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Abstract

Mauritius, a Small Island Developing State and oh¢he most successful economies in Africa,
has experienced sustained economic growth duriegptist three decades. Mauritius’ power
sector has evolved considerably during this petodater for increases in electricity demand
following such growth. The island has continuousiyested in additional capacity to meet such
increases in demand in the medium term. Approximna&% of Mauritius’ electricity needs are
met through imported energy sources, mainly oil aoél. However there are increasing
concerns about price volatility and security of glypfrom such sources. Policymakers are thus
committed towards a sustainable energy developnpdemt for the country. In this line,
authorities have embarked into elaborating a corhpresive energy policy for Mauritius.
Threshold-21 (T21) is a tool that applies systemadyics to aid in policy making in an
integrated manner. This paper documents the fiesation in the development of a power sector
model for Mauritius based on T21 models. The aito igrovide a description of the Mauritian
power landscape and translate the same into a systdynamics model. Future work includes
expansion of the model to cover the whole of therMan energy system and to do policy
analysis.
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Introduction

Volatility of fuel prices, growing demand, deficignof rainfall and the quest towards ensuring a
sustainable future poses serious challenges to itaumpolicymakers as far as energy is
concerned. Energy is central to our quality of &fed is an essential ingredient to the commercial
and industrial development of a country. The enmgygeconomic model and reforms have
underpinned the incumbent Mauritian government’cgo Tourism, information technology,

seafood hub, sugar production and textile manufmguare envisaged to become the main
pillars of this economic model. Such a model isrgnéntensive and requires thorough planning.

There is growing awareness in the need for sudikrdevelopment; the concept of “Maurice lle
Durable”, meaning “Mauritius Sustainable Islanddsibecome a major focus on the island. The
aim is to make Mauritius a proof of concept in ausible development. Energy is the central
theme within the concept and its planning is aremtssl step towards the goal of achieving
sustainability. Since independence in the lateiesxtthe island has never implemented an
integrated energy policy. Mauritius has thus emédrkn drafting its first long term energy
policy (Ministry of Public Utilities 2007).

System dynamic methods have been applied to conggktems modeling since its inception in
the mid-1950s. The method has been widely apptiezhérgy planning and policy analysis since
the 1970s; starting with as part of Forrester's WOR model and his subsequently refined
WORLD2 model (Forrester 1970). FOSSIL2 is a U.Sgnsupply and demand model that was
used by the U.S Department of Energy to preparggtions for energy policy analysis (Naill
1992). John Sterman then worked on a systems dgsamodel that captured energy-economy
interactions (Sterman 1981). Identification of @@®ctor interactions has urged researchers to
build integrated and comprehensive system dynamazels.

Threshold 21 (T21) is a dynamic simulation framekwdesigned to support comprehensive,
integrated long term national planning with stiactherence to causality (Barney, et al. 1995).
T21 provides ability for comparative analysis oflipp options and thus allows the user to
identify the policy options best contributing towartheir goals. It incorporates a country’s
economic, social and environment dimensions intsingle framework. Each dimension is

composed of modules and sub modules. The Energulmagl an important part of the overall

framework (Bassi 2006). The model has been custanfpr developing countries, such as
Mozambique, Malawi and Bangladesh, as well as dpesl countries, for example United

States and Italy.

There has been keen interest amongst the Maurgsgarch community and policy makers to

explore the development and use of integrated t@®lan input to the energy planning needs of
the country (Mauritius Research Council 2008). sThiudy documents the findings in the

development of a model for the power sector of Maus based on existing T21 models. The

model is derived from a bottom up approach andhésfirst step towards the ultimate goal of

developing a comprehensive and integrated toalppart policy analysis of the energy sector of
the country.



Background

Mauritius is a tropical island situated in the $owutest Indian Ocean about 855km east of
Madagascar with a surface area of 1,864Krhe Republic of Mauritius is composed of the main
island of Mauritius and several outlying islandfieTpopulation of Mauritius is approximately
1.2 millions. Rodrigues, with an area of 108kis the second largest island and situated 560km
east of the island of Mauritius. It has a populatad about 35,500 and its economy is based on
fishing, cattle rearing and Tourism. Agalega Iskuade located 1000km north of Mauritius and
have a population of 300 inhabitants engaged iotmut exploitation. St Brandon comprises of
sand banks, shoals and islets and is located s@8@tenorth east of Mauritius. It is used as a
temporary fishing base.

Since independence, Mauritius has progressed frlmw éncome, agriculture based economy to
a middle income diversified economy. During thetghsee decades, annual growth has been of
the order of 5% to 6% (Sacerdoti 2005). Mauritius fone of the highest Gross Domestic
Product (GDP) per capita in Africa and a relativielgh standard of living.

Mauritius is Small Island Developing State (SID&pahares similar sustainable development
challenges with other member states. SIDS are e@fas low lying coastal countries that share
similar sustainable development challenges: smafiufation, limited resources, remoteness,
susceptibility to natural disasters, vulnerabitibyexternal shocks and excessive dependence on
international trade. Energy dependence is seenmagj@ source of economic vulnerability for
many small island developing states. Assessmentsiroént and future patterns of energy use,
form part of a broad list of strategies identifizglthe SIDS members to face energy challenges.
(United Nations 2005).

Power production in Mauritius

Mauritius has no known oil, coal or gas reservasiameavily dependent on imported sources of
energy. More than 70% of the country’s electricgguirements were met from oil in the 80’s.
With the volatility of the price of oil and instdity in the middle-east, there has been increasing
concerns about the vulnerability of the Mauritiamo®omy as a result of its dependence on oil.
The strategy of decision makers has been to diydate sources of energy with the introduction
of coal and bagasse in the power production mix.
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Figure 1 Energy Mix for th e electricity sector in 2007Central Statistics Office 2008.

The power landscape is characterized by the Cerilattricity Board (CEB) and tr
Independent Power Producers (IPPs). The CEBsemigovernment: body, had the
responsibility to producd0.7% of the countries’ electricity requireme in 2007 and as per
legislation has the monopoly over the transmissidisiribution and commercialization
electricity. CEB’s production is fired by fuel oil and keros, and the balance is met from hyc
and, to a minimal extentyind. Hydropower potential has been nedtily tapped in Mauritius
There are nine hydro plardsid only three are able to generate all year ralumchg peak hours
IPPs are private power generators of the Sugarstndwho producd the remaining59.3% of
the electricity requirements of trcountry in 2007.This electricity is produced by burnii
bagasse (a bgroduct of sugar productic and coalThe IPPs have base load plant, operatin
hours a daylPPs can be classified as continuous producersjrigifrom bagasse only in tl
crop seaon, and firm producers, burning bagasse and toga round

From Figure 1the performance of the island in terms of rendavalources of electricity i.«
22% in 2007 is above many developed countries.tdtadity of the bagasse produced is bur
for electricity production and more electricity finothis source is envisaged inly through
increases in boiler efficiencies in the IPPs argl uBe of more fibrous varieties of sugart
(Ministry of Public Utilities 2007.
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Figure 2 Electricity consumption in 2007 by type ofariff (Central Statistics Office 2008).

In 2007, the Industry consumed 34% (673 GWh) ottelgty followed by Domestic sectors
which consumed 33% (643 GWh) and the Commercidoseghich used 31% (618 GWh).
Others comprising of street lighting and temporalgctricity sold stood at 2% (41 GWh) [see
Figure 2 above]. The total electricity consumed W@&¥5 GWh in 2007.

In the absence of an energy policy, a number ofgpayeneration projects have been approved
by the Mauritian Government: A letter of intent Hasen issued to the promoter of a 20MW
waste-to-energy generation plant for Mauritius ad pf the solid waste management policy of
the government. Construction is expected to stathe fourth quarter of 2009 and it should start
to operate in 2011 (Prime Minister's Office 2008)wind turbine is to be added at Grenade,
Rodrigues and a wind farm is to be constructedigai&, Mauritius. Two hydro stations of low
capacity are to be installed at La Nicoliere andllds dam in Mauritius. A grid code is also
being drafted with a view to enable small powerdpieers to integrate the power generation
system. Legislation to enforce energy efficien@nstrds for appliances, vehicles and buildings
are also planned (Ministry of Public Utilities 2009

Causal relationships

The power sector model developed as part of thdystan be broadly described as a balancing
relationship between the demand and the supplieofreeity. Both are calculated endogenously.
The causal loop diagram in Figure 3 depicts an ratistoverview of the intended
interrelationships within the model.

The demand side is broken down into different gscso that they can be analyzed in isolation
and can match the partitioning of data used bypiwer industry and the national statistics
office. GDP is favored as the main driver for théedent sectors due to the bidirectional
causality between Mauritius’ GDP and electricitym@dmd (Neeliah and Deenapanray 2009).
Significance of the drivers with respect to sedtefactricity demand has been assessed by the
authors in previous studies (Balnac and Bokhoré#gR0Household demand is driven by per
capita income. Per capita income in turn is dribynGDP and Population. The commercial,
manufacturing and others (Street lighting & Tempprdemand) form a reinforcing loop with
population, as well as GDP since these sectorsiéRpiet al. 2009) contribute to GDP through



goods and services they provide on consuming eggtrThe agricultural demand is driven by
the population and land under cultivation, it atemtributes towards GDP. In practice however
GDP, disposable income, population and land undkivation have been treated as exogenous
variables and are thus assumed to have a one teagdtion with the demand at this early stage
of the study. The ultimate step being the impleragon of an integrated model with these
variables being calculated endogenously to closédddback loop.

The different demand variables form balancing loofith the electricity supply. The different
sources of generation are constrained by capasiperation from imported sources of energy
reinforces the energy imports bill which in turrshenegative effect on GDP. Again this effect
on GDP in not modeled since GDP is assumed to bgemous at this stage of the study. The
different generation sets affect electricity pwdaich in turn affects the demand variables.

Household

.. -ll_—electricitﬁ-' rice-
electricity demand yp

per capita income
+ + +Hydro, Wind, Bagasse

Commercial, Manufacturing Electricity Generation

+ & Other electricity demand

population
+
clectricity demand ~——— g, Toal, Oil. Kerosene

y +
+ Electricity Generation
GDP_ + ( )
+

cultivated land +

Energy Imports

Figure 3 Causal loop diagram
Demand View

Electricity demand (see supporting document: lthtgdn 1 — Electricity Demand) is partitioned
according to the standard structure of energy @aared by the statistics office (Central
Statistics Office 2007). Energy data is segregattriHousehold, Commercial, Manufacturing,
Agricultural and Others. The data further distirglngs between Mauritius island and Rodrigues.
Electricity data as provided by CEB is partitionaccording to type of tariff, i.e. Domestic,
Commercial, Industrial (General & Irrigation) andh@rs. Given this distinction and in an effort
to make the model easily adaptable and pluggablettoe energy models a mapping was done
between the different data partitioning schemed3 G&ta broke the demand sectors into number
of consumers and average number of units consugheth a structure added the possibility of
using distinctive drivers to separate componentgparticular demand sector. For example,
efficiency measures would affect the average nurobenits consumed rather than the number
of consumers.



Curve fitting through Matlab’s cftool (Dierckx 19P3vas favored to identify relationships
between demand components and potential driversaitiRe GDP was used as the driver for
most of the demand sectors except for Domestics Iaddstrial Irrigation (see Table 1).
Population was favored to driveDomestic number of electricity consumesimce a linear
correlation was found between these two varialiRedative disposable incomedso showed
good correlation with theomestic average number of units per custonmelustrial Irrigation
was more challenging to model with its varying eats; the maximum best fit was found when
it was driven by relative land cultivated but tlegrelation remained low.

Table 1 Drivers of Electricity Demand

Demand Sector Component Driver Rvalue
Domestic Electricity GWh Domestic number of Population 0.9985
Sold electricity consumers

Domestic electricity average Relative disposable income 0.9795
No of Units Per Customer

Commercial Electricity Commercial number of Relative GDP 0.9898
GWh Sold electricity consumers
Commercial Electricity Relative GDP 0.9952
Average No of Units Per
Customer
Industrial General Industrial General number ¢ Relative GDP 0.9572
Electricity GW h Sold electricity consumers
Industrial General Average Relative GDP 0.9902
No of Units Per Customer
Rodrigues Island Rodrigues Island Electricity Relative GDP 0.9727
Electricity GWh Sold Number of Consumers
Rodrigues Island Electricity Relative GDP 0.9365
Average No of units per
customer
Other Electricity GW h Other number of electicity Relative GDP 0.9847
Sold consumers
Other Average No of Units Relative GDP 0.9427
Per Customer
Industrial Irrigation Industrial Irrigation number Relative Land Cultivated 0.5653
Electricity GW h Sold of electricity consumers

Industrial Irrigation Average Relative Land Cultivated 0.2901
No of Units Per Customer

The demand sector variables are then aggregatettéon theTotal Electricity use in GWh
which in effect represents the quantity of eledyion demandLossesand power sector own
useare functions of this figur&otal Electricity to be Generated in GViththe sum of quantity
of electricity on demand, losses and electricityfower sector’'s own use.

The demand sector variables are also mapped t&idtistics office format after conversion from
Gigawatt hour (GWh) to thousand tonnes of oil eglaat (ktoe) (Central Statistics Office
2007).

Supply View

The electricity supply system broadly aims to céterthe Total Electricity to be Generated in
GWhaggregated in the demand view. The supply mo&e! ¢sipporting document: Illustration
2 — Electricity Supply) assumes a least-cost-fissionale for the allocation of demand to the



generation sets. The order of preference is: Hytlvind, Bagasse (Continuous producers),
Bagasse/Coal (Firm producers), Oil and finally Ksenee. The generation sets are assumed to be
constrained by a function of effective capacity andning time. The electricity generated at a
generation set is the minimum between the amouutined to be generated and the constraints
(i.e. capacity). Any extra electricity to be prodddoeyond the capacity available is passed on to
the next generation set in line. Any extra elettrideft to be produced beyond the last
generation set is the deficit, i.e. the supply camatch the required electricity production. Such
a situation generally implies exercising spinniegarves or in the worst case load shredding
before investing in additional capacity.

Generating set capacity

The capacity sub models compute the effective a¢ppeaupled with running time of generating
sets. The capacity sub models of the generatirg) aet similar to the bagasse capacity sub
model (see supporting document: lllustration 3 —gd&se Capacity). Installed capacity is
modeled as a stock with an initial capacity pretsdi Capacity construction is an inflow which
increases the installed capacity stock whereasdpacity depreciation is an outflow decreasing
the installed capacity stock.

The construction of capacity is modeled as a lodialgbe and is a policy variable which users
can use to do scenario analysis. The depreciafi@amacity is modeled as alternate functions;
normal depreciation or user induced depreciatioorntl depreciation is the installed capacity
in stock divided by the life of the generating sds0 users have the possibility to intervene by
setting values in the depreciation table which tleerrides the normal depreciation at that
specific point in time.

Capacity can be constrained in two ways; by settiegpercentage use in a lookup table and/or
by capping the number of hours the set may runyeaa. This facility serves two purposes first
is to provide for spinning reserves and secona isater for generating sets which do not run
throughout the year. For example, Hydro plants matyrun due to lack of precipitation or all
Bagasse has been burnt by continuous producetisgantercrop season.

Model Validation

Model validation is a continuous process during aftdr model development. Validation is an

essential element during the modeling process.oHicstl time series data from years 1997 to
2006 was obtained from the Central Statistics @fiamd the CEB (Central Statistics Office

2007). The data was used to systematically venfy aalidate the output of the model. Data for
years 2007-2008 was incomplete and is to be integren the model as soon as it becomes
available.

Results and discussion

On the demand side, comparison of historical andeahoutput of electricity demand ¢tal
Electricity use in GWh as shown in Figure 4, reveals an average highmate of about 9.4
GWh (0.63%) from the model. An uncharacteristic peaseen on year 2004 where model
demand exceeded historical data by 38.6 GWh (2.26Ph)s is explained by a peak seen in the
commercial demanddommercial electricity gwh soldn 2004 as projected by the curve fitting
functions which produces inconsistency with histakidata.
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Figure 4 Electricity Demand and Electricity to be poduced

In contrast, the total electricity which requiredite producedTotal Electricity to be generated
in GWH, depicted in Figure 4, showed a lower averagenas¢ of about 30.1 GWh (1.58%).
This is explained by a declining percentage ofdesgosses percentage tapland assumed
constant power sector own use percentage (use percentage tablelrhis error would equate
to a shortfall of 3.4 MW in generation capacity,igthis 0.54% of the effective capacity in 2006.
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Figure 5 Electricity Generated and Supplied

On the supply side, since effective capacity defime the model is superior to the total
electricity required to be produced, the supplyesicaters for 100% of the electricity
requirements. The resulting electricity generatedcimes the electricity that was required to be
produced (Compar&otal Electricity generateth Figure 5and Total Electricity to be generated
in GWhin Figure 4).

The total electricity available for sales (see Fegh) is an aggregation of electricity produced by
CEB and the amount exported by the IPPs to CEBs &kported amount is defined as a function
of the share of electricity exported to CEB by IRP&l the overall production by IPPs. The

simulated total electricity available for salesutesd in an average over estimation of about 0.93
GWh (0.06%) when compared to historical data.
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Figure 6 Electricity generated by CEB and IPP

CEB producelectricity from hydro, wind, fuel oil and kerost, andIPPs burn bagasse a
coal. As stated earliehé model assumes a le-costfirst strategy when allocating demand
generation sets. The level of precedence is aswsll hydro, wind, bagassbagasse/coal, fuel
oil and kerosenedDemand not produceat a certain level is passed on to the rgenerating set
according to precedence.

Oil and Kerosene made up approximately 90% of tleetrcity generated byCEB, the
remaining being catered for byydro (10%) and Wind (less than 1%erosene is generally
used during demand peaks. It can be concludeaihedntributes considerably in the aggrec
electricity generated by CEB. Since oil is low metprecedence level and kerosene is |
during paks, oil caters for all of the remaining electycib be produce after bagasse/coal
electricity productionThe simulated pattern of electricity generated IBB&Ghown inFigure 6
is defined mainly by the electricity produced fra. Electricity generated by CEB dipp
considerably between years 2000 and 2(See Figure 6)This is explained by the gap

demand during this perio&éeFigure 4Total Electricity to be generated in G' between 2000
and 2004).

Because oil's capacity caters for any remainingtatdty to be produced at its level,
electricity demand was allocated to kerosene géingraets. In praice this is not the case
kerosene capaciig used during demand pee
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Figure 7 Effect of construction table on capacity

Since the IPPs’ generating sets were higher thiaim ¢ine level of precedence, their genera
of electricity pattern was defined by available agfy. The inconsistencies depictedFigure 6



(Electricity generated by IPP) are related to tlevgr construction/depreciation tables in the
installed capacity stock and flows. There is armanmeder graph that spreads construction during
the year that additional capacity is added, inst#adiscrete points in time (See Figure 7).This
has a smoothening effect on the available capaaitierns of the generating sets. The challenge
is to set discrete values on simulated time steps.

Conclusions and future work

Whilst figures were relatively consistent at thg@gate level, it was not the case at the detailed
level. The power model ignores peaking demand haddad duration curve since it simulates
over large time steps (3.25 weeks). The model assunieast-cost-first when allocating demand
to generating sets. It spreads the demand equathyghout the simulated time step and in so
doing flattens any demand peaks. The implicatiotnas least-cost-first fails to allocate demand
to generating sets lower in the hierarchy like iserte. The model also ignores certain energy to
economy interactions and has assumed a one wasadtiten by treating certain variables
exogenously (For e.g. GDP and disposable incom@rdy imports, in the form of coal, fuel oil
and kerosene, and bagasse production can be maaeladconstraint when defining effective
capacity of the generation sets.

Given the socio-economic importance of electricitig price is regulated in Mauritius.
Therefore, price of electricity has a low impactdemand and supply. Further, past increases in
the price of electricity have had little effect dme growing demand for electricity. However,
Mauritian government’s policy also aims towardsweimgy the financial stability of the CEB and

it has proposed several measures including a cevddi tariffs (e.g. peak and off-peak rates) and
investment in costly renewable production capacitgubsequent models will also investigate
policy measures that are being contemplated bgtheernment of Mauritius.

The study allowed for a better understanding of Mas power sector and provided an initial
structure for a power model with scope for improeats. Future work will include addressing
the issues identified and expansion of the powedehto a Mauritius energy model with the
ultimate goal of enabling policy analysis.
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