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ABSTRACT

A TECHNG-ECONOMIC FEASIBILITY STUDY OF A GRID
CONNECTED HYBRID SOLAR PYWIND POWER GENERATION SYSTEM
IN ZIMBABWE

Samy Remember
M.Sc.,Sustainable Environment and Energy Systems
SupervisorAssoc. ProfDr Murat Fahrioglu

January 20197 pages

The deletion of fossil fuel resources aworldwidebasis and an increase in
greenhouse gas emissions and climate changevé®la havecausedan urgent
search for alternativeustainablesnergy sources toater forthe rising energy
demands.The demandof energyis rapidly growing in both developingand
developednations thus making hybricenewable energpower systers (RES)
comprisingSolar Photovoltai¢PV) andwind energy to behosen asne of the
best alternatives. However, on the downside, these resources are unpredictable and
intermittent, even though to a certain extent they complement each other to fix this
problem. Batteries, fuel cells or oth&oragesystems could also be progosbut
they increase the cost and some options may nehweonmentallyfriendly. The
renewabl e energy sources can partially o
demand withminimal disturbance orthe stability of the country The main
objective of tls presenstudy is to convert theolarandwind resources in different
locations in Zimbabwe into electrical energyg asto meetthe demandthat is
significantly growing This kind of hybrid system ensurefficient utilization of
the available renewablenergyresourceshus making them more efficient than
their separate modes of generatidhes y s t annuélgeneratecdnergy annual
excess energy and energy deficit, are amongst other energy parameters analyzed in
this study The goal of this thesis to model a hybrid PAWind systemusing
Microsoft Excel,so as tanaximizethe renewable energy sources (RES) fraction

f or Zi mb aAnwlectigty dgmandiforecast analysis was done up t0.2030
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An analysis of thdevelizedcost of electricity (LC@) is alsoperformedsoasto
examine the economic impact of this addition.atidition, Environmental costs
wereanalyzedo point out the importance diis system to the environmeriour
differentscenarios were examined for in this study2{individual solar PV and

wind resources were examined, (3) a hybrid solar PV/Windtivitbnergystorage
system (ESS), (4) hybrid solar PV/Wind energy systems without energy storage
systemsThe obtained gults show thathere will be an increase in primary energy
consumption fron0.17 quadrillion Btu to 0.188uadrillion Btu by 2030 which

then corresponds to an expectethteasen power consumptiofrom 2200MW

to 2368.1MW by 2030.Furthermorethe ntegration of ESSs to a hybrid PV/Wind
system increases the capital cost of the system without significantly increasing the
RES fraction.Only Gwanda location was studied tbis scenarioby integrating

Zinc Bromine and Lithiurdon batteries and thisystem only ha@RES fraction of
60.4P6 compared to 60.42% where there was no ESSNRéofthis system was
US$39,130 and a capacity factor of 30.828ainst a capacity factor of 30.58% for

the system with no ESShis system consisted of 157 kWh of ZiBcomine
batteries, a wind capacity of 2 MW and a PV capacity of 503 K& addition of
ESSs, therefore, increased the systemods
the RES fraction A grid connected hybrid system consisting of 4 MW wind
capacityand 1328.76 kW PV capacity has the highest RES fraction of 74.03%,
highest capacity factor of 30.84 %, the highest NPV of US$ 9.41 million and the
highest yearly avoided carbon dioxide emissions of 19042.64 tons which gave a
total yearly avoided cost of I$5760000. This system was located at Victoria Falls
and it is, therefore, considered the most favourable location for investment whilst
the least favourable of the 16 locations urgtedyis Harare Overall the hybrid
system gaveise in RES fraction, cagcity factor and annual energy production

compared to the individual PV only or wind only configurations.

Keywords: Grid-connected, renewablenergy, solar photovoltaic energy
systems, techneconomic feasibility analysis, wind energy systems, energy

storage systems, Zimbabwe.
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birincil enerji t¢e¢ketiminin 2030 itibari
BTU6bya ve bunun sonucunda elektrijin 220

beklenmektedir. Enerji depolama sistemlerinin hibrib tfov ol t ai k ré¢ z

sistemlerine entegrasyonu mal i yet. artt
sistemlerinin payéné °neml:. bir der ecede
Gwanda | okasyonunda-bremavediyuml smme Kk bat apyal¢an
sistemert egre edil mesi yenilenebilir enerj.i
dejer ile 39,130 Dolar maliyet ve %30. 82

si stem, 1 5b7/r cknwhb atianrkyoal ar dan, 2 MW r¢zgar
kapasitedenkebeken&t dchét &6 ol an 4 MW r ¢z
fotovoltaik kapasite maksimum %74.03 ye

bug¢nkeg dejer ile 9.41 milyon Dol ar maliy
azal ma sajl amexkteéer . Kar bon liyddinvieG0g0o nund ak
Dol ardér . Bu sistem Victoria Falls | oka
Har areddeki 16 |l okasyondan en el veri«kli
sistem yenilenebilir ener ji kaynakIl ar é

¢ riemii nde ayr e ayr e fotovoltaiylkKksveel me¢zg.

kaydet mi ktir.

Anahtar Kelimeler: kebekeye bajl e, yenil enebi |l
enerji sistemleri, teknekonomik fizibilite analizleri, enerji depolama sistemleri,

Zimbabwe.
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CHAPTER 1

INTRODUCTION

It is very important for a society, community or country as a whole to have access
to at least basic energy services. Modern lighting and cooking positively affect a
nationbés health sector, pover [6f[8aMoleevi at i
than half a billion people in SuBaharan Africa still do not have access to basic
electrical energy service]. Only 40% of Zimbabwe population has access to
electricity andmore than81% of the rural populatiomlo not haveaccess to basic
electricity as wel[10]. Fuelwoodis still being commonl used in botlurbanandrural
areas. In rural areas, they mesdre than 8% of their energy requirementsainly
from fuelwood and 1530% of urban also rely on wood for cookiftQ]. Due to
unsustainable wood harvesting and clearing of lands for agriculture, the coumtry no

facesfuelwoodshortages.

Zi mbabwebs electricity power system rel
which leaves it endangered during these droughts that are recurring. A total of 12
billion metric tons of good qualitycoal reserves are available in Zimbabwath
calorific valuesaround32 MJ/kg[11]. Zimbabwe has an installed pacity of 1900
MW though only 1150 MW we operationahs of 16 October 201&ganst a peak
demand of 2200 MVJ12]. 35% of the supplied energy deficit is currently met through
imports from DRC, ZambiaMozambique,and South Africa, causing a foreign
currency outflow thus worsening theroency situation in the country right now,
therefore there is meedfor a new generation planning. Zimbabwe imports petroleum
fuels through gipelinefrom Beira (Mozambique) to Harare and the southerntpart
therailway line from South Africa and the s¢ by a combination of both railway and
road[13].

Zimbabwe lies in a sunny belt witiverageradiation of about 5.5 kWa/ /day
with a total of around 4000 hours per year of solar radiation [3]. A hybrid grid
connected solar RWind power system capatrtially or fully curb for the energy
deficiency in the supplied electricity whilst capitalizing on the environmentally
friendly methods of electricity generation and utilizing the vast solar resources in

Zimbabwe that are currently not being harnessedrmdnized operation of



Zi mbabwebds extensive hydro and ther mal

problems that are associated with these renewable energy sources.
1.1. Background

Thereexistsan electricity supplgeficit in Zimbabwe. Thelectricitythatis being
generatedby the IndependentPower Producers (IPPs) arficom Harare Kariba,
Bulawayq HwangeandMunyati power stationss failing to meethecurrent demands.

The Zimbabwean power secisrfacingthe following challenges:

T Inability to meetdemand

1 Operational inefficiencies and poor finangi@rformance

fPoor capital base andadequateaesources for infrastructure and equipment
maintenance leading to supply disruption.

1 Norenewablesnergy feedn tariffs (REFIT) have ben setthus resulting indw

investment
1.2. Policy measures and strategies
1.2.1 Measures

T Encourage the generation of electricity from biomass cogeneration and mini
hydro projects
fBagassérom sugar cane Hippo Valleyand Triangle sugar estates generate for

theirown consumption.

The policy does not suggeshyalarge scaleutilization of renewable energy

resources such aslar and/ wind resources.
1.2.2 Strategies

9 Extension of Kariba south by end 2016 which was then completed in 2018

1800 MW Batoka hydro bg2020

' Mandate the installation of solar geysers by 2@h&h has not yet been done
up to the time of the completion of this thesis

1 To fix (REFIT) renewabléeedin tariffs whichhave not yet been done up to the
time of the completion of this thesis

S



1.3. Problem Statement

To model a efficient grid-connected hybrid solar RPWind energy system
(maximize RES fraction, which shouldminimize GHG emissions}o be able to

partially or fully meet the deficit in energy supply that Zimbabwe is currently facing.
1.4. Motivation of Study

My main motivation of this study is due to a rapid decrease in the markebprice
both photovoltaic and wind energy systeidditionally, the following aspects of the

Zimbabwean power system also contribute a lot to the motivatitmsotudy:

fZimbabwe has vast solar resources butitosly harnessed ismallscalesolar
home systems or for agricultural purposes.

1 The heavyreliance of the country on coal makes the system unfriendly to the
environment and also during dry seasons, water levels are decreasing in the main hydro
generating dams leaving the generation sector vulnerable. Rainfall patterns have not
been stable readly, floods have been prevailing frequently mostly due to climate
change and uncontrolled rates of deforestation.

1 There has been a rapid demand growth thus requiring an increase in the
generation capacity. The decrease in the efficiencies and existeggant or s pr ob
also require an urgent search for alternative power generation technologies. By
harnessing its own solar and wind resou:
reduced thus reducing the dependence on continuously rising fuel prices.

Since diurnal changes in the energy output from intermittent renewable
resources such aslarandwind are highly possible, the existing hydro and thermal
systems could baetilized to facilitate their integration into the system.

1 Compared to solar thermalwer plants, solar PV plants are not ghigindly
because of frequency fluctuations. However, on the other hand, solar thermal power
plants need a larger land area and also for their integration into the grid, there might be
a need for a grid and/ or transsion infrastructure upgrade which make them more
expensive compared to PV plants.

1 The economy consumes 3.5 million tons of coal per year for electricity
generation normally but as of 2016, coal consumption reduced to 3 million tons per

year. This is envonmentally friendly as it results in reduced GHG emissions but at



the same time, it increased the deficit of electricity generation. As a result, new

generation technologies are required.
1.5. Research Questions

The mainobjectiveof this present study is ttetermine if a hybrid solar RWind
system is able to provide an environment
for an increase in generation capacity and encourage the deploymamd ahd solar
resources on a large scale. The secondary inedéistigis to see if this can be done in

an economically feasible way.
Below are the research questions in addressing this goal:

fTHow much PV andVind can we integrate into the existisgtuf®

fls it possible to include wind and / solar PV to the existngrgy system
without an increase in the average unit cost?

fHow an addition oWind and/ solar PVaffectthe forecasted energy demand
growth?

TWhat is the suitable maximum renewable energy share that can be included in
the system? This is a power systeneegsh question and is a topic for another thesis.
However, some suggestions and recommendations from the power company in
Zimbabwe will be considered.

fHow arethese outcomes affected by thepredictabilitiesn demand growth

and consumption patterns

This study is aimed at addressing the impacts of adding and solar PV to the
Zimbabwean system. As such it does not addnessork optimizationor dynamic

expansion planning for the generation or transmission systems.
1.6. Step by step objectives

Due to tlke conflicting relationships among the objectives, there is no single
optimal solution for all objectives as for a single objective problem, there are always
tradeoffs. The following are the proposstepby step objectives:

1 Feasibility analysis of solar potential in Zimbabwe
1 Feasibility analysis of wind potential in Zimbabwe
1 To develop aenewable energy hybrid P¥Wind model| with or without ESSs

so as teefficiently maximizeRES fraction to partially or fully meet the demand
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1 To analyzethe economi¢ environmental and technical aspects to configure the
proposed hybrid system

1 Demand forecasting up to 2030

1 Proposehis forecast tgolicymakersso as to optimize the Electriciiystalled
capacityto meetthe demandby 2030.

T Analyzeto whatextentis the hybrid systenss more preferabléo PV only or

Wind only on grid connected systems.
1.7. Structure of the thesis

This thesisis divided into seven sections. Chapter 2 isoamrview of the
Zimbabwean energy sectok detailed literature survey is given in Chapter 3. The
literature review was categorized irtttesisbasedandarticle based (journal papers
and conference papershapter4 outlines a detailed discussion sflarand wind
resources. Technologies utilized in this thesis are explained in this chapter as well.
detailed outline of the developed model employed in this thesis is shown in Chapter 5
followed by the results and discussion in Chapter Balfyi, Chapter 7presents the
concludingremarks as well as possible future studies that can be parented by this

present study.



CHAPTER 2

ZIMBABWE: COUNTRY CONTEXT

In this sectionbackground i nformation on Zi mbahb
economy are outlined. Added information on this section alsocludes a
comprehensive summary of Zi mbabweds ener

and future planning or visiooft he nati ondés power sector.
2.1. Country overview

Zimbabwe used to serve as the lflessket of the Southern African Develogrmh
Community (SADC). Its mainyrpose was to ensure food security to countries such
as Angola, Botswana, DRC, Lesotho, Madagascar, Malawi, Mauritius, Mozambique,
Namibia, Seychelles, South Africa, Swazilahtthitede Republic of Tanzania and
Zambia[14]. Like the majority of Sutsaharan countries, Zimbabwe has been facing
many social, political aneéconomicchallenges such a& lack of modern energy

services, outbreaks dfseaseand political instability.

As of recent, there has been a ridiculous increase in the unemployment rate up to
95 percent[15], which has seen a significant population living way below thepy
line. A plan which is very ambitious, Vision 2030, has been proposed by the
government of Zimbabwgl6], [17]. The main objective of this plan is to raise the
nati on 6 s low-in@meansa mildlemaome country bp030. This is expected
to be achieved through investments in environmental secedtyation, government
transparency, health services and infrastrugfi8 In order to ascertain the feasibility
of these goals, theis, therefore, a neefbr access to reliable, clean and sustainable
energy sources. Because of this reasbis therefore of paramount importance to
integrateas much renewable energy resources available in Zimbabwe as possible to
ensure a maximum if not 100&ectrificationby 2030.

The Vision 2030 plan does not give any comprehensive details about the exact
projections on planned electricity infrastructure improvement. There are no targets as
to how much improvement will be done to the rate of access to electricity against the
current access to electricity rate which is as low as 38.159%. This is access to
electricity by population. Access to electricity in this context includes affordability and

reachability to physical infrastructure. Dueth@ high unemployment rate, there is a



significant lowincome population in Zimbabwe, hence the urgent need for the
government to increase the electricity connectivity without significantly increasing the

tanffs such that the lovincome consumers would not afford.
2.1.1 Economy and Demography

The populatiorof Zimbabwe is close to 17 milliomanking 69" in the world
countries by population and atthe saimee,i t constitutes 0.22% o
population[19]. Urban area constites 31.1% of the total population in Zimbabwe.
Zimbabwe is furnished with numerous natural resources including vast fertile
farmlands, precious minerals including gold and diamond, asbestos, coal and extensive
hydropower sources. The tourism industry isyvesbust as it is fueled by diverse
wildlife and secured national parks and some beautiful tourist attractions including the
famous largest waterfall in the world called Victoria Falls which is said to be amongst
wonders of the world20]. Despitete nati ondés prevailing po
deterioration domestic and internationifmsd i nvest ment s, trade
helped drive the GDP of Zimbabwe to reach its recoadletime high of 17.85million
United States dollars in the year Z0[R1]. The tourism industry only had a total
contribution of 7.1% of this achievedl-time high GDP[22]. The central, eastern
and northeastern regions are the most populated areas in Zimbabwe. Agriculture still
remaist he maj or driving factor of Zi mbabwed
regions are theegionsthat aremost suitable for farminf23], which can also be seen

in Figure 2.1.
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Figure 2.1. Map of populatiodensity distributiornl].
2.1.2Geographyand Climate

Zimbabwe derived its name from Dzimbadzemabwe meaning houses of stones.
This name originates from the famous Great Zimbabwe structures in Masvingo city;
which are very tall structures built of only stones without any mortarirignithem
together. Zimbabwe is a landlocked countrigh an estimated area of 390,760%m
situatedand an averagetitudeof 1 9. 0154 AS and 29. 1549AE 1| o
straddles the high plateau between the Limpopo and the Zambezi rivers to the south
and to the north, respectively with a tropical climgtd]. The Udizi and Nyanga
Mountains stretch along the border to the east with Mozambique, aBi mbab we 6 s
highest and lowest points are foumere[25]. The highest point is 2592 m above sea
level which is found at Nyanga mountains and the lowest is at the intersection of Save
and Runde riverwrhich is at 162 mThe Nyanga mountain is a source of three rivers
namely he Pungwe River which flows due east into Mozambique, the Gairezi River,
and the Nyamuziwa River.



The largest water bodies in Zimbabwe are the Victoria Falls and the Zambezi
River on which both are located at the border with Zambia to the wesVictoeia
Falls is claimed the largest in the world basing the argument on its height of 108 m and
a width of 1708 n{25]. The waer bodies constitute 26,572 knand this is around
6.8% of the whole geogphic area of Zimbabwe. Zimbwe receives 266,666 million

m?® as an annual mean rainfall of which 7.5% of it is carried by rivers.

However, the mean annual evaporation of 1200 mm to 1800 mm is quite high thus
creating a deficit in the water balance througihthe year. Highest rainfalls of 2000
mm are recorded in the eastern highlands whilst ovelqaager of the land area in
the country receivegrecipitationwhich is less than 600 m{26]. The dry season in
the country is seven months in a year hence temporary water shdrtagebeen

observed over the recent years.

The hydrography of Zimbabwe comprises 6 basins in which the largest ones are
the Limpopo river basin and the Zambezi basin. Parts of Masvingo drain into the Save
river basin and the Indian Ocean. There is an intltashage basin of Okavango which
goes throughhe NataRiver to which the Matabeleland western parts connect. The
Buzi river drainage basin and the Pungwe River cover the southern and the northern
parts of Manicaland and both drain into the Indian OchamughMozambique.In
summary, Zimbabwe shares borders with South Africa to the South, Zambia to the
north andBotswanaand Mozambique to the west and south respectively.

Zimbabwe lies at thaorth of the tropic ofCapricon and observes a temperate
climate with vast solar resourc¢®7]i [29], to be further discusskin the literature
review and methodology chapters. There are two main seasons; cool dry winters, which
are observed from May to August and warm wet summers, observed from November
to March[14].

2.2, Energy sector

The energy sector of Zimbabwe has experienced a gradual growth in recent years.
Feasibility studies of renewable energy resources especially solar PV have been
contacted recently and it has been concluded that such systems are feasible in almost
the wholeof Zimbabwe[27], [30]. Unfortunately, effdais to harness solar and wind
resources on a large scale are still at an early stage. Zimbabwe relies heavily on

hydroelectricpower. However, the majority, around 90%tbé rural population as



well as perurban areas still depend on kerosene and wodddudeating, lighting
and cooking, whilalieselpower systems are utilized for other tasks like grain milling
due to the absence of electricity in the rural aj#@k Biomass, therefore, stiémans

the popular utilized energy source as it still accounts for aroufrd &6the used

energy.

Agricultural activities, both on large and small scales, the generation,
transmission, distribution and consumption of energy and many other human
influenced activities have been reported to be the major causes of high carboa dioxid
emissions globallyZimbabwe has suffered a rapid increase in energy demand mainly
due to economic growth and population growth. There has been an insufficient supply
of electrical energy, as of 2014, around 7.25 million out of 14.6 mi[Bdh that is
a most 50% of Zi mbabweds popul ation did
services. This deficit in meeting the electrical energy demand saw Zimbabwe
importing almost 35% of its demar{80], [32]. The consumption rate has been
growing rapidly and the current genéoat technologies are unable to meet this
increasing demand. Due to this fact, there is an urgent need to exhaust all the possible

electricity generation technologies so as to achieve Il6etrification

Due to the relationship between human developnagat access to energy,
Zimbabwe is currentlgategorizedn countrieswith a low human development index
(HDI) of 0.49[33]. With a very low life expectancy at Wirof 33.5 years as of 2002,
Zimbabwe has a low GDP per capita of US$ 2,/8X] and 0.92 metritonsas the

value for the carbon dioxide emissions per cd3id.
2.2.1 Electricity sector structure

The Zimbabwe electricity sector is overshadowed by the Zimbabwe Electricity
Supply Authority (ZESA) Holdings wih is a utility that is government owned. The
subsidiaries are the Zimbabwe Electricity Transmission and Distribution Company
(ZETDC) which is the company that runs the transmission and distribution services
and networks. The ZETDC also handles regiomaliirg through that Southern African
Power Pool (SAPP). Another subsidiary for ZESA Holdings is the Zimbabwe Power
Company which manages the five major power stations in Zimbabwe namely; the
Kariba South hydropower station, Hwange thermal power statiorgréldnermal
power station, Munyati thermal power station and the Bulawayo thermal power station

[35]. Additionally, some Independent Power Producers (IPPs) are also available for
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the generation of electricity in Zimbabwe. These include the Ch&kemhich is a

500 MW co-generation power plant and the Nyamigura IPP which is a 1.1 MW
hydroelectric plant. Both of these entities sell their electricity to the national grid,
though some small IPPs exists as well but independently dispose of their ggnerat

electricity. Figure 2.2 shows the institutional arrangements in the Power sector in

Zimbabwe.
Ministry of Energy and Power Developmgnt
ZERC ZESA Holdings (Pvt Ltd) Rural Eleit;g;;tuon Agency
Zimbabwe Zimbabwe Electricity Powertel ZESA Enterprise
Power Company Transmission and Distribution [ — ‘———
Company

Figure 2.2. The institutional arrangements in the power sector in Zimbabwe

The following are detailed operations of the institutions in the power sector of

Zimbabwe
1 The Ministry of Energy and Power Development (MEPD)

The function of the ministry is to formulate the energy policy, monitor the
performance and regulation of the energy see®rwell as promoting new and
renewable energy sources. The ministry supervises all the other institutes irkR2gure

with responsibilities in the energy sector.
9 Zimbabwe Power Company (ZPC),

The Zimbabwe Power Company is responsible for all generating stations and for
the supplyof power to the transmission grid.

I Powertel

These are responsible for providing communication services to the power

companies, and offer data services to the public.
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T Rural Electrification Agency (REA)

The Rural Electrification Agency (REA) is responsible for grid extension in rural
areas and for supplying specific institutions, such as schools, clinics, government

offices, and communitynitiated projects.
fZimbabwe Eledricity Regulatory Commission (ZERC)

The ZERC reports to the Minister of Energy and Power Development. The
mandate of ZERC includes promotion of competition and private sector participation
in the power sector, licensing and regulation of businesses ehgatie generation,
transmission, distribution, and supply of electricity, arbitration and mediation of
disputes, establishing operating codes and standards for the sector and issuing
guidelines, and advising stakeholders about electricity services.

fZimbabwe Electricity Transmission and Distribution Company (ZETDC)

ZETDC is responsible for transmitting and distributing electric power and for its
sale, including meter reading, billing, cash collection, and credit control of the retail

business. It is als@sponsible for regional trade in power.

The total installed generation capacity in Zimbabwe is 1,960 MW. The installed
fossil fuel capacity is 1,22MW and the hydro capacity is 79@W. In terms of
percentage, Coal constitutes 62% and the rest 38% is H$8io Zimbabwe is
furnished with vast conventional energy sources for electricity generatitnmain
ones being hydro, codlled methane and coal. As of June 30, 2015, the total annual
energy consumption of Zimbabwe is 12.57 billion k\{@@]. This entry consists of
total electricity generated annually plimports and minus exports, expressed in
kilowatt-hours. The discrepancy between the amount of electricity generated and/or
imported and the amount consumed and/or exported is accounted for as loss in
transmission and distributiodimbabwe has been suffeg a huge electricity deficit
since it only generates a total of 13@0V against a peak demand of 2200V [30]
which results in a national electrification rate of about p# cent with the

electrification rate of rural areas aroundEd cent
2.2.2 Key Challenges in th&lectricity Sector

The major problem in Zimbabwe is capacity. The Hwange Coal Plant which is

one of the major power plants in tb@untrywas commissioned in 19&hd since then
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no new devel opments have been Adddichallyt o t he
there is an urgent need for upgrades of almost all-foeal power stations in
Zimbabwe since thmajarity of these plants have stopped production. These problems

are therefore leading to lengthy blackouts throughout the whole country. To try and

curb for the deficit, Zimbabwe now imports energy froighbouring countries as

well as encourage the utilization sthallscalegenerators, though these solutions are

still not enough to overcome the problem of under capacity.
2.2.2.1 Reasons for the Prailing Challenges

The electricity industry has suffered mainly due aperdions that are
unsustainable. These are as a result of having the distribution infrastructure vandalized.
Due to the depreciation of the economy in the last 2 decades, skilledrstéieeing
the country hence the country is short of skilled staff. The country itself is suffering
from the availability of capital thus resulting in less infrastructural investments.
Additionally, due to the economic crisis as well as policy inconsistencies, the country
has failed to attract new investors because th@dyfei t 6 s t oo ri sky to
has a very high tariff compared to other countries in the SADC region thus resulting in

financial constraints due to natost reflective tariff$38].
2.2.3 Generation technologies

The electricity supply in Zilsabwe comprises both imports and local generation.
The main local electricity generation plants are the Hwange power station, Kariba
South power station, Harare power station, Bulawayo power station and Munyati
power statiof12]. Only Kariba is daydropowelplant all the others are thermal power
stations withHwange coafired power station being the largest of all the thermal
power stations. Imports are froneighbouring Zambia,Mozambique,South Africa

and from the Democratic Republic of Congo as well.

The combined total instad capacity in Zimbabwe is 10MW against a peak
demand of 220MW [39]. Additionally, both the thermal arid/dropowerstations are
old as the Karibaydropowerstation was commissioned 1962, the Hwange thermal
in 1987 and the other 3 small thermal power plants in 387 Kariba power station
has ber the most reliable one until theater inthe dam was significantlgecreased
thusreducing the generation capacity in 2015. The lack of maintenance of the Hwange

thermal power station has resulted in the intermittency of electricity production from
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thisplant which is as well the same case with the other 3 small thermal power stations.
Table 2.1 shows the totaistalled capacitypy plant against thactualy generated
capacity on 16 Oct ober thHs@andas 11NV Caganstt ot a l
a peak demand of 2200W thus leaving a 47.7% deficit of 1080W.

Table 2.1. Power Generation Statistics as of 16/10/J028

Power Station Installed Actual % generatiorof
Capacity MW Generation MW Installed Capacity
Hwange Thermal 920 376 19.58
Kariba South Hydro 750 774 40.31
Bulawayo Thermal 90 0 0
Harare Thermal 80 0 0
Munyati Thermal 80 0 0
Total 1920 1150 59.89

2.2.3.1. Generation Opportunities in Zimbabwe

1 Coal- Zimbabwe is furnished with diverse conventional energy sources that can
be utilized for the generation of electricity. The mamwwrces comprise coabed
methane, coal and hydro. An estimated total of about 26 billion tons of coal reserves
is available in21 deposits. 2 billion tons of the total amount of coal can be mineable
by employing opencast metho38]. At the curent rate of usage, thidwange,
Munyati, Harare and Bulawayo thermal power plants use 300 million tons per annum
for electricity generation.

{1 Coalbedmethane An estimated total of about 600 billion cubic meters is found
in the depositof coal bed methaneokated in Beitbridge, Chiredzi, Hwange and
Lupane.

fRenewable energy sourcesRenewable energy resources such as wind and
solar which are not being harnessed in a commercial scale, are also available in
Zimbabwe. More hydroelectricity potential is availabtethe Zambezi River which is
expected to be equally shared between Zambia and Zimbabw&/A@er annunis
currently being harnessed against an estimate@V8i per annum. Solar resources
have proved feasible in almost the whole of Zimbaf8@ since an average total of
2000kW/h/kné/year of solar radiation is available. This radiation is available for about
4000 hours per ye§27]. At this radiation and resource availability, solar photovoltaic
could be utilized to generate a total of 10000 GWh of energy.
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2.3. The Current and Future Projects

In 2016, a total amount of US$ 482 million had been directed by the government
of Zimbabwe to rural electrificatigorojectsas well as to improving the power network

of the country. This provided amount was to be financed through:

TZETDCO6s o wn thratomlamount ef SS9 million;

1 Statutory funds amounting to US$.1 million;

fLoan financing of US$ 351.3 million;

i Tax revenues contributing a total amount of US$ 5.5 million; and

1 Through development partners with a total of US$9.1 million
The projets whichwerethen supposed to be worked on are;

1. Kariba South Extension Which was supposed to be completed by
March 205 and add a total electricity generatioh300MW to the national grid, but
was only finished in 2018

2. Hwange Expansion This project isestimated to generate an additional
600MW [12]. The tewler has been granted but the projected is yet to be executed with
financial closure activities stilinderway It is expected to be finished in 42 months
after the day of the financial closure.

3. Emergency or Diesel Generator Power PlantsThe government of
Zimbabwe is considering to rented diesel power plants to generate a totalM¥\200
at a short notice to try and curb for the current energy deficits. These deficits are mainly
arising fromthereducedeliability of the Hwange Power station and due to a reduction
in the generated electricity by the Kariba Power station. The tender was already
awarded and the station was to be constructed at Dema Growth point and start feeding
to the national grid by Feuary 2016. The project is still not operational as of October
2018 due tdarff disputes.

4. Batoka GorgeHydro Plant- A total of 2400MW was supposed to have
been generated from this project. Conceived in 1993, the project was never finished up
the timeof completion of thighesis, ofwhich feasibility studies were supposed to be
done byJuly 2016.Again, up to the completion of this thesis, feasibility studies were
still undone.

5. Biogas Energy Still no progress has been made on rural electrification.

The government jgsherefore encouraging the use of biogas for rural electrification. A
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total of 18 biogasligestrs were commissioned and constructed at mission hospitals
and rural schools in 201%2].

6. Solar Power As of the end 02015, Zimbabwd&ower Company (ZPC)
had awarded the tenders for the construction of three solar photovoltaic plants at
Gwanda, Insukamirand Munyatiwith a size of 100MW each. Feasibility studies of
these project are yet to be done, and the projects were supposemiogdieted in 24
months buunfortunately they have not yet started. As of 17 October 2018, the ZPC
reports on their website that the status of these pragests i | | ONot vyet aj
This might be due to the fact that there have been argumentsthbalarity of the

tender awarding procedure which was suspected to be cfrRlpt

Anocther projecwvhichis yet to be completed and as well lagging way behind their
forecasted deadline dates include; the Lupane Coalbed Methane, Baderlectric
Scheme and the Hwange Power Station Plant Improvemenifarigixtension. These
projecs are yet to be completed as well thus the country still has a huge deficit still
being partially met by imports. Not only is this method unsustainable, but also costly
especially to a nation facing economic and foreign currency crisis like Zimbabwe.

Significantly for this research, construction of many hybrid solar PV/\Wirgk
scalepower systems does not play any rol e
electricity generation despite the availability of these renewable resources in
abundancd30]. Even though solar photovolktahas been mentioned, according to
[30], the chosen location by the government are not the best sites for harnessing the
resource. In theistudy they already reported the feasibility of the solar PV systems,
which are still not yet done by the government. Additionally gineernmert does not
mention anything about harnessing the wind resources, be it harnessing in a small or a
large scale. In a country facing such a huge energy deficit, deteriorating power network
and rich in renewable energy resources, frantic efforftgitness as much as possible

from the available resources is not only important but sustainable as well.

Additionally, Zimbabwe should also take advantage of the rapid decrease in solar
and wind energy systemsdé prices and harne
The recent increase in worldwide fuel price should definitely discourage the
government from includingwuch generators into the electricity expansion generation
mix. There isthereforean unquestioned need for a sustainable electricity generation

mi x which is not only important for Zi m
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prevention of thedlegradation othe environment as well. There is also a need for
renewableenergy policy and gazetted renewable en¢agffs which are attractive to
investors because as a country, Zimbabwe needs these private as well as foreign
investors. The following chaptgivesa detailed outline of the literature review.
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CHAPTER 3

LITERATURE SURVEY

There have been a lot of published hybrid feasibility study papers and a couple
noteworthy ones are mentioned heMousif, Sahal and Sandro highlighted the
importance of renewable energy paying attention to the one harnessed fromisdlar
hybrid systems. After obtaining data available in Jordan, they che$af#d district
2 as the best location of their study. ymeodelled a system using HOMER software
in which they determined the capital cost as well as the cost of energy (COE) of their
proposed system [7]. Hussein and Fathi modelled a system to determine the net present
cost (NPC), cost of energy (COE) and tle@ewable energy fraction (RES). They
chose Ras Elnagab area 2 in Jordan as well and used MATLAB and HOMER software

to size and economically analyze their system [8].

Sonali and Sayed determined the demand, capital cost and cost of energy for
different type of resources [9]. Said and Mahmoud analyzed differert\ind
hybrid configurations using a diesel generator as a backup system for alstaad
system in a village in Algeria, and they also determined the cost of energy (COE) [10].
Chedid developed hi®wn software that determined the operational cost of a
WIND/PV/DIESEL system [11]. He found out that the operational cost of a diesel
power plant will be reduced after the renewable energy resources are included. Using
a QuasiNewtonian method; Ashok deteined a system that provided the lowest cost
of electricity in a village in India. He found out that a hybrid system consisting of
PV/WIND/DIESEL/Micro hydro would provide electricity for a complete 24 hours at
0.14 USD/kWh [12]. Furthermore,there are sidies to determine optimization
techniques for hybrid PV/Wind systems but mostly employH@VER software
[40]i [48].

Almost all the papers reviewed for this present study determined the cost of
electricity but neveincluded externalities in their determination of the LC$2dEas to
effectively argue the feasibility of their designs. Frank, Victor P,, laaldl Victor M,
studied 11 locations in Sweden. They determined the cost of electricity of aRybrid
wind system and compared it to that of PV alone. They also determined the effect of
the size of the load on the proposed system [13]. They did not medig their

proposed system6s cost of energy compar es
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contribution of this study is to carry out a feasibility study of a grid connédwtiet

PV-Wind systemmaximize RES fraction, outline the amount of anmaabon dioxide

emissions reduced from the atmospheredetdrmine a suitable LCOfiar the hybrid

systems Table 31 is a summary of the hybrid Solar RVind Literature Review
(ThesisBased).

Table3.1. Solar P¥YWind Literature Review (ThesiBased).

Study Country System type System design | Model Conclusion
Zhou Wei| Hong Kong| Standalone with a| Techne Generic The  system
(2007) The and remotg batterybank Economic Algorithm proved
Hong Kong | area of (GA) feasible.
Polytechnic | Guangdong Investment
University province cost
minimized
Headley quantifying Standalone Economic Hybrid 2 and| System  coslt
Stewart the HOMER was minimized
Jacobus measurable
(2010) Operational
University Costs for an
of experimental
Maryland, hybrid power
College system in
Park Sierra Leone
Mehdi developed 4§ Standalone Economic GAMS and| LCOE was
Vafaei microgrid for| microgrid MATLAB minimized
(2011) a remote| (hydrogen energy and demang
University community in| storage) wasmet
of northern
Waterloo Ontario
(Canada)
Umarin Rural Off-grid Economic Sum The cost
Sangparich | electrification| (Battery bank) Component | mockls are
(2013) in Thailand Cost Model| feasible for
University Two case and Total| system
of studies30kwW Cost Model | analysis and
Strathclyde | peak and design
IMW  peak
(assumed
Load)
K M Iromi Rural Off-grid Economic The  system
Udumbara electrification | (diesel back up) HOMER can meet
Ranaweera | in Sri Lanka demand at 0.3
(2013) $/kwh
University (Siyambaland
of uwa village)
Adger
a basedstand | Standalone Economic HOMER System
George N alone system| (Electromechanical feasible with
that is already storage Bank) low wind
Prodromidis | nstalled  in speedurbines
(2014) Leicestershire,
. . UK.Use the
University same methods
of Patras for 3 Greek
islands
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Berino feasibility Standalone Technical HOMER LCOE of
study of a| Battery Bank And 0.34%/kWh
Francisco hybrid PW economical Greater than
Silinto Wind System 0.1$/kWh of
and for rural Mozambique
Nelson electrification
Alberto Bila| at the
(2015 Estatuene
Unversity of | Locality in
Eduardo southern
Mondlane Mozambique
Maputo
Collen techno Island-grid Techne HOMER 24 hours
Zalengera economic connectedo diesel| economic supply of
(2015) feasibility of | generators electricity
Loughborou | increasing whilst
gh hours of connected tq
University electricity the grid.
services on LCOE of
Likoma diesel alone
Island in was
Malawi 0.88%/kWh
and was
reduced to
0.44$/kWh
Pappas A house at| Standalone with Economic| MATLAB System
Konstantitos| Rhodos battery storage feasibility is
(2016) Island in proven based
Technologic | Greece on LCE and
al NPV
Educational
Institute
of Western
Greece
Remember | The Whole of| Grid-connected Environmental, | Excelbased| The Goalis to
Samu Zimbabwe 16 Social and maximize
(2018 locations Techne RES Fraction
METU NCC economic and reduce
GHG
emissions
significantly.
Electricity
energy
demand

forecastup to
2030 and
Analyze

power quality.
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3.1. Utilized Models

A wide range ofsoftwareand models exidgn literatureto meet different goals.
The common typesre production cost models, optimal power flow, expansion
planning, economic dispatch, network stability unit commitment and hydrothermal
coordination. In expansion planning, models make use of hedtade time scale in

the optimizationof investment decisions in transmission, generation or both.

Transient stability analysis models make use of-sdond time scales in
monitoring network flows. Unit commitment, production cost, economic dispatch and
hydrothermal coordination models pursueofatimise the generation output in the
mediumterm. All these models have a common objective which mitomise costs
but constraints on plant starps andshutdownswater conservation, carbon dioxide

emissios andenvironmentafriendliness are not considered.

Whilst previous works have provided quite an overvidwecision support tools
and models; | wouldHe to point out 3 specific models; WASFPALORAGUA, and
ReEDS. ReED&remostly used by US researchen the evaluation of the renewable
energy technologintegrationto the existing system whilst WASP and VALORAGUA
are used internationally. NREL developed BegionalEnergy Development System
(ReEDS) which is a coshinimizing model that is designedrfmansmission expansion
planning,storageandlong-termgeneration. ReEDS is a very powerful expansion tool
but it is only designed for US power systems. VALORAGUA is internationally
designed for hydrthermal coordination representing uncertaintiesyidrtrinflows
through the following hydrological conditions; wet, dry and average. Wein Automatic
Simulation Planning package (WASP) is a probabilistic planning tool used to

determine the lowest cost expansion plan fgeeratiorior different input condions.

HOMER software has been the most utilized software which is capable oftechno
economic anal yses and wel | as opti mi za
configurations. However, there are also limitatiomghis software. HOMER software
does notnakean analysis athe externalitiesuch asheannual avoidedost of carbon.

Also when determining technical feasibility analysis of the RES, it bases the evaluation
on RES fraction thus neglecting other important parameters suchdssribadsupply

fraction [49]. Finally, a comparative analysis between HOMER and RETScreen
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software conducted by50] showed that the majority of costs determined by
RETScreen software were less than those obtained from HOMER.

As observed, there arinere limitations accompaniebdy HOMER software.
Against this backdrop, a new Microsdiikcelbasedmodel was developed for this
study. The model employs pdefined mathematical equations to determine energy
produced hourly from various RES configuragoimthe caseof this study, the model
determines hourly generated wind, PV and hybrid PV/wind energy systems. A-techno
economic, as well as environmental analysis of the systems, is then performed by the
model. Output parameters such as COE, LCOE, PayBadod (PBP), NPVLSPS
and amount of Cgavoided into the atmosphere are then determiextosoft Excel
basednodels close to the one developed in this study were also utilizé&d hy52].

3.2 Assessment oWwind and solar power inZimbabwe

Currently solar is used famallscalehouseholdsolar lighting and irrigation
purposes whilst a few wind turbines for water pumping purposes are still operating in
some farming regions. Limited literature for solar BMI wind existsn Zimbabwe.

The available studies wedsne by[27], [28] in which they did a feasibility study of a

grid connected hybrid solar PWind energy system iGwanda.This study was a
techneeconomic one and their LCOE was greater than the current grid tariff. Another
study by Samu and Fabglu on the potential of grid connected solar PV in the whole

of Zimbabwe proved that it is feasible to have localized PV plen28 different
locations[39]. A wind analysis study b§p3] suggests that wind energy can only be
harnessed for water pumping purposes even though a satellite study by International
Renewable Energy Agency (IRENAgssumed a possibility dfarnessing aroun89

GW of electricityfrom wind resources in Zimbabvjg4].

Renewable energy resources utilization is still lagging behind in Zimbabwe. Plans
to invest in solar PV technology are at asivanced stage as Zimbabwe is looking
forward to the installation of 300 M\[B0]. Zimbabwe as a landlocked country is not
rich in wind energy resourcg82], [67]. However,with the advances in technology
leading to the development of wind turbine prototypes witwer cut in speed, it can
be possible to harness wind energy in Zimbabwe. Wind energy had been used for
pumping water to meet farm requirements using windmilsstudy on the wind

potential in Zimbabwe estimated that it might be possible to generate electricity at a
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hub height of 80 m, resulting in the manufacturing of wind turbine prototypes rated at
4 kKW and 1 kW, which tested well and were installed in Rugégje[69].

However, there is little scientific research on the wind energy potential in
Zimbabwe. Withannual averageind gpeeds around 3.2m/s, most parts of Zimbabwe
have wind potential only viable for pumping purposes. The Eastern Highlands and
some parts of Bulawayo have with higher wind spéédls Another study irwanda,
located in the Matabelelarmmovince ofZimbabwe, confirmed a yearly average wind
speed of 4.75 m[82].

Further related studies for wind potentials confirmed the feasibility of high yearly
yields of wind energy in many African countrigd]. [72] Did a wind energy analysis
along the coasts of Ghana in which they only took into account six stations. By
employing different methodologies, wind potential assessments were carried out in
many differem parts of Africa[73], [74].

3.3. GAP
Missing from existing literature

1 Addition of externalities into the techrezonomic analysis and when comparing
the LCOE with the grid tarifind basing feasibility of a system on power quality
(LSPS), to avoid blind capital spending

T Hybrid renewable energy studies for Zimbabwe.

TWind energy potential for electricity generation in Zimbabwe

1 Grid-connectedsolar PV feasibility analysis for elemtity generation in
Zimbabwe

1 Electricity demand projection for Zimbabwe is missing.

3.4. Contribution

Efficient utilization of hybrid gridconnected renewable energy systems for 16
chosen locations iZimbabwe by also considering externalities on determining the
economic parameters was done in this study. Electrayand forecasting and
determination of the generated power quality by the RES in these locations
Zimbabwe make this thesis prominentConsidering alleconomic parameters to

develop a new model that is close to a real system. A feasibility analysis of both wind
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and solar PV potentials for electricity generation in Zimbabwe was also performed in
this study.A detailed comparison of the folving system configurations as to

efficiently determine the suitable system configuration was done;

PV systems alone

Wind turbine systems alone

T Hybrid solar PV/WInd/ESSs

T Hybrid solar PV/Wind without ESSs

The foll owi ng chapt erandsalat resouncessas well mb a b
the potential of power generation from them.
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CHAPTER 4

SOLAR AND WIND TECHNOLOGIES AND RESOURCES

4.1. Solar Technologies

The major mature enough solar technologies for langdedeploymens arethe
concentrating solar power (CSP) and the solar photovoltaic (PV) technologies. A brief
overview of these major technologies is given below. For this study, solar PV
technology is the one chosen and the reasons for this decision are also to be outlined in
detail.

4.1.1 Solar PV

In 1839, Becquerel discovered what he termed the photovoltaic effect, which then
enabled a possibility to generate electricity by utilizing incoming energy from the sun.
This principle was then improved and employed to enable the production of the first
photovoltaic solar cell in 195f5]. Ongoing research up to date is continuing so as to
improve cell efficiency and performance in generfh6] Gave a more detailed

explanation of the full physics behind the photovoltaics.

The semiconducting material used for the generation of the first solar material was
crystalline silicon (€Si). Due to their high efficiencies reaching greater than 17%, the
crystd | ine silicon cells are still (tthu® most
amounting to a market share above 80%v]. Thinner cells called thiilm PV
developed using less expensive materials are still at an early stage of development.
However, they have proved to be less efficient than crystalline Silicon as tirihthe
this present study was performed. The most common cells in this group are copper
indium gallium selenide (CIGS), calim telluride (@ITe) and amorphous silicon-(a
Si).

Initially, the development of PV technology was though not to be feasible due to
the performance limitations on balance of system (BOS), lack of manufacturing scale,
challenges on the availability of the raw materials and most importantly the capital
costsweresignificantly high. There has been a rapid decrease in the market prices of
these PV systems, thus attracting more audience and investors resulting in an increase

in the manufacturing industry. This has then resuliexh exponential increase on the
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global installed capacity of solar PV. Since 2006, an annual growth rate of &8% h
been recorded in installed solar Pihe total world solar PV installed capacity by the
last quarter of 2018 wabove 104 GW58].

4.1.2 Goncentrating Solar Power

The concentrating solar power technologgembils traditional fossil fuelbbased
technologies that employ Stirling or Rankine cycles that convert heat energy to work
as opposed to PV technologies whigtrephotovoltaiceffect is used for the generation
of electricity. The incoming solar energy is focusedo a heatransfer fluid which
then produces either steam in a Rankine cyclesulsin an isothermal expansion in
a Stirling cycle thus creating mechanical torque to drive a generator for electricity
production. The methods employed on focusing tllargays onto the fluid vary in
CSP technologies with power towers, dish/engine systems and linear concentrators
being the most popular designs. Due to their high initial costs compared to solar PV
technologies, locations for potentials for CSP technetogre more limited. This is
due to the fact thabh CSP plantghere is need for the availability of water to be used
for cooling and they alsequire a large land area for the collection of the direct normal
insolation (DNI) which is the solar radiain that strikes normal to the reflecting
surface so that the working fluid can be heated for steam creation. On average solar
tower designs and parabolic troughs which employ the Rankine cycle, on average, need
80 gallonsof waterper MWh and 750 gallonsep MWh for dry and wet cooling
respectively. The water requirements are decreased in dry cooling techniques, but so is
the plant efficiency as well accompanied with costs that are slightly hig8gr In
engine/ dish systems which utilize the Stirling cycle, water is only ushewashing
of the reflective surfaces and a total amount of about 20 gallons per MWh is required
[60]. The total world CSP installed capacity by the last quarter of 201&neasd 1
GW [61].

4.1.3Chosen Solar Technologies for this Study

Only Solar PV technology was chosen for frigssent study over CSP technology.
The man reasons why CSP technology was excluded in this study are;

1 CSP technologies require large quantities of water,
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Since CSP is atill-developingtechnology, the installations still need high
capital costsand

1A huge land area is required for CBRint construction.

CSP technology can only use direct solar radiation, contrary to solar PV plants
which can utilize both direct and indirect sunli¢é®]. Areas that are close to water
bodies, close to the electricity grid and a minimum of 6 kWiday of DNI are
considered feasible for constructions of CSP plakitsarea of around 250 000Kis
suitablefor the constructionof CSP plants andnly 10% of this suitable land area is
utilized, the generated electricity will be around 892 G&%]. The constraints
accompanied with CSP technology should, hotvever limit Zimbabwe to invest in
such a technology in the future. South Africa has CSP projects which are already at
advanced stages, and this will then incraasédasic knoiedge on the performance,

financing and base costs@5P plants in Africa.

4.1.4 SolarPV Potential in Zimbabwe

Zimbabwe receives abundant solar resources throughout the whole year. The
average daily solar insolation in the country is in%he6.5kWh/nf/day[63]. Figure
4.1 shows the map for the global solar radiation in ZimbabWme western and
northern regions of Zimbabwe receive the highest solar irradiation. It has been reported
that the country if feasible to harness more than 300MW from solar PV s){§#jns
Solar energy is not yet being harnessed on a large scalsméhescaleharnessing is
done mainly in rural areas, some social institutions like hospitals, ¢lpubse stations
and school s, and in private homesteads.
demand is increasing thus attracting quite a number opanies for small solar water
heaters and small PV installations. The national telecommunicadimpany is also
utilizing solar throughsolarpoweredbase stations. These base stations are mainly

electrical appliance charging.

Real data for annual soleadiation levels are still unavailable therefore to ensure
the possibility of this study, Meteonorm V7 software was employed for the generation
of average hourly solar radiation as well as wind speeds data. This methodology might
then be accompanied by sershortcomings then. These shortaogs might include

uncertaintyand variablity in the radiation data/ariability accounts fothe changes in
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the solar insolation over a certain period, whether mibytsinute or hourly scale.
Variability is directly elated to the intermittency problem then, thus affecting the
generated electricity output. This then raises voltage or system stability i$hees.
spatial variations in solar insolation levels are described by uncertainty. It is of
paramount importance teave real locational solar radiation data when studies being
conducted are considering a multimode syst@?). In summary a detailed study on

the techneeconomic and environmental feasibility analysis of the solar energy
potential in Zimbabwe was performed Ii30]. In this study then confirmed the
potential feasibility of solar PV technology in the whole of Zimbabwe with Chegutu
being the mosfeasible and Chiredzi the least.

Global Horizontal Irradiation (GHI) Zimbabwe

solargis

http://solargis.info

Average annual sum, period 1994-2010 0 100 km

<1900 2000 2100 2200 > KWh/m? GHI Solar Map © 2014 GeoModel Solar
Figure 41. The Global Horizontal Solar Irradiation map of Zimbalj2je

4.2, Wind Turbine Technologies

There are two major categories of wind turbines namely the vertical axis wind
turbines (VAWTS) and the horizontal axis wind turbines (HAWTS). However, the most
dominating in the global market are the HAW®S]. These have been developed and
improved over time and still more reseaishbeing doneo further increase their

efficiency and reduce their cost.
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There is a widevariation in the size of the wind turbines. Normally, the blade
length determines the electricity generation capacity of the wind turbine. The HAWTs
are now commonly being equipped with three turbine blades with the largest ones
having blade lengths of methan 100 feet and height taller than asfrey building
[66]. Almost all largescale wind farms generagdectricity from horizontal axis wind

turbines.

VAWTSs are basically constructed by attaching the top and the bottom of a blade
to a vertical rotor. The most common type of this type of wind turbine technology is
the Darrieus wind turbinelesigned in 193166]. Due to their low efficiency and
performance compared to the HAWTS, only a few VAWTS are beingtodayg even
though more research is still being doméry and improve them. Figure 4.2 and Figure

4.3 showthe two major types ofiind turbines.

Figure 42. The horizontal axis wind turbine (HAWT3].
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Figure 43. The DarrieudRotor vertical axis wd turbine (VAWT)[4].
4.2.1Wind Technology Chosenfor the Study

As outlined their studie$27], [28], the horizontal axis wind turbine technology
(HAWT) is the best choice of technology for this study. This claim comes with
supporting evidencthat globally this type of technology is the one being utilized the
most. The reason being that the HAWTs have proved to hetterperformance and

efficiency as well as less cost compared to the VAWTSs.
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4.2.2The Cost of Wind and Solar PV Energy Production Compared to its
Alternatives

As many competitors are emerging in the market and there have been many
technological advances in wind energy harvesting, a 90% decrease in the cost of energy
production from wind since 1980 has been observed. Yes,lthereeen a significant
decrease in energy production from wind, but is it cheaper than the other alternative
energy sources? In responding to this question, | will consider different factors related
to wind energy harvesting and the corresponding Leveltzest of Energy (LCOE).

All energy generation types depend on economics, their feasibility and optimization is

of paramount importance

Wind power market advanced 2014, and as shown in Tablel4it has been
considered as one of the power generatingcesuwvith the least cost and this has given
rise to new markets in Latin America, Asia and Africa. The main disadvantage on wind
turbines is their installation cost even though maintenance costs mreri@rmare
relatively cheap. As discussed before, land can also be a limiting factor since these
machines are very huge and for more electricity production, more turbines should be
installed hence more land is required. The other downside is the wind systeamaeesu
which can be relatively high. In comparing the cost of energy production from wind

and solar PV withielative to other sources, equation (1) is used [6].

Levelized Cost of Electricity;

B ~. I~

Where(6 is the initial cost of investmend, is the annual fixed Operation and
Maintenance costQis the annual fuel costQ h is the annual energy generation,
is the annual discount rate and n is the lifetime of the system in years. The initial cost
includes the cost of equipment, cost of land, transport cost, labor cost and the cost of
connecting the system to the grid. A cost comparison of energy sourceamad out
in the US in which they considered the life time of the systems as a period of 25 years
and the results are sumnzad in Table 41 [7].
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Table 41. A comparison of the average LCOE of most popular energy sources, where the cost is
represented in US$/kWh.

Plant Type Cost("Y"YEQQ
Coal $0.0950.15
Natural Gas $0.070.14
Nuclear $0.095

wind $0.070.20
Solar Photovoltaic $0.125

Solar Thermal $0.24
Geothermal $0.05

Biomass $0.10

Hydro $0.08

4.2.3Wind Energy Generationin Zimbabwe

As part of thecontributionof this study, an analysis of economic viability and
potential of wind energy in Zimbabwe employing RETScreen modelling software is
performed. As the energy situation in Zimbabwe is deteriorating, this analysis
highlighted the feasibility of harnessing wind energy and how the country can help curb
the current energy shortages in an environmentally friendly as well as sustainable

manner.

There has not been any feasibility analysis of the wind potential for elctrici
generation for Zimbabwe and against this backdrop, this present study analyses the
wind energy potential in Zimbabwe in terms of; energy production costs and savings,
energy production, operation and maintenance costs, reduction in greenhouse gas
emissons and financial feasibility of 10MW wind farms for 11 different stations
scattered all over Zimbabwe was done. Following is a detailed study performed for the

analysis of wind energy potential in Zimbabwe.

' Methodology

Meteonorm V7 software was used to generate Typical Meteorological Year 2
(TMY2) wind speed data for the 11 locations in Zimbabwe. RetScreen V4 modelling
software was then employed to further analyse the wind energy potential. Typical

Meteorological Year (MY) data would have been more accurate for the present

32



analysis because of the atmospheric losses due to changes in meteorological conditions
[75]. However, it is difficult to access TMY data, and hence TMY2 data developed by

NREL was instead used.

In this study, the mathematical details of the generation of TMY2 data were
excluded due to their availability in already existing literatufee RETScreen
software used in this study was developed by National Resource Canada. An
assessment of the energy production costs and savings, energy production, operation
and maintenance costs, Hégcle costs, reduction in greenhouse gas emissions and
financial feasibility determination of the wind energy systems were done using the
RETScreen modelling software.

The locations under study were chosen based on their accessibility to the grid,
availability of their data set from Meteonorm V7 software &ASA global solar
radiation database. The geographical locations of the locations as well as the respective
averagewind speeds are shown in Table24For the accurate analysis of wind
potential, there is aeedto take into account some losses and fafisideration of some

important coefficients.

Table4.2. Coordinates of the 28 locations in Zimbabwe

Location Longitude Latitude Elevation Annual
( AE) ( AN) (m) Average wind
velocity (m/s)
Beitbridge 30.00 22.20 696 3.4
Bulawayo 28.60 20.20 1,344 3.2
Chegutu 30.10 18.10 1,261 3.4
Chikore 32.30 17.80 974 3.6
Chinhoyi 30.20 17.40 1,293 35
Chipinge 32.60 20.20 576 3.6
Chiredzi 31.70 21.10 425 35
Dorowa 31.80 19.10 1,106 35
Gokwe 28.90 18.20 1,078 35
Gwanda 29.00 20.90 1,096 3.2
Gweru 29.80 19.50 1,311 3.3
Gwetera 32.00 16.90 564 3.6
Harare 31.00 17.80 1,472 3.6
Kutsaga 31.10 17.90 1,480 3.5
Hwange 26.50 18.40 905 3.6
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Inyati 28.90 19.70 1,192 3.3

Kamativi 27.10 18.30 967 3.6
Kariba 28.80 16.50 646 3.4
Karoi 29.70 16.80 939 35
Kwekwe 29.80 18.90 1095 3.4
Marawa 29.30 17.80 960 35
Marondera 31.60 18.20 1,392 3.6
Masvingo 30.90 20.10 1,095 3.2
Mhangura 30.20 16.90 862 3.5
Mt Darwin 31.60 16.80 782 3.6
Mutare 32.70 19.00 1,332 3.7
Ruwa 32.60 19.20 976 3.7
Shurugwi 30.00 19.70 1,281 3.4

{ Financial analysis

An analysis of the wind energy potential is of importance to the investors and
decision makers in both private and public sectors. RETScreen modelling software
version 4.0 was employed in this present study for the financial feasibility study of
proposed @MW wind power plants. Some of the financial parameters used to perform
this analysis are; energy cost, inflation rate, greenhouse gas emission credit, project

lifetime, electricity export escalation rate, etc.

The financial input parameters and someiagsions in Table 4.9/ere used for
the cost analysis. The source of some input parameters is RETScreen Clean Energy

Project Analysis software unless otherwise stated.

Table 4.3 Input parameters for the financial analy[si6].

Parameter Value
Energy cost escalation rate 5%
Inflation rate -0.95%[77]

Discount rate

Interest rate

Project lifetime

Debt ratio

Debt interest rate

Debt term

Transmission and distribution losses

Electricity export escalation rate
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7.17%[78]
10.71%[79]
20 yearq75]
70%

7%

20 years
18%[80]
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Development

Installed Capital Cost

US$63/KW[75]
US$1,200/kKW

Feasibility study US$35,300
Balance of plant US$418/kW [75]
Renewable energy production credit 0.025 $/kWh
Miscellaneous US$418/kW [75]
Annual Operation costs US$10/kW/year
Engineering US$24/kW[75]
Renewable energy production cre 10 years
duration

Renewable energy credit escalation rate 25%

GHG emission reduction credit 40 $/t02[81]
GHG reduction credit 21 years
Energy cost escalation rate 5%

In the first phase, before the construction of the wind farm, the following were

considered:

A feasibility analysis comprising resource assessment, detailed cost estimate, site
investigation, environmental assessment, greenhouse gases baseline study, project

management, report preparation, and travelamdmmodation

The development, consistirgf site survey and land rights, project financing,
contract negotiation, project management, permits and approval, travel and
accommodation, greenhouse gases Vvalidation and registration, and legal and

accounting.

During the implementation of the wind powgoject, engineering, power system
and balance of system and miscellaneous were considered. After project
implementation, the periodic costs, contingencies and operation and maintenance costs
were then considered. From the analysis, in total, the ineesiofa 10MW wind farm
costs US$17,085,300 and using the rule of thumb by Tom Gray, 60 acres per megawatt
that are 242,811 #fiMW is required for the proposed proj¢82].

4.3. Problems Related with Wind Energy Harvesting

As expected with any technological advances, there will always be problems
accompanying the technology deveiognt. The following where the major problems

associateavith wind energy harvesting;
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T Community Acceptance

Decisions on the acceptable sites on which wind farms are to be constructed
should be made paying respect to other land users or surrounding inisaBsastated
before these wind farms are mostly locatedsolatedregions or rural areas since in
SubSaharan Africa rural electrification has beentba spotlight A lot of people,
especially those who have always stayedunal areas have a strong bond with their
surrounding and their land. Because of some reasons like these, wind turbine
installation has been having some objections despite it being viewed globally as a clean
source of energy. As it has been scientifically protreat wind speeds increase with
height, for these wind turbines to have a maximized efficiency, they have to be very
tall. Sometimes they are very tall that they can even be seen from a distance of around
forty or fifty kilometres away. Anyone in this rage might have his or her attention
caught by these machines since most of the time they will be in motion, so this means

anyone who dislikes them is constantly reminded of their existence.

1 Environmental Impacts

Wind turbines do not emit any harmful substances, hence no addition to global
warming. Even though wind energy resource is referred to as a very clean source of
energy, it has some impaats wildlife, though these are low compared to present
industrial a other forms of human activities. During operation of wind turbines, they
do not emit any hazardous pollutants, but during their manufacturing and maintenance,
little amounts of pollutants are produced, for example, considering the offshore wind
farms, ol leakages into the water bodies have been observed during construction and

maintenance and this has a negative impact on marine life.

Additionally, some onshore windfarms are created on lands that need to be cleared
first, thus causing deforestation aslivés soil erosion. As with any machine that has
moving parts, wind turbines generate a lot of noise during operation due to the rotating
blades even though there have been some technological advattoesanstruction
of these machines. This noise asigeainly from the gearbox and from the interaction
between the turbine blades and the wind. Research on noise impact was done in West

Virginia wind farm, Eric Rosenbl oom wrot
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like aergplanesor helicopters. And itravdled. Sometimes, you could not hear the
sound standing right under one,[83but you

The spinning rotor blades have also been recorded to have aesthetic impacts and
a lot of bas, birds and other flies are being kill&ksearchby abatsenthusiast in 2009
showed that there was a 73% drop in bat deaths when they stopped operating the wind
turbines at a low wind in which bats will be actid3]. As an environmentaimpact
as well, there are chances of wind turbines to affect weather in that they lead to a slight

increase imighttimetemperatures amalslight decrease inaytimetemperatures.

I Other Problems

Construction ofwind farms might also impact humans negatively Iye
destructiorof some historical sites or recreational sites as well. In recent cases, turbines
have also been recognized for their electromagnetic interference especially with radio
and television broadcasting. diical problems are also very common, turbine
nacelles sometimes catch fire due to high rotor speeds and they cannot be extinguished
due to their heights. This sometimes may lead to toxic fumes or even lead to veld fires,

hence polluting thair as well a the environment.
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CHAPTER 5

MODEL AND METHODOLOGY

The main goal of the thesis is to evaluate a tea@uomomic and environmental
feasibility of grid-connectedhybrid solar PYWind power in Zimbabwe so as to
partially or fully meet the growing energy demakdctors such as solar price, fuel
price, and hydrological conditions or demand that may affect the costs of solar in

Zimbabwewere also investigated

The nodel developed was a single node one, tigmering the transmission
aspects, i.e. the transmission network is omitted and the generation and theeload
assumed to be in the same location. A mutile model includes the transmission
network and the loctions of the loadcentresand generation plant3he obtained
results will be compared with the ones for solar potential reportg8dyso as to
investigate the feasibility of the developed modeis chapter is divided int®
sections; the first one was for tdeterminatiorof the energy demand and electricity
demand forecast in ZimbabwAdditionally, the determinatiof the sites for the
construction of the power plamgas doneAn analysis of the following four power
system configurationsvas then performed solar PV, Wind, hybrid solar PV/
Wind/Energy storage systeamdhybrid solar PV/Wind.

With the above goal in mind, theybrid PV/Wind power system modelas

designed with the following characteristics:

7 Singlenode: this is so because it addresses the primary question whether or not
this hybrid generation is competitive with other candidate technologgesdlesof
network constraints or location (those will be considered for future wokls), the
majority of load sheddings as a result ofienerationnot network constraints.

fHourly periods: these outline the relationship between generation from the
hybrid system and the demand.

T Energy and electricityemand forecast up to 2030 using ARIMA model
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5.1. Model Inputs (MS Excelbased

' Geographical coordinates of the location under study
fHourly solar radiation, wind speed ambient temperature, financial,
environmental and techreconomic parameters

T Equation formulation.

5.2, PossibleShortfalls

1 Demand might not grow as expected, as with any demand forecasggultisig
in under oroverestimationsf peak demands.

1 This method does not take into account possible consumption pattern shifts (the
shape of the demand profile might change).

1 The transissionnetworkand the locations of the loaxntres are excluded,

these might affect the ovékréeasibility of the system

5.3. Zimbabwe Energy Demand Forecast
5.3.1.Methodology

Thedataseemployed in this present study consists of macroeconomic variables.
Seven macroeconomic variables recorded yearly from 1980 to 20a@aysed84].
These variables are then used to econometrically forecast the energy demand of

Zimbabwe up to the year 2030.

Time series data on Total greenhouse gas emissions (kt@dt@alent), Total
carbon dioxide emissions (kt), Total population (million), GDP per capita (2010US$),
Total Primary Energy Production (quadrillion Btu), Total Primary Energy
Consumption Quadrillion Btu), Total Electricity Net Generation (BillioKilowatt
hours) are employed. The data utilizzeé spanninghe period 1980 to 2012 obtained
from World Data Atlas[84]. Linear regression analysis is then employed for the

examination of the causal relationsbigtweerthese variables under study.
5.3.2.Results and discussions
I. Descriptive statistical analysis

This section is an outline of the descriptistatistical analysis of the study

variables. Figure 3.displaysthe trend of the variables after imputation. It is visible
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from the trend of theopulationthat it increases rapidly, the trend of GDP follows that
of total greenhouse gas as well as carbon dioxide emissions, but fluctuations are

observed in the trend of energy consumption.

LNPGDP LNPOP LNTCO02
LNTENG LNTGHC LNTPEC
LNTPEP
Figure5.1 The plotof series in naturdbgarithm
Table 5.1 Summary Statistics
LNPGDP LNPOP LNTCO2 LNTENG LNTGHC  LNTPEC LNTPEP
Mean 6.457 2.413 9.414 1.936 10.599 -1.699 -1.971
Median 6.455 2.475 9.441 1.989 10.466 -1.661 -1.966
Maximum 6.989 2.679 9.778 2.242 11.244 -1.427 -1.609
Minimum 5.791 1.987 8.958 1.411 9.991 -1.966 -2.207
Std. Dev. 0.289 0.195 0.238 0.234 0.436 0.162 0.151
Skewness -0.208 -0.722 -0.160 -0.980 0.075 -0.166 0.341
Kurtosis 2.524 2.407 1.696 2.913 1.450 1.946 2.921
JarqueBera 0.549 3.352 2.481 5.288 3.333 1.678 0.646
Probability 0.760 0.187 0.289 0.071 0.189 0.432 0.724
Sum 213.073 79.641  310.662 63.873 349.764 -56.073 -65.037
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Sum Sq.

Dev. 2671 1.219 1.806 1.754 6.078 0.842 0.725

Observations 33 33 33 33 33 33 33

Table 5.1presents a summary of the descriptive statistical analysis of the study
variables. Further analysis of the parameatedcateshat Total Population and Energy
Generationhas longleft tails (negative skewness), similar negatisieewnesswas
observed in Carbon Dioxide emissions, GDP and Energy Consumptizawvallong
left tails. However Total primary energy production and total greenhouse gas exhibited
positive skewnesdzurthermore, Energy Production shows a leptokurtic distribution
since its excess kurtosis is greater than zero whilst the rest of the variables all have an

excess kurtosis less than zero thus presenting a platykurtic distribution.

Grubbsdo test was then us e diablesoEvidentei mat e
from Tabk 5.2reveals the highest values of all the variables, except Total Population,
are outliers. The Andersebarling test was done to test for the normality of the data
variables. Testing at a 5% significance level, if theajue is less than or equal to 5%
the null hypothesis is rejected and therefore it can be concluded that the data do not
follow a normal distribution. If the-palue is greater than 5% then the test is significant
and the decision is to fail to reject the null hypothesis because theo¢ éough

evidence to conclude that the data does not follow a normal distribution.

Table52 The Grubbbés test for outliers
Variable G U P-value Alternativehypothesis
GDP 2.0 0.9 0.4 Highest value
1084.21 is amutlier
Population 2.0 0.9 1.0 Lowest value

5.39 is aroutlier

CO, emissions 2.0 0.9 1.0 Highest value
17645.6 is amutlier

GHG emissions 2.0 0.9 1.0 Highest value
76391.8 is amutlier

Energy production 3.0 0.8 0.1 Highest value

0.2 is aroutlier
Energy consumptior 2.0 0.9 0.9 Highest value

0.24 is aroutlier
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Energy generation 2.0 0.9 1.0 Highest value

9.41 is aroutlier

This study also proceeds to show the correlation matrixetiatsbetween the
variables under considion as presented in Table 5.3

Table 5.3 CorrelationCoefficient

LNPGDP LNPOP LNTCO02 LNTENG LNTGHC LNTPEC LNTPEP

LNPGDP 1
t-stat -
P-value  -----
No. Obs. 33

LNPOP -0.667 1

t-stat 4987  --—--

P-value 0.00 = ----

No. Obs. 33 33

LNTCO2 0.158 0.045 1

t-stat 0.893 0.250  -----

P-value 0.379 0.8039  -----

No. Obs. 33 33 33
LNTENG  -0.486 0.721 0.404 1
t-stat -3.095 5.788 2459 -

P-value 0.004 0.000 0.020 -

No. Obs. 33 33 33 33

LNTGHC -0.635 0.886 -0.177 0.550 1
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t-stat -4.578 10.642  -0.999 3.665 -

P-value 0.0001 O 0.3255 0.0009 ----
No. Obs. 33 33 33 33 33

LNTPEC  -0.217 0.336 0.823 0.697 0.163 1
t-stat -1.238 1.987 8.077 5.415 0917 -

P-value 0.225 0.056 0.000 0.000 0.366 -

No. Obs. 33 33 33 33 33 33

LNTPEP -0.186 0.314 0.700 0.787 0.164 0.890 1
t-stat -1.055 1.843 5.451 7.103 0.925 10.878  -----
P-value 0.299 0.075 0.000 0.000 0.362 0.000

No. Obs. 33 33 33 33 33 33 33

Note: Table reports the estimates of the Pearson correlation coefficient between the pairs of
variables.t-stat is thet-statistics for the significance of the correlation coefficient aadalue is its
marginal probability.

The correlation coefficient astate results shoa positive significant relationship
between per capita GDP and total population. Thus, this implies thmgher
population increase national income for the study country which is indicative
policymakers Similarly, negative associah but significant relationship exists among
PGDP and TENG as well as TPEC but for TPEC and PGDP was not significant. This
revelation implies that energy intensity impedes economic growth at certain threshold

validating the environmental Kuznets curve btgesis (EKC).

ii. Model specification

The functional relationship among total greenhouse emission, total carbon dioxide
emission, total population, per capita GDP, total energy production, total primary
energy consumption and total electricity net generdéwarage on the works (5],

[86] for empirical backing. The functional forms can be represented as follows:

Model A: In TPEC =f (LnTGHC,INTENG,InTC02,InTPOP,InPGDP,INTPEP)
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Model A will help us ascertain the impact of total energy consumption on
explanatory variables.

INTPEC =a +bin TGHC +n TENG +b TQ2 %6 TPOP .I+HPGDP In+APEP,

(33)
While model B seeks to verify the extent of C02 emission on economic growth
and thempactof population growth.

Model B: INTC02=f (InPGDP, INTPOP, INTENG, INTGHC,InTPEC,InNTPEP)
INTCO2=a +pInPGDP +4n TPOP #lh TENG ,#b TGHC .l bTPEC (In+£TPEP,
(34)
Wheret is time trend als@, & J4.. ; are unknown coefficients of repressors,

€ is the stochastic error term for the formulateddels.

The empirical route of this study proceeds as folldwst, determination of the
orderof integration of series. Second, estimation of the ordinary least squares (OLS)

regression andubsequentlyhe forecast estimation.
iii. Stationarity Test

It is well established that mostmacroeconomic variables possess
trends/seasonality thus, the need to know the order of integration of such series is
pertinent to avoidspurious regression trap and misleading policy implication by
extension. This current study employs Augmented Didkealler (ADF) andPhillips-

Perron (PP) unit root test to ascertain the stability traits and asymptotic properties of
the variables under consideration. These tests are conducted with the null hypothesis
of aunit rootagainst the alternative of stationarity. (Dickey antleFul998; Phillips

and Perron 1988). Tabb.4presents the unit root test. The general form of the unit

root test is given as in Eq. (35).
k
DY =6 #t ¥, a+ &,D, (35)
i=1

Here, | + denotes the Gaussians white noise term whghasymptotically
characterized by zero mean and constant variance. The null hypothesis of the unit root
test is norstationarity against the alternative of stationarity.
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Table 5.4 Unit root results

Level First Difference

Variables ADF PP ADF PP

tm tr tm tr tm tr tm tr

LNGDPC -2.01 -2.08 -2119 -3.18 -5.21" -5.14™" -5.09™ -5.17"

LNTCO2 -1.69 -0.67 -6.23 -6.17 -6.23" -4.19" -6.18™ -6.18™

LNTGHC 0.99 -3.63 -7.55 -7.47 -0.99" -8.20" 3.64" -8.14™
LNTPOP -2.50 -3.10 -2.18 -3.08 -3.68" -1.29" 117" 111"

LNTPEP -2.45 -3.72 -3.64 -3.82 172" 1.73" -4.63™ -4.65™
LNTPEC -1.57 -1.42 -457  -4.67 -1.69" -1.417 -4.57" -4.62™
LNTENG -3.79 -3.61 -3.74 -3.81 -1.99" 1.76™ -6.18™ -6.23™

Note: f,represents anodelwith intercept whilefr denotes model with intercept and
trend. ** Significant at 5% level

The unit root rest reported in Tabld Bevealghat all series are integrated of order
one ~ | (1), that is it haa unit root However, all variables became stationary after
differencing. Thus, we conclude that the sergethe integratiorof the series ~ (1).

Subsequently, this study proceeds with the ordinary least square estimation (OLS).

Table 5.5 RegressiofEstimation(A)

Variable Coefficient Std. Error t-Statistic Prob.
C -3.7982 1.1311 -3.3580 0.0024
LNTGHC 0.0489 0.0555 0.8803 0.3868
LNTENG -0.0245 0.1185 -0.2071 0.8376
LNTCO02 0.3689 0.0705 5.2314 0.0000
LNPOP -0.0486 0.1586 -0.3065 0.7617
LNPGDP -0.1020 0.0473 -2.1592 0.0402
LNTPEP 0.5421 0.1672 3.2420 0.0032
R-squared 0.9091

F-statistic 43.3549

Prob(Fstatistic) 0.0000

Model A: In TPEC = f(LnTGHC,InTENG,InTC02,InPOP,INPGDP,INTPEP
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Table 5.6 Regression Estimatiq(i)

Variable Coefficient Std. Error  t-Statistic Prob.
C 11.7740 1.2570 9.3668 0.0000
LNPGDP 0.2396 0.0878 2.7282 0.0113
LNPOP 0.5429 0.2895 1.8754 0.0720
LNTENG -0.1941 0.2270 -0.8551 0.4003
LNTGHC -0.2367 0.0991 -2.3897 0.0244
LNTPEC 1.3901 0.2657 5.2314 0.0000
LNTPEP -0.0148 0.3846 -0.0386 0.9695
R-squared 0.8404

F-statistic 22.8174

Prob(Fstatistic) 0.0000

Model B : INTC02= f(Inpgdp,INnTPOP,INTENG,INTGHC,InNTPEC,InTPEP)

Table 55 and 5.6presentthe OLS regression estimation for model A and B
respectively. Table .5 showsa tradeoffbetween total population and total primary
consumption. That is, 1% increase in tb&al populationdecreases thimtal energy
consumption by 0.0486%imilarly, a regative trendvas seen among per capita GDP
total energy consumption with a magnitude of 0.1020%. Thus, we can infer that the
populationdoes not increase G@mission in Zimbabwe. However, a positive and
significant relationship is observed among TPEP &@HC with the dependent
variable with amagnitudeof 0.5421% and 0.0489%. The fitted model has a robust
coefficient of determination @ of 90%, implying that 90% of the variation in total
primary energy consumption was explained by the explanatorblesiehile the rest
10% are left uncaptured in this model. The joint significance of the model by the F
statistic was also significant at &hel (1%, 5%and 10%). In the same fashidrgble
5.6 targeted for model B. The model has a coefficient of 84b&atTs, 84% of the
variation in CO> was explained by amher explanatory variablevith F-statistic

significant indicating joint significant among all variables. Interestingly, the fitted
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model shows that 26 increase in PGDP increage®. by 0.2398%. Similarly, also a
positive trencbetweenCO, and TPOP with over 0.5429%.

iv. Model Suggestions

Based on relevant studig&5], [87] and sincdong-termforecasting using macro
variables is to be studied, the following models are suggested. Autoregressive
integrated moving average (ARIMA) argpatial ARIMA (ARIMASp) models have
proved to be good for forecasting a lot of environmental andeneimonmental
variables. These projectiondnclude forecastsof electrical energy demand and
consumption, greenhoeisgas emissions and economic growth and day ahead
forecasting of electricity pricd85], [88]i [92].

Some studies haveitilised neural networks for amediumterm demand
forecasting and concluded that the results were better than those obtained using
ARIMA models [93]. Linear regression analysis is also another option and also
modelling a new statistical model can be very possible. Based on further analysis of
the data variables and available literature and resources, a suitablevilidethosen
for the continuation of thistudy. The ARIMA model is conducted in this study
ARIMA (p. d, g represented by Eg. (36).

p q

J(BP'z =(B &Z A Zg + &, .« (36)
i=0 k 2

where, j (B)=1 -jB -/B... B (37)

Table 57 reports the ARIMA (1, 1,1) which is the best fit and parsimonious model
for the choice regression fit. The estimation for the forecast reveals that electricity
consumption for Zimbabwe as reported in Tdblewas conducted utilizing the dataset
from 1980 to 2012 because of missing data as well as to avoid spurious estimation.
Empirical evidence shows that in 2030 energy consumption will reach 0.183

Quadrillion Btu against the currently available 0.174 QuaadinilBtu.

The current study estimation affirms the goodness of fit wittoefficient of
determination Rof over 80%. This study also shows thastBtistic rejected at (p <
0.01) indicating joint significant of the selected model. Finally, the study forecast also

displayshigh parsimony with harmony among the Root Mean Square Error (RSME)
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of 0.03993, whilethe mean absolute erramf 0.0328. Similarly, the Theil inequality
coefficient was also 0.11423.

Table 57. Forecast (ARIMA) for Total Energy consumption.

Year TPECF(predicted) TPEC
1980 0.15
1981 0.15
1982 0.151 0.14
1983 0.151 0.14
1984 0.152 0.14
1985 0.153 0.15
1986 0.153 0.17
1987 0.154 0.2
1988 0.155 0.19
1989 0.155 0.21
1990 0.156 0.23
1991 0.157 0.24
1992 0.157 0.24
1993 0.158 0.21
1994 0.159 0.2
1995 0.159 0.2
1996 0.160 0.2
1997 0.161 0.2
1998 0.161 0.2
1999 0.162 0.23
2000 0.163 0.21
2001 0.163 0.2
2002 0.164 0.2
2003 0.165 0.2
2004 0.165 0.18
2005 0.166 0.18
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2006 0.167 0.18

2007 0.167 0.18
2008 0.168 0.15
2009 0.169 0.15
2010 0.169 0.16
2011 0.170 0.16
2012 0.171 0.17
2013 0.171
2014 0.172
2015 0.173
2016 0.173
2017 0.174
2018 0.175
2019 0.175
2020 0.176
2021 0.177
2022 0.177
2023 0.178
2024 0.179
2025 0.179
2026 0.180
2027 0.181
2028 0.181
2029 0.182
2030 0.183

Additionally, the study forecast alsdisplays high parsimony with harmony
among the Root Mean Square Error (RSME) of 0.03993, whilem#amabsolute error
of 0.0328. Similarly, the Theil inequality coefficient was also 0.11423. All forecast
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indicatorsresonatewith Figure 5.2. Figure 5.2eports the diagrammatic view with

relatively fair deviation from the forecast variable.

Forecast: TPECFF
o Actual: TPEC
4 Forecast sample: 1980 2030
Adjusted sample: 1982 2030
3 Included observations: 31
2 Root Mean Squared Error  0.039943
| | Mean Absolute Error 0.032801
A Mean Abs. Percent Error  16.23585
ol Theil Inequality Coefficient 0.114023
Bias Proportion 0.450756
-1 Variance Proportion 0.321607
5] Covariance Proportion  0.227637
-3

— T T T T T T T
1985 1990 1995 2000 2005 2010 2015 2020 2025 2030

| — TPECFF - N2SE |
Figure5.2 ARIMA forecast for Zimbabwe electricity consumption
5.3.3. Conclusion and Policy Implications

The Zimbabwe energy policy which does not suggest any largediaation

of solar and/ wind resources suggest the following measures;

T Encourage the generation of electricity from biomass cogeneration and mini
hydro projects
I Bagassérom sugar cané Hippo Valley and Triangle sugar estates generate for

their own consumption.

However, the policy suggested the implementation of the follpwginategies

even though none has been fulfilled;

1 Extension of Kariba south by end of 2016, which was not datie2018
1800 MW Batoka hydro by 2020
' Mandate the installation of solar geysers by 2013, which was not done.

1 To fix (REFIT) renewabléeedin tariffs, which has not been done up to date.

The Zimbabwe energy policy does not have any energy consumption forecast
hence this current studig indicative of policymakerswho design energy policy
framework. Among such are the resutglinedin Table 5.3which show the Pearson
correlation matrix that shows the relationship between two varialilesghnot a
sufficient condition to substantiate a claim. Thus, the current study proceeds to estimate

an ordinary least squares (OLS). It is Msilfrom these results that a positive
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relationship exists between carbon dioxide emissi@), population (POP) and
gross domestic product (GDP). Thus, we imply that population triggers economic
growth. However, there is a negative deteriorating eftectthe quality of the
environment significantly. So, as suglicymakersare enjoined to bring forth
environmental friendly regulations to combat the excess. Among such environmental
friendly regulations,renewableenergy policy could be suggested adadye-scale

utilization of renewable energy resources can be of paramount importance.

This study employs econometric techni
consumption by 2030. Further analysis of the obtained resuliable 57, shows the
forecast for mergy consumption for the study area. To this end, an ARIMA (1, 1,1)
model was employed for data spanning from 1980 to 2012. Empirical evidence report
that all noted series were integrated of order one ~ | (1) which informed our choice of
ARIMA model. Theresults show that by 2030 Zimbabwetal primary energy
consumption will increase to 0.183 Quadrillion Btu from the last reported 0.174
Quadrillion Btu in 2017. Thus, the need to diversify and intensify into clean energy
sources is crucial amormaplicymakers This is in order to meet the energy demands
given the dynamidastgrowingnature of the study area. The study will also draw the
attention of allstakeholderss well as energy policy and decision makers as there will

be a need to diversityre energy portfolio mix available to Zimbabwe.

5.4. The Solar Geometry

The amount electricity produced from PV modules is dependent on the of solar
resources available. The incident angle reaching the surface of the module determines
the estimated output geation. A deeper analysis of the geometrical componasts
well as the angles involved in solar PV energy analisgiyen in[5]. Figure 53 is an

outline of the description of involved geometrical angles.
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Figure 5.3 Angles involved in the description of the solar energy andlykis

As time changes, the position of the sun also changes. The required tifme for t

solar analysis, solartimé&) , i s only dependent on appar

not onthe location The solar time is the one then used for solar analysis. For the

conversion from local timw solar time, Ed4) [5].
0O O T 0 0 O (4)
where0 is determined usg Eq(5) , 0 is calculatedusing Eq. (§ andOis

determined by employing Eq)J5].

. Y plh Y T
v oeprY pth Y ™ (%)
. 0 h Q& QFMLQI o 5
v cot h Q® QFDOGI o (6)
O ¢c& mrinnmnxminp P e 6O 18t o ¢ 1 XK1
MmipTtepAl © 6 T nNYBE] 6 (7)
whereOand0 are constants and is calculated by employing Eg. (8).
6 & p — (8)

The utilized solar time is however used in an angular form tehoedangle( )
, Which is determined by employirq. (9 [5].
T 0 pGg pu (9)
The solar azimuth and zenith angles ar

position.Theangle between the vertical and the solar radiat@alied the zenith angle
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calculated by using Eg. (LOWVhilethe one between the perpendicdan n 6 s pr oj e c |
onto the horizon line which is measured clockwise and the direction of due north is the
solar azimuth angldetermined b¥eq. (11) [5]. Both the zenith and the azimuth angles

are dependent otme declnation angle]( and location( is the angle equator and

the beam radiation at solar noon, giventby. (129 [5].

AT-© ATSATIATTO OBAOEIT (10)
i Qe AT O—m8M (11)
1 c¢c@&@v OEdemnmn—) (12)

The azimuth anglel | and thetilt angle { ) are required for the geometrical
description of a surfac&.he angle between the horizontal and the surface is the tilt

angle.The incident angle+is then calculated by using Eq. (13).

Ail-O AT-OAT11O0 OBELOEIAT IO 1 (13

5.5. The Solar Resources

The three main components to determinegibbal insolation on a tilted surface,
‘O, are the reflected, diffuse and beamolationemployed as shown in Eq. (1d4nd

thereflected insolation isot considered in the stugf].
0o G G (14)

where ‘G; is calculated using Eq. (L1&nd ‘G, is calcdated by employing Eq.
(16) [5], basing the analysian the isotropic sky model whicbutlines that diffuse

radiationapproachefrom all directions witrequalmagnitudg94].
G O @ —FF (15)
9 9 AlI-©O (16)
Meteonorm v7.1 softwaravas utilized to obtain théourly diffuse and beam

insolationfor the locations irZimbabwe thatvereconsidered for this study.
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5.6. Solar PV Energy Production

For the energy generation from a PV modules efficiencyis of paramount
importance and this is highly dependent on the module temperature. An increase in the
PV module temperature causes a decrease in its efficiency thus decreasing the
production of energy as wellhe photovoltaienodule efficiencys calculaed by using
Eq. (17 [95], where thehumidity andwind effectson thePV moduleefficiency and
temperatur@are not considered in for this analysis

- — K p T A A 17)
where“Y is estimated by Eq. (3g95]. In [95] only the positive | is
consideredIn a couple of literature analyses,negativef is consideredHence

the absolutg is considered in Eq. ()J7to avoid obtaining someerrors and

confusion
Y Y 0006"YY j — (18

Meteonorm v7.1 softwaréhat provides the data which is baseal atypical
meteorological yeawas utilized to obtairhie hourly ambient temperature tbe sites
in Zimbabwe under studyThe PV modles specifications are importafdr the
determination of the output energy from the syst€éhe moduleused in this analysis
is the SunPower SRB20EWHT-D and the module specifications are giver able
5.8

Table 5.8 PV module specification®6].

Item Parameter
Manufacturer SunPower

Type Monocrystalline Silicon
Solar module SPR320EWHT-D
STC power ratingd{ ) 320 W

Power tolerances -3% / +5%
Number of cells 96

Rated current© ) 5.86A

Rated voltaged ) 54.70V

Short circuit current’Q) 6.24 A

Open circuit voltaged ) 64.80V

NOCT 45 AC
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The emperatureoefficient of power -0.38%K

Temperature coefficient of voltage -0.177 VIK
Maximum system voltageé\0) 600V

Peak efficiency (d 19.62%

80% power output warranty period 25 years

90% power output warranty period 12 years

Length 61.4in (1,559mm
Width 41.2in (1,046mm)
Depth 1.8in (46mm)
Weight 411Ib (18.6kQ)

The total energygenerated hourly by thBV power plantis calculated using
Eq.(19)[95],

Of - © 8 0 0y (19

where 0 'Yis 85% basing the analysizn [97]i[99] where theother 15% is
considered to cater faystem lossefcluding shading, inverter , dust amdring

losses

5.7. Wind Energy Generation

As mentioned before, the HAWTs will be used in this study. The production of
energy from thesturbines is highly dependent on the wind speextdtinhub height.
Factors such as hub height, ground level wind speed, time, the ambient temperature
and the terrain affect the production of energy from wind turbines. The wind shear
coefficient or the wind profileexponenf , represent all the mentioned faxg that
affect wind energy production. The values of the coefficient are determined by utilizing
site-specific data, or taking the value 1/7 if séjgecific data is not availab]&00], and
speed of the wind at a hub height ) is estimated by using Eq.20.

6 6 — (20)

Meteonorm v7.koftwarewas used to obtain the ground level wind speeds for this

study.

Eq. 1) is used to estimate the hourly electrical poperducedsince the wind

speeds follow a Weibull distributioand Eq. (23) is used to estimate the energy
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generated by the wintirbines at each hour, assuming all the turbines in a wind farm
generatanequalamount of energjl101].

T w o6 é¢16 6
; 5. —— R 6 o 21
0 b o 6

According to Justus theori£q. (19) is used to calculate the value)dfL01].

0 ,jo 8 hp 0 pm (22)

0 O 0 (23

The wind turbine used for the ansily in this study isGamesa G112.0MW
prototype and its spduaiations are given in Table 5.9

Table 5.9 Wind turbine specifications, wind energy losses and its related coeffifi€2fs

Variable Corresponding Value
Turbine Rated power 2,000 kw

Turbine cutin wind speed 2.5 m/s

Turbinerated wind speed 10m/s

Turbine cut out speed 25m/s

Rotor diameter 114 m

Turbine Hub height 93m

Swept area 10, 207 mj

5.8. RES Performance Assessment

The fraction of the demand that is met by the renewable energy system is called
the RES Fraction'© ). This fraction is of paramount importance for monitoring the
mismatchbetween the demand and the RES energy production. Another important
parameter, the Demand Supply Fraction abbreviate@®a¥j(Os used to inspect the
fraction in terms hours per year when the demand was totally met by théORE®

and"O arecalculated using Eq. (24) and HB5) respectively.

OYO —— (24)

(25)
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The Capacity factor is also an important parameter for the performance analysis
for RES[103], and it is calculateds inEg. (26).

50 (26)

5.9. RES Environmental Assessment

Global warming as a result gfeenhousgasses (GHG) sudms CO,, emissions
to the atmosphere has been a major concern as of recent. In trying to mitigate the
concentrations of these released GHG emissions, renewable essvgicesre thus
being utilized and thavoidedemissions can be calculated by employing Eqg. (27).

b Y © (27)

where the value ofY s yet still to be truly obtained, in this study it is taken as
0.584 [kg/kwh][104].

5.10. RES Financial Assessment

To determine whether or not to continue with a projbet,economior financial
feasibility is a very important parameter considered for this decision to be made.
Traditionally when determining the economic feasibility of energy systems, the
levelized cat of electricity, abbreviated as LCOE, is one of the most important
parameters to consider as it is the generated electricity cost by the system. Eq. (28) is
used tocalculateLCOE for the RES. The mismatching effect between the demand and
generation wamcorporated in the equation by utilizing the demand met by the system
not the energy generated. A summary of the empldyezhcial paraneters for this
study is give in Table 510.

B —
060 'O—B (28)

Since there is no renewable energy policy being implemented in Zimbabwe right
now, the excess energy generated by the RES going to be fed to the gifcchraege,
thus the energy fed freely to the grid is considertass Additionally, as the RES is
unable to curb 10percentof the demand, the deficit will be acquired from the grid at
the local grid tariff, ( 4, and this will affect the Cost of Electricity, abbreviated as
(COE), of the RES. The RES/ % then calculated using Eqg. (29).
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EiKe) (29)

Table5.10 The financial parameters of the wind turbine and PV systems

Parameter Value Ref.
PV power plant capital cost (USD/kW) 2150 [39]
PV power plant annual maintenance cost (USD/kW) 24.68 [105]
Wind turbine capital cost (USD/kW) 1980 [106]
Wind turbine annual maintenance cost (USD/kW) 39.53 [106]
System expected lifetime (year) 20 [39],
[75], [107]
Local Grid Tarff (USD/kWh) 0.0986 [108]
Annual discount rate (%) 7.17 [78]

To further analyzethe economic feasibility of the RES, two other economic
parameters are considered, namely; the simple payback period (PBP) axel the
Present Valueabbreviated afNPV). In the evenhof obtaining a negative NPV, the
system will be considered not feasilgherwiseit will be feasible Additionally, the
system with a higher NPV will be considered more feasible than the one with lesser
[39]. Eq. (30) and Eq. (31) are used to calculated”BB and the NP\tespectively
[109].

5 s

60 — (30)
bbwB — 0 (31

5.11.  Loss of Power Supply Probability (LPSP) Method

Loss of Power Supply Probability is defined as the probability that the load
demand is not met by total generation from the hybrid sygt&j, thus the load nen
satisfaction is expressed here. An efficient configuration is determined by utilizing this
methodologybased on the system cost asystem reliability, thus avoiding blind
capital spendinglhe LPSP values range frorlOIf the LPSP value is 1, then the load
is never satisfied and if is O then the load is 100% satisfied. The LPSP value is
determined using Eq32) [110].
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00 "Y0 (32)

B

where, T is normally taken as one year, which if the RES operation time.

5.12.  Electrical Energy Demand and the RES Model

An econometric approach was utilized to determine the electricity demand
forecast up to 2030 which is the then demand employed for thgigignanalysis. The
hourly solar and wind resources utilized were obtained from Meteonorm software.
Employing several predefined equations mentioned earlier in this study, Microsoft
Excel was then used to model RES in this study. This developed mtelehithesthe
electricity produced hourly, the hourly excess electricity, the hourly demand met by the
grid, and some economic parameters such as the RES COE, PBP and NPV.
Additionally, environmental argsis is also perfioned using the model to determine

theamount of CQemission avoided anally and its monetary value.

5.13.  Hybrid PV/Wind/ ESS Systems

For a detailed criticism of Energy Storage System (ESS), three ESS scenarios were
studied and analyzed namely without ESS, with Bnomine and with Lithiurdon
batteries where the optimal size of the PV/wind hybrid system was determined for each.
The excess energy generated by the hybrid system was used to charge tFiglESS.
5.4is theflowchart of the hybrid system5.11 shows the overall efficiency and the
depth of discharge (DOD) fdhe Lithium-lon and the ZindBromine batteries. Only

one location (Gwanda) was chosen for this section of the study.

Table5.11Technical Specification of the Lithiwton and ZineBromineBatterieg52], [97].

Parameter Lithium- Zinc-
lon Bromine
RoundTrip 95 72
efficiency (%)
DOD (%) 60 80
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Figure 5.4 The RES energy flow chart in the presence of ESS w@eis the
hourly energy produced by the hybrid system [kKVid], is the hourly energy stored
in the ESS at time [kWh], DOD is the depth of discharge of the EEB, is theESS
size [kWh],— is the overall efficiency of the ES® is the hourly energy consumed
from the grid [kWh] andD is the hourly excess energy from the hylsydtem [kKWh
[28].

5.14.  Hybrid PV/Wind

Efficient capacities and RES configurations depending on the location are also
estimated using the model as well in which the main aim is to maximize the RES
fraction prior to the Il ocationbés demand
Zimbabwean grid @ f and where this condition is not satisfied, the configuration with
the least COE is considered feasifilee LSPS concept is then employed to determine

the most suitable location and configuration taking into count the configuration
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reliability and thesystem cost. The integration of PV and Wind improves the matching
between the demand and the RES. The modelled system is a grid connected system
where the excess energy generated by the proposed system will be fed to the grid for
free and the demand dsfiavill be met by the grid as vle The flow chart in Figure

5.5is a summary of the model, whei@, is the energy generated the RES,Ois

the electrical energy demand of the locatif®, ) is the demand met by the RES ,

(O )isthe demand provided by the grid g ) is the excess energy generated

by the RES, in this study thi®( ) is fed to thegrid, free of charge.

Energy Generate(
by the RES

Yes >
O O O
No
Yes ( O (@)
O 0 —p (@) Tt
t (@) T
N
v
O ‘0-0

(@) T

Figure5.5. The electrical energy flow chart of the R&E@hout ESS
5.15.  Optimization Procedure

The model developed comprisesveral variables. The relatsimnp between the
capacities of the RE8action and the RES is nonlineangncea nonlinear solving
algorithm isemployedo determingheoptimal solutionsMicrosoft Excelhasa built-
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in algorithm called he Generalized Reduced Gradient (GR@)is algorithmwas
employedo calculateghe optimawi nd and s o |lcapacitidith tiseyngin e ms 6
goal being thdRES fractionmaximization,with the constraint of COE beirggual to

or less than the utility tariff for each of tRRESsizing scenariom this present study
However, there are limitations of this algorithm, ohéhem being icannotperfam a

multi-purpose or multgoal optimization.

The proposed PV modules in this study will are mounted on a fixed tilt angle. The
hybrid model determines the optimal tilt angle of each location based on maximizing
the total radiion on the tilted surface. Microsoft Excel was utilized in this study due
to its simplicity. Some programming software might be useful for almost a similar
modeling but it is easier to embed the equations in excel. The-ibudtgorithms in
Microsoft Excel which can be employed easily also adds to the simplicity and

comprehensibility of the developed model.
5.16.  Site Selection

In choosing the possible sites, a number of factors. First the availability of the
resources in which both solar and wind resources were proven to be availgig by
[28], [30]. Secondly the availability of ted was considered and finally, the selected
site is supposed to be accessible to the grid since the power system was a grid

connected one.

In their analysis on CSP potential in Zimbab\\&8], mapped all possible sites
which are within 30km from the grid and at the same time, feasible for the
implementation of CSP plants. In mapping these sites, some of their indicators were;
accestility to the grid, land availability and availability of the solar resource, which
are also the key indicators to choosing potential sites for this present study. Fégure 5.
shows the map of all potential sites located withiki@from the national grid=igure
5.7is a generated map, using MapTiler software, showing possible geographical sites

in Zimbabwe. Figuré&.8is the political map of Zimbabwe showing all cities and towns.
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Figure 5.6 Map of potential sites located within 3@ from the national grid
[63].
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By mapping kgures 5.6and 5.7, the possible sites for the construction of the
renewable energy power systems for this study were determined. Sixteen sites namely;
Victoria Falls, Hwange, Kamativi, Bulawayo, Plumtree, Gweru, Kadoma, Harare,
Chegutu, Chinhoyi, Gokwe, Bindura, Mount Darwin, Marondera, Rusape and Mutare

were then selected for this study.
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CHAPTER 6

RESULTS AND DISCUSSIONS

The methodology employed in this study utilizes data from Zimbabwe. The model
inputs includethe latitude and longitudes of the sitthe hourly solar and wind
resources for the whole year, the hourly demand, the wind turbine and PV module
specifications, financial parameters such as the interest rate of Zimbabwe and the
carbon dioxide intensity of ettricity of Zimbabwe. The outputs include the efficient
RES configurations based on the RES fractidASE, generated energy from each
RES, excess generated energy and the avoided carbon dioxide emissions. The excess
electricity will be fed to the grid fofree since there is no renewable energy policy set
in Zimbabwe at the time this thesis was written as well as the LCOE was set to USD
0.20$/kWh. There is no renewable enefggdin tariff set for Zimbabwe as well but
since the Dema emergency diesel plaas awarded a tender to sell their electricity at
USD 0.1545%/kWh, Nyaminguraini-hydroplant sells to ZETDC at USD 0.16$/kWh
and the 100MW plant tender which was initially awarded to Intratrek company had set
an LCOE of USD 0.1833%/kWh, it was therciked to assume USD 0.20$/kWh to be
the LCOE used for this present study.

6.1. PV Systems

An analysiswas done for PV systems alone for 28 different locations by Samu
and Farioglu in [29], where they used RETScreen software for estimating technical,
economig financial and environmental parameters. For the d@tetian of feasible
locations for PV investments, parameters such as the NPV, SPB, the capacity factor,

the CQ emissions reduction and the equpgybackwere considered.

The parameter called equity payback is of paramount importance sstenates
the time that the project owner wil/ rec
generated cash flows. Unlike SPB t he equity payback consi
debt level and castiow from inception. The NPV, which estimates the differences
between all the outflows and inflows of cash determines whether or not the psoject
financially feasible. Out of the 28 different locatioasalyzedby [29], 11 were

considered for in this study for a strong comparative analysisebetw t he sy st e
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configurationsA maximum NPV value of USD 31.4 million was recorded at Chegutu

location whilst a minimum of USD 29.1adbserved at Mutaras outlined by Table 6.1

Table 6.1 Techneeconomic and Environmental Parameters of the 11 locd@&js

Location Capacity Simple Equity Net present Net
factor (%) payback payback value (NPV) annual GHG
(year) (year) Uss emission
reduction
(tCO2)
PV
Chegutu 18.1 6.7 3.0 31,411,313 9,843
Kamativi 18.0 6.7 31 30,913,422 9,754
Hwange 18.0 6.7 3.1 30,850,327 9,743
Chinhoyi 17.9 6.7 3.1 30,735,953 9,722
Gokwe 17.9 6.8 3.1 30,588,193 9,696
Marondera 17.8 6.8 3.1 30,327,529 9,649
Mt Darwin 17.6 6.9 3.2 29,891,674 9,571
Gweru 17.6 6.9 3.2 29,812,933 9,557
Bulawayo 17.5 6.9 3.2 29,463,312 9,495
Harare 17.4 7.0 3.3 29,199,970 9,447
Mutare 17.4 7.0 3.3 29,099,220 9,429

As shown in Table 6.1, all the sites considered in this study were feasible for

installation of 10MW grid connected PV plants. Observations from Table 6.1

therefore show that the most profitable and feasible location for investment is Chegutu

and the least preferable location is MutaFgom an environmental feasibility

perspective, stillChegutu is estimated as being the mastironmentallyfeasible

locations sine the annual avoided carbon dioxide emissayefargest in that location

with a value of around 9800 tons whithe lowestvalue of 942%onsis observed at

Mutare.
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