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Abstract 
 

Prior knowledge about the possible characteristics of demand and supply is 
vital in the planning and operation of economically sustainable isolated rural 
power systems. System modelling and simulation is one of the tools that can be 
used in planning and assessing the performance of these systems. This thesis is 
presenting a Monte Carlo simulation methodology for modelling, simulating 
and analysing the performance of isolated rural electricity markets applicable in 
developing countries. The definitions of possible power system operators 
managing these markets are introduced based on different economic objectives 
of operating the systems. The two system operators considered in the thesis 
are: altruistic and profit maximising operators. The concept used to define 
types of isolated rural electricity markets is combining the definitions of 
operators and the possible combinations of power supply options (purely 
thermal or hybrid system). It is anticipated that the rural electricity markets 
under consideration comprise of uncertainties in demand and supply (both 
demand and generation are modelled as random variables from assumed or 
estimated probability distributions). 

Demand is price sensitive and modelled as a product of two random 
variables, relative demand and peak demand. The price sensitivity of demand is 
shown by representing peak demand using an economic price-demand 
function. The parameters (price sensitivity and demand factor) of this function 
are modelled as random variables which reflect the randomness of consumers’ 
preferences.  

The simulation algorithm is based on the theory of correlated sampling, in 
order to compare the performance of systems under different operators. The 
thesis introduces the concept of nested Monte Carlo simulation to be able 
manage the simulation of different operators subjected to the same market 
conditions. The performance of electricity markets is assessed by analysing 
three parameters (tariffs, profit and reliability), which are random variables 
presented using probability distributions in form of duration curves. 

The methodology is tested on a theoretical case study system using load 
data obtained from a rural community in Africa.  The case study illustrates how 
to use the model, preparation of the input variables and how to use the output 
to estimate and assess the possible performance of isolated rural power 
systems under different power system operators. It is anticipated that the 
proposed methodology can be used by researchers, planners and academia as a 
tool for planning, estimating and assessing the performance of rural power 
systems in isolated areas of developing countries. 
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Chapter 1 
 

Introduction 

 

This chapter introduces the thesis and begins with an introduction to electric energy demand 
and use in rural areas of developing countries. A definition of isolated rural power systems as 
applicable to developing countries, the concept of power system operators under different 
market conditions and proposed definitions of tariff structures are introduced. In the problem 
formulation, characteristics of demand and supply of rural power systems are assumed to be 
uncertain which makes planning of these systems challenging, hence require the use of 
probability methods in modelling and simulation. The chapter ends with a summary of 
previous related research work, the contributions of the thesis to the field of power systems 
research and the list of publications.  
 

1.1 Background 
 
Energy in general and electricity in particular is not only at the centre of 
sustainable development, but also at the centre of development itself. The 
provision of modern energy services in form of electricity is indispensable for 
sustainable socioeconomic development of any society. Electricity access is one 
of the essential conditions for sustainable economic development in rural areas 
[32]. Availability of electricity is decisive for the supply of food, clean water, 
conservation of food, storage of medicine, telecommunications facilities, 
entertainment etc. Despite all the benefits achievable from provision of 
electricity, it is unfortunate that about 2 billion people in the developing world 
have no access to modern energy services, according to the World Bank [78].  

In the context of developing countries there are various options to provide 
electricity services to rural communities. The options include; individuals 
operating decentralised small power systems (such as diesel/gasoline generator 
sets, solar systems etc), centralised isolated power systems forming mini-grids, 
and grid extension [76]. Grid extension in most cases does not offer the best 
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option due to the remoteness of the areas. Long distances between the existing 
grids and isolated rural communities, and scattered households make the 
extension of large-scale grids not economically viable. Stand alone and 
centralised isolated power supply systems may be an alternative solution, as 
they remove the need for long and costly transmission lines. The installation of 
centralised generation systems may lead to the formation isolated mini-grids 
which may need strategic planning methods. Unlike large power systems which 
under deregulation are split into the three parts, generation, transmission and 
distribution, mini-grids are often too small to justify the division. These mini-
grids can be under the management of individual operators responsible for 
generation, transmission and distribution. Consumers in the community are the 
buyers wishing to buy the electric energy offered by the seller or the local 
provider or operator of the power system, hence forming an electricity market 
with one seller without competition. Therefore the arrangement of the 
electricity market considered in this thesis brings together the three main 
stakeholders: supplier or operator, consumers and where applicable regulator. 

In order to ensure long-term development and expansion of isolated mini-
grids in rural areas it is important to consider the technical and economical 
sustainability of power systems. Provision of reliable and affordable electricity 
to rural communities without compromising the techno-economic efficiency is 
a challenge to all stakeholders most especially the operators and regulators. As 
the operators ensure techno-economic efficiency and sustainability of the 
power systems, consumers are interested in affordability and reliability of 
services and regulators are responsible for improved services to maximise 
socioeconomic benefits. Theoretical planning and analysis of the behaviour of 
rural electrifications require modelling and simulation of the systems to analyse 
variables that reflect the achievements of all stakeholders’ objectives. However, 
the modelling and simulation should emphasise techno-economic sustainability 
of the systems. 

The thesis focuses on economically sustainable rural electrification in 
developing countries. The aim is to develop a simulation methodology to 
investigate the economic performance of isolated rural electricity mini-grids in 
developing countries under different power system operators. The modelling 
and simulation is considering isolated rural power systems forming isolated 
mini-grids, with uncertainties in supply and demand comprising of price 
sensitive consumers. The uncertainties in the market (demand, supply and 
consumers’ response to changes in tariffs) are modelled explicitly using 
probability distributions. The load is modelled using the relationship between 
demand and tariff (herein referred to as price-demand function). The factor in 
the price-demand function that explains how consumers change demand with 
changes in tariff is referred to as consumers’ price sensitivity. In the simulation, 
price sensitivity of consumers is assumed to be closely monitored by the 
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operators to adjust tariffs in order to achieve the appropriate operation 
objectives. The output variables analysed to assess the performance of the 
systems include: tariffs, reliability and performance indices. The outputs from 
the simulation can help operators to assess the economic sustainability of the 
systems, and regulators can determine whether the operator is maximising 
social benefits by providing electricity at reasonably low tariffs or not.  
 

1.2 Isolated Rural Power Systems 
 
The definition of rural varies from region to region or country to country. In 
some regions the definition of rural areas can be based on population densities 
and living conditions. For example in the Ugandan context, the department of 
statistics (Ministry of Finance, Planning and Economic Development) gives a 
candid definition of rural areas as the opposite of urban. According to the 1991 
census in Uganda, urban areas included ungazzeted trading centres of 1,000 
persons or more [77]. According to the 2002 census in Uganda, urban areas are 
taken to include only gazetted cities, municipalities, and towns and cities were 
defined as areas that access modern economic and social services e.g. electricity 
services from the national electricity grid [54], [55], [60]. In this thesis the term 
rural stands for areas remote from the main or national grid and these areas 
have no chances of accessing grid electricity even in the near future. The areas 
should have a significant demand for electricity or expect to develop potential 
demand in the foreseeable future.  

In scientific terms an isolated system has no interaction with its surroundings. 
An electric power system is an electrical network which includes points for power 
generation and consumption as well as interconnections between different 
points. Therefore an isolated power system is an electrical network which is 
independent from and has no interaction with the large main or national grid. 
The thesis is presenting electrification schemes of isolated rural mini-grids 
managed by local operators (single seller) who are responsible for both 
generation and distribution or delivery of electric power to final consumers. 
Development of isolated power systems may lead to the formation of mini-
grids which can be operated and managed by individual operators.  
 

1.2.1 System Operators 
 
Vertically integrated electricity markets [11], [12], [14] are assumed and 
considered for the analysed isolated rural electrification schemes. In these 
schemes consumers buy directly from local power companies or power system 
operators (managing both generation and distribution). In principle a vertically 
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integrated electricity market has a single utility working as the sole electricity 
provider in the service territory with an obligation to supply electricity to all 
consumers in the given territory. There are two types of operators considered 
in the modelling and simulation. These are: profit maximising operator and altruistic 
operator. The ultimate objective of the profit maximising power system operator 
is to minimise the operation costs and maximise revenue, hence maximising 
profit. An altruistic power system operator delivers services to communities 
aiming at economic sustainability and possible future expansion, maintain as 
low electricity tariffs as possible for the consumers. Both operators are free to 
set tariffs that can provide adequate revenue to achieve their objectives. It is 
assumed that the system operator charges a single tariff to all consumers. 

Though the operators may have different specific objectives, the common 
objective is to set tariffs to ensure economic efficiency, sustainability and 
reliability of the power systems. 
 
Definition 1.1: 

In this thesis economic sustainability of a power system is when the power system 
operator ensures and maintains long-term operation of the system to avoid economic losses. 
In case the operator is interested in promoting socioeconomic development, then emphasis is 
put on the recovery of all costs incurred and/or establishing the possibilities of expanding 
the system to benefit the society. In a situation where the operator is aiming at profits, to 
achieve economic sustainability emphasis is put on continuity in making and maximising 
profits through out the operation of the system and long-term operation of the system (for 
the survival of the business).  

 
 In order to attain economic sustainability, the parameters that should be 

monitored in the simulation include tariff, revenue collection (expected total 
revenue collection, ETRC) and operation costs (expected total operation cost, 
ETOC). The operators provide services to communities whereby the 
consumers are interested in affordable (interested in low tariffs) and reliability 
of services with very few consumers switched off due to insufficient supply. 
The measure of reliability is based on the availability of power supply to as 
many consumers as possible at all times. This is quantified by investigating the 
probability that some consumers will not be able to get power due to 
insufficient supply, i.e. using a standard factor, loss of load probability (LOLP). 

All consumers are assumed to pay a retail single price for electricity. In 
practice, electricity mini-grid operators could be cooperatives of consumers 
(usually group of farmers), government, regional or local government owned 
companies, non-governmental organisations (such as religious groups) or 
private companies [15-17]. Government owned companies, cooperatives and 
NGOs usually aim at extending affordable services to the community. In other 
words they operate to ensure that the cost of the service is as cheap as possible 
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but ensuring economic sustainability and possible future expansion of the 
power systems. From the business perspective, the ultimate objective of private 
companies is to maximise profit by supplying power at optimal tariffs to 
maximise revenue. The costs for future investments and possible expansion of 
the systems are included in the tariff of electricity.  
 

1.2.2 Consumers 
 
The demand for electricity in rural communities depends on a number of 
factors including income of consumers, tariffs, cost of substitutes or 
competing fuels such as paraffin, reliability of the supply, and availability and 
costs of appliances. These factors have an impact on the demand pattern and 
contribute to the increased uncertainties in the demand. Uncertainties in 
demand are among the challenging aspects for planning power systems and the 
reasons why plans are not as optimal as expected. These uncertainties are 
critical in predicting appropriate operation costs and setting of suitable tariffs. 
Without guidance from the market (i.e. consumers’ response to tariff changes) 
a supplier could attempt to set tariffs which are either too high (hence risking 
loss of sales) or too low (resulting in sacrificed profit). Thus, there is an 
interaction between tariff levels and need for power plants. Power system 
planners must put into consideration the uncertainties and price sensitivity of 
some consumers which may change over time. 
 

1.2.3 Definitions of Tariff Structures 
 
The operator sets tariffs to be able to recover the generation and supply costs 
incurred. The small electricity markets of isolated rural power systems 
considered in this thesis are dominated by consumers with low average 
electricity demand and low economic levels which justifies the need to use 
simple tariff structures. Therefore for the purpose of this research the two 
proposed types of possible tariff structures are herein defined and compared.  
 
Definition 1.2: 

Single fixed tariff: In this structure the customers pay the same tariff per kWh at 
all hours of the day. The operator has a fixed tariff contract with the consumers. The 
operator has an obligation – when technically possible - to deliver the generated and 
available kWh of electricity to consumers at an agreed fixed tariff. Also it is anticipated 
that such contract is suitable to consumers with low and almost uniform demand for a 
long period, a common characteristic among consumers in rural areas of developing 
countries. 
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In this thesis it is assumed that the contract does not include compensations to 
consumers for failure to deliver power. The advantages of a single fixed tariff 
structure include: it is simple to analyse and to implement. The main limitation 
of single fixed tariff contract is that it may not encourage consumers to utilise 
the power system efficiently. In this case efficient utilisation of power systems 
means that consumers are encouraged to shift consumption to different times 
of the day when tariffs are low. If peak and off-peak tariff contractual structure 
is introduced, some consumers can shift their consumption to off-peak hours. 
The shift reduces stress on the system during peak hours. 
 
Definition 1.3: 

Dual tariff structure: Also can be referred to as the time of use rates. In this case 
customers pay for electricity at different rates at different hours of the day. The rates can 
be either two levels or three levels tariff structure. For the two level tariff structure there 
are: high rates during peak hours (e.g. day time) and low rates during off-peak hours 
(morning, night, weekend and holiday).  In case of the three level tariff structure there are: 
high rates during peak hours (evening time), medium rates at shoulder hours (day time) 
and low rates during off-peak hours (especially at night). The dual tariff structure is ideal 
for large electricity consumers but can be difficult to implement and monitor in case of 
small consumers. 

 
The thesis is assuming rural electricity consumers with low demand and almost 
uniform consumption for a given period. Due to its simplicity in the analysis 
and implementation, and its suitability for use to low electricity consumers the 
single fixed tariff structure is considered in the modelling and simulation (as 
discussed in chapters 5 and 6).  
 

1.3 Problem Formulation 
 
Planning electrification is a process, which commences with the acquisition of 
primary data (about demand and supply). Initial knowledge about the 
behaviour of the supply and demand is vital for planning and optimal 
designing of power supply facilities. Understanding users’ perception about the 
use of electricity, current and future load pattern, available and expected new 
generation sources and facilities are required at the initial stages of planning. 
Prior information about uncertainties in demand and supply (due to 
economical, technical and other external factors) is also among the key issues. 
Analytically, planning can be accomplished by techno-economic modelling and 
simulation of power systems. In this case, the planning tools involve modelling 
characteristics and performance of components of the system to simulate the 
possible behaviour and outcome of the electrification.  
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The stochastic behaviour of expected demand and supply contribute to 
uncertainties in the market characteristics and explicitly represented as random 
variables. Though various previous research work on modelling electricity 
markets based on the assumption that electricity consumers are price 
insensitive [11], [12], in practice as consumers of other products or services 
also electricity consumers are expected to change demand when electricity 
tariffs are charged by utilities. In this research it is anticipated that electricity 
consumers in rural areas of developing countries are price sensitive. The 
uncoordinated and different variability in response (changes in demand or 
consumption) to changes in tariff by individual consumers is a motivation to 
consider a unique random characteristic of an aggregated consumers’ price 
sensitivity. Generally, the random behaviour of the market variables (supply, 
demand and consumers’ price sensitivity) is a motivation for analytical 
investigation of tariffs using random variables, i.e. probability methods.  

The thesis presents a Monte Carlo Simulation (MCS) methodology to 
model and investigate rural electricity markets as one of the inputs in the 
decision making process when planning small isolated rural power systems. 
The simulation of the developed model mimics the possible behaviour of these 
systems under different operators. The stochastic nature of the market due to 
uncertainties in demand and supply characteristics is modelled explicitly by 
random variables of known probability distributions. The inputs to the 
simulation are random samples from the probability distributions of the market 
variables, and other system parameters (e.g. costs). For mathematical simplicity 
the consumers’ response to changes in price is represented by a linear demand 
function. The outputs from the simulation are probability distributions of the 
expectations from the system processes obtained from various possible market 
scenarios. The output variables include performance and reliability indices 
explaining the possible benefits and risks to both consumers and system 
operators. The performance indices include expected total operation costs (ETOC), 
expected total profit (ETP) which are of interest to the operator and regulator, 
expected tariff (which are of interest to the consumer, operator and regulator). 
The reliability index is loss of load probability (LOLP), which is of interest to the 
regulator, operator and consumers. Analytically the probability distributions of 
the outputs are estimated by using duration curves. 

The unique representation of demand, supply and consumers response to 
changes in prices as probability distributions captures the uncertainties in the 
market variables and makes the methodology flexible in estimating and 
predicting the possible behaviours of electrification. It should be noted that 
due to uncertainty in the data (demand and supply) and use of Monte Carlo 
simulation, the results obtained using the proposed methodology may not give 
exact market variables. Thus, the obtained results explain the stochastic nature, 
possible characteristics and range of the expected parameters or variables. 
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1.4 Some Related Work 
 
A number of rural electrification initiatives have been put forward by most 
governments of developing countries. Rural electrification is one of the key 
issues addressed in national policies of these countries as one of the strategies 
to eradicate poverty among the majority poor in rural areas. Considering the 
case of Uganda, the government has developed an Energy Policy and a rural 
electrification strategy [52], [53]. The ultimate objective of the rural 
electrification strategy is to reduce inequalities in access to electricity and 
associated opportunities for increased social welfare, education, health and 
income generation opportunities. The power supply options considered in the 
strategy are: grid extension, Solar Home Systems and mini-grids [53], [77]. The 
strategy encourages both local authorities, NGOs, cooperatives and private 
sector to engage in rural electrification. The generation options for 
decentralised power systems and mini-grids are either single generation 
facilities or a combination (hybrid generation systems). The concept of hybrid 
systems is very common in electrification of remote areas [55], [56], [57]. The 
successful implementation of the strategy will depend on the availability and 
adoption of strategic planning methods. Therefore the research is set to 
address this issue.  

Power system planning is considerably complex due uncertainties in supply 
(e.g. generation and costs), demand (e.g. load growth), and regulation. Bhavaraju 
et al discussed the emerging issues in Power System planning, qualitatively 
illustrated the technical and institutional issues involved in the large electric 
utility planning process. Further, Bhavaraju et al mentioned the criteria and 
constraints which are important in power system planning including reliability, 
environmental standards, economics, financial ability, and societal impacts [60]. 
Planning is important to predict the expected behaviour of the systems’ 
determinant factors and performance under different operating conditions. 
The most important factors analysed are price or tariff of electricity, and 
measure of performance and reliability as, required to determine the economic 
performance of the power systems.  

Price has a significant influence on consumers’ purchase behaviour and 
consequently on firm sales and profit. Therefore pricing has been widely 
adopted as an approach of revenue management in business. In the past 
designing and planning electricity markets, providers had focused more on 
supply assuming that customers are not adjusting their consumption with 
changes in prices. Spees et al, investigated demand response and electricity 
market efficiency, and realised that electricity users respond to high prices by 
purchasing more efficient appliances and taking other efficiency measures [58]. 
Understanding consumers’ response to price changes (herein referred to 
consumers’ price sensitivity) is one of the requirements for the determination 
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of price of any product. Marketers desire to minimise operation costs and set a 
price that will maximize revenue in order to ensure a profitable business result 
[59]. The price sensitivity measurement is a way to predict both qualitatively 
and quantitatively the customer's perception to price changes, and/or 
willingness to pay. Different researchers have proposed price-sensitivity 
measurement methodologies [59], [73], [79], [80] but only provide estimates of 
the range of acceptable prices that potential consumers are be willing to pay by 
defining the upper and lower price thresholds. Harmon et al explored the role of 
cognitive response theory as used to determined and assess the price customers 
are willing to pay [59]. 

Celebi et al considered consumers’ response to price changes in the 
development of a computable equilibrium model to estimate ex ante time-of-
use prices for a retail electricity market [18]. The model used an econometric 
method (geometric distributed lag demand model) by assuming constant price 
elasticity. The use of price – demand dependence is very common in pricing 
studies, and for mathematical simplicity, a linear function with negative slope is 
commonly used [1], [2], [7], [15], [16], [19]. There are other functions used by 
different researchers depending on the methodology and purpose of the study, 
e.g. Kanudia et al used a price sensitive demand exponential function in the 
modelling of uncertainties and price elastic demand in energy-environment 
planning of India [26]. The uncertain changes in demand due to price changes 
require stochastic treatment of the variables in the demand curve. The 
uncertainty can be treated by modelling demand function parameters as 
probability distributions [72], [73].  

System modelling and simulation is one of the important tools used in 
planning of power systems. Jebaraja et al, presented an extensive review of 
different types of models and understanding of various emerging issues related 
to energy modelling [20]. A number of researchers have used probability 
methods in modelling and simulation of power systems and electricity markets 
[34], [61]. The use of demand or load duration curve (LDC) as a deterministic 
load representation obtained by arranging the loads sequentially in a decreasing 
order is popular in probabilistic production cost (PPC) simulation methods 
[11], [14], [34], [61], [64]. Jebaraja et al mentioned a mathematical model 
developed by Balachandra and Vijay Chandru (1999), which is used for 
modelling electricity demand based on the concept of representative load 
curves. The PPC methods have some limitations such as considering simple 
electricity markets, independent random variables of load and available 
generation, and just giving distributions of production costs and reliability 
[11,12]. The operation of power systems is more complex as they are subjected 
to the occurrence of different random events which include sudden 
distribution and generation failures and system limitations as well as 
fluctuations in demand [70]. In order to obtain a more detailed characterization 
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of the probability distributions of the results beyond the expected values, 
models involving stochastic processes to provide information of all quantities 
are necessary. In this case, Monte Carlo simulation (MCS) methods can be 
used to provide answers concerning expectations and estimation of properties 
of variables by random observation. Monte Carlo methods avoid the problems 
associated with the complexity of the analytical methods. There are various 
publications on the use of Monte Carlo methods [63], [64], [65], [66] in the 
simulation of power systems. Limbu et al in the study to address the impact of 
the stochastic nature of deregulated electricity markets used a Monte Carlo 
simulation process to model uncertainties in the electricity price and 
incorporated into a probabilistic production cost [61].   

Despite all the different research done on planning, modelling and 
simulating power systems, there is still room to do more research in this field. 
Especially to solve problems associated in the designing, planning and 
assessing performance of isolated rural power systems in developing countries. 
Some of the areas identified in this thesis are: 
• Most of the current research work focuses on planning of large utility 

power systems. Development of planning tools, models and simulation 
methods as can be applied to small isolated rural power systems not yet 
fully covered. The methods should put into consideration the dominance 
of low demand domestic consumers common in rural areas of developing 
countries. The current trend in most countries is that, profit driven 
entrepreneurs are consolidating in urban areas but they need to be paid by 
the authorities for rural and remote electrification [54]. It is necessary for 
researchers and planners to develop planning strategies and models to 
demonstrate the business opportunities in rural electrification. The research 
is proposing a methodology using the concept of comparing the performance of two 
possible power system operators as an input tool for planning small isolated rural power 
systems. The operators are either aiming at maximum net profit or at negligible net 
profit, i.e. profit maximising operators and altruistic operators respectively. 

• In a power system during any time period (year, season, week, day or 
hour) the load is stochastic, which is difficult to describe with simple 
analytical mathematical methods. The power supply for small isolated 
power systems is from dispatcheable and undispatcheable systems. The 
generation from these systems are stochastic due to the randomness of 
the resources and factors of production. For example, generation from 
wind is not scheduled and dispatched in the classical sense because of its 
intrinsic dependence on constantly-varying weather conditions [70]. 
Despite the routine maintenance and servicing of generation systems 
sometimes the technical failures of the systems are not predictable by the 
operators. There is still a need to explore more about the use of probabilistic methods 
in modelling and simulation of small isolated power systems to capture the uncertainties 
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in both supply and demand. The proposed methodology considers consumers’ price 
sensitivity of and its uncertainty to capture the stochastic nature of demand. The price 
sensitivity captures the relationship between demand and price through a demand curve, 
and its uncertainty shows the possible randomness in demand. Generally, to capture the 
uncertainty in the power systems the following have been assumed: the demand is price 
sensitive, supply, demand and price sensitivity are random variables represented by 
known probability distributions. 

• The price sensitivity measuring methods provide only estimates of ranges 
of acceptable price. An empirical methodology is proposed which uses field survey 
data to quantitatively explain consumers’ price sensitivity by using factors (referred to as 
Price sensitivity factors).  

• Application of Monte Carlo Simulation methods in planning small power 
systems is an area which is still of research interest. The thesis presents a 
method for stochastic planning of rural electrification by considering small isolated rural 
electric power systems using the concept of nested MCS methods.  

 

1.5 Contributions of the Thesis 
 
The main contributions of the thesis are summarised as follows: 
 
a. Development of a method referred to as Price Sensitivity Factor (PSF) method 

for estimating price sensitivity of domestic electricity consumers in rural 
areas of developing countries with uncertainties in demand. The method is 
based on field data collected using a questionnaire (appendix c). 

b. A methodology for modelling stochastic demand: 
i. Modelling demand as a random variable obtained from the product of 

two random variables (relative demand and peak demand) 
ii. Defining relative demand from a periodical load curve and conversion 

of the relative load curve into a relative load duration curve 
iii. Using the price-demand function to relate tariff and peak demand of 

small isolated rural power systems. The peak demand is modelled as a 
function of tariff and market parameters in the price-demand function 
(price sensitivity and demand factor). The randomness of peak demand 
is as a result of the probability distributions of market parameters.  

c. A quantitative description of the uncertainty in consumers’ price sensitivity 
using random variables from known probability distributions. 

d. To use the price-profit relationship to define and model different operators 
of isolated rural power systems. Also to base on this concept to explain the 
objectives of the operators e.g. ensuring economic sustainability of the 
power systems, and maximising net profits and socioeconomic benefits. 
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e. A methodology using MCS to model and simulate electricity markets 
applicable to isolated rural mini-grids in developing countries.  

f. Developed a simulation algorithm for comparing tariff levels of electricity 
markets by considering objectives of different system operators, consumers’ 
price sensitivity and other economic factors. Introduction of the concept of 
using loops in MCS, defined as nested MCS. 

g. Demonstration on how to apply the model to a case study. 
 

1.6 List of Publications 
 
The following papers were published in the course of preparing the thesis. The 
proposed electricity market model is built based on these papers and most of 
the work is used in the thesis. In these papers I have been the main author with 
the guidance from the supervisors.  
 
1. A. Sendegeya, M. Amelin, L. Söder(, E. Lugujjo, and I. P. Da Silva, 

“Consumer Price Sensitivity Impact on Tariff Level in Isolated Rural Power Systems”, 
Presented in the International UPEC2006 Conference Organised at 
Northumbria University, Newcastle upon Tyne, UK, September 2006 

 
2. A. Sendegeya, M. Amelin, L. Söder, E. Lugujjo and I. P. Da Silva, ”Altruistic 

versus Profit Maximising System Operators of Rural Power Systems”, Presented in 
the International Conference: IEEE PES PowerAfrica2007 – Conference 
and Exposition, Johannesburg, South Africa, July 2007 

 
3. A. Sendegeya, M. Amelin, L. Söder, E. Lugujjo and I. P. Da Silva, 

”Application of Price Sensitivity Measurement Method to Assess the Acceptance of 
Electricity Tariffs: A Case in Uganda”, submitted to a Conference, Africon2009 
– Nairobi, Kenya (given in the appendix E) 

 
4. A. Sendegeya, M. Amelin, L. Söder, E. Lugujjo and I. P. Da Silva, ”A New 

Method to Estimate Price Sensitivity of Electricity Consumers”, manuscript to be 
submitted to Energy Policy Journal (Elsevier) 

 
Other papers which were published in the course of the research are given 
below. The work in these papers addresses concepts of energy for rural 
transformation.  
 
I. A. Sendegeya, F. Nturanabo, B. Kariko-Buhwezi. And E. Lugujjo, Izael P. 

Da Silva, “The Feasibility of Mixing Solar, Wind and Gasification as Components 
in Uganda’s Rural Electrification Strategy”, Presented in the International 
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Conference Organised by the International Solar Energy Society (ISES), 
ISES Solar World Congress – Theme: Solar Energy for a Sustainable 
Future, Gotenburg, Sweden, June 2003 

 
II. A. Sendegeya, E. Lugujjo, I. P. Da Silva and M. Amelin, “Feasibility of 

Conserving Energy Through Education: The Case of Uganda as a Developing 
Country”, Presented in the International Technology Conference 
Organised by the Faculty of Technology, Makerere University, July 2006 

 
III. M. K. Musaazi, N. Kasekende, A. Sendegeya and I. P. Da Silva, ”Portable 

Metallic Incinerator”, Presented in the International Conference Domestic 
Use of Energy 2007Organised at Cape Peninsula University of 
Technology, Cape Town, South Africa, April 2007 

 
IV. M. K. Musaazi, N. Kasekende and A. Sendegeya, “Hybrid Energy-Saving 

Charcoal Stove with High Efficiency Water Heater”, Presented in the 
International Conference Domestic Use of Energy, Cape Peninsula 
University of Technology, Cape Town, South Africa, April 2007 

 
V. A. Sendegeya, P. J. M Ssebuwufu and I. P. Da Silva, “Benefits of Using Biogas 

in Households: Experience from a User in Uganda”, Presented in the 
International Conference Domestic Use of Energy 2007Organised at 
Cape Peninsula University of Technology, Cape Town, South Africa, 
April 2007 

 

1.7 Outline of the Thesis 
 
The thesis is divided into seven chapters with chapter one presenting the 
general background, introduction to the concept of isolated rural power 
systems, problem formulation, previous related research work and 
contributions to power systems research. The contents of the remaining six 
chapters are organised as follows: 
 
Chapter two discusses the electricity demand model as applied in the MCS 

algorithm. The demand is random from the product of two random 
variables: relative demand and peak demand. Probability distribution of 
relative demand is the representation of the periodical relative demand 
pattern as a duration curve. The peak demand model is represented by 
the price-demand function. The randomness of peak demand is due to 
the random behaviour of the price-demand function parameters (price 
sensitivity and demand factor). Publications one and two make use of 
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the load model. The chapter presents a proposed methodology for 
estimating price sensitivity of domestic electricity consumers in rural 
areas of developing countries with uncertainties in demand. The method 
is herein referred to as Price Sensitivity Factor (PSF), which is empirically 
developed using field survey data from electrified areas (lead to 
publications three and four in the list of publications, section 1.6). Also 
this chapter presents contributions (a), (b) and (c) as given in section 1.5. 

 
Chapter three describes the generation models using probability methods as 

applied in the MCS. The first part outlines a brief background about the 
possible rural power supply options. The power supply systems 
considered are dispatchable and non-dispatchable plants. The second 
part presents the generation models for the supply options, and finally 
the chapter summarises the calculations of the operation costs. The 
concepts are used in the modelling supply as applied in publications (1), 
(2) and (I) from the list of publications (section 1.6), also the ideas are 
used in modelling and simulation contributions (e) and (f) (section 1.5). 

 
Chapter four presents the concept and proposed definitions of rural power 

system operators by exploiting the relationship between profit and tariff 
(contribution (b) which is presented in paper number two from the list 
of publications). The two possible types of system operators are: (1) 
profit maximising system operators (PSO); and (2) altruistic system 
operators (ASO). The primary objectives of both operators are to ensure 
economic sustainability i.e. ensuring long-term operation of the system 
by avoiding economic losses and possible future expansion of the 
system. The secondary objective of the former is to maximise profit 
while the later focuses on maximising consumers’ socio-economic 
benefits (by providing power at reasonably low tariffs). The contribution 
of this chapter in (d) (section 1.5) and publication number 2 (section 1.6) 

 
Chapter five describes the modelling and simulation algorithms for the 

proposed rural electricity markets managed by either an ASO or a PSO. 
The concept of nested Monte Carlo simulation is introduced. The 
development of the algorithms is based on the definitions of operators 
using the profit-price relationship described in chapter 4. The proposed 
format to present results from the simulation is to use probability 
distributions in form of duration curves. This chapter presents 
contributions (e) and (f) (section 1.5) 

 
Chapter six demonstrates the application of the model on a case study. The 

application begins with preparing and defining the input data, and 
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making assumptions. The simulation is accomplished for four possible 
market options which are based on the operators and power supply 
options. A sensitivity analysis is carried out to investigate the impact of 
variable operation costs on the performance of the systems. The results 
are presented as probability distributions and variables analysed are: 
tariff levels, expected net profit and loss of load probability. The chapter 
demonstrates contribution (g) (section 1.5)  

 
Chapter seven summarises a general overview of the simulation methodology 

and concepts introduced in the thesis. The concepts include: definitions 
of power system operators, modelling rural electricity demand, 
modelling uncertainties in demand and supply, price sensitivity factor 
method and nested Monte Carlo simulation. Lists of possible 
applications of the methodology and areas for future research presented. 

 



 .16

Chapter 2 
 

Modelling Electricity Demand  

 

The chapter discusses the electricity demand model as applied in the Monte Carlo simulation 
algorithm of isolated rural electric power systems. The demand is random and modelled as a 
product of 2 random variables: relative demand curve and peak demand. The probability 
distribution function (pdf) of the relative demand is obtained from periodical relative demand 
pattern of the given community. The pdf of relative demand is unique to a specific community 
and depends on the electricity consumption pattern of that community for a given period e.g. 
daily, weekly, monthly, or annually or several years. The peak demand is modelled as a 
function of tariff using the economics price-demand function. The randomness of peak demand 
is due to the random behaviour of the price-demand function parameters (price sensitivity and 
demand factor). The price sensitivity of consumers explicitly represents the quantitative 
measure of consumers’ response to changes in tariffs. The chapter concludes with an empirical 
method for explaining the consumers’ price sensitivity by using factors, thus, a price sensitivity 
factor (PSF) method.  
 

2.1 Rural Electricity Demand 
 
As far as rural areas of developing countries are concerned the communities 
are characterised by low population densities and low electric power demand. 
The demand for electricity in these areas is dominated by domestic consumers 
and small businesses. The domestic electricity needs are mainly lighting, 
audiovisual and operation of other small appliances e.g. phone charging. The 
commercial applications are more of cottage type and other small business 
applications like kiosks, saloons, bars etc [17]. Other sectors which need 
electricity in rural areas include local government and NGO offices, health 
centres, telecommunication centre, education institutions etc. Appliances such 
as lights, radios and televisions are very common among households and 
public places like as bars for entertainment, current affairs and education 
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programs. Lights are the most dominating appliances especially in households 
and used mainly in evening hours. Radios are used during the day time but 
televisions are usually switched on in evenings and for very few hours during 
the day. The use of fans is popular in households, offices, entertainment 
centres, churches and saloons. Refrigerators are used in households, kiosks, 
bars and health centres. Ironing is common among households and likely to 
attract business opportunities such as laundry services. Computers and other 
office equipment are used in public offices and schools mainly during day time. 
In the era of information and communications technology, there are increasing 
opportunities to set up rural telecentres. 

Electricity consumption of any community depends on a number of factors 
ranging from income of consumers, tariff (price per kWh or monthly cost), 
cost of competing or substitute services, cost of appliances, socio-cultural and 
economic factors etc. Detailed planning methods must put into consideration 
all these factors, but the qualitative and quantitative consideration of these 
factors are among the challenges faced by researchers and planners. Despite 
the need to consider all these factors, the thesis is presenting a methodology to 
investigate the impact of change in tariff on the consumers’ consumption 
pattern and levels. The demand for consumers in rural electricity markets 
under consideration is modelled as a function of price, whereby a change in 
price results into a change in demand or consumption of electricity [1], [2], 
[25], [26]. Though the impacts of tariff and other non-tariff factors on demand 
are known, sometimes the occurrence is not simultaneous and the strengths of 
the each impact are not easily predictable. In order to address this predicament 
situation, all factors affecting demand for electricity are modelled implicitly in 
the random responsiveness or sensitivity of consumers to changes in tariffs.  

It is unfortunate that in most developing countries, there is limited 
availability of well organised compiled recorded data about electric demand 
profiles of remote areas. For the purpose of planning, the characterisation of 
electricity demand of a community requires an extensive collection of data that 
reflect the behaviour of consumption qualitatively and quantitatively. 
Assessment of the representative demand pattern from the measurements 
carried out on an individual residential customer would lead to a very large 
uncertainty in the results. The demand profile for a single consumer is made by 
the operation of appliances that are essentially a series of stochastic events. 
Appliance actuations are largely independent as are the loading patterns placed 
by neighbouring houses. There are overall driving factors that may contribute 
coincidental use of appliances, such as the time of day and seasons. The 
assessment of the demand pattern for customer aggregation is more interesting 
than assessing individual demand patterns. The representative demand pattern 
of aggregated customers is defined for a given community in a specified period 
e.g. daily, weekly, monthly, annually or severely years. However, the demand 
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for electricity is largely a stochastic process and exhibits diversity [28]. The 
demand pattern is represented by a periodical demand or load curve as 
obtained by plotting the average demand, Dk at a given time, k of a given 
period e.g. time of the day, month, year etc.  
 

2.2 Modelling Demand 
 
The demand is modelled as a random variable which is a product of two 
variables: relative demand and peak demand expressed as in equation 2.1 below 
 

,k rel k PD D D= ⋅ ,     2.1 
 
where Dk [kWh/h] is the random average kW demand at any hour “k”, Drel,k is 
the relative demand at any hour “k” and DP  [kW] is the average peak demand 
obtained from the demand curve or pattern of the community.  
 

2.2.1 Relative Load Curve 
 
Relative load (or relative demand) at any hour, Drel,k is defined as the normalised load 
which is obtained from the ratio of average hourly demand to peak demand. 
Mathematically, Drel,k is given in equation 2.2, where T0 is the period for which 
the data is availed. 
 

,
k

rel k
P

DD D=  , for 0 Ok T≤ ≤     2.2 

 
Thus, the relative load (or relative demand) curve is the plot Drel,k of the given 
community, which is represented chronologically for a specific period 
(preferably long term demand pattern e.g. one year or above).  
 

An example of an ideal relative demand curve for one day (showing average 
hourly values) is given in figure 2.1. This type of demand curve is typical for 
developing countries dominated by morning and evening peaks. The 
acquisition of the periodical average demand depends on the data logging of 
the utility. The data could be obtained on hourly, half-hourly, 15 minutes 
intervals (or less) basis. For accuracy average values from shorter time intervals 
are necessary. If Dk represents average hourly demand then for the daily 
demand pattern the period T0 = 24 hours, and for annual demand pattern, T0 
= 8760 hours (assuming a normal year, 365 days). 
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Figure 2.1: An example of an ideal daily relative Load Curve 
 

2.2.2 Load Duration Curve 
 
In order to use probability methods, the load is described solely by using 
duration curve. Therefore to represent the load as a probability distribution the 
given relative load curve herein also referred to as relative demand is 
transformed into a relative demand or load duration curve (LDC). The relative 
load curve is transformed into a relative load duration curve by sorting the 
relative load levels in descending order [11]. This involves interchange axes 
with the time or period axes normalised into probability (see figure 2.2). Thus, 
the relative load duration curve, FD-rel is defined as a probability at which a certain 
relative demand level is exceeded in a given period. 
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Figure 2.2: Relative Load Duration Curve, FD-rel  
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It should be noted that information can be lost during the transformation 
from the relative load curve to relative demand duration curve. With the 
relative LDC it is not possible to determine the rate at which the load increases 
or decreases, but it explains how often a given relative load level will be 
exceeded during the given period. 
 

2.2.3 Peak Demand  
 
The peak demand is also a random variable which is a function of tariff 
represented by a price-demand function (to be discussed in section 2.2.5). The 
randomness of the peak demand is due to the random behaviour of the market 
parameters (demand factor and price sensitivity) in the price-demand curve. 

By considering a relative load curve, the change in demand is directly 
related to the peak demand. A simplified assumption is that for a proportionate 
change in electricity consumption or demand the relative load duration curve 
remains the same. With this assumption, the relative load duration curve and peak 
demand are enough to characterise the demand of a given community. 
 

2.2.4 Estimation of Periodical Electrical 
Energy Consumption 

 
After establishing the relative load duration curve and the peak demand of a 
given community, then the average periodical electrical energy consumption 
(ED [kWh/period]) can be obtained as the product of peak demand and area 
under the relative load duration curve as demonstrated in equation 2.3 (where 
x = Drel).  
 

( )0
0

D P D relE D T F x dx
∞

−= ⋅ ∫ ,    2.3 

 
The integral in equation 2.3 is the area (dimensionless quantity) under the 

relative load duration curve, characterising the probability distribution of the 
load in a specific community in a given period. For simplicity this integral is 
assumed to be constant, multiplying it by the hours in a given period (T0 
[hrs/period]) a symbol, K0 [hrs/period] defined as in 2.4 below 
 

( )0 0
0

D relK T F x dx
∞

−= ∫ ,    2.4 
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If the load is supplied constantly at peak load, then K0 is the expected number 
of hours of loading in the period T0 of which the load is peak. Since for a given 
period K0 is a constant then the variations in demand can be characterised by 
investigating only changes in the peak demand. Ideally if FD-rel represents the 
LDC for an average day, then ED [kWh/day] is the daily average energy 
consumption expressed as, 

0D PE K D= ⋅  
The annual average electrical energy consumption is obtained by multiplying 
the daily average electrical energy consumption by the number of days in a year 
(assuming that the daily energy consumption is the same through out the year). 
In practice energy consumption may vary on daily, weekly, monthly, annual or 
even seasonal basis. For instance the electric demand pattern during week-days 
differs from the weekend demand pattern, and the demand on public holidays 
differs from that on ordinary days. Therefore it is important to consider a 
relative demand curve obtained from long term data. Since the energy 
consumption depends on peak demand which is a random variable then the 
periodical energy consumption is also random.  
 

2.2.5 Peak Demand and Price-Demand 
Function 

 
According to the demand model discussed in the previous section the changes 
in demand is directly related to changes in peak demand. Therefore the 
changes in demand due to changes in tariffs are modeled based on peak demand. 
Quantitatively the relationship between price and quantity demanded is 
represented by a mathematical function referred to as the price-demand curve. The 
representation of price-demand curve is generally linear or exponential function 
and depends on the behaviour of the market and objective of study [1], [2], 
[26]. In the proposed model, the quantity demanded in the price-demand curve 
is the peak demand, DP [kWh/h]. The generic expression for price-demand 
function in economics theory is expressed as λ= f(DP), where λ [¤/kWh] is the 
price or tariff. The symbol ¤ represents a fictitious currency or monetary unit, 
but in the test case study discussed in chapter six the currency used is United 
States dollar (US$ or USD).  
 

Definition 2.1: 
Demand response can be defined as the change in electricity usage by end-users or 
customers from their normal consumption patterns in response to changes in price of 
electricity over time [68], i.e. demand is a function of price. But through out this thesis 
the concept used in economics literature is adopted whereby an inverted demand 
function expressing price as a function of demand is used.  
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To give an insight about the use of the price-demand function, for example 
Viswanathan et al [30] in their study about discount pricing decisions in 
distribution channels with price-sensitive demand expressed price, λ as a 
function of quantity demanded, D and distinguished the demand functions as 
linear  

( )D Dλ α β= − ⋅ , 
where α is the demand factor and β is the price sensitivity or as Cobb-Douglas,  

( ) 0
DD e γλ λ −=  

where λ0 is the demand factor and γ is the price sensitivity, or as constant price-
sensitive, 

( ) 0
DD γλ λ λ−= . 

In all these demand functions the price is decreasing with demand. If λ(D) is 
taken to be the price at which the operator sells electricity then the total 
revenue, abbreviated as TR is expressed as in equation 2.5 below 
 

( )DTR E Dλ= ⋅ ,    2.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: A Conventional linear Price-Demand Curve 

 
The use of a linear price – demand dependence is very common in pricing 

research because of its advantage of mathematical simplicity [30]. The 
mathematical simplification is envisaged in the linear expression in equation 2.6 
and figure 2.3 (inverse of the conventional demand curve). Therefore in this 
thesis a linear demand curve is used to model the relationship between tariff 
and peak demand. The price or tariff (λ) at which electricity is consumed is 
expressed as a function of peak demanded (DP). 

DP0DP1 Demand, DP

A shift along the demand curve as a result of 
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(cost per kWh) provided other factors that affect 
demand remain constant 
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( )P PD Dλ α β= − ⋅ ,    2.6 
 
The slope β = Δλ/ΔDP [¤h/(kWh)2] is referred to as price sensitivity which will 

be discussed in section 2.3. It explains the consumers’ responsiveness to price 
changes, hence a measure of consumers price sensitivity. The intercept with 
the price axis α [¤/kWh] is referred to as the demand factor which explains the 
size of the market or price capability of the market or the price at which the 
demand is zero.  

According to figure 2.3, an increase in price shifts the equilibrium point 
along the demand curve from point (DP0, λ0) to (DP1, λ1). If there are 
uncertainties either in price (due to uncertainties in the operation costs of 
power supply systems) or demand (due to uncertainties in demand as a result 
of uncertainties in consumers’ price sensitivity) then the equilibrium point may 
not be easily predictable by simply a shift along the demand curve. This 
uncertainty behaviour can be handled using probability simulation methods as 
shown in the next section.  
 

2.3 Concept of Price Sensitivity  
 
Before discussing the reasons why rural electricity consumers are considered to 
be price sensitive and the uncertainties in price sensitivity, let us begin with a 
brief discussion about the theoretical background of price sensitivity. 
Microeconomic theory suggests that consumers of electricity, like consumers 
of all other commodities, will increase their demand up to the point where the 
marginal benefit derived from electricity is equal to the price they have to pay. 
Pricing is a continuous process through out the operation life time of any 
system and it is affected by both internal and external factors of the market. 
Unsustainable pricing decisions can be made if planners just consider only the 
average price or the quantity of kilowatt-hours of electricity purchased by the 
average customer during a time period. 

The purpose of pricing research is to ensure that producers of products or 
services are advised on setting prices which best reflect both market responses 
and strategy of the companies [2]. The objective could be to find the optimum 
price that will maximise revenue and profit or price that can support the 
achievement of particular target market shares. It is important to investigate 
the possible consumers’ response to changes in price. There are different 
definitions of price sensitivity, for example it is defined as the measure of 
willingness of consumers to pay for kWh of electricity (Electricity Regulatory 
Authority, Uganda; 2004) [78]. The willingness to pay in some situations does 
not depend only on the cost of the product or service.  
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Usually economists analyse point elasticity of demand which concerned 
with how total revenue is affected by a given change in price. Thus, point 
elasticity of demand, ε is a measure of consumers’ price sensitivity at a 
particular point on the price-demand curve [1], [2], [7], mathematically 
expressed as in equation 2.7(a): 

 
P

P

D
Dε λ
λ

Δ

= −
Δ

,      2.7(a) 

 
Conventionally, ε is positive and the negation in equation 2.7(a) is then 
necessary, since λ(D) is a decreasing function for any increase in price. Since 
the thesis focuses on the use of a linear price-demand curve to model the 
relationship between tariff and peak demand (refer to equation 2.6), then point 
elasticity of demand can be related to price sensitivity, tariff and peak demand 
using equation 2.7(b). In this equation ε is obtained as a positive value because 
β is negative. 
 

1

PD
λε

β
=

,      2.7(b) 

 
Equation 2.7(b) indicates that point elasticity of demand, ε changes in two 

alternative ways; either by moving along the demand curve (refer to figure 2.3 
for a linear price-demand curve) moving up the line ε increases and moving 
down the line ε decreases and keep the slope constant or by maintaining a 
given point in the λ – DP space and adjust the slope of the line. Since point 
elasticity is a measure of comparison of percentage changes, then along a given 
price-demand curve point elasticity is not a constant hence demand, but is β a 
constant for a particular demand curve. 

In this research, electricity consumers’ price sensitivity is referred to as 
consumers’ responsiveness to changes in electricity tariff. Therefore the 
quantitative measure of the change in demand for electricity due to changes in 
tariff is known as consumers’ price sensitivity. Consumers whose electricity demand 
varies with tariffs are herein referred to as price-sensitive consumers. The price 
sensitivity of consumers influences the way prices are perceived and the role 
price plays in the purchase-choice decision [59]. This responsiveness can be 
realised when there are changes in quantity of electricity consumed. Consumers 
who change their electricity demand when the electricity tariffs change are 
expected to obey the law of demand depicted in the price-demand curve [1], 
[2], [7], [15], [16], [19], [25]. In the study of electricity markets of large power 
systems it is often anticipated that price sensitivity of customers is low, such 



 .25

that the demand is modelled as fixed load [11]. This anticipation may not apply 
to rural electricity consumers in developing countries. 
 

2.3.1 Factors Contributing to Consumers’ 
Price Sensitivity 

 
From microeconomics point of view people in rural areas of developing 
countries, usually have other more essential domestic needs than electricity. 
The common essential needs include food, shelter, clothing, health services, 
education, and readily available cheap energy resources (biomass) for thermal 
applications e.g. cooking. Always these needs are given higher priority than 
electricity, thus, the demand for electricity is taken as a secondary need or it 
might be taken as a luxury. Any changes in the tariff forces people to relate 
electricity use with other needs and then opt for cheaper substitutes. Basing on 
this motivation, electricity consumers in rural areas (especially domestic 
consumers) are expected to change electricity consumption when there are 
changes in tariffs.  

Besides tariff, it should be noted that the demand for electricity in rural 
areas is either directly or indirectly a function of various non-tariff factors 
which include: income of consumers, price of available substitute fuels (e.g. 
paraffin), costs and availability of appliances, unreliability of the supply etc. In 
order to cater for the impact of all factors, it is anticipated that there is a 
mutual relationship between non-tariff factors and tariff. Therefore the 
research is based on the assumption that for the rural populace in developing 
countries the demand for electricity mainly varies with tariff. Consumers’ price 
sensitivity is assumed to be random due to uncertainty behaviour of 
consumers’ response to tariff changes. Because of the anticipated mutual 
relationship between non-tariff factors and tariff, the impact of non-tariff 
factors is implicitly captured by modelling consumers’ price sensitivity as a 
random variable.  

In practice electricity consumers’ responsiveness to tariff changes is not 
immediate. The lag in response is an interesting behaviour to investigate, but 
for the purpose of theoretical analysis, consumers’ responsiveness to changes 
in tariff is assumed to be immediate in time. A sudden change in tariffs leads to 
an immediate change in consumption. In other words, consumers are aware of 
changes in tariffs and respond accordingly by changing their consumption 
levels and/or pattern. The changes vary among consumers and can not be 
predictable at all tariff levels. Therefore this unpredictable behaviour of 
different consumers and some dynamics in the economy contribute to the 
aggregated uncertainties in the consumers’ responsiveness to price changes. 
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2.3.2 Uncertainty in Price-Demand Curve 
 
Quantitatively the uncertainty in consumers’ price sensitivity is represented 
using random variables.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Price-demand curves with random demand shocks (S2>S1>S0>S3) 
 

The uncertainty is considered in two ways: (1) using a stochastic multiplicative 
demand shock and (2) considering a direct stochastic variation in the parameters (demand 
factor and price sensitivity) [72], [73].In the first case a factor, S (the stochastic 
multiplicative demand shock) is multiplied into the demand curve equation 2.6, 
i.e. ( )PS Dλ⋅ . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: Random price-demand functions 
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The uncertainty in the demand function can easily be investigated provided 
the probability distribution of the stochastic demand shock is known. The 
impact of the stochastic demand shock onto the demand curve is 
demonstrated in figure 2.4. The demand shock leads to different values of 
demand factor and slopes, but common intercept with the demand axis (i.e. 
when λ= 0). 

The method of using a random multiplicative demand shock limits the 
possible maximum demand (intercept at the demand axis) to a single value. To 
address this limitation, randomness in the two demand curve parameters 
(demand factor and price sensitivity) is considered as demonstrated in figure 
2.5. Since the demand factor is the measure of the size of the market i.e. 
defines the demand capacity of consumers, then it is also represented by a 
probability distribution. For example, Juan et al treated the uncertainty in the 
price-demand function parameters by using discrete two-state distributions. 
But in this thesis the uncertainties in the parameters are represented by 
multiple options [73]. Therefore combining this concept with that of Juan et al 
the possible price-demand functions are modelled as random variables 
obtained from probability distributions which are assumed to known or 
obtained basing on assumptions. For simplicity, in the case study the 
parameters are modelled as uniform probability distributions. 
 

2.4 Price Sensitivity Factor Method  
  
The measure of price sensitivity of consumers of a particular product or 
service can help to understand customers’ price perceptions, expectations and 
willingness to pay for that product or service. The methodology of asking 
respondents what they expect a producer to charge and at what price they 
would perceive the product to be a “good buy” allows for individual and group 
measurement of price sensitivity [31], [59]. On the utility side, one way to 
estimate price sensitivity of consumers is by analysing the changes in electricity 
usage when tariffs change. Estimating price sensitivity is a challenging task as it 
depends on the availability and reliability of raw data, factors to be considered 
in the estimation and the demand curve model used. Before using any 
economics related data to determine price sensitivity more analysis should be 
carried out to understand other non-economic factors that may affect the 
demand for the product in this case electricity. 

One of the contributions of this thesis is a methodology for estimating the 
price sensitivity of small electricity consumers in rural areas. In the 
methodology, the consumers’ price sensitivity is estimated by identifying and 
analysing possible factors that are likely to have an impact on the demand for 
electricity in rural power system of developing countries. The methodology is 
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based on field survey data and can easily be implemented in areas with limited 
availability of long-term data about the way communities respond to changes 
in electricity tariffs or similar services and other factors. The methodology 
focuses on the analysis of consumers’ response to changes in tariff levels by 
taking some actions herein referred to as indicators. The indicators are 
translated as factors, hence, the Price Sensitivity Factor (PSF) method. The 
measure of the factors reflects or represents the measure of consumers’ 
sensitivity to changes in tariffs and quality of service.  

The proposed PSF method is a further development of the pioneering Price 
Sensitivity Measurement (PSM) method, which was developed by Dutch 
economist Peter Van Westerndorp at The Hague in the 1970’s [59], [79], [80]. 
The application of PSM method to assess the acceptance of electricity tariffs is 
illustrated in paper number three from the list of publications (section 1.6) and 
the paper is appended in appendix E. The contrast in the questioning system is 
that the PSF method puts emphasis on the exact actions consumers take to 
change electric consumption as a response to changes in price/tariff. Unlike 
the PSM method which is commonly used by researchers and marketers to test 
price awareness of consumers, and to estimate the range of possible acceptable 
prices, optimal and perceived prices, the PSF estimates a quantitative measure 
of sensitivity by assessing and quantifying the actual actions taken by 
consumers.  
 

2.4.1 Assumptions 
 
Development of the PSF methodology is based on the following assumption:  
• The aggregated electric energy demand for a given community comprises 

of two components: a fixed component and variable component (a 
function of tariff) 

• The total demand is the product of expected average consumption per 
consumer and the expected number of consumers. Hence, a proportional 
change in demand can be estimated from a proportional change in 
number of consumers, average consumption and the actions taken to 
change consumption.  

• The measure of change in consumption due to change in price is based on 
the actions taken by the consumers to change their consumption levels 
and/or pattern. The change in demand is directly related to the number of 
consumers adopting a specific action. The actions are defined as price 
sensitivity indicators. 

• Since individual consumers have peak demand at different times in a 
given period, then the PSF method focuses on individual energy demand. 
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The aggregated energy consumption for a given community is related to 
coincidental peak demand to fit the load model defined in section 2.2. 

• The trends are not taken into consideration due to low and slow 
economic development among rural households. It is assumed that in the 
study period consumers are envisaging to have limited increase in 
household expenses and electricity consumption. The questionnaire 
considers only current situation (based on the tariff charged by the time 
the field survey is carried out). Consumers’ future preferences and 
possible future tariffs are neglected.  

 

2.4.2 Definitions 
 
For simplicity the total demand for any rural community in a developing 
country is generalised and expressed as in equation 2.8: 
 

( )0j jD D f λ= + ,     2.8 
  
where Dj 1(the total demand) is a function of tariff, λj (an independent variable). 
The fixed component, D0 does not vary with changes in market dynamics. It is 
assumed that D0 is the component which represents essential demand which 
consumers consider to be vital irrespective of the price of electricity. In a 
community where there are social services this can represent services e.g. street 
lights, public buildings etc. The variable component, f(λj), varies with in tariff. 
The value of D0 can be estimated from the survey at a tariff when the demand 
for households is approximately nil. For simplicity, in communities dominated 
by domestic or household consumers D0 can be approximated to zero. 
Therefore it is assumed that in such communities ideally all consumers adjust 
their electricity consumption whenever there are changes in tariffs.  
 

Tariff Modelling Factor 
 
The objective is to study how the demand, Dj is likely to change with changes 
in tariff λj. The first step is to relate the tariff (λj) with the variable (ψj) and 
reference tariff (λref) as λj = ψj λref .  

The reference tariff is a constant and assumed to be the initial tariff at the 
first estimate of the demand. The variable, ψj is defined as the tariff modelling 

                                                            
1 The total demand of consumers in a given community is the aggregated kWh in a given period. But 
the method to fit the load model proposed in section 2.2 it is assumed that the aggregated kWh of 
consumers in the community is proportional to the coincidental peak demand 
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factor, which is a multiplicative factor (given as a percentage) synthesising the 
possible changes such as an increase or a decrease in the reference tariff, λref. 
The factor takes values in the range ψj > 1 for the increase in tariffs and ψj ≤ 1 
otherwise, where j = 1, 2, 3 … n, for the “n” possible discrete changes in tariff 
levels. Tariff modelling factors are “j” discrete variables which depend on the 
possible tariff levels. According to the proposed method, for j = 1, ψ1 = 1 and 
λ1 = λref is the tariff modelling factor at the initial total demand, i.e. D1 = D0 + 
f(λ1). Values of the initial total demand and tariff at j = 1 are assumed to be 
known and obtained from the survey as the demand at the reference tariff 
(mathematically the initial condition). Hence an investigation is carried out on 
(n -1) possible behaviours of the load due to (n-1) possible increments in tariff 
which depend on values of ψj. The demand becomes a function of tariff, λj, 
hence a function of the tariff modelling factor.  
 

Price Sensitivity Indicator  
 
Possible changes in tariff modelling factor lead to different values of tariff, λj 
indicating that consumers are taking actions to change their consumption or 
demand. Different people in the area take different actions at different tariff 
levels. For the purpose of generalisation, at a given tariff λj, about “m” actions 
are taken by different consumers. Examples of possible actions taken include: 
using energy saving methods, supplement with cheaper options, disconnect from the supply, no 
change in consumption etc. The number of consumers taking an action is 
represented by a percentage which varies with λj. The action taken by 
consumers has an impact on the electricity demand. In other words, the change 
in demand is directly related to the percentage of consumers taking an action. 
Since the actions taken indicate how consumers react to changes in tariff, then 
the actions are referred to as price sensitivity indicators (PSI) or simply indicators. 
Price Sensitivity Indicators are defined as the measure of the strength of actions 
taken, expressed as percentages. Therefore “m” represents the number of 
possible actions taken or number of PSI values. It depends on the type and 
purpose of study, and should be predetermined during the design of the field 
survey tool such as the questionnaire. 

Let the measure of the qth PSI at tariff level λj = ψjλref be denoted PSIj,q, 
(where q = 1,2,3 … m and j = 1, 2, 3, …, n). This means that PSIj,q of the 
consumers adopt qth action when the tariff changes to λj. Values of price 
sensitivity indicators are in the range 0 ≤ PSIj,q ≤ 1, and for a given tariff level 
λj or tariff modelling factor ψj, PSI values add up to a unit as: 
 

,
1

1
m

j q
q

PSI
=

=∑ ,     2.9 
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Demand Change Factor 
 
Initial value of the price dependence or variable component of demand is 
defined as f(λ1) = f(λref) units (kWh) of electricity. In order to study the changes 
in demand at tariff, λj due to the qth PSIj,q, let us introduce a factor δj,q. This 
factor is called the demand change factor, it quantifies a fractional change in the 
PSIj,q of f(λ1) at tariff λj. For example let Dold,j,q = PSIj,q of f(λ1) be part of total 
variable component of demand that is changes after PSIj,q of the consumers 
take the qth action. Then the demand changes to a new value expressed as: 
Dnew,j,q = δj,q of [PSIj,q of f(λ1)]. The magnitude of δj,q < 1 if there is a reduction in 
demand, δj,q = 1 if there is no change in demand and δj,q > 1 in case of an 
increase in demand. If consumers adopt energy saving methods and/or 
supplement electricity use with other energy sources, the demand is expected 
to decrease, hence, δj,q should be in the range 0 < δj,q < 1 which also depends 
on level of sensitisation, availability, accessibility and affordability of energy 
efficient technologies and methods. In some cases when consumers claim not 
to change consumption, then δj,q  ≈ 1. Similarly, for consumers claiming to 
disconnect and switch to other options the values for the demand change 
factor are about zero (δj,q  ≈ 0), and δj,q  > 1 if there is an increase in demand 
(ideally this is expected as tariffs decrease). In an ideal situation when there is a 
constant change in demand at all tariff points, then δj,q  ≈ a constant for actions 
taken. Also when the consumers are not changing demand at all tariff points 
then δj,q  ≈ a unit for actions taken. 

Values of δj,q depend on prior knowledge about the way actions taken can 
affect demand of individual or group of consumers. This kind of information 
can be obtained through an independent field survey to establish the 
technologies used or to base on the statistical data that can be obtained from 
the national statistics department. Alternatively the values are obtained from 
available data on similar services or historical experience about consumption. If 
the information is obtained from survey, questions addressing issues about the 
energy saving technologies and other options taken when tariffs change must 
be included in the questionnaire. Respondents must be given opportunity to 
mention or list all possible actions they can take at tariffs lower and higher than 
that they expect. A more scientific explanation, quantification and estimation 
of the demand change factors for each identified action taken at different tariff 
points is one of the future research work proposed at the end of the paper. For 
example, for consumers adopting energy saving methods it is necessary to 
investigate the technologies and methods used and estimate their impact on 
demand. The aggregated impact of the methods gives the demand change 
factor for the action. 
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Price Sensitivity Factor 
 
If the tariff changes from λref to ψjλref  then the corresponding fraction of 
consumers responding to this change by taking action “q” is PSIj,q. The change 
in demand due to the indicator at tariff, λj is obtained using the qth demand change 
factor, δj,q. The variable component of demand affected by the qth action at tariff, 
λj is expressed as PSIj,q of f(λref). After consumers have taken the qth action then 
that part of demand is reduced to δj,q of (PSIj,q of f(λref)) or (δj,q of PSIj,q) of f(λref). 
The new component of the variable demand which is obtained after PSIj,q of 
consumers have taken qth action. At a given tariff λj the overall change in 
demand is the aggregated change due to all “m” price sensitive indicators, PSIj,q. 
The relative change in price dependence or variable component of demand is: 
 

( ) ( ) ( ) ( )( ), ,
1

m

j j ref j q j q ref
q

f f PSI of fλ ψ λ δ λ
=

⎛ ⎞
= = ⋅⎜ ⎟

⎝ ⎠
∑ ,  2.10 

 
The ratio of f(λj) to f(λref) is a relative measure defining how much the variable 
component of demand changes at tariff λj. This ratio is herein referred to as the 
price sensitivity factor (PSFj), which is the measure of the percentage or fractional 
change of demand at tariff, λj expressed as: 
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1

m

j j q j q
q

PSF PSIδ
=

= ⋅∑ , for j =1, 2…n  2.11 

 
Alternatively, PSFj is defined as the relative measure of the variable 

component of the average demand or load with tariff. Indirectly this factor is 
the measure of how demand changes at a given tariff point, λj with respect to a 
specific actions taken to respond to changes in tariff. Therefore, PSFj is the 
measure of consumers’ price sensitivity at a particular tariff, λj. It is a function 
of price modelling factors, ψj. In matrix format the four model parameters are: 
[λj]:  a column vector of tariffs with “n” elements (depends on possible 

number of tariff modelling factor), expressed as [λj] = [ψj]λref. Since λref 
is a scalar, then the analysable variable is [ψj].  

[PSIj,q]:  price sensitivity indicator matrix of order (n x m)  
[δj,q]: demand change factor matrix of order (n x m)  
[PSFj]: a column vector of price sensitivity factor values calculated using 

equation 2.11 
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2.4.3 Applying the PSF Method 
 
The five steps followed to apply the method are summarised here. The 
required information to apply the method is obtained from a field survey. The 
design of the survey tool (in this case the questionnaire) can be based on these 
steps chronologically.  
 
Step 1: Define demand model and determine initial values: The demand 
model is defined in equation 1. Initial values of demand and reference tariff (at 
ψ1 = 1) are postulated to be the initial values of the model, D1=D0 + f(λ1). The 
reference tariff is assumed to be the known electricity tariff as obtained from 
the survey. Since D0 is a constant, D1 varies with the variation in f(λ1). 
Depending on the results obtained from the survey, the function, f(λ1) could 
follow the characteristics of demand functions (linear or Cobb-Douglas or 
constant price-sensitive) introduced in section 2.2.5.  
 
Step 2: Determine the tariff modelling factors: Depending on the objective 
of the study the number (n) of tariff modelling factors is defined. The possible 
changes in tariff can be assumed to be percentages changes (increase or 
decrease) in the reference tariff. The percentage changes define tariff modelling 
factors, ψj, which are used to identify possible tariff points. The tariff modelling 
factors are given in a vector, [ψj], with possible tariff points, [λj] = [ψj]λref.  
 
Step 3: Define and determine price sensitivity indicators: The price 
sensitivity indicators (PSIj,q) are defined using information about possible 
actions taken by consumers. There are “m” possible actions, but the measure 
of each action at different tariff levels (“n” tariff points) is different. Therefore 
(n x m) PSIj,m values are percentages of consumers taking specific actions at 
corresponding tariff points. In matrix format the first row [PSI1,q] represents 
initial values at the initial tariff modelling factor, ψ1 = 1.    
 
Step 4: Define demand change factors: Values of δj,q are obtained from a 
survey or based on experience and engineering intuition or estimated 
depending on the technology used on demand side management. The values 
are defined for all the identified PSIj,q in step 3 and presented in a matrix [δj,q]. 
For simplicity the measure of the change in demand as a result of consumers 
taking a specific action can be assumed to be constant for all possible tariff 
points. In other words, for the qth action δj,q is a constant for all values of tariff 
points, i.e. δj,q = constant,∀ j. Values are established as suggested in section 2.4.2. 
 
Step 5: Calculation of the price sensitivity factor: From price sensitivity 
indicators (PSIj,q) and demand change factors (δj,q), values of price sensitivity factors 
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(PSFj) are calculated using equation 2.11. Finally PSFj values are analysed 
versus corresponding tariff modelling factors, ψj. For example the Low PSF 
values show large changes in demand at the corresponding tariff levels and vice 
versa for large values of PSFj. Therefore compared to the price-demand 
function and equation 2.8 it is postulated that the plot of tariff modelling 
factors versus PSF values for any area may give one of the functions similar to 
the economics price-demand functions described in section 2.2.5. The nature 
of the curve fit onto the plot may vary from area to area. An example of the 
plot of PSF values versus tariff modelling factors is demonstrated in figure 2.6 
below. The slope at any point on the graph is negative and its magnitude 
quantifies the level of price sensitivity of consumers in a community under 
investigation. The slope is related to the slope of the price-demand function 
for a linear function. This agrees with the economics concept of the demand 
curve [1], [2], [7]. 
 

 
Figure 2.6: Demonstration of the plot of PSF values versus tariff modelling 

factor for electricity consumers 
  

2.4.4 Strengths of the PSF Method 
 
1. Flexibility: The method uses field survey data which can be analysed to 

suit the conditions of an area under investigation and depends on the 
objective of the study. The indicators can be selected according to the area 
for example types of energy saving technologies available. Therefore the 
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method is flexible since it can handle any number of possible factors that 
prompt consumers to change demand at different tariffs, though this may 
make the analysis complex. 

2. Recent data: There is limited use of pre-historical data, i.e. most of the 
data used are collected in the recent field surveys giving the current 
situation in the study area. First hand information is obtained from the 
concerned consumers without extrapolation from similar case study areas.  

3. Relative measure: The method does not require direct measurement of 
possible changes in demand versus tariff, but uses only relative values of 
tariff and demand.  

4. No consideration of trends: The method considers the current situation 
(during survey time). It does not consider consumers’ preferences and 
tariffs in the future.  

 

2.4.5 Limitations of the PSF Method 
 
1. Data collection: The field survey data may not be easy to gather. Data 

collection is time consuming and expensive. It can be improved by proper 
planning of the field survey and careful selection of sample size. 

2. Average demand: An average demand is assumed with the changes in 
consumption being proportional to number of consumers connecting to 
and disconnecting from the supply, and the number of consumers adopting 
energy conservation measures. In practice this may vary because consumers 
have different levels of demand and apply different energy saving 
technologies at different times. 

3. Constant demand change factor, δj,q: It is assumed that households plan 
fixed electricity periodical e.g. monthly bills. Thus, consumption is adjusted 
to match with the planned monthly bill. The rate at which the consumers 
are changing consumption is assumed to be constant at all tariffs. The 
variability of demand change factor also depends on other factors which 
may make the study more complex. Since the development of indicators 
depends on the specific actions taken by consumers in the community, then 
the assumption of a constant demand change factor is a good guess to 
characterise all consumers and the behaviour remains homogeneous over 
the study period.  

 

2.5 Load Model in Monte Carlo 
Simulation 
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For application in Monte Carlo simulation in chapter 5 the demand is modelled 
as a random variable. The development of a demand model starts with 
acquisition of primary data including maximum demand, demand pattern in a 
specified period (e.g. daily, monthly, annually or years), the demand curve and 
probability distributions of the parameters in the demand curve (demand factor 
and price sensitivity).  

The mathematical modelling process can be segregated into three steps: 
1) The data obtained is parameterized to isolate those dynamics that are 

responsible for non-uniformity and which are assumed universal, from 
those that are specific to the demand being modelled. 

2) The demand and relative demand profiles are generated using the 
information obtained in 1 above. Then probability distributions of the 
relative demand in form of demand duration curves are developed from 
the relative demand profiles. ( ), , , ,( ) ~ ( ),k i rel k i P kD t PDF D t D 2. 

3) The peak demand is a random variable which is function of tariff. The 
probability distribution of peak demand depends on the distributions of 
the parameters in the demand factor. ( )kkkkP PDFD αβλ ,,~,

2. 

                                                            
2 The subscripts “i” and “k” indicate random variables randomised from distributions as discussed 
and used later in chapter five 
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Chapter 3 
 

Generation Modelling  

 

In order to model and analyse power systems using MCS methods both generation and 
demand are modelled using probability methods to suit the mathematical requirements. The 
first part of this chapter outlines a brief background about possible power supply options. The 
power supply systems considered are dispatchable thermal (e.g. gensets) and non-dispatchable 
(e.g. generation from wind) power plants. The second part presents the generation models for 
the supply options, and finally calculations of the total generation costs are summarised.  
 

3.1 Rural Power Supply Options 
 

Electrical energy usage is sustainable if sufficient, affordable and suitable 
electric energy generation is assured, while at the same time limiting the 
detrimental effects of supplying, delivering and using the resources. Electricity 
for supplying remote areas (e.g. villages far from the grids of many developing 
countries) can be generated from a number of sources, ranging from 
conventional systems (diesel and gasoline engines) to non-conventional energy 
sources (solar PV, small hydro, wind, gasifier driven engines etc). There are 
various supply options for these areas which include stand-alone power 
systems, centralised power supply systems for a group of consumers managing 
their power plant or centralised power supply systems for a community 
forming a mini-grid. Currently, the overwhelming majority of small isolated 
off-grid electrical installations are stand alone photovoltaic solar home systems. 
However, the continuous use of solar home systems may not realise significant 
economic growth because capacities of these systems do not accelerate 
industrial development. The use of isolated fossil fuelled generator sets which 
are operated for a few hours per day is also common in rural areas of 
developing countries. Small hydropower systems without storage are also 
becoming popular in rural area. The systems are connected to a group of 
households to form isolated mini-grids. 
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Development of mini-grids is a centralised electrification option for isolated 
rural communities. The power supply options for mini-grids are: gird 
extension, generation from local sources e.g. the agro-industrial generating 
systems, small hydro power plants, solar, wind, diesel generator sets or hybrid 
systems combining two or more of these technologies. The most important 
aspect of rural electrification is the techno-economical operation of power 
systems of mini-grids sustainably. Compared to large electricity grid networks, 
mini-grids are small with less complicated facilities and fewer players i.e. 
consumers, operators and where applicable a regulator (the regulator can be a 
local government authority or any authorised government agency).  

The thesis is considering centralised isolated power systems with one or 
more generation plants interconnected to form mini-grids to supply power to 
small rural communities. The systems are operated and managed in 
economically sustainable manner by independent individual operators. For 
implementation in MCS, the power supply from the generation systems is 
modelled as random variables with known distributions.  
 

3.1.1 Generation from Thermal Systems 
 
These are referred to as dispatcheable plants, whereby the generation can easily 
be controlled provided the fuel supply is assured. The thermal power plants 
under consideration are those ones powered directly by regular fossil fuel 
(petrol or diesel) engines, though diesel generators are dominating remote 
power applications compared to gasoline generator sets.  
 

3.1.2 Generation from Renewable Systems 
 
The renewable energy systems considered are the non-dispatcheable supply 
options e.g. solar, wind and small hydropower (run-of the river type). The 
systems are non-dispatcheable because the flow of the resources is beyond the 
user’s control. Generation from these sources normally follows the statistical 
nature of weather conditions, thus a random variable, which requires 
probability modelling methods. The non-dispatcheable supply option used in 
the model is generation from wind. 
 

3.1.3 Hybrid Systems 
 
The international appeal on environmental issues especially the reduction in 
emissions of greenhouse gases and fossil fuel consumption, has contributed to 
wide development of hybrid power systems as solutions to decentralized power 
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generation. Hybrid power systems are a combination of two or more electrical 
power sources in most cases at least one of them is a renewable one [35], [36], 
[37], [38], [39]. These systems have the advantage to use renewable energy and 
presenting low operation and maintenance cost, in comparison to diesel 
generation or other fossil fuel alternatives. Hybrid systems have turned into 
one of the most promising ways to handle the electrification requirements of 
numerous isolated consumers, e.g. rural houses, farms, telecommunication 
stations, small islands etc [36]. Wind-diesel systems are one of the most 
successfully and widely applied hybrid power systems for isolated remote 
electric power applications [35]. These systems are designed to use as much as 
possible wind power in order to lower diesel consumption. 
 
The main planning and operation problem of wind-diesel hybrid systems is to 
meet the demand with maximum wind power and keep the diesel generators 
within safe operational limits. Some of the challenges to operate wind-diesel 
hybrid systems are: (1) to monitor the energy balance between demand, 
generation from the wind and generation from the diesel generators; and (2) to 
keep the power quality and stability of the system with variable wind power 
generation and diesel operational constraints. To ensure maximum benefit 
from wind, the load supplied by the diesel generator is the balance of demand 
and wind power produced. Wind-diesel hybrid generation systems with high 
wind penetration, in periods of low load it is quite possible that the diesel 
generators can run below their nominal minimal loading. This reduces the 
operation cost of the gensets, though run at low efficiency. Despite the higher 
capital costs required for hybrid systems, the reductions in fuel and reductions 
in operation and maintenance costs work in their favour [35]. 
 

3.2 Modelling Power Plants 
 
The outputs from electric power plants are random variables, thus, models of 
generation systems are represented using probability density functions. 
 

3.2.1 Modelling Thermal Power Plants 
 
The thermal power plants are here characterised by three properties: capacity, 
generation cost and availability [11]. The capacity resides in two states: 0, if the 
equipment is not working; and its normal capacity if the equipment is working 
[11], [15], [33]. Thus, the simplest probability distribution of thermal power 
plant is a discrete two states model: the supply is either available or not 
available. Let us consider generation from a diesel generator sets to be a 
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random variable x with availability p (where p ≤ 1). A thermal generation plant 
comprising of ng sets, its possible total generation is in gn2 states with the 
generation costs depending on available units and demand. If a system 
comprises of various diesel generation sets (e.g. ng sets), then the generation, xg 
from generator set, “g” with availability pg can be represented by the following 
frequency distribution function  
 

( )⎪⎩

⎪
⎨
⎧

−
=

,1

,

g

g
g p

p
f

 
for
for  

0=

=

g

gg

x

Gx  (
gng∈ ),   3.1 

 
In the model, variable costs are assumed to be the fuel related costs. To 

model these costs let us start by considering the heat content of the fuel to be 
HD and its density to be ρD (a constant and for diesel ρD ≈ 0.84 kg/litre). Let 
the operating efficiency of the generator set be ηG, assumed to be constant. 
The variable component ((f(FPG) [¤/kWh]) of the generation cost of a thermal 
power plant is assumed to depend on fuel price (FPG [¤/litre]), and it is given 
in equation 3.2 [4] below. 
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The term in the brackets represents the rate at which the generator uses fuel 
per kWh of electricity generated. The term is further modified as in 3.3 below. 
 

,
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,     3.3 

where, 
Dk,G [kWh/h] is the part of the load supplied by the generator, it is part 
of the random average demand defined in section 2.2 or part of the 
supplied load as defined in section 5.3.5, and; 

 
The function, FC [litres/hr] is a term representing the fuel consumption 
rate of the generator, which is a function of the loading, Dk,G of the 
generator. The mathematical model for FC is given in equation 3.4.  

 
,k GFC Dω θ= ⋅ + ,      3.4 

 
The constants ω [litres/hr] and θ [litres/hr] depend on the type, capacity and age 
of the generator used and location where the generator is installed. FC is 
obtained or developed from the data sheets of the gensets as provided by the 
manufacturer, or established from the operation records of the generator sets. 
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3.2.2 Modelling Wind Energy Plants 
 
The electricity generation from wind power plants depends on whether the 
plants are technically available or not, as well as the current wind speed. The 
wind speed at a specific location dictates the amount of energy that can be 
extracted from wind [6]. The common probability distribution models 
presenting wind energy data include Weibull (modified Rayleigh), and Gumbel 
distributions [7], [35], [38]. From the wind speed distribution wind power 
production distribution function as a function of wind speed can be derived 
[35], [38], [42]. Therefore wind speed is a random variable which is assumed to 
have a Weibull distribution represented by the probability density function 
given in equation 3.5 below [6], [34]: 
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where, v is the wind velocity in m/s, c is known as the scaling factor, which is 
related to the number of days with high wind speeds. The higher the value of 
the scale factor the higher the number of windy days. And k is known as the 
shape factor describing the shape of the distribution, in practice most sites 
around the world present a wind distribution for k the range 1.5 ≤ k ≤ 2.5. In 
situations where the statistics for wind speed data are not available then it is 
common to assume a Rayleigh distribution [6], [34]. Therefore the wind speed 
has the following duration curve [11, 13] 
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The generated active power flow as a function of wind speed is represented 

by the wind turbine power curve abbreviated as, GW(v). Power is generated 
between a minimum (cut-in) and a maximum (shut-down) wind speed i.e. 
generated at wind speeds which fall in the interval vin ≤ v(GW) ≤ v0 [m/s]. GW(v) 
[kW] is the power generated at wind speed v(GW), vin is the wind velocity at 
which the wind turbine starts to generate significantly and v0 is the wind speed 
at which the turbine stops or disconnected. The available generation is a 
random variable with probability density obtained by combining the 
distribution of wind speed and the inverse of the generation function, GW(v). 
GW(v) is given between cut-in, vin and cut-out, v0 wind speeds. 

The model of the wind power plant is assumed to comprise of nw wind 
turbines with the same generation function GW,w(v) and availability pw, i.e. the 
generation function and availability of the wth wind turbine. The turbines are 
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assumed to receive the same wind speeds and generate homogeneously. Wind 
turbines use a free natural resource, therefore in the model, the fuel related 
generation costs for wind turbines are taken to be zero, i.e. fuel cost, FPW = 0, 
hence the variable generation cost, f(FPW) = 0. 
 

3.3 Description of Operation Costs 
 
Calculations of the required overall operation costs of power systems must 
consider either already existing systems or newly installed ones. For already 
existing power systems of which the initial investment costs may not be of 
relevance for the economic decision the incurred costs consist of only the 
running costs (the short-term marginal costs) that include fuel costs, and 
operation and maintenance costs [67]. The economic decision for the newly 
installed power systems must be based on the long-term marginal costs which 
must include the capital or investment related costs, fuel costs, and operation 
and maintenance (O&M) costs.  The model of power systems in this research, 
assumes that the economic decision is made for the newly installed power 
systems. Costs are categorised as: capital, fuel based and O&M costs. The 
objective of the simulation is to estimate tariffs given as cost/kWh (¤/kWh) 
and the ratings of generators are in kW. Therefore to synchronise the units in 
the model and simulation all costs are given on hourly basis e.g. kWh/h, ¤/h.  
 

3.3.1 Capital Costs 
 
These are the investment costs which cover the capital charges for the plant 
and provision of network equipment, construction, depreciable replacements 
and upgrades of existing plant facilities, interests charged during installation [4]. 
The capital costs of power systems differ according to technology and energy 
source. For example the capital costs for diesel generators are low but they 
have high operation costs and the costs are vice versa for the wind energy 
systems [74]. The capital expenditures of power plants should be critically 
analysed throughout the life time of the plant.  
 

Capital Recovery Factor Method  
 
The capital recovery factor (CRF) is a useful factor in economic analysis of an 
energy investment. CRF is used to determine equal regular or annual payment 
(annuity or levelised cost) of the investment which is recovered at the end of 
every interest period for T periods for a present value capital I0. The capital is 
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sanctioned at an interest rate r compound at the end of every interest period. 
The uniform annual payment (annuity) is expressed as in equation 3.7 [4], [7] 
 

( )0 ,Annuity I f r T= ,    3.7 
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The factor, f(r,T) is referred to as the equal payment series or the CRF. The 
ratio of annuity of the power system to the annual average hours of generating 
power is the expected benefit from the power plant per hour. This is defined as 
the levelised hourly cost. Let fLC [¤/h] be the symbol for the levelised hourly 
cost, which is the capital component of the total fixed costs. 
 

3.3.2 Fuel Based Variable Operation Costs 
 
The variable operation costs of thermal power plants heavily depend on the 
fuel expenses. The expenses include all costs incurred to supply fuel to the 
plant. The principal performance characteristic of thermal power generation 
units is the requirement for fuel input versus the output power. The efficiency 
can vary with the loading of the units. The fuel related operation costs, f(FPG)  
and f(FPW) are as defined in section 3.2, and in the model these are the variable 
operation costs.  
 

3.3.3 Operation and Maintenance Costs 
 

The operation and maintenance (O&M) costs for the generation facilities 
and distribution system (or local mini-grid) are defined as: all the costs borne 
by the operator that do not include capital and fuel costs. The O&M costs 
include labour costs, wages, taxes, and some other variable costs for 
consumables e.g. spare parts, lubrication etc as required for both preventive 
and corrective maintenance and servicing of the equipment. Both the fossil-
fuel based and wind energy generation systems require servicing and 
maintenance costs though the maintenance costs for the renewable are 
normally lower [75], [77]. The maintenance costs include costs for spare parts, 
lubricants and fees for the technician. In this work, the O&M costs are 
assumed to be a percentage of the initial total investment costs, and depend on 
the project capacity and technology used. Let fOM [¤/h] be the symbol for the 
O&M costs, and in the model it represents the O&M cost component in the 
fixed costs. 
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3.3.4 Total Generation Costs  
 
The total generation costs of the power systems comprise of the fixed and 
variable costs. The total fixed costs consist of the capital and O&M based 
costs. For simplicity, the total fixed costs are abbreviated as FXG [¤/h] and FXW 
[¤/h] for the thermal (diesel fuelled) generator sets and wind turbines 
respectively, expressed as in equations 3.9 and 3.10 below. 
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where, 
ng is the number of generator sets forming the thermal plant, and fOMG,g 
and fLCG,g are the O&M and levelised unit costs of the gth generator set 
nw is the number of wind turbines forming the wind farm, and fOMW,w 
and fLCW,w are the O&M and levelised unit costs of the wth wind turbine 

 
Depending on the technologies and capacities of the generation systems used, 
in practice FXW > FXG is expected. 
 
The fuel based variable operation costs for wind turbines is assumed to be 
zero, then only those for thermal power plant are considered in the model. 
Finally the variable operation costs CGg [¤/kWh] and CWw [¤/kWh] for 
generation using the gth genset and wth wind turbine respectively are given as in 
equations 3.11 and 3.12 below. 
 

( )Gg g GC f FP= ,     3.11 
 

0WwC = ,      3.12 
 
In the simulation the operation of the generation systems depends on the 
available demand and priority is given to generators with low generation costs.  
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Chapter 4 
 

Concept of Power System 
Operators 

 

This chapter presents definitions of rural power system operators as applied in the thesis. The 
two possible operators are: (1) the profit maximising operators; and (2) altruistic operators. 
The first objective of both types of operators is to ensure economic sustainability and possible 
future expansion of the power systems. The former operate with a secondary objective of 
maximising profit without considering the consumers’ socio-economic benefits while the latter 
operate with an objective of maximising benefits of the society. The consumers’ socio-economic 
benefits are achieved when the operator provides electric power at reasonably low tariffs. 
 

4.1 Players in Rural Electrification 
 
Before discussing the simulation procedure and algorithm, let us introduce the 
concepts and definitions of players in rural electrification as considered in this 
thesis. The Rural Electricity Markets considered in the thesis are operating in 
small rural communities with simple management structures whereby the 
operations are handled by individual operators. Therefore the market structure 
comprises of only three main players: Consumers, Operators and where necessary 
Regulators. 
 

4.1.1 Power System Operators 
 
In this context an operator owns and manages the power system then sells 
power direct to the final consumers in a specified locality. The operator has a 
legal contractual obligation to generate and sell electricity to consumers in a 
given community. The operator is mandated to set tariffs under specified 
guidelines by ensuring economic sustainability (definition 1.1) of the power 
system at the same time improving consumers’ socio-economic benefits. 
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4.1.2 Consumers 
 
Consumers are the end users of electricity. In large electric power systems 
electricity consumers are categorised as small domestic and large 
commercial/industrial consumers. Electricity consumers considered in the 
thesis are low demand consumers in rural areas of developing countries. The 
consumption pattern and demand characteristics of these consumers are 
dominated by evening and morning peaks. It is assumed that the operators 
have prior knowledge about consumption pattern and characteristics of the 
aggregated consumers. In modelling demand, it is anticipated that the low 
economic levels, perceptions towards electricity use and external economic 
factors make these consumers price sensitive.   
 

4.1.3 Regulators 
 
Regulation by definition establishes a system of rewards and penalties for the 
concerned players [7], [47], [48], [59]. The primary objective of regulation is to 
protect the short-run and long-run interests of the consumers by promoting 
economic efficiency [7], [49], [50]. Regulators play a vital role in an electricity 
market by setting scopes for players especially the operators. The regulator 
ensures mutual understanding among all players and their benefits from the 
arrangement of the market. The decision to regulate depends on the strength 
of competing interest groups, such as consumers, producers and on 
institutional factors (environmental, political & social). Investigating the 
proposed power system operators under regulation conditions is among the 
future research work proposed in this thesis. 
 

4.2 The Concept of System Operators  
 
Let us introduce the concept and definitions of isolated rural power system 
operators as used in the thesis. The concept roots from the economics 
definition of profit as a difference between total revenue and total costs [1], [2], 
[7]. In power systems, revenue is a function of tariff set by the operator. The 
quantitative definition of profit is presented mathematically by a function 
relating profit and tariff. The relationship between profit and price is used as 
the basis to define and develop the model for operation of the proposed 
isolated rural electricity markets. Conceptually the explanation and 
understanding of the operators of these markets are demonstrated using profit 
versus tariff curve demonstrated in figure 4.1. Hence the author has based on 
the profit-price relationship to define the two types of system operators. The 
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types of operators are: net-profit maximizing and zero net-profit making operators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1 Profit Curve demonstrating the concept of system operators 
 

There is a range of possible tariff levels where the power system is 
economically profitable setting tariffs below or above this range makes the 
operation of the power system unprofitable. According to figure 4.1 it means 
that setting prices too low (i.e. below λ0) may lead to losses and setting tariffs 
between λ0 and λOPT the operator experiences an increase in profit. But there is 
a price limit (λOPT) at which maximum profit (Profit0pt) is attained. In other words, 
if the company would be providing power for free (at point Y) then it would 
make a loss, as it can recover neither operation costs nor fixed costs. Imposing 
a tariff to consumers reduces the loss until a break even point is attained at 
point X, i.e., when the operator makes neither a profit nor a loss, Profit(λ0) = 0. 
All the revenue is spent to recover generation costs. Operators selling power at 
this tariff are just ensuring techno-economic sustainability of the power 
systems with negligible net profit. Such operators are referred to as altruistic 
system operators. An increase in tariff beyond λ0 leads to an increase in profit 
until a maximum profit is attained at point Z. Operators delivering power at 
point Z are referred to as profit maximising system operators. Since consumers 
are price sensitive, then as tariff exceeds λOPT the revenue decreases due to the 
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decrease in demand. The total generation costs are more dominated by the 
fixed costs. Therefore the continuous decrease in revenue and domination of 
fixed costs contribute to as corresponding decrease in profit.  
 

4.2.1 Altruistic System Operators 
 
The ultimate objective of Altruistic Power System Operators (ASO) is to 
optimise the benefits of the society by availing affordable services i.e. providing 
power at low tariffs and emphasising techno-economic sustainability and 
expansion of the power system. In most cases these are government agencies 
(e.g. through local or regional governments), non-government organisations, 
cooperative societies and religious organisations. The investments of an ASO 
here are considered to be characterised by initial investment and original capital 
obtained as grants or in form of soft loans, the operation/overhead capital also 
obtained either through donations or efficient running of the plants. The 
investment decisions of these operators can be based on prior knowledge 
about the target market. If power is to be sold to the community, emphasis is 
put on the socio-economic background of the target community for example 
affordability and willingness to pay for the services. However, electricity 
markets under ASO put much emphasis on affordability of electricity by as 
many consumers as possible but sometimes compromise reliability and quality 
of service.  
 

4.2.2 Profit Maximising System Operators 
 
Profit Maximising power system Operators (PSO) are profit making business 
companies. In most cases they avail capital by securing loans from financial 
institutions and/or government or through shareholders with some interests 
attached to the investments. They expect to benefit from the investment within 
a given timeframe which may depend on the requirements of the financial 
institutions, shareholders or the type of investment environment. Always 
investors hire qualified and competent utilities to manage and operate the 
power plants on their behalf. Therefore the operators set tariffs ensuring 
maximum benefit from the investment. The tariffs are set to recover the 
capital, running costs of the plant and the profit component. Always operators 
target at achieving maximum profits. The number of consumers served by a 
PSO is smaller than that served by an ASO. The ultimate objective of the PSO 
is to maximise the company’s benefits without considering consumers’ socio-
economic benefits. One of the practical approaches to protect consumers from 
being charged very high tariffs is to intervene in the operation of the PSO by 
imposing price regulation. 
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Chapter 5 
 

Simulation of Rural Electricity 
Markets  

 

This chapter begins with definitions of terms, symbols, equations and algorithms applied in 
Monte Carlo simulation of rural electricity markets under altruistic and profit maximising 
system operators. The general modelling, simulation algorithm, and the concept and 
application of nested Monte Carlo simulation are discussed. The development of the 
simulation algorithm is based on the definitions of operators discussed in chapter 4. The 
algorithms for markets are outlined using flow charts and the results from the simulation are 
presented as probability distributions using duration curves.   
 

5.1 Introduction 
 
An electricity market exists where buyers (herein refereed to as electricity 
consumers) wishing and willing to buy electricity come into contact with sellers 
(herein referred to as operators) wishing to sell electricity, so that transactions 
occur. Therefore electricity is an undifferentiated good that can be traded in 
quantity because it is easily measured. The scope of the thesis focuses on 
electricity markets for small isolated rural power systems forming mini-grids 
managed by local operators in developing countries. The operators are taken to 
be the sole owners of the power systems with the responsibility to generate and 
distribute electricity to the final consumers at a single tariff. It is important to 
remind the reader that the most important aspects considered in the electricity 
markets under investigation are the uncertainties due to the stochastic nature 
of both supply and demand. The demand is price sensitive which has an 
impact on setting possible tariffs by different operators. The price sensitivity, 
demand and supply (hybrid of thermal and renewable power systems) are 
random variables represented by assumed probability distributions. The 
randomness in these variables represents the market uncertainties in the model.  
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Tariff setting is one of the challenging aspects in planning and designing 
rural power systems. Tariff setting is important because it determines the 
economic success and/or failure of the systems. The common objective of 
power system operators is to ensure economic sustainability of the systems. 
Economic sustainability can be achieved if the operators collect enough 
revenue to recover all the costs involved and/or possibly make significant net 
profits. Since tariff has an impact on the revenue and profit, the relationship 
between tariff and profit is used as the basis to investigate the setting of 
possible tariff levels as explained in chapter 4. Power system operators under 
the supervision of a regulator set tariffs that can meet the utility objectives and 
avail power to consumers at relatively low tariffs. 
 

5.2 Postulating Rural Power Systems    
 
Modelling of electricity markets provides strategies to ensure simulation of 
reliable, affordable and techno-economic sustainable power systems. The 
objective of modeling and simulating electricity markets considered in this 
thesis is to study the impact of different tariffs on the performance of the 
systems. The research is based on a postulated philosophy about electricity 
markets of isolated rural power systems in developing countries as: 
• the average demand for electricity per household in rural areas is relatively 

low 
• it is postulated that both electricity demand and available local power 

supply options in the areas are stochastic.  
• the demand in rural areas is assumed to be stochastic and price sensitive. 

The aggregated stochastic nature of demand is catered for in the 
uncertainty in consumers’ price sensitivity 

• power system operators in the areas are aware of the stochastic behaviour 
of the consumers when setting tariffs to attain economic sustainability of 
the systems and achievement of other operational objectives, e.g. 
maximising profits and socio-economic benefits. Therefore the modelling 
and simulation assumes prior knowledge about the characteristics and 
uncertainties in demand, supply and other market parameters.  

 
Therefore to accomplish the simulation the following assumptions are based 
on the above postulates: 
1. Inputs of the simulation are random variables of the assumed or estimated 

distributions. The outputs from the simulation (tariffs, performance and 
reliability indices) are also random variables but of unknown distributions. 
Thus, the following data are modelled as stochastic variables: 
• Nature of Demand: the uncertainty in demand is catered for by presenting 
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the relative demand and peak demand as random variables obtained 
from the estimated probability distributions. 

• Consumers’ response to changes in price: represented by consumer’s price 
sensitivity with its uncertainty captured by using random variables 
obtained from known probability distributions. 

• Power supply and energy balance: The available generation is randomised 
from distributions of thermal and wind energy system models. The time 
links in the simulation are neglected. Thus, at any moment an energy 
balance is accomplished using the randomised available generation and 
load from which corresponding costs and revenue are determined. The 
calculations do not refer to connections between random variables at 
different times.  

 
2. It is anticipated that electricity consumers considered in this thesis have low 

and almost uniform long-term demand (a common characteristic among 
electricity consumers in rural areas of developing countries). Therefore this 
justifies the need to consider a single fixed tariff structure (discussed in 
section 1.2.3) in the simulation.  

 

5.3 Monte Carlo Simulation 
 
Monte Carlo simulation (MCS) methods are versatile statistical simulation 
methods which utilise sequences of random numbers to accomplish the 
simulation. Basing on the concept that the evolution of some physical systems 
can be described and represented mathematically by probability distributions, 
MCS is performed by sampling from these known distributions. The essential 
characteristic of the simulation is the use of random sampling techniques [10] 
to obtain a solution of the physical problem. In order to obtain the solution, 
outcomes of the random samples are accumulated in a systematic and 
appropriate manner that enables the achievement of the expectations of the 
desired results. One way of generating random samples from the distributions 
is to generate random numbers which are uniformly distributed in a unit 
interval [0 1] [9-12].  
 

5.3.1 Simplified Simulation Model 
 
An electricity market model is a simplified mathematical description of the 
actual physical systems and processes.  The model mimics quantitatively the 
behaviour of the market and components on both supply and demand side. 
The simulation is performed in order to predict the variations of the variables 
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for a given set of inputs or conditions. The set of inputs in the simulation 
include constants and random variables sampled from the distributions. 
Depending on the objective of the simulation the output could be a single set 
or different sets of variables. The general presentation of an electricity market 
is given in a basic model with several inputs, distributions of parameters put in a 
random vector, Y and constants put in vector, M to produce result variables put 
in a random vector X, as in figure 5.1.  The final outputs are the system indices 
(i.e. expectations of market parameters). 
 
 
 
 
 
 

 
Figure 5.1: A Simplified Electricity Market Simulation Model 
 

5.3.2 Terminologies  
 

Modelling and Simulation  
 
The two terms in MCS methods that are considered to develop a level of 
understanding of the interaction of different parts of a physical system are 
modelling and simulation. The theoretical design, study and analysis of electricity 
markets begin with a fundamental mathematical model to represent the 
physical problem [3].  Despite being a simplified version of the real world, a 
model gives possibilities to test or change properties with or without taking all 
variables into account. This simplifies the understanding and analysis of the 
output results of the model. A simulation generally refers to a technique using 
a computer to imitate (simulate) the operation and behaviour of electricity 
market [3]. The inputs into the simulation algorithm are probability 
distributions and constants obtained from the developed model. The outputs 
from the simulation of the system should be analysable to learn more about the 
system and improve on the model system parameters accordingly.  
 

Cases, Scenarios, parameters, model constants 
and result variables 
 
The definitions of the terms used in the simulation algorithm (to be discussed 
in the sections latter) are presented here. 

M Model of 
Electricity 

Market, g(Y,M) Y 

Objective of Electricity Market 
Simulation  Statistical 

Measure E[X] = E[g(Y,M)] 
X 
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Definition 5.1:  
A case refers to the expected behaviour of the market in any situation i.e. at a set of 
random market parameters (demand factor and price sensitivity) as defined in the price-
demand function. Each case involves the simulation of all power system configurations 
subjected to the same set of market parameters. The outputs from the case are the 
expectations of output variables (expectations of output variables in vector X, i.e. E[X] 
= E[g(Y,M)]). The outputs from a case are the expected behaviour of the system in 
different system configurations. The outputs involve comparisons of tariffs, performance 
and reliability indices for different market parameters, since the simulation is based on 
correlated sampling.  

 
Within a given case the market under different power system configuration 

is simulated to mimic the system behaviour. The simulation is accomplished by 
randomising large samples of system variables (generation and demand) 
representing state of the system as inputs to obtain sample result variables. The 
simulation of each set of samples is referred to as a scenario. 
 
Definition 5.2: 

A scenario is a given situation in which, the available generation sources, demand and all 
other factors influencing the market are known. The behaviour of the system is based on 
how the market responds to each scenario. The conditions in a particular scenario are 
described by various inputs including scenario parameters and constants (model constants 
which are the same in all scenarios). 

 
Each scenario parameter is a random variable obtained from a given or 

assumed probability distribution, the number of scenario parameters depends 
on the model and are put in a random vector, Y (figure 5.1). Model constants 
together with the model function form a mathematical function, g(Y,M), 
describing how the market responds to a particular scenario. 

The behaviour of the systems in each possible scenario is represented by 
outputs from the simulation of scenario variables. Several random variables 
(available demand, generation and possible tariffs) together with the system 
constants are simulated to produce result variables. The result variables of 
scenarios are put in a vector, X of random variables of which the expectations 
can be obtained (see figure 5.1). The expectations are the outputs of each case 
but with unknown probability distribution. The objective of simulating the 
markets is to estimate probability distributions of the result variables. The 
number of result variables depends on properties of the market and study 
objectives. 

The objective of the simulation is to study the expected behaviour of the 
system under different conditions (referred to as cases). A case comprises of 
several scenarios and each scenario mimics the instantaneous behaviour of the 
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system. The expectation of scenario result variables is the output of a case, 
representing the expected behaviour of the system.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: General Simulation Algorithm of “NP” types of Operators 
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5.3.3 General Simulation Algorithm  
 
The general simulation algorithm for different system operators is outlined in 
the flow chart given in figure 5.2. It shows an overview of the simulation 
algorithm of “NP” types of possible power system operators. The simulation 
procedure begins with the preparation of inputs and then followed by 
randomizing from probability distributions. Market variables are randomised 
first as required to simulate different cases or possible market behaviors. All 
operators are subjected to the same market conditions. The next level of 
simulation involves generation of large samples of scenario variables (random 
variables of available demand and supply) as required to simulate result 
variables.  This is accomplished for each type of operator. 

The algorithm discussed in this thesis considers only two types of operators 
(ASO and PSO), i.e. NP = 2. The algorithm shows that all operators are 
subjected to the same market conditions (same demand factor and price 
sensitivity) in the outer loop representing several cases. Therefore the 
simulation procedure combining PSO and ASO is based on the principle of 
correlated sampling whereby performances of the two operators are compared 
in the outer loop. Each random set of inputs in the outer loop (consumers' 
price sensitivity and demand factor) a set of outputs is generated for both 
operators. Sufficient tariffs, expected total profit and reliability indices are 
determined from result variables of inner loop for both PSO and ASO using 
appropriate search methods as explained later in section 5.4. The differences 
between result variables for the two operators can be compared for each case 
in the outer loop. Operators are free to set tariffs that enable them to achieve 
their business objectives under the same market conditions (i.e. within a case). 
 

5.3.4 Concept of Nested MCS  
 
Before discussing the detailed simulation algorithms of different types of 
markets under different operators, let us introduce the concept of nested Monte 
Carlo Simulation as used in the simulation. The concept is based on the general 
simulation algorithm given in figure 5.2. The term “nested” is used to represent 
computation iteration loops in the simulation. The nested MCS in this thesis 
consists of two levels which are referred to as loops, the inner and outer loops. 
The simulation of a particular case which involves the simulation of the 
behaviour of various operators under the same market conditions is 
representing the first level or outer loop with NC number of cases. In other 
words, the outer loop is referring to the simulation of cases (k) for a particular 
market condition. In the outer loop, random values of the possible market 
parameters i.e., demand factor and price sensitivity are generated. The second 
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level or inner loop involves randomising scenario variables, i.e. available supply, 
relative demand and handles large numbers of samples. Each set of random 
variables generated in the inner loop is used to calculate result variables by 
ensuring balance between demand and supply. Expectations of result variables 
from scenarios and corresponding tariff are the outputs of the outer loop for a 
particular case.  
 

 5.3.5 Description of Symbols, Variables 
and Equations 

 
The system parameters, variables and equations defined here are as used in the 
simulation algorithms of electricity markets managed by the two operators as 
discussed later in section 5.4.  The simulation is based on the assumption that 
the operator is responsible for the management of both the generation and 
distribution facilities. The costs cater for both fixed and variable costs of 
generation and distribution facilities. The system parameters, M are: 
 
Gg: installed capacity of the gth genset with availability, pg where g = 1, 2 … ng 

(for nw diesel gensets)  
CGg: operation cost of the gth genset [¤/kWh], cf. 3.11 
Ww: installed capacity of the wth renewable energy plant (e.g. wind turbine) 

with availability, pw where w = 1, 2 … m (nw generation plants) 
CWw: operation cost of wth wind turbine [¤/kWh], cf. 3.7 
FXGg: fixed cost of gth thermal generation [¤/h], g = 1, 2… ng, cf. 3.9 
FXWw: fixed cost of facilities of wth wind turbine [¤/h], w = 1, 2… nw, cf. 3.10 
 
A case represents a random sample in the outer MCS. The inputs and outputs 
of different cases are distinguished by index k. The number of cases is 
abbreviated as NC (i.e. k = 1, 2 … NC). The case parameters are: 
λk: adjusted tariff in the kth case [¤/kWh] 
βk: price sensitivity for the kth case (randomized from a probability 

distribution) [¤.h/kWh2] 
αk demand factor for the kth case (randomized from a probability 

distribution) [¤/kWh] 
DPk:  peak demand in the kth case (obtained from λk, βk and αk), [kWh/h]. 
 
A scenario represents a random sample, Yk,i within the inner Monte Carlo 
simulation. The inputs and outputs of different scenarios are distinguished by 
index i, the number of scenarios abbreviated as NSC (i.e. i = 1, 2 … NSC) and 
the scenario parameters are: 
Drel k,i: random relative load in the kth case and ith scenario (from a probability 
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distribution). 
Gg,k,i: available generation [kWh/h] of the gth genset in kth case and ith scenario, 

Gg,k,i = 0 or Gg,k,i = Gg. It is a random variable obtained from a 
probability distribution represented as a 2 state model 

Ww,k,i: available generation [kWh/h] of wth renewable energy source in kth case 
and ith scenario, 0 ≤Ww,k,i ≤Ww. It is a random variable obtained from a 
probability distribution  

 
For each generated scenario, the outputs, Xk,i are: 
Dk,i: demand in kth case for ith scenario [kWh/h], cf. (2.1) 
D* k,i: supplied load [kWh/h] in kth case for ith scenario, 0 ≤ D*k,i ≤ Dk,i, 

depends on the balance between available generation and total demand 
TOCk,i:  total operation costs (kth case and ith scenario) [¤/h] 
TRCk,i:  total revenue collection (for the kth case and ith scenario) [¤/h] 
LOLOk,i: loss of load occurrence (for the kth case and ith scenario) 
 

The available units are dispatched starting with units of low generation 
costs i.e. with generation from wind. If the load, Dk,i at any moment is greater 
than the total available generation then the supplied load is expressed as, 
 

*
, , , , ,

g w

k i g k i w k i
g n w n

D G W
∈ ∈

⎛ ⎞
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⎝ ⎠
∑ ∑

,    5.1 

 
and the loss of load occurrence is expressed as 

1, =ikLOLO ,     5.2 
 
otherwise the supplied load is expressed as, 

ikik DD ,,
* = ,     5.3 

 
and the loss of load occurrence is expressed as 

0, =ikLOLO ,     5.4 
 

TOCk,i is calculated by multiplying the dispatched generation from each 
power plant by the corresponding variable operation cost, and TRCk,i is the 
product of tariff and the supplied load,  

 
( ), , , , ,k i Gg g k i Ww w k iTOC C G C W= ⋅ + ⋅∑ ∑ ,   5.5(a) 

 
 *

, ,k i k k iTRC Dλ= ⋅ ,     5.5(b) 
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The number of samples (number of possible scenarios) in the inner Monte 
Carlo simulation is either set in advance or determined by a convergence 
criterion. For simplicity, it is assumed that the number of samples is 
predetermined. Thus, for NSC equal to generated possible scenarios, the 
expected performance and reliability indices are estimated by taking 
expectations of the observed samples of scenario outputs, TOCk,i, TRCk,i, and 
LOLOk,i as in equations 5.6 through 5.8. 
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For each case the expected total profit is obtained as 
 

1 1
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ETP ETRC ETOC F F
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= − − +⎜ ⎟⎜ ⎟
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∑ ∑ , 5.9 

 
Note: The result variables defined in equations 5.6 through 5.9 are analysed 

based on the objective of the study. The objective of this thesis is to 
investigate the possible tariff levels that make the system economically 
sustainable, hence the variables analysed are: tariffs, ETPk and LOLPk. 
But both ETPk and LOLPk vary with tariff and price sensitivity.  

 
ETOCk:  expected total operation cost, kth case, [¤/h] 
ETRCk:  expected total revenue collection, kth case, [¤/h] 
ETPk:  expected total profit, kth case, [¤/h] 
LOLPk:  loss of load probability for the kth case  
 
Definition 5.3: 

The expected total profit (ETP) is the net profit attained by the operator. It is defined 
as the difference between the expected total revenue collection (ETRC), and the sum of 
the expected total cost (ETOC) and total fixed costs. ETRC is obtained from the total 
sales and the ETOC from the variable operation. ETP is a maximum for a profit 
maximizing operator and ETP is zero for an altruistic operator. 

 
The objectives of the operators can be further demonstrated quantitatively by 
using the definition of expected total profit (ETPk) given in equation 5.9 as 
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follows, provided 0kETP ≥ , then for 
i. ASO the aim is

0kETP
ε

ε
→

= , and for 
ii. PSO the aim is [ ]max

k
ETP  

 

5.4 Simulation Algorithms  
 
This section discusses the simulation algorithms for the electricity markets 
managed by the proposed system operators. The discussion is based on the 
general simulation algorithm, the concept of nested MCS and descriptions 
discussed in sections 5.3.3, 5.3.4 and 5.3.5 respectively. The algorithms are 
considering the two operators separately, but for comparison purposes the 
simulation is accomplished simultaneously as outlined in figure 5.2.  

With reference to the first block of in flow chart of figure 5.2 (the block for 
preparation of inputs), the inputs include: probability distributions of 
generation (thermal and/or wind generations), market parameters and 
constants. The number of cases, NC and scenarios, NSC are defined. The 
number of scenarios is used to calculate of expectations of result variables 
from the inner MCS, the output for each case. The cases are used to 
characterise the final results or outputs from the outer MCS (i.e. characterised 
as probability distributions or duration curves). 

After preparing the input variables, the electricity market parameters (price 
sensitivity, βk and demand factor, αk) are randomized for each case from the 
corresponding probability distributions. The iteration process is accomplished 
until appropriate cases are attained. Since the simulation is based on the 
principle of correlated sampling, then the performance of the operators under 
the same market environment are compared and stored to prepare for the 
simulation of the next case or new possible market behaviour or condition. 

Finally the results are presented in the required format and in this thesis 
probability distributions in form of duration curves (DC) are used. Since tariff 
is the ultimate parameter under investigation, then the probability distributions 
of optimum tariffs for the operators are developed. And since the simulation is 
based on the concept of correlated sampling, then the results from the 
simulation of a PSO market are related to the results from the simulation of an 
ASO market. 
 

5.4.1 Simulation Algorithm of PSO Market  
 
The simulation algorithm of PSO market is given in the flow chart given in 
figure 5.3. It outlines the procedure represented by the block for simulating a 
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particular type of operator given in figure 5.2 (i.e. the pth operator), for a 
particular case. Descriptions of the steps followed in the simulation procedure 
with reference to the flow chart are summarised in steps 1.0 through 4.0: 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3: Simulation concept of a market operated by a PSO 
 

Step 1.0 (block A): The possible initial tariff range, λ LOW,k <λ 0PT,k< λ HIGH,k 
is set in which the tariff that gives maximum profit is expected to exist. The 
range is based on prior knowledge about the market (as depicted in the price-
demand relationship) and idea about the concept given in figure 4.1 (chapter 
4.0). Selection of the range must be done carefully to ensure that the optimal 
point is not left out and should be small to reduce on the iteration time. In 
order to carry out iteration as determined in step 3.0 (discussed later), the initial 
interval of the tariff is determined from the sampled demand factor and the 
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golden ration, 0.618. For the linear price-demand function the range should be 
selected to ensure that the lower value is below and the upper value is above 
0.5αk. The theoretical background of this range is envisaged in equations 2.6 
and 2.7 given in chapter 2 and the golden search method which is described in 
appendix A.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Flow chart for inner MCS (blocks B and C of figures 5.3 and 5.5) 
 

Step 2.0 (block B and C): These blocks represent the Inner Monte Carlo 
simulation with input variables of scenarios (random relative load and generation 
values) randomized to calculate scenario result variables (TOCk,i, TRCk,i, and 
LOLOk,i) as described in equations 5.1 through 5.5. The general simulation 
algorithm for the inner Monte Carlo simulation is summarised in a flow chart, 
figure 5.4. The main objective of this part of the simulation is to establish or 
calculate large number of scenario result variables from randomised scenario 
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inputs. The simulation procedure for the inner Monte Carlo simulation is 
discussed as follows: 

Step 2.1 (block I): The first step is to set the iteration variable to the preset 
possible number of scenarios.  

Step 2.2 (block II): Randomising generation (Gg,k,i and Ww,k,i) from the 
distributions of generation systems and relative demand, Drel,k,i  from the 
distribution of relative demand as explained in section 5.3.5. The peak 
demand is determined from the randomised market parameters and 
corresponding tariff (λL0w,k and λHIGH,k) using the price-demand function 
(equation 2.2 in chapter two). The corresponding demand values are obtained 
from random values of relative demand and peak demand. From the samples 
of available total generation the actual demand is obtained by investigating 
the energy balance between load and total generation samples. During energy 
balance the first priority is given to the generation with low generation costs. 

Step 2.3 (blocks III): Scenario results (TOCk,i, TRCk,i and LOLOk,i) are 
determined using equations 5.1 through 5.5 

Step 2.4 (blocks IV – V): Simulation steps in blocks II and III are repeated 
through an iteration process until the preset number of scenarios, NSC are 
attained in a particular case (i.e. kth case).  

Step 2.5 (block VI): After attaining the preset number of scenarios, then 
expectorations (ETOCk, ETRCk, ETPk and LOLPk) are calculated for the 
corresponding tariffs (λL0w,k and λHIGH,k respectively).  

 
Step 3.0 (blocks D and E): For a PSO, the expected profit at optimal 

tariff, λ0PTk, is expressed as ETP0PT,k = max[ETPk,a] or f(λOPT,k). To search for 
this point an iterative process (using the golden search method which is 
discussed in appendix A.3) is performed by updating the possible tariff range 
(block E), until a break even point is attained (i.e.│λ LOW,k - λ HIGH,k│≤ tolerance) 
which gives the difference (ETRCk – ETOCk) a maximum. For simplicity, 
during iteration a tolerance level in the range < 0.5% is set as a break even 
condition. 
  

Step 4.0 (block F): The tariff, λ0PT,k for ETP0PT,k is stored together with 
corresponding performance and reliability indices (ETRC0PT,k, ETOC0PT,k, 
ETP0PT,k, and LOLP0PT,k) in block F to prepare for the simulation of the next 
case or the next possible behaviour of the market. The results are presented as 
probability distributions in form of duration curves. Since tariff is the ultimate 
parameter under investigation, then the probability distributions of optimum 
tariff levels (λ0PT,k) for a PSO are developed. Finally the results are related to 
the results from the simulation of an ASO market (discussed later in the next 
section). 
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5.4.2 Simulation Algorithm of ASO Market  
 
The simulation algorithm of an ASO market is given in the flow chart given in 
figure 5.5. It outlines the procedure represented by the block for simulating a 
particular type of operator given in figure 5.2 (i.e. the pth operator), for a 
particular case. Descriptions of the steps followed in the simulation procedure 
with reference to the flow chart are summarised in steps 1.0 through 4.0: 
 
Step 1.0 (block A): As in the simulation of PSO market the possible initial 
tariffs are also estimated. The initial range of tariff is set in order to start the 
iterative process to search for the break even point (i.e. the point when the 
expected net profit is approximately equal to zero). The selection of the range 
should be done carefully to ensure that the optimal point is included in the 
range and small to reduce the iteration time. The possible initial value of lower 
tariff λ LOW,k is set as a percentage of demand factor, αk, and based on prior 
knowledge about the market as depicted in the price-demand curve and idea 
about the concept given in figure 4.1 (chapter 4.0). For convenience λl0w,k can 
be set to zero and the upper limit of the tariff interval is the estimated tariff for 
PSO (λ HIGH,k = λ 0PT,k). The theoretical background of the tariff range is 
envisaged in equations 2.6 and 2.7 (chapter 2) and secant method discussed in 
appendix A.2.   
 

Step 2.0 (block B and C): These blocks represent the Inner Monte Carlo 
simulation step with input variables of scenarios (random relative load and 
generation values) randomized to calculate scenario result variables (TOCk,i, 
TRCk,i, and LOLOk,i) as described in equations 5.1 through 5.5. The general 
simulation algorithm for the inner Monte Carlo simulation of an ASO market 
is the same as for the PSO outlined in flow chart, figure 5.4.  
 

Step 3.0 (blocks D and E): An ASO is expected not to make net profit, 
thus, at optimal tariff, λ0,k, the net profit ETPk,a(λ0,k) ≈ 0. In other words, the 
expected revenue collection is approximately equal to the expected total 
operating cost of the system (ETRCk ≈ ETOCk).  To search for this point an 
iterative process (using the secant search method described in the appendix 
A.2) is performed by updating the possible tariff range (block E), until a break 
even point is attained (i.e.,│λ LOW,k - λ HIGH,k│≤ tolerance) which gives a net 
profit, ETPk(λ0,k) ≈ 0. For simplicity, during iteration a tolerance level in the 
range < 0.5% is set as a break even condition. 

 
Step 4.0 (block F): The tariff, λ0,k for ETRC0,k ≈ ETOC0,k is taken to be 

sufficient, then it is stored together with corresponding performance and 
reliability indices (ETRC0,k, ETOC0,k, ETP0,k, and LOLP0,k) in block F to 
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prepare for the simulation of the next case or the next possible behaviour of 
the market. The results are presented as probability distributions in form of 
duration curves. Since tariff is the ultimate parameter under investigation, then 
the probability distributions (using duration curve) of optimum tariff levels 
(λ0k) for an ASO are developed. Finally the results are related to the results 
from the simulation of a PSO market (discussed in the previous section). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Simulation concept of the market operated by an ASO 
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Chapter 6 
 

Case Study   
 

This chapter demonstrates the application of the model on a case study. It begins with a 
description of the test fictitious system proposed for the case study and making assumptions 
about the system. The input data is prepared based on the assumptions by defining and 
describing functions, variables and constants. The simulation is accomplished on four possible 
options of market arrangements which are defined on the basis of the types of operators and 
power supply options. Further, a sensitivity analysis is carried out to investigate the impact of 
the variations of fuel based variable operation costs on the performance of the market options. 
The result variables are analysed and presented as probability distributions (duration curves).  
 

6.1 Introduction 
 
The algorithm described in chapter five is tested on a case study represented by 
a fictitious system which comprises of a power system assuming to supply 
power to a community located in a small town in a developing country e.g. 
Uganda. The generation options for the power system consist of a thermal 
power plant using a diesel generator set and a hybrid power plant (combination 
of a thermal generation and a renewable energy system e.g. wind turbines). The 
fuel used to power the thermal generator is purchased at local retail price. 
Electricity generated from the power system is supplied to a rural community 
dominated by domestic and small business consumers (kiosks, bars, 
restaurants, salons etc). The operator offers a simple tariff structure where all 
consumers are charged a single fixed tariff (section 1.2.3).   
 

6.1.1 Assumptions  
 
Before presenting the description and preparation of the input data used to 
accomplish the simulation the assumptions made to support the test case study 
are summarised as follows.  



 .66

• Consumers in the area are assumed to be price sensitive to electricity use 
and the operator this behaviour. It is anticipated that the operator is aware 
of the consumers’ price sensitivity, because always observes reductions in 
demand (based on generation and billing records) whenever there is an 
increase in tariffs.  

• Though the operator observes changes in demand due to changes in 
tariffs, the pattern in which the changes occur can not be explained 
properly. Also the changes are as a result of other things happening 
among the community e.g. income, seasonal economic activities etc. 
Therefore the operator realises that the consumers’ price sensitivity is 
stochastic and it is in a specific range. Then to capture the uncertainty in 
consumers’ response to changes in tariffs, the consumers’ price sensitivity 
is defined using probability distribution. Since the price sensitivity is 
expected in a specific range then uniform distribution is used.  

• The time lag between the change in tariff and the change in consumption 
is neglected, i.e. consumers could respond immediately to tariff 
adjustments. The consumers are expected to be aware that part of the 
electricity they use is generated using a diesel powered genset and its 
operation costs highly depend on fuel costs. They monitor fuel prices and 
know that any increase in fuel costs at the pumps prompts the operator to 
increase tariffs accordingly. Therefore some consumers plan to adjust 
their consumption and/or others to disconnect from the grid for cheaper 
alternatives. The operator can try to minimise the operation costs by 
optimising the generation from the renewable source for a hybrid power 
system. 

• The costs of building the distribution network are not included in the 
given investment costs. It is assumed that the distribution network is a 
donation from development partners or already built by the government. 
Therefore the operator is collecting revenue only to recover costs for 
acquiring the generation facilities, operating and maintaining the grid or 
power system network. The generation facilities are obtained by the 
operator on credit from a financial institution at an interest. The credit 
period for the loan is assumed to be the expected or technical life time of 
the systems. In the hybrid system the life time and credit periods for the 
generation systems are different. 

• For the operator to fail to supply the total or part of the load it is 
equivalent to load shedding. Thus, it is assumed that in this situation the 
consumers are not compensated. The impact of load shedding on the side 
of the operator is equivalent to lose of revenue.  

• It is assumed that the wind speeds in the case study area can operate wind 
turbines capable of giving total installed capacity of 60 kW.  
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6.1.2 Generation Options 
 
The operator has the possibility to generating using either only a thermal 
power plant or a hybrid system to utilise the renewable resource in the area. 
From literature, there are different combinations of hybrid power systems 
using different resources [37], [38], [39], [41], [42], but for simplicity only diesel 
– wind hybrid system is considered for application in the case study. The two 
possible power supply options used are: only a thermal power plant (diesel generator 
sets), G and a wind-diesel hybrid system, H. The simulation is accomplished by 
considering different combinations of power supply options managed by the 
two operators. Therefore definitions of these combinations are summarised as: 

i. An electricity market managed by a PSO operating a power system with 
generation from only a diesel generator set abbreviated as, PSOG 

ii. An electricity market managed by a PSO operating a power system with 
generation from a hybrid system abbreviated as, PSOH 

iii. An electricity market managed by an ASO operating a power system with 
generation from only a diesel generator set abbreviated as, ASOG 

iv. An electricity market managed by an ASO operating a power system with 
generation from a hybrid system abbreviated as, ASOH. 

 

6.2 Preparing Input Data 
 
The input data include probability distributions of generation, demand, market 
parameters and constants, e.g. costs.  The probability distributions capture the 
possible uncertainty conditions in demand and power supply system.  
 

6.2.1 Generation Data  
 
There are only two types of generation systems (a thermal power plant and a 
wind turbine), i.e. ng = 1 and nw = 1 (as defined in chapter 3). Installed 
capacities of the generation systems are 125 kW and 60 kW for the thermal 
generator and wind turbine respectively. Reliability of the diesel generator is 
assumed to be pg = 0.95. For simplicity, the wind turbine is assumed to be of 
good quality and properly installed with very high reliability, i.e. the availability 
of the wind generator is estimated at pw = 0.99. Wind in the case study area is 
assumed to follow a Rayleigh distribution with average wind speed, 4 m/s, and 
represented by the probability distribution FV given in figure 6.1. 
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Figure 6.1: Probability distribution of the wind data for the area 
 
6.2.2 Calculation of Costs  
 
The investment costs of the power systems are assumed to include costs of 
generation systems, installation costs and other related costs. The initial 
investment cost of a diesel generator set is lower than that of a wind turbine 
system. In the case study the initial investment cost of the diesel fuelled 
thermal power system is taken to be 312 US$/kW3 and the wind turbine power 
system is assumed to cost 840 US$/kW.  

In order to calculate the annuity, the interest rate of 20% is used. The O&M 
costs include servicing and lubrication of the generation systems, payment of 
wages and other related costs. The methodology for calculating fixed costs is 
described in chapter 3. 

The fuel based operation costs are referred to as variable operation costs. 
The variable operation costs from the wind turbine are assumed to be zero as 
explained in chapter 3. The calculation of variable operation costs of the diesel 
generator system are represented by a linear model as explained in equation 3.2 
through 3.4. Therefore the fuel consumption model for the 125 kW rated 
diesel generator is given in figure 6.2. Then values of the constants given in 
equation 3.4 are: ω = 0.24 litre/kWh, θ = 3.98 litres/hour and 0 ≤ D ≤ 125 
kWh/h. Since the operation costs depend on the fuel consumption rate, then 
the simulation puts into consideration the operation costs of the generator 
under unloaded condition. The fuel consumption rate is assumed or taken to 
be zero if the generator is not available, but the rate is equal θ litres/hour when it 
                                                            
3 See for example [81] as per late 2008 
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is available and not loaded. Taking the total fuel cost at 0.70 US$/litre (as by 
end of 2004) the variable operation cost is 0.20 US$/kWhe. It should be noted 
that the unit generation cost is higher with smaller gensets. The data for the 
generation systems are summarised in table 6.1.  

 

 
Figure 6.2: The fuel consumption model of a 125 kW diesel genset 
 
Table 6.1 Summary of input data for the power supply 

Variable Diesel 
Generator 

Wind 
Turbine 

Number of units 1 1 
Capacity [kWh/h] 125 60 

Availability [%] 95 99 
Investment cost, I0 [x103 USD]# 38.9 50.4 

Interest rate [%] (the same for all systems 20 20 
Life time in years (assumed to be the credit 

period and different for the generation types) 
15 25 

Average fuel based variable operation costs 
[USD/kWhe] i.e., cost for every kWh of 

electricity generated

0.20 0.00 
0.25 0.00 
0.35 0.00 

Other Operation & Maintenance (O&M) 
costs (wages, lubrication etc)##

20 % 5 % 

# The costs also cater for the connection of components to the distribution network 
## Note: O&M costs for diesel generators are typically high, because in most developing countries 

preventive and regular maintenance are largely ignored, as diesel generators are usually maintained only 
when there is a major breakdown which requires replacing vital and costly spare parts [39]. 
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6.2.3 Load Data and other Parameters  
 
The load data used in the case study is based on that obtained from a power 
system of rural community from central Tanzania for the period May to 
November 2004 (217 days). The load pattern is selected because it is a good 
representation of the load characteristics of rural consumers in developing 
countries e.g. in the East African region. The data represents hourly average 
demand (kW). The pattern is converted into a relative demand curve as given 
in figure D.1, appendix D. Though this is the only load data used in the load 
model it should be noted that long-term data is more reliable. The demand 
pattern is assumed to represent the demand characteristic for the area, and 
taken to be the same through out the simulation. Also an example of the daily 
relative demand pattern for this area is given in figure D.1 (appendix D) 
showing half hourly average values. The daily load curve is dominated by 
evening and morning peaks, a characteristic common in rural areas of 
developing countries. 

The relative demand curve given in figure D.1 is transformed into a 
probability distribution represented by a relative LDC, FDrel given in figure 6.3. 
Random values of the relative load (Drel,k,i) are obtained from this probability 
distribution. Random values of demand, Dk,i are obtained from random values 
of Drel,k,i and peak demand, DPk as explained in equation 2.1.  
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Figure 6.3 Relative LDC of the load used in the Case Study 
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The uncertainties in the price-demand function are captured by 
representing consumers’ price sensitivity and demand factor as probability 
distributions. The values used are summarised as follows:  
• Price sensitivity: The price sensitivity of consumers for the test system is 

estimated using information obtained from an operator of a small electric 
power system in a rural community from central Tanzania (refer to 
section 6.2.3 for load data). According to the operator, the population of 
its customers was in the range 300 – 340 consumers. From experience, 
the operator realised that the average monthly electric consumption of 
each consumer could change by levels in the range 2 – 3 [kWh/month] 
whenever tariffs change by about 1 USDCent/kWh.  Therefore using this 
background it is assumed that consumers in the test system change their 
consumption in the following pattern: - for any unit change in tariff of the 
peak demand is likely to change in the range (1 – 1.11) kWh/h. Therefore 
the consumers’ price sensitivity follows a uniform distribution given as 
U(0.900 ≤ β ≤ 0.999) USDCents/kW2h.  

• Demand factor: The selection of this range of this factor is based on the 
assumption that most of the consumers are likely to change their 
consumption when the tariff of electricity is comparable with price of 
diesel and petrol from the fuel pumps. In other words, the consumers are 
opting to stop using electricity if the tariff reaches the price of these fuels. 
The price of these fuels is taken to be in the range (0.85 – 1.40) USD per 
litre. Therefore the demand factor is also assumed to follow a uniform 
distribution but for flexibility of the simulation an extended range is 
considered as: U (85 ≤ α ≤ 185) USDCents/kWh.  

 

6.3 Results 
 
The result variables analysed are: tariffs, expected total profit (ETP) and loss of 
load probability (LOLP). The variables are investigated under different 
electricity market options explained in section 6.1.2. The results are in 2 parts: 
i. The first part presents tariff levels, LOLP and ETP when the fuel based 

operation cost (variable cost) of the genset is 0.20 US$/kWhe. The reason 
for analysing results at this cost is to have a basis to discuss the 
performance of the market options. 

ii. The second part demonstrates how the model can be used in the sensitivity 
analysis of electricity market options by investigating the result variables 
under different variable operation costs. 
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6.3.1 Distributions of Tariff Levels  
 
An investigation of probability distributions of tariff levels gives an overview 
about the possible range of tariffs that can be set by the system operators. 
Statistical values of the possible tariffs for the four types of market options are 
summarised in table 6.2. 
 
Distributions of Tariff levels for PSOG and ASOG 
 
The probability distributions of tariff levels for profit maximising operator 
(PSOG) and altruistic operator (ASOG) are presented by the tariff duration 
curves Fλ labelled λPSOG and λASOG respectively as in figure 6.4. The possible 
tariffs that are likely to be set by an ASO are in the range 0.35 – 0.40 
US$/kWh and the range for PSO is 0.58 – 1.10 US$/kWh. A market under an 
ASO is likely to provide power at lower tariffs than PSO in the same market 
conditions. For example, it is a 50% probability that an ASO sets tariffs above 
0.37 US$/kWh and a PSO sets tariffs above 0.80 US$/kWh.  
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Figure 6.4: Probability distributions of tariff levels for ASOG and PSOG 
 

Distributions of tariff levels for PSOH and ASOH 
 
The probability distributions of tariff levels for profit maximising operator 
(PSOH) and altruistic operator (ASOH) are presented by the tariff duration 
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curves Fλ labelled λPSOH and λASOH respectively as in figure 6.5. The possible 
tariffs levels that are likely to be set by an ASO are in the range 0.22 – 0.32 
US$/kWh and the range for PSO is 0.57 – 1.00 US$/kWh. Similarly, it is a 
50% probability that the ASO sets tariffs above 0.26 US$/kWh and for the 
PSO sets tariffs above 0.77 US$/kWh. 
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Figure 6.5: Probability distributions of tariff levels for ASOH and PSOH  
 
Table 6.2 Statistics of possible tariff levels 

Power Supply 
Option 

Type of Operator Tariff [US$/kWh] 
µλ σλ 

Generator Set  Altruistic Operator 0.37 0.02 

Profit maximising Operator 0.80 0.08 
Hybrid System Altruistic Operator 0.26 0.01 

Profit maximising Operator 0.77 0.09 
 

General discussion about tariff distributions 
 

The results obtained quantitatively verify the definitions of the altruistic and 
profit maximising system operators given in chapter four, with the range of 
tariff levels for an ASO are lower than those of a PSO. It should be noted that 
the introduction of a hybrid system reduces the variable operation costs (fuel 
based) but increases the fixed costs (due to the increase in investment costs). 
The reason for the reduction in the operation costs is that in a hybrid power 
system the thermal generator is used for few hours hence reducing periodical 
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fuel consumption. Therefore the tariffs set by both operators are lower with a 
hybrid power system than with only a thermal power plant. The fuel based 
variable operation costs have more significant impact on the total generation 
cost per kWh than the fixed cost.  

It should be noted that the simulation is based on correlated sampling. 
Thus, the correlation between different systems under different operators is 
herein investigated. It should be realised that the percentage differences 
between tariff levels for an ASO operating a hybrid system and only a thermal 
generator system are greater than the percentage differences between tariff 
levels for a PSO operating a hybrid and only thermal generator, i.e. │λASOG - 
λASOH│ > │λPSOG - λPSOH│. It is 0.5 probability that the difference │λASOG - 
λASOH│ is above 0.11 US$/kWh and the difference │λPSOG - λPSOH│ is above 
0.03 US$/kWh. Also the differences between tariff levels of markets operated 
by ASO and PSO are larger with hybrid system than with the thermal 
generation system, (i.e., │λPSOH - λASOH│ > │λPSOG - λASOG│). For example, it is 
0.5 probability that the difference │λPSOH - λASOH│ is above 0.51 US$/kWh and 
the difference │λPSOG - λASOH│ is above 0.43 US$/kWh. Though both 
operators use a hybrid system with an aim to reduce operation costs, they 
utilise the benefits from the system differently. An ASO sets low tariffs just to 
recover the low operation costs and the PSO maintains high tariffs to 
maximise revenue hence maximising profits. If the hybrid system is operated 
by an ASO, then consumers are likely to benefit directly by paying for 
electricity at low tariffs. Supplying electricity at low tariffs attracts more 
consumers and/or the already connected customers increase consumption 
hence an increase in demand. The ASO must be careful with the increase in 
demand. The increased demand stresses the existing power system facilities. 
This makes the system more unreliable and may require the operator to 
increase capacities of the facilities. 

A PSO invests in a hybrid system only to increase the profits for the 
company. It is most likely that consumers may not have direct benefits from 
the PSOH. Besides the direct benefits from of a hybrid system, there are other 
indirect benefits that may not be directly shown in the simulation results. The 
indirect benefits from using hybrid power systems include: 
• enhancement of economic development in the community due to increase 

in provision of electricity at low tariffs that attract more consumers and 
boost income generating activities 

• increased willingness by the operators to invest more in the renewable 
generation system. The increased generation from renewables is positive 
to the environment, i.e. reducing pollution from thermal gensets 
(reduction in oil spillage, reduction in green house gasses emission etc) 

• the reduction in operation costs may encourage the operators to increase 
wages of their employees 
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6.3.2 Expected Total Profit for PSO 
 
The model is based on the assumption that the net profit for an altruistic 
operator is zero then the discussion in this section is focusing only on the 
maximum profits of a profit maximising operator. Probability distributions of 
the expected total profits for PSOG (PSO operating only a thermal genset 
system) and PSOH (PSO operating a hybrid system) are represented by 
duration curves, FETP (labelled ETPPSOG and ETPPSOG respectively) given in 
figure 6.6. The corresponding statistical values are summarised in table 6.3.  

The uncertainties in setting tariffs by the PSO have an impact on the 
revenue collection, this can be realised in the wider range of possible tariff 
levels and maximum profit. The expected net total profits of the PSOG market 
are lower than the expected net total profit of the PSOH (i.e. ETPPSOG < 
ETPPSOH). The higher profits attained with a PSOH further indicates that the 
operator benefits from low operation costs to maintain high tariffs in order to 
increase revenue collection hence maximising profits.  
 
Table 6.3 Statistics of ETP0PT for PSOH and PSOG 

Power System (type of operator) µETP [US$/hr] σETP [US$/hr] 
Hybrid (PSOH) 13.98 3.97 

Only Genset (PSOG) 10.70 3.59 
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Figure 6.6: Probability distributions of ETP0PT for PSOG and PSOH  
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6.3.3 LOLP for both PSO and ASO 
 
The measure of reliability of the systems is assessed by analysing probability 
distributions of LOLP values represented by duration curves, FLOLP given in 
figure 6.7 (for ASOG and PSOG) and figure 6.8 (for ASOH and PSOH), and 
statistically the values are summarised in table 6.4. 
 

Distributions of LOLP for ASOG and PSOG  
 
For the test system used in case study, it is a 50% probability that the LOLP 
for both operators is above 5%. LOLP of 5% is the average value for both 
operators, which is equivalent to 95% reliability (assumed reliability of the 
thermal genset in the case study). Due to uncertainties in demand and supply 
there are possibilities to operate the system at the LOLP values below and 
above 5%. At high tariffs, high price sensitive consumers reduce demand 
and/or some disconnect from the grid, this contributes to the low LOLP.  
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Figure 6.7: Probability distributions of LOLP for ASOG and PSOG 
 
Therefore LOLP values below 5% indicate that at high tariffs the demand is 
low and only small part of the load is not supplied with power due to 
insufficient supply. Low tariffs attract existing consumers to increase demand 
and/or new consumers to connect to the grid. This stresses the system and 
leads to high LOLP. Hence LOLP values indicate increased unreliability of the 
supply due to increased demand resulting from low tariffs. 
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Table 6.4 Statistics of LOLP values for both PSO and ASO 
Power Supply 

Option 
Type of Operator LOLP Values [%] 

µLOLP σLOLP 
Hybrid System Altruistic operator (ASOH) 4.307 1.21 

Profit maximising operator (PSOH) 3.12 1.09 
Generator Set Altruistic operator (ASOG) 5.14 1.28 

Profit maximising operator (PSOG) 4.96 1.51 
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Figure 6.8: Probability distributions of LOLP for ASOH and PSOH.  
 

Distributions of LOLP for ASOH and PSOH  
 
It can be realised that increasing generation by adding a renewable energy 
system to a thermal generation system (forming a hybrid system) improves on 
the reliability of the supply (see figures 6.6 and 6.7). For example it is at 30% 
probability that LOLP for ASOH is above 5% and at 10% probability that 
LOLP for PSOH is above 5%. The probabilities are less than those for the two 
operators when use only a thermal power plant by 20% and 40% respectively. 
Therefore there are higher chances to reduce deficiency in supply with a hybrid 
system when the tariffs are low. As the ASO continues to set low tariffs due to 
the decrease in operation costs the demand increases and the deficit in supply 
increases. Similarly, as the PSO continues to set high tariffs due to the decrease 
in operation costs (thus increase in profit) the demand reduces and the surplus 
from the supply increases. These are the reasons why the probabilities that 
ASO is likely to operate at high LOLP are higher than probabilities for PSO.  
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General Discussion about LOLP distributions  
 
As the PSO provides power at high tariffs it implies low demand and low 
stress on the power supply system, minimal chances of disconnecting some 
part of the load due to insufficient power supply hence the supply is more 
reliable. The high reliability is indicated by low LOLP values. When the ASO 
provides power at low tariffs it implies high demand, high stress on the power 
supply and increased chances of disconnecting part of the load due to 
insufficient supply. This means that the supply becomes less reliable as 
indicated by high LOLP values. In the simulation it is assumed that both 
operators supply similar markets, operate systems of the same capacity and not 
willing to invest more in the system in the given time frame. Therefore basing 
on this postulate it can be realised that systems operated by ASO are less 
reliable than those operates by PSO, i.e. LOLPASO > LOLPPSO. The consumers 
who can afford high tariffs set by PSO have chances to benefit from the 
improved services (increased reliability of the power supply). The benefits of 
using a hybrid system is also realised in the improvement of reliability i.e. 
LOLPASOH < LOLPASOG and LOLPPSOH < LOLPPSOG. The increase in supply 
from a renewable system reduces chances of disconnecting part of the load due 
to insufficient supply. The low tariff levels set by an ASO attract more 
consumers hence the system continues to be more stressed and less reliability 
than that operated by a PSO.  
 

6.3.4 Sensitivity Analysis 
 
A sensitivity analysis is carried out to investigate the impact of the fuel based 
variable operation costs of a thermal power plant on the performance of the 
market options. The simulation is performed for three possible fuel based 
operation costs: 0.20 US$/kWh, 0.25 US$/kWh and 0.35 US$/kWh. The 
lower cost is the one used in the case study the largest is based on most recent 
highest fuel price in the East African region (as per January 2009) and the 
middle cost is chosen arbitrarily.   

The simulation results are summarised in table 6.5, and probability 
distributions of tariff levels and maximum expected total profits represented by 
duration curves given in figures 6.9 through 6.12. The results show that when 
there is any increase in operation costs of a thermal generation system, the 
hybrid system can be used to stabilise tariffs to lower levels especially in 
markets operated by ASO. The ASO monitors consumers’ price sensitivity 
then ensures optimal utilisation of the supply from the generation system with 
low operation costs (wind). As the result the total operation costs are reduced 
and since the operator is not interested in maximising revenue then the 
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observed consumers’ price sensitivity is used to guide in setting low tariffs just 
to recover the operation costs. Consumers’ socio-economic benefits are 
maximised by providing electricity at low tariffs.  
 
Table 6.5 Statistics of tariffs and LOLP at different operation costs 

Supply 
Option 

Market 
arrangements

Operation 
costs 

[USD/kWhe]

Tariffs 
[US$/kWh] 

LOLP 
Values [%] 

µλ σλ µLOLP σLOLP 
Hybrid 
System 

ASOH 0.20 0.26 0.01 4.307 1.21 

ASOH 0.25 0.29 0.01 4.38 1.31 

ASOH 0.35 0.35 0.01 4.04 1.27 

PSOH 0.20 0.77 0.09 3.12 1.09 

PSOH 0.25 0.78 0.09 3.07 1.11 

PSOH 0.35 0.81 0.08 2.80 1.00 
Generat
or Set  

ASOG 0.20 0.37 0.02 5.14 1.51 
ASOG 0.25 0.29 0.02 5.17 1.44 
ASOG 0.35 0.51 0.03 5.05 1.30 
PSOG 0.20 0.80 0.08 4.96 1.28 
PSOG 0.25 0.83 0.08 5.09 1.40 
PSOG 0.35 0.87 0.08 4.98 1.29 
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Figure 6.9: Probability distributions comparing tariffs at three different 

generation costs for both PSOG and ASOG  
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The PSO monitors consumers’ price sensitivity and ensures optimal 
utilisation of the power supply from the generation system with low operation 
costs (wind). The purpose of optimising supply from a wind generation system 
is mainly to reduce operation costs. 

The observed price sensitivity guides the operator to set tariffs that 
maximises revenue collection, hence attaining maximum profit. Since the 
operator supplies power at high tariffs then the demand is always met. The 
high operation costs at high fuel prices reduce the net profit. At all operation 
costs the tariffs of the PSO are closely high and the operator utilises the hybrid 
system only to lower operation costs but not tariffs. 
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 Figure 6.10: Probability distributions comparing tariffs at three different 

generation costs for both PSOH and ASOH  
 
Table 6.6 Statistics of ETP0PT at different operation costs 

Power Supply Option 
(Type of Operator) 

Operation costs 
[USD/kWhe] 

µETP 
[US$/hr]

σETP 
[US$/hr] 

Hybrid System (PSOG) 0.20 13.98 3.97 
0.25 12.91 3.48 
0.35 11.30 3.32 

Generator Set (PSOH) 0.20 10.70 3.59 
0.25 9.17 3.09 
0.35 6.85 2.90 
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The results in this section also confirm that in areas with fluctuating fuel costs, 
hybrid systems can benefit consumers if the systems are operated by ASOs 
otherwise the systems benefit PSOs. 
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Figure 6.11: Probability distributions comparing maximum expected total 

profits at three different generation costs for PSOG  
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Figure 6.12: Probability distributions comparing maximum expected total 

profits at three different generation costs for PSOH  
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6.4 Concluding Remarks  
 
The two operators with the corresponding possible combinations of power 
systems are used to define four possible options of electricity market 
arrangements as summarised in the matrix given in figure 6.13 below. 
 

Types of 
Operators 

Generation only from a 
thermal plant (G) 

Generation from a 
hybrid power plant (H) 

ASO  Option 1: ASOG Option 3: ASOH 
PSO  Option 2: PSOG Option 4: PSOH 

 
Figure 6.13: Matrix summarising the four options of market arrangements 

simulated in the case study 
 

Since the inputs in the simulation of the proposed electricity market model 
are random variables of assumed probability distributions, then the output 
variables from the simulation are also random variables. The probability 
distributions of the output variables are represented by duration curves. The 
probability distributions are used to explain probabilities where some values of 
a given variable can be selected above or below a predefined value. Table 6.7 
summarises examples of probabilities at which the corresponding operators 
can set tariffs larger than those shown. Again as an example, for the case study 
it is 100% probability that when a profit maximising operator provides power 
with a hybrid system the tariff is set above 0.57 USD/kWh to make the power 
system economically sustainable.  

 
Table 6.7: Examples probabilities from probability distributions of tariff and 

corresponding possible minimum tariffs 
For the following 
electricity market 

arrangement 

at  
0.2 0.4 0.6 0.8 1.0 

probability the tariffs are larger than [USD/kWh] 
PSOG 0.92 0.83 0.78 0.73 0.58 
PSOH 0.84 0.78 0.72 0.68 0.57 
ASOG 0.39 0.38 0.37 0.36 0.34 
ASOH 0.28 0.27 0.26 0.25 0.23 

 
Operators closely monitor consumers’ price sensitivity and adjust tariffs 

purposely to ensure economic sustainability of the power systems at the same 
time achieving other secondary operational objectives. The secondary 
objectives of system operators are summarised in the following matrix. 
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Objective  ASO PSO 
Attaining Economic sustainability YES YES 
Attaining Maximum Profit NO YES 
Maximising socio-economic benefits YES Voluntary 

 
Figure 6.14: Summary of the objectives of the two power system operators 
 

The lower tariffs offered by altruistic operators attract some consumers to 
increase demand and/or new consumers to connect to the grid this may stress 
the power supply. The increase in demand prompts the operator to reduce 
stress on the supply by disconnecting some consumers, hence increased LOLP 
or less reliable supply. Similarly, the high tariffs offered by the profit 
maximising operator prompt some consumers to reduce consumption and/or 
others to disconnect from the grid. This reduces stress on the power supply 
and increased reliability or reduction in LOLP. The consumers who can afford 
high tariffs receive better services because of increased reliability. Therefore 
LOLPASO > LOLPPSO i.e. power systems operated by PSO are more reliable 
than those operated by ASO.  

The increased reliability, low tariffs and operation costs show that the use 
of hybrid systems directly and/or indirectly increases benefits to both 
consumers and operators. In electricity markets under ASO, consumers benefit 
from the reduced operation costs (by getting power at low tariffs), but the 
benefit is compromised by reduced reliability. Similarly, in markets under PSO, 
operators benefit in the increased profits resulting from reduced operation 
costs. The few operators who can afford high tariffs offered by PSO benefit 
from the increased the quality of services i.e. high reliability of the system. The 
sensitivity analysis indicates that a hybrid system can be used to stabilise tariffs 
in areas with fluctuating fuel prices. The increased profit after the installation 
of a hybrid by a profit maximising operator (PSOH) can be attractive to 
investors and financial institutions. The services by ASO are likely to remain 
the responsibility of governments and/or non-government organisations in 
rural areas of developing countries.  
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Chapter 7 
 

Conclusions  

 

This chapter gives a summary of the general overview of the simulation methodology addressed 
in the thesis. Also a summary about the important concepts introduced in the thesis is 
presented. The concepts include: definitions of rural power system operators, modelling 
electricity demand for rural power systems, modelling uncertainties in demand and supply for 
rural power systems, price sensitivity factor method and the nested Monte Carlo simulation. 
Finally, conclusions about possible applications of the proposed methodology and areas for 
future research are outlined.  
 

7.1 Modelling and Simulation 
 
The thesis presents a Monte Carlo simulation methodology for modelling, 
simulating and analysing the performance of small isolated rural electricity 
markets as applicable in developing countries. In order to present final results 
as a comparison of two systems, the simulation is performed using the concept 
of correlated sampling. It is anticipated that the demand in these areas is price 
sensitive and dominated by consumers with low demand or consumption for 
electricity. The unpredictable changes in demand among these consumers is 
assumed to be as a result of changes in both tariff and non-tariff factors. This 
kind of behaviour in demand is referred to as uncertain whereby the demand is 
treated as a random variable. The impacts of all factors that affect demand are 
explicitly modelled in the randomness of consumers’ price sensitivity. The 
electricity supply for the uncertain demand is obtained from power supply 
systems with stochastic generation. It is anticipated that the stochastic 
generation is as a result of uncertainties in the energy supply sources (e.g. wind 
energy which depends on weather conditions and thermal systems which 
depend on techno-economic performance). Therefore both demand and 
generation are modelled as random variables from known probability 
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distributions. The proposed simulation methodology is based on the 
assumption that all stakeholders (consumers, operators and where applicable 
the regulators) have access to information about the possible changes in the 
market to enable them make appropriate decisions. The possible power system 
operators are defined with reference to possible economic objectives of 
operating power systems. The possible objectives are stipulated using the 
economics definition of profit as a function of tariff. Finally the concept of 
defining types of electricity markets is based on the types of operators and the 
possible combinations of power supply options. The performance of electricity 
markets is assessed by analysing three parameters or result variables (tariffs, 
expects net profits and reliability factor). The results are random variables 
presented using probability distributions in form of duration curves.  
 

7.1.1 Definition of System Operators  
 
The economics definition of profit is the difference between total revenue and 
total costs. The total revenue is a function of tariff and quantity supplied (in 
this case quantity supplied is that part of demand supplied with electricity). 
This indicates that there is a relationship between tariff/price and profit. 
Therefore the profit-tariff relationship is used in this research as a basis to 
monitor the economic sustainability and other operation objectives of power 
systems in electricity markets. The primary objective of operating a power 
system is to ensure economic sustainability. The secondary objectives depend 
on whether the system operators are interested in either maximising or zeroing 
net profits. These objectives are demonstrated theoretically with the help of a 
profit-tariff function. The function indicates a range of tariffs in which the 
power system is economically sustainable and/or profitable. Therefore the 
definitions of power system operators are based on the secondary objectives. 
Operators aiming at maximising profit are referred to as profit maximising system 
operators, abbreviated as PSO. And operators interested in just recovering only 
operation costs i.e. zeroing net profit are defined as altruistic system operators, 
abbreviated as ASO. An ASO is assumed to maximise consumers’ socio-
economic benefits by delivering power at low tariffs and a PSO delivers power 
at high tariffs. The levels by which PSO tariffs exceed ASO tariffs can be 
established through simulating the systems using the presented algorithm.   
 

7.1.2 Electricity Demand Model 
  
Demand is a random variable modelled as a product of two random variables, 
relative demand and peak demand. In order to capture the uncertainties of the 
market in the model, all variables are assumed to be random variables obtained 
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from assumed probability distributions. The peak demand is a random variable 
obtained from a price-demand function (modelling peak demand as a function 
of tariff and consumers’ price sensitivity). The modelling of peak demand using 
a price-demand function indicates that consumers are responding to changes in 
tariffs by changing their consumption levels. The randomness of peak demand 
depends on the random market parameters (consumers’ price sensitivity and 
demand factor) in the price-demand function. In other words, market 
parameters are random variables obtained from known probability 
distributions. The relative demand is also a random variable obtained from the 
relative demand duration curve (probability distribution of relative demand) 
which is a transformation of the relative demand curve.  
 

7.1.3 The Price Sensitivity Factor Method  
  
The concept of estimating consumers’ price sensitivity by using indicators or 
factors is developed. In this method, price sensitivity is evaluated by assessing 
the quantitative measure of the actions taken by consumers at specific tariffs. It 
is a statistical technique developed by asking consumers to indicate the actions 
they take when the price of electricity changes. Graphing percentages of 
consumers taking particular actions and possible impact of each action on 
demand guide in the estimation of how electricity demand among different 
groups of consumers is likely to change at specific tariffs. The demand of an 
individual or group of households at specific tariffs is estimated and analysed 
as a relative measure using factors referred to as price sensitivity factors. The 
level by which consumers are expected to change their consumption levels is 
envisaged in the magnitude of the relative measure of the change in demand. 
The price sensitivity of consumers is then the quantitative measure of price 
sensitivity factors, hence, Price Sensitivity Factor (PSF) method. The methodology 
can be implemented in areas with scarcity of pre-organised database about 
electricity demand, whereby the data is gathered using an appropriate field 
survey tool e.g. questionnaire.  
 

7.1.4 Nested Monte Carlo Simulation  
  
The concept of nested Monte Carlo simulation is introduced in the simulation 
algorithms. The nests are iteration loops in which random variables are 
generated and/or calculated within the MCS. The number of loops depends on 
the number of random variables and different levels at which randomisation is 
performed in the simulation. In this thesis, randomisation is performed at two 
levels, i.e. the simulation algorithms are outlined using two loops herein 
referred to as the inner and outer MCS loops. The simulation in the outer loop 
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involves generating random variables from the distributions of market 
parameters (demand factor, α and price sensitivity, β). These are referred to as 
case inputs. Simulation in the outer loop involves simulating expected 
behaviour of the market under specific characteristics represented by 
randomised values of market parameters. In the inner loop big number of 
random variables (scenario inputs) is generated from distributions of demand 
and supply. Then scenario variables (outputs from scenarios) are calculated 
from scenario inputs, case inputs and other constant by utilising the concept of 
energy balance between available demand and supply. The concept of energy 
balance mimics the behaviour of the power system under different demand-
supply conditions. The scenario variables are put in a vector from which 
expectations (outputs of the outer loop) are determined.  
 

7.2 Possible Applications 
 
It is paramount for all concerned stakeholders in planning rural power systems 
to understand the stochastic nature of both demand and supply.  Therefore 
theoretical modelling the uncertainties due to stochastic nature of the system 
variables is a challenge to planners, researchers and academia. It is anticipated 
that the proposed methodology can be used as one of the input tools for 
planning, estimating and assessing the performance of rural power systems in 
isolated areas of developing countries with low electric power demand. The 
applications are summarised as follows: 
• To identify, define, quantify and analyse possible uncertainties in demand 

and supply for a small electricity market located in rural areas with scarcity 
of raw data, for example, applicable to rural areas of developing countries.  

• To identify and define the possible rural power system operators (based 
on their operation objectives) and the operating conditions.  

• To assess how key stakeholders (consumers and operators) benefit from 
the power system (e.g. increased number of consumers due to low tariff 
levels and/or increased net profits) 

• It can be used in the investigation of possible range of optimal tariffs, 
study the risks involved in setting tariffs and the reliability of the system. 

• From the possible accepted tariff levels, the need for subsidies (e.g. on 
investment or on tariff, ¤/kWh) for rural electrification can be simulated.  

 

7.3 Future Work  
 
There is room to consider the simulation of the impact of price regulation and 
subsidies on the economic performance and benefits to the society.  
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For mathematical simplicity the consumers’ response to changes in price is 
represented in the thesis by a linear price-demand function. It is of research 
interest to investigate the behaviour of electricity consumers using other price-
demand functions (as outlined in section 2.2.3).  

In the thesis, the uncertainties in price sensitivity, demand and supply are 
modelled explicitly by random variables of known distributions. In practice, the 
development of probability distributions of market parameters requires long 
term data to mimic and approximate the market behaviour. 

In the thesis a standardised relative demand curve is assumed with demand 
comprising of mainly price sensitive consumers. The consumers are not 
categorised according to different tariffs levels. It is also assumed that all 
consumers are paying the same tariff. In most power systems consumers are 
categorised depending on the demand levels and/or consumption pattern. 
More investigation can be carried out to consider categorisation of consumers, 
corresponding levels of price sensitivity for each category and tariff structure 
which depends on time of use.  

In the simulation only wind has been considered as the renewable energy 
resource, further research is recommended to investigate possible probability 
distributions of other generation systems e.g. solar photovoltaic and small 
hydro for implementation in the proposed simulation algorithm.   
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Appendix A 
 

Mathematical Methods 

 

This part of the appendix presents the basic mathematical methods applied in developing the 
proposed electricity market model and simulation. The methods include probability and 
engineering optimisation methods. The proofs and more detailed descriptions about these 
methods can be found in mathematical textbooks and some thesis reports (cf. references). 
 

A.1: Basic Probability Theory 
 
The definitions presented here are for continuous random variable X. If X is a 
discrete random variable, all integrals should be replaced by sums. 
 
Definition A1: The probability that an outcome of X belongs to a set χ is given by 

integration of the probability density function f(x), i.e, 
 

( ) ( )∫=∈
χ

χ dxxfXP   

   
In case of discrete random variables ( )xf X  is referred to as probability 
function, since ( )xf is equal to ( )xXP = . Except for this difference in 
interpretation, continuous probability densities and discrete probability 
functions have the same properties. 
 
Definition A2: The probability that X ≤ x is given by the distribution function ( )xFX , 

i.e. ( ) ( )xXPxFX ≤= . 
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Definition A3: The probability that X > x is given by the duration curve ( )xFX
~ , i.e. 

( ) ( )xXPxFX >=~ . 
 
Theorem A1: The density function, distribution function and duration curve are related 

through: 

( ) ( ) ( ) ( )∫∫
∞

∞−

=−=−=
x

X

x

XXX dttfdttfxFxF 11~  

 
It should be noted that when adding two random variables the result is a new 
random variable having a probability distribution of its own. 
 

Expectation, variance and standard deviation 
 
The probability density and distribution functions defined above describe the 
behaviour of random variables. But it is more important to investigate the 
expectation of random variables and a measurement of how much a single 
sample can diverge from the average. Therefore this kind of information is 
presented by the expectation value and the variance of the random variable.  
Definition A5: The expectation value of a random variable X is given by  

( )∫
∞

∞−

= dxxxfXE X][ . 

 
Definition A6: The variance of a random variable X is given by 

( ) ( )∫
∞

∞−

−= dxxfXExXVar X
2][][ . 

 

Standard deviation  square root of the variance 
 
The theorems A2 and A3 show how expectation value and variance are affected 
by linear operations. 
 
Theorem A2: If a random variable X is scales by a factor w, the expectation value and 

variance of wX are given by: 
 

i. ][][ XwEwXE =  
ii. ][][ 2 XVarwwXVar =  
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Theorem A2: The expectation value and the variance of the sum of two random 
variables X and Y are given by: 
i. ][][][ YEXEYXE +=+  
ii. ],[2][][][ YXCovYVarXVarYXVar ++=+  

 

Correlations 
 
When studying more than one random variable it is important to know how 
their probability distributions are related to each other. A very important 
notion in this context is independent random variable. The basic definition of 
independent random variables is that two random variables X and Y are 
independent if the outcome of X does not affect the outcome of Y and vice 
versa. The measure of how the probability distributions of two random 
variables are correlated to each other is the covariance defined as follows: 
 
Definition A7: The covariance of two random variables X and Y is given by 
 

( )( )]][][[],[ YEYXEXEYXCov −−=  
 
A related quantity that arises often in the probability analysis is the correlation 
coefficient, ],[ YXρ which is a convenient measure of the degree to which two 
random variables are correlated (or anti-correlated).  
Definition A8: Correlation coefficient of two random variables X and Y is given by 
 

( )
][][

],[,
YVarXVar

YXCovYX =ρ  

 
The correlation coefficient is always in the interval [-1, 1]. If 0],[ =YXρ  the 
variables X and Y are considered to be uncorrelated and independent variables 
are always uncorrelated, but the converse is not always true. For negatively 
correlated variables the correlation coefficient is in the interval 

0],[1 <≤− YXρ  and it is in the interval 1],[0 ≤≤ YXρ for positively 
correlated variables. 
 

A.2: Secant Method 
 
The Secant Method mathematical technique for determining roots of 
polynomials using numerical methods [5]. This method is similar to the Newton-
Raphson technique in the sense that an estimate of the root is predicted by 
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extrapolating a tangent of the function to the y = 0 axis. The potential problem 
in implementing the Newton-Raphson method is the need to evaluate the 
derivative of polynomials. It should be noted that some practical polynomials 
or functions their derivatives may be difficult or inconvenient to evaluate. 
However, the Secant method uses a difference rather than a derivative to 
estimate the slope. The objective of the method is to determine the value of 
the variable x that yields a zero of the function f(x). The graphical description 
of the secant method is demonstrated as in figure A1. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1: Graphical depiction of the Secant method 
 
The approximation formula for the Secant method is given by an iterative 
equation: 
 

( )( )
( ) ( )ii

iii
i xfxf

xxxfx
−
−

=
−

−
+

1

1
1  

 

 

A.3: Golden – Section Search Method 
 
The golden–section search [5] is a simple, general-purpose, single-variable 
optimisation method with the goal of finding the value of the variable, x that 
yields an extreme point either a maximum or a minimum of the function, f(x).  

x 

f(x) 

f(xi) 

f(xi-1) 

xi-1 xi 

f(x) 

target  
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Figure A2: Graphical depiction of the Golden-search algorithm 
 
The method starts with two initial guesses xl and xu, that bracket one local 
extreme point of f(x). The objective of the method is achieved by specifying 
the following conditions 

210 aaa += , and 
1

2

0

1

a
a

a
a

=  

 
 Let R = a2/a1, then to obtain R2 + R – 1 =0, which is solved for the positive 

root to get ( )5 1
0.6182R

−
= = . This root is referred to as the golden-ratio. The 

next step is to choose the two interior points x1 and x2 using this ratio as:  

( )lu xxd −
−

=
2

15  

 
Thus, x1 = xl + d and x2 + xu – d 

 
The function is evaluated at these two interior points. The iterations are 
repeated by determining the new values of x1 and x2; in the iteration process 
the interval containing the extreme point is reduced.  

f(x) 

x xuxl

Maximum

a0

a1 a2

a2

First iteration 

Second iteration
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Appendix B 
 

Random Numbers 

 

The section addresses the concept of random numbers and algorithm for the generation of 
random number as required and applied to perform Monte Carlo simulation. Random 
variables are treated as real numbers that are assigned to an event. Random variables make 
the quantification and facilitate numerical manipulations of random processes.  
 

B.1: Generating Random Numbers 
 
Modern digital computers produce random numbers by using the procedure 
referred to as random number generator. The concept modern computers use 
to generate random numbers is beyond the scope of this work, for simplicity 
we focus on how the random number generator works. A random number 
generator is defined as an algorithm that produces sequences of numbers that 
follow a specified probability distribution and possess the appearance of 
randomness [3].  

The idea of using random numbers in the simulation is to use 
transformation methods to convert the uniformly distributed variables into a 
variable of the desired distribution. A number of transformation methods have 
been quoted in [11, 12]. Most of the random variables used in simulating 
electricity markets are either uniformly distributed or normally distributed.  

Uniformly distributed numbers are random observations from (continuous) 
uniform distributions over an internal [n, m]. The probability density function 
of this kind of distribution is expressed as 
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( )
⎪⎩

⎪
⎨
⎧

−=
0

1
nmxf   

if
otherwise

mxn ≤≤  

 
If m and n are not specified, then they are assumed to be n = 0 and m = 1. 
 
Normally distributed random numbers can be created using the approximate 
inverse transform method. A N(0, 1)-distributed random number X can be 
generated through 
 

⎪
⎩

⎪
⎨

⎧

−
=

z

z
X 0  

if
if
if

,5.00
,5.0

,10

<≤
=

≤<

U
U

U
 

 
where U is U(0, 1)-distributed and z is given by the following formulae: 
 

,
1 3

3
2

21

2
21

tdtdtd
tctcctz o

+++
++

−=  

 
,515517.2=oc  

,802856.01 =c  
,010328.02 =c  
,432788.11 =d  
,189269.02 =d  
,001308.03 =d  

 
,ln2 Qt −=  

 

⎩
⎨
⎧ −

=
U

U
Q

1  
if
if

,5.00
,15.0

≤≤
≤<

U
U  
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Appendix C 
 

Field Survey Questionnaire 
 

The questionnaire given here was used to study Electricity Consumers’ Response to changes in 
tariff for low electricity consumers (residential and business) in rural areas of Uganda and 
Tanzania. It can be modified for use to other areas putting into consideration local conditions 
and currency used. 
 

Code Identification 
100 Background Information
101 
102 
103 
104 
105 
106 
107 

 
108 

 
 
 

Questionnaire 
No. 
Date 
Time 
District 
County 
Sub-county 
Village 
 
Income of 
household 
 
 
 

----- ------- ----
---- --------  / -------- ------- / 200 ---------- 
---------  ----------- (AM/PM) 
--------------------------------------------------- 
--------------------------------------------------- 
--------------------------------------------------- 
--------------------------------------------------- 
 

What is your average monthly income? (interviewee is free not to answer) 
i. < 150,000 Ug/TzShs  -------------------------------------------- 

(1) 
ii. 150,001 - 500,000 Ug/TzShs ------------------------------------ 

(2) 
iii. 500,000 - 1,000,000 Ug/TzShs ---------------------------------- 

(3) 
iv. 1,000,001 Ug/TzShs ---------------------------------------------- 

(4) 
200 Energy Use  
201 

 
 
 
 
 

Non-electric 
energy usage 
 
 
 
 

a. What energy sources do you use? (Prompt) 
Energy 
source 

Usage 
(units/month) 

Unit cost 
(Ug/Tz.Sh) 

Purpose e.g. 
cooking, 
lighting 

Charcoal  
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202 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Electric energy 
usage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Firewood  
Grass  
biogas  
Paraffin  
LPG  
candle  
Others 
(specify) 

 
 

 
b. What measures would you take to reduce the money (or time 

taken to get the source) spent on the resource(s)? (prompt where 
possible) 
i. Substitute with cheaper option(s): -------------------- (1) 

Specify the option (s): --------------------------------- 
------------------------------------------------------------- 

ii. Improve on the efficient use of the resource: -------- (2) 
How? (probe if possible): ------------------------------ 

----------------------------------------------------------- 
iii. Supplement with other option (s): --------------------- (3) 

Specify the option (s): ---------------------------------- 
------------------------------------------------------------ 

iv. Others (specify): ------------------------------------------ (4) 
Is the interviewee connected to the grid? (do not ask just see) 
No           go to 202(a)                Yes            go to 202(b) 
 
a. Have you ever used grid electricity or connected to the grid? 

Yes                 No          go to (e) 
b. Why did you stop using electricity from the grid? (Prompt!) 

i. Unreliable supply: ---------------------------------------- (1) 
ii. Poor services: ----------------------------------------------(2) 
iii. Poor customer care: ---------------------------------------(3) 
iv. Fluctuating tariff/prices: ----------------------------------(4) 
v. Unpaid bills: ------------------------------------------------(5) 
vi. Too expensive could not afford: -------------------------(6) 
vii. Availability of cheaper option(s): ----------------------- (7) 

Specify the option(s): ------------------------------------ 
--------------------------------------------------------------- 

viii. Others (specify) ------------------------------------------- (8) 
-------------------------------------------------------------- 

 
c. What do you use instead of grid electricity? (Prompt) 

Supply 
options 

Cost of the 
system 

Unit 
cost of 

fuel 

Cost/ 
wk or 
day 

Purpose 
e.g. 

lighting 
Generator  
Solar  
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203 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Possible 
Energy Saving 
Methods 
adopted 
 
 

Battery  
Dry cells   
Others 
(specify, 
includes 
none) 

 
 

 
d. What would you use electricity for? (Prompt No. & expected 

usage) 
Appliance No. expected 

usage 
(hr/day) 

Wattage 
(don’t ask) 

Energy 
(don’t ask) 

Bedroom lights  
Living room  
Dinning light  
Security lights  
Store light  
Toilet light  
Kitchen lights  
Radio  
Television  
Fan  
Cooking  
Fridge  
Others  

 
 
e. If connect to grid, how much can you pay (after this go direct to 

203): 
i. Per unit (kWh)? ---------------------------------------------- 
ii. Monthly? ------------------------------------------------------ 

 
a. What appliances do you use? (Prompt No. & usage) 

Appliances Wattage No. Usage 
Hours
/day 

kWh/day

Security lights   
Bedroom lights   
Living room lights   
Kitchen lights   
Lights in store   
Toilet lights   
Other 
lights 
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Radio   
TV   
Fridge   
Cooker   
Fans   
Air-conditioner (AC)   
Others 
specify 

  
  

 
b. What electricity price may prompt you to change the way you 

use electricity (e.g. to reduce your bills) 
i. Cost per unit (kWh): ----------------------------- 
ii. Monthly: ------------------------------------------- 

c. How would you change the consumption if the price 
increases? (Prompt) 
i. Disconnect:-------------------------------------------------(1) 
ii. Reduce on the consumption: ----------------------------(2) 

How? (prompt): ------------------------------------------- 
--------------------------------------------------------------- 

iii. Use other alternative(s): ----------------------------------(3) 
iv. Supplement with other option(s): -----------------------(4) 

Specify the option (s): --------------------------------  
------------------------------------------------------------ 

v. Others (specify): ------------------------------------------ (5) 
-------------------------------------------------------------- 

d. What else may prompt you to reduce or/and to stop using grid 
electricity? (Prompt!) 
i. Unreliable supply: ----------------------------------------- (1) 
ii. Poor services: --------------------------------------------- -(2) 
iii. Poor customer care: --------------------------------------- (3) 
iv. Fluctuating tariff/prices: ---------------------------------- (4) 
v. Availability of cheaper option(s): ----------------------- (5) 
vi. Others (specify) ------------------------------------------- -(6) 

------------------------------------------------------------- 
 
What would you do if the price or cost of electricity increases by: 
(Prompt)? 

i. 10%: …………………………………………………….? 
ii. 25%: …………………………………………………….? 
iii. 50%: …………………………………………………….? 
iv. 75%: …………………………………………………….? 
v. 100%: 

……………………………………………………? 
Using energy saving appliances:-------------------------- (1) 
Switch of off unused appliances: -------------------------(2) 
Shift the use of appliances: --------------------------------(3) 
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Prioritise the use of loads/appliances: --------------------(4)
Using timer switches: -------------------------------------- (5) 
Use cheaper option(s): ------------------------------------- (6) 

Specify the option (s): ----------------------------------- 
--------------------------------------------------------------- 

Improve on the efficient use of the resource: ---------- (7) 
How? (probe if possible): -------------------------------- 
----------------------------------------------------------------- 

Supplement with other option (s): ---------------------- (8) 
Specify the option (s): ----------------------------------- 
--------------------------------------------------------------- 

Others (specify): ------------------------------------------- (9) 
--------------------------------------------------------------- 
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Appendix D 
 

Relative Demand Curves 
 

The hourly relative load pattern developed from the data obtained for the period of 217 days 
is given here in graphical format. This is the load pattern used in the simulation. The peak 
demand registered during this period was 120 kW 
 

 
 
Figure D.1: Relative demand curve used in the Case Study 
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Figure D.2: Sample of a daily relative load curve of the load used in the Case 

Study 
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Abstract—Understanding the way customers respond to price 
changes is vital for any business. The price sensitivity 
measurement (PSM) analysis is widely used by marketers and 
researchers to assess customers’ price sensitivity. This paper 
applies the concept of PSM analysis to assess electricity 
consumers’ tariff perceptions, attitude to tariff changes and 
generally acceptance of tariffs. The method is tested using field 
survey data obtained from low demand consumers (households 
and small businesses) in urban and rural areas of Uganda after 
tariff increase. The results indicate that the new tariff approved 
by the regulator is within the range of tariffs possibly expected 
and likely to be accepted by consumers, but higher than the 
tariffs which consumers consider to be worthy. Also it is realized 
from the results that in Uganda, tariff expectations of rural 
consumers are different from the urban counterparts, the former 
expect lower tariffs with high degree of price sensitivity. 
Households show a higher degree of price sensitivity than 
commercial consumers. Conclusively, the information obtained 
from PSM can be used by utilities to make a preliminary 
assessment of consumers’ expectations and/or acceptance levels 
of a certain range of tariffs during tariff review. 

Keywords- tariff; price sensitivity measurement; stress factor 

I.  INTRODUCTION 
For electricity utilities and regulators to set tariffs which have 
minimal resistance from consumers, it is necessary to make 
price decisions that respect views of the consumers. Results 
from profound investigations of possible consumers’ tariff 
perceptions and attitudes to tariff changes should be assessed 
prior to price setting and/or review processes. In Uganda, 
according to the Electricity Regulatory Authority [1] the 
approach used to set and revise electricity tariffs aims at 
balancing incentives for improved operation of the utility with 
investment incentives. Though during tariff review processes 
the authority conducts public consultations [2] most 
consumers, especially domestic and commercial consumers 
are still dissatisfied with tariff charges. This indicates that 
possibly there is a need to carryout thorough surveys to assess 
consumers’ perceptions and attitudes as part of the inputs in 
the tariff review processes. Also in early stages of planning 
price setting and/or adjustment more investigations should be 

carried out to assess consumers’ intentions and willingness to 
pay.  However, it is postulated that consumers’ tariff 
perceptions can be assessed by comparing the market price 
(tariff set by the utility) with tariffs which consumers consider 
to be normal or appropriate or acceptable and the endpoints of 
the evoked tariff range. 

This paper illustrates the application of price sensitivity 
measurement (PSM) method to analyze electricity consumers’ 
tariff perceptions, attitudes and acceptance to tariff changes 
using Uganda as a case study. Hence, directly and/or indirectly 
the consumers, willingness to pay and price sensitivity are 
evaluated. The categories of consumers investigated include 
domestic and small commercial consumers or enterprises in 
both urban and rural areas. The assessment is accomplished by 
estimating the range of tariffs consumers would be willing to 
pay for electricity, assessing specific tariff points (e.g. tariff 
points where consumers are likely to evoke resistance to tariff 
changes) and estimating price stress as realized by consumers. 
Therefore this research is set to answer the question, which 
tariff levels are likely to be accepted and rejected? A 
comparison is given for rural and urban consumers.  

The paper proceeds with section II summarizing literature 
review about the concept of price perception, price sensitivity 
measurement method and its application in the analysis of 
electricity pricing. Section III illustrates its application in the 
assessment of consumers’ tariff acceptance using field survey 
data from two case study areas. Finally section IV gives the 
conclusions and suggested possible research extensions.  

II. LITERATURE REVIEW 
Price has a significant influence on consumers’ purchase 

behavior and consequently on sales and profit of any company 
[4], [5], [7], [8]. Marketing researchers have put considerable 
attention to studying the effects of pricing on consumption 
behavior and factors affecting price sensitivity [5]. It is 
necessary to find an optimum price that maximizes profit or 
which supports to achieve a particular target market share. 
Understanding consumers’ behavior is one of the requirements 
to guide business owners to set appropriate prices. Historically 
electricity providers focused on supply, assuming that 
consumers are unwilling to adjust demand [9]. Electricity 

Sida/SAREC (Sweden) and School of Graduate Studies, Makerere 
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consumers are price sensitive because they respond to higher 
prices by purchasing more efficient appliances and taking other 
efficiency measures [3]. 

A. Concpet of Consumers’ Price Perceptions 
The definition of price can be verified from the consumers’ 

perspective as what is sacrificed to obtain a product or service 
[10]. Electricity is a prestigious modern form of energy which 
is convenient to use and simplifies activities on daily basis. It is 
an important input form of energy in the production process of 
most businesses. Applying Zeithaml’s definition of price to 
electricity tariff, consumers usually sacrifice other 
requirements and forms of energy to access the clean energy 
supply. In the process of setting tariffs, understanding 
consumers’ price perception is more important than price itself. 
Various studies have advocated that price perception is a 
complex and broad stimulus which consists of positive and 
negative cues [11]. Yu defined price consciousness or 
perception as the degree at which the consumers focus 
exclusively on paying low prices. This definition does not 
exclude electricity consumers as they always opt for low tariffs 
to lower monthly bills. Watchravesringkan et al looked at 
consumers’ price perceptions from two perspectives: positive 
and negative role of price [12]. The positive role of price 
claims is that from psychological view, consumers may 
perceive high price as an indication of quality, status, and/or 
prestige, which affects their purchase behavior positively. The 
psychological view to electricity is tricky because the mode of 
delivery of the service and use of electricity does not motivate 
users to show status and prestige. Consumers’ price 
perceptions in the positive role of price can be applicable to 
electricity use by explaining that consumers are concerned with 
the quality of services. They may assume that the quality of 
services is deteriorating (e.g. unreliability due to increased load 
shedding) that is why the utility is providing services at very 
low tariff. The negative role of price is considered from an 
economic perspective, whereby high prices can repel 
consumers. It is realistic to look at electricity consumers’ price 
perception from the negative role of price perspective as 
consumers are always attracted by low tariffs. Hence changing 
electricity tariffs is expected to affect consumers’ purchase 
behavior.  

B. The Price Sensitivity Measurement Method 
Price sensitivity measurement is a way to predict, estimate and 
assess customers’ price perceptions, attitude and/or 
willingness to pay. Measuring the customer's price sensitivity 
in a reasonably unbiased way is difficult. Morris et al grouped 
the available price sensitivity measurement methods into two 
categories: qualitative approaches (subjective) and quantitative 
approaches (depend on intuition) [13]. Several researchers 
have presented a detailed discussion and originality of the 
pioneering Price Sensitivity Measurement (PSM) 
methodology which was developed by a Dutch economist 
Peter Van Westendorp [4], [5], [6]. It is common among 
marketers to use the PSM analysis to estimate price thresholds 
and the range of acceptable prices for new and existing 
products, also treated as a test of price awareness and attitude 
change rather than a measure of price sensitivity [5], [6], [14]. 

The advantages of the PSM method include: easy to interpret 
and can be used to identify a range of possible acceptable 
price points. 

The PSM theory is based on four questions which are 
related to the respondents’ expectation of the price of the 
product or service. These questions check the respondents’ 
perception whether to consider the product in four categories: 
too expensive, too inexpensive, expensive and inexpensive. 
The method is implemented graphically by showing curves 
created from the plot of cumulative distributions. As for most 
products, it is expected that the “Too Expensive” and “Too 
Cheap” curves fall below the “Expensive” and “Cheap” curves 
respectively. The key intersections on the curves (showing four 
possible critical price points), which are required in the 
interpretation of price perceptions are summarized in the 
matrix below: 

 Cheap Too Cheap 
 

Expensive 
Indifference price point 
(IDP) is the point at which 
an equal number of 
consumers perceive 
electricity is expensive or 
as cheap 

Point of Marginal 
cheapness(PMC) is the 
point where equal number 
of consumers perceive 
electricity is expensive or 
as too cheap 

 
Too 

Expensive 

Point of Marginal 
expensiveness (PME) is 
the point where equal 
number of consumers 
perceive electricity is too 
expensive or as cheap 

Optimal price point 
(OPP) is the point at 
which an equal number of 
consumers perceive 
electricity is too 
expensive or as too 
cheap 

 

1) Interpretation of the price points: The interpretation 
of the critical price points on the PSM plots are discussed with 
an inclination to electricity pricing. The two terms tariff and 
price are used interchangeably, i.e. pricing is referring to 
setting electricity tariffs.  

A low-level of indifference indicates a high level of tariff 
consciousness, and vice versa for high-level of indifference. 
IDP represents the neutral price or the tariff which consumers 
take to be normal or the tariff perceived by the consumers to 
be worth. Alternatively the tariff at IDP can be referred to as 
the reserve tariff for electricity. Though consumers perceive 
IDP point as the tariff worth to be charged by the utility it is 
not observed as their optimal tariff or tariff that consumers 
accept with lowest resistance. Thus, the lowest level of 
resistance is evoked against tariff in terms of being too low or 
too high at OPP. Tariffs between PMC and PME points are 
more or less acceptable to most consumers. The PMC is the 
inflection point where the proportion of consumers that view 
the product as too cheap start to increase rapidly. According to 
the attitude theory attached to the PSM method [15], tariffs 
below this threshold are viewed as being sufficiently low that 
consumers will start to question quality of the service. Always 
electricity consumers are expected to access electric energy at 
very low tariffs. This could be the tariff at which consumers 
will start questioning whether the utility is highly subsidized 
or having low operation costs. Some consumers are 
anticipating the openness of the utility whereby it is not 
aiming at maximizing profits, but delivering the economic 



.105 
 

benefits from low operation costs direct to consumers by 
lowering tariffs. Other consumers may suspect poor service 
e.g. frequent load shedding. The PME is the inflection point 
where the increasing price elasticity of demand is sufficient to 
cause demand to fall rapidly. Since the tariff at PME is the 
highest possible tariff which some consumers are ready to 
accept to pay for electricity, then it can be used as the measure 
of the limit for willingness-to-pay.  

The contrast perceptions of the normal tariff which is 
expected to have least resistance are presented by the 
relationship between the IDP and OPP points. This contrast 
shows how consumers assess the stress from the pricing 
situation and the stress is defined as the relative measure of the 
difference between IDP and OPP compared to the possible 
acceptable range (difference between PME and PMC). The 
relative measure is defined as the stress factor (SF), 
mathematically expressed as a percentage (1): 

 
( )
( )

100
IDP OPP

SF
PME PMC

−
= ×

−
.    (1) 

 
The stress factor is the measure of price consciousness, 

hence, the measure of consumers’ price sensitivity. SF is very 
small if OPP is very close to IDP, this indicates that consumers 
are less price conscious (i.e. for zero stress factor consumers 
are not price conscious), which shows low degree of price 
sensitivity. The increase in SF indicates an increase in price 
consciousnesses among consumers, hence, increased degree of 
price sensitivity. If OPP is less than IDP then SF is positive and 
negative otherwise. Positive SF indicates that consumers have 
high level of price consciousness that they would prefer lower 
tariffs and there are likely to opt for alternatives. This situation 
often occurs after a major tariff increase when new connected 
electricity consumers may perceive the high tariffs as normal, 
but longer-term consumers are more sensitive to the increase. 
Negative SF (but OPP below PME) indicates that some 
consumers are willing to accept tariff increase. A high degree 
of stress may indicate that tariff can be used as a segmentation 
variable to classify consumers into high and low-tariff 
segments 

III. APPLICATION OF PSM ON A CASE STUDY 

A. Background  
A field survey was carried out among grid connected 

electricity consumers in two areas in Uganda: Luwero (rural) 
and Kampala (urban). The research focuses on small electricity 
consumers e.g. households, small businesses or small scale 
enterprises herein referred to as commercial consumers (retail 
shops, bars and saloons etc). These consumers are under a 
common tariff code according to the utility tariff structure. The 
survey was carried out in 2008 four months after the utility had 
increased the tariff from UGX.298.20 per kWh to UGX.423.10 
per kWh. The data were obtained with the help of a 
questionnaire addressing the four PSM questions. 1000 
questionnaires (500 questionnaires in each area) were 
administered as summarized in Table I. Only 900 
questionnaires were returned from the field and 630 

questionnaires were valid (questionnaires for those consumers 
who were know the grid tariff). 

TABLE I.  STATISITCS OF QUESTIONNAIRES ADMINISTERED IN THE FIELD 
SURVEY 

Action Rural Urban Total 
Questionnaire sent 500 (50%) 500 (50%) 1000 (100%) 

Questionnaires Returned 415 (42%) 480 (48%) 900 (90%) 
Valid questionnaires 220 (22%) 410 (41%) 630 (63%) 

B. Results  
It was found out that more than 70% of the consumers 

interviewed are aware of the grid tariffs. The data from these 
consumers are the one used in the analysis. The results of the 
PSM analysis are presented in Table II, with the graphical 
presentation of cumulative distributions of the responses from 
the four questions for each area are given in figures 1 and 2 
(only graphs combining both domestic and commercial 
consumers are given, but the concept is the same for individual 
categories of consumers). The plots in the figures are labeled as 
follows: F1 for cheap, F2 for too cheap, F3 for expensive and 
F4 for too expensive. 

1) Acceptable tariff range and tariff thresholds: Useful 
information concerning possible tariff options as perceived by 
consumers in each category and area is obtained by comparing 
pricing thresholds and the range of acceptable prices. The 
range of possible acceptable tariffs is lower for domestic 
consumers than commercial consumers, and it is lower for 
rural than urban. The range is the same for domestic 
consumers in both rural and urban areas. The tighter pricing 
range indicates an increased tariff consciousness among 
domestic and rural consumers. 

TABLE II.  TARIFFS AT THE INTERSECTIONS OF CUMMULATIVE 
FREQUENCY DISTRIBUTIONS 

Area Type of 
Consumer 

a.UGX/kWh (units) 
IDP OPP PMC PME SF, % 

Urban Domestic 360 340 250 450 10.0 
commercial 380 380 280 510 0.0 

Both 355 350 270 500 2.2 
Rural Domestic 305 270 200 400 17.5 

commercial 315 310 220 430 2.4 
Both 310 300 205 420 4.7 

a. UGX = Uganda Shillings 

 
The PME for urban consumers at 500 UGX/kWh is 80 

UGX/kWh higher than for the rural consumers, the PME for 
the urban domestic consumers at 450 UGX/kWh is 50 
UGX/kWh higher than for rural domestic consumers and the 
PME for the urban business consumers at 510 UGX/kWh is 80 
UGX/kWh higher than for rural business consumers. 
Generally, the PME tariff for rural consumers is lower than 
urban counterparts. Since tariffs are likely to be rejected above 
PME, then more rural consumers are likely to stop using 
electricity at tariffs above 400 UGX/kWh than urban 
consumers.  

Urban consumers are likely to accept higher tariffs than 
rural consumers, and commercial consumers are likely to 
accept higher tariffs than households. Both PME and PMC are 
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higher for urban consumers than for rural consumers. 
Therefore in terms of tariff thresholds, the PME profile for the 
urban dwellers is more attractive to the utility. In both areas 
tariff points for enterprises are higher than those for 
households. Since enterprises need power as an input for 
production, they can adjust the unit price at which they offer 
the products to suit the changing production costs due to 
changes in electricity tariffs. However, they have tariff points 
which might make the unit price of their products very 
expensive to be accepted by customers. The results show that 
PME points for urban consumers are significantly greater than 
the new grid tariff (of UGX.423.10 per kWh), but PME points 
for rural consumers are very close to the new tariff. Therefore 
any more increase in tariff will affect more rural than urban 
consumers. 

Figure 1.PSM Results for both domestic and commercial consumers in 
Kampala (an urban area) 

Figure .2.PSM Results for both domestic and commercial consumers in Luwero 
(a rural area) 

2) IDP and OPP: The comparison of IDP and OPP 
tariff points indicates that urban consumers have higher tariff 
expectations than rural consumers similarly commercial 
consumers have higher tariff expectations than domestic 
consumers. The low proportion of consumers at IDP for both 
urban (32%) and rural (35%) indicate a high level of price 
consciousness in both areas. The results indicate that tariff 
perceptions and attitudes to tariff changes of consumers from 
urban and rural areas are different. The OPP tariffs for urban 
consumers are higher than both OPP and IDP for rural 
consumers. At the tariff points where rural consumers take the 
price to be worth urban consumers are willing to accept an 
increase. Though the utility increased the tariff from 
USh.298.20 per kWh (old tariff) to UGX.423.10 per kWh 
(new tariff), consumers’ perception of the old tariff indicates 
that it was worth an increase, as the OPP points are above 
UGX.298.20 per kWh. But the possible tariffs which 
consumers consider to be worth or normal are lower than the 
new tariff of UGX.423.10 per kWh. This indicates that any 
more increase in tariffs evokes resistance.  
 

3) Pricng Stress: Some consumers may perceive the 
normal tariff (or the tariff at which some consumers think 
electricity should be sold) to be too high relative to the 
perceived value of the product or the optimal price. Therefore 
the difference between the OPP and IDP is the basis for 
estimating how consumers perceive the level of pricing stress. 
In both areas the OPP is less than the IDP, indicating that a 
number of consumers have a high level of price consciousness 
and would prefer cheaper electricity, i.e. at lower tariffs. 
Consumers may not be willing to pay the perceived “normal” 
IDP market tariff and are likely to search for substitute fuels if 
tariff increases from OPP. Indeed the proportion of consumers 
that view electricity as expensive increases from OPP (5%) to 
the IDP (32%) for urban consumers and increases from OPP 
(1.5%) to the IDP (35%) for rural consumers. Values of stress 
factors are positive for both rural and urban areas this also 
explains that all consumers prefer low tariffs and all are not 
willing to accept tariff increase. This indicates that both rural 
and urban consumers have high level of tariff consciousness 
and they would expect low tariffs. The consumers are likely to 
reduce or replace electricity use with alternative energy 
sources.  This situation is expected in Uganda, because the 
utility had a major tariff increase, therefore electricity users 
are showing sensitivity in the increase in tariffs. Rural 
consumers show higher levels of stress than urban dwellers 
and domestic consumers show higher levels of stress than 
commercial consumers. This indicates that rural consumers 
have high price sensitivity and would like to have low tariffs 
compared to urban. Also, households have high price 
sensitivity and would like to have low tariffs compared to 
commercial consumers. 
 

4) General observations: The results obtained from the 
PSM analysis indicate that domestic and small business 
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electricity consumers in Uganda prefer low tariffs to that set 
by the grid. The measure of the price sensitivity indicates that 
consumers are not willing to accept price increase. However, 
urban consumers are likely to accept higher tariffs than those 
accepted by rural consumers. If tariffs are set according to the 
urban expectations then the rural consumers will be 
disadvantaged because of high chances of setting tariffs on 
their upper range of rejection. The tariff points as perceived by 
the commercial consumers are high and can be more attractive 
to the utility. In case the utility is left to decide the categories 
of customers to supply power then it (utility) can be attracted 
to supply only consumers with perceptions of high tariffs. The 
domestic consumers are disadvantaged if pricing is based on 
the upper limit of commercial consumers. The higher price 
sensitivity of rural consumers is an indication of high 
possibilities of rejecting tariffs above the upper tariff limits for 
urban. Similarly, the higher price sensitivity of households is 
an indication of high possibilities of rejecting tariffs above the 
upper tariff limits for commercial consumers. 

IV. CONCLUSIONS 
Besides ensuring economic sustainability of power systems, 

the decision by system operators and regulator to revise and set 
new tariffs should integrate information about consumers’ tariff 
perceptions and attitudes to changes in tariffs. The paper has 
demonstrated the use of price sensitivity measurement method 
to assess electricity consumers’ tariff perceptions and attitudes 
to tariff changes. The results from the case study show that by 
the time the utility revised the tariff, consumers were expecting 
the review or an increase. The contrast is that the new tariff set 
by the utility was higher than the expectations of most 
consumers. The consumers continue to have some level of 
price sensitivity and are willing to accept tariffs in a specific 
range. Thus, the results from the PSM analysis can be used to 
estimate the possible range of tariffs where consumers are 
likely to reject using electricity. The possible accepted tariff 
points coupled with economic analysis of the power system 
provide an idea on how to accomplish the tariff adjustment 
process. The measure of stress can guide planners to assess 
consumers’ price sensitivity and to investigate the possibility of 
using tariff as a variable for classifying consumers, e.g. into 
high- and low-tariff segments. For example more stressed 
consumers can be charged a different tariff up to a certain 
consumption level. The reliance on the results from the 
analysis is depending on the consumers’ experience with 
tariffs.  The application of the PSM analysis does not imitate 
the actual consumption and purchasing process of electricity 
consumers. The method is not a tool for selecting market price 
for electricity but can be used to assess consumers’ tariff 
perceptions and expectations. The PSM questions directly ask 
consumers what they would be willing to pay for a product. In 
order to be more effective, the authors suggest further research 
on consumers’ response to tariffs outside the range. The PSM 
questioning should be improved to include queries on 
consumers’ behavior when tariffs change. This investigation is 

highly recommended especially on the lower and upper 
latitudes of the accepted tariff range for each group. Due to 
economic dynamics in the society (e.g. changes in individual 
income) the consumers’ tariff perceptions and attitudes are 
expected to vary with time. Therefore the survey results should 
be validated periodically. 
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