study the opportunities to integrate these private small-

scale power production units to the Senegalese distribution grid operation, focusing on 

diesel generators and solar photovoltaic power production. It aims at showing the 

opportunities for decentralized power production and its impact on grid operation. 

This study will then in describe the main characteristics of the two technologies at stake, and 

the limits that can be encountered for their use. 

It also aims at considering the economic feasibility of these solutions. We will then develop 

some production cost calculations, the way to integrate these production sources to the 

actual production dispatching and propose remuneration schemes. However, specific buying 

tariffs for power produced by these sources will not be set as they are in Senegal highly 

dependent on political decisions and because it is not possible to compare them to most of 

the existing production sources as fixed costs are not known for these sources. Customer 

income and project profitability will then not be addressed either, nor the potential needs 

for grid upgrading to integrate these solutions. 

The impact that these solutions could have on unserved energy reduction will be estimated. 

What will be treated in this part is only unserved energy due to production lack, and not the 

potential impact that these solutions could have on grid decongestion during peak hours, 

thus reducing unserved energy due to grid failures or congestion. 

We will then develop the different technical and safety problems raised by decentralized 

photovoltaic production, and treat the main impact of these installations on the low voltage 

grid which is a local voltage rise. The problems raised by a high density of such installations 

will not be addressed. 

Finally, perspectives for the concrete development of these production means in Senegal will 

be shown, and solutions for its implementation will be proposed. 
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2. Technology and installed capacity 
 

2.1. Diesel generators and voluntary load shedding 

2.1.1. Technology and context 

2.1.1.1. Characteristics of diesel generators 
 

Diesel generator is today a mature technology made of a diesel engine coupled with an 

alternator in order to produce electricity. Its main characteristics are: 

- AC power generation with synchronous or asynchronous engines 

- A short time needed to start (generally some seconds to reach rated power) 

- An energy efficiency estimated between 20 and 40% (electricity produced / 

energy content in the fuel used [11,12]) 

- Controllable power output between no production and rated power 

Even if they can be used in a large range of power outputs, their efficiency highly 

depends on their production level. Even if this characteristic varies with each generator, 

the global behavior is that efficiency is low for low production levels and increases when 

power output increases, as shown on a typical efficiency curve on figure 2 below [14]. 

 

Figure 2 : Energy efficiency of a diesel generator depending on its output power 

Small diesel generators are used in diverse cases. In the case of electrified areas, they 

are mainly used as an emergency production unit (ensuring power supply continuity for 

some sensitive loads such as hospitals or nuclear power plants control system) whereas 

is some more remote areas, they can be used as base generation, either used alone or 

more recently in some hybrid systems (coupled with wind or solar power production for 

example). 
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2.1.1.2. Senegalese context 

Concerning our study, as we focus on the area of Senegal that is already electrified and 

connected to the national grid, the considered diesel generators were purchased mainly to 

ensure power supply in case of emergency (load shedding or other power shortage). They 

are not used as base generation, probably because it is more economically efficient to 

purchase electricity from the grid than to produce it oneself through some smaller and often 

less efficient generators than the ones used by the national electricity producers. This has to 

be checked by estimating the production cost of such units. Finally, as there are only seldom 

used, their fuel storage capacity is often limited and they can thus only be used for short 

periods of time. 

This specificity of use leads to two restrictions concerning their integration to grid operation. 

First, as their production costs are higher than the average cost on the grid and as their 

autonomy is limited, they should only be used in case of peak demand when the cheaper 

power plants cannot meet the demand, and not during too much time to ensure sufficient 

fuel supply. Then, as they are made to be used in case of power shortage, their reliability and 

availability is an important factor for the owner. Some customer interviews [55] showed that 

most of them were reluctant to connecting their generators directly to the grid, because 

they would then experience the over voltages, voltage drops, frequency variations or micro 

cuts that can happen on the grid, which would lead to reduce their expected lifetime or 

increase the need for maintenance. They could then only be used for the customers to island 

themselves when the transmission system operator requires it. 

Thus, a use of diesel generators only made during peak demand for short periods of time by 

a customer voluntarily disconnected from the grid leads us to consider voluntary load 

shedding as the most suitable solution to take advantage of this installed capacity. 

 

2.1.2. Voluntary load shedding 

The basic physical reality of a power system states that at every moment, power production 

is equal to power consumption. In a case when demand is increasing and is likely to 

overcome production, there are then two solutions: increasing production, which is usually 

done when running the power plants, or decreasing demand by different incentives. 

 

2.1.2.1. Review of current implementations 

Diesel generators are used worldwide, often as backup generators, and a quick literature 

review of current implementation in foreign countries shows different incentives that are set 

up to encourage diesel power generation in case of peak demand 
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France 

In France, the main way to involve customers in voluntary load shedding programs was 

implemented by the power company EDF through its EJP tariff (for “Effacement Jour de 

Pointe” [Voluntary load shedding during peak days]). It was created in 1983 and consists of a 

distinctive electricity price between peak days and off-peak days [16]. There are 22 peak 

days per year, all of them being chosen by EDF between November 1st and March 31st, and 

among week days only. They correspond to the coldest days where demand is at its highest. 

Notification is made to the customers during the evening of the day before through an 

official communication on the internet website and possible e-mail alerts as well as through 

a light being turned on at the consumption site. These days are decided independently for 4 

zones in France (West, North, South and PACA) in order to specifically address local 

congestion problems. 

Prices are then lower than the base tariff during off-peak days and higher during peak days. 

For example, for a non-residential customer with a contract of 18 kVA the price for 1 kWh is 

8.78 c€ with the base price, and 7.61 c€ during off peak hours and 26.53 c€ during peak 

hours with the EJP tariff [17]. This price difference is supposed to be an incentive for the 

customer to reduce its consumption, the two main scenarios considered being starting own 

power generation capacity in the case of professional installations (typically diesel 

generators) or substituting other energy sources (fuel, gas or wood) to electricity for 

domestic warming in the case of domestic use [16]. 

This system was more recently replaced by the Tempo tariff that applies the same principle 

of 22 “red” days that correspond to the EJP peak days, and 43 additional days with 

intermediary tariffs. The other change is a price differential between day hours (from 6 a.m. 

to 10 p.m.) when prices are higher and night hours (from 10 p.m. to 6 a.m.) when prices are 

lower. The goal is then to address both daily and seasonal variations. 

These tariffs were estimated to represent a voluntary load shedding potential of 1.5 GW for 

a peak demand of 102 GW for the winter 2012-2013 [18]. However, with the separation of 

transmission and production companies in France, these tariffs are said to be no longer 

profitable for producers and have a reduced impact compared to former years (4 GW of 

voluntary load shedding potential in 2000) [16]. With electricity market deregulations and 

the development of smart grids, the future options for voluntary load shedding are said to 

be aggregator systems with an aggregator managing power demand at the level of a 

consumer pool, and reducing alternatively power demand for some specific consumers to 

make the total aggregated demand decrease for a required period. An example in France is 

the Modelec project [19]. 

 

 



16 
 

United Kingdom  

In United Kingdom, private diesel generators participating to grid power production are 

more largely considered under the status of distributed generation, as small-scale wind, 

solar or hydro power. They do not have a specific consideration but can be used as standing 

reserve (backup power sources that can be started within 1 to 20 minutes to face a supply-

demand imbalance) [40]. 

In 2000, the installed capacity of standby generators (almost only driven by diesel engines) in 

the UK was estimated to be 20 GW, which represented 40% of the England and Wales 

system peak, most of it being only privately used by a consumer islanding itself in case of 

emergency. The study made by A J Wright and J R Formby [41] even shows that it could be 

economically efficient to use them to generate power on request, thus injecting power into 

the grid and improving the reliability of the local network. The main issues with such a 

system remained the institutional barriers, the lack of confidence of producers to run in 

parallel with the grid (which could reduce the reliability of their emergency power supply) 

and the potential problems of noise and pollution. 

In the most recent evolutions of the UK power market, they can be used as local balancing 

units under the scheme proposed by ELEXON, the responsible for national balancing and 

settlement code. Small distributed generation units can take advantage of simplified grid 

connection process and are then run locally when it is economically efficient for them. They 

are currently not considered in the dispatching by the transmission system operator, as the 

amount of power at stake is relatively small compared with the total grid power [42]. 

 

Senegal 

Diesel generators use and voluntary load shedding also exist in Senegal through two 

different implementations. The first one is a differential tariff used for peak hours (between 

19.00 and 23.00 as it will be seen later). For all the customers over a given power demand 

(contracted power over 17 kW), a two-period tariff is applied: for normal hours, from 23.00 

to 19.00, the tariff K1 applied is quite low, whereas for peak hours, the tariff K2 is higher. 

The peak hour tariff is between 40 and 60% more expensive than the off-peak tariff, 

depending on the type of contract (low, medium or high voltage connection and fixed part 

chosen) [15]. This tariff is possible thanks to the use of electronic power meters that have 

two different counts for normal hours and peak hours. Some customers then have an 

interest in producing their own energy through private diesel generators to reduce 

electricity cost. For the biggest customers (customers directly connected to the high voltage 

grid), an additional voluntary load shedding demand is simply done by a phone call every day 

to ask them to reduce their consumption, either by starting own generation capacity or by 

reducing their activity during peak hours [3]. 
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2.1.2.2. Constraints on voluntary load shedding 

Voluntary load shedding is an agreement between the producer and the consumer. Each 

of them has its own constraints that have to be taken into account. 

For the customer, the first constraint is its activity: electrical power is an input to him and 

it is needed for him to run its business (either it is industrial, commercial, administrative or 

domestic). Power supply continuity is then often crucial and it will agree to participate in 

such a program only if it improves or at least does not impact its power availability. As 

explained above, this is why we consider voluntary load shedding instead of power injection 

to the grid for example. The second constraint is an economic constraint: there is no social 

pressure on the customer to produce power except its own power supply. It will agree to be 

part of a voluntary load shedding scheme only if it is economically profitable. This is why 

remuneration should be calculated to make it attractive for customers. 

For Senelec, the first constraint is economic too: power plants are planned in order to 

optimize the production cost for the company and voluntary load shedding will just be 

considered as an option among others, and it has to be economically competitive. The other 

constraint is a social constraint: power supply is central to most of the customers, and this 

has led in the past to some major social events such as riots [20] or destruction of Senelec 

agencies in 2011 [21]. Even if the costs are higher, an improvement of power supply 

continuity could then be a sufficient reason for Senelec to implement voluntary load 

shedding. 

 

2.1.2.3. Implementation of voluntary load shedding 

 

Demand and production forecast 

 The basic principle of voluntary load shedding is to adapt load to production. The first 

step needed in order to implement it is then to be able to forecast these two parameters. 

These forecasts can be done with two different time scale. 

 First, a large time scale has to be taken into account. The goal is to see the variations 

of load and production on one year for example without voluntary load shedding, and to 

estimate the probability of inadequacy between them. This enables us to estimate the need 

for voluntary load shedding, and the real contribution of this scheme to power supply 

continuity. This will be studied in chapter 3 of this report. 
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 Then a forecast has to be made in real time in order to predict in advance the need 

for voluntary load shedding. Indeed, diesel generators need a certain time to start up, and 

fuel reserves have to be sufficient. This load shedding may also have an impact on 

customer’s activities and he has to be able to plan in advance these changes. Some former 

interviews [55] with the customers in 2011 showed that most of them wanted to be 

informed of the need for voluntary load shedding at least 24 hours in advance. This 

corresponds to the time interval used for power plants dispatching, and the daily forecasts 

for demand and production are then available. The only issue is then to integrate voluntary 

load shedding in the dispatching process, with a specific variable cost and some constraints 

on availability that have to be defined. 

Communication devices 

 The next step when forecasts have been made is to inform the customer of the need 

for voluntary disconnection from the grid and the time interval when it is needed. This is 

currently done by a direct phone call to the biggest consumers, as explained in part 2.1.2.1 

(only 5 consumers are concerned by this scheme). But extending it to a larger number of 

smaller customers (that do not necessarily have employees available to specifically manage 

their load level) makes this impossible for the present project, and new ways of 

communication have to be developed. 

 The simplest one that can be considered is the one currently used in France for the 

EJP tariff of EDF. A simple light is turned on the day before to inform the customer of the 

need for voluntary load shedding the day after. The advantage is that it is really inexpensive 

to set up, and that very little information has to be transmitted. But the disadvantages are 

potential problems of reliability (if the light is broken, the signal is not received without 

knowing it), the small amount of information transmitted (in the case of EJP, the hours when 

load shedding is needed is fixed between 7AM and 1 AM the day after, but it does not allow 

any variability on these time limits) and the fact that load shedding has to be implemented 

manually by the customer. 

 The most exhaustive solution would be an equivalent of the systems used by power 

load aggregators, such as the Modelec project in France [19]. A dedicated software and 

automatic load disconnecting devices are associated with the voluntary load shedding 

process. Communication is made by the local internet network. When a requirement for 

load shedding is sent by the aggregator, the customer has the possibility to accept or to 

refuse it before the actual order for disconnection is sent to the associated devices. The 

advantage is that no direct manual action is needed, that there is still a possibility to refuse 

load shedding (in our case for example in case of maintenance on the generator or in case of 

a lack of fuel), that the information sent can be as precise as wanted, and that the use of the 

software enables a more precise following of load shedding over the year. The main 

disadvantage of such a system is its cost, which is a critical factor for both Senelec and its 

customer. 
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 An intermediary solution that is then recommended is to combine the simplicity of 

the pre-alert system (light signal associated if possible with an automatic message sent to 

the customer’s phone the day before) with an automatic disconnecting system that would 

start the diesel generator and disconnect the customer from the grid. A manual possibility to 

refuse this load shedding must also be set on this disconnecting device in case of problem 

with diesel generator availability. 

 

Metering and estimation of load actually shed 

 The last point that has to be taken into account for voluntary load shedding is 

remuneration. In order to do so, fixed and variable prices have to be set, and quantities 

measured. Calculation of these prices will be made later in this chapter. However, if a fixed 

part corresponding to available load shedding capacity is quite straightforward to define, the 

variable part corresponding to the load shedding actually performed has to be known. 

Senelec meters are by definition set on the connection between the grid and the customer 

in order to know the power drawn from the grid, but do not enable to measure the power 

produced by the consumer itself. There are then two options to estimate or measure power 

produced by the customer during voluntary load shedding periods. 

 The first one is to set a meter between the diesel generator and the power 

consuming devices of the customers.  The main issue with such a system – apart from the 

cost of the power meter itself and the need for metering power only when voluntary load 

shedding is actually asked – is a legal issue. As the meter would then be part of the private 

electrical installation of the customer, Senelec has no legal right of verification on it and this 

could lead to fraud. As special derogation would then be necessary for Senelec. 

 The other solution is then to estimate the energy actually spared by comparing to 

historical values of power consumption. Three types of data can then be used from the most 

to the least pertinent one are: 

- The consumption just before and just after load shedding: considering that power 

consumption evolves slowly, the amount of power actually shed can be estimated 

to be an average between power drawn from the grid just before voluntary 

disconnection and power drawn from the grid just after reconnection. It can be 

biased if the customer experiences great load variations during the period 

considered. 

 

- The consumption the day before at the same hour: most customers have cyclical 

activities and their consumption is rather similar from one day to another. The 

main differences being temperature and seasonal variations of activity, the 
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consumption the day before gives a good estimate of power consumption for 

these hours. It can be biased if great temperature or activity changes appear 

between one day and another. 

- The consumption the year before at the same hour: as the day before, the year 

before provides an estimate of the typical load for a given day at a given hour. It 

can be biased if the customer activity has greatly changed compared with the 

year before. 

A reasonable model would probably be a linear combination of the two first parameters. 

The proportionality coefficient given to each of them can be determined empirically by 

varying them in order to come as close as possible to the real load measured. However, 

Senelec currently measures customer’s consumption only on a monthly basis, and the detail 

of the hourly or every 10 minutes variations was not available to calculate these coefficients. 

This should be possible in a near future as telemetry of power consumption will be set up 

next year when new power meters will be installed. 

 

Diagram of the installation 

 

Figure 3: Electrical installation with alternative diesel generator 

 

 

 



21 
 

2.1.3. Estimation of production costs 

In order to determine the remuneration needed for this project to be interesting for 

customers, the first step is to estimate the costs associated with auto power production. To 

calculate the production cost per kWh of a diesel generator, the three main facts that have 

to be known are: 

- The fuel cost 

- The rated power of the generator 

- The specific fuel consumption of the generator 

Concerning the fuel cost, its importation in Senegal is regulated by the state and then done 

by a single entity called Société Africaine de Raffinage [African Refining Company]. The 

market prices are set by a specific organization called Comité National des Hydrocarbures 

[National Fuel Organization] and some state taxes can vary monthly to stabilize the final 

selling price, even if the purchase price can vary. This regulation has led for year 2013 to a 

constant price of gasoil at 792 XOF/kWh for the final customers [22]. This cost is taken as 

reference for the following calculations 

The rated power and the specific fuel consumption of a generator are generally provided by 

the diesel generator manufacturer, the only changes that appear being the fuel consumption 

measured at 75% or 100% of rated capacity. As it is impossible to study one by one all the 

installed diesel generators in Senegal, data available from 6 different well-known 

manufacturers [23, 24, 25, 26, 27, 28] were then gathered and compared to get an average 

production cost per kWh depending on the rated power of the generator. The production 

cost is then calculated using the formula: 

  

Equation 1 : Variable production cost of a diesel generator 

Power Range 0-50kW 
50 - 

100kW 
100 - 

200kW 
200 - 

300kW 
300 - 

400kW 
400 - 

500kW 
500 - 

750kW 
750 - 

1000kW 
Over 

1000kW 

AtlasCopCo 235,2 219,7 218,3 217,1 204,1 190,7 - - - 

Caterpillar 263,4 223,3 233,8 244,9 225,0 215,6 201,2 209,8 208,8 

Gesan 253,3 220,8 223,8 221,3 195,9 199,3 201,0 - - 

MPMC 237,5 224,3 217,4 210,1 211,7 213,4 215,6 208,8 206,2 

Pramac 261,1 229,2 225,8 229,0 207,8 210,0 208,8 212,2 205,8 

SDMO 296,3 239,5 217,5 218,7 207,7 214,7 203,8 - - 

Average variable 
production cost 

(CFA/kWh) 
257,8 226,1 222,8 223,5 208,7 207,3 206,1 210,3 206,9 

Standard 
deviation (%) 

8,6 3,2 2,9 5,4 4,6 4,9 3,0 0,8 0,8 

Table 1 : variable production cost of a diesel generator due to fuel consumption 
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Even if there are some small variations from one producer to the other, the standard 

deviation is under 6%, except for the 0-50 kW range. This higher standard deviation can be 

explained by the fact that fuel cost consumption highly varies with rated power within this 

range, and a manufacturer proposing many generators in the 1-25 kW will then have a 

higher variable production cost, thus giving a certain bias to the results. There is also a bias 

for the low standard deviation of the high-power range as only 3 of the six considered 

producers offer power generators within this range. However, for all the power ranges 

considered over 50 kW, we can then assume that these costs are representative with a 

rather good reliability.  

The main conclusion that can be drawn from this table is that, as one could generally expect, 

fuel consumption per kWh decreases when installed capacity increases (energy efficiency is 

better for bigger engines), and then the production cost also decreases.  

The main limit of these estimates is that they just take into account the data given by the 

manufacturers, and could not be compared with the actual fuel consumption of an installed 

generator that might be higher than the announced value. They represent reasonable 

estimates but should not be taken as absolute values. 

 

2.1.4. Estimation of maintenance costs 

The second aspect that has to be considered in the variable production cost of a diesel 

generator is the extra cost dedicated to maintenance. This includes the daily maintenance 

and fluid uses (mainly oil consumption and change), the maintenance of the filters but also 

some eventual replacement of defective parts. However, as no direct meeting with the 

customers was possible to discuss this topic and very little literature being available for 

small-scale diesel generators, these costs could not be assessed in the context of this thesis. 

From different discussions with the production division at Senelec, they seem however to be 

assumed to be small compared with fuel consumption, representing for Senelec power 

plants only 1 to 3% of the variable production cost [2]. 

2.1.5. Comparison with power rental 
 

Production costs for private diesel generators are then between 205 XOF/kWh and 230 

XOF/kWh. As we will see in section 3.2.2.1, the current variable production costs for installed 

power plants are between 80 and 90 XOF/kWh for diesel power plants. It is then not 

economically interesting to use private diesel generators as base production (the fixed cost 

for these production units have anyway to be paid whether the plant is used or not, so it 

must not be taken into account in order to compare the production costs). However, the 

cost of the most expensive units (gas turbines) is situated between 179 and 232 XOF/kWh. 

Voluntary load shedding could then be competitive in terms of variable cost with the most 

expensive units used during high demand events. 
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But the most representative comparison is with rental power. Indeed, in order to face the 

current production lacks, Senegal currently rents extra diesel generators to two different 

companies: APR and Aggreko. These generators have a variable production cost of 130 to 

140 XOF/kWh, lower than the one of private diesel generators, but also a fixed cost to 

account for the renting. Considering that voluntary load shedding implies no fixed cost (the 

investment cost of the generators is already supported by the company owning it for safety 

reasons), we can then compare these two solutions in order to know which one is most 

economically efficient depending on how often this generation source is used. 

We then calculated the extra cost for 1kW of installed capacity taking into account the 

frequency at which it would be used in the case of voluntary load shedding and in the case of 

rental capacity. It is unfortunately not possible to give the detail of the calculations and the 

data due to the sensitivity of the data at stake but the results show that it is more interesting 

to use voluntary load shedding instead of renting capacity as long as it is used less than 12% 

of the time, which means a use less than 1050 hours per year. 

 

2.1.6. Restriction of customers considered in this study 

Theoretically, every customer is supposed to report modifications brought to its electrical 

installation to Senelec. This should especially be the case when a diesel generator is set up: a 

switch is installed almost all the time to enable transition between grid power purchase and 

self-production. However this is practically rarely done and no exhaustive information is 

available at Senelec, or in any other energy-related department of the state, concerning the 

installed capacity of private diesel generation. The only way to estimate installed diesel 

generator capacity was then to contact the different customers to statistically evaluate the 

amount of power installed. 

As a direct statistic study concerning all consumers would have been consuming too many 

resources, what was chosen was to focus on a specific range of customers. As we showed in 

part 2.1.1.2, the most interesting use that can be made of private diesel generators is 

voluntary load shedding, and in order to be competitive with other generation sources, the 

production cost has to be as low as possible. The estimation of production cost in part 2.1.3 

showed that it was decreasing when installed power increased and when the generator was 

used close to its maximal power output. We then chose to focus on the customers having 

important power consumption, who are more likely to have large diesel generators, and that 

have a great power consumption between 19.00 and 23.00, known to be the peak hours for 

the interconnected network. 

The goal was then to identify customers that were likely to have a generator of 50 kVA at 

least, in average used at more than 70% of its rated output power, and which power 

consumption during peak hours was at least equal to 70% of their normal power 

consumption. It was possible to know this consumption during peak hours, because the 
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tariffs are already higher during this period, and this data is then measured by the power 

meters. The two criteria that were chosen to identify the interesting customers were then: 

- An average power consumption superior to 70% x 50kW = 35 kW 

- An average power demand during peak hours superior to 70% the average power 

consumption during normal hours (Ppeak,avg > 70% x Poff peak, avg) 

From consumption data for year 2013, it was then possible to have a list of interesting 

customers for a voluntary load shedding program. 

From this, a list of 413 medium voltage (6.6 kV or 30 kV) customers was obtained, 

representing an average power consumption of 63 MW, and the sum of the peak power 

consumptions representing 142 MW. Among these customers, 256 (62%) were situated in 

the region of Dakar. For 250 of these customers, we were able to go and visit their 

installation in order to know if they had a diesel generator, and if so, if it was able to meet 

their average load and their peak load. The results were that 226 of them actually had a 

diesel generator to be used as emergency power production (90.4%). These customers 

represented 91.5% of the average power demand of the 250 considered customers. The 

three main types of customers not having diesel generators were the national water 

company SDE, Dakar University and some ice-making companies. We obtained the rated 

power of the generator for 30 of the identified customers: all of them were able to cover 

their average load, and only 2 of them were not able to cover their peak load. 

 

Taking these results for Dakar as a basis, it was estimated that 91% of the interesting 

customers had a diesel generator and that all of them were able to cover their average 

power demand. This led to a total voluntary load shedding potential of 57 MW, representing 

more than 10% of the peak demand in Senegal in 2013 (471 MW in 2013 [2]).  

Having no information about the actual availability of these diesel generators and about the 

potential reluctant customers, a 20% margin was set, estimating that 80% of these 

customers would actually be able to take part into such a voluntary load shedding program, 

finally giving an estimated load shedding potential of 46 MW. 
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2.2. Photovoltaic systems 

 

2.2.1. Technology and context 

Photovoltaic power production is the conversion of solar radiations into direct current 

electric power thanks to several layers of semi-conductor materials. The amount of power 

produced then directly depends on the insolation rate, which is estimated between 1800 

and 2000 kWh/m²/year [9] in Senegal. This insolation varies directly with the period of the 

day (being at its highest value around midday, and equal to zero during night time) and with 

the weather (a cloudy weather reducing insolation). The main technical characteristics of 

photovoltaic systems are: 

- DC power output 

- Non dispatchable production, power output depending on insolation 

- A practical conversion rate of solar power into electricity between 5 and 16% 

depending on the technology used [29]. 

Even if power output is not controlled, it is limited between 0 and an upper value due to a 

limited amount of installed capacity. This installed capacity is often calculated as the 

production of the system under an irradiation rate of 1000 W/m² and expressed in Watt-

peak (Wp). Concerning the non-dispatchable characteristic of solar systems, this can be 

overcome by installing some batteries, which is often done by customers wanting to be as 

independent as possible from the grid. Finally, as most electrical devices today use 

alternative current, conversion from DC to AC is done through an inverter situated between 

the photovoltaic system and the devices. 

As Senegal seems to be an appropriate area for photovoltaic power production, a political 

will to develop it as part of the energy mix has developed these last years. This has led to a 

law in 2010 to promote renewable energy and help its development [30]. The concrete 

implementation of this law was done through two decrees issued in 2012: one concerning 

renewable energy power plants and their connection to the grid [31], and the other one 

concerning production consumers producing their own electricity through renewable energy 

sources that are only allowed to inject their production surplus into the grid [32]. 

 

As decentralized power generation at the consumption sites is considered in this study, the 

main concern is about this second decree. Some private persons have installed photovoltaic 

systems to meet a part or the totality of their power needs, either for domestic, professional 

or industrial use. Low voltage injections are considered for domestic or professional use by 

photovoltaic installations that should be under 34 kWp. Over this limit, connection should be 

done directly to the medium or high voltage grid, and then only concerns professional or 
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industrial use. This decree also states that every demand of connection of these installations 

to the grid should be met, the connection cost being supported by the photovoltaic system 

owner and the purchase price of electricity being fixed by the state regulatory commission 

for energy. However, due to some delays in fixing the purchase prices and to a fear of 

instability due to unpredictable power production, no connection has yet been done today. 

The reasons for installing such systems can vary, but the two main points that emerged 

during some interviews with photovoltaic system owners were that it was more eco-friendly 

and that it helped them secure their power supply thanks to the use of batteries (compared 

to the frequent power shortages of the network). The cost is then not the first criteria. But 

the interviews also showed that in order to have a reasonable investment cost, storage 

capacity is often limited to be optimally used. Thus, during days with a great irradiation, 

batteries can be full, and production is then stopped. This surplus production could be 

injected into the grid, representing for the customer an extra revenue source to reduce the 

return on investment time, and for Senelec an extra power production that could help 

reducing power shortages. 

 

2.2.2. Connection to the grid 

 

2.2.2.1. Literature review 

Many countries have already successfully integrated distributed photovoltaic systems to 

their grid operation. This is for example the case in France where standardized 

methodologies have been set up to connect photovoltaic systems to the grid. 

A specific documentation can be found on the website of ERDF [37], the biggest French 

distribution network operator. The main steps in the procedure are: 

 Define the size (installed capacity in Wp) and the type (monocrystalline, 

polycrystalline…) of the installation and choose the type of contract (injecting the 

total production or only the surplus) 

 Address a connection demand to the distribution grid operator (demand in then 

analyzed to model potential impacts on the grid, define the type of connection 

needed and give an estimates of the costs for the customer and the operator) 

 Agreement and realization of the work (installation of the panels and additional 

devices) 

 Commission the installation (checking the installation for compliance with norms and 

putting it into operation) 
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 In the case of Senegal, the same steps could be applied to the exception of the contract 

type, Senegalese law already restricting domestic scale photovoltaic installations to surplus 

injection. 

 

2.2.2.2. Remuneration 

The constraint is different for photovoltaic installations compared with diesel generators, 

because if the investment cost is high, there is almost no variable cost associated with power 

production. Thus, any customer with an existing photovoltaic installation would be 

interested into injecting its production surplus into the grid, whatever the price fixed by 

Senelec (as long as its income overcomes the extra investment needed for grid connection). 

Indeed, this production surplus would otherwise be lost and not economically valorized. 

However, for a customer willing to invest in solar panels, the purchasing price of electricity 

by Senelec can be of great importance, enabling a shorter return on investment time and a 

greater profitability. This is why two calculation modes were proposed by a price study 

realized for the regulatory commission [38,39].  

The first method based on Senelec’s point of view consists in evaluating the cost saved for 

Senelec when 1 kWh is produced by this solar installation instead of its traditional 

production units, taking into account both the variable and fixed production cost of these 

units as well as grid losses. This cost is then taken as the remuneration tariff for this 

produced kWh. The advantage of this method is that it implies no extra cost for Senelec and 

the state, the inconvenient being that it can be less incentive for customers to invest in 

photovoltaic installations as it may not be economically profitable enough for them. 

The second method based on the customer’s point on view is to define a tariff based on the 

real technology cost, plus a given margin to ensure profitability for a customer installing such 

a system. This calculation method would be a clear incentive to invest in solar systems, but 

implies an extra cost that has to be supported either by Senelec or by the state. 

2.2.2.3. Implementation of grid connection 

Some parameters are different between an independent photovoltaic system and the same 

system connected to the grid. Among them, the power output that has to be converted from 

DC to AC power, and its voltage level raised to 380V, the necessary metering of power 

output and the need for specific protection devices. 

 

Power inverter synchronized with the grid 

As we saw, photovoltaic panels have a direct power output due to the nature of the 

photovoltaic phenomenon. However, many devices today use alternating current provided 
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by the grid, and current then has to be transformed from DC to AC. This is done through the 

use of power inverters that enable to raise the voltage level to the rated AC voltage level 

(220 V for one phase systems or 380 V phase to phase for three phase systems). Many 

photovoltaic installations already have such power inverters in order to use photovoltaic 

power for most of their devices. But in the case of grid connection, these inverters have to 

be synchronized with the grid, thus requiring an extra input for power electronics switching. 

 

Bilateral power metering 

In Senegal, most power meters are electromechanical meters that make no distinction 

between incoming and outgoing power. But in order to know how much power is consumed 

by the consumer and how much power is injected by the photovoltaic installation into the 

grid, these two values have to be distinguished one from each other. This can be done 

thanks to the use of an electronic bilateral power meter that differentiates incoming and 

outgoing power. Such meters are currently being set up among some of Senelec’s 

customers, and their use should be generalized to all the customers in the future, thus 

enabling power injections. This project being funded by the World Bank, these meters will be 

set up at no cost for Senelec or for the customers [58]. 

 

Protection devices 

Electrical faults can happen anywhere on the electrical installation: either a fault due to the 

grid, to the electrical devices at the consumption point or to the photovoltaic installation. In 

all these cases, it is necessary to set protection devices up, both to protect the electrical 

installation from potential faults on the grid (low or over frequency, low or over voltage, to 

high connection impedance…) or to protect the electrical installation from a fault on the 

photovoltaic production unit. This second protection is often integrated with the inverter, 

but decoupling and coupling from the grid has to be done with a special device able to 

detect voltage or frequency faults and to couple or decouple the installation in consequence. 

The different types of decoupling devices and their settings are for example described by 

ERDF [36]. 

 

Diagram of the installation 

The recapitulative diagram of the installation needed to connect a photovoltaic installation 

to the grid is shown thereafter on figure 4 [37]. 
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Figure 4: Grid connection of a photovoltaic installation 

The technical constraints associated with grid connection of photovoltaic installations will  

be tackled in chapter 4. 

 

2.2.3. Estimation of production cost 

As Senegal is a centralized market (power is produced either by Senelec or other private 

companies but is necessarily sold to Senelec that then provides it to the customers), all 

prices are fixed in advance by the State and are then guaranteed as a feed-in tariff. What is 

considered for the estimation of production cost for photovoltaic systems is then the 

estimated feed-in tariff that has to be guaranteed for the projects to be economically viable. 

We tried to meet some companies installing photovoltaic systems and some private 

persons having installed some at their home, but as cost is often a sensitive data, it was hard 

to get some direct information concerning the cost of a photovoltaic system in Senegal. 

However, different sources can be compared to give an estimate of this cost. 

The first source is the photovoltaic projects that are currently developed by some private 

companies to be connected to the Senegalese grid. As Senelec is part of this process, 

information concerning the projects submitted was available, and the selling price proposed 

by the different companies is situated between 65 and 95 XOF/kWh [56], with most projects 

between 80 and 90 XOF/kWh. This takes into account the initial investment in photovoltaic 

panels, power inverter, protection devices and grid connection. The considered projects are 
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however in the range of some MW, and the small-scale private systems of some kW 

considered in our study then probably have higher production costs. 

A second source is a study made by the German cooperation organization GIZ for a 

dedicated project for Senegal called PERACOD (“Promotion de l’Electrification Rurale et de 

l’Approvisionnement Durable en Combustibles Domestiques” [Promotion of Rural 

Electrification and of Sustainable Domestic Fuels Purchase]) [29]. The different projects are 

studied with a return on investment time of 15 years, and the electricity purchase price 

needed for such project is calculated. The results of this study are that: 

- Under 5 kWp of installed capacity, the price should be over 328 XOF / kWh 

- Between 5 kWp and 500 kWp, the price should be over 328 XOF/kWh 

- Between 500 kWp and 2 MWp, the price should be over 262 XOF/kWh 

- Over 2 MWp, the price should be over 230 XOF / kWh 

The prices in the study being given in euros, a conversion rate of 1 EUR = 656 XOF was 

applied [33]. These prices can seem really high compared with the projects currently 

developed in Senegal and with the average power production price of 78 XOF/kWh on the 

Senegalese grid in 2013 [3]. However, this study was made in 2004-2005 and the prices for 

photovoltaic systems have decreased representatively since then, at an average rate of 13% 

per year since 2006 [34]. Taking this into account for an evolution between 2006 and 2014, 

the prices are then only 32.8% of what they were then and it leads to prices between 75 

XOF/kWh for installations over 2MWp to 108 XOF/MWh for installations under 5 kWp. 

Finally, we can compare these prices to the feed-in tariffs that are applied currently in 

some other countries. In Germany in October 2014 prices were between 57 XOF/kWh for 

ground-mounted installations and 83 XOF/kWh for roof-mounted installations under 10 kWp 

[34]. In France in September 2014, the tariffs varied between 46 XOF/kWh for ground-

mounted installations and 92 XOF/kWh for roof-mounted installations under 36 kWp [35]. 

Results are summarized in table 2 below. 

 

Source Senelec projects PERACOD France Germany 

Small-scale (XOF/kWh) - 108 92 83 

Large-scale (XOF/kWh) 85 75 46 57 
Table 2 : Remuneration of photovoltaic power according in different contexts 

As Senegal is not as mature as countries as France or Germany that already have a great 

experience in this field and experience different climate conditions, the values that should 

be taken into account are probably the upper limits for both the small-scale and the large-

scale projects. Indeed, different facts can negatively impact solar power production in 

Senegal: photovoltaic efficiency is for example decreasing with temperature, and the higher 

atmospheric temperatures in Senegal can then be a drawback. The Senegalese power grid 

also experience recurrent too high or too low voltages or frequency, thus limiting the 
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periods when photovoltaic power injection is possible. However, this value should anyway 

be re-evaluated with a dedicated study for the case of Senegal with the current state of 

technology and devices costs to calculate the real feed-in tariff needed. This should be done 

by the CRSE for the future decree concerning remuneration of power production from 

renewable energy sources. 

 

2.2.4. Estimation of installed capacity 

Photovoltaic power is an emerging technology in Senegal. It can be seen through the recent 

projects that were recently developed: 3 kWp installed in 2012 at CERER, a research center 

that injects the whole of its photovoltaic power production into the grid in order to analyze 

the impact, 2 MWp installed at Diamnaidio in the context of the international French-

speaking conference. There are also large-scale projects scheduled for the coming years such 

as 20 MWp as a gift from United Arab Emirates or 15 MWp installed with the German 

cooperation organization GIZ that should both come to operation in 2016. 

However, as no customer is currently connected to the grid to inject production surplus and 

as no declaration requirements are needed when installing a photovoltaic installation, 

installed distributed generation capacity is not known at all. Nevertheless, some customers 

have recently contacted Senelec to be able to inject their production surplus giving some 

partial data about some specific installations. 

From different discussions with customers and solar panels installers, we can however see a 

general pattern for photovoltaic installations in Senegal. If many of them are set up in rural 

areas not concerned by grid connection, only few are currently installed in urban areas such 

as Dakar. The size of this last type of installations, dedicated to self-consumption, is generally 

situated between 1 and 6 kWp, with a typical size of 2 kWp. The total installed amount is not 

known but is probably negligible in front of the total demand of the interconnected grid 

given the limited size and number of these installations. 

Finally, during this master thesis two projects were set up. The first one, initiated by the 

German cooperation program PERACOD aims at identifying all renewable energy 

installations through a customer study to estimate the total installed capacity. But this 

project ending in March 2015, no results were available when writing this report. The second 

one is a pilot project with one known customer with photovoltaic installation, enabling the 

injection production surplus into the grid in order to see the actual feasibility and the 

possible impact on voltage level. This project was initiated in the context of this master 

thesis but no results were available yet when writing this report. 
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3. Contribution of distributed 
generation to power supply reliability 

 

We have studied the installed capacity of distributed generation in Senegal and its 

production cost. However, this generation capacity will not be used all the time, either 

because there is a sufficient output power provided by the conventional generation units, or 

because it is not available at 100%. The real impact of this solution on power supply 

continuity must then be estimated. 

The goal of this part is to estimate the contribution of voluntary load shedding and grid 

connection of photovoltaic installations to unserved energy reduction. This will be done 

using the load duration curve model, taken from the power system analysis course of KTH 

University, Stockholm [43]. As these are considered to be short term solutions before setting 

up new power plants, and as production evolution is known only on the short term (2 to 5 

years ahead), the time period that was chosen for this study goes from 2014 to 2018.  

 

3.1. Presentation of the model used 

 

3.1.1. Definitions 

Load duration curve - LDC 

The base of electric power is that production is equal to consumption at any moment. The 

model is then based on a statistic evaluation of adequacy between generation and load. The 

load duration curve is then the statistic distribution of power demand. It represents the 

probability that the load exceeds a given power level: 

 

Equation 2 : Load Duration Curve Calculation 

This probability value decreases from 1 for a load equal to zero (the total demand on the 

grid is never null) and 0 for an infinite load (the load is limited by the number and nature of 

installed devices). It offers no precision about geographical (potential congestions of the 

grid) or temporal (potential recurrent peak demand at a given time) load distribution, but 

only takes into account load level and its probability of occurrence. 
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Loss of load probability - LOLP 

A loss of load event is a period when load exceeds generation capacity actually available. As 

this is not physically possible (load = generation at any moment), it actually corresponds to 

some load shedding events (either by directly disconnecting some customers from the 

network or by asking some to reduce their load). Loss of load probability is then defined as 

the probability that a loss of load event appears, over all the possible load and generation 

levels.  

Expected energy not served - EENS 

During these load shedding events due to a power shortage, the amount of power that has 

to be shed can vary depending on the difference between actual production and demand. 

Expected energy not served is then defined as the extra amount of energy that would have 

been consumed if there was never any power shortage. 

 

3.1.2. Principle of the method 

 

3.1.2.1. Base case with 100% availability 

We first consider the simplified case of two power plants with respective generation 

capacity of G1 and G2 and both with an availability of 100%. We also consider that the 

variable production cost of unit 1 is smaller than the one of unit 2: β1 < β2. To be most 

economically efficient, the cheapest unit will then be dispatched first, when the load is 

inferior to G1 and unit 2 will be started only when unit 1 is not sufficient to cover the load, 

this is to say when it is over G1. Finally, when load is over G1 + G2, production capacity is not 

high enough to cover the load, and this leads to a loss of load event. This is summarized on 

figure 5 representing load duration curve, contribution of each power plant to load coverage 

and unserved energy.  

From this, we can determine the loss of load probability which is the probability that load 

exceeds installed capacity:  

 

Equation 3 : Loss Of Load Probability with two 100% available power plants 
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We can also determine the expected energy not served which is the load shed time the 

probability of this load shedding, which is to say: 

 

Equation 4 : Expected Energy Not Served with two 100% available power plants 

 

 

Figure 5: Load duration curve and unserved energy with 100% available power plants 

 

3.1.2.2. General case 

In the general case, power plants are not 100% available (either due to some necessary 

maintenance or some unplanned failures). The method then has to take into account 

potential generation shortages. In order to do so, we define the equivalent load Eg when g 

power plants have been dispatched as the sum of the demand D and the outages O i in all of 

the power plants. 

 

Equation 5 : Equivalent Load Definition 

 

 



35 
 

From this we have that a loss of load event appears when 

 

Equation 6 : Loss of Load Event and Equivalent Load 

When comparing this equivalent load to installed capacity we can then determine the 

probability of a loss of load event. If there are g power plants, the equivalent load duration 

curve taking into account potential power outages of dispatched power plant is then defined 

as: 

 

Equation 7 : Equivalent Load Duration Curve when adding a Power Plant to the Production Pool 

Production units are then dispatched one by one, ordered by increasing variable cost. When 

all the production units have been dispatched, LOLP and EENS can be determined as in the 

base case: 

 

Equation 8 : Loss of Load Probability and Expected Energy Not Served 

In order to calculate the total operational cost, we begin by determining the average 

generation level of each power plant EGi. This is equal to the difference of energy unserved 

when the power plant is not dispatched, and when it is actually dispatched: 

 

Equation 9 : Generation Level of a given Power Plant 
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3.2. Application to the Senegalese interconnected network 

 

3.2.1. Load modeling 

 

3.2.1.1. Available data 

In Senegal load on the interconnected grid is measured hourly. What is measured is gross 

production, which is to say the total electric power injected on the grid by the power plants, 

without subtracting the consumption of the production ancillary generators, the 

transmission, distribution or non-technical losses. This is then the gross production needed 

to meet the demand (considering losses as a part of the demand because this energy has to 

be produced by the power plants anyway). 

In order to know the geographical distribution of the load, measurements are also made 

every year locally, during the month of October which is the hottest month of the year and is 

then estimated to correspond to the highest load. What is measured is power flow on each 

High Voltage / Medium Voltage transformer (at the beginning of each feeder) and the 

current at every Medium Voltage / Low Voltage transformer. This gives an estimate of the 

maximum load in each area. The daily and monthly variations of this load are then modeled 

thanks to the variations of the total load of the grid, measured in real time. 

The second parameter that has to be known in order to estimate the real load is unserved 

energy. Unserved energy can either be due to load shedding controlled by the distribution 

grid operator (most of the time because of a lack of production) or to a grid failure (over-

voltages leading to disconnection, line-to-line or line-to-ground faults…). The areas where 

such power shortages appear are usually known: either because it is directly controlled by 

the transmission or distribution grid operator, or because a fault is identified and fixed by 

the operator. Real demand is then estimated by Senelec using the following formula: 

 

 

Equation 10 : Total demand estimation 

 

From the data available for year 2013 [44], we can see the average daily variations and the 

average monthly consumption to see the general trends of demand evolution during the day 

and during the year.  
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Figure 6 : Hourly load evolution on one day for year 2013 

Figure 6 above shows the daily variation of the load. We can distinguish 3 main load levels. 

The first one corresponds to night time – between 1 a.m. and 7 a.m. – and is the lowest one, 

around 300 MW in average. The second one corresponds to day time – between 8 a.m. and 

7 p.m. – and is around 350 MW in average. Finally, the highest load level corresponds to 

evening time between 7 p.m. and 11 p.m., around 400 MW in average. This can be explained 

by the fact that a big part of power consumption is domestic and then increases when 

people come back from work and turn their light, television or other devices on when 

coming back from work and when night falls. We can also see on this graph that the peak 

load over one year for the different hours of the day follows the same trend as the average 

load with 3 main periods: night - day - evening.  

 

Figure 7 : Monthly average load evolution for year 2013 
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Concerning the monthly evolution, demand is maximal during the hottest months of the 

year (June to October) and minimum for the months of December to February when 

temperature decreases. 

These data can afterwards be aggregated on a yearly basis in order to know the probability 

of each demand level, and then to build the load duration curve. From the hourly load levels 

on one year, this load duration curve was built for year 2013 on the Senegalese 

interconnected network.  

 

Figure 8 : Load duration curve on the Senegalese interconnected network for year 2013 

 

3.2.1.2. Evolution perspectives 

Concerning demand evolution, a study is regularly made by Senelec together with CRSE 

(Comission de Régulation du Secteur de l’Energie [Energy Sector Regulatory Comission]). 

One was made during the year 2014 to estimate load evolution between 2014 and 2030 in 

order to plan the development of new production units, grid extensions and other material 

needs. This study takes into account the population increase, new electrical devices being 

purchased, and medium to big projects planned for the coming years. It also takes into 

account inflation and GDP growth as global indicators of economic development and then of 

power consumption. Three estimations were made, a base case, a low estimation, and a high 

estimation. It shows a yearly demand increase of 6.2 % in the base case, 4.9 % in the low 

demand case and 8.7 % in the high demand case [13]. Figure 9 below shows the demand 

evolution in GWh per year between 2011 and 2030 in the three situations considered. It is 

then expected to grow every year in all cases (due to economic growth, population growth 

and a better electrification rate) except for year 2027 in the high load scenario when some 

important high voltage projects (mainly mines, which have limited resources and thus a 

limited explotation time) will come to an end, thus greatly impacting the total demand on 

the grid.  
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Figure 9 : Demand evolution for years 2010 - 2030 

 

 

 

3.2.2. Supply modeling 

 

The second part of this model consists in modeling the supply. Production is made by power 

plants that have their own characteristics: installed capacity, production cost, availability… 

These data are key factors for production planning and production quality measurement and 

they are reported on a daily basis to Senelec, either from their own power plants or from the 

private producers. 

 

3.2.2.1. Current production pool 

In 2013, there were 12 power plants injecting power into the Senegalese interconnected 

grid. Their main characteristics are summarized thereafter in table 3. 
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Name of the 
power plant 

Energy source 
Installed 
capacity 

(MW) 

Reference 
available power 
for 2013 (MW) 

Availability 
(%) 

Variable 
production 

cost 
(XOF/kWh) 

Part of plant 
production in 

total production 
in 2013 (%) 

C4 diesel Cap 
des Biches 

Diesel 95 84 73,59 80,59 18,5 

C6 Diesel Bel 
Air 

Diesel 98,7 93 73,23 82,67 18,8 

C7 Diesel 
Kahone 

Diesel 101,4 93 91,71 83,03 22 

C3 Vapeur Cap 
des Biches 

Steam 57,5 45 4,33 141,29 0,7 

TAG2 Cap des 
Biches 

Gas turbine 42 20 50,12 231,71 0,5 

TAG4 Bel Air Gas turbine 35 30 88,35 179,3 2,5 

GTI 
36 MW Gas turbine 

+ 16 MW Steam 
52 30 20,91 201,29 0,3 

Manantali Hydro power (dam) 60 60 

Unknown 21,15 10,6 

Félou 
Hydro power (run-

of-river) 
15 15 

Alstom Power 
Rental 

Diesel 50 30 99,83 133,14 9,7 

Kounoune 
Power 

Diesel 67,5 60 80,09 86,24 13,6 

SOCOCIM Natural gas 24 19 51 40,5 2,7 

Table 3: Installed power plants in 2013 and characteristics 

As the interconnected network in Senegal is a fully centralized market, no bid is directly 

contracted between producers and consumers: every MWh that is injected in the grid is 

bought by Senelec, acting as a power pool, to be sold to the consumers. Production is then 

planned directly by the dispatching service at Senelec. Every day, each plant reports its 

available production capacity to the dispatching service, with some eventual limitations 

concerning possible maintenance or unavailability during a part of the day. Load estimation 

is also done for the day, from former data and modeling. From this, the power plants that 

are going to be used, and their production levels are chosen. In order to be most 

economically efficient, the cheapest power plant is chosen first with its maximal production 

level, then the second cheapest and so on until demand is met. 

A remark that can be done concerning dispatching is that in Senegal, almost all units are 

dispatchable (their production level can be chosen) because almost no uncontrolled 

renewable energy is used for power production. The only uncertainties between expected 

and real production can then only be due to technical failures but not on meteorological 

variations for example. The only exceptions are: 
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- The hydro power plant of Félou which is a run-of-river plant situated on the 

Senegal River after the dam and hydro power plant of Manantali. Its production 

depends on the amount of water released in Manantali. 

- The SOCOCIM power plant which is installed at a cement plant and is first used 

for its own power needs, the part sold to Senelec being the production surplus 

 

3.2.2.2. Perspectives of evolution for the production pool 

Senelec power plants 

Among Senelec’s power plants (C3, C4, C6, C7, TAG2 and TAG4), no major change should 

happen within the 5 coming years. Most of them have been renovated between 2011 and 

now (the renovation of C3 ending in the beginning of 2015) and should be maintained until 

other power plants have been set up to cover the demand. However, the three oldest ones, 

C3 and the two gas turbines TAG2 and TAG4 are getting old and may be subject to a major 

failure in the coming years. 

Currently installed private power plants 

Among the private power plants, some of them have already stopped injecting power into 

the Senegalese grid. This is the case of GTI, stopped in the beginning of 2014, and SOCOCIM, 

which production which no produces only for auto-consumption due to problems with local 

natural gas resources. Félou and Kounoune Power should not experience any major change 

in the coming years either, having recently been set up (in 2013 and 2007 respectively [3]). 

Manantali has been subject to several group faults since 2014 due to the delay of the 10-

years maintenance, which has finally begun in 2015 and will only come back to its initial 

capacity of 200 MW in 2018. Finally, Alstom Power Rental is a rental capacity that is 

renegotiated every year depending on Senelec’s needs. 

New diesel power plants 

Two new diesel power plants should be set up in the coming years. The first one built by 

Taiba Ndiaye is planned to be operational in the beginning of 2016 for an installed capacity 

of 70MW. The second one built by Contour Global on the previous site of GTI is planned to 

be operational in 2016 at the same time for an installed capacity of 52 MW. 

New coal power plants 

Among the new contracts signed by Senelec are also several coal power plants. The first one, 

SENDO CES, is already being built and should operate from the beginning of 2016 for an 

installed capacity of 116 MW. The second contract signed with Africa Energy is made of 3 

parts of 90 MW each for a total of 270 MW that should respectively come in July 2017, 

October 2017 and January 2018. 
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Solar power  

After several laws and agreements concerning renewable energy sources, solar power plants 

should finally be set up on the Senegalese power grid. The first part is made of two power 

plants installed at no cost for Senegal by United Arab Emirates and Germany. They are 

respectively of 20 MW and 15 MW and should be set up at the beginning of 2016. The 

second part is made of private producers that have signed contracts with Senelec. However, 

the electricity price of the contract is not agreed by most of them, which may lead to delays 

in their installation. 25 MW are originally planned to arrive in the beginning of 2016 and 40 

MW in 2017, with a deadline of installation set at the end of 2017, but some of these 

projects may never be installed. 

Wind power 

An adequate site has been found on the western cost of Senegal, between Saint Louis and 

Dakar. 150 MW made of 3.3 MW onshore wind turbines should be installed there, with a 

first part of 50MW set up in the beginning of 2017. 

Interconnection with Mauritania 

A part of the production is also planned to be imported for Mauritania. In 2015, this part is 

planned to increase progressively from 20 MW to 50 MW, produced by a diesel power plant 

there, to which an extra capacity of 30 MW should add in 2016. This capacity should finally 

be replaced by an equivalent imported capacity of 80 MW from gas turbines in 2018. 

 

3.2.2.3. Modeling of the power plants 

As we have seen, the power plants are modeled through their installed capacity and a 

probability of outage. However, depending on the power plant type, the model will differ to 

take into account the differences of availability. 

a. Coal power plants, steam power plants or gas turbines 

Coal power plants as well as power plants or gas turbines are made of a single boiler that 

runs a electric generator. Thus, the potential outage of such a power plant corresponds to a 

shortage of the whole installed capacity. Thus, the equivalent load duration curve when 

adding such a power plant to the production pool is calculated by: 

 

Equation 11 : Equivalent Load Duration Curve Calculation for Coal, Steam or Gas Power Plants 
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b. Diesel power plants 

Diesel power plants are made of several diesel engines, each of them running an electric 

generator. Thus, the whole installed capacity is split between the different engines installed. 

As the generation capacity of each generator in the power plants was not known, the total 

installed capacity was divided by the number of engines in the power plant. For the private 

power plants for which the number of engines was not available (the only contractual aspect 

being available output power), the number of engines was calculated as a generator for each 

10 MW of output power. All the engines are then added one by one using the same formula 

as the one for coal power plants, each of them considered to have availability equal to the 

one of the whole power plant. A diesel power plant of 80 MW with 80% availability made of 

8 engines is then modeled as 8 independent engines of 10 MW and 80% availability each. 

c. Solar photovoltaic power plants 

The output power of solar photovoltaic power plants depends on the irradiation rate at a 

given time and cannot be dispatched depending on load variations. Irradiation being null 

during night time, it then increases from the day rise to midday and finally decreases to the 

sun set, with potential diminutions due to weather conditions such as clouds or rain. The 

European Union provides data about irradiation rate evolution depending on the daytime 

and the month, with a value for total available energy generation by day with standard PV 

installations for both European and African countries [46]. We used this tool for a typical 

photovoltaic installation in Dakar (estimating that variations due to different locations in 

Senegal would stay small considering the size of the country). The losses due to internal 

network losses and inverter losses were estimated to be 14% [49]. Extra losses due to 

temperature, low irradiance and angular reflectance effects were then estimated and given 

in the output data. In our case, total system losses were estimated to 27.9%, and the optimal 

inclination angle said to be 15°, oriented toward south (which was what was observed for all 

visited photovoltaic installations in Dakar). 

Power production is then approximated to be directly proportional to the irradiation rate 

such as the whole production of the day corresponds to the given daily production for the 

month considered. The installed capacity minus the actual production finally gives the 

equivalent production outage for a given time during the day. In order to have the 

corresponding probability of the outage, a distinction into symmetrical time intervals of 2 

hours was chosen, the associated outage being the average of the actual outage on this 

period. Production during night period and evening period were then set to zero, and 

potential production levels during the day estimated thanks to this method. As power 

demand on the Senegalese power grid is almost constant during daytime as shown in part 

3.2.1, it was considered that there was no correlation between load and solar power 

production except for the seasonal variations of solar production and power demand (higher 

solar production during the coldest months due to a better efficiency and higher load during 

warmest months). The corresponding calculations are given in Appendix A1. 
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It then gives a range of outages Oi,j associated with a given probability pi,j. The equivalent 

load duration curve when adding the photovoltaic power plant is then calculated by the 

formula: 

 

Equation 12 : Equivalent Load Duration Curve Calculation for Solar Photovoltaic Power Plants 

d. Wind power plants 

Wind power plants are also non-dispatchable. They are thus modeled as the solar power 

plants as a set of outages associated with a given probability. These values are defined by 

two inputs. The first one is power curve of the wind turbine used and the second one the 

probability of a given wind speed. 

In the case of Senegal, the only wind project is planned for the site of Potou with 3.3 MW 

Vestas turbines. The power curve of the wind turbine is directly given by Vestas and shown 

in appendix A2. The wind speed distribution was not directly available, but the average wind 

speed at 70 m height is known to be 6.4 m/s [45]. From this, wind speed at 100 m which 

corresponds to the height of the wind turbines can be calculated using the power law [47]. 

 

Equation 13 : Power Law for Wind Speed Estimation with Height 

In our case, the wind farm is situated on the shore, nearby the sea. For such a configuration, 

a usual value for the roughness length given by Davenport’s classification as a “smooth” 

zone (beach) is z0 = 0.005 m [48]. This gives us an average wind speed of 7.4 m/s at a height 

of 100m. 

Wind speed distribution can be estimated using Rayleigh distribution [47]: 

 

Equation 14 : Rayleigh Wind Speed Distribution 

From this, 5 different power output ranges were chosen, each of them with an associated 

probability defined thanks to the wind speed distribution and an associated outage given by 

the power curve. The results can be seen in appendix A2. 
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e. Hydro power plants 

The two hydro power plants are run in a different way. Indeed, if Manantali is associated 

with a dam that enables managing the output power, Félou is a run-of-river plant and 

produces directly depending on the flow of the river. These 2 power plants are run by an 

independent company and the produced power is shared between 3 countries (Mali, 

Mauritania and Senegal) each one with a different ratio of the total producible energy. These 

ratios are shown in table 4. 

Power plant Senegal Mali Mauritania 

Manantali 33% 52% 15% 

Félou 25% 45% 30% 
Table 4: Repartition of hydro power plant between the neighbour countries 

The power actually produced for each country is then estimated by power measurements at 

the interconnection between the three countries. 

 

Manantali 

For Manantali, each transmission system operator chooses its wanted generation level 

taking into account 2 constraints: 

- The total producible energy per semester (between January and June or between 

July and December) and per country is fixed in advance and cannot be exceeded 

- The instantaneous power drawn by a country cannot exceed its ratio of the total 

available output power of the power plant 

For year 2015, the estimated available energy is 807 GWh (of which 20 GWh is directly 

consumed by the power plant to be run), and the share of Senegal is 146 GWh for the first 

semester, and 113 GWh for the second. These shares are defined in order to take into 

account the minimum water level at the dam, which usually appears in June or July (the 

months of November to May being dry month with almost no rain, and June to October 

being the rainy season). The maximum output of the power plant also depends on the water 

level, and decreases from January to July, and then increases again to its maximum level in 

December. These variations are shown on figure 10. 
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Figure 10 : Monthly average of maximum production possible at Manantali in % of installed capacity 

No optimization software is used to plan production, but it is done by the planning team at 

Senelec according to two criteria: 

- The total production for a given month is proportional to the weight of the power 

consumption of this month relatively to the total semester, which can be found in 

appendix A3. The daily production is then taken as the monthly production 

divided by the number of days. 

 

                Equation 15 : Daily Production of Manantali Hydro Power Plant 

- The production is chosen to be always maximal with an output power y during 

the evening (19.00 to 00.00) to face the daily peak demand. The remaining energy 

Erest for the night and the day period is then split such as the production during 

the day (7.00 to 19.00) equals three times the production during the night (00.00 

to 7.00 which corresponds to the minimal load). 

 

Equation 16 : Manantali Hydro Power Plant Production Planning 
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The final factor to take into account is the unavailability of some of the turbines for the 

power plant of Manantali due to mechanical failure, and their maintenance scheduled for 

the 3 coming years. The installed capacity evolution for the coming years is shown in 

Appendix A3. 

 

Félou 

The power plant of Félou is situated under Manantali on river Senegal. The geographical 

disposition of the power plants is shown on figure 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There is no dam and production then only depends on the river flow, which theoretically 

depends partly on the flow coming out of Manantali. However, as no specific data is 

available to take into account the relative contribution of Manantali to the total flow, the 

output power of Félou is approximated to be constant over a season and independent from 

Manantali’s production. The trimestral production of Félou is shown in Appendix A3. 

 

Figure 11: Manantali and Félou power plants disposition on river Senegal 
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f. Voluntary load shedding 

The goal of this part being to evaluate the potential of voluntary load shedding on unserved 

energy, it is also necessary to model it. In reality, it is seen from the grid as a demand 

decrease, but in the case of our model, we can consider it as a production capacity (which it 

actually is, depending on private diesel generator production) with a given availability. It was 

then arbitrarily considered that 80% of the concerned customers would accept to be part of 

the voluntary load shedding program, for a total installed capacity of 46 MW, and that this 

capacity had an availability of 80% (corresponding to the average availability of Senelec 

diesel power plants) to take into account the potential problems with maintenance or fuel 

supply. 

 

3.3. Load duration curve and unserved energy 

3.3.1. Implementation of the model 

 

We then applied the modeled described in part 3.1 with the input data discussed in 3.2 in a 

matlab program. In order both to take into account the seasonal and daily load variations 

and the specific availability or production level of some of the production units, each year 

was divided into twelve periods that were modeled independently before aggregating the 

results for a whole year. These twelve periods come from a division into four trimesters 

(December – February and March – May corresponding to the cold period and June – August 

and September – November to the warm period). Each trimester is afterwards divided into 

three daytime periods: the first one corresponds to the power demand levels for the 00.00 

to 07.00 time lapse, the second one to 07.00 to 19.00 and the third one to 19.00 to 

00.00.The load and the production availability are then almost constant on the twelve 

considered periods. This enables us to adequately model renewable power production.  

Thus, solar power production depending on the radiation level, it has no production during 

the 00.00 – 07.00 and 19.00 – 00.00 periods, and the load being almost constant during the 

07.00 – 19.00 period, solar production can be considered not to be dependent on load level 

during this period. It is then just modeled as different production levels, each one with a 

given availability as shown in appendix A1. The cutting into four trimesters also enables us to 

take into account the seasonal variation of the production by averaging the monthly 

radiation level on three-month periods. 

As explained in part 3.2.2.3.e, Manantali hydro power plant production level is also chosen 

depending on the season and daytime. This production variation can then be taken into 

account by associating a constant availability to this hydro power plant, but different 

production levels depending on the daytime and on the season. 



49 
 

This model also enables us to simulate different possible implementations of voluntary load 

shedding on different periods of the year and of the day, as it will be explained in part 3.3.2.  

Finally, as diesel, gas or coal power plants production does not depend on the season or the 

daytime, there production level and availability is considered to be the same for the twelve 

periods. This is also the case for wind power for which no seasonal or daily data about 

production variation were available. It was then modeled as different production levels with 

a given probability that stays the same along the day and along the year. 

3.3.2. Cases modeled 

The first case that was modeled is the base case when no distributed generation is set up, in 

order to have a comparison basis to see the impact of this integration. But the three 

different projections for demand and for production were also taken into account. The three 

cases that were modeled are then a combination of these projections: 

- High demand and low production 

- Base demand and base production 

- Low demand and high production 

Demand evolution was modeled by multiplying each demand level of the reference year 

(2013) by the average yearly demand increase (depending on the projection scenario: High, 

Base or Low). The whole load duration curve was then displaced by the average demand 

increase for the considered year. The demand evolution per year for each scenario can be 

seen in table 5 below. 2013 is taken as reference year and the demand increase is calculated 

with respect to the previous year in percent of average load increase 

  2014 2015 2016 2017 2018 

Base Scenario 3,2% 8,7% 12,7% 9,7% 10,7% 

Low Scenario 3,2% 7,1% 5,7% 4,8% 6% 

High Scenario 3,2% 16,9% 18,4% 16,8% 20% 
Table 5: three scenarios of yearly demand increase 

Production evolution was modeled taking into account the period when new power plants 

will be set up and the potential defaults on the existing power plants. The main features 

used were: 

- No delay in power plant delivery and a constant power plant availability for the 

high production case 

- A delay of 6 month or 1 year depending on the project and an availability 

decrease of 1%/year from 2015 for Senelec’s power plants for the base 

production case 

- A delay of 1 or 2 years depending on the project and an availability decrease of 

2%/year from 2015 from 2015 for Senelec’s power plants for the low production 

case 
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The impact of a voluntary load shedding program on unserved energy was then estimated, 

taking into account a potential of 46 MW as explained in part 1. As we saw in the description 

of the load, there are two kinds of peak demand that appear. The first one is a seasonal peak 

during the warm season from June to October. The second one is a daily peak during the 

evening from 19.00 to 00.00. Three options were then studied to use voluntary load 

shedding:  

- All year long as soon as a production lack appears 

- Only between 19.00 and 00.00 all year long 

- Only between June and November and from 19.00 to 00.00 
 

3.3.3. Results 

In this part are discussed the results from this unserved model. The exhaustive results for 

the three scenarios can be found in appendix B, the tables of this part only taking into 

account the most valuable conclusions. 

 

3.3.3.1. Unserved energy evolution 

The first output data that we get from this model is the evolution of unserved energy with 

the current schedule for new power plants delivery and demand increase for the coming 

years. These results are shown in table 6 thereunder. 

Year Base EENS (GWh) Low EENS (GWh) High EENS (GWh) Senelec data (GWh) 

2013 12,2 12,2 12,2 14,5 

2014 21,3 21,3 21,3 18,0 

2015 15,6 12,3 91,3 - 

2016 126,8 0,0 987,6 - 

2017 2,1 0,0 325,1 - 

2018 3,3 0,0 1087,7 - 

Table 6: Yearly unserved energy for the three scenarios studied 

We can draw two main conclusions from this table. The first one is that depending on the 

scenario, unserved energy due to production faults or lacks can be controlled or largely 

diverge. Thus, the eventuality of important load shedding and solutions to tackle it should be 

considered in case demand quickly increases and new production plants are delivered with 

some delays.  The high value for unserved energy for 2016 in the base case is due to the fact 

that we consider no power rental for this year whereas the power plants originally 

scheduled for the month of January are delayed until the month of July.  
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The second one is the comparison of the model results with actual values of unserved 

energy for years 2013 and 2014. We have an error of respectively – 16% and +18% for these 

two years. These values can seem really high, but taking into account the uncertainties 

about production and demand evolution, they are actually reasonable to give an idea of 

unserved energy evolution. 

The second output data that can be analyzed is the seasonal and daily repartition of 

unserved energy. They are respectively shown in table 7 and table 8. 

 

Repartition of 
EENS (%) 

Base Low High Average 

Dec. - Feb. 24,7 17,0 18,4 20,0 

Mar. - May 25,6 15,5 12,8 17,9 

Jun. - Aug. 22,6 35,5 30,4 29,5 

Sep. - Nov. 27,1 32,0 38,5 32,6 
Table 7: Repartition of unserved energy by trimester (average on period 2013 - 2018) 

The seasonal repartition show that 62% of the unserved energy appears during the warm 

season (June – November). The lower seasonal difference for the base case is mainly due to 

an important lack of production at the beginning of year 2016, thus giving a certain bias in 

the results. Only taking into account the base case and the low case when new power plants 

are principally set up at the beginning of the year, this value even increases to 68.2%. As 

expected when looking at the demand curves, unserved energy is then way more likely to 

happen during the warm season, justifying the scenario with voluntary load shedding only 

during the warm season and peak hours. 

 

Repartition of 
EENS (%) 

Base Low High Average 

Night 2,7 3,0 6,5 4,1 

Day 10,0 7,5 18,4 12,0 

Evening 87,3 89,5 75,1 84,0 

Table 8: Repartition of unserved energy by day period (average on period 2013-2018) 

The daily repartition shows that 84% of unserved energy is likely to appear during the 

evening period (from 19.00 to 00.00). This is understandable considering that it corresponds 

to the demand daily peak, whatever the season. This result also justifies the two scenarios 

considering voluntary load shedding only during evening periods. 
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3.3.3.2. Impact of voluntary load shedding 

The three solutions that are compared to set up voluntary load shedding are to be able to 

ask for it at any time or to restrict it either to the 19.00 – 00.00 period or to this same period 

only during the June – November period. 

Table 9 below shows the unserved energy reduction that could be achieved by these 3 

solutions in the base case. 

 

EENS reduction (%) Evening - Warm VLS Evening VLS Any time VLS 

2013 64,2 % 72,7 % 84,9 % 

2014 21,9 % 63,8 % 75,1 % 

2015 57,1 % 73,6 % 84,4 % 

2016 0,2 % 39,9 % 53,0 % 

2017 49,5 % 66,6 % 74,1 % 

2018 13,3 % 64,0 % 68,0 % 

Average 34,4 % 64,4 % 73,2 % 

Table 9: Unserved energy reduction depending on implemented voluntary load shedding for the base case 

We can then see that using voluntary load shedding only during the evenings of the warm 

season would already enable to reduce EENS by more than 1/3. This value is again biased in 

some way by the delivery of new power plants in the month of July in the base case, 

especially for years 2016 and 2018, and without these two years, this value increases to 48%, 

almost half of total unserved energy. Moreover, using voluntary load shedding only during 

these periods would mean a yearly use 6 month x 31 days x 5 hours = 930 hours, which is 

under the limit of 1050 hours/year which was shown in section 2.1.5 to be the limit under 

which it is economically interesting to use voluntary load shedding compared with power 

rental. Enlarging it to evenings all year long would enable to reduce it by almost 2/3 and 

using it at any time by almost 3/4. If these two last scenarios would enable to reduce more 

importantly unserved energy, they also have other drawbacks in terms of availability and 

cost that will be discussed in chapter 5. 

We can also compare the impact of voluntary load shedding depending on the projection 

scenario. Production for 2015 being already known and set up at the month of January, this 

year was chosen to compare the results of the three models. 

 



53 
 

EENS reduction (%) Evening - Warm VLS Evening VLS Any time VLS 

Base 57,1 % 73,6 % 84,4 % 

Low 61,5 % 76,5 % 87,4 % 

High 41,0 % 55,4 % 70,0 % 

Table 10: Unserved energy reduction depending on the scenario for year 2015 

Table 10 there above shows equivalent values for the three modeled cases. Unserved energy 

reduction is somewhat lower for the high load and low production case due to higher values 

of unserved energy, the limited potential of 46 MW not being enough to face the production 

lack in this case. 

3.3.3.3. Impact of domestic-size photovoltaics 
 

It is harder to estimate the potential impact of domestic-size photovoltaic installations on 

unserved energy because of the high uncertainty on installed capacity. However we tried to 

make assumptions about the capacity that could be installed in the coming years if an 

ambitious scheme was set up by Senegal to develop such systems. Due to the time needed 

to set up such a scheme and to connect customers to the grid, we assessed that 10 MW 

could be installed in 2017 and 20 MW in 2018. The results obtained in terms of unserved 

energy reduction are shown in table 11 below: 

EENS reduction with domestic-
size photovoltaics 

2017 2018 

Base case 2,2% 4,1% 

Low load Case - - 

High Load Case 0,9% 2,2% 
Table 11 : Unserved Energy Reduction with Domestic-size Photovoltaics 

 

3.3.3.4. Conclusion 

The results of this model show that significant unserved energy reduction could be achieved 

using voluntary load shedding. If the use of such a scheme should become less necessary as 

new power plants are set up and unserved energy decreases, the “high” scenario also shows 

that important production lacks can still appear for the coming years if some delays are 

taken in power plants delivery.  

Moreover, in this study was only assessed the impact on voluntary load shedding on the 

reduction of unserved energy due to production lack. But decreasing the demand during 

peak periods will also lead to less grid congestion and can help reducing unserved energy 

due to grid incidents. 
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Finally, as it was shown in section 2.1.5 to be economically interesting compared with rental 

capacity for a spare use (less than 12% of the time), it seems a reasonable option to consider 

for future reduction of unserved energy. The ways to implement it will be discussed in 

chapter 5. 

However, the impact of domestic-size photovoltaics would be limited for the coming years, 

reducing unserved energy of less than 5%. This can be explained by the fact that most power 

shortages appear during the evening when no photovoltaic production is possible. 

Moreover, photovoltaic production is higher during the cold season due to a better 

efficiency with cold temperatures whereas most power shortages appear during the warm 

season. But it could have a higher impact on the long term, among others by helping reduce 

fuel procurement needs and the financial problems that are associated. Opportunities for 

technical implementation of grid-connected photovoltaics are thus developed in chapter 4.  
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4. Local grid static voltage stability 

 

The goal of this part is to study the connection of domestic scale photovoltaic installations to 

the low voltage grid in Senegal, and especially to see the limitations concerning the amount 

of power that can be integrated at a given point. This study will be restricted to the case of 

Dakar which is the place where most demands for connection have occurred. The 

simulations of voltage level were done using Matpower software [54]. 

 

4.1. Context 

 

4.1.1. Senegalese context 

 

The Senegalese low voltage distribution grid is mainly made of three-phase overhead lines, 

with a fourth wire dedicated to the neutral, the small part remaining consists of 

underground cables. We will then focus on areas with overhead lines. 

Concerning the photovoltaic installations at stake, different customer visits as well as 

interviews with photovoltaic systems sellers have shown that almost all installations are 

within the range 1-6 kWp, with a typical size of 2 kWp which enables a standard house to 

meet almost all of its power needs.  

According to the Senegalese law [32], the installed power can anyway not exceed the rated 

power demand, that cannot exceed of more than 20% the peak power demand of the 

customer: PPV installed < Prated < 1.2 ∙ Pmax. The upper limit for photovoltaic installations that can 

be connected to the low voltage grid is set by this same decree at 34 kWp of installed 

capacity. 

Finally, even if no precise data is available today in Senegal, the density of photovoltaic 

installations can be assumed to be very low, only some few private customers having 

installed some today. 

 

4.1.2. Stability problems posed by a grid connected photovoltaic installation 

A report written by the French research unit ESPRIT [50] sums up the technical constraints 

on the network associated with connection of photovoltaic installations to the low voltage 

grid. The effects analyzed are: 
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(i)   Local voltage increase 

(ii)   Voltage peaks before disconnection 

(iii)   Fast power variations 

(iv)   Harmonics 

(v)   Direct current injection 

(vi)   Contribution to short-circuit currents 

(vii)  Unbalanced phases 

(viii) Interaction between inverters 

If all these effects will impact the network, (iii), (iv), (vii) and (viii) are to be considered only 

in the case of a high density of photovoltaic installations, which is not the case in Senegal 

with only few systems installed. (v) and (vi) are shown to be too small to have a harmful 

impact on the network, and (ii) only appears when load is way smaller than photovoltaic 

production, which is not the case in Senegal where the size of the photovoltaic installation in 

Wp is limited to 1.2 times the rated power consumption of the customer. 

Thus, the main effect of connecting photovoltaic installations to the network in the case of 

Senegal can be a local voltage increase, which will be studied in this part of the report. 

 

 

4.1.3. Conditions and explanation of the voltage rise 

The voltage rise due to injection of distributed power production into the grid is said to 

happen mainly in the case of long line and low loads. This can be understood when 

considering the actual phenomenon of voltage drop. 

In the basic case of a centralized production, power is flowing from the production centers 

to the consumers, and in the case of a low voltage line, from the power transformer to the 

different consumption busses. The voltage is regulated by the transformer, in the case of 

Senegal it is fixed to 240 V, which corresponds to the upper limit of the voltage level for 

Senegal: 220V + 10%. Due to line impedance, voltage then decreases along the line 

proportionally to the current flowing into it according to the well-known formula U = Z∙I 

where U is the voltage across the line, I the current flowing into it and Z its impedance. An 

example of such a system is shown in figure 12 below. 

The initial current flowing into the grid is 100 A. It is then split between the different 

consumption busses to meet the power demand. Voltage decreases along the line due to 

line impedance, and we then have Vtransformer > Vbus1 > Vbus2 > Vbus3 on the main line. If we 

consider bus 4 which is connected to bus 1, we also have Vbus1 > Vbus4. This is represented on 

the two graphs under the diagram. As current is flowing only in one direction (from the 

transformer to the customers), voltage can only decrease along the line and is then 

necessarily inferior to 1.1 p.u. which is the upper limit. 
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Figure 12: Voltage drop on a simple low voltage line with centralized production 

 

In the case of decentralized production, some power injections are made at the busses 

traditionally only dedicated to consumption. If power injections are inferior to power 

consumption at the injection bus, it is just seen from the grid as a load decrease and then 

just implies a lower voltage drop due to lower current flowing into the lines. However, if 

power injections exceed consumption at the given bus, power will have to be transferred 

from this consumption bus to the other busses on the line. Current can then flow from 

injection busses to the other busses, implying a voltage drop such as the voltage at the 

injection point is higher than the one at the destination bus, and this can imply a high 

voltage rise at the injection bus. This phenomenon is summarized in figure 13 below.  

In this case we still have most of the current provided by the grid through the transformer. 

As no power is injected at bus 1, 2 or 3, power demand is still the same at these busses. 

Total current provided by the transformer is then only decreased by the amount of current 

injected at bus 4, which is 10A. The voltage at the transformer is still 1.1 p.u. , and voltage as 

bus 1, bus 2 and bus 3 remains almost the same as with centralized power production as 

power flowing into the lines transformer-1, 1-2 and 2-3 remains almost the same (it is just 

slightly increased due to a lower current flowing in the line transformer – 1). However 

current is now flowing from bus 4 to bus 1, and voltage is now so that Vbus4 > Vbus1. The more 

current is injected at bus 4, and the higher the voltage level at bus 4. It can then become 

higher than 1.1 p.u. , thus exceeding the legal upper voltage limit. 
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Figure 13: Voltage drop on a simple low voltage line with decentralized production 

 

Over voltages in the case of photovoltaic power injection are then likely to happen: 

- If the total load is small, thus implying current flowing from injection busses to 

consumption busses 

- If the lines where injection is done are long, thus implying a high voltage drop and a 

potentially high voltage rise if injections are made 

 

4.2. Model used 

 

4.2.1. General model of a distribution line 

 

An electrical transmission line is usually described by the so-called pi-model [51], taking into 

account the main parameters that will influence power flow and losses in this line. It is thus 

made of a charging inductance X to model reactive power needed to magnetize the line, a 

linear resistance R to model Joule losses in the line, and a shunt capacitance C in parallel 

with a leakage reactance g to account for the capacity phenomenon with the ground. This 

model is summarized on figure 14 below. 
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Figure 14 : Pi-model for a distribution line 

These parameters can have a different impact depending on the line characteristics and use. 

The main simplifications of the model to adapt to our case of low voltage distribution lines 

are that [51]: 

- The shunt capacitance and reactance are usually neglected for short lines (less than 

100 km), having only a small impact on line operation (less than 1% of the rated 

current of the line being at flowing through these components). This is the case of 

our model with at most 1 km long lines. 

- Resistance increases when conductor diameter decreases. If it is often neglected for 

high or medium voltage lines which have a large diameter, it will be the most 

important parameter for our 3x70 mm² and 3x35 mm² low voltage lines. 

- Inductance increases when distance between the different phases increases. If the 

three phases of high or medium voltage lines are distant one from each other to 

improve insulation and to limit faults, the three phases of the low voltage lines 

considered in this study form a torsade and are then close to each other. If 

inductance still has an impact for lines larger than 50mm², it is usually neglected in 

front of the resistance for lines which section is lower than 50 mm² [52]. 

We then obtain the model shown on figure 15 for our low voltage distribution line, 

described only by its resistance and its inductance.                                          .

 

Figure 15 : Short line modeling after simplifications 
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4.2.2. Modeling of a low voltage distribution grid 

A power grid is modeled by different busses, connected by transmission lines. We have seen 

in section 4.2.1 the characteristics of the transmission lines for our model. In order to 

describe the state of our grid, it is sufficient to know voltage and current at any of the busses 

composing it (being thus a 4-dimension bus with absolute values and displacement angles 

for these two parameters). As voltage and current are linked with power and phase 

displacement, they are usually described by 4 parameters: voltage level in Volts, voltage 

angle, active and reactive power production or consumption. Concerning these busses, they 

are divided into two main categories: generating busses corresponding to production places 

and consumption busses corresponding to consumers. 

At production busses, voltage is controlled to be at a rated value, and output power is 

usually controlled too. Most of them are then modeled as “PV” busses, with two unknowns: 

voltage angle and reactive power production. 

At consumption busses, we do not control the voltage but have rated power consumption 

depending on devices connected. These busses are then modeled as “PQ” busses with two 

unknowns: voltage level and angle. 

Finally, it is necessary to have a reference for voltage angle. One of the generating busses is 

then usually chosen to account for this voltage angle. Called “slack bus”, the two unknown 

parameters at such a bus are then active and reactive power. 

In the case of our model for low voltage distribution grid, we originally have a single 

production bus which corresponds to the transformer, only power input into the line. This 

bus is then modeled as a slack bus, and the different consumers connected to the line as PQ 

busses. 

In a second time, considering photovoltaic installations injecting power into the grid implies 

considering new production busses. However, these distributed photovoltaic installations 

being usually too small to be able to regulate voltage, they take it as an input and only 

control their active and reactive power output. These busses will then be modeled as PQ 

busses like consumption busses, to the only difference that the values for active and reactive 

power “consumption” will be negative. 
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4.3. Input data 

 

4.3.1. Field measurements 

 

Two areas were chosen in order to simulate their behavior in case of PV connection, in the 

North of Dakar. The first one is a residential area with consumption mainly during the 

evening whereas the second one is next to a market and is then more commercial with more 

power consumption during daytime. The load profile was determined by recording the total 

power flowing on the chosen line during 24 hours. Power flow and voltage drop on the line 

were then evaluated by measuring current and voltage for the three phases at different 

busses on the line. The single line diagrams for the two studied areas are shown in appendix 

C. 

 

4.3.2. Estimation of missing data 

However, due to time constraint, it was not possible to measure the characteristics of all 

busses in the grid. From the sample of busses measured, the other ones were estimated 

under some assumptions: 

(i) Voltage drop between two busses where voltage is known is supposed to be 

linear.  

There are no more than 3 unknown busses between 2 known busses. Thus, either the busses 

are at the beginning of the line and the current drawn is small in comparison to the total 

current flowing in the line and current flowing is approximated to be almost constant, the 

voltage drop being proportional to the length of the cable and to the current flowing is then 

linear. Or the busses are at the end of the line and current flowing is then quite small and 

will induce only a small voltage drop, thus implying very little difference between a linear 

(approximation) and inverse (reality) evolution of the voltage 

(ii) The current drawn at an unknown bus is proportional to the number of 

customers connected 

The number of customers connected to each bus was recorded, and every customer was 

assumed to account for the same power demand (which can be discussed as it can in reality 

highly vary). Voltage drop was supposed to be small enough between two know busses to 

estimate that the power S = U∙I is proportional to the current drawn at a given point. If 

current flowing into the line is known before and after several unknown busses, current 

drawn for each of these busses is then supposed to be split between these busses 

proportionally to the number of customers connected to each of them. 
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(iii) The power factor is the same for the whole line 

The power factor cos 𝜑 could only be measured at the beginning of the line. From voltage 

and current measurements for the three phases, active and reactive power drawn at a given 

bus i are then estimated by the formula: 

 

 

Equation 17 : Active and Reactive Power for a Three-phase System 

 

The results from these measurements and approximations for the two studied areas are 

shown in appendix D. 

 

 

4.3.3. Line characteristics 

 

Resistance 

Two types of overhead lines are used for the low voltage grid in Senegal. Both are aluminum 

conductors with a neutral line of 54.6 mm². The first one, going out of the transformer 

substation and running for the long distances is made of 3 x 70 mm² lines and the second 

one used for short derivations is made of 3 x 35 mm² lines. The resistances at a typical 

temperature of 25°C is given in the producer data sheets and are summed up in table 12 

below. 

Line type 
Resistance at 
20°C (Ω/km) 

3 x 35 mm² + 54,6 mm² 0,868 

3 x 75 mm² + 54,6 mm² 0,443 
Table 12: Line resistance for the low voltage grid lines 
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Inductance 

A general formula for inductance calculation is [51]:  

 

Equation 18 : Inductance for an Overhead Line 

In our case we only have one conductor per phase, and the distance between conductors is 

small. Taking into account the insulating layer of each conductor, it is estimated to 3 times 

the conductor radius. Taking these values into account, we finally obtain a linear impedance 

of 0.08 Ω/km for our 3x70mm² lines. This seems reasonable as it corresponds to the general 

value used by power-related companies for their calculations [52]. As we have seen in 

section 4.2.1, inductance will be neglected in front of resistance for 3x35 mm² lines. 

 

Per unit normalization 

In Matpower, values have to be normalized to be given in per unit. The base voltage taken is 

the usual low voltage level for Senegal: Ubase = 380 V line-to-line. The base power is chosen 

as the transformer theoretical maximal output: Sbase = 630 kVA in the two cases studied. 

 

The base impedance is then calculated by the formula: 

 

Equation 19 : Base Impedance for Per Unit Normalization 

The values in per unit for voltage, impedance, active and reactive power are then given by 

 

Equation 20 : Per Unit Normalization of Impedance 
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4.3.4. Cases modeled 

The first step in our model is to check the adequacy of the model with the measured values. 

Thus the first case that was modeled was done with measured values of power consumption 

at each bus.  

As we have shown in section 4.1.3, voltage rise will increase when load at the injection bus is 

low and when lines concerned by the injection are long. The worst case for injections is then 

when load distribution is at its minimum. The month of January being the month with the 

lowest load, the minimal load for each bus was determined from the 24 hours power flow 

measurements on the studied low voltage line: considering that the load evolution of a given 

bus was proportional to the load evolution of the whole line, we were able to approximate 

the minimal load for each bus. We then ran this model to see the voltage evolution in this 

case. 

Finally, different cases were considered for photovoltaic injections. The first one is with a 

single injection point and a standard installation of 2kWp, which corresponds to the most 

probable case in Senegal. Then with three injection busses and 2kWp installed at all of them, 

which is probably the extreme case concerning Senegal today. Finally, in order to show 

potential future problems on the grid and the extreme cases that would need a specific 

study, two extra cases were modeled: the first one with injection of 34 kW on a single bus 

(the maximum allowed for injections in low voltage grid in Senegal) and one with a high 

density of photovoltaic installations, with 2 kW injections at every bus. 

 

 

4.4. Modeling and results 

 

4.4.1. Comparison of the model and of the measurements 

Figure 16 and 17 below show the average voltage level measured at the different busses for 

PA1 and PA8 transformers compared with the results of the model with the same load 

parameters. 
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Figure 16 : Voltage measured and modeled for PA1 transformer 

 

 

 

Figure 17: Voltage measured and modeled for PA8 transformer 

 

We can see on figure 16 that the modeled voltage rather accurately describes measured 

voltage (to the exception of phase unbalance, not considered in our model). We observe a 

maximum voltage difference between the two series of 0.011 p.u. (1.1%) and in average of 

0.0058 p.u. (0.6%). This slightly too high voltage drop in the modeled case may be due to a 

too high resistance in our model. This can also be due to differences between the real load 

and the estimated load for unmeasured busses, or to load changes between the different 

measurements that were done (as we needed almost 4 hours to achieve the measurements, 
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load may have varied locally between two measurements). However, this resistance value 

being given by the manufacturer and the difference between the two results being 

reasonable, the parameters were assumed to be coherent. 

However, figure 17 shows a large difference between the actual measurements and the 

model results for PA8. This can be explained by some unrealistic voltage measurements (all 

phase voltages sometimes increasing instead of decreasing due to a voltage drop), a high 

phase unbalance which is not taken into account in our model and may have an impact on 

the average voltage or an important load variation between two measurements. Not being 

able to take these facts into account in the model, the parameters were kept the same for 

the following of the study. 

 

4.4.2. Typical photovoltaic power injection 

We then modeled voltage evolution when load decreased to its minimum, and compared it 

with the different cases when having such a load but also injecting photovoltaic power into 

some of the busses according to the cases described in section 4.3.4. 

 

 

 

Figure 18: Voltage evolution at PA8 with minimal load and typical photovoltaic injections 
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Figure 19: Voltage evolution at PA1 with minimal load and typical photovoltaic injections 
 

Figure 18 and figure 19 show the results obtained when modeling 2 kW photovoltaic power 

injections into 3 busses, respectively for transformer PA8 and PA1. The busses chosen for 

injections were busses on the longest derivation possible, which means lines with small 

power demand and as long as possible. We also chose when possible the derivation lines 

that were connected to the beginning of the main line, where voltage is at its highest. This is 

meant to represent the worst case, as explained in section 4.1.3. We do observe a voltage 

rise in both cases, but we can see that voltage stays under the 1.1 p.u. limit, corresponding 

to a voltage increase of 10% compared with rated value. The maximum voltage increase 

observed is 0.009 p.u. (0.9%), and the higher voltage rise appear at the end of the line where 

voltage without injections is already low, thus staying way beyond the +10% limit of voltage 

rise. 

These two cases show that integrating existing photovoltaic installations to the Senegalese 

low voltage grid should not have an excessive impact on the voltage level and that they 

could be connected without worry as long as we are in an urban and rather dense area (with 

then short lines and high power demand), that the power of each installation stays small and 

that few installations are connected to the same line. 

 

4.4.3. Extreme cases of photovoltaic power injection 

Even if Senegal today only has a small number of private photovoltaic installations and that 

they are of a limited size, photovoltaic integration implies to anticipate possible future 

changes, both in terms of installation size and number, and to see the limits that could be 

reached. 
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Figure 20: Voltage evolution at PA8 with 34 kW injection at bus 2' 

 

Figure 21 : Voltage evolution at PA1 with 34 kW injection at bus 1.1 

 

Figure 20 representing 34 kW injected at bus 2’ in the case of PA8 shows a high voltage 

increase, especially at busses 2 and 2’ where voltage exceeds 1.1 p.u. However, the same 

amount of power being injected at bus 1.1 in the case of PA1 produces a voltage rise that 

stays under the +10% limit.  

These two cases show that the impact of the same amount of power, connected to different 

busses can be different. It can lead to a voltage rise higher than the one acceptable, but also 

stay within the rate voltage range depending on the situation. No general limit can be drawn 

from these cases, the impact being different for every low voltage line. These situations with 

large photovoltaic installations should anyway be studied before allowing or not power 

injections into the grid.  
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Figure 22: voltage evolution at PA8 with 2 kW injection at all busses 

 

 

Figure 23: voltage evolution at PA8 with 2 kW injection at all busses 

We observe on figure 22 and 23 corresponding to a high density of photovoltaic installations 

the same kind of impact that with high power injection at a single bus: voltage largely 

increases in the line, staying just under the limit of 1.1 p.u. in the case of PA8 but exceeding 

it in the case of PA1. 

No general conclusion can be drawn in this case either and a specific study should be led 

before integrating a new photovoltaic installation on a line already charged with several 

other ones.  
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5. Model limits and perspectives 

 

5.1. Limits of the models 

 

5.1.1. EENS Estimation 

The main limit of our unserved energy model is the high uncertainty about demand and 

production evolution for the coming years. We saw that there is a big divergence between 

the three studied scenarios, and decisions that will have to be taken can be really different 

depending on what scenario actually happens. 

If an exact prediction is impossible, the demand evolution could be improved by taking into 

account the evolution of peak demand. Indeed, Senelec also gives some projections of peak 

demand evolution, not taken into account in this study. The load duration curve will be 

impacted not only by the average power consumption, but also by the dispersion of the 

demand levels, which could be taken into account into a more precise study. 

Concerning production evolution, no projection is available except from the data from 

former years and new power plants commissioning. In order to improve the projection, the 

main parameter would then be to update production plans as soon as delivery dates for a 

power plant changes or a major event appears on one of the existing power plants. 

 

5.1.2. Low voltage grid modeling 

We identified 7 mains limits to our low voltage grid model for photovoltaic integration and 

they concern: 

(i)   The load evolution model 
(ii)   The minimum load choice 
(iii)   The injected power 
(iv)   The unbalanced system 
(v)   The temperature changes 
(vi)   The specificity of the location  
(vii) The grid evolution in the coming years 

 
 

(i) We considered local load variation at each bus to be proportional to the total line 
load variation. Power demand is in reality not similar for all consumers, and the 
measurements only describe a given state of the grid, which can vary depending 
on the daytime, on the day of the week, on the season… Thus, a statistic bias 
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exists in our load estimates. This limit could be partly overcome by measuring 
power demand evolution at all busses during a long enough time interval, but 
would be probably be a fastidious task. 

 

(ii) We considered the worst case scenario with the minimal load and a maximum 
power injection, and applying this model to all case would lead to over 
restrictions of installable power at a given point. Indeed, the minimum load that 
we considered in this study actually corresponds to the night period, when no 
photovoltaic installation injects power into the grid. In order to estimate the real 
limit of power that can be connected, it would be necessary to take into account 
the load during daytime, and the evolution of photovoltaic injections into the grid 
with the time of the day. 

 

(iii) In order to study the worst case, it was considered that a photovoltaic installation 
of 2 kWp could actually inject 2 kW into the grid. But this value should actually be 
decreased in a base scenario to take the losses into account. The losses are due 
to power conversion by the inverter, but also to high temperatures or cable 
losses. Moreover, as photovoltaic installations are allowed only if they are first 
installed for self-production, injected power should also be decreased by the 
home consumption, thus reducing even more this power injection amount, and 
limiting the impact in case of large installations, also corresponding to a large self-
consumption. 

 

(iv) In our model, we considered the system as balanced, thus considering that 
voltage evolution was similar for all phases. However, customers or in reality 
often connected to a single phase, and as no preliminary measurements are 
made before connecting them, phases are often unbalanced. This implies a 
higher voltage drop on the most charged phases, and a lower one on the least 
charged ones. Such a study would then consider the negative and zero sequences 
quantities (impedance, load…) to see the different impacts that photovoltaic 
connection could have depending on the phase chosen for this connection. 

 

(v)  As resistance increases with temperature, the voltage drops will be higher during 
the warm season and warm hours of the day, which can both increase or 
decrease the voltage level in case of photovoltaic integration, depending on the 
network configuration. An exhaustive study should take into account at the same 
time the impact of temperature on photovoltaic production, power demand and 
resistance evolution. 

 

(vi) Only two locations were studied, and cannot describe all the configurations of the 
grid that can be encountered. Each grid-connected photovoltaic project should 
then be subject to a specific study to take into account the local grid 
characteristics. 

 

(vii) Grid evolution for the coming years was not considered either in this study.  
However, as the total demand is expected to increase for the coming years, and 
photovoltaic impact on voltage level being highest for the lowest load, the impact 
should be lower and lower for the coming years (to the exception of areas where 
existing lines are split because overcharged) 
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5.2. Perspectives 

 

5.2.1. Voluntary load shedding 

 

5.2.1.1. Perspectives 

This study has shown the potential for voluntary load shedding in unserved energy reduction 

and the main cost factor for diesel engines: fuel consumption. It appears to be a solution 

both economically and technically interesting, especially if used for specific periods such as 

evening time and warm season. 

Such a program for voluntary load shedding had already been set up in 2011 to face an 

important production deficit, but was not maintained on the long term. Political reasons 

were at stake (the CEO of the company having changed in 2012), but one of the main 

technical reasons was the cost of implementing such a solution. A tender had been launched 

for communication devices that would facilitate alerts management and voluntary load 

shedding implementation, but it finally appeared to be too expensive and complicated to 

implement. 

However, voluntary load shedding incentives still exist, such as the price differential for 

industrial customers as we have seen in this report or direct phone contact with high voltage 

customers to ask them for consumption reduction when needed. Moreover, a study is 

currently made to define new power tariffs for Senegal, and it would be interesting to 

associate a reflection about voluntary load shedding tariffs. In order to do so, concrete 

implementations have to be proposed. From the literature review and discussions with 

Senelec, three possible implementations have been developed and are presented below. 

 

5.2.1.2. Implementation 

Demand-response solution 

This solution corresponds to the existing implementation with high voltage customers today. 

It would then be to enlarge it to the identified medium voltage customers. The idea of this 

solution is to directly ask the customer to reduce its consumption or to start its own 

production units when the planned evolution of the grid shows a production lack. This alert 

can be sent by phone or by other dedicated devices that have to be reasonably fast to 

enable a response of the customer in a short time. Total power shed and energy saved must 

then be estimated. This can be done either with comparing power consumption under load 

shedding period with consumption just before or just after this period, by a monthly, 

seasonal or yearly average of consumption for such a period or a combination of some of 

these factors. Shed energy can then be remunerated based on a contracted tariff.  



73 
 

The main advantage of such a system is that voluntary load shedding is asked only when 

really needed, and the amount asked of load shedding can be modulated to correspond to 

the production lack. Shed energy remuneration is then limited to its minimum. Moreover, as 

voluntary load shedding can be asked at any time, it enables Senelec to address any 

production lack throughout the year. 

The disadvantages are numerous. The former experiences of Senelec have shown that the 

need for a reliable communication system can be expensive and long to set up. Moreover, 

shed power has to be estimated and real-time measuring devices have to be set up to 

control the effective response of the customers to the launched alert. This can also lead to 

fraud: if the estimation method is known by the customers, they can try to change their 

consumption habits to make Senelec over-estimate their load shedding, thus gaining an 

extra remuneration. Asking at any time for voluntary load shedding can finally lead to 

availability problems for the customer: it has to have people, diesel generator and fuel 

reserves always available to answer to a potential alert, which may not be possible for 

smaller customers.  

Thus, if this solution is the most straightforward and addresses any production lack, it 

implies important resources (communication devices, human resources for control and 

energy estimates…) and potential frauds that may make its implementation difficult. 

Tariff solution 

The second solution is also already implemented by Senelec through its tariff differentiation. 

Making electricity more expensive during peak periods (currently peak hours all year long, 

but this could be changed to specifically address the warm season for example) is an 

incentive for power demand reduction. Increasing peak tariffs to make them higher than 

auto-production cost would lead most of the customers with diesel generators to start them, 

thus systematically reducing power demand during this periods known to be the most 

critical. 

 This solution does neither imply any extra investment nor any complex devices or human 

management. Installed power meters already allow this two-period metering and as long as 

peak periods are defined in advance (when fixing the tariff), no special communication is 

needed to alert the customers. This would also lead to a way better availability: as 

customers can plan their production in advance, they can manage their fuel supply or human 

needs to systematically address the need for voluntary load shedding. 

The main disadvantage of this solution is that voluntary load shedding is then systematical 

and is applied even when unnecessary. Indeed, there is not a systematic 50 MW lack of 

production every warm season evening, and applying such a tariff would either lead to an 

unnecessary cost for the customer and a suboptimal power dispatch or to an over-

remuneration by Senelec in case this tariff increase is compensated by a tariff decrease 

during the off-peak period. 
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This solution would then be the easiest to set up with no new investment needed, but 

implies an unnecessary extra cost that would negatively impact both Senelec and its 

customers. 

Intermediary solution 

A better solution would then be to take advantage from both the simplicity of the tariff one 

and the adequacy of the on-demand one. It already exists in some countries, such as France 

with its “EJP” tariff described in section 2.1.2.1. In the case of Senegal, it could be adapted by 

identifying the period when production lack is likely to appear (during the warm season and 

between 19.00 and 00.00 as we have shown in section 2) and choosing a fixed number of 

times when voluntary load shedding will be asked (in our case probably a given number of 

evenings during the warm season). A special tariff would then apply to these periods, 

calculated to make voluntary load shedding or self-production more profitable than 

consumption from the grid. Periods when this tariff applies can be chosen the day before 

when planning production units and seeing a potential production lack. An alert can then be 

sent to the customer in advance to warn for the higher tariff the next evening, enabling it to 

plan its consumption or its production means for the day after. 

This solution only needs little communication: as customers know in advance that the 

differential tariff is likely to apply, they can be asked to consult a website, or a light alert can 

be set up near to their electrical installation. It also enables to only address the periods 

when an actual lack of production appears and does not imply any need for shed energy 

estimates. 

The limit of this system is that the number of periods has to be adequately chosen to cover 

all the needs for voluntary load shedding without overestimating it, with the risk to add 

unnecessary costs for the customer. A marginal problem could also be availability of the 

customers that have to adapt to the specific needs of the asked periods. 

This seems to be a good intermediary solution, but implies a serious study to calculate the 

needed number of periods and the electricity price that would apply then. In the context of 

the current study about grid tariffs, it would then be interesting to consider this option for 

industrial customers. 

 

5.2.2. Photovoltaic integration perspectives 

The main conclusion of this study concerning connection of distributed photovoltaic 

installations to the Senegalese low voltage grid is that the main theoretical obstacle, local 

voltage rise, should be small enough to enable grid connection for most of the existing 

installations. 
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However, no study can be general enough to take into account all the potential network 

layouts and the voltage rise that would appear there. It is then impossible to fix a precise 

power limit for photovoltaic installations that could be connected to the grid or a given 

number of installations that could be connected to the same line. A specific study should be 

led for each case, taking into account the specificities of the local network and the 

installation. 

An important recommendation is then to set up a team at Senelec responsible for these 

studies, and able to validate or not the connection demands. As shown in the study, most of 

them should be met, but this team would be mostly important for future evolutions with 

higher photovoltaic density and higher installed capacities at stake.  

Some other parameters also have to be considered before connecting a photovoltaic 

installation to the grid. Among them, protection devices settings are an important 

parameter. If they were not specifically detailed in this report, different studies have already 

been made, either by European companies such as ERDF [36] or to specifically address 

Senegal power grid [53]. 

The main lock today is the tariff that has not yet been fixed by the energy regulatory 

commission. If a decree was planned to be published in 2014 fixing these tariffs, it has been 

delayed by the main stakeholders, from the energy ministry to the commission itself, arguing 

that there was no demand for such a tariff. The hope of this report is that by showing the 

technical feasibility of distributed photovoltaic production and acknowledging for the 

customer demand in this domain, Senelec will be encouraged to set up a dedicated team 

able to tackle day to day technical questions and to initiate a dialog with the commission to 

finally set the tariffs. The calculation methodology being already chosen from the beginning 

of 2014 and all the needed input data being available for these tariff calculations, this 

problem could be solved in a near future if a real will is shown to develop distributed 

photovoltaic power production. 

Finally, a pilot project was set up in the context of this master thesis. The goal of this project 

is to connect the existing 1.5 kWp photovoltaic installation of one of the customers to the 

grid in order to see the different steps needed before connecting it, and to analyze the 

different problems encountered, both by the grid and by the photovoltaic installation. The 

actual voltage level evolution will also be measured to be compared with the theoretical 

results of this thesis. Finally, injected power will be measured to give an estimate of energy 

that could be gained from such an installation. 
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Appendices 

Appendix A - Outages and availability of renewable power production 
 

A1 – Solar power 

The first input data used is the average daily production for each month. This takes into account the 

actual solar radiation for Dakar, 28% total losses due to temperature, low irradiance, angular 

reflectance or electrical losses in the inverter or internal network losses. 

Month 
Average daily production (kWh) for 1 

kWp installed (26% total losses) 

January 4,24 

February 4,63 

March 5,32 

April 4,96 

May 4,85 

June 4,37 

July 3,96 

August 3,8 

September 3,9 

October 4,5 

November 4,29 

December 4,12 
Table 13: Average daily production of a 1 kWp photovoltaic installation in Dakar 

The second input data is the evolution of solar radiation within the day. Daytime only slightly changes 

with the season in Senegal, and it was considered to have no impact on irradiation level probability. 

Considering the symmetry of solar irradiation, we can then approximate the production by six 2-

hours periods, each one with a given production level. The time shown on the graph below is solar 

time, 1 hour in advance compared with Senegal official time. 

 

Figure 24: daily solar irradiation and model 
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Considering that solar production is directly proportional to solar irradiation, and taking into account 

average losses of 28% towards the maximum energy that can be produced as well as average daily 

production for the trimester, we can then deduce the percentage of time each shortage level  is likely 

to happen during daytime (7:00 – 19:00). Table 14 below shows the results for an installed capacity 

of 1 kWp. 

Day period 
Percentage 
of day time 

Power shortage 
period Dec - Feb 

(% of installed 
capacity) 

Power shortage 
period Mar - May 

(% of installed 
capacity) 

Power shortage 
period Jun - Aug 
(% of installed 

capacity) 

Power shortage 
period Sept - Nov 

(% of installed 
capacity) 

7-8 and 18-19 0,15 1 1 1 1 

8-9 and 17-18 0,17 0,83 0,81 0,85 0,85 

9-10 and 16-17 0,17 0,65 0,61 0,69 0,69 

10-11 and 15-16 0,17 0,51 0,45 0,56 0,56 

11-12 and 14-15 0,17 0,41 0,34 0,47 0,47 

12-14 0,17 0,36 0,29 0,43 0,43 
Table 14: Trimester production outages and probability during day period 

 

 

 

A2 – Wind power 

 

Figure 25: VESTAS V126-3,3MW  power curve for an air density of 1.15 
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Figure 26: Wind speed distribution for an average wind speed of 7.4 m/s according to Rayleigh distribution 

 

From these two input data, we can choose some wind speed intervals, determine their probability 

and the average power output associated to use in our EENS model. 

Wind speed 
interval (m/s) 

Average 
production (% of 

installed capacity) 
Probability 

Shortage in % of 
installed capacity 

0 to 3 & 23+ 0,00 0,084 1,00 

3 to 5 0,06 0,266 0,94 

6 to 8 0,33 0,293 0,67 

9 to 11 0,85 0,205 0,15 

12 to 22 1,00 0,152 0,00 
Table 15: Potential outages and probability for wind power model 

 

A3 – Hydro power 

 

January February March April May  June 

15% 14% 16% 17% 18% 20% 

July August September October November December 

18% 17% 17% 18% 16% 14% 
Table 16: Weight of each month relatively to total semester power demand 
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Manantali 
Theoretical 

available capacity 
for Senegal (MW) 

Actual available 
capacity for 

Senegal (MW) 

Production 
evening 
(MW) 

Production 
day (MW) 

Production 
night (MW) 

2013 - 1 60 59 59 23 8 

2013 - 2 50 48 48 30 10 

2013 - 3 50 41 41 41 21 

2013 - 4 50 48 48 40 13 

2014 - 1 50 50 50 25 8 

2014 - 2 50 48 48 34 11 

2014 - 3 50 41 41 41 22 

2014 - 4 40 38 38 31 10 

2015 - 1 37 37 37 31 10 

2015 - 2 37 35 35 35 29 

2015 - 3 37 31 31 31 31 

2015 - 4 44 42 42 29 10 

2016 - 1 44 44 44 28 9 

2016 - 2 44 42 42 41 14 

2016 - 3 53 44 44 36 12 

2016 - 4 53 50 50 26 9 

2017 - 1 53 53 53 25 8 

2017 - 2 53 50 50 38 13 

2017 - 3 53 44 44 36 12 

2017 - 4 53 50 50 26 9 

2018 - 1 53 53 53 25 8 

2018 - 2 53 50 50 38 13 

2018 - 3 60 50 50 34 11 

2018 - 4 60 57 57 23 8 
Table 17: Available capacity and production level chosen for the different periods of the year 

 

Trimester Average production (MW) 

1: Dec - Feb 6,0 

2 : Mar - May 7,4 

3 : Jun - Aug 11,1 

4 : Sept - Oct 12,4 
Table 18: Félou production by trimester 

 

A4 – Power plants, installed capacity and availability 

This appendix shows the different power plants, either present in 2013 or planned to be 

commissioned before 2018. It also gives the detail of their installed capacity and reference 

availability. This availability was considered to be constant in the optimistic case, to decrease by 1% 

per year in the base case and 2% per year in the pessimistic case. This availability decrease applies 

only to the “old” power plants already present in year 2013, and not to the ones commissioned since 

then. 
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Comissioned 
power plant 

Type 
Reference 
capacity 

(MW) 

Reference 
availability 

(%) 

Number 
of 

groups 

Low load 
case 

Base load 
case 

High load 
case 

Remark 

C4 cap des 
biches 

Diesel 84 74 5 Jan. 2013 Jan. 2013 Jan. 2013 
 

C6 Bel Air Diesel 93 78 6 Jan. 2013 Jan. 2013 Jan. 2013 
 

C7 Kahone Diesel 94 91 6 Jan. 2013 Jan. 2013 Jan. 2013 
 

C3 Cap des 
biches 

Steam 
(Diesel) 

47 70 2 Jan. 2013 Jan. 2013 Jan. 2013 
Stopped in 

2016 for the 
high case 

TAG2 Cap des 
biches 

Gas 20 50 1 Jan. 2013 Jan. 2013 Jan. 2013 

TAG4 Bel Air Gas 30 85 1 Jan. 2013 Jan. 2013 Jan. 2013 

Manantali 
Hydro 
(dam) 

60 100 5 Jan. 2013 Jan. 2013 Jan. 2013 
 

Félou 
Hydro (run 

of river) 
15 100 3 Jan. 2013 Jan. 2013 Jan. 2013 

 

GTI Diesel 30 20,9 1 Jan. 2013 Jan. 2013 Jan. 2013 
Stopped in 

2014 

APR Energy Diesel 60 99,8 6 Jan. 2013 Jan. 2013 Jan. 2013 
Only for year 

2013 

APR Energy 2 Diesel 48 99,8 5 Jan. 2014 Jan. 2014 Jan. 2014 
Only for year 

2014 

APR Energy 3 Diesel 20 99,8 2 Jan. 2015 Jan. 2015 Jan. 2015 
Only for year 

2015 

Kounoune Power Diesel 60 95 9 Jan. 2013 Jan. 2013 Jan. 2013 
 

SOCOCIM Gas 19 40,5 3 Jan. 2013 Jan. 2013 Jan. 2013 
Stopped in 

2014 

Aggreko CDB Diesel 50 99,8 5 Jan. 2014 Jan. 2014 Jan. 2014 
Only for year 
2014 & 2015 

Mauritania diesel 
imports 

Diesel 50 93 5 Jan. 2015 Jan. 2015 Jan. 2015 
 

Mauritania diesel 
imports 2 

Diesel 30 93 3 Jan. 2016 Jul. 2016 Jan. 2017 
 

Mauritania gas 
imports 

Gas 80 93 8 Jan.2018 - - 
Instead of 

diesel imports 

Taiba Ndiaye Diesel 70 95 7 Jan.2016 Jul. 2016 Jan. 2017 
 

Contour Global Diesel 52 95 5 Jan.2016 Jul. 2016 Jan. 2017 
 

SENDO CES Coal 116 95 1 Jan.2016 Jul. 2016 Jan. 2017 
 

United Arab 
Emirates 

Solar 20 - - Jan. 2016 Jul. 2016 Jan. 2017 
 

Germany Solar 15 - - Jan.2016 Jul. 2016 Jan. 2017 
 

Solar projects 1 Solar 25 - - Jan. 2016 Jan. 2017 Jul. 2017 
 

Solar Projects 2 Solar 40 - - Jan. 2017 - - 
 

Wind project Wind 50 - - Jan. 2017 Jul. 2017 Jan. 2018 
 

Africa Energy 1 Coal 90 95 1 Jul.2017 Jul. 2018 - 
 

Africa Energy 2 Coal 90 95 1 Oct. 2017 Oct. 2018 - 
 

Africa Energy 3 Coal 90 95 1 Jan. 2018 - - 
 

Table 19: Power plants for years 2013 - 2018 and characteristics 
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Appendix B - Results of the EENS model 
 

B1 - Unserved energy projections without voluntary load shedding capacity 

Base case 

Period 
END Night 

(GWh) 
END Day 
(GWh) 

END Evening 
(GWh) 

End Night 
Year (GWh) 

END Day 
Year 

(GWh) 

END Evening 
Year(GWh) 

END Total 
(GWh) 

END Total 
Year (GWh) 

2013 - 1 0,000 0,011 0,035 

0,522 1,212 10,509 

0,045 

12,243 
2013 - 2 0,007 0,076 1,116 1,199 

2013 - 3 0,039 0,230 2,495 2,764 

2013 - 4 0,475 0,896 6,863 8,234 

2014 - 1 0,278 2,233 12,417 

0,429 2,833 18,013 

14,928 

21,275 
2014 - 2 0,000 0,000 0,044 0,045 

2014 - 3 0,004 0,058 0,814 0,875 

2014 - 4 0,147 0,542 4,738 5,428 

2015 - 1 0,002 0,077 1,308 

0,271 1,633 13,741 

1,387 

15,644 
2015 - 2 0,001 0,050 1,666 1,717 

2015 - 3 0,094 0,731 6,562 7,386 

2015 - 4 0,175 0,775 4,205 5,154 

2016 - 1 0,904 8,165 39,239 

3,264 20,672 102,889 

48,309 

126,826 
2016 - 2 2,347 12,326 63,375 78,048 

2016 - 3 0,008 0,163 0,152 0,323 

2016 - 4 0,005 0,017 0,124 0,146 

2017 - 1 0,000 0,008 0,135 

0,083 0,125 1,939 

0,144 

2,147 
2017 - 2 0,001 0,008 0,338 0,347 

2017 - 3 0,047 0,044 0,800 0,890 

2017 - 4 0,035 0,065 0,666 0,766 

2018 - 1 0,003 0,039 0,748 

0,055 0,134 3,070 

0,790 

3,259 
2018 - 2 0,013 0,049 1,720 1,781 

2018 - 3 0,037 0,042 0,563 0,643 

2018 - 4 0,002 0,004 0,039 0,045 
Table 20: Unserved energy projection for years 2013 - 2018 according to the base scenario 
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Low load case 

Period 
END Night 

(GWh) 
END Day 
(GWh) 

END 
Evening 
(GWh) 

End Night 
Year (GWh) 

END Day 
Year (GWh) 

END 
Evening 

Year(GWh) 

END Total 
(GWh) 

END Total 
Year (GWh) 

2013 - 1 0,000 0,011 0,035 

0,522 1,212 10,509 

0,045 

12,243 
2013 - 2 0,007 0,076 1,116 1,199 

2013 - 3 0,039 0,230 2,495 2,764 

2013 - 4 0,475 0,896 6,863 8,234 

2014 - 1 0,278 2,233 12,417 

0,429 2,833 18,013 

14,928 

21,275 
2014 - 2 0,000 0,000 0,044 0,045 

2014 - 3 0,004 0,058 0,814 0,875 

2014 - 4 0,147 0,542 4,738 5,428 

2015 - 1 0,001 0,053 0,934 

0,201 1,244 10,867 

0,988 

12,312 
2015 - 2 0,000 0,032 1,173 1,205 

2015 - 3 0,080 0,627 5,735 6,443 

2015 - 4 0,120 0,533 3,024 3,677 

2016 - 1 0,000 0,000 0,001 

0,001 0,001 0,026 

0,001 

0,029 
2016 - 2 0,000 0,000 0,003 0,003 

2016 - 3 0,001 0,001 0,014 0,016 

2016 - 4 0,000 0,001 0,009 0,010 

2017 - 1 0,000 0,000 0,001 

0,000 0,000 0,006 

0,001 

0,007 
2017 - 2 0,000 0,000 0,004 0,004 

2017 - 3 0,000 0,000 0,002 0,002 

2017 - 4 0,000 0,000 0,000 0,000 

2018 - 1 0,000 0,000 0,000 

0,000 0,000 0,000 

0,000 

0,000 
2018 - 2 0,000 0,000 0,000 0,000 

2018 - 3 0,000 0,000 0,000 0,000 

2018 - 4 0,000 0,000 0,000 0,000 
Table 21: Unserved energy projection for years 2013 - 2018 according to the low load scenario 
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High load case 

Period 
END Night 

(GWh) 
END Day 
(GWh) 

END 
Evening 
(GWh) 

End Night 
Year (GWh) 

END Day 
Year (GWh) 

END 
Evening 

Year(GWh) 

END Total 
(GWh) 

END Total 
Year (GWh) 

2013 - 1 0,000 0,011 0,035 

0,522 1,212 10,509 

0,045 

12,243 
2013 - 2 0,007 0,076 1,116 1,199 

2013 - 3 0,039 0,230 2,495 2,764 

2013 - 4 0,475 0,896 6,863 8,234 

2014 - 1 0,278 2,233 12,417 

0,429 2,833 18,013 

14,928 

21,275 
2014 - 2 0,000 0,000 0,044 0,045 

2014 - 3 0,004 0,057 0,814 0,875 

2014 - 4 0,147 0,542 4,738 5,428 

2015 - 1 0,014 0,404 5,494 

2,718 14,114 74,426 

5,912 

91,258 
2015 - 2 0,021 0,747 12,062 12,829 

2015 - 3 0,978 6,381 33,057 40,416 

2015 - 4 1,705 6,583 23,813 32,102 

2016 - 1 5,043 31,241 93,991 

118,197 294,217 575,163 

130,274 

987,577 
2016 - 2 11,458 44,864 131,378 187,700 

2016 - 3 53,231 112,213 183,800 349,243 

2016 - 4 48,466 105,899 165,994 320,359 

2017 - 1 0,288 3,137 22,709 

22,126 55,899 247,041 

26,134 

325,066 
2017 - 2 0,825 4,767 44,183 49,775 

2017 - 3 10,972 22,157 96,761 129,890 

2017 - 4 10,041 25,838 83,388 119,267 

2018 - 1 3,424 21,329 104,448 

119,221 271,788 696,714 

129,201 

1087,723 
2018 - 2 8,698 34,951 153,584 197,233 

2018 - 3 56,020 107,022 230,534 393,576 

2018 - 4 51,079 108,486 208,148 367,713 
Table 22: Unserved energy projection for years 2013 - 2018 according to the high load scenario 
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B2 – Unserved energy projections with voluntary load shedding capacity 

Base case 

Period 
END Night 

(GWh) 
END Day 
(GWh) 

END 
Evening 
(GWh) 

End Night 
Year (GWh) 

END Day 
Year (GWh) 

END 
Evening 

Year(GWh) 

END Total 
(GWh) 

END Total 
Year (GWh) 

2013 - 1 0,000 0,001 0,001 

0,070 0,171 1,603 

0,002 

1,844 
2013 - 2 0,000 0,007 0,105 0,112 

2013 - 3 0,008 0,015 0,267 0,291 

2013 - 4 0,061 0,148 1,229 1,439 

2014 - 1 0,041 0,712 3,541 

0,066 0,805 4,437 

4,294 

5,308 
2014 - 2 0,000 0,000 0,001 0,001 

2014 - 3 0,002 0,003 0,066 0,071 

2014 - 4 0,023 0,090 0,828 0,942 

2015 - 1 0,000 0,008 0,181 

0,025 0,177 2,234 

0,189 

2,436 
2015 - 2 0,000 0,003 0,219 0,222 

2015 - 3 0,009 0,080 1,147 1,236 

2015 - 4 0,016 0,086 0,688 0,790 

2016 - 1 0,180 2,702 18,228 

0,728 6,705 52,225 

21,111 

59,658 
2016 - 2 0,546 4,000 33,955 38,501 

2016 - 3 0,001 0,002 0,023 0,025 

2016 - 4 0,000 0,002 0,019 0,021 

2017 - 1 0,000 0,001 0,028 

0,016 0,031 0,509 

0,030 

0,557 
2017 - 2 0,000 0,001 0,078 0,079 

2017 - 3 0,010 0,011 0,219 0,240 

2017 - 4 0,006 0,018 0,185 0,208 

2018 - 1 0,000 0,014 0,233 

0,012 0,045 0,984 

0,247 

1,042 
2018 - 2 0,002 0,016 0,582 0,600 

2018 - 3 0,009 0,014 0,160 0,184 

2018 - 4 0,000 0,001 0,010 0,012 
Table 23: Unserved energy projection for years 2013 - 2018 with voluntary load shedding according to the base scenario 
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Low load case 

 

Period 
END Night 

(GWh) 
END Day 
(GWh) 

END 
Evening 
(GWh) 

End Night 
Year (GWh) 

END Day 
Year (GWh) 

END 
Evening 

Year(GWh) 

END Total 
(GWh) 

END Total 
Year (GWh) 

2013 - 1 0,000 0,001 0,001 

0,070 0,172 1,603 

0,002 

1,845 
2013 - 2 0,000 0,007 0,105 0,112 

2013 - 3 0,008 0,016 0,267 0,292 

2013 - 4 0,061 0,148 1,229 1,439 

2014 - 1 0,008 0,712 3,541 

0,022 0,765 4,437 

4,261 

5,224 
2014 - 2 0,000 0,000 0,001 0,001 

2014 - 3 0,002 0,007 0,066 0,075 

2014 - 4 0,012 0,046 0,828 0,886 

2015 - 1 0,000 0,005 0,116 

0,012 0,098 1,444 

0,121 

1,554 
2015 - 2 0,000 0,002 0,138 0,140 

2015 - 3 0,007 0,065 0,948 1,021 

2015 - 4 0,005 0,026 0,242 0,273 

2016 - 1 0,000 0,000 0,000 

0,000 0,000 0,002 

0,000 

0,002 
2016 - 2 0,000 0,000 0,000 0,000 

2016 - 3 0,000 0,000 0,001 0,001 

2016 - 4 0,000 0,000 0,001 0,001 

2017 - 1 0,000 0,000 0,000 

0,000 0,000 0,000 

0,000 

0,001 
2017 - 2 0,000 0,000 0,000 0,000 

2017 - 3 0,000 0,000 0,000 0,000 

2017 - 4 0,000 0,000 0,000 0,000 

2018 - 1 0,000 0,000 0,000 

0,000 0,000 0,000 

0,000 

0,000 
2018 - 2 0,000 0,000 0,000 0,000 

2018 - 3 0,000 0,000 0,000 0,000 

2018 - 4 0,000 0,000 0,000 0,000 
Table 24: Unserved energy projection for years 2013 - 2018 with voluntary load shedding according to the low load 

scenario 
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High load case 

Period 
END Night 

(GWh) 
END Day 
(GWh) 

END 
Evening 
(GWh) 

End Night 
Year (GWh) 

END Day 
Year (GWh) 

END 
Evening 

Year(GWh) 

END Total 
(GWh) 

END Total 
Year (GWh) 

2013 - 1 0,000 0,001 0,001 

0,070 0,171 1,603 

0,002 

1,844 
2013 - 2 0,000 0,007 0,105 0,112 

2013 - 3 0,008 0,015 0,267 0,291 

2013 - 4 0,061 0,148 1,229 1,439 

2014 - 1 0,008 0,712 3,541 

0,033 0,805 4,437 

4,261 

5,276 
2014 - 2 0,000 0,000 0,001 0,001 

2014 - 3 0,002 0,003 0,066 0,071 

2014 - 4 0,023 0,090 0,828 0,942 

2015 - 1 0,001 0,065 1,242 

0,491 3,046 23,855 

1,308 

27,392 
2015 - 2 0,001 0,098 3,120 3,219 

2015 - 3 0,180 1,402 11,629 13,210 

2015 - 4 0,309 1,481 7,864 9,654 

2016 - 1 1,708 14,556 62,154 

68,444 186,787 437,851 

78,418 

693,082 
2016 - 2 4,407 22,817 94,129 121,352 

2016 - 3 32,409 76,812 143,831 253,052 

2016 - 4 29,920 72,602 127,450 229,973 

2017 - 1 0,088 1,177 10,287 

9,593 24,625 144,469 

11,552 

178,687 
2017 - 2 0,270 1,742 22,208 24,220 

2017 - 3 4,963 9,732 60,451 75,146 

2017 - 4 4,272 11,973 51,522 67,768 

2018 - 1 1,432 11,594 74,478 

76,131 185,693 552,346 

87,504 

814,170 
2018 - 2 4,063 19,410 117,372 140,845 

2018 - 3 36,668 75,939 190,640 303,247 

2018 - 4 33,968 78,749 169,856 282,574 
Table 25: Unserved energy projection for years 2013 - 2018 with voluntary load shedding according to the high load 

scenario 
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B3 – Loss of load probability projections without voluntary load shedding capacity 

Base case 

Period 
LOLP Night 

(%) 
LOLP Day 

(%) 
LOLP 

Evening (%) 
LOLP Night 

Year (%) 
LOLP Day 
Year (%) 

LOLP 
Evening 
Year (%) 

Average 
LOLP (%) 

Average 
LOLP year 

(%) 

2013 - 1 0,0 0,1 0,2 

1,2 3,5 16,6 

0,1 

3,3 
2013 - 2 0,1 0,5 5,6 1,4 

2013 - 3 0,4 1,3 11,7 3,2 

2013 - 4 4,0 4,4 24,8 8,5 

2014 - 1 2,2 7,8 33,6 

0,9 2,7 14,0 

11,6 

4,5 
2014 - 2 0,0 0,0 0,3 0,1 

2014 - 3 0,0 0,4 4,4 1,1 

2014 - 4 1,3 2,7 17,6 5,4 

2015 - 1 0,0 0,4 5,7 

0,6 2,0 13,3 

1,4 

3,9 
2015 - 2 0,0 0,3 7,3 1,7 

2015 - 3 0,8 3,5 23,9 7,0 

2015 - 4 1,5 3,7 16,3 5,7 

2016 - 1 5,6 20,7 64,4 

4,6 12,7 36,9 

25,4 

15,4 
2016 - 2 12,8 30,0 82,0 35,8 

2016 - 3 0,1 0,1 0,6 0,2 

2016 - 4 0,0 0,1 0,5 0,2 

2017 - 1 0,0 0,0 0,5 

0,1 0,1 1,4 

0,1 

0,4 
2017 - 2 0,0 0,0 1,1 0,2 

2017 - 3 0,3 0,2 2,3 0,6 

2017 - 4 0,2 0,2 1,9 0,6 

2018 - 1 0,0 0,1 2,1 

0,1 0,1 2,1 

0,5 

0,5 
2018 - 2 0,1 0,2 4,4 1,0 

2018 - 3 0,2 0,1 1,7 0,5 

2018 - 4 0,0 0,0 0,1 0,0 
Table 26: Loss of load probability projection for years 2013 - 2018 according to the base scenario 
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Low load case 

Period 
LOLP Night 

(%) 
LOLP Day 

(%) 
LOLP 

Evening (%) 
LOLP Night 

Year (%) 
LOLP Day 
Year (%) 

LOLP 
Evening 
Year (%) 

Average 
LOLP (%) 

Average 
LOLP year 

(%) 

2013 - 1 0,0 0,1 0,3 

0,8 1,8 8,6 

0,1 

3,3 
2013 - 2 0,1 0,5 5,6 1,4 

2013 - 3 0,4 1,3 11,7 3,2 

2013 - 4 4,0 4,4 24,8 8,5 

2014 - 1 2,2 7,9 3,4 

0,9 2,7 6,4 

5,3 

3,0 
2014 - 2 0,0 0,0 0,3 0,1 

2014 - 3 0,0 0,4 4,4 1,1 

2014 - 4 1,3 2,7 17,6 5,4 

2015 - 1 0,0 0,3 4,3 

0,5 1,6 10,9 

1,0 

3,2 
2015 - 2 0,0 0,2 5,4 1,2 

2015 - 3 0,7 3,1 21,6 6,2 

2015 - 4 1,1 2,7 12,5 4,3 

2016 - 1 0,0 0,0 0,0 

0,0 0,0 0,0 

0,0 

0,0 
2016 - 2 0,0 0,0 0,0 0,0 

2016 - 3 0,0 0,0 0,1 0,0 

2016 - 4 0,0 0,0 0,1 0,0 

2017 - 1 0,0 0,0 0,0 

0,0 0,0 0,0 

0,0 

0,0 
2017 - 2 0,0 0,0 0,0 0,0 

2017 - 3 0,0 0,0 0,0 0,0 

2017 - 4 0,0 0,0 0,0 0,0 

2018 - 1 0,0 0,0 0,0 

0,0 0,0 0,0 

0,0 

0,0 
2018 - 2 0,0 0,0 0,0 0,0 

2018 - 3 0,0 0,0 0,0 0,0 

2018 - 4 0,0 0,0 0,0 0,0 
Table 27: Loss of load probability projection for years 2013 - 2018 according to the low load scenario 

 

 

 

 

 

 

 

 

 



93 
 

High load case 

Period 
LOLP Night 

(%) 
LOLP Day 

(%) 
LOLP 

Evening (%) 
LOLP Night 

Year (%) 
LOLP Day 
Year (%) 

LOLP 
Evening 
Year (%) 

Average 
LOLP (%) 

Average 
LOLP year 

(%) 

2013 - 1 0,0 0,1 0,2 

3,6 9,0 27,7 

0,1 

3,3 
2013 - 2 0,1 0,5 5,6 1,4 

2013 - 3 0,4 1,3 11,7 3,2 

2013 - 4 4,0 4,4 24,8 8,5 

2014 - 1 2,2 7,8 33,6 

0,9 2,7 14,0 

11,6 

4,5 
2014 - 2 0,0 0,0 0,3 0,1 

2014 - 3 0,0 0,4 4,4 1,1 

2014 - 4 1,3 2,7 17,6 5,4 

2015 - 1 0,1 1,7 17,9 

4,3 11,5 43,9 

4,6 

16,2 
2015 - 2 0,2 3,3 33,9 8,8 

2015 - 3 6,2 20,3 69,4 26,4 

2015 - 4 10,8 20,7 54,6 24,8 

2016 - 1 21,0 54,4 86,3 

60,6 75,6 95,1 

51,3 

75,3 
2016 - 2 40,8 65,8 95,6 64,7 

2016 - 3 94,7 92,9 100,0 94,9 

2016 - 4 85,9 89,2 98,5 90,2 

2017 - 1 1,4 7,3 41,7 

18,3 25,5 72,3 

12,7 

33,2 
2017 - 2 3,7 11,1 65,1 20,2 

2017 - 3 34,6 40,4 95,5 50,2 

2017 - 4 33,7 43,2 87,0 49,6 

2018 - 1 12,0 31,3 80,7 

51,5 60,0 92,9 

35,9 

64,4 
2018 - 2 25,9 46,6 93,0 50,2 

2018 - 3 89,4 82,4 99,9 88,1 

2018 - 4 78,9 79,8 97,9 83,3 
Table 28: Loss of load probability projection for years 2013 - 2018 according to the high load scenario 
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B4 – Loss of load probability projections with voluntary load shedding capacity 

Base case 

Period 
LOLP Night 

(%) 
LOLP Day 

(%) 
LOLP 

Evening (%) 
LOLP Night 

Year (%) 
LOLP Day 
Year (%) 

LOLP 
Evening 
Year (%) 

Average 
LOLP (%) 

Average 
LOLP year 

(%) 

2013 - 1 0,0 0,0 0,0 

0,2 1,1 6,1 

0,0 

0,6 
2013 - 2 0,0 0,1 0,7 0,2 

2013 - 3 0,1 0,1 1,7 0,4 

2013 - 4 0,6 0,9 6,2 1,9 

2014 - 1 0,4 2,9 13,0 

0,2 0,9 4,4 

4,3 

1,4 
2014 - 2 0,0 0,0 0,0 0,0 

2014 - 3 0,0 0,0 0,5 0,1 

2014 - 4 0,3 0,5 4,1 1,2 

2015 - 1 0,0 0,0 1,0 

0,1 0,3 2,9 

0,2 

0,8 
2015 - 2 0,0 0,0 1,2 0,3 

2015 - 3 0,1 0,5 5,7 1,4 

2015 - 4 0,2 0,5 3,6 1,1 

2016 - 1 1,4 8,2 41,6 

1,3 5,2 26,1 

13,2 

8,4 
2016 - 2 3,7 12,6 62,8 20,5 

2016 - 3 0,0 0,0 0,1 0,0 

2016 - 4 0,0 0,0 0,1 0,0 

2017 - 1 0,0 0,0 0,1 

0,0 0,0 0,5 

0,0 

0,1 
2017 - 2 0,0 0,0 0,3 0,1 

2017 - 3 0,1 0,1 0,8 0,2 

2017 - 4 0,0 0,1 0,7 0,2 

2018 - 1 0,0 0,1 0,7 

0,0 0,0 0,7 

0,2 

0,2 
2018 - 2 0,0 0,1 1,7 0,4 

2018 - 3 0,1 0,1 0,5 0,2 

2018 - 4 0,0 0,0 0,0 0,0 
Table 29: Loss of load probability projection for years 2013 - 2018 with voluntary load shedding according to the base 

scenario 
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Low load case 

Period 
LOLP Night 

(%) 
LOLP Day 

(%) 
LOLP 

Evening (%) 
LOLP Night 

Year (%) 
LOLP Day 
Year (%) 

LOLP 
Evening 
Year (%) 

Average 
LOLP (%) 

Average 
LOLP year 

(%) 

2013 - 1 0,0 0,0 0,0 

0,1 0,4 2,6 

0,0 

0,6 
2013 - 2 0,0 0,1 0,7 0,2 

2013 - 3 0,1 0,1 1,7 0,4 

2013 - 4 0,6 0,9 6,2 1,9 

2014 - 1 0,1 2,9 13,0 

0,1 0,8 4,4 

4,2 

1,3 
2014 - 2 0,0 0,0 0,0 0,0 

2014 - 3 0,0 0,1 0,5 0,1 

2014 - 4 0,1 0,3 4,1 1,0 

2015 - 1 0,0 0,0 0,7 

0,0 0,2 1,9 

0,2 

0,5 
2015 - 2 0,0 0,0 0,8 0,2 

2015 - 3 0,1 0,4 4,8 1,2 

2015 - 4 0,1 0,2 1,4 0,4 

2016 - 1 0,0 0,0 0,0 

0,0 0,0 0,0 

0,0 

0,0 
2016 - 2 0,0 0,0 0,0 0,0 

2016 - 3 0,0 0,0 0,0 0,0 

2016 - 4 0,0 0,0 0,0 0,0 

2017 - 1 0,0 0,0 0,0 

0,0 0,0 0,0 

0,0 

0,0 
2017 - 2 0,0 0,0 0,0 0,0 

2017 - 3 0,0 0,0 0,0 0,0 

2017 - 4 0,0 0,0 0,0 0,0 

2018 - 1 0,0 0,0 0,0 

0,0 0,0 0,0 

0,0 

0,0 
2018 - 2 0,0 0,0 0,0 0,0 

2018 - 3 0,0 0,0 0,0 0,0 

2018 - 4 0,0 0,0 0,0 0,0 
Table 30: Loss of load probability projection for years 2013 - 2018 with voluntary load shedding according to the low load 

scenario 
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High load case 

Period 
LOLP Night 

(%) 
LOLP Day 

(%) 
LOLP 

Evening (%) 

LOLP 
Night 

Year (%) 

LOLP Day 
Year (%) 

LOLP 
Evening 
Year (%) 

Average 
LOLP (%) 

Average 
LOLP year 

(%) 

2013 - 1 0,0 0,0 0,0 

1,1 3,7 13,9 

0,0 

0,6 
2013 - 2 0,0 0,1 0,7 0,2 

2013 - 3 0,1 0,1 1,7 0,4 

2013 - 4 0,6 0,9 6,2 1,9 

2014 - 1 0,1 2,9 13,0 

0,1 0,9 4,4 

4,2 

1,4 
2014 - 2 0,0 0,0 0,0 0,0 

2014 - 3 0,0 0,0 0,5 0,1 

2014 - 4 0,3 0,5 4,1 1,2 

2015 - 1 0,0 0,3 5,3 

1,0 3,3 19,9 

1,3 

6,1 
2015 - 2 0,0 0,6 12,1 2,8 

2015 - 3 1,4 6,0 36,2 11,0 

2015 - 4 2,5 6,4 26,0 9,4 

2016 - 1 8,8 30,6 75,3 

45,0 58,4 90,2 

33,6 

61,1 
2016 - 2 19,9 43,6 89,4 46,2 

2016 - 3 79,5 82,2 99,7 85,1 

2016 - 4 71,8 77,2 96,3 79,6 

2017 - 1 0,5 3,0 22,3 

9,0 13,8 55,6 

6,3 

21,1 
2017 - 2 1,3 4,6 43,5 11,7 

2017 - 3 17,5 21,8 83,9 33,5 

2017 - 4 16,7 26,0 72,7 33,0 

2018 - 1 5,7 18,8 72,0 

39,9 47,6 88,9 

26,0 

54,0 
2018 - 2 14,0 30,8 87,6 37,7 

2018 - 3 73,3 71,9 99,7 78,1 

2018 - 4 66,8 69,1 96,2 74,1 
Table 31: Loss of load probability projection for years 2013 - 2018 with voluntary load shedding according to the high 

load scenario 
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Appendix C - Single-line diagram of the two studied areas 
 

This appendix shows the single line diagram of the two areas studied in this report. Each bus 

represented corresponds to a connection point for customers and is then represented as a 

PQ bus. In both cases, transformer is considered as a slack bus. 

 

 

 

Figure 27: Single-line diagram of the PA8 low voltage grid 
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Figure 28: Single-line diagram of the PA1 low voltage grid 
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Appendix D: Current and voltage measurements and estimates 
 

This appendix shows the results of the voltage and current measurements and estimates. The values 

in black are measured values, in red are shown the values that were measured but are incoherent 

and in purple are the values that were estimated. 
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Appendix E : Results of Matpower simulations 
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