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Abstract

Continued lack of electrification in rural sub-Saharan Africa poses a major challenge. The
consequences are well documented. Major research is required to redress the situatdon but

the meager financial and energy resources are major hurdles.

In the meantime elsewhere in the first world, investment in research and innowvation
continue to attract investors. For example a massive automotive energy conservation
research drive was initiated in the mid 1990’s by a Partnership for a New Generation of
Vehicles (PNGV). The PNGV advanced three important public policy objectives:
environmental protection, energy security, and U.S. economic competitiveness. To achieve
this mammoth challenge they proceeded by re-examining automotive energy conservation
tight from first principles. Their centerpiece was a coordinated portfolio of hundreds of
research projects by among others, 19 US Federal National Laboratories, United States
Council for Automotive Research (USCAR), automotive parts suppliers, university research
facilities and a range of stakeholders. These were subsequently augmented by similar efforts

in Europe and Japan.

The thrust of this work draws parallels between an automobile and a remote village to
consider the adaptation of the new automotive technologies to rural electrification. The
author further augments this by additional contributions in load modelling, mini distribution

network loss minimisation and energy economy by appropriate system configuration.

The main issues that are shared by an automobile and a remote rural village can be revealed
as finite energy resources without a supporting grid infrastructure, which must cope with,
poot energy resource-to-need conversion technologies, adverse human factors, poor load
factors, inefficient appliances and poor storage technologies, among others. These must all

interact to meet objectives on service quality and the environment. Furthermore, the



expected economies of scale in the automotive industry should subsequently make the

adoption of these technologies affordable for rural applications.

A typical rural sub-Saharan scenario is depicted in chapter 1. Chapter 2 identifies human
factors that constitute major obstacles to rural electrification. Chapter 3 deals with white
light emitting diodes (LEDs) and numerical calculations show the tremendous energy
savings that would accrue from the adoption of LEDs to rural lighting. Chapter 4 adapts
new automotive drives and air-conditioning technologies to rural water pumping and
refrigeration. Chapter 5 discusses load modelling of critical rural loads of lighting,
refrigeration and water pumping. Chapters 6 and 7 introduce a new automotive generator
technology to the African rural village, the fuel cell and show how it could function using
biogas: a gas that could be inexpensively produced in the rural areas. Chapter 8 discusses
common energy resources of wind, hydro and incident solar radiation (insolation) and how
they could be cost-effectively harnessed in data-deficient locations in sub-Saharan Africa. In
Chapter 9 a new automotive storage technology, the flywheel, is introduced in the rural
context in the form of a possible design specification. Chapters 10 and 11 discuss additional
non-automotive contributions, by the author, in system configuration and distribution
network design, which together with the automotive technologies provide new possibilities
for rural electrification. This includes the use of a new automotive power distribution

system, the 42 V PowerNet, described in chapter 12 for rural electrification.
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1. Electrification in Rural sub-Saharan Africa;

A Background and a Way Forward
11, Background

Electrification, a key ingredient in the delivery of modern life’s basics like, health, education,
communication and light, remains largely elusive for most African rural communities [1-5].
In fact there’s no other region in the world with a lower per capita level of electrification
than sub-Saharan Africa. In the East African Community states of Uganda, Kenya and

Tanzania the average per capita grid electrification is less than 8% and mainly urban based

[6].

Kenya [7, 8] has a population of just over 31 million (2003) and a land mass covering 582,
650 square kilometers (km) of which 13, 400 square km are rivers and lakes. The bulk of the
population (75%) are rural people and are concentrated in the medium to high rainfall areas
suitable for crop agriculture, which constitute only 20% of the total land mass. In these areas
the population densities rise up to highs of 300 inhabitants per square kilometer. This is in
apparent contradiction of a generally held view that lack of modern infrastructure in rural
sub-Saharan Africa is largely a consequence of scattered and sparsely populated settlements.
Despite the observation though, some 95% of the 4 million Kenyan rural households are still
without electricity. In addition, Kenya’s rural thermal energy needs are largely met by
burning wood. The demand for wood outstrips the rate of forest replenishment and the
deficit is expected to continue rising, There is therefore a major deforestation problem as

well.

“We'll make electricity so cheap only the rich will burn candles,” Thomas Edison once
declared. He certainly could not have anticipated that one hundred years on, smoky kerosene

candles [9], could still be the main sources of household lighting for any community!

Way back in 1973 the government of Kenya created the Rural Electrification Program
(REP) [7, 8] with the aim to electrify the whole countryside especially those remote areas
that would not automatically attract the power utility company. The aim was mainly to

encourage agro-based and small-scale rural enterprises. Unfortunately, the overall



performance of this parastatal enterprise was dismal. After 17 years of its existence REP had
electrified only 62,000 households or 2% but with a staggering expenditure of 600 million
US dollars which translates to just under $10,000 per household! In addition, government
policy failed to evolve as alternative rural energy conversion technologies emerged over time.
For example photovoltaic (PV) technology remained classified the same way as it was at the
inception of REP and technically not a recognised means of electrification. It could
therefore not qualify as an acceptable option in government sponsored programs. Amid all
this the government remained unwilling to relinquish its legal monopoly on power
generation and distribution. Consequently rural communities had to fend for themselves and
a ptivate sector rural energisation drive sprung up to fill the void. Notable among these was
the improved Jike (charcoal stove) for thermal energy needs and solar PV for lighting and
infotainment. The latter saw remarkable growth especially during the decade leading up to
the end of the millennium. Cumulative sales, particularly for PV solar home systems (SHS),
were in excess of 150,000 units by the close of the decade with annual sales rising to
approximately 20,000 modules by the year 2001, and anchoring Kenya as the clear world
leader (ahead of India and China) in rural PV dissemination. Even then the cumulative

household percentage coverage remains dismal and more work needs to be done.

Typically a family simply ties a PV module to their roof and directly wires it to a car battery
that they previously owned and charged at petrol stations, which could be as far away as 50
km. From studies conducted in [10-13] the overwhelming majority of installations (over
87%) consisted of a single module. Only 11.6% of homes had two modules and the
remaining 1.4% had three. Of these panels, approximately 85% were amorphous silicon type
(a-Si) modules of 10 to 14 peak watt (Wp) capacities and the other 15% were crystalline
panels ranging in size from 10 to 50 Wp. With regard to balance of system (BOS)
components, data indicated that batteries were generally the main sources of consumer
dissatisfaction. Moreover, batteries in all the PV installations visited had repottedly been
over-sized in comparison to the panel capacities. Apart from the unnecessary surchatrge to
the consumers such batteries would most likely suffer from sulfation due to chronic under-
charge. In addition, consumer loads often seemed to far outstrip power source capacities

thus escalating the deep discharge problems. Reliability was low and increased the need for



frequent maintenance and component replacement. All these require manpower and capital,

which are the scarcest commodities in rural areas.

On another front, but on a substantially smaller scale, the use of pico hydropower in Kenya
sprang up right at the dawn of the new millennium [14-20]. This late development was in
part due to the 1997 Kenya Power Act, which for the first time legalised independent power
producers. Previously it was illegal to connect two neighbouring households from a privately
owned generator, even on a non-commercial basis. The most notable developments in pico
hydropower have occurred in the hilly regions of Mount Kenya and South Nyanza
provinces. For example between 1999 and 2002 two projects [15, 16] were reportedly carried
out through a collaborative effort between the Micro-hydro Center of the Nottingham Trent
University of the United Kingdom and their Kenyan rural hosts. Kenya government’s
recently created Renewable Energy department and a Non-government Organisation
(NGO) coordinated the projects. In the Kathamba village of Kirinyaga district, a capacity of
1.1 kW is generated by an induction generator from a tributary of the Mukengeria River and
distributed to a neighbourhood of 65 households within a 550-meter radius at 230 V ac. In
Thima village a 2.2 kW generator supplies power to 110 households and basically meets their
lighting and small radio power requirements. Figure 1.1 illustrates a mini grid map of the

pico power distribution network in Kathamba village.

Like elsewhete in Aftica, the least exploited renewable resource in Fast Africa is wind. This
has in part been blamed on lack of appropriate know-how and resource assessment data,
especially at the micro level [13]. There are, in fact, instances where this problem has resulted
in major losses. For example, an estimated 35% of some 150 wind pumps in Tanzania’s
Singida region are reportedly not operational due to inadequate wind potential; a fact that
should have been established before the undertakings. There’s however a new wind resource
assessment project currently (2003) underway in Tanzania under the sponsorship of the
Danish International Development Agency (DANIDA) [21]. In Kenya and Rwanda, grid
connected wind pilot projects are in operation. Grid connected ventures however, do not

generally benefit rural African communities [6].



On a similatly small scale some countries in West Africa (notably Mali, Ivory Coast and
Ghana) as well as in the South (Zambia and Zimbabwe) are growing commercial crops like
Jathtopa and Sunflower for the extraction of bio-diesel to run internal combustion engines
for rural energisation [22-24]. The purchase price and maintenance have however been
decried as major setbacks. In addition, a separate Indian study [25] has cited the extensive
use (or rather misuse) of agricultural resources (land and manpower) and discouraged the use
of bio-diesel technologies in the third world altogether. Such observations are quite
important for Africans to take note of as African food production is perennially far below

consumption requirements.
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Figure 1.1. A pico-hydro mini-grid in Kathamba village in Kenya

1.2. A way forward
The foregoing background mainly characterises the energy situation in rural Kenya, but has

very close parallels elsewhere on the continent. Technically it can be atgued that free or



inexpensive renewable energy resources are available in most of these rural areas and should
hence be harnessed to address the problem. However the means to harness them are capital
intensive. Unfortunately these capital costs are pre-determined from abroad where the
equipment is manufactured. Given the meager financial resources, attempts to minimise
these costs often end up in undersized and/or substandard installations. For example, in a
large majority of the cases cited above, the nominal average power supplied per household is
of the order of 10 W. This meager effort had the immediate effect of providing clean light,
boosting the social esteem of a household and the mitigation of possible respiratory and
sight illnesses associated with the previous lighting means. It is however quite evident
especially from the Kenyan PV case studies that consumer demands far outstripped their
generator capacities. Proposing to solve capital issues with further external borrowing
without anticipated growth in rural economic activity couldn’t be a viable option, as it would

only deepen an already grim African foreign debt burden [26].

A Ugandan proverb; myama ntono, okayana eri mu nkwawa, does however provide the right cue.
It is simply about that age-old engineering spirit that a bird-in-hand is always better than two
in the bush. Assuming that all one had was the nominal 10 W per household, as depicted
above, how could its efficacy be possibly stretched to run more functions? Or, could some
innovative energy conversion technology, perhaps enable the harnessing of more power
without any increase in generator size? This section examines some technological options in

a search for a viable solution.

The 21% century has been ushered in by a renaissance of several technologies from past
centuries. Among these are fuel cells (FC) and distributed power generation (DG). The
reluctance machine built by Davidson as a traction drive for an electric locomotive in 1838,
is currently a subject of immense interest [27-34]. In 1912 General Motors rolled out a
Cadillac model that had an integral starter-generator (ISG). Today an ISG is “state-of-the-
art”. In the continuing quest for answers to African rural electrification, it would seem
reasonable to take cue and probe back into these same periods for ?ossible clues. The age-
old “battle of the currents™: a debate about alternating and direct cutrent (ac and dc) is one

such example.



In May 1893, the Board of Directors of Cataract Construction Company (in USA), which
was charged with administration of the proposed Niagara Falls hydroelectric generating
project, approved the adoption of alternating current (ac), in preference to direct current (dc)
[35-41]. This decision was soon to have a profound and lasting impact on the rest of the
wotld. For George Westinghouse, the winning contractor, “it was the triumphant end to a

brilliant struggle”. But was it a genuine technological triumph?

Thetre’s no doubt that the discovery of ac and invention of related technologies have had a
tremendously positive impact on modern industry and society. However, the adoption of ac
was to the near total exclusion of dc from mainstream power delivery. Could this have been
an unfortunate historical mistake? If today’s technology had been available then, would the
same decision have been made? Historians have populatly referred to Thomas Edison as
arrogant and stubborn for his alternative view that small dc generating plants, as many as are

required, should be built according to local needs.

In fact these issues are being revisited for a number of applications including shipboard
power systems. High voltage direct current (HVDC) is already widely used worldwide for
bulk transmission over long distances or to intetconnect ac systems of different frequencies.
Thus dc has always had immense potential, with a wider range of applications emerging with
the advances in power electronics. With the relegation of dc out of mainstream power
delivery, energy storage technology was denied the massive consumer demand that could
have given it the impetus to keep apace with other modem technologies. Consequently, the
most popular electric energy storage in rural Africa today, the lead acid battery, is hardly

different from Count Alessandro Volta’s invention in the 18% century [42]!

Turning to more recent events, particulatly in the decade leading to the end of the
millennium, technological revolutions in automotive energy conservation have been
unfolding [43-44]. In September of 1993, a summit between US President Bill Clinton and
the CEOs (Chief Executive Officers) of Chrysler (now DaimlerChrysler), General Motors
and Ford Motor Company, inaugurated a Partnership for a New Generation of Vehicles
(PNGV). The partnership was a collaborative research and development programme

between the US government and the United States Council for Automotive Research



(USCAR), represented by the president and the CEOs respectively. The mission statement
was short but had far-reaching energy conservation implications: to produce an affordable
medium sized family car capable of achieving a fuel economy of up to 80 miles per gallon
(33.8 km/liter) but without infringement on safety and environmental regulatdons. The
PNGYV identified the systems that required radical re-innovation to obtain appropriately
efficient power trains and reduced parasitic losses. Subsequently resources from 19 federal
laboratories, universities, automotive parts suppliers, several US federal agencies and
departments and USCAR were mobilised. In the meantime similar efforts had begun
elsewhere in Burope and Japan and an international collaborative effort followed. In the
process, the art of automotive energy conservation was practically reconstructed from first
principles. These automotive industry stakeholders considered a worst case, electric loading,
scenatio in the time frame period 2005 — 2015, and the most suitable electrical architecture

and adopted 42 volts as the distribution standard for the next automobile generation [45-53].

On yet another automotive energy conservation front, solid-state lighting (SSL) has been
making great strides [54-57] especially since the early 1990°s. In the 18 months, leading to the
beginning of 2002, the market share of light emitting diodes (LEDs), in the traffic light and
signal industry, in North America, increased from 8% to 20%. Energy savings of up to 80%
wete reported. These LEDs are fast evolving into the white LEDs for general lighting.

1.3. How relevant are automotive issues to rural electrification?

Energisation problems in the rural areas of sub-Saharan Africa are characterised by
remoteness of locality and scarcity of resources. Such a location and an automobile share a
common sense of isolation: a sense of finite resources without a supporting grid
infrastructure. These resources must be economised to meet a requirement while at the same
time not compromising the quality of service delivered or degradation of the environment.
Before achieving the objective, the limited resources must contend first, with inefficient
resource-to-need conversion technologies. Secondly after conversion there are further
inefficiencies due to, among others, adverse (consumer) human factors, poor load factors,

inefficient appliances and poor storage technologies.



Development of an efficient automotive resource-to-need conversion technology was
tackled by a selection of candidate technologies for primary power plants. They included
various internal combustion engine types as well as the fuel cell. The latter was of particular
interest to this author due to its fuel versatility, which reportedly includes biogas [58-61] a

renewable fuel that could be inexpensively produced in African rural villages.

The automotive load factor problem was addressed by the creation of a hybrid electtic
vehicle (HEV) design. A smaller than usual primary power plant (PPP) is rated at about
average load capacity and uses any excess enetgy to charge a battery. When accelerating or
climbing a hill an electric motort, using the battery, assists the PPP, in a hybrid drive mode.
The concept of the HEV utilises load levelling and has been used to improve the efficiency
of other peripheral automotive applications like vapour compression cycles for air-

conditioners [34].

Candidate technologies to tackle the automotive storage problem included flywheel batteries
[62], ultra-capacitors, chemical batteries and fuel cells. This author was particularly attracted
to the flywheel battery. Unlike other types of accumulators and energy sources like chemical
batteries, flywheels reportedly, hold tremendous potential as they have virtually no
theoretical limits as to how much energy they can store or how much power they can deliver

or receive. They also do not have disposal problems associated with chemical batteries.

The impact of human behaviour has traditionally not been considered as a major issue in
automotive energy conservation design. This oversight was clearly evident immediately
before the initial launch by Toyota Motor Corporation [63] of their ultra-fuel economy
model, the Prius, in North America. It had been realised during pre-launch tests that the
original design, which had performed so well in Japan, performed very pootly with American
drivers. It then became quite apparent that a correlation existed between the Japanese
driving culture and the fuel performance of the car. Consequently the American version had
to be redesigned and the launch postponed (for a year) to the summer of 2000. This
landmark discovery by the automotive industry has parallels with, and far reaching

implications for African rural energisation.



As mentioned, the PNGV committed itself to achieving its objectives within accepted
‘environmental norms. On its part the UN Forum Convention for Climate Change has
established ingenuous mechanisms like CDM (clean development mechanism). Under
Article 12 of its Kyoto Protocol [64-66] the CDM is meant to reward organised development
programs in the third world that are designed to save energy and/or protect the
environment, in a sustainable manner. Technology and finance can flow from Annex I
countries (“the haves”) to qualifying non-Annex I countries (“the have-nots”) and in return
these Annex I participants can earn green credits to meet their greenhouse gas emission
targets. Thus, adoption of those automotive technologies for African rural electrification

should be 2 win-win venture.

1.4. Contributions of this dissertation

This work took an extensive examination of the methods, choices and experiences that
emerged from the aforementioned PNGYV technological search and selection processes. The
information needed was obtained from among others, literature studies of, archives, research
publications, documented case studies, projection models of future technological
developments and participation in various international forums and workshops as well as the
author’s anecdotal industrial and rural experiences of over some twenty odd years. The
author also benefitted from numerous discussions and e-mail correspondences with a
multidisciplinary range of experts from various departments at the University of Cape Town
and overseas. Using the above and with the help of mathematical modelling, Matlab
simulations and some laboratory experimentation, the author systematically correlated and
extrapolated possible applicability of these technologies to a future rural sub-Sahara African
environment. Because much of the work deals with technologies in transition, some issues
like cost were mainly treated qualitatively, considering the multitude of dynamic factors that
would continue to affect them. The author also considered the evidence of the massive
resources committed by the stakeholders (especially in the automotive industry) and found
reasonable grounds to assume a high likelihood for the success of these technologies in the
near future. Additionally, while it may have been indicated, from above, that the most
probable power distribution scenario in rural Kenya is from an off-grid source, the
arguments raised in this work would be equally valid if the power were supplied from a

central (or national) grid. These arguments and results have also been articulated in a



collection of international publications authored and/or co-authored by this author [27-29],

[67-69]. The structure of this thesis is described in the following paragraphs.

Taking cue from the aforementioned Toyota Prius launch debacle, chapter 2 discusses at
length and identfies a range of analogous human factors that determine how conducive a
given rural environment is to development in general and electrification in particular. Among
others, it looks at issues of policy, social equity and the environment as well as human

relationships.

Chapters 3 and 4 discuss the possible impact of new appliance technologies on rural
electrification. In chapter 3 new technologies are proposed for rural lighting. A background
on lighting load modelling highlights the anomalies and omissions of traditional approaches
to electrical light modelling and why non-electrical illumination technologies should be
incorporated to obtain more accurate electrical lighting solutions. The emerging role of solid

state lighting and its projected impact on energy conservation are discussed.

Chapter 4 proposes advances in automotive technologies in air conditioning and motor
drives as solutions for the critical rural functions of refrigeration and water pumping. First, a
background of the state-of-the-art refrigeration technology used in Kenya is given, as well as
its shortcomings. Then the chapter goes on to give an overview of the Carnot Cycle,
modelling of the vapour compression cycle and the advances made in automotive air-
conditioning research. The subsequent sections briefly cover similar advances made in
automotive motor drives. Finally examples are given of how rural applications could benefit

from the adoption of these automotive developments.

In chapter 5 mathematical and graphical models of critically important rural electrical loads
of lighting, water pumping, refrigeration as well as aggregate loads are derived in the
transient and steady states. A new method for deriving a mathematical model of an average

daily load profile using a Matlab tool is introduced.

Chapters 6 and 7 look at biogas as a viable renewable electrical and thermal energy source

for rural energisation and propose its use in an ultra modern automotive PPP, the fuel cell.

10



Chapter 6 discusses the basics of biogas production by anaerobic decomposition. Then using
case studies estimates of the materials required for the production of biogas are derived.
Chapter 7 begins with fuel cell basics and relationships. Then in an example of a possible
rural application the usefulness of these relationships is demonstrated by a derivation of a
specification of a solid oxide fuel cell (SOFC) with a capacity to satisfy a daily load from a
South African case study. A graph is finally derived to illustrate quantities of animal and/or
crop resources that would be required for the production of adequate quantities of biogas

for fuel cell applications to satisfy various sizes of villages.

Chapter 8 deals with the common renewable energy resources of insolation, wind and falling
water. Apart from discussing the functional basics of cutrent energy conversion
technologies, the main concern of the chapter is the challenge of harnessing the resources in
data-deficient remote locations of sub-Saharan Africa. This is especially true for wind and
insolation. The availability and function of state-of-the-art weather models for generating
synthetic data as well as the use of commercially available design software are illustrated as
promising solutions to the challenge. In worked out examples the practical applicability of

the methodologies and software are demonstrated.

Chapter 9 discusses the rural energy storage issue and proposes the automotive flywheel
battety as a future solution. In the introduction, the shortcomings of the chemical battery
technologies that are currently used in Kenya are highlighted. Basics of kinetic energy
storage are covered. The two sections that follow cover the function and design equations
of a motot/generator using the Halbach magnetic system as well as the role of power
conditioning electronics. The usefulness of the electromagnetic design relationships is
flustrated by a design specification for a flywheel battery suitable for a rural South African
household load (though under near idealised conditions) is derived. The current status,
some pending research issues and the projected future of the flywheel battery, are then
discussed. Thereafter, conclusions as to the possible future role of the flywheel in rural

electrification are drawn.

11



Chapter 10 analyses the energy efficiency of rural off-grid systems that are typically found in
Kenya and using Matlab simulations derives new configuration variants that are more energy

efficient.

Chapter 11 proposes a new method for minimising losses in rural mini power distribution
networks using idealised network models and a novel thermodynamics concept that was

originally meant for maximising heat dissipation into heat sinks.

In chapter 12 the new automotive power distribution standard, the 42-V PowerNet is
proposed as the next rural electrification standard for sub-Saharan Africa. Using the
traditional 230 V ac as the benchmark and the network analysis methodologies developed in
chapters 10 and 11, it is shown that the attributes of the new standard make it a more

suitable choice.
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2. How Conducive to Electrification is the African Rural

Environment?

2,1. Introduction

Rural electrification has over the decades been the subject of numerous authors and the
theme at countless forums. The grim reality {1, 2] of rural electrification or rather the lack
thereof, in the third world and particularly in sub-Saharan Africa, implies that a lasting
solution is still elusive. Berne [3] has suggested that the prevalence of chronic problems is

largely because their root causes are either never identified or not effectively tackled when

identified.

Problems affecting rural development can be characterised by a combination of diverse
factors. Joan du Toit [4], for example, has summed up the primary factors influencing
household energy conservation as being of a ‘technological and behavioural nature’.
Obviously this is just an aspect of a bigger picture. In fact each of a whole range of
professionals, including economists, social scientists, engineers and religious groups has a
perspective. It is reasonable to assume that everyone aims at a modernised healthy society as
the ultimate goal. It could further be assumed that these groups of professionals do
recognise each other’s potential and often combine their inputs to optimise the product. But
even then there could still be an omission. Given, for example, that the product is to be
utilised by a thitd patty, the consumer, would s/he possibly have had a suggestion to make?
Could such a suggestion have made any difference? Is this product the consumer’s priority?

In the words of Waingart [5], “If renewable energy is the answer, what is the question?”

In fact leading edge corporate management are now pondering these questions. None other
than Steve Jones, the chief marketing officer for the world’s number one commercial brand,
Coca-Cola, has conceded that the ‘one-size-fits-all’ model, used in the past, in global
promotions, has had to finally to give way. “But we are changing to the world of the
consumer. Our job is to fit the brand into people’s lives.” Datson [6] of the Sunday

Business Report quoted him.
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This chapter will discuss a range of social, economic and political issues that constitute major
obstacles to the realisation of sustainable rural development in sub-Saharan Africa. Examples
ate given of models that were used in history to tackle similar problems elsewhere. It will be
shown that many similarities exist between diverse cultures and across generations and many

lessons and experiences can be shared.

2.2. Policy and partnerships

In many developing world rural communities, poverty is largely due to failure by society to
productively deploy human resources. It is reasonable to assign the major part of people’s
welfare to their own responsibility. Berne [3] refets to a prevalent discounting mechanism by
which people tend to minimise their positive attributes (or those of others). “They maintain
a dysfunctional frame of reference that distorts reality.” And as Archbishop Tutu has once
observed, one is never aware of it. As communities, however, people also look up to
leadership for competent guidance and an enabling environment. A rarely recognised fact, by
leadership, is that apart from working to survive, most humans derive a purpose to live from
meaningful and satisfying activity. In practice, though, rural people are apparently not often
regarded as active contributors to development but just liabilities to national budgets. A
spirit of partnership or teamwork with expected mutual benefits is not very evident in white
papers and forums on poverty alleviation (or eradication) [7-12]. Instead many a government
seems to express an intention, willingness or commitment to underwrite this as a
“responsibility”. In an editorial The Sunday Independent [13] once observed, “The African
National Congress (ANC) government’s short term solution (to poverty) has been to throw

money at the problem through a welfare system, which is unsustainable.”

Economists generally classify human resources as simply, management, skilled and unskilled
[14]. Rural folks are naturally lumped into the latter category. It seems to be accepted that

they know nothing: meaning that it is neither possible nor desirable for them to make any

. contribution. Theologians, Moset et al [15] call this “a ‘conservative’ aim to integrate the

matginalised masses into existing society so that they would come to ‘know their place’ in
it.” They propose a contrasting approach with a ‘liberative’ aim that invites (and encourages)

society to participate in a2 common national challenge.
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Consumer participation for sustainable development has been articulated at international
forums and in publications [16-18] as being advantageous. In practice however, the concept
appears to be generally shunned and even when, occasionally tried, the needs of the
consumers are presumed and their roles prescribed. The ambitious African recovery
program, the New Partnership for African Development (NEPAD) has been criticised for
this very mentality. Among others, a Ugandan academic, Nabudere [19] wrote, “The
argument is that NEPAD needs to be grounded in the African people if the process of
empowerment is ever to take place.” He added, “The leaders have no confidence in the

creative and innovative powers of their own people.”

The story of the solar PV industry in Kenya [20-22& anecdotal] that has thrived particularly
since the beginning of the decade leading up to the end of the millennium, with a few

shortcomings notwithstanding, provides a good example of consumer participation.

The Kenyan case makes particularly interesting reading especially when contrasted with
Zimbabwe. The two countries had each a modest solar PV industry by the beginning of the
1990’s. Just about that time Zimbabwe qualified for a Global Environment Fund (GEF)/
Wotld Bank [23] sponsored rural solar PV electrification program. The program was to
realise the electrification of 9000 households by the end of a 5-year period and all necessary

mechanisms were put in motion.

Meanwhile in Kenya this marked the beginning of more than a decade of World Bank
imposed economic sanctions. Financially, the Kenya government was literally on its knees
and rural electrification wasn’t a likely priority. As a result the rural people had to fend for
themselves. By the end of the 5-year period (1997) the Zimbabwe target had been reached
and in fact exceeded by 1000 households. However, the majority of the installations and
therefore the essence of the GEF project had collapsed [24] along with the reputation of the
solar PV industty in Zimbabwe. In contrast the Kenyan solar PV industry had grown to a
world record setting pace reaching a figure of 20,000 installations per annum by the year
2001; sustainably and growing! At the risk of sounding cynical one might be tempted to
wonder whether the absence of both the World Bank and Kenya government interventions

were the enabling conditions that the Kenyans needed to achieve the feat.
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‘Lessons learnt’ is a commonly used slogan at the conclusion of most UN reports. These
conclusions often influence replication, modification or total abandonment of a previously
used model. In the case of Zimbabwe, howevet, the World Bank [23] report did not exactly
depict the project as the failure it in fact was, despite overwhelming evidence [24, 25].
Consequently, a model along very close lines has been recommended for Uganda. Using the
model, Uganda anticipates achieving a mammoth rural electrification coverage target of 10%
by the close of the first decade [8]. This is in total disregard of facts from its next door
neighbour, Kenya [22], which even after achieving such a high market penetration rate in the
sector and with a somewhat mote affluent rural population only managed a mere 4% of rural

consumer coverage over a similar period.

2.3. Social equity and the environment

In its 1997 report, “Energy After Rio,” [26] the United Nations Development Programme
(UNDP) laments that, “poverty has received scant attention from an energy perspective”.
Economics models have perennially cited social equity and environmental issues as beneficial
to society but continued to term them as ‘intangibles’ and resisted assigning them any
quantifiable values. It would appear, though, that the denial of basic services to people
results in real economic losses. It has in fact been argued that rather than being the
consequence of poverty, wide spread deficit of energy services in sub-Saharan Africa may be

the cause [27]. Thus the most expensive unit of energy is actually the missed one.

In his contribution to a 1935 US Congress debate on rural electrification, former U §
Senator George W. Nortis of Nebraska [28], gave an insight into the kind of value one could
attach to social equity.

I had seen first-hand the grim drudgery and grind which had been the common lot of eight

generations of American farm women. I had seen the tallow candle in my own home,

followed by the coal-oil lamp...(Sce appendix II at the end of this chapter).

Why shouldn't I have been interested in the emancipation of hundreds of thousands of farm-

women?

There is however some ray of hope, as the World Bank group [29] has been working and
collaborating with countries, academics, researchers, aid agencies and NGOs to build and

test various techniques and tools that evaluate these so-called intangible factors. An
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additional window of hope is one mentioned in chapter 1 where the United Nations Forum
Convention for Climatic Change (UNFCCC) has devised some financial mechanisms to
reward countries with well-defined programs that are sensitive to the environment and lead
to sustainable growth [30]. Unfortunately the ratification of the Kyoto Protocol is currently
(2003) in limbo, mainly, as a result of policy indecision by the United States, the single largest
carbon dioxide emitter. Without some kind of concerted effort such words as ‘equity’ and
‘sustainability’ along with UN proclamations like, the ‘Declaration of the Rights of the Child’
and ‘Agenda 21° [31-33] will remain consigned to the catalogue of slogans.

2.4. Rural administration and politics

The quality of local administration has an obvious direct impact on rural development. The
current (2003) Kenyan model of rural administration is one case under review. It is a
practice, left over from colonial statutes, that seemingly ensures that government appointed
local administtators do not originate from their host communities. Consequently their failure
could be as a result of their inability to identify with the host community priorities (due the
absence of representative forums). Or, as is often politically construed, simply act as central
government agents with an agenda to ensure that little or no development goes on in
districts considered to be politically hostile to the incumbent regime. In fact, Nabudere [19]
has observed that, “many African leaders do everything possible to undermine
énlxepreneurs!” Impoverishment seems to have been used as a political tool in post-colonial
Africa. Thabo Mbeki [34] has lamented this, “abuse of state power to impoverish the people

and deny our continent the possibility to achieve sustainable economic development.”

It has been suggested that a new Kenyan constitutional draft should seek to create more
administrative transparency in the rural areas by proposing elected as opposed to appointed
local administrators. But there is evidence already that this may not necessarily provide a
panacea. At the root of the problem seems to be a culture of deceptive political rhetoric that
often gives the impression of an impending delivery of a “national cake” by the prospective
victors. In Kenya the slogan is matunda ya wburn (the fruits of independence). The apparent
impression given is that these (fruits) are to be anticipated when ‘one of our own’ ascends to
power. One only needs to look at the numbers and origins of presidential candidates for the
2002 Kenya election [35, 36]. A similar observation was made by BBC’s Winter [37] after the
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2003 Nigerian election results were announced. “.... One explanation for the swing (in
voting) from the AD to the PDP in the south-west is that the region felt excluded from

national influence - and money - when it was seen as an opposition stronghold.”

Consequently, at community level infrastructure and services like electrification are often,
erroneously, treated as commodities. In this regard electrification becomes an end rather
than a2 means. In African politics it doubles as the proverbial ‘carrot and stick’: rewarding
politically friendly communites and denied to communities that are perceived to be
politically hostile. A delegate at the Science Forum of the 2002 Johannesburg, World Summit
for Sustainable Development (WSSD) shared an experience from his native Malaysia. During
polling campaigns, politicians reportedly, went as far as delivering electric power poles to
villages, appatently as proof of a fait accompli but would subsequently recover them after the
polling! In appatent retaliation for a previous experience, the villagers would, collect the
poles, whenever such a ploy would be repeated, and use them as firewood and building

material. Sadly this would include occasions when the intentions to electrify were genuine.

There is also evidence that electrification may not be the only arena vulnerable to political
opportunism. In the South African 2004 election campaigns the magic promise of the anti-
retroviral drug has been invoked. Apparently implying what would be corrected if his party
were clected to power an opposition candidate gave a testimony [38], “the doctors
themselves, in an act of heroic desperation, are paying for anti-retroviral drugs from their
own pockets”. Like African oral literatures, more testimonies are often from oral sources
and any inferences may easily be dismissed as conjecture. Quite often these could be the only
link to subtle but very destructive reality on the ground since such political actors may not be

likely to include their motives in the campaign manifestos.

Such scenarios sharply contrast with the infancy days of rural electrification in the USA, for
example, where a cooperative movement for rural electrification sprang vp across the
country in the 1930’s with full Federal Government support and funding through the Rural
Electrification Authority, (REA) [39]. Initially established by President Franklin D.
Roosevelt’s executive order, REA was subsequently enacted by congtess through the Rural
Electrification Act in 1936. The bill authorised the REA to avail loans to the cooperatives
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and encouraged them to actively participate in their own rural network operations. In
addition to making funds available, REA provided massive logistical support to rural
communities by routinely dispatching personnel to educate consumers about electricity and
its uses. They also published (and still do) magazines, like Rural/ Lines and Rural Electrification
News as well as documentary films. Other consumer services included technical, managerial,
legal and accounting matters. They even used to laise with manufacturers to design

equipment that they deemed more suited for rural applications [40].

2.5. Researchers, planners and rural communities

A gap in communication between service implementers and researchers is an issue of
concern for a range of fields from software to health [41-44]. Likewise in sub-Saharan rural
areas, this issue has been cited as a development barrier due to a perceived sense of
aloofness by the largely urban-based researchers about rural issues. For example, one often
reads from technical publications such lamentations as [45], “rural communities have failed
to fully realise the advantages of electrification!” In a cynical way, this may be likened to seed
cast into a field, without regard to the latter’s condition, by a sower who expresses shock
when on inspecting the field six months later hardly finds any sign of life. If surely, a good
standard of living were to be universally recognised as the purpose for all humankind’s
endeavours then focus would be on those developments that have names like health,
education, shelter, environment, infotainment and civil order. These would require to be
sustained by viable commerce and agriculture, which would in turn require functioning

infrastructure that would include electrification among others.

At the project level the choice of an appropriate energy conversion technology is also
critical. The most inefficient way to use electricity is by applying it for a purpose that could
more efficiently be performed by a different form of energy or fuel. In fact economists [14]
refer to opportunity cost, which is defined as ‘the benefit foregone by using a resource for a
purpose instead of its best possible alternative. Says Ramakumar, [46]“What is needed is
energisation in contrast to conventional electrification.” Therefore the design criteria must
be to adopt prudent resoutce to need conversion technologies that take into account all

constraints.
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To begin with, the social requirements must be identified. In addition a true energy efficient
system should ensure, fitst and foremost, optimum petformance of the process or ultimate
function for which the energy is delivered as a unit lost in the final process results in several
units wasted from the generator. For example, if it’s true that drip irrigation requires only
60% of the watet used by regular methods, then the electrical engineer can ill afford to brush
this fact aside without due consideration. In general the ultimate function is a social human
requirement. Hence the knowledge, character and goodwill of the consumer community are

critical to the efficient and sustainable operation of any system.

Apart from a general national policy like the aforementioned REA, there are cases in history
where successful rural community development has been preceded by specifically targetted
legislation. The Tennessee Valley Authority Act of 1933 [47] (in the USA) is one such
example. In this case one would assume that if such a program of action were drafted,
specific energy sources and requirements would be assessed and the rest would fall in place.
But then, one could ask why, Kenya having enacted no less than five parliamentary bills and
actually set up provincial development authorities (DA), which include, Kerio Valley DA,
Tana and Athi rivers DA and Lake Basin DA did not replicate the American results.

Apart from the standard factors that included suspected corruption, mismanagement and
government interference, the Kenyan DAs were apparently never conceived to develop the
communities in their locations. Instead they seem to have simply been mandated to look at
ways to exploit the natural resources potential for use only at national level. For example, the
Tana and Athi Rivers DA Act [48] says in part, “...for the integral development of several

river basins in the Tana River including their hydroelectric potential.”

Lamentations by communities displaced by flooding hydroelectric dams but continue to stay
in darkness long after the projects are commissioned ate fairly common, even worldwide.
Barbara Adair [49], a travel journalist, aptly illustrates this when she describes a Malian
fisherman on the Niger, as he casts his fish net. “He is doing the work he has done all his
life; the work that has been done unchanged for centuries. The hydroelectric plant being
built somewhere upstream, to light up three West African states, means nothing to him.”

Inevitably this approach has historically been a potential source of agony and frustration for
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rural communities. It is billed as responsible for Africa’s inaugural post-colonial civil war, the

Biafran war [50], in Nigeria.

The enlisting of local communities as stakeholders of economic ventures in their
neighbourhoods has, in fact, been shown to be not just politically moral but very cost
effective. The Kenya Wild Life Services [51], for example, found that the prevalence of game

poaching was far less in areas where local councils had a share in the tourism revenue.

2.6. Human inertia to change

The Department of Energy and Mineral Affairs of South Africa funded a social research
project, in East London, to investigate reports that after electrification poor households still
continued to use previous fuels such as kerosene. In his report, Leslie Bank [52] cites culture
as a major determinant in the choices of fuels and consequent lifestyles of the people. The
discussion in [52], however, does not suggest much as a way forward. Culture seems to be
depicted as an abstract, rigid and unchangeable given state. It is not evident that there was
any participatory dialogue with the people or an attempt to compare relative fuel prices. The
conclusions derived, for example, that the kerosene was specifically preferred by the wife to

‘enhance her power in the household,” sound a little far fetched.

In fact available evidence seems to point elsewhere. For example, while opening the
International Domestic Use of Energy Conference 1998, the Vice Chancellor of the Cape
Technikon, Dr. Balintulo, remarked, “We all know electricity, but we all know, experience
and appreciate it differently. People in the townships have told our Energy Technology Unit,
during a country-wide survey, that they perceive electricity to be an unteliable source of
energy.” Another plausible reason is provided by Courter [52] who, when writing about
Aladdin, the kerosene lamp from his native America, laments society’s tendency to hold on
to its past. “For many it has been the only light of their entire life. Even when the electricity
comes, there are a loyal few who profess to use the electric light only ‘to find the match’ to
light their Aladdin!”

Kebede [54] in his analysis of the Ethiopian energy consumption habits points to the

anomalies of the so-called energy ladder. While there may be evidence of tendencies towards
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use of electric energy for cooking, as family incomes itnproved, they did not abandon
previous fuels like charcoal and kerosene. In fact their affluence seemed to enable them to
consume even more chatrcoal as their overall household energy consumption increased. Adds
Kebede, “Firewood/electricity —are  substtutes, but kerosene/charcoal and
charcoal/electricity are complementary pairs,” with the prevailing commodity prices

determining the ratio of use.

Additionally, certain traditional meals (like #njera) are preferable when prepared with a
traditional stove and this will transcend economic class barriers. This author can also testify
to this fact from a personal anecdote in the preparation of a traditional Ugandan banana
meal. In South Africa, when one refets to the braai (barbecue), charcoal (or firewood) as a
fuel is implied, regardless of social status or race of the host. Nutnerous other examples
across continents can be quoted [55, 56]. Lebot [57] in his French experience has lamented
that, “considerable energy savings have been identified in the cooking sector but these often
involve changes in common cooking practices that may breach current cultural and
behavioural norms and hence could encounter consumer resistance.” Ironically, many of
these households actually acquire the ultra-modern appliances but often end up with higher
energy bills. For example, the microwave oven, that was originally meant to replace the
traditional electric cooker, is more popular as a defroster for precooked food: food that has
already had its enetgy allotment! This is before one considers the energy requited freezing it.
So, evidently, these cultural tendencies have no specific ethnic tag and are much motre
universal than one ordinarily imagines. Clark et al [57], in a paper enttled, “South Africa’s
Efficient Lighting Initiative (ELI)”, have shown that through a well-orchestrated campaign

and participatory consumer engagement, consumer culture can indeed be re-moulded.

Finally, from the author’s anecdotal experiences, there is an apparent linkage between a
community’s recent history, their outlook to life and how they subsequently interact with a
new technology as illustrated by some brief examples. In Uganda a demoralizing legacy of
HIV/AIDS, seemed to have eroded away people’s desire for long term outlook and
planning. The trend has been appatently reversing lately. Tanzania with a past legacy of wjama
(socialism) the incentive for individual excellence may have been tampered by a past system

that seemed to reward more for political cotrectness. In Ethiopia there is an uncommon
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level of gender balance in technical fields and a strong sense of self-reliance even under a

very challenging economic environment, that could be linked to their former Soviet ties.

2.7. Concluding remarks

The benefits of rural development to society cannot be overstated. Thete are however,
detractors who still insist that services like electricity should follow rather than lead
economic development. True, it is, that energy is a derived demand of economic activity but
this may be precisely what obscures the fact that its absence could actually perpetuate the
lack for its demand. Consequently, lack of energy services cannot easily be identified as the
cause of poverty that it, most likely, is. Current annual national economic reports in sub-
Saharan Africa do not seem to depict the true extent of rural poverty [59]. Unquestionably,
energy facilitates all human endeavour. There is therefore urgent need for economics models
by which African governments can tangibly quantify, in terms of losses, the continued lack

of energy services to rural communities, if this cannot be figured out otherwise.

The solution however cannot be simply, the massive undertaking of rural development
programs by governments, while the recipient communities are relegated to observer status
or a waiting queue. With all their good intentions, such approaches have repeatedly been
shown to maximise on government expenditure with unsustainable results [23, 24] on the

ground.

As seen from historical examples of successful rural electrification [39-40], the communities
were the primary driving agents. They did not achieve this totally on their own either.
Instead, their governments empowered them with the necessary logistical and material
support that included finance as well technical, managerial, legal and commercial skills. This
approach has an additional sustainability factor since communities’ priorities remain the
same while those of governments can change over time. Moreover, the entrenchment of
democracy and good governance that are so needed for rural development would be
enhanced, as the more empowered communities would inevitably be less prone to political
manipulation. In the case of investment in rural neighbourhoods the enlisting of local
community members (individually or collectively) as partners (stakeholders), even if with a

minority stake, has been shown to be both morally right and cost effective.
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Drawing from the above however, it is quite apparent that a dilemma may exist between the
necessity to productively engage rural human resources as the primary agents of rural
modernisation and inherent human nature that seems to resist change. This can be
manifested in either the disseminator or the tecipient. In-the case of the -disseminator
legislation and guidelines can be put in place. As for the recipient however, a different
approach may be morte appropriate. In fact well-meaning intentions may on occasion raise
ethical questions. Moser et al [15] tackled this issue by coining the term ‘conscientization’ of
society. They howevet, pointed out that even this would not be without a challenge for,
“How does one conscientize society without appearing to impose an ideology?” they posed.
This could be in the form of introducing a more efficient agricultural technique to a village.

Genetically modified maize is a common example.

It could be argued that in modern society legitimate sovereign governments have mandates
as well as responsibility to make some choices for and on behalf of their own people by way
of legislation and regulations. But should this justify the common approach that presumes
what a community’s needs are? In fact Moser et al [15] have advocated for a process of a
‘dialogical nature’. It’s argued that true education starts from the premise, that peoples and
nations are the true agents of their own education. The initiator or proposer must learn to
balance his act of influencing while open to learning from the influenced. “This is the
consciousness of solidarity that offers an opportunity of providing sustainable political,

economic and social changes,” they conclude.

2.8. Appendix II

In his contribution to a 1935 US Congress debate on rural electrification, former U §
Senator George W. Norris of Nebraska, gave an insight into the kind of value one could
attach to social equity.

I had seen first-hand the grim drudgery and grind which had been the common lot of eight
generations of American farm women. I had seen the tallow candle in my own home,
followed by the coal-oil lamp. I knew what it was to take care of the farm chores by the
flickering, undependable light of the lantern in the mud and cold rains of the fall, and the

snow and icy winds of winter.

I had seen the cities gradually acquire a night as light as day.
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2.9.

I could close my eyes and recall the innumerable scenes of the harvest and the unending
punishing tasks performed by hundreds of thousands of women, growing old prematurely;
dying before their time; conscious of the great gap between their lives and the lives of those

whom the accident of birth or choice placed in the towns and cities.

Why shouldn't T have been interested in the emancipation of hundreds of thousands of farm-

women?

References 11

“Energy  in  Africa,”  United  Stated  Department  of  Energy.
http://www.eia.doe.gov/emeu/cabs/africa.html

Talbot Ann, “World Bank Report catalogues a social catastrophe in Africa,” WSWS:
News & Analysis: Aftica. http:/ /www.wsws.org/articles /2000/jun2000/afri-
j16.shtmi

Berne E., “Games People Play - The Psychology of Human Relations,” Grove Press,
Inc., New York, 1964.

Du Toit J., “Energy conservation in the home: some international trends and the
situation in South Africa.” International Conference on Domestic Use of Electrical
Energy, 1998, Cape Town, South Africa.

Weingart J., “Enterptise models for rural services: Building a momentum for large-
scale use of small scale new and renewable energy systems,” Alternative Energy
Development, Inc (AED). 2000 —2001 APEC Energy R&D and technology transfer
seminat.

Datson T., “Coke keeps on getting it right,” Business Report, South Africa p6, 10%
November 2002.

ANC (African National Congress). “The Reconstruction and Development
Programme: A policy framework”. Johannesburg: Umanyano, 1994.

The Government of Uganda: “Rural electrification Strategy and Plan covering the
period 2001 to 2010”. Ministry of Energy and Mineral Development, Feb 2001.
DME (Department of Minerals and Energy). White Paper on Energy Policy for
South Africa. Pretora: DME, 1998.

10. “White Paper on Water Policy,” Republic of South Africa, 30 April 1997.

31



1t

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Habtetsion S., Tsighe Z., (eds), “Energy for Rural Development in Eritrea —
Proceedings of a National Policy Seminar.” Afrepren Occasional Paper No. 9, 2001
Tefetra M. (ed), “Enetrgy for Rural Development in Ethiopia — Proceedings of a
National Policy Seminar.” Afrepren Occasional Paper No. 11, Nairobi, 2001.

“There can be no more excuses for failure to deliver,” The Sunday Independent, pp.
8, 8 February 2004.

Davis M., Horvei T., “Handbook for the economic analysis of energy projects.”
Development Bank of Southern Africa, 1995.

Moser A., Leers B., “Moral Theology: Dead Ends and Ways Forward,” Burns &
Oats/Search Press, 1990.

Hadi A., “A Participatory Approach to Sanitation: Experience of Bangladesh
NGOs,” Health Policy Plan, Sep 2000.

O’Toole K., Macgarvey A., “Rural women and local economic development in
south-west Victoria” Journal of Rural Studies vol.19 pp.173-186, 2003.

Anderson J. R., “Risk in rural development: challenges for managers and policy
makers,” Agricultural Systems 75 (2003) 161-197.

Nabudere D. W., “NEPAD needs a more introspective approach,” The Sunday
Independent, South Africa, pp. 6, October 27, 2002.

Karekezi S., “Renewable energy technologies as an option for a low-carbon energy
future for developing countries: case examples from Eastern and Southern Africa,”
AFREPREN/ Foundation for Woodstove Dissemination (FWD), Nairobi, Kenya,
Jan 2000. http:/ /www.uccee.org/CopenhagenConf/karekezi.htm

Duke R. D., Jacobson A., Kammen D. M., “Photovoltaic module quality in the
Kenyan solar home systems market,” Energy Policy 30 (2002) 477-499.

Agumba M., Osawa B., “ Kenya’s PV Market,” Solar Energy Netwotk
(SOLARNET) - Rose Av., Off Ngong Rd. - P.O Box 76406 Nairobi — Kenya
“Zimbabwe Rural Electrification Study,” March 2000 Joint UNDP/Wotld Bank
Energy Sector Management Assistance Programme (ESMAP).

Ndlovu A., "The GEF PV Solar project in Zimbabwe - an appropriate yet ineffective
RET dissemination approach?” Renewable Energy for Development, Aprl 1998,
Vol. 11, No. 1, pp. 4.

32



25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Mulugetta Y., Nhete T, Jackson T., “Photovoltaics in Zimbabwe: lessons from the
GEF Solar project,” Energy Policy 28 (2000) 1069-1080.

“Energy After Rio: Prospects and Challenges,” UNDP in collaboraton with
International Energy Initiative and Energy 21 Stockholm Environment Institute,
1997. http://www.undp.org/seed/energy/contents. heml

Diallo, S., “An African perspective in donor energy policy,” Renewable Energy for
Development, SEI Stockholm, September 1996.

“George  Norris—-champion in the fight for the common man”
http:/ /www.nebraskahistory.ore /sites /notris
“Toolkit for Evaluating the Poverty and Distributional Impact of Economic

Policies.” World Bank. http://www.wotldbank.org/poverty/psia/tools.htm

“A guide to the Climate Change convention and its Kyoto Protocol,” Climate
Change Secretariat. Bonn, 2002,

“Our Common Future (the Brundtland Report),” World Commission on
Environment and Development, Oxford: Oxford University Press, 1987.
“Declaration of the Rights of the Child. Proclaimed by General Assembly resolution
1386(XIV) of 20 November 1959.” Office of the High Commissioner for Human
Rights. http:/ /www.unhchr.ch/html/menu3/b/25 htm

Report of the United Nations Conference on Environment and Development. Rio
de Janeiro, 3-14 June 1992. A/CONF.151/26 (Vol. I)

“The Renaissance of Africa,” Keynote address by Deputy President Thabo Mbeki,
13 August 1998 Gallagher Estate, Johannesburg, South Africa.

Mutahi Ngunyi, “Succession and the 'Kikuyu Question'.” Transition Watch, Sunday
Nation, February 10, 2002.

http:/ /www.nationaudio.com/elections /opinion/story3.htm

Kenyan  Electons:  Only the faces change (or do  they?)
hetp:/ /www khilafah.com/home/lographics /category.php?DocumentID=5957&Ta

glD=1
Winter J., “Nigeria's powetful new governors,” BBC News Online, Abuja 22 April,

2003. hitp://news.bbc.co.uk/2/hi/africa/2967881.stm

33



38.

39.

41.

42.

43,

44,

45.

46.

47.
48.

49,

50.

51.

52.

“The cause of change,” Statement issued by Tony Leon, Leader of the Official
Opposition. Wednesday, March 24, 2004.

http:/ /www.da.org.za/DA/Site/Eng/Speeches/Speech.asp?ID=642

Cooke M. L., “Electrifying the countryside,” Survey Graphic, 1935. Survey
Associates Inc.

http:/ /www.nreca.org/news/news rel0311 10.html

Ralph A. O., Lambert IIT S. H., "Bridging the Communication Gap Between
Research Scientist and Facilities Planner” Planning, Design, and Construction
[Critical Issues in Facilities Management #7], 1990

Silverman D., “Doing Qualitative Research”, Sage Publications. London, 2000.
Silverman D., “Qualitative research: meanings or practices?” Information Systems
Journal 8, pp. 3-20, 1998.

King, S., “Case tools and organizational action,” Information Systems Journal, 6,
173-194 (199¢).

Cecil Thom, “Rutal Electrification Policy in South Africa, Some Recommendations,”
International Conference on Domestic Use of Electrical Energy, 1999, Cape Town,
South Africa.

Ramakumar R., Abouzahr I, Ashenayi K., “A Knowledge-based approach to the
Design of Integrated Renewable Energy Systems,” IEEE Transactions on Energy
Conversion, Vol. 7, No. 4 pp. 648-659, December 1992.

The Tennessee Valley Authority. http://newdeal feri.org/tva

Kariuki K. K., “Developing a regulatory Framework in a Reforming Power Sub-
Sector: The Case Study of Kenya,” Africa Power 2000 Conference on 18 April, 2000
in Sandton, South Africa

Barbara A., “Magical Mali” Sunday Life pp. 6-8, The Sunday Independent, South
Africa, 20 Oct 2002.

“The Biafra Civil War, 1967-1970” Vanguard Daily (Lagos), 1 March 2001
“Crocodile / Human Conflicts Workshop,” Kenya Wildlife Services Training
Institute, Naivasha, Kenya, 28-29 June 2001. Crocodile Specialist Group Newsletter
vol. 20, no. 3, Jul-Sept 2001, pp. 52-54

Bank L., “Basic energy needs and multiple fuel use: Some reflections on energy

policy and social theory,” Domestic use of energy conference 1999, South Africa.

34



53.

54.

55.

56.

57.

58.

59.

Courter J. W. “Aladdin: The magic name in lamps,” Wallace-Homestead Book Co.,
Des Moines, IA, 1978.

Kebede B., “Modern Energy Use and urban Poor in Ethiopia,” Africa Energy
Research Network, Newsletter No. 34, May 2002.

Akinbami J. F.K., Hlori M.O., Oyebisi T.O., Akinwumi [.O., Adeoti O., “Biogas
energy use in Nigeria: current status, future prospects and policy implications,”
Renewable and Sustainable Energy Reviews 5 (2001) 97-112.

Gaurav Stivastava, “Psychological Resistance to biogas generated from human
excreta,” Final Paper - 11.479 May 13, 2002.

Lebot B., “Energy efficiency for electrical appliances in the building sector:
opportunities and benefits,” International Conference on Domestic Use of electric
Energy 1998, Cape Town South Africa.

Clark A., Bredenkamp B., “The efficient lighting initiative: Bringing about a light
revolution in South Africa,” Domestic use of energy conference 1999, South Africa.
Collier P., “The Challenge of Ugandan Reconstruction, 1986-98,” World Bank,
November 2, 1999.

http:/ /www.wotldbank.org/research/conflict/papers /uganda.pdf

335






3. New Automotive Technologies for Rural Lighting in
Sub-Saharan Africa: White LEDs

3.1 Introduction
A new trend across Africa that began in the last decade of the millennium led to the
systematic unbundling and privatisation of national utilities and parastatal institutions that
had, at least in principle, social components to their mandates [1-2]. The new, solely profit-
driven, entrepreneurs have moved swiftly to consolidate their operations in the mainly urban
enclaves, and put paid to any remote hope for further rural activity. Consequently, it’s slowly
being realised that off-grid is the way forward for the abandoned rural areas. As these
communities transition towards electrification, lighting is often the priority load. For these
emerging electric consumers the alternatives are burning reeds and smoky kerosene candles.
Apart from the aforementioned respiratory and sight illnesses, these rudimentary means

provide poor lumen levels and have environmental implications as well.

Limited generation and storage capacities characterise these upcoming small rural power
installations. The resource constraints call for effective demand side management that
conserves energy but with minimal compromise on service delivery quality. Globally, electric
lighting accounts for some one fifth of all the electric energy consumed, and a similar
percentage of electric energy related green house gas (GHG) emissions. Therefore, any

efficient electric lighting initiative is a subject of interest for all humankind.

Lighting loads are often inaccurately modelled due to the omission of a number of relevant
non-electrical parameters. Illumination as a technology, has made its own advances,
independently, that must be included in the ultimate electrical lighting solution [3-7]. High
benefit lighting in the work place, for example, optimises sight dependent tasks while
minimising the energy used. Illumination experts point out [8, 9] that over-lighting a space

ot task area degrades the lighting quality in addition to wasting energy.

As already mentioned, solutions for electrification or energy development in the developing

world need not follow the same path as for the developed world. Instead relevant technical
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solutions for advanced applications in the developed world can be used to leapfrog
intermediate technologies and applied directly, with benefit to the developing countries. The
Internet for example, has over the past decade been making quite some impressive inroads
and changing lives in sub-Saharan Africa. In the field of lighting, recent developments in
automotive electronics may yet launch another cutting edge technology into the rural
communities. The red light emitting diode (LED) that recently made remarkable gains in the
traffic and car tail light markets is fast evolving into the white LED for general lighting and

may be applied directly to rural electrification problems.

This chapter examines the lighting issue at depth. Section 3.2 will describe how radiometric
power output of a light source (in watts) relates to photometric or light power (in lumens)
by incorporating the human eye frequency response. Section 3.3 will discuss lighting load
modelling. A range of attributes of a light source will be desctibed. How they conttibute to
the lighting quality and thus finally impacting on the electric power soutce will be explained.
Using the South African lighting standard, section 3.4 will discuss the requirements of a rural
household and compare the performance of a state-of-the-art rural lighting system to the
white LED. Section 3.5 will brefly discuss the present and the projected future of
technological and commercial issues of the LED. Section 3.6 will give empirical graphical
compatisons of transient loading for the white LED, the incandescent and fluorescent
lamps. Conclusions will then be drawn on the possible impact of LEDs on rural

electrification.

3.2 Background: Lighting Load modelling

When connected across a voltage source, an incandescent light bulb draws a current with a
waveform that is a near replica of (and in phase with) the voltage and therefore at a near
unity power factor. This is the classic criterion for an ideal electric load yet this, apparently,

ideal load is labelled as inefficient: in fact, very inefficient. How is this possible?

Modelling lighting loads is unique as it involves the human eye as the ultimate load
determining the required electric power input. Any losses prior to the eye constitute power
delivery losses and failure by light to reflect off an intended target and then to the reception

of a normal eye constitutes system inefficiency. In figure 3.1, the curve represents the
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radiometric output power, in watts, of a tungsten incandescent light source as a function of
wavelength., The shaded area represents the visible output of the source, defined as the
range from 360 nanometers (nm) to 830nm. This fraction determines the efficacy of the
light source. However, the human eye responds differently to different wavelengths (within
the visible range) and the light source efficacy is not (literally) the shaded area divided by the

total area.
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Figure 3.1. Output energy as a function of wavelength for an incandescent tungsten bulb

Figure 3.2 is an empirical cutve, drawn by the International Commission on Illumination
(CIE), of an average human eye response as a function of wavelength. This is the photopic
curve. (The scotopic curve is the response during very low light levels and is not part of this
illustration.). As seen on the photopic function, the human eye responds best at 555nm.
This point defines the full coefficient, 1, of the eye’s response. The unit of light power is the
lumen (Im). The eye receives radiometric watts and interprets them in lumens using the
response function. For example, 1 watt of (monochromatic) radiometric power at 500nm

will be interpreted, in lumens, as 0.3 in value compared to 1 watt at 555nm.

The following is an elementary illustration of a general monochromatic case. The symbols

used are not the authentic illumination symbols but merely serve to illustrate a point.

Lety, =f, (A) watts, represent the radiometric function (due to the light source) in figure

3.1 (where A is the wavelength)
Andy, =f, (A), represent the photopic function (of the human eye) in figure 3.2.
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Then the light power, L, in lumens, of a monochromatic radiation of wavelength A, is

given by

L,=Kf, },)f, &,)Im | | (3.1)
The constant K = 683 is the watt-lumen conversion constant. A lumen can then be defined
as the (visual) power of monochromatic radiation of frequency 540 x 10" hertz (which is

555nm in air or vacuum) equal to 683 ' watt.
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Figure 3.2. The human eye response plotted against wavelength

The conversion of radiometric power of a general non-monochromatic light source to
luminous quantity, however, involves many other illumination functions that are beyond the
scope of this illustration. Fortunately, light soutce manufacturers normally indicate the

efficacies (in lumen per watt) of their products.

3.3 Light source modelling
As mentioned, efficacy is given as the number of lumens of light output of a light source per
input watt of electrical power (Im/w). This is, however, just one of the indices of lighting
quality. For a more comprehensive light source design one requites more data. Initially, the

task for which light is required must be defined and the required amount of light quantified.
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As an example one may consider an incandescent light source and a light emitting diode
(LED), which currently (2003) have practically the same lumens per watt (efficacy) rating. It
would therefore be reasonable to assume that the two light sources would consume the
same atount of electric energy to perform the same task. How then could the traffic and
signal lights industry report such massive energy savings of up to 80% by just replacing the
incandescent lights with LEDs?

In the case of a ‘stop’ traffic light for example; the required task is the production of red

light and only to the view of the car driver. The key words are colour and directivity. True

efficiency must therefore be the amount of power successfully converted for the task per
unit watt of input of electric power. In order to perform this task the incandescent light

must use a teflector and a red filter. A 140 watt incandescent lamp with an efficacy of 15

lumens per watt will produce 2100 lumens. However, after the red filtering and reflecting
the amount of red light that is finally available to the driver may be only 200 lumens, which
happens to be adequate. A red LED, on the other hand, is a monochromatic device and has
directivity with an appropriate angle. It is task specific: requiring neither filter nor reflector.
Thetefore, a replacement LED assembly for the same traffic light function only requires 200
lumens. Having the same efficacy as the incandescent, the LED ends up consuming only
10% of the power. Moreover the LED has other superior attributes like shock resistance; a

problem that causes premature failure in incandescent traffic lights and vehicle taillights.

Light sources have a variety of other attributes in varying degrees as illustrated in appendix
IIT at the end of this chapter. These determine the suitability and therefore efficiency of a
light soutce for a given task. In addition, the colours of the surroundings having unique
reflective properties will affect the amount of light required and ultimately impact on the
requited generation and/or storage capacity in an electrification design. “In some cases
enhancement of these influencing factors can improve performance without the need to

raise illaminance” [4}
As seen eatlier in the case of traffic lights, confining light to a specific purpose does improve

on energy efficiency. Philips engineers have also demonstrated the effectiveness of this

technique, called ‘tasking’. A set of specially constructed LED streetlights performed at par
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with sodium lamps despite the overwhelmingly superior efficacy of the sodium (130 lm/W).
If the purpose for a light soutce is reading, it would appear reasonable to infer that energy
would be most conserved if the light wete confined to a target area, namely the book.
[lumination experts, however, caution that this may cause discomfort due to glare [4], if the
background is pitch datk. Other symptoms include annoyance and reduced productivity.
Some mild ambient lighting, of the order of at least 10%, which would otherwise be

inadequate on its own is recommended [8].

Finally there ate special circumstances that call for higher lamp lumen levels than would be
tequired ordinarily. These include provision for visually impaired persons, or special age

groups of occupants.

3.4 Rural lighting requirements
In South Africa, a code of practice [8] gives the minimum lux for a whole range of locations
and activities. For example, kitchens are allocated 200 lux, 100 lux for bathrooms and 500
for study and reading. Like other standards, there may be variations from country to
country. In the following illustration the specification of the South African Bureau of
Standards will be assumed. An incandescent lamp and a white LED for reading are

compared below.

If the reading area is 0.25m” and the required light density is 500 lumens per square meter,
then the lamp should produce (500 x0.25) =125 lumens.

As of 14th April 2002 Lumileds {10} produced LUXEON-5W, a 120 lumen white LED light
source with a power consumption of 5 watts. As mentioned earlier, LEDs have directivity
and it is reasonable to assume that all the light can be confined to the required area. (More

sophisticated issues like glare will be ignotred here)

The incandescent lamp will use a reflector (luminaire) to attain the directivity. A good
quality luminaire has a coefficient of utilization (CU) of 0.55 [6]. CU is the indication of the
proportion of useful light emitted by a luminaire. Thetefore in order to create the same
effect as the Luxeon-5, the incandescent light must produce 120/0.55 = 218 lumens. The

efficacy of a typical incandescent lamp is 15 lumens per watt. The wattage of this lamp will
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be 218/15 = 14.5 watt. Incandescent lamp efficacies rise with filament temperature, which
in turn rses with lamp wattage. So in reality a lamp of such low wattage will have an
efficacy closer to 10 lumens per watt. This will make its wattage closer to 20 watts and

hence will require 4 times the amount of power as the Luxeon-5.

3.5 Solid state lighting (SSL): cutrent status and the future
SSL has taken a foothold and is certain to revolutionise lighting energy consumption.
Cynics refer to traditional electrical lighting, as a process of heating of a2 medium by the
application of electricity until it’s hot enough to give out some light. A grossly energy-

squandering scenariol

In contrast LED technology involves a quantum process to convert dc current to light.
Conversion efficiencies nearing 100% have reportedly been achieved in laboratory results
with certain materials. Having said that, it should be pointed out that the LED has the same
common p-n junction heat dissipating characteristics. In order to realise more brightness the
dc forward current must be increased, which in tumn increases the p-n junction temperature.
Over-rating the temperature can compromise the lifespan of a device. So in order to realise
sustainable brighter output, manufacturers are using higher thermally conductive lead frames
and higher temperature epoxies in addition to higher efficiency semiconductor materials.
The mounting of components on heat sinks further augments these with low thermal
resistance. Then there is the issue of light extractability that is still another stumbling block.
In fact, it would appear that the materials with the most efficient quantum conversions have
the poorer extractability efficiencies. These are part of what research will address and should

be awaited for with much anticipation by the African rural communities.

Lifespans of incandescent lamps average about 800 hours. LEDs have superior lifespans to
incandescent light sources. However, like other light source types LEDs suffer from lumen
depreciation and one ought to exercise caution with hyped brochure figures like 100,000
hours [11-13]. Independent researchers have pegged the 50% lumen depreciation lifespan of
a white LED to a more realistic figure of 6000 hours. The 100,000 hours is probably when
the LED finally shuts down. This gradual deterioration, once understood, could be factored

into scheduled maintenance. Unlike the abrupt failures by incandescent and fluorescent
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lamps it would be an added advantage.

White light from an LED is obtainable in several ways. The resulting “whiteness” will vary
depending on the method, and material combination used (among other factors). In
llumination terminology these various tints are refetred to as chromaticity points defined by
pairs of x-y coordinates on the CIE 1931 diagram [14]. One method of generating white
light is by the convergence of beams (of primary colouts) from three monochromatic chips
of red, green and blue. This is theoretically the most accurate method (especially with colour

rendering) but in practice is still riddled with calibration problems.
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Figure 3.3. The anatomy of a phosphozr-based white LED

A second method involves the use of monochromatic ultra violet (UV) light generated by a
single chip to excite three phosphots of red, green and blue. The method is particularly
discouraged due to a possibility of leaking UV light to the uset. The colour (or whiteness) is

also said to be angle dependent.

by
k=1

=
o6

Blue huminescence

f 1
& o

Phosphorescence

<
B
¥

& 4 3 ] 2 4 Py
300 408 500 600 700
Wavelength in nanometers

Relative output optical power

Figure 3.4. A typical emission spectrum for a phosphor based white LED
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The third and currently most preferred method, (and credited to [15]) is illustrated in figure
3.3. It involves a monochromatic blue light emitting gallium nitride chip, (GaN), (typically at
265 nm) that is coated with yttrium aluminium garnet (YAG), a yellow fluorescent
phosphor. The yellow phosphor is excited by the blue light to produce a broad emission
specfrum, in a process somewhat analogous to the fluorescent tube light. Figure 3.4
illustrates a typical emission spectrum of a phosphor based white LED. Conversion
efficiencies are dependent on the quality of the phosphor and the composition of YAG can
be varied to generate a variety of chromaticity points. The phosphorescence typically peaks
at about 555 nm with a CRI of 85 and is hence a reasonable mimic of white light.
Additionally, the chromatic performance of a phosphor based white LED will be affected by

the drive current and component age.

However in apparent acknowledgement of the transitional nature of the technology, many
applications (like automotive lights) have specs that permit some flexibility on chromaticity.
A possibility that future colour mixing may be managed externally by waveguiding, optical

luminaires using light from several monochromatic chips has been raised in [16].

Historically the LED efficacy has been doubling every 18 to 24 months since the beginning
of the 1970%s. Such evolution is highly dependent on funding. In July 2001 the US Senate
launched, ‘the Next Generation lighting Initiative’ with an ambitious goal to achieve 25%

market penetration by the year 2012.

As of 2003, the commercial white LED had reached an efficacy mark of 25 lm/w.
According to Sandia National Laboratoties the projected efficacy for the white LED before
the end of this decade is 50 lumens per watt, with a possibility of nearing 100 Im/w with
accelerated effort [17, 18]. According to the projection model in [17] the accelerated track
option is conditional upon adequate funding. Figure 3.5 is a graphical illustration of the

model.
On the 25" of April 2002 the US Senate passed bill 5.517, and committed over 1 billion US

dollars per annum for research and development (R&D), for “such areas as next generation

lighting technologies.” This is cause for optimism. The same forecast projects that at 50
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Im/w the per kilo lumen price will still be US § 8.30 against the incandescent lamp’s current
US $ 0.56. Cost is still a major shortcoming for the LED. If the accelerated track should be
followed a price breakthrough of US § 0.50 is projected at 120 Im/w of component efficacy.

s
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Figure 3.5. A Sandia National Laboratories projection model
of the future of general lighting

The aforementioned 6000 hours lifespan however gives an 8:1 advantage of cost over the
lifespan of the white LED against the incandescent lamp. It means that for every time one
buys an LED lamp one requires to buy at least 8 incandescent lamps to last as long, giving a
much better cost effectiveness scenario in favour of the LED. It also means that even at the
projected lower end value of 50 Im/w the LED will be far more cost effective to use than
the incandescent lamp, while LED power consumption will be less than a third.

It should also be noted that the Sandia model focused on efficacy as the major index for
market response. There are other possibilities. The market could, for example, be
impressed by other improving attributes like the lifespan or colour rendering index CRI

and realise a price breakthrough much earlier.

The time it takes to start a light source can in certain instances be important. Currently,
compact fluorescent lights (CFL) are very popular in off-grid systems. There is a time delay
to get to full brightness. So the incandescent lamp still ends up standing in for that odd
function like closet lighting. The LEDs are not only as fast as the incandescent lights to start

but even faster when going off. CFLs have additional shortcomings like disposal.
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The directivity attribute has been hitherto highlighted as a major efficiency factor for tasking
and signals applications. However, for uniform and homogeneous lighting applications the
nature of LEDs being point sources presents a challenge. Moreover manufacturers
continually caution against the dangers posed by the high intensity of these sources.
Therefore waveguide optics are required. In [16] it is suggested, though, that the very nature
of the point sources should in fact make them even easier to convert as compared to
traditional intermediate size sources. This should be more so especially with the emergence

of inexpensive plastic waveguides.

At the current levels of technology the white LED’s advantage over the incandescent lamp
would appear to be mainly in task applications, like reading and perhaps the kitchen. But
when considering lumen depreciation (also called light loss factor, LLF), the LED scores yet
another point. Because the reflectance of the reflector deteriorates as well, the incandescent

lamp has two depreciation factors to contend with against the LED’s one.

Consider a rural African household comprised of two bedrooms, a kitchen, a bathroom with
a toilet and a lounge/dinning at the far end. One may assume over 80% of the full lighting
load for the four hours per evening and only incandescent lamps in use. Assuming also, that
the room sizes and surrounding wall reflectances are such that the required lux levels can be
achieved using the following wattages. A 60W in the kitchen, 40W in each of the bedrooms
25W in the bathroom, 60 W for ambience in the lounge/dinning room and an additional 20
W for the table reading lamp. The total peak load would be 225 W. If compact fluorescent
lights (CFL) with average efficacy of 50 1/W were used then the total consumption would be
67.5 W. An incandescent light and a CFL radiate light in all directions.

If white LEDs wete used they would have a directivity advantage. Assuming a collective

projected LED beam angle from the sealing of 120° then its approximate solid beam angle
would be 27(1- cosg) =27(1—-cos60) =xm steradians [16, 17]. But a sphere is

47 steradians. Therefore the white LEDs are only required to supply one quarter of the
lighting power. If the efficacy of the WLEDs were 15lm/W their peak power consumption
would be (225 + 4) = 56W. But the WLED efficacy is currently (2003) of the order of
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25lm/W. Therefote the consumption drops to [%x 15:‘ =33.6W

If one should consider the same WLED having evolved to efficacy levels of 120 1/W then
the peak load would become (56 x incandescent efficacy)/(LED efficacy).

Peak load demand per household = (56 x 15)/120 = 7 W. For a village of 40 similar
households the maximum non-coincident electricity demand due to lighting would be 280
W.

3.6 Transient Loading

A series of tests were catried out on various lighting loads to establish their transient
responses to step input voltages. The response (on and off) of a series string of LEDs (with
a cutrent limiting resistor) is illustrated figure 3.6. The load current was 20 mA and
measurements were taken using a 100 MHz scope. It would appear from these results that
the response of an LED load to a step input voltage is a near replica of the response of an
ideal resistor with no traceable transient overshoot. This exerts minimal stress on the power
source. This can be contrasted with figures 3.7 and 3.8 for an incandescent and a fluorescent

tube light respectively, which have high magnitudes of starting currents.

S5 Agient Techuologins

Figure 3.6. A plot of a transient loading of a string of LEDs at 20 mA
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Figure 3.7. The response of an incandescent lamp to a step input voltage

L Byilent Tochnplogics

Figure 3.8. The response of a fluorescent tube light to a step input voltage

3.7 Concluding Remarks

This chapter has discussed the advantages of advanced illumination technologies in
maximising lighting quality while minimising electric power consumption. Using the South
African lighting standard, the lumen requirements of a rural household have been
enumerated. In addition the performance of a state-of-the-art rural lighting system has been
compared to the white LED. Thus the superior energy saving attributes of LEDs have been
demonstrated. These would augment the illumination technologies and further cut down on

electric power consumption. A discussion of the current and projected status of the white
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LED points to ultra high performance with long lifespans at low prices in the near future.
Empirical graphical compatisons of transient loading for the white LED, the incandescent

and fluorescent lamps have shown further loading advantages of the LED.

The above facts strongly suggest that the white LED has technical and cost advantages over
traditional lighting systems even in its present state and should be the light for now and
future rural applications. They also vindicate the use of pico power as the viable way forward

to the future of power generation.

3.8 Appendix 111

Color rendering index (CRI) is a relative scale from 0 — 100 and determines how colors of an
object are perceived under an artificial light as compared to a reference light. The low-
pressure sodium lamp, for example, while reputed to have the highest efficacy figures of the
order of 130 to 150 lumens/watt, has a CRI of neatly zero. So it can only be said to be
efficient for the outdoots and certainly very inefficient indoots, as most colors appear black
under this light. The incandescent lamp, on the other hand, has a very high CRI of nearly
100. Or put simply, colors appear most agreeable under light from an incandescent bulb.
This could partly explain why even people who are cleatly aware of relative lamp
performances, and energy benefits and can afford the ‘better’ types (like CFLs) still keep
choosing incandescent lamps. The current white LEDs perform very well with a CRI of 85,
which matches the compact fluorescents (CFLs), and they will get better. Besides, CFLs use

toxic mercury to function and their disposal is a problem.

Lumen depreciation is the reduction in output lumens of a light source with age. The
depreciation rate is dependent on lamp type, environment and rate of usage. The life span of
a light source is deemed to have ended if the amount of lumens falls below 50% of the
initial figure. “In lighting design we must take into account this fall by use of a maintenance
factor”{3]. This is one piece of data that is frequently a subject of distortion by
manufacturers. The fact that lJumens per watt values on the labels are only valid for new
lamps is hardly ever mentioned. However, considering this omission as a constant across the

board, LEDs have relatively far longer lifespans than any other type.

49



10.

11,

12.

13.

14.
15.

16.

3.9 References III

Turkscn, J., “The Electric Utility Industry: Path to Restructuring in Sub-Saharan
Africa,” UNEP Collaborating Centre on Energy & Environment. Rise National
Laboratory, Roskilde, Denmark.

Karekezi S., Kimani J., “Status of Power Sector Reform in Africa: Impact on the Poor”
African Energy Policy Research Network (AFREPREN), P.O. Box 30979, 00100
Nairobi GPO, Kenya. Energy Policy

Lighting Education (1983 — 1989), Publication CIE 99 — 1992. ISBN 3 900 734 36 4
Lighting of indoor work places, Publication CIE Standard: S008/E — 2001
Maintenance of indoor electric lighting systems, Publication CIE 97 ~ 1992 ISBN 3
900734348

Discomfort glare in interior lighting, Publication CIE 117 — 1995 ISBN 3 900 734 70
4

Proceedings of the first CIE symposium on lighting quality, CIE x015-1998 ISBN 3
900734917

SABS 0114-1:1996. Interior Lighting. (Part 1: Artificial lighting of interiors). South
African Bureau of Standards

SABS 0114-2:2002. Interior Lighting. (Part 2: Emergency lighting), South African
Bureau of Standards.

http: / /www . lumileds.com/newsandevents /event.cfm

Narendran N. et al, “Characterizing white LEDs for general illumination
applications.” Proceedings of the International Society of Optical Engineers. SPIE
3950, 2000.

Narendran N. et al, “What is useful life for white light LEDs?” Journal of
Hlumination Engineering Society. Vol.30, No.1 pp.57, 2001

Operational considerations for LED lamps and display devices. Application note
1005, Agilent Technologies.

Commission Internationale de I’Eclairage. http://vi12n153.members.cunet.at/cie/
Makia, T., Nakamura S., “White and UV LEDs.” Oyo Buturi vol. 68, pt.2, pp.152-155,
1999.

Tsao J., “Light Emitting Diodes (LEDs) for General Illumination” (An OIDA
Technology Road Map Update) Sandia National Laboratories, 2002.

50



17.

18.

19.

20.

http:/ /www.netl.doe.gov/ssl/workshop/Report%20led%020November%202002a
_l.pdf

Drennen T., Haitz R., Tsao J., “A market diffusion and energy impact model for
solid-state lighting. SAND2001 — 2830.” Sandia National Laboratories, Agilent
Technologies, E20 Communications and Hobar & William Smith Colleges.

Arthur D. Little, Inc, “Energy saving potential of solid state lighting in general light
applications”. US Department of energy.

http:/ /www.eere.energy.gov/buildings/documents/pdfs/ssl_final_report3.pdf
Gibson D., “Candlepower.” CREG Journal 26, pp. 27, December 1996.

Light emitting diode (IRED) power output specifications. Honeywell application note,
pp. 348-349. |
http://content.honeywell.com/sensing/prodinfo/infrared/application/Inleng.pdf

51



4. Other Critical Appliance Technologies

4.1 Introduction

Apart from lighting, refrigerators and water pumps are also critically important in rural areas.
This chapter will highlight how advances in automotive air-conditioning and motor drive
technologies could be adapted for rural electrification. Section 4.2 will describe a state-of-
the-art refrigerator in Kenya and its shortcomings. Then an overview of the Carnot and
vapour comptession cycles will be given. It will then be shown how research in automotive
air-conditioning has systematically worked on each of the sections of the wvapour
compression cycle to achieve high efficiency results. The section is concluded by an example
of a state-of-the-art rural vaccine storage technology and how it could greatly benefit by

adapting the new automotive air-conditioning technologies.

Section 4.3 will provide a background of recent developments in automotive motors and
drives. These include the concept of designing motot/drive systems that match the expected
load characteristics. Then, in an example of a water delivery system in rural South Africa, the
advantages of applying these automotive advances will be demonstrated. Conclusions will
then be drawn as to the possible impact of adapting these automotive technologies to rural

loads.

4.2 Refrigeration

4.21 Background to Refrigeration

Refrigeration is critical to the delivery of health services as well as for food storage in rural
communities {1-2]. This service is required round the clock and hence has quite a significant
impact on energy generation and/or storage. The most common refrigerator found in
Kenya, has a reciprocating hermetically sealed compressor together with a single-phase
induction motor [3]. The motor capacity is typically in the range of 75 to 250 watts. This
design is a proven age-old technology and has attributes such as low cost and robustness

associated with an induction motor but is riddled with drawbacks.

Firstly, the fixed displacement compressor runs at a single speed and is optimised for

maximum loading under the expected worst ambient conditions. It is therefore over-
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specified. If the compressor discharge pressure is lower than the desired condenser pressure,
the condenser will not be able to condense the gas at higher coolant temperatures.
Therefote, exit ptessure is set to etr on the higher side resulting in energy loss. In order for
the refrigeration system to operate at the required capacity the compressor is cyclically
switched on and off. Duting each start-up phase the oil pressure is low and bearing
lubrication is not optimal. Repetitions result in frictional losses as well as a reduction of
comptessot life [4]. Additionally, at start-up more oil leaks into the refrigeration fluid system
than duting continuous operation, further depriving the bearings of oil as well as
compromising refrigeration efficiency [5]. The fluid turbulence that characterises these

abrupt full speed starts and stops, is also a major contributor to inefficiency.

This type of compressor cycle is characterised by a widely varying torque during its
mechanical cycle. The average versus peak torque ratio can be 1:4 at its worst, and a starting
torque of (often) 2 times the rated [2]. Without considering the compressor inefficiencies the
induction motor efficiency would only range between 55 — 70%. The refrigeration system
uses the traditional ozone depleting CFC refrigerants, which renders the operation of this

type of refrigeration system practically obsolete.

In the 1970°s the percentage consumption of energy by refrigerators in the USA was
estimated at 25%. This prompted high profile efforts to improve refrigeration efficiencies
and research has been on-going over the years [6-11]. In France, for example, studies [12]
have shown that energy savings of factors up to 3.2 using energy saving refrigeration
technology can be achieved. Unfortunately these activities seem to have largely focused on
large commercial systems and domestic capacities commonly used in the more affluent
households of the developed world. Additionally, being designed to operate exclusively from

mains excludes their application for off-grid rural applications.

A turn of events in the 1990’s however focussed research on automotive air-conditioning
with technologies that could more easily be adapted to African off grid and rural
refrigeration requirements. These events included, the 1992 Montreal Protocol [13] (banning
ozone depleting substances), the 1993 Partnership for a New Generation Vehicle’s (PNGV)

[14] and the Kyoto Protocol [15] (on green house gas emissions). In addition, there are other
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regional automotive regulations such as the US Federal Test Procedure (FIP) [16] for
vehicle emission control. The provisions of the FTP require that tests be done while the air
conditioner is running. Fach of these standards imposes stringent demands on the
automobile air conditioning system. Consequently automotive air-conditioning became one
of the most scrutinised technologies. Despite the apparent encumbrances, air conditioning
has emerged as a de facto standard automotive accessory in the world’s largest automobile

market, the USA. This development has offered ample opportunity for further development.

In the next generation automobile, the internal combustion engine will be required to shut
down at traffic stops or slow traffic instead of idling, as an emission control measure. At this
stage the air conditioning load will be at maximum as there will be no supporting air draught
and the only energy source will be the battery. H. Nadamoto et al emphasize, “It’s important
to keep the A/C power as low as possible and at the same time secure its minimum required
capacity” [16]. This, unlike any other situation, is a virtual replica of an off-grid refrigeration

scenario.

4.22  Overview of the Camot Cycle
The Carnot cycle is perceived as a heat pump with an ideal working fluid [17-21]. The fluid

undergoes no phase change and all processes are reversible.

Heat energy is drawn from a high temperature reservoir to a low temperature reservoir using
the working fluid as the transport medium. The cycle ends at the low temperature reservoir
where the heat is converted to work. It is comprised of four stages in which the following
happen.

- First thete is an dsothermal process (without change in temperature) where heat is

transferred from a high temperature reservoir (at temperature T ) to the working fluid.

- Secondly the working fluid undergoes an Isentropic process (without heat exchange with

the surroundings) and its temperature drops to Ty,

- Thirdly, heat is transferred from the low temperature working fluid to a low
ternperatute reservoir isothermally.

- Finally the working fluid undergoes an Isentropic process and its temperature rises to Ty,

Then the cycle resumes.
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An ideal refrigeration cycle is based on the reverse of the Carnot engine cycle. Instead, work
is put into the system via the compressor’s mechanical shaft. An isentropic compression
converts this mechanical wotk into an equivalent amount of heat using the refrigerant as the
working fluid. The refrigeration cycle performance is therefore judged against this input
wotk. This is the coefficient of petformance (COP), which is the amount of heat removed
from a low temperature reservoir divided by the net mechanical input work to the

comptessor shaft.

4.2.3 Modelling a real refrigeration cycle

The overview in section 4.2.2 enables one to comprehend what would happen under ideal
conditions at each stage. In practice, refrigeration systems use the standard vapour
compression cycle which at best will perform less efficiently than the aforementioned ideal
cycle. The refrigerant at the condenser stage is at high pressure, in saturated liquid form and

at temperature T, which varies somewhat from T, above. It is then throttled through an

expansion valve, into the evaporator, does work as it expands and drops in temperature. At
the evaporator it absorbs heat from the load. At this stage it is in saturated vapour form. The
saturated vapour then undergoes compression. It gets super heated and condenses into a
saturated liquid in the condenser as it rejects heat to the surroundings (air, water or fan

draught). The condenser is in the form of a heat radiator. (See figure 4.1).

Looking at each of the cycle stages, the indices of performance for the various components

can be tabulated as follows:

e Compressor isentropic efficiency, 7, , considers what percentage of the mechanical work

mnput to the compressor shaft is transferred to the working fluid and what factors are
responsible for any losses [22, 23].

n = IsentropicWorklnput(w,)
! ActualWorkInput(w)

It is shown in [22] that a higher 7, implies a higher COP.
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Figure 4.1. A typical vapour compression cycle

e Condenser efficiency considers how efficiently heat is transferred to the surroundings
from the condenser: how close the condenser temperature is, to the ambient. This can
be enhanced by the use of a blower fan but then its power consumption must also be
taken into account [24].

e The effectiveness, €, of a heat exchanger is defined as the ratio of the actual heat transfer
rate to thermodynamically possible maximum heat transfer rate that can occur in a
counter flow heat exchanger of infinite size [22]. It is also dependent on the heat
capacity, C, of the fluids involved in the exchange (which is the product of the fluid mass
flow rate and its specific heat capacity).

It can be shown [22] that

g = C@, -T,,) - C(T,-T,)

Coin (T ni ™ Tey) Couin (T, ni Lo )

4.1)

Where the subscripts ¢ 4, 4 and o respectively stand for cold, hot, in and out. T is
temperature and C_, is the capacity rate of the smaller of the rates of the hot and cold

fluids. In this case the hot fluid is the refrigerant and the cold is air.

e Throttle (or expansion device) isentropic efficiency considers how well the throttling

process maintains the energy integrity of the fluid. It examines the factors that contribute
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to losses like heat radiation to the surroundings and frictional resistance as the fluid
moves through the throttle [25] and expands into the evaporator. The device also serves
to establish proper temperatures and pressures in both the condenser and evaporator for
optimal performance.

e Pvaporator efficiency considers how efficiently heat is transferred from the load to the
evaporator working fluid [25]. This function is the identical inverse of the condenser
stage.

o Load management considers other measures that could be taken to reduce the load to
minimal levels [22, 26]. The ambient temperature at the condenser stage, for example, is
important [16]. African thatch roofing, for example, is known to create cooler interiors
than corrugated iron roofing. A refrigeration system under such an environment would
therefore perform more efficiently than under iron roofing.

® Refrigerant efficiency considers efficacies of different refrigerants [28].

The choice of refrigerants, however, has environmental implications as well [5, 29-32]. The

automotive industry pioneered the transition from R12, which has been classified as an

ozone depleting substance (ODS), to R134a.

As mentioned earlier the refrigeration parameter to be optimised is the coefficient of
petformance (COP). Since the purpose of the exercise is cooling a load, COP can be defined
as the amount of heat removed from the load (in joules) for each input mechanical joule to

the compressor shaft in one cycle.

COP = (Q /W) (42)
(where Q g, is the heat removed from the load and W is total mechanical work input to

the compressor)
Looking from the electrical power source, the overall efficiency is the coefficient of system
performance (COSP). It is the ratio of heat removed from the load at the evaporator stage

(Opyp) to the total amount of electrical energy consumed by the whole system including

extras like fans.

QEvap

TotalApparentPowerFromElectricSource

COSP =

(4.3)
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4.2.4 Advances in automotive air-conditioning systems

Nadamoto et al in [16] have proposed the improvement of the compressor and condenser
efficiencies by the use of an externally controlled variable displacement compressor. The
compressor would be optimally controlled by the use of software. The driver enabling this
approach would be pulse width modulation (PWM) control. A standard car condenser uses a
fan and they proposed to optimise its speed by synchronising it with the power requirement
of the compressor motor. Given that the load torque for a fan increases as the squatre of the

speed, this technique can realise an appreciable amount of energy saving.

Variable displacement compressors, unlike the common fixed displacement compressors, are
designed to run continuously, by varying speeds according to load demand. A number of
advantages of this mode have been listed [16, 23]. It is also argued that moderately
controlled speed (and hence pressure impact) minimises back leakage and frictional losses,
thereby transferring more of the energy to the working fluid and reducing the demand on
the compressor. These are factors affecting compressor isentropic efficiency. In his
treatment of, ‘effect of compressor isentropic effectiveness,’ Bhatti [22] concludes that, “...an increase
in compressor isentropic efficiency has a strong influence on the COP. For example, a 10%
increase results in a 26% increase in COP.”

The authors in [16] reported laboratory trial results showing up to 30% efficiency
improvement by variable displacement, software-controlled compressors over standard fixed

displacement ones.

Ambient temperatures (or the climate in general) affect the performance of a refrigeration
system. Kampf et al [27] proposed a technique of using computer simulations to evaluate the
power consumption of an automotive air conditioner under a range of different ambient
conditions. They then used load map data from govemnment weather authorities to predict
the yearly consumption of a system at certain locations. (Load maps show the relative
ambient temperature throughout the year). Then these results are used to predict system
performance in other locations with similar climatic conditions. Currently, synthetic global
climatic generating software exists [33, 34] that could be used for various sub-Saharan

locations that may not normally have databases.
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In a2 comprehensive analytical treatment Delphi Harrison’s Bhatti [22] developed a
consolidated computer code to predict the automotive air conditioning system performance
comprised of the following. At the compressor stage were the volumetric and isentropic
efficiencies, displacement rate and rotational speed. At the evaporator stage were, the airflow
rate, pressure drop and device effectiveness. At the condenser stage were airflow rate, device
effectiveness, pressure drop and lubticant mass fraction at outlet. Finally he included outside
temperatute and relative humidity and conditioned air temperature. Then using 2 simulation,
he compared standard commercial system performance against a system with functional
enhancements that were deemed realistic (or achievable). It included; lubricant containment
in the compressotr, 17% increase in compressor isentropic efficiency, 10% decrease in
compressor pressure drop and a 30% reduction in air pressure drop in the evaporator. The
refrigerant in both cases was R-134a. The projected COP increased by 53% under static
conditions and by 38% under road conditions (at 50-mph/80 km/h).

425 Rural refrigeration.

In rural refrigeration the most critical application is vaccine storage. Stringent restrictions are
set by the World Health Otrganisation [35, 36] such that the specifications of ordinary
domestic refrigerators are unsuitable. Furthermore the units are almost invariably operated in
remote off-grid locations, which eliminates any possibility of using the mains operated
commercial units. Consequently, vaccine refrigerators are manufactured in certain quantities
by certain manufacturers and using traditional design technologies as the economies of scale
do not warrant venturing into modern design options. One of these models uses a solar PV/
battery power source and the aforementioned cyclically controlled fixed displacement
compressor [36]. The alternative options that will not be considered here, use fuels like
kerosene and are much more inefficient as well as being more environmentally unfriendly.
Efficiency advantages of variable against fixed displacement compression refrige;:ation
technologies were highlighted earlier. However the following facts about a commercially

available brand of a vaccine refrigerator will help to underscore the point [38].

Among other factors the manufacturer’s data sheet points out that the unit only runs for

27% percent of the time at 43°C ambient temperature. This is apparently meant to be a
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marketing attraction but is in fact a disadvantage. It implies, among other things, that the

actual battery and compressor capacities are = 3.7 times what they should have been in

27%
a continuously operated system. It would also result in a much more costly unit. This is

before one considers all the aforementioned related efficiency encumbrances.

With the emergence of automotive systems and parts, these refrigerators can be modernised
as the former are off grid and solar PV compatible while the automotive market will take
care of economies of scale. Much smaller and hence less costly batteries and compressors

will be required to perform the same function.

Major players in the automotive air conditioning industry include Delphi-Harrison of USA
and Denso of Japan. Reference [39] confirms “a new US $500-million contract to provide a
new energy-efficient compressor for auto air conditioners” by Delphi-Harrison. The new-
design compressor is expected to be used in two Renault "world cars" sold in 15 countries
wotldwide. Such reports are characteristically scanty on technical specifics but are very

encouraging developments.

4.3 Motorised Loads

4.3.1 Advances in automotive motor drives [40-64]

Electric motorts are tequired for a varety of domestic and community loads in the rural
areas. It is often stated that motors are responsible for 60% of the electric power consumed
wotldwide. However, this could be misinterpreted to mean that motors are energy end-users.
Motors are in fact energy delivery conduits. Consequently disproportionate attention may
sometimes be paid to improving motor efficiencies at the expense of the processes they are
in fact supposed to deliver this energy to. For example, the US Department of energy
(DOE) {40] has verified that pump motors are a much smaller efficiency factor in the whole
system than often thought to be. They only affect an order of 10% of overall efficiency in
many industrial operations. However for every watt saved at the load, the order of 6 watt are

saved at the source.
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For the next generation of vehicles the functionality of motors is expected to increase as
more functions including traction, steeting, braking and air conditioning will be ‘by wire’
(electrically driven) [41]. In order to produce the appropriate motor sizes and designs the
following candidate technologies, the permanent magnet (PM) motor, the induction motor
(IM) and the switched reluctance motor (SRM), each with varying attributes, were selected
[42-65].

However it is ultimately argued that each driven process is performed optimally under
unique conditions. Given that no motor can viably be designed to operate optimally over an
entite torque/speed characteristic range, each motor/drive system can be developed to suit
unique load conditions. In [61], an ingenuous automotive procedure for electric vehicle (EV)
design that first investigates consumer driving habits then optimises with a matching motor
torque/speed characteristics is illustrated. This way, the motor selected or designed will

perform optimally for a given purpose.

The next sub-section will demonstrate how this automotive technique can be deployed to

achieve optimum efficiency for water pumping loads in rural applications.

4.3.2 Rural Water delivery

The Department of Water Affairs, in South Africa, has specified 6000 liters of water per
month as the basic requirement for a household of 8 people. This means that the necessary
and sufficient efficiency criterion is the delivery of (6000/30) = 200 liters per day. If it
should be assumed that this water is pumped from an underground well into an overhead
storage tank, then the ideal energy required is the product of the weight of the water and the
height through which it is lifted.

Using Bernoulli’s principle the energy in a frictionless stream is a constant and the head at

any point is given by

2 2

E—+£+ZlzK%-+—1-D3~+Z2 (4.4
2g p 2¢ p

Where,

V is the velocity
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P is the pressure
Z is the elevation

p is the viscosity of the fluid

g is the gravitational acceleration.

In reality the flow is not frictionless and results in a head loss given by

2 2
Loss = f—g% =K Z—g 4.5)
Where L is the pipe length, d is the pipe diameter and f is the Dary friction factor.
Collectively, these constitute K, the loss coefficient of the plumbing system and are
dependent on various impedances. They include (in addition to the pipe dimensions), the
fricion within the fluid itself, the roughness of the pipe walls, bends, tee junctions, valves,

reducers, expanders and joints, among others. But these are all fixed.

Therefore for a given plumbing system, K is a constant and the only independent variable is
the velocity. So the lowest pumping velocity will result in minimal losses. In the above

example 200 liters must be delivered in 24 hours. The lowest pumping rate is (200/24) liters

per hour or 2.31x 107 liters per second, continuously.

This strategy will be desirable for a power source (generator, or battery storage), as it will
draw a level load round the clock and the necessary power and hence delivery losses will be
minimal. Moreover, a continuous pumping operation mode avoids a multitude of other
operational problems associated with intermittent on/off modes of flow control like, water
hammer that causes untold damage to system components. (If the generator should be a
photovoltaic (PV) source however, then it may be preferable to spread out the load during

daytime only.)
In order to optimise the fluid flow process the choice of the pump must be one whose

optimum operating point matches the above flow rate. A general choice exists between

displacement and centrifugal pumps. In the case of a centrifugal pump, several design
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variations can be made to the impeller geometry, impeller wall, suction (single or double),

collector (volute or diffuser) among others.

A typical pump nameplate will specify, flow rate, head (meters), rotating speed and power
(brake horsepower, BHP). These, howevet, only refer to a single operating point. A more
accurate picture is depicted by the manufacturer’s curves (see figure 4.2), which specify the

head capacity, brake horsepower and pump efficiency as functions of speed. These

parameters vary from design to design.

Head (m)

From the above, the required pumping rate per household is 2.31x 107 liters per second. If a
village were using a common pump and water storage then the total village demand would be

worked out from the number of households. From figure 4.2, given that the flow rate and the

Efficiency

curve
Impe]lcr

& diameter

This is our operating point. o,

The best Pumgp option has an impeller diameter of 225mm,
Raequires 30kW and Is in the 85% efficiency region for the pump

Flowrate(litres/second)

Figure 4.2. An illustration of a typical pump optimisation scenario

head are known, the pump size and efficiency can be worked out.

Finally the motor must be chosen or designed to match the already optimised system.

As mentioned earlier traditionally mechanical automotive functions will, in the new generation of

vehicles, be driven by wire and hence motorised. The range of motor drive sizes will be from watts
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to the order of 50 kW, depending on magnitude of function and capacity of vehicles. The upper
end includes military vehicles, some of which are reportedly on trials in the US Army. This

therefore promises an ample choice of patts in rural applications.

4.4 Concluding Remarks

Advances in automotive air-conditioning and motorised technologies to conserve energy
have been highlighted. Parallels have been drawn between automotive air-conditioning and
motor technologies on one hand and the critically important rural functions of refrigeration

and water pumping, on the other.

A typical refrigerator in a rural Kenyan community clinic consutmes between 300 and 700
watt-hours a day [1]. If the results in [16-23] alone could be translated into the Kenyan rural
context, energy savings of at least 30% would be realised. The refrigeration designer in a
rural scenario has an added advantage, in that, whereas the automotive designer may desire a
larger condenser but lack the space, such a constraint would not exist in the rural context.

This would give the rural designer more room for improvement.

From a point of view of an ailing off-gtid dc bus (or deeply discharged battery) the variable
displacement compressor system would have an added bonus. Most chemical batteries yield
mote energy when discharged at slower rates. By simply reducing the compressor speed, the
power supply stands a better chance of bridging to the next charging opportunity. A fixed
displacement compressor on the other hand would have had to be shut down at a much
higher battery threshold. The same argument is valid for water pumping and other motorised

rural loads,
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5. Modelling of Critical Loads in Rural Electrification

5.1 Introduction

The primary objective of an energy delivery design is to obtain optimum sizes and ratings of
generation and storage devices to meet the required loads in a reliable cost-effective manner.
One of the conditions necessary to achieve this is to accurately characterise the system load.
Apart from defining the acceptable voltage range for the powered equipment, it is important
to determine the actual load demand (amps or watts) of each appliance in steady and
transient states. For converter driven loads, the effect of the converter on soutrce current
characteristic and efficiency must be considered. In the case of mini-grid connected loads,
the aggregate load effect of the collective loading must then be considered. Secondly, one
must determine the daily load profile. (For example, a refrigerator may require a constant
power for a full 24-hour period while a lighting system may only require a constant load for
5 hours at night.) Thirdly, there may be load variations from day to day as well as from

season to season.

In order to achieve the above, load models are used [1-21]. In this chapter the loading
characteristics of selected appliances for the critical rural loads of lighting, refrigeration and
water pumping, as well as a 24-hour residential aggregate rural electric load profile will be
modelled. Initially, empirical data will be used to plot graphs of the real load characteristics
in the transient and steady states. Matching algebraic exptessions for these profiles will then
be derived to represent the typical load models and then matched against the real data in
graphic form. Finally, 2 new method for modelling a load profile by joining partial model
algebraic functions created in Matlab will be devised and illustrated. Conclusions will then be

drawn as to the usefulness of the load models.

5.2 Load Models of Critical Loads

5.21 Modelling of an incandescent light load

When measured, both the load currents for an incandescent light bulb and a water pump
exhibited high starting currents that decay exponentially to their steady state values. Figure

5.1 is a typical charactetistic of such a curve. The points marked Yy and Y, represent the
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starting amd operatng apphance load currents respecnively. The curve can be descrbed by

the fallowing gencral expression.

Efh
e }Z}Erpt-;{J +¥, 5.1

"

where ©is the decay tme eonstane of the ourec,

From equation (5.17 when £ = 7,

Figure 2.1, A L‘j-‘pl:ta] decay curve

then

1) = Ir)=e (¥ —F)+Y, = 03NE-F)+¥, (3.2)

In practee 1t 15 offen comvenient to approsimate expi-1) e 130 By establishing the poine
where [{t) = f(7), « hodzonial line can be produced (rom this point uniil 1t intercepts the
charactensne curve. Whoen a vortical hne dreawn from che poant of inferseenon orosses the x-
axis it marks the nme constant, 7. In figare 3.1, f{rjand Tare marked as Y3 and T
respectvely,

In physical eleerfical terms cguabon (5.1% can be modelled using a resisuve/capaciave
network ws shown in figure 5.2,

The currenc Ji¢) flowing n figure 5.2 15 given by the following expression.
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I(t)= [‘% “7 ZRZ ]exp(_?t) + z ER (5.3)

where 7is equal to the product of the capacitance and the parallel combination of both

resistors.
R

L (5.4)
R +R,

R1

Figure 5.2. An RC model for equation (5.1)

The values of the resistors can be worked out using an empirical curve of the appliance load
current.
When t=0
14
I(t)= — 5.5
® R (5-5)
And as t tends to infinite

14

I{H=
) R +R,

(5.6)

which is the rated current.

From equations (5.4), (5.5) and (5.6) the value of C (the capacitor) can also be calculated.
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Alternatively, one can use Simulink functions as illustrated in figure 5.3. The result of the
Simulink model in figure 5.3 is shown in figure 5.4.
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Figure 5.3. A Simulink model to simulate a load cutrent with an exponential transient
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Figure 5.4. Plot from the Simulink model in figure 5.3

The measured time constant 7, for the incandescent light source was 5ms, while the ratio of
starting to the steady state load currents was 8 (figure 5.5). If the rating of the bulb was 60W
at a supply voltage of 42V, the rated current Ip would be (60 + 42) = 1.43A and the peak

starting current = 11.44A. Therefore the light bulb current as a function of time is given by
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f(7) such rthar 7¢} - 10 0exp(=2008) +1.43, Figures 3.5 and 5.6 represent the ctnpircal

and simulated results, respectively.
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Figrure 5.6, A Simulink/Matlab plot of the incandescent Heht bally current

5.2.2 Water pump load model

The measured mme canstant, T for the water pamp was 000 milli-seconds and the ratio of

I 2K
statting tor the steady state current - =T =156 If the PRLMIP Peerwer mﬁng i 2508 and
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operating at 42V, then the rated corrent 7, = 3954 'The starting current 12 therefore [1.56

=505 = 9204)
Therefore the current, Iff), drawn by thas pump from a A2V supply is given by

) =33 lexp(—1.67¢) +5.95
Figrures 3.7 and 5.8 show the empircal and simulated plots of the current charactenistics of

the water pump respectively.

syilent Technalpyies

Figute 5.7, An empitical plot of a current drawn by a de water pump.

Other lighting appliances tested were 7 seres string of light emiting diodes (LELDs! and a
camping de flucrescent light tube. Theit load cutrent characteristics are shown i figures 5.0
and 510, respecnvely. Tinlike the previous cxponential decays, these are step funcoons. The
size of the step for the LEDs i3 equal to their set runmng current, which in this case was set
to 2maA. Electdeally they can be modelled our of pure resisuve components. The
fluorescent curtent is comprsed of a high stating step and a lower steady state step, The
empirical ratio of the peak to operating current is 2.2, The starong currenc lasts for 250ms

and then suddenky drops to the norml run.t].j.tlg CLLETetl.

o |
N



Figure 5.8. A Stmiditnk /S Matlals plut uf the pump ciorrent using the funcnon 1{1)
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Figure 3.9. A characteristic plot of a 20mA load drven rheongh a sering of lighe erueting

diodes when switched on and then off

If the mated power of the ube = 2W and opemnng at a voltage of 12V, then the mred

cusrent [y = {201 + 12) — 0.476A. "Therefore, the peak starming curreat 1z 2.2 x 0,476 — 1.05A.



1—'j.gure. 5,10, T he characterstic current of u de fluorescent tht he

I order to model the current 1o figure 51, one must recogmze the chutucletiste s a
summation of fwa step functons ALK and BUE such thar
AL = {0 [ore=0
= 105 fore = 1)
Bt = {0 fore = 0.25
= 4105 —0.470) = 0,574 for = .25
The complete current charactenistic is therefore the sum AU - BU(LL Figure 311 15 the

sitnulink result of this model

5.2.3 Compressor pump model

Figure 312 15 the de currene drawn by an inverter when deiving an induction motor doven
compressor. The dark lines matk the effective de current supplied by the de source. As can
he seen, Lhe churacteristic plol is of the same type as for the fluowscent light L1 ean

the rerore be modelled wsing e slep tfunctions as explained fere che fluneescent ]ight.
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Figure 511, A stimulink plot of a fluorcscent Hght Toad curent
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Tpgure 3,12, The de vurrent dewan Ly un Loverler when driving
an induetlon oo compressor

Induction motor diven compressors are the mest common wpe used in refrigeralors in
Fenyu. From the durk lines deawn, the ratio of the starong current to the runming eurrent 1s

17+ 2, The swarting current lasts for 120millisceonds. Figure 513, which was the acnual ac



currcnt drawn by the induction metor fram the invener, confirms the dme measurement

from the initil 6 oyeles of the 30Hz ac currenc
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Fugre 5,13, AC current erawn Fromm an inveries by

an incluction meter driving a compressor

53  Aggregate Models

Figures 514 and 515 represeoat samiples from a darabase of the South African Iaoonal
Ratonalized Specificatdons (RS Load Research Praject of 4 cne-month soudy. The electne
consumpton by a rural conumuanity of 41 houwseholds in Crurapapoda was maonitored ronnd
the dock for ane month, berwoen the 30 June 2002 and 17 August 2002, Frigure 514 95 2
Z4-haur load prafile af a randam indradual houschold (from among these houseliolds) onoa
random day and figure 513 s the aggrepate 24 hour Toud profile {or the 41 Lousehold

vornmnity on the same duy,

Thie peuk load for the individual ouselold for the day wus 7854, wath an average of (L66A
and hence a load factor of B.4%, The ol energy consumed by the household was rherefore
24 x 0.66) = 1584 Ah Dunng the samne day the communiny’s peak load demand was
FT0A, wath an average of 29.09A and 4 loud tactor of 41%% Their collecnve electne energy

demand was therelore (98,1 0AL.
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Figure 5.14. A 24-hour load profile recorded by ESKOM for a household
in Garagapola village, South Africa
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Figure 5.15. A typical 24-hour load profile for a group of 40 low income households in
Garagapola village in South Africa

Let it be assumed that this was an off-grid community and that each household had a battery
from which the required power was to be drawn on an autonomous day. The required
battery capacity for this household for the (24-hour) duration would have been 15.84 Ah (at
230 V) = 3643 Wh with a peak load capability of 8A. The collective energy requirement for
the community (during the same period) would be 698.16Ah or 160576.8Wh (at 230 V), with
a peak load of about 75A. These figures would however be exclusive of power delivery

losses as well as battery losses.
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Figure 5.17. Load activity for a group of 41 households over
a petriod of 5 consecutive days

Figures 5.16 and 5.17 are five-day load profiles for the aforementioned individual household
and collective 41 household community respectively. The former appears quite
unpredictable and would be quite problematic to model. In contrast, the collective profile of

the village in figure 5.17 is faitly predictable. The plot in figure 5.18 is the average daily load
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profile derived by summing up and averaging the profiles in figure 5.17. For convenience,
this figure will be assumed to represent a typical daily load profile and will form the basis for
the modelling of the daily load and hence the required storage. The various attempts that

were made to characterise the above load profile are illustrated by the following models.

Model 1: The following description characterises the approximate dynamics of the aggregate
load in figure 5.18. First there is a constant base load. Let B, (#) be the constant base load. As
household occupants wake up in the morning there is an increase in power consumption,

which occurs between about 6.00 hours and 9.00 hours. It was assumed that this could be

modelled as a normal distribution function, peaking above the base load at some ‘mean’
point in time, y. Let M (f)be this additional load demand profile referred to as morning
demand. Thereafter, the load profile appears to resort back to the aforementioned base load
until late afternoon when evening activity begins to pick up (again). This was also assumed to

be approximately characterised by a similar but much bigger normal distribution function.

From figure 8.18 this increase appears to span from about 15.00 hours to midnight (0.00

hours). Let E, (f)be the additional load demand function referred to as evening peak

demand. Therefore, the proposed overall daily load demand profile model L, can be
described such that

Lp, =B+ M, ()+E, ()

B,(t) = 204mps for all # and each of M (f) for 6.00 hrs <t <9.00 hrs and E_(#) for 15.00

hrs < t < 0.00 hours, can be describé by a normal distribution function (for the defined
duration).
(r— nE
o
M, (1) =

o2z

where ¢ 1s the standard deviation
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Figure 5.18. Average daily load profile

For practical purposes the load profile can be sampled at a convenient rate to get a total of
T, samples. From the available data, M (f) and E (t)were sampled at 5-minute intervals.
So between 6.00 and 9.00 hours (inclusive) there are 37samples and between 15.00 hours to

0.00 hours there are 109 samples.

In order to compute u (for the morning peak), the product of each sample coordinate pair
(#,,M (1)) is computed and then they are all summed. The sum is then divided by the sum

of all the current samples.

Ty
ZMp(ti)ti
=1

M=

2. M)

=1
Using this data the value of u =18.37 for the morning peak. Since each of the units used
were sampled at five minute intervals beginning with one at 6.00 am, the actual time at which
 =18.37 occurs is (17.37 x 5 = 86.5) minutes after 6.00 am which is 30 seconds after 7.26
am.
For the evening session g = 54.7 , which is equivalent to 53.7 five-minute intervals or 268.5

roinutes after 15.00 hours. This is at 30 seconds after 19.28 hours.
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Figure 5.19. Sketch of the best fitted curve for the average daily load model

The standard deviation ¢ referred to earlier is given by

From the data above the standard deviations for M ,(¢)and E (¢) were 4.2 and 31.5

respectively.
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Figure 5.20. Plots of model results
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Using the above procedure, the results that were obtained did not compare favourably with
the empirical plots. In figure 5.20 plot A is the actual portion of the evening load curve and
B, C and D are the different normal distributions with slightly varying time intervals. Equally
disappointing were the overall results as can be seen in figure 5.21. So a totally different
approach was sought.

Model 2: The data for the load profile was compiled and plotted in Matlab. Then using a
basic fitting tool function (in Matlab) the plot in figure 5.22 is one of several plots that were

generated using various polynomial degrees, but were disappointing mismatches.
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Figure 5.22. A basic fitting line generated by Matlab
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Figure 5.23. Four segments of the same load profile treated with different polynomials
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The load profile was then partitioned into four equal segments, which were fitted with

various degrees of Matlab polynomial functions as illustrated in figure 5.23.
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Figure 5.24. The Empirical and Simulated Load profile Curves

The following polynomial equations were generated by the Matlab basic fitting tool to

mathematically describe the respective load profile segments, beginning from midnight.

The first period which spans for 6 hours 15 minutes from midnight is modeled by an 8*

order polynomial, y,(t)such that:

y(0) ==57x10"22 +1.7x107¢7 +-2.1x107¢% +1.3x107°F
~44x10%* +8.2x107%¢% +0.16¢ + 20

The second period begins at 6.15 hours up to 10.00 hours and is modeled by the following

cubic order polynomial:

¥,(0) ==1.5x107£ +2.7x107¢* +0.27t + 8.1

The third period begins from 10.00 hours and ends at 16.15 hrs and is modelled by a 4®

order polynomial.
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5(6) = 2.5x107°¢* —1.5x107¢* + 0.3 =33 +1.2x10°

The fourth and last period of the day begins at 16.15 hrs up to midnight and is modeled by a
10" order polynomial:
Yo(t) = 4.1x107°1° = 9.7 x107%¢° +107%* +-6.5x107°¢7 +2.7x107°¢° - 0.75¢° +

+1.5%10%¢* = 2x10*#* +1.7/* - 8.7x107¢ +2x10°
Finally the data in each of these segments was compiled into a single table and the final load
profile was plotted as seen in figure 5.24. The overall daily load profile function Ly, (¢) can
be described by the following equation,
Ly, () = y,(t),{for0.00hrs <t < 6.15Hrs

= y,(#),{for6.15hr <t <10.00Hrs

= y;(1),{for10.00Hrs <t <16.15Hrs
= y,(t),{for16.15Hrs <t < 0.00Hrs

54 Concluding remarks

Load models for the critical rural functions of lighting, refrigeration and water pumping have
been derived and plotted both in the transient and steady state. In addition, a new method of
modelling a load profile by joining partial model algebraic functions created in Matlab has
been devised and illustrated. Using the method, a typical 24-hour aggregate rural electric

load has been mathematically modelled to replicate given empirical data.

With these models the necessary capacities for generation and storage devices can be

designed optimally.
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6. Biogas as a Viable Renewable Electrical and Thermal

Energy Source for Rural Energisation

6.1 Introduction

In rural Kenya, as is typical for most of sub-Saharan Africa, dry solid biomass [1] (wood,
agricultural and animal waste) is burnt to provide fuel for thermal energy requirements as
well as lighting. Apart from the low conversion efficiencies and health hazards to users,
agricultural lands are deprived of nutrient replenishment, occasioning low food yields and

deforestation, after the biomass is burnt.

With improving affluence, families may acquire small rudimentary electrical sources such as
used car batteries and/or PV solar home systems [2]. Due to the limited capacities of such
sources, consumers are only able to meet the most critical of loads like lighting and
infotainment, leaving the energy intensive thermal loads to the same age-old biomass
incinerating technologies. But even in cases where resources may be seemingly adequate, it is
gradually being recognised that provision for thermal energy needs, (especially in remote
rural areas), would be better served by energy forms other than electricity. For example,
Eskom and Zesa [3], the South African and Zimbabwean power utilities respectively, are
offering ampere-restricted services to some new rural grid consumers and encouraging them
to use liquefied petroleum gas (ILPG) for thermal loads. In Kenya, the infrastructure for

retailing of LPG is only developed for urban centres.

Biogas, a methane rich fuel, has been used extensively in Asia and shown to address the
above concerns cost-effectively [4-8]. Such developments are yet to be fully realised in sub-
Saharan Africa. Biogas is a by-product gas produced by anaerobic decomposition (in the
absence of oxygen) of organic matter by bacteria. It is also known as landfill gas [9-11] from
urban garbage dumps or as marsh gas from swampy rural marshes, where it’s known to
cause spontaneous wild fires especially during hot seasons. In Uganda there are old folk tales

of hunters being killed by mysterious fire flares in marshy swamps.

Apart from being a source of methane gas, wanton disposal of organic waste often harbour
either disease carrying pathogens that end up in water resources or problematic weed seeds

that find their way back into the farms. Livestock and poultry farms are also major emitters
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of methane into the atmosphere. When released into the atmosphere methane is a green
house gas (GHG) with the equivalent warming impact (TEWI) of 21 times that of an

equivalent volume of carbon dioxide [12-14].

Eatly documented repotts of generation of fuel gas from a bio-digester plant include an 1859
Indian leper colony where biogas was reportedly used for cooking [15]. Later in 1896 a
street, in Exeter England, is reported to have used sewage gas for lights. At the close of the
19" century the French pioneered anaerobic treatment of biomass waste. This achieved the
intended goal of neutralising offensive odours. The methane produced in the process would
then be flared off.

The primary uses of biogas are cooking and lighting. When used directly in a burner to cook,
a 65%/35% (methane/carbon dioxide) content biogas has an estimated heat calorific value
of 5860 kilo-calories (24494.8 kilo-joules) per cubic meter (at 25°C and 1 bar) [4]. The gas
can also be used ditectly in a combustion engine to run an electric generator. Successful use

of modified spatk ignition engines to run electrical and mechanical loads has been reported

[16, 17].

The biggest promise however, is the emergence of fuel cell technologies with superior energy
convetsion efficiencies and low emissions. These have particularly been promoted by
tesearch in the automotive industry [18] among others. Their efforts are geared towards the
direct use of hydrocarbon fuels as opposed to pure hydrogen. These fuels include methane
and natural gas, which have a similar fuel ingredient to biogas. Moreover unlike natural gas,
which is a fossil fuel, biogas is renewable and therefore the process of extracting energy from

of it is zero emission rated.

In sub-Saharan Africa materials with potential to produce biogas are abundantly available
and include animal, poultry and human waste, ctop tresidues and household organic waste
[19]. There are also modest quantities of biodegradable industrial waste. In the last decade an
Amazon hyacinth weed invaded lakes in the Lake Victoria basin (so-called Great Lakes
region of East Africa) with devastating consequences to the ecosystems and livelihoods of

the fishing communities. Desperate efforts to rid the lakes of the weed have achieved mixed
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results. In recent times such efforts have been expanded by encouraging economic ventures,
such as handicrafts, as a viable incentive for community participation. The inclusion of

biogas production to such efforts would be an added bonus.

Despite all these apparent opportunities, biogas production is virtually non-existent in our
regions. Apart from cultural inertia to its use as cited by Akinbami [20] in Nigerian cases,
instances abound of consumer frustration due to poor performance of trial digester projects
[19]. In principle, the technology appears to be simple and is often misinterpreted as such,
with resulting disappointments. Unfortunately this simplistic approach is promoted by much
of the available literature that apparently relies on theoretical principles rather than proven
experience. In fact as will be illustrated in section 6.2, obtaining good results involves both

thorough knowledge and painstaking experience.

Secondly, the production of biogas should not be considered in isolation. The exclusion of
other benefits, that include GHG mitigation, prevention of underground water pollution,
control of foul smelling odours and recycling of soil nutrients in the cost equation could
make the production of biogas appear uneconomical. The Food and Agricultural
Organization (FAQO) [4] has remarked that even in India and China where biogas programs
are extensive, the results were mixed in the beginning. India has in fact decided to leave

nothing to chance by creating a dedicated Ministry of Non-Conventional Energy Sources.

This chapter will cover the basic principles of biogas production and its potential for rural
energisation. Some case studies will be cited, giving estimates of resources that are required
to meet rural needs. Conclusions will then be drawn as to the benefits of these anaerobic

processes in rural areas.

6.2 Basics of anaerobic decomposition

The construction of a bio-digester for the production of biogas and fertilisers is well

documented [21-35].

The process involves anaerobic decomposition of organic waste matter to produce methane

and is dependent on a complex interaction of different groups of bacteria. In addition,
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different mixtures of feedstock have optimum loading rates which need to be determined in
an accurate analysis prior to a digester being built. Generally, the amount of biogas derived
from waste depends on a number of factors [36-46] including:

® The ratio of dry matter to water in the digester

e The amount of grit and biologically inert material in the dry matter

® The nutrient content of feedstock

e The particle size of the material being digested (the finer the better)

e Environmental and climatic factors

® The previous storage history of the feedstock

e Digester temperature

o The pH (state of acidity or alkalinity) of the digester liquor

e 'The retention period (period from input of a feedstock to exit).

The essence of digester operation is the creation of conditions that are most favourable to
bacteria since the gases are by-products of their metabolisms. For example, certain key
nuttients are absolutely essential for the well being of bacteria. Carbon is responsible for
keeping them active while nitrogen enables their cells to repair as well as multiply. Other
elements that include phosphorus, magnesium, sodium, manganese, calcium and cobalt must
always be available and slight deficiencies can result in total digester inhibition. Monitoring
output gas composition can point to these deficiencies. For example, excess formation of
ammonia could mean deficiency of nitrogen in the feedstock. Caution is sounded, though,
that over-concentration of nitrogen, or any other such ingredients, could be toxic to bacteria.
This is one reason why varied mixtures (cocktails) of feedstock types (like chicken and pig
manure cocktail, or pig manure and corn stalks) are said to perform better than single types
alone as they complement each other in nutrients. Additionally, most metals other than iron,
nickel and cadmium as well as feedstock with antibiotics or any bactericide will poison the
bacteria. Bacteria populations can be enhanced by external replenishment (seeding) to

enhance digester metabolic rates.

Under neutral pH conditions, most microorganisms function optimally. However the

products of bacteria that act on the raw input, for example, produce acetate and fatty acids,
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thus lowering the system pH. The acidity trend can be halted or reversed by cutting down on
the in-feed or by simply adding some appropriate amount of alkali, like bicarbonate or lime,
directly to the digester. The system’s ability to withstand acidity is referred to as its buffer.
Extreme pH conditions can result in total stoppage of the digestion process. Caution must
be taken when using lime so that the solid effluent, which must be used as fertiliser is not
too alkaline.

Temperature generally promotes the metabolic rates, provided that the defined tolerances
are not exceeded. There are two optional thermal operating regions namely, 36.7°C for
mesophilic and 54.4°C for thermophilic bacteria. Opting to operate at thermophilic
conditions will give faster results but the higher temperatures often require additional
heating, which has cost implications. Under the warm climate that is prevalent in most of

sub-Saharan Africa the mesophilic option is normally self-sustaining.

In basic terms the digestion processes can be summarised as follows. For the initial period
some inevitable aerobic decomposition occurs, as the material originates from normal
atmosphetic conditions with relatively high oxygen levels. So the first lot of gas normally
contains very high carbon dioxide levels. A typical carbohydrate molecule converts to carbon
dioxide and water according to (6.1). In some cases this could be some 2 weeks in digester

terms.

CgH1,0¢ + 60, = 6CO, + 6H,0 (6.1)

After stabilisation, with depletion of oxygen, a similar molecule decomposes to methane and

carbon dioxide, instead. (See equation 6.2)

C¢H1,0¢ — 3CO, + 3CH, (6.2)

In practice however, a more complicated process (illustrated in figure 6.1) takes on multiple
paths that will largely depend on the aforementioned environmental and operational

conditions. In nature the most ideal conditions for bio-digestion exists in a cow’s stomach.
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In fact rumen from a freshly slaughtered cow is highly recommended for “kick-starting” a
bio-digester. Finally, the typical composition of the gas leaving a digester is, 55-75% methane
(CHy), 25-45% carbon dioxide (CO3), 1-5% nitrogen, up to 3% hydrogen (Hp), up to 0.5%
hydrogen sulphide (H»S), water vapour and traces of carbon monoxide, ammonia, sulphur

and oxygen.

COMPLEX ORGANICS:
FOOD, PAPER, FAT, OILS,
GRASS, PROTEINS, ETC.

Hydrplysis &

ACETOGEN fermentation
BACTE baItena

HIGHER ORGANIC ACIDS
RESIDUAL ORGANICS, NHj,,

H,S, Hy0

ACETIC | % HYDROGEN
ACID & CO,
MBEFHANE . NE
BACTERIA'Y METHANE | BACTERIA
& COy

(BIOGAS)

Figure 6.1. A Typical biodegradation pattern of biomass in a digester (Ref {4])

Hydrogen sulphide (H,S), though in apparently small percentages, has been cited as a
major source of problems in the management of biogas. Apart from its offensive odour and
toxicity to humans, it forms acids, which when mixed with water are vety corrosive to
equipment. In the digester it is a poison to the bacteria. There is therefore ample reason to
scrub (remove) H,S from biogas [47-50]. One technique is to let the gas react with a
sacrificial material like steel wool stuffed in the delivery tube. A bio-scrubber technique
proposed by Nishimura-Sosuke et al [47] uses bacteria and promises a more thorough and

cost-effective remedy.
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6.3 Case studies

6.3.1 Background to the case studies

A rural biogas study was done in Hambran village in Punjab, which was part of a
Government of India program for the whole of Punjab State [51]. The overall aim was to
save commercial energy, prevent deforestation, reduce soil erosion, presetve organic biomass

for recycling and produce more food grain by using non-conventional enetgy.

Special emphasis was laid on the biogas program. Initially family size plants were
constructed but it was later found to be more cost-effective to install community sizes. The
study examined the Hambran village community biogas, to study aspects of the introduction
of biogas technology into rural households. The village had 293 households, with 2 human
and animal population of 1711 and 1400 respectively. An average family had 5 membets.
The households previously used cow dung cakes, fuel wood and agticultural waste as
cooking fuel.

The specific objective of the study was to collect information about the technical, social and
economic feasibility of a community biogas plant. The Hambran village complex had an
average gas production capacity of 505 cubic meters per day. The biogas was supplied to
individual households by a pipeline. The reported gas consumption for cooking was between
0.34 — 0.41 cubic meters and 0.15 cubic meters for lighting per capita per day. On average

about 2.4 cubic meters per day was adequate for a household of 5.

6.3.2 Estimation of material requirements

From the above and other similar studies in [52-56] it was found that for most organic waste
types, the size of digesters is largely dependent on the mass of organic matter to be
processed daily and confirm the factors stated in section 6.2. It was also found that biogas
production could be increased, by dividing the daily slurry volume into two or more
feedings, the more the better; as long as the total feed weight did not exceed the day’s ration.
Basically it is the digester feedstock itself that controlled the gas production for most

systems, not the digester.

97



There are various ways of estimating the size of the digester, waste material loading rate and
hydraulic retention time. For example, a 'rule of thumb' is that a daily loading rate of 6 kg of
dry matter is used per cubic meter of digester. Generally, digester slurry (the operating solid-
water mixture) should be eight to ten percent total solids or dry weight percentage. However,
since in practice, plant or animal waste is already part liquid, it is more useful to specify the
additional watet required for a specific type of waste. The higher the water content of the

original waste, the less additional liquid is needed.

As an example, the normal weight of fresh pig manure is about three times its theoretical dry
weight. Cattle manure contains more water than pig manure, chicken manure contains less
water than pig manure and plant waste generally contains less water than animal waste. Table
6.1 gives estimates of petcentage dry matter content for different waste materials and the

likely gas yield in cubic meters per ton of waste.

To make an estimate of the sizes for most high solids digesters, it is recommended to use an
average residence time in the digester of 15 days with a limit of £7 days for a wide range of
materials. This means that the required digester is 15 times the volume of the daily feed. This
estimate, however, is contested by American authors [54-56] who argue that in order to
make sure that the sludge that is taken out of the digester is free from disease catrying
organisms, the slurry should stay in the digester for some 40 days. In that case, the daily
shurry loading rate would be 1/40 (2.5%) of the digester capacity. It is also worth pointing
out (as indicated earlier) that certain materials digest more easily than others. In general
animal waste performs much better than plant waste. It has in fact been suggested that
where circumstances petmit, it would be more efficient to feed the plants to the animals and

utilise the animal waste later, (perhaps the next dayl).

The quantity of gas produced is determined by the efficiency of the digester, which is the
fraction of dry matter that is converted into biogas. For most systems observed,
approximately 50% of the dry matter was converted to biogas. For animal waste, which may
have been subjected to composting such as broiler poultry manure, gas production was
observed to reduce by up to two thirds, giving a digester efficiency of 16%. Oily wastes were
found very digestible and almost 100% of the fat and oil converted to gas under suitable
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conditions. The following table (Table 6.1) drawn up by Practically Green [52] is a useful
guide. The ﬁgurcé given are for fresh wastes. Figures 6.2-6.5 also give estimates of biogas
production by different feedstock types. It is also interesting to note that while storing
animal organic waste for a week in hot weather, for example, may reduce the biogas potential

by a half, pre-composting of plant waste enhances its gas productivity.

Table 6.1. Estimates of resources for biogas production

Feedstock No. of Animals to Dy Matter Biogas Yield in
Produce One ton per | percentage content Cubic Meters per
day Ton
Cattle Shurry 20-40 12% 25
Pig Slurry 250 - 300 9% 26
Laying Hen Manure 8,000 — 9,000 30% 90 — 150
Broiler chicken 10,000 — 15,000 60% 50 - 100
Manure
Food Processing - 15% 46
Waste
ESTIMATES OF BIOGAS PRODUCTION BY CATTLE

140 ! .

.
)
[+

i
o
<

o]
[=]

rate

o
[=]

BIOGAS IN CUBIC METERS PER DAY
F-s
S

D]
(=]

&0 80 100
NUMBER OF ANBALS
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Figure 6.3. Estimates of biogas production from pig manure
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Figure 6.5. Estimates of biogas production from crop residue

Table 6.2. Percentage of dry matter in stock-feed types

Material % Solid matter
Water hyacinth 11%
Plant waste (average) 75%

Grass 30 — 80%

Kelp 11%
Seaweed 33%
Chicken manure (fresh) 35%
Chicken manure (day old) 90%
Pig manure 14%
Human excreta 27%
Newspaper 93%
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6.4 Concluding remarks
The basic principles of biogas production and its potential for rural energisation have been
discussed. In order to comprehend the value or cost-effectiveness of biogas production, one

must look at the value of the collective benefits of the process.

For African rural communities the processing of biogas is both necessary and beneficial. The
anaerobic process controls underground water polluting and disease catrying pathogens as
well as destroying unwanted weed seeds while providing rich farm fertilisers. Additionally,
the collection of the digester gases serves to stem landfill green house emissions and
preempts possible fire hazards while providing an inexpensive energy source. Moreover,
biogas is 2 renewable resource and the process of extracting energy from it is zero emission
rated. Therefore, the combined benefits of anaerobic processes in rural areas are both

desirable and environmentally essential.
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7. The Possibility of Fuel Cells for Rural Electrification in
Rural sub-Saharan Africa

7.1  Introduction
A fuel cell is an electrochemical dc generator and was invented by William Grove back in
1839 [1]. The first successful application was, however, not until nearly 100 years later by
Francis Bacon. The first large-scale use was extraterrestrial in the 1950°s for the Apollo
Space Programme. In 1967, General Motors reportedly developed a passenger car for use on
company property but serious research for vehicular and other commercial applications did

not occur until the 1990%s.

The fuel cell consists of an anode and a cathode with an electrolyte separating them.
Gaseous or liquid fuels can be converted directly into electricity. This eliminates the
conventional processes of combustion and conversion of heat using mechanical means to
electricity and thus offering a more efficient and less polluting alternative. Fuel utlisation
flexibility as well as their environmental friendliness have enhanced recent interest in this
technology. In addition, the combined heat and power (CHP) capabilities of certain fuel cell
types make them ideal candidates for that comprehensive so-called TES (total energy
system) that can deliver both electrical and thermal energy from a single source; an attribute

that is desirable for off-grid applications [2-4].

There are two main categories of fuel cells (FCs) namely, those that operate at low
temperatures (<200°C) and those that operate at relatively high temperatures (500 - 1000°C).
The former includes polymer electrolyte (PEFC), alkali (AFC) and phosphoric acid (PAFC)
and have aqueous electrolytes made of the same materials as the cell names. The latter are

molten carbonate (MCFC) and solid oxide (SOFC).

The fuel cell was originally conceived to use hydrogen as the fuel and the following equation

describes the basic concept of the electrochemical energy conversion process
(H, = 2H" +2e7). In practice, however, the use of pure hydrogen has shortcomings due to

various reasons that include its availability, low energy density as well as safety concerns.

Consequently, automotive and other industry stakeholders have developed fuel cells that can
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use the more easily available and portable fuels like methanol, methane and natural gas [6-9].
Such fuels must be pre-processed through reformers to liberate the hydrogen necessary for

the ultimate electrochernical reaction.

These developments are particulatly important for African rural electrification (energisation)
where biogas, a fuel that largely consists of methane, can be inexpensively produced by the
action of anaerobic bacteria on organic waste. In fact, laboratory tests have been carried out
for a number of years [10-16] on tubular solid oxide fuel cells (SOFC) using various grades
of natural gas, landfill and digester biogas as well as pure methane with very enéouraging
results. The gases consistently performed with good efficiency ratings, particularly, in CHP
applications. In [10], for example, it was discovered that at extremely low methane
concentration levels, that could not possibly operate any type of combustion engine, a SOFC

could stll run reasonably well.

Just as rural Africa completely bypassed the use of traditional landline telephone
infrastructure to cellular phone systems, this chapter looks at yet another possible
technological leap in rural Africa: the use of fuel cells with biogas. Section 7.2 will cover the
basics of fuel cell operation. Section 7.3 will examine a rural electric load and evaluate the
amount of biogas that would be required to operate a fuel cell generator to satisfy it. Using
this result and data from chapter 5, a graph plot will show the numbers of animals and/or
weight of crop residue resources that would be required for the running of such a fuel cell to
satisfy different village sizes. Section 7.4 will briefly discuss a transient model and some
empitical results from National Renewable Energy Laboratories (NREL). The future
outlook on fuel cells will be discussed in section 7.5. Conclusions will then be drawn as to

the possibility of adopting this technology in rural Africa.

7.2 Fuel cell basics
The electrical power output of a fuel cell can be easily detived from the product of the load

cutrent, I and the operating voltage, V. However, the net thermal power output is the sum
of both chemical and electrical activites. The internal ohmic heating, as the load cutrent
flows, is added to the sum of the exothermic and endothermic chemical and electrochemical

reactions to give the net thermal output. In CHP applications this net thermal power output
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complements the electrical output to improve overall fuel cell efficiency.

Every substance has a Gibbs free energy of formation (G). It is a state function [17]. The

values are given in standard thermodynamic tables {18, 19]. For example the Gibbs free

energy of formation for hydrogen, (G) H, = 0kJ/mole, for oxygen, (G)O2 =0, and for

water (G)y,, =—237.18kJ / mole. The negative (-) sign means that the formation process

releases energy. The values are given as ‘energy per mole’ and are referred to as molar Gibbs

free energy of formation.

Duting a reaction there is a change AG in the Gibbs free energy of formation from
reactants to products. This change can be worked out using Hess’s law [17] and is equal to

the difference between the sums of Gibbs free energies of formation of the products and the
reactants (AG = Z 1, (G by oucrs — Z 1, (G)pencrnss ) - 1f the process occurs at constant

temperatute and pressure, then AGis equal to the maximum possible useful work obtainable

from the process.

Consider the basic electrochemical reaction in equation (7.1).

H, +%02 - H,0 (7.1)

The energy produced by the reaction is the change in the Gibbs free energy AG from

reactants to product. Therefore

AG = (G)y - [(G)H2 +%(G)OJ
=-237.18~(0+0) = ~237.18%J

It must however be noted that the Gibbs free energy of formation is dependent on

temperature and whether the substance concerned is in liquid or gaseous state. In the
example above, the values given are only valid at standard temperature (25°C or 298K) and

for the standard states of liquid water and gaseous hydrogen and oxygen. The value obtained

under these standard conditions is designated AG®(the change in Gibbs standard free

energy of formation).
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In the case of a fuel cell, AG is the energy available to drive the electrons through an
external load. In an ideal situation (without losses) all this energy will be converted to
electrical energy. For each gram mole of hydrogen used, 2N electrons are driven through the
external load and a charge of 2F coulombs is moved. (N is Avogadro’s number =6.22x10%
and F is Faraday’s constant = 96845 coulombs/gram mole). The charge of an electron = -e.
Therefore —~2Ne = -2F.

One molecule of hydrogen produces 2 electtons. One gram mole of hydrogen (H,)is
2.016gram and since one coulomb flowing per second constitutes a current of one amp, it
can be shown that 0.037605 gm of (H,)are requited to produce an electric current of 1 amp

for 1 hour.

If E is the fuel cell voltage, then the electrical work done to move a given amount of charge
in the circuit is the product of the voltage and the charge. Therefore electric work = -2FE
joules. Without any losses therefore, —2FE will be equal to the change in the Gibbs free
energy. So, AG =-2F - E and thus is defined the fundamental ideal (‘reversible’) fuel cell
emf E, also called the ideal open circuit voltage.

- AG

Additionally, fuel cells use materials whose energy can be released by burning. The energy
released this way (after total combustion) is termed the change in enthalpy of formation,
AH . Like AG, AH is given in standard thermodynamic tables, is negative when energy is

released and dependent on the gaseous or liquid state of a substance. For example, in the
burning of hydrogen (1, +%02 - H,0) the tables [18, 19} give the values of AH as —

241,820 J/mole for steam and —285,830 J/mole for water. The former is called the ‘lower
heating value’ (LHV) and the latter ‘higher heating value’ (HHV).

The efficiency 77 of a fuel cell can then be viewed in terms of what the emf would have been

if the change in enthalpy of formation had been used for the electrical energy conversion
instead of the change in Gibbs free energy of formation. Thus ideally the maximum possible

) ) AG
electrical efficiency = Ex 100% . In practice however other issues have to be taken into
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account. For example fuel cells do not use up all the fuel that they are supplied with and the
ratio between the fuel utilised and the fuel supplied, which is the fuel utilisation ratio X,

must be included when working out the efficiency. So when Mis considered the maximum

possible efficiency of a cell 77, is given by

n= p%xlOO% (7.3)

In addition to being affected by temperature, the Gibbs free energy is also affected by the
‘activity’ levels of the reactants and products. In cases of gases behaving ‘ideally’ their activity
is proportional to their partial pressures. So to work out the total change in Gibbs free
energy of formation AG of a reaction the Nernst equation is used [20-22]. If the reaction in
equation (7.1) were to take place at pressure P and temperature T (where P is in bar and T in

Kelvin) then

1
P H,0

AG=AG® -RTIn =AG’ - RT In(Q) (7.4)

Py, -PO%
P is the partial pressure of the reactant or product with the exponent of P being determined
by the number of moles in the balanced equation. Q) is the reaction quotient. R is the ideal
gas constant = 8.314]/gram mol-K and AG® is the change in molar Gibbs standard free

energy of formation.

In practice a chemical reaction takes the general form shown in equation (7.5).

oA+ B < yC + 6D (7.5)

where A, B and C, D are the reactants and products respectively while o, f, y,and § are
their respective number of moles in a balanced equation.

The reaction can run both in the forward and reverse directions at some rate and hence the
<> sign. If one starts with only the reactants A and B and no products C or D, the reaction
may proceed to the right (under favourable conditions). As the concentrations of A and B
decrease, the rate of this ‘forward’ reaction will slow down. Similarly, as the concentrations

of C and D increase, the rate of the reverse reaction will increase. Eventually, these rates will
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be equal and the concentrations of the various species will not change. This is the
Equilibrium State for that reaction under those conditions. In [17] it is shown that when a
reaction is in equilibrium

AG® =-RT In(K,) (7.6)

where K, is the equilibrium constant of the reaction at the given temperature. In(K ) is

also given in thermodynamic tables.
Likewise, the potential E, of a cell under any random conditions can be found by using the
Nernst equation.
A0
E= AG +£
2F 2F

In(Q)=E° +—§-I§ In(Q) (7.7

whete E°is the cell potential at standard conditions
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Figure 7.1. A typical shape of I-V characteristics of a PEM fuel cell

In practice, current-voltage (I-V) characteristics are supplied by the fuel cell manufacturer,
with recommended operating points and fuel utilisation ratios. At these recommended
points of operation the behaviour of a fuel cell is practically linear with respect to changes in
fuel, load current and voltage. (Figure 7.1 is a typical shape of PEM fuel cell I-V
characteristics.) Despite the apparent restriction it is shown in [23-26] that using the same
manufacturers’ characteristics, alternative operating points can be selected to obtain a range

of desired power and/or efficiency levels.
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In a SOFC using methane gas the following reactions take place. Initially methane must be

reformed to liberate the required hydrogen.
CH,+H,0-»>CO+3H, (Reforming process) (7.8)

The carbon monoxide (CO) is in turn converted by steam to carbon dioxide and
hydrogen.
CO+H,0—»H, +C0, (Shifting process) (7.9)

For an ideal (100% effective) reformer, the effective result of equation (7.8) and (7.9) can be
written as equation (7.10). This reaction consumes heat energy (endothermic). The amount

of heat required is equal to the change in enthalpy of the reaction, AH .
CH,+2H,0—-CO, +4H, (7.10)

In practice, however, the recycled gases, relevant equilibrium constants and fuel cell
geometry (among others) would compound the situation and it is more reliable to use
empirical data.

Additionally, it is technically possible for methane and carbon monoxide to undergo direct
electrochemical reactions (without prior conversion to hydrogen) as shown in equations
(7.11) and (7.12). Test data [23] have however shown that conditions are predominantly in

favour of the reformation process as shown in equations, (7.8) (7.9) and (7.10).
CH, +40" -»2H,0+CO, +8¢" (7.11)
CO+0™ - CO, +2 (7.12)

Finally, the heat generated during the clectrochemical conversion of hydrogen is the
difference between the Gibbs free energy for water vapour which is available for electrical

work and the total change in enthalpy of formation (AH — AG).

7.3  Rural loads and biogas requirements for fuel cell operation
Figure 7.2 is an electrical load profile from a database of the South African NRS (National
Rationalised Specifications) Load Research Project. It was for a group of 41 rural households
in Garagapola village in South Africa over a 24-hour period on the 5* July 2002, beginning

113



from midnight. If this were assumed to be the typical daily consumer load profile, then the
daily total load demand for the village would be 160.5 kWh, with an average power demand
of 6.7 kW and a peak power demand of 16.3 kW. Thus the load factor would be 41%. If all
this load were to be supplied directly from a fuel cell, then the fuel cell capacity would have
to be rated at 16.3 kW (or more) instead of 6.7 kW. This would be in addition to meeting the
transient loading (as well as a possible cold load pickup), which would escalate the capital
cost. A mote cost-effective alternative would be to use the fuel cell as a base load generator
rated slightly above the average load capacity of 6.7 kW. An appropriate storage device
would then be used to shave the transient and peak load demands. If the efficiency of the
storage device were assumed to be 80%, then the required generator capacity would have to
be increased to compensate for this. From figure 7.2 the required storage is 32.3 kWh. If this
is 80% of the energy used to charge the battery then the source must supply a total of

1
(1+80%) = 125% of this. So the additional energy required =32.3x [8 -

- 1} = 8.075kWh.

0
Therefore the required fuel cell power rating = 7.024 kW

Let the generator be an SOFC using biogas. In order to produce 7.024 kW of electric power
from an SOFC fuel cell stack, some amount of usable thermal power will be produced as

well,

80

Total energy demand above 6.7 kW mark = 32.3 kWh
A
|

o
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Figure 7.2. A 24- hour village load profile
To begin with, if the fuel used were pure hydrogen then the only electrochemical reaction in

the cell would be (H, +%02 — H,0). Using the manufacturer’s I-V (current-voltage)

charactetistics an operating point can be selected. Assume that selected operating voltage per

unit cell was 700mV at a cell temperatare of 1000°C (1273.2 K), an operating pressure of 1
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bar and a 75% fuel utilisation ratio. To ease the calculations it will be assumed that the cells
are in parallel, since power is a collective contribution of individual cells. In order to deliver
an electric load of 7.024 kW, the total current produced would

be: I = F_ 7024 =10034.34
v 07

From the above in order to produce 1 amp for 1 hour one requires 0.037605 gram of
hydrogen. So, in this case 0.037605 x 10034.3 = 377.34 gm/hour will be used. So the
amount of hydrogen gas used per sec = (377.34 +3600) = 0.105gm.

In an SOFC cell at 1273.2K, steam can be assumed to behave like an ideal gas [17, 22] and
the electrochemical reaction be assumed to be in equilibrium, since 25% of the fuel remains
unutilised. Therefore, the change in specific Gibbs energy for hydrogen and oxygen to water,

electrochemical reaction at 1273.2K is given by equation (7.4)

H0
Work out per gram mole of hydrogen = ~AG =~AG® + RT In —i—l~ joules

Ha =0,
P .p2
From the tables the logarithmic values of the equilibrium constant = 18.182 for 1200K and
14.609 for 1400K. By interpolation the required value for 1273.2K can be found as follows.

InK,6 =18.182 —{%%?lx 73.2} =16.874 . And AG® can be found using equation (7.6).

From equation (7.4),

AG =AG® =—(8.314x1273.2x16.874) = —178617.8 Joules/gram mole, since for the

Hy0

chosen operating pressure of 1 bar Inf ————|=Inl=0.

p . p2’

2

1-gram mole of H»p is 2.016 gram.
Work out per gram of Hp = -178617.8 + 2.016 =-88600.1 Joules/gram

But amount of hydrogen utilised per second = 0.105¢g
Therefore, amount of heat produced in the fuel cell exothermic reaction (assuming that the
Gibbs change is all converted to electrical energy)

= 0.105% —
2.016

x (AH - AG)
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Where AH is molar enthalpy of formation for the reaction.
From the tables, molar enthalpy of formation for water vapour (steam)= -241820
joules/gram mole.

:0.105x_(241820—178617'8)=—3244.9W. It will be assumed that the means to

2.016

recover it is 100% efficient.

From the above the open circuit voltage E is given by

1]
A6 _RT k vo=RT 16874=0925r
2F 2F e TUEOR

R=8.314 k] /kmol-K and T=1273.2K.

Since the operating voltage is 0.7 V and the current is 10034.3 amps, the amount of heat
generated due to internal ohmic resistances = (0.925 — 0.700) x 10034.3 = 2257.7W.

If it is assumed that the efficiency of recovering this heat is 80%, then (2257.7 x 0.8=)
1806.1W will be available.

If the fuel should be changed to 100% methane, then an additional reformation stage to
generate hydrogen would be required. The fuel utilisation ratio is 75%. Therefore, the
amount of hydrogen received from the reformer is (0.105 + 75%) = 0.140 gm/sec. Let it be
assumed that the reformer is 100% efficient; meaning that reformation and gas shift
reactions are completed in the reformer and only hydrogen enters the fuel cell proper. So
equations (7.8), (7.9) and (7.10) will be applied.

The overall reformer reacton CH, +2H,0— CO, +4H,

One mole of CH, produces 4 moles of H,. One gram mole of methane is (12.01 +
(4x1.008)) = 16.04gm and 4 gram moles of hydrogen are 8.064gm. But the amount of
hydrogen required is 0.140g/sec. This corresponds to (16.04 + 8.064) x 0.140) = 0.28 gm of
methane per sec.

Reactions in the reformer are endothermic (consume heat).

The following figures were obtained from enthalpy of formation tables for the respective
gases.

One mole of methane @ -74850 J/gram mole = -74850

2 moles of Water (vapour)@ -241,820 J/ gram mole = -483,640

One mole of carbon dioxide @ -393,520 J/gram mole = -393,520
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One mole of hydrogen @ 0J/mole =0
Total change in enthalpy of formation = 164,970 J/gram mole of methane (16.04 g).
The amount of methane processed is 0.28g/sec and will require 2880 W of heat to reform.
Total heat generated earlier =3244.9+1806.1 = 5051.0 W

Net thermal energy available from fuel cell = (5051.0 — 2880) = 2171 W. This does not
take into account the 25% unutilised fuel at the outlet of the fuel cell. This could be burnt at
the exhaust and could potentally produce 1/3 of the power produced by the utlised 75%.
When recycled, it reduces the thermal demand of the reformer or it could run additional
thermal loads.

In the case of biogas the required amount will depend on its methane concentration. For

example for a 65%: 35%, methane: carbon dioxide mixture, the gas volume will have to be

increased by ((100 + 65) — 1) x 100%= 53.8% as compared to methane.

The same problem could be looked at in an alternative way. If one wishes to purchase off-
the-shelf commercial equipment for use with biogas, one is bound to find those that are
calibrated to tun on methane. Since the concentration of methane in biogas is diluted, it is
advisable [6, 7] that the equipment capacities be de-rated in order to operate properly. That
means that using the same volume of biogas as methane one should expect to generate a
fraction of energy in proportion to the fraction of methane in the biogas. So in order to

generate 7.024 kW of electric power (kWe) using the same biogas grade, one would require a

machine rated for (7.024 + 65%) =10.806 kWe when running on pure methane.

From the above, the average amount of methane required for the 41 rural households in

Garagapola village is 0.28 g/sec. At standard temperature and pressure one gram mole of a

gas occupies 22.4 liters. The gram mole of methane is 16.04. Therefore the volume of gas
22.4

required per second is 0.28 x = (.39 liters. If the composition of biogas were 65:35%,

then 0.39 liters would represent 65% of the biogas volume. The required biogas volume =
(0.39 +65%)= 0.60 liters/sec. Total amount of gas per day =(0.6 x 3600 x 24) = 51,840 liters
= 51.84 cubic meters. We can therefore derive the required animal resources to meet the

needs for various sizes of villages. This is llustrated in figure 7.3.
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Figure 7.3. Numbets of animals or weight of crop residue for different village sizes

7.4 Transient response of a fuel cell
The petformance of a given fuel cell stack is largely dependent on manufacturer construction
technology. Because this is an emerging and highly competitive field much of detail passes as
proprietary, with scanty revelations. This problem when combined with the non-linearity of
the fuel cell subsystems and their interaction, makes it problematic to obtain a mathematical
model that is valid for a full range of circumstances and is still a subject of intense research.

It is therefore advisable to use empirical data.

The transient model used here has been used in [34-37]. The fuel cell considered is
comprised of a reformer, a stack and a DC-DC converter. The reformer and stack are each
represented as first order time delay elements as depicted in figure 7.4. A non-linear
resistance is used to represent miscellaneous voltage drops in the stack. An inductor is
inserted to account for the time constant associated with the load cutrent. The input voltage
represents the input fuel to the reformer and the output is the stack output DC voltage ptior
to the power conditioner. Power conditioning is achieved by a DC-DC converter whose

time constant is deemed negligible compared to the rest of the system.
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Figure 7.4. The dynamic equivalent electrical circuit of a fuel cell system

Vfis the input fuel rate

Vris the reformer output (stack input)

Ve is output DC voltage from the stack

R{loss) is a non-linear internal resistance obtainable from the fuel cell I-V characteristics

The Transfer functions of the reformer and the stack are given by equations (7.13) and

(7.14) respectively.
L
£ = S C’I = ! (7.13)
Vin Rr 4+ 1+S.chl‘
§-C,
L
Ves = § C‘1 = 1 (7.14)
Ve, R+ 1+8-RC,
§-C,

Where, R,C, =7, and R.C, = 7, ate the reformer and stack time constants respectively.

The transient demand is assumed to be initiated by the electric load but the ratio of electric
to thermal output power is a constant. According to the study in [36], the reformer time
constant ranges from 0.8 — 1.7 s and for the stack it is 80 — 180 ms, depending on unit
ratings. In [35] typical fuel cell V-I characteristics are used to derive the loss resistances as

functions of load currents (at steady state) depending on a particular fuel cell type.

The simulation results in Figure 7.4 were obtained in [36] for the system response to a step

increase in load current of a linear load. The system time constant was 3.6 seconds.
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Figure 7.4. Current and voltage responses of a fuel cell source to a step load increase

A system with such a lag in response time would requite a storage, device to fill in the initial
void. The minimum amount of energy that must be stored is the difference between the
amount of energy required by the load for the duration of the transient and the total amount
of energy that the source is able to deliver during the same period. This would also require
that the final total load is less than or equal to the existing power rating of the fuel intake to
the reformer. If this should be exceeded then the reformer would have to increase its fuel

intake and its time constant would have to be considered as well.

The choice of storage device is normally between an electrolytic capacitor, lead acid battery
and ultra capacitor. The parameters that one considers before making a choice are, the
amount of energy to be stored, cost of storage device, charge/discharge cycle efficiency,
power capability, self dischatge rate, recharge rate, recycle life and maintenance
requirements.

Figures 7.5 and 7.6 show empirical results from a report sanctioned by the National
Renewable Energy Laboratories (NREL) [37] for the transient behaviour of a fuel cell

system when compensated by an ultra capacitor.
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Figure 7.6 Start up of a 1.5 hp motor driving air fan (Time base 10sec/division).(Note that

air fan motors draw the same current characteristics as water pump motors)

7.5 The future of fuel cells

In the course of the last decade the level of interest and investment in fuel cells has grown
exponentially [38-45]. On the automotive front, every major manufacturer is working on fuel
cell technology and intending to commercialise ‘as soon as is practical’. The Bush
Administration (in the US) has designated fuel cell vehicles as central to federal automotive
research and development (R&D) efforts [38]. Appendix V1 is a table providing facts for fuel
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cell auxiliary power units (APU) from a selection of automotive manufacturers as published
in [39]. There are, in addition, hundreds of other power industry players. Capacities ranging
from milliwatts to megawatts are being developed for applications including laptops, cellular
phones, homes, automobiles, remote telecommunication sites, forklifts, construction
equipment and wheelchairs. The issue about fuel cell is not if’ but when it does happen it
will revolutionise energy. It is estimated for example that if the 17 million vehicles sold in the
USA in a year were powered by fuel cells, it would equal the stationary electric generating
capacity of the entire country.

One of the cutrent technological challenges of fuel cells is durability. The technologies are
still in the process (but steadily improving) of proving they can operate over long periods of
time without failure in a wide variety of operating conditions. Durable materials need to be
produced cheaply. More work also needs to be done on reformers so that conveniently
available fuels can be used. The good news for rural Africa is that more progress seems to
have been achieved with reforming natural gas and methanol than for other fuels.
Additionally, contraty to what had been assumed in the past, SOFCs can operate efficiently
even at low capacities of 1 kW. According to [41] Sulzer Hexis is leading the world in the
commercialisation of the technology with 2 1kW SOFC residential system. It is expected that

economies of scale will enable price reduction, which is another major issue.

At the same time, SOFC technology is beginning to make inroads into the automotive
Auxiliary Power Unit (APU) market, hitherto traditionally the preserve of PEMFCs. Renault
and BMW are both looking at SOFC APUs for cars and trucks. SOFC components atre
potentially cheaper and easier to manufactute than their PEM counterparts and notable
achievements have already been made in reducing costs. Rolls Royce, for example, says that
it has already cut its stack costs to US$300 per kW. This is a much better cost when
compared to the 1.1 kW pico hydro at Kathamba, which was priced at US § 58 per
household for the total of 65 households. Moreover, the SOFC being portable would be

located closer to the consumers and hence require a much smaller distribution infrastructure.
In the business of pure hydrogen fuel, leading storage technologies include hydrides, nano-

carbon tubes and compressed and liquid (cryogenic) storage. One of the mote promising

avenues of research is the use of microscopic nano-tubes. This technology stotes hydrogen
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in microscopic cavities, absorbing the atoms like a sponge. In theory, one could put together
a storage technology that would address the safety concerns and also get not hundreds but

conceivably thousands of kilometers of range.

7.6  Concluding remarks
The potential benefits of biogas in rural energy delivery have been discussed extensively in
literature. This chapter has explored that potential further, by using a state-of-the-art
automotive technology, the fuel cell. The basic relationships that govern the operation of a
tuel cell have been discussed. Using these relationships, the fuel requirements of a SOFC
running with biogas to supply an electric load in a South African rural village have been
derived, under idealised conditions. Moreover, the application has been shown to produce a
complementary amount of usable thermal energy. From these results the varieties and
quantities of resources needed to process the required quantities of biogas for different sizes
of villages have been estimated and graphically illustrated. As has been indicated, these

resources are largely available in rural sub-Saharan Africa.

7.7 Appendix VI

TABLE VI Major Fuel Cell APU R&D Initiatives

Participants Application Size Fuel cell system

BMW, International Fuel | Passenger car, SkW Hydrogen, PEM

Cells BMW 7-series

Ballard, Daimler-Chrysler | Class 8 Freightliner 1.4 kW Hydrogen, PEM
Century Class §/T

BMW, Delphi, Global Passenger car 1-5kW Gasoline, SOFC

Thermeelectric

Delphi, CALSTART, Class 8 truck 5kwW Diesel, SOFC

Aerovironment

SunLine Transit, Class 8 International 5kW

Southwest Truck

Research Institute

EXCELLSIS, Military Class 8 Diesel, PEM
vehicle

DaimlerChrysler, IkW Hydrogen, PEM

EXCELLSIS

Virginia Tech Univ,, Hybrid-electric 20 kW Hydrogen, PEM

Energy Partners passenger car
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8. Other Energy Resources

8.1 Introduction

While the focus of the thesis is on automotive sources and loads, both solar and wind can be
used with vehicles. For example the SunRay [1], manufactured by Sunetra in Hawaii, is
powered by solar energy, has an average range of 100 kilometers and a top speed of 100km.
Micro wind turbines have also been used on recreational boats for battery charging [2]. As
such, a discussion for small wind and solar is not inappropriate. For the sake of
completeness micro hydro will be discussed as well. These resoutces are indeed free in their
natural form but the conversion technologies are not. Among other factors, the power
density of the available energy resource greatly influences the sizing and hence the cost-

effectiveness of the conversion equipment. Therefore resource assessment is necessary.

There are various methods of resource assessment. Some methods involve the use of
climatic databases often spanning several years, at hourly intervals and requiring considerable
computer storage and simulations. While such methods eventually give accurate results, the
massive resource requirement renders them impractical for rural African circumstances.
Moreover, such designs are often one-of-a-kind and the same costs must be incurred again
for a different project. The meager capital and manpower resources available must be shared
between this necessity for resource assessment and the ability to finally harness it. It has in
fact been remarked in [1] that, “in the case of micro hydro, quite often the feasibility study
alone costs mote than the total amount for implementation.” Additionally, time is often of
essence as issues tend to get overtaken by other events, leading to abandonment of projects.
In an attempt to avoid such shortcomings, methods using approximate monthly or annual
climatic data have been used in the past. Unfortunately, these almost invariably result in very
inaccurate designs and consequent under-sizing or over-sizing of systems as has been cited

in the Kenya PV cases. Therefore there is need for a compromised approach.

Analytical modelling has been found to be a reliable and cost-effective option. In the case of
radiation data for example, using monthly global radiation values (which are otherwise
inadequate alone) stochastic models are used to generate intermediate data having the same

statistical properties (including, average value, variance, and characteristic sequence
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(autocorrelation)) as the measured data. Thus the generated data approximates the natural
characteristics as far as possible. Recent tesearch [4-5] has shown that data generated this
way can be used satisfactorily in place of long-term measured data. In addition, software [6]
using a combination of validated models and new interpolation techniques to enable the
generation of data for virtually any location (at any latitude and altitude) is now commercially

available.

These developments are very important for rural Africa where lack of up-to-date resource
databases especially at micro level is a major problem for any potential renewable energy

designer.

This chapter will look at the harnessing of insolation, wind and micro hydro resources for
rural energy needs. Basics of resource-to-electrical energy conversion technologies cutrently
used in Kenya as well as appropriate resource assessment models and/or methods will be
discussed. Examples of possible rural applications will be given in each case. Additionally
section 8.2 will give a brief example on the application of commercially available state-of-
the-art PV design software for a fictitious installation in Thika town in Kenya. Then finally
section 8.5 will briefly highlight the possibility of converting human muscle power to electric

power in possible emergencies.

8.2 PV Generation

8.2.1 Background on photovoltaics

The photovoltaic effect was first reported way back in 1839 by Becquerel. The first practical
silicon type solar cells were however only produced in 1954, by Bell Laboratories. Initial
applications were in extraterrestrial missions. The first earthly uses were in remote and
inaccessible installations that required little or no maintenance, mainly in signal and

telecommunications applications.

In the decade leading up to the end of the millennium the spirit of the Rio Earth summit
promoted a fresh awareness of environmental sustainability. Consequently, the use of PV
technology was among programs promoted by the Global Environment Fund (GEF),

among others. Beneficiaries in sub-Saharan Africa included Zimbabwe and Uganda. At the
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same time some modest commercial consumption of solar PV panels was gradually picking
up for off-grid applications in a few other sub-Sahara African countries. Notable among
these was Kenya [7-11].

A PV cell is a dc generator [12, 13]. Using semi-conductor technology the cells convert
sunlight into electricity by a quantum process. Technically the light does not have to
originate from the sun but since the basic aim is to harness a renewable energy only the sun

could be such a source. A photon from the sun’s ray strikes the material and if the energy

content of the photon is at least as high as the band gap energy, E_, of the material then an

electron is elevated from its normal valence band location to the conduction band. The
above action by the sun results in electron-hole charge carriers called photo-cartiers. When
an external electrical load is connected, a dc current (called the photo current) flows. Thus,

the process is called the photovoltaic effect.

The power generated increases with increased sunlight, but is also negatively affected by

temperature. The amount of energy absorbed by an electron being equal to a specific
value, E_, means that the balance energy of photons that do not satisfy this condition (in a

particular material) must be discarded. This energy is converted to heat, which constitutes

conversion inefficiency.

In an effort to address this shortcoming, manufacturers exploit the fact that photons with
different wavelengths of the sun’s radiation spectrum have different energy levels. So
multiple band gap materials are now being used to utilise a wider range of the spectrumn [14].
For example, whereas the average efficiency of a solar cell is currently of the order of 15%,

multi-junction cells have been produced with efficiencies of over 30%.

Currently a wide variety of PV technologies are commercially available. These include,
crystalline silicone, multi-crystalline silicone, polycrystalline silicone, amorphous silicone,
copper indium diselenide (CIS), cadmium telluride (CdTe) and concentrators with silicon

cells,
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Like other semiconductor components, manufacturer’s datasheets are normally used to

describe the behaviour of a given product. Typical manufacturer’s open-circuit voltage (V)

as well as short-circuit current (1) as functions of light intensity exposure of a PV cell are
shown in figure 8.1. These are however only valid for the test conditions as indicated [15,
16]. Likewise I-V (current-voltage) charactetistics are for specific test conditions of light
intensity and temperature. These are referred to here as G, and T, ,, and are typically 1kW
pet square meter (irradiance) and 25° Celsius respectively (at wind speeds < 1 m/s). Using
the following expressions, currents and voltages can be derived for different conditions.

The change in temperature is given by

AT, =T, -T,, 8.1)
Te=25C
25 5.0
Voo
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Figure 8.1. Open circuit voltage and short circuit current
as functions of light intensity (Ref [16])

The change in current is given by

M[g_.]ﬂ[g_ljf 62

ref ref

o, 1s the short circuit temperature coefficient
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I, .. is the data sheet specified short circuit current

The change in voltage is given by

AV ==f, AT — RAI (8.3)

where f,.ris the open circuit temperature coefficient.

Finally the new voltage and current values are given by

View = Vg + AV (8.4

Loy = Loy + Al (8.5)

It should be born in mind that these terms for temperature refer to actual cell temperature
and not the ambient temperature. Figure 8.2 is a typical I-V characteristic of operating

current as a function of operating voltage at a standard irradiance of 1 kW per square meter

at cell temperatures of 25°C and 56°C.
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Figure 8.2. Operating-curtent versus operating voltage at 25°C and 56°C (Ref [16])

8.2.2 Solar resource assessment

A single PV cell has a very small capacity. To obtain a tangible amount of output power a
number of cells are combined to form a module. The performance of a PV module is often
characterised by a commercial label giving its peak output power (Wp) (valid at the
aforementioned standard conditions). The primary requirement for an effective design,

however, is an understanding of the expected energy production by an installation over a
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given period, (say, daily, monthly or annually). Irradiance is the amount of solar power per
unit area on a surface, while insolation refers to the amount of radiant energy per unit area in
a given period (often in kWh per square meter per day). Insolation values are especially
important for PV, since the total energy production of a module over a period is
proportional to the cumulative exposure to solar energy. Additionally, since the energy that
can be generated by a PV module is not only proportional to the available insolation but
affected by ambient conditions as well, a complete resource assessment for a location must

include both the solar resource and other weather conditions.

The maximum amount of solar power emitted by the sun per unit area perpendicular to the

sun’s ray in near-earth space (or immediately outside the atmosphere) is the solar constant,
Is. The average value of Iy =1367 watts per square meter. This radiation cortesponds to

the maximum possible radiation that would occur at the earth's surface if it were unhindered.

The actual levels experienced on the earth’s surface are lower due the following factors.

There are two main variables that affect the irradiance reaching a specific location on earth
namely, geometric (including the earth’s rotation on a tilted axis and its orbital revolution
around the sun) and atmospheric factors. These factors can be further enumerated as,
geography of location (altitude and latitude), orientation, time of day (suntise and sunset
hours have longer reddish radiation wavelength while midday have shorter bluish radiation),
season of the year and cloud cover. The effect on the solar spectrum, at a location by the
time of the day is specified by a spectrum index called optical air mass (AM). When the sun
is overhead at sea level AM=1 and at sunrise/sunset AM=10. It should be noted that AM is
also related to the relative path length traversed by the radiation from the outer tim of the
atmosphere to a particular location on the earth’s surface. For example at suntise this path

will be longer than at noon. By the same token, AM will be affected by altitude and latitude.

From the above, all the listed impediments to the propagation of radiation from the outer
rim of the atmosphere to a terrestrial location can be reasonably predicted, except cloud
cover. For a given location they can therefore be factored into the PV cell petformance as

constants. Consequently, the only phenomena of significance that can unpredictably restrict
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the availability of solar radiation at the earth’s surface are clouds and their accompanying

weather patterns.

Due to the stochastic nature of cloud patterns, an appropriate database or probabilistic
model is necessary to predict the available solar energy. As stated earlier the trend is the use
of a bit of both. For designers in the USA, the National Solar Radiation Data Base (NSRDB)
is the most common source but this covers only American locations. A viable reprieve for
African designers can be found from the Swiss Federal Office of Energy [6], which
maintains one of the international bases recommended by Sandia National Laboratories. The
base has also developed commercially available solar resource-modelling software
METEONORM. This tool combines several solar radiation models [17-21] and wotldwide
monthly global radiation data to generate houtly insolation data for known locations around
the world. In addition interpolation techniques are used to generate data for virtually any
other location. Currently due to the availability of inexpensive geo-positioning technology,
any terrestrial location could be identified in terms of latitude, longitude and altitude fairly

easily.

From the interpolation and radiation generation procedure, hourly values of global radiation
and monthly temperature required for temperature generation for any location in sub-
Saharan Affrica should be now possible. Using these, houtly temperature values may be
calculated in METEONORM. The idea undetlying the model is based on the assumption
that the amplitude of the temperature variation during daytime is approximately proportional
to the amplitude of the daily global radiation profile. Thus the temperature profile is

calculated by transforming the radiation profile.

8.2.3 PV power rating and annual energy output

Section 8.2.2 has outlined the assessment of solar energy resource. In addition to resource
assessment, manufacturing characteristics and environmental factors in general influence the
annual energy produced by a PV module. According to a Sandia report [17] the most
significant performance factors are, cumulative insolation, modules power rating (at Standard

conditions), operating temperature (temperature coefficient), maximum power voltage rating

(V) dependence on insolation level, variation of solar spectrum, soiling and optical losses
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when the sun is incident at high angle-of-incident (AOI). Performance degradation [22, 23]

factors constitute the PV module’s combined effective inefficiency factor (also referred to as

de-rate factot). Therefore the available PV module output power Py is given by

Py=P, 4,7, 8.6)

where, A4, is the effective array surface area,

P, is the initial un-glassed and un-degraded PV cell output at normal incidence at one solar

constant intensity and reference temperature and 77, is the combined effective efficiency of

the module.
In [23] this factor is estimated by the following expression.
By
.= 5 <AL= 0.0045(T, <)) 87

7, is the panel efficiency at reference conditions

T, is the reference temperature

T, is the cell temperature, which is generally dependent on insolation and wind velocity
T =T, +k-1,

T, is the air temperature and k is an exponential function of the wind velocity

k= f(w)=c, +c, explc,w,)

(¢,5 ¢,and ¢, are constant coefficients).

8.2.4 System level influences on PV performance

The foregoing sub-sections have developed a basic understanding of what influences the
performance of a PV module on its own. In practical installations the module must combine
and interact with other components, (including other PV modules to form arrays), as well as
loads that have a significant influence on the overall performance, reliability and cost

effectiveness of the system.
The factors that can emerge from these system interactions include, module mismatch,

wiring and terminal resistance, inverter efficiency versus load, maximum point tracker

efficiency, charge controller efficiency, degradation of system performance due to overall
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aging, battery charge and discharge characteristics and array to load ratio. In [17] it had been
estimated that even in well designed systems, each of the above factors could cause an
energy production degradation of up to 5%. It would therefore follow that even when the
PV modules themselves may individually be performing well, system failure could easily
occur if poor attention were paid to system design. However, according to more recent
Sandia field studies [18], module mismatch and spectral variation are the two least influential
factors on system energy production. The dominant factors include BOS (balance of system
components) and module orientation. For the capacities of systems used in Kenya, no sun
tracking devices are used to avoid parasitic losses. Since Kenya is astride the equator it has
been established that maximum annual insolation is picked up by a horizontally positioned
module. The group of components that include inverters, charge controllers and batteries,
which are collectively referred to as “power conditioning hardware” have been found in field
studies to be by far the biggest causes of system failure. This concurs with a separate Kenyan
field report cited in chapter 1. In the case of Kenya however, only the batteries were
involved, as the current rural Kenyan systems are still fairly simple and do not include the

rest of the otherwise ‘standard’ power conditioning hardware.

For over a decade concerted collaborative efforts have been made by various researchers
[18-21], including Sandia National Laboratories, to develop and document outdoor test
ptocedures that quantify the performance characteristics of PV for virtually all commercial
technologies. Subsequently a performance model has been created, improved and validated
[24]. It has further been made available by Sandia at [25] where they also maintain and
continually expand an access database of performance parameters for over 150 commercial
PV modules. In addition, a software design company has incorporated the model in
commercially available PV system design software [26] that carries a global radiation
database, which includes major cities across Africa. It also permits the use of externally
acquired radiation data. Once equipped with climatic data for a location and a type of
commercial PV module, entries can be made into the software. Appropriate module
capacities can be selected, as well as the necessary BOS components to predict the energy

production of an installation over a given period.
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8.2.5 Rural application examples

In the most basic installation 2 PV module can be connected directly to a load. The method
has the advantage of using power directly from the panel and avoiding storage losses but its
scope is limited to water pumping as other loads are not as consistently available. Moreover,
since the motor must operate over a wide speed-torque range, as irradiance levels fluctuate,
its performance efficiency can never be optimised. Consequently the panel is often oversized
by 2 to 3 times, which may reverse the apparent cost gains of avoiding a battery. In the solar
home systems (SHS) commonly found in Kenya a single panel directly charges a battery,
which in turn runs fluorescent lights and basic infotainment appliances. No charge

controllers or maximum power point trackers are involved.

Consider a simple rural consumer who uses a 20W black and white TV for 4 hours, a 5W
radio for some 10 hours together with three 10W fluorescent lights for 4 hours, each day.
The daily amount of energy required is (20 x 4) + (5 x 10) + (3 x 10) = 160Wh. If the dc bus
used were the automotive 42V and the panel were to deliver this over a period of 8 hours,
then the necessary average power would be 20W. In order to charge at a rate of 20W the
panel would have to operate at (20+42)= 476mA. This is however the ideal figure. In reality

there are deterioration factors (as seen earlier) both for the solar panel and the battery [22,

23]. Let K| be the deterioration factor for the panel based on the aforementioned effects.

Let K, be the deterioration factor based on the aging performance for battery which
systematically decreases the charge discharge efficiency of the stored energy. In [16] these
have been estimated at 0.85 and 0.95 respectively, for purposes of specifying an appropriate
panel capacity. The required charging current would therefore have to be upgraded by a
factor equal to the reciprocal of the product of K, and K,, which in this case is

1
0.95x0.85

current I, =476x1.24 =590mA.

=1.24. So the correct specification of the solar panel should be an operating

In order to specify the correct PV cell operating voltage ¥}, one must make provision for

- an additional reverse blocking diode often included to protect the cells from reverse
current from the battery at times of low or no insolation (~0.5V)
- some cable voltage drop leading to the battery (0.1-0.5V)

- some additional voltage allowance due to temperature (~1.3).
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In this case ¥, would come to about (42 + 0.5 + 0.4 + 1.3) = 44.2V. An appropriate panel
would therefore be of peak power W, =V I, =44.2x 0.590 = 26.1W, or better.

This example assumes the availability of all the sunlight required at a constant rate, and
without any spectral variation. The load is also assumed to be constant. In addition, hardly
anything is known about the battery or panel itself and a host of other relevant factors. In a
simple household depicted, the assumption of loading holds reasonably true but not the

insolation. The answer will at best be a mere guide.

The use of Solar Design Studio (SDS) [26] software using the aforementioned Sandia
performance model takes into account a2 more detailed picture as briefly explained below. A
series of menus allow the user to enter the appropriate data for a particular situation and the
results should be much closer to reality.

Climate selection- loads details of hourly climatic data for a location spanning for a year.
This can be from any appropriate default or external weather data file.

System shading- allows the loading of relevant typical (or empirical) system shading effects
for the loaded climate or an alteration of the default parameters.

System load- allows the loading of a relevant daily load profile (including possible load
profile changes during weekends).

PV array configuration -allows the loading of a datasheet of a PV module from a database
in the package containing 150 (Sandia compiled) known commercial modules (but also
petmits use of an external file) plus the appropriate configuration in the installation (like
number of parallel and series modules)

PV array wiring -allows the user to enter the distance between the array and the battery,
and permissible percentage voltage drop and wire diameter.

System battery bank - allows the entry battery manufacturer’s full data and details of
configuration of the installation.

Inverter option -allows the entry of details about the required inverter.

When the data has been entered, one clicks ‘calculate’ and obtains various results including
charts of monthly output power, battery states of charge and annual cost analysis among

others.
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In appendix VIII at the end of this chapter are graphic results of a simulation using SDS[26]
for a sample fictiious load but a real Kenyan location, Thika town which is 40 km from
Nairobi. Because the distance is less than 50 km and being at nearly the same altitude as
Nairobi the default global radiation data file for Nairobi in the design software was deemed
to be adequate and was used. Figure APVIIIa are daily and weekend load profiles to be met.
Figure APVIIIb is the datasheet for the selected commercial PV module to be used (ASE-
300-DGF/50). The menu allows for size of atray to be specified. (In this case 200 modules
in parallel by 1 in series). Figures APPVIIIc and APPVIIId show specifications for wiring
and battery storage for the installation. Some typical default parameters like shedding are
used. When ‘calculate” is activated, figure APPVIIIe gives a display of the expected monthly
petformance of the PV installation in clearly and self explanatory bar charts. A variety of
other results not shown in the appendix are also selectable. Since the method uses field
validated weather models and real component data, the prediction of the energy production
should be morte accurate than by any other method to date. In fact from the author’s
anecdotal experience figure APPVIIle appears very consistent with the normal Nairobi
weather pattern, as June is normally relatively overcast while December is a full bright sunny

s€ason.

8.3 Wind power

8.3.1 Background on wind power

A wind turbine converts wind motion into rotary mechanical power that can, in turn, be
used to operate mechanical tools or an electric power generator. Wind power is the least
exploited resource in sub-Saharan Africa. This could be due to unproven negative
speculation that may have resulted from lack of facts. For example, whereas it is generally
assumed that wind speeds for landlocked trans-equatorial locations are low and hence not
viable for electric power generation, power utilities in Rwanda and Kenya have successfully
operated pilot projects of wind electric installations connected to their grids for a number of
years [27]. Rural exploitation of wind energy for water pumping can however be encountered
in some scattered locations in Kenya, Rwanda, Burundi and Tanzania. There are similar

installations scattered elsewhere particularly in Southern as well as West Africa.
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8.3.2 Wind turbine basics

A simple model for the power extractable by a turbine in a stream of air, utilises a
momentum theory developed in the 19" century to predict the performance of ship
propellers. The adaptation of the theory by Bilau in 1925 assumes the air stteam flow to be
steady and axial [28-33]. In addition, the air is assumed to be incompressible and inviscid
(with negligible viscous effects), with a downstream flow that is constant over the particular
stream tube section and having no discontinuity across the stream tube boundary. In this
model the turbine is represented by a uniform disc actuator which creates discontinuity of
pressure in the stream tube of air flowing through it.

The model (see figure 8.3) therefore permits the application of Newtonian mechanics. Using
momentum and energy relationships the effective axial velocity, V', at the disc is given by

equation (8.8)

SIS )

Jup stream speed v1

Figure 8.3. A stream tube representation of flow through a horizontal-axis tube (Ref [28])

In other words, equal retardation of the flow is imposed upstream and downstream of the

disc. The power output, P, from the disc must therefore be the rate of change in kinetic

. 1
energy of the stream. The kinetic energy of a mass m at a velocity V' 155mV2 .

P=m(V=V}) 89)

where, m = pAV (pis the air density and A the area swept by the actuator).
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The density of air, p, is affected by altitude and slightly by temperature and standard ratings
are normally based on a temperature of 15° Celsius at sea level. A density correction is
therefore needed for computation of power output at higher altitudes. Figure 8.4 is a plot of
estimated changes in air density with altitude. In addition wind speeds increase with taller
masts. A dimensionless number, the wind shear exponent, typically ranging from 0.10 to
0.25, gives the tate at which the wind speed varies with mast height above the ground. A low
exponent cortesponds to a smooth terrain while a high exponent is typical of a terrain with

sizeable obstacles. A value of 0.14 (or 1/7) is frequently used as a first approximation.
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Figure 8.4. Estiate of air density as a percentage of its value at sea level

against altitude in meters above sea level

From the above it is shown in [28] that power, P, can be expressed in terms of upstream

velocity, ¥, alone.

1
P= 5 C,pAV; (8.9)

The power coefficient, C,, which is the ratio of the actual power delivered by the disc to the

power of the free flowing stream ptior to interference by the disc. The maximum

theoretically extractable power (using this model) occurs when C, = 16 .

27
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A = nR*is the area swept by the turbine blades having a radius of R meters.

This ideal maximum however, can only be realised in an unrealistic boundary case where the
turbine has a very large number of blades operating at a very high rotational speed and with
its axis aligned in the direction of the wind. In practice the losses that this model ignores do

in fact reduce the maximum power coefficient to between 0.25 and 0.45.

Among the myriads of turbine designs there is a major distinction between the centuries old
types characterised by low speed and high solidity (large blade to sweep area ratio) and the
high speed and low solidity types that have recently emerged. The former had poor tip speed

ratio, A values and high drag losses. A is the ratio of the turbine peripheral speed to the free

stream wind speed, V| .

(1) 4
A= — 8.10
v 8.10)

where, @ is the angular velocity of the turbine, r is its tip radius.

The latter closely resemble aircraft propellers and achieve higher C, and A values.
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Figure 8.5. A family of curves for output turbine power at different rotor speeds
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The shaft power delivered by a wind tutbine can be influenced by the matching of torque
speed characteristics of the ptime mover and the load. The most general description of a
turbine characteristic is the power/tip speed ratio curve.

Torque x angular speed = Power

Power 1 1

- ._5--2;0;,,9;9’3 (8.11)

Torque =

V
But from (8.10) @ = L4
-

Therefore

Loy (8.12)

A family of curves for torque versus speed for a range of permissible wind speeds (Figure
8.5) can then be drawn. On each of these curves is a point of maximum output power for
each wind speed. Joining these points creates 2 maximum power point locus. A load having a

load line to match this locus will always draw maximum power.

8.3.3 Wind resoutrce assessment

Equation (8.9) gives the turbine output power as a function of wind speed. It would be
convenient if the average wind power could be computed from the average wind velocity at
a location. But the wind power is proportional to the cubic power of the speed and relatively
small changes in speed result in much larger power differences. In fact, the most frequently
occutring wind speed may not necessarily have the highest energy content. So one way to
solve the problem is by separately treating each wind speed and its duration time and
summing up the results. This means that in practice, (due to the stochastic nature of wind) a
method using a probabilistic model that predicts the frequency of occurrence of different
wind regimes at a location must be used. A generally used method is a Weibull distribution
model expressed in terms of a scale parameter and shape parameter [34, 35]. The two
parameters are obtained from the mean and standard deviation of a sample set of data for a
location.

In brief, 2 Weibull distribution can be characterised by its cumulative distribution function
F(V) and probability density function f(J') where
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k
F(Vy=1-—exp- (%} (8.13)

and f(V)= ar = —]E[K)H - exp— [K)k (8.14)
dv c\c ¢

k and c are the shape and scale factors. These can only be determined from very detailed
data of wind characteristics for a given location. So in its simplified version the shape factor
k is assumed to be 2 and the model becomes known as the Rayleigh distribution. In this case
the only requirement is the average wind velocity of the location for the period under
consideration. The method has been validated by among others the American Wind Energy
Association. It can then be shown that the cumulative distribution and probabilistic density

functions simplify to equations, (8.15) and (8.16).

F(V)=1-exp- [%’» g-] } (8.15)

and

zV (VY
f(V)"E'VTeXp—[E(VJ } (8.16)

m w

whete V_ is the mean wind velocity for the location over the period under consideration.

If P is the power available per unit cross-sectional area at a given wind speed in a wind

stream then the average wind energy density £, at a site is given by

E, = a]'Pf(V)dV (8.17)

Itis shown in [35] that £, = —Z—%g—watts/ unit area.

b/

2
m

Whete K =
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In addition, small wind turbines (below 100 kW) are designed to operate within a range of
wind speeds where a minimum cut-in speed(V, ), is required to activate the turbine. As the
wind speed increases further the turbine power output increases according to equation (8.9)
untl rated speed, (V;), when the maximum power output is achieved. As wind speed
increases the power output is maintained at this maximum value until a design cut-off speed,
V.. For wind speeds higher than V| a shut down is effected to avoid turbine damage. Figure

8.6 illustrates a typical small turbine power output as a function of wind speed. Under such
circumstances therefore, evaluating the available wind energy density for a location must take

into account the characteristics of the conversion technology.
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Figure 8.6. Output power as a function of wind speed for a small wind turbine (Ref [35])
From equation (8.17) and figure 8.6 the total useful power density £, available at a location
is given by
Va g

E, = j P f)dV + TP, [f(V)dV (8.18)
Yy Vi

It is shown further in [35] that

Vy
E,, =TKp [V* exp(-KV*)dV +
Vo (8.19)
1
3 PV Tlexp(-KV;) - exp(-KV")]

T is given as the time petiod in hours.

Therefore the average power density P,, for a location is given by equation (8.20),
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E m
P, = ; (8.20)

Equation (8.19) is solvable by numerical integration using Simpson’s rule.

Section 8.3.4 is a2 worked out example. The function in the varable term of P, is sampled

at increments of 0.1 m/s over the interval from cut-in speed to rated speed and tabulated.
The result is plotted and a best fitting polynomial is generated in Matlab. The final solution
of the required power density is then obtained by analytically integrating the Matlab

generated polynomial over the interval.

8.34 Rural applications of wind power

Consider a rural location with average wind speeds of 5 meters per second and a consumer
with a daily requitement of 3kWh of electric energy. Assume that the available wind
equipment has a cut-in wind speed of 3.5 m/s, a rated speed of 10 m/s and a cutout speed

of 22 m/s. Let the turbine power coefficient be 0.35 with generator efficiency of 80%.

Assume that the air density, p = 1.225 [kg/m?).

From the above the available average wind power density can be estimated.

w T

= =(.0314
4an 4x8x5

£

m

10
=0.0314x1.225 j V* exp(=0.0314V 2)dV +
3.5
+ %— % 1.225x10*[exp(—3.14) — exp(-0.0314 x 22%)]
10
= j F)AV +26.5
35

The function f(V)=0.0385V* exp(~0,0314¥ *)was tabulated at increments of 0.1m/s
over the interval [3.5, 10.0], plotted in Matlab and a best fitting polynomial f'(V)was
generated out as (see figure 8.7)

fV)=-012V3 +1.5V? - 1.1V - 6.2

Therefore the wind power density can be found by analytical integration of f'(V)
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10
P, = [£'(V)dV +26.5=121Watts per square meter.
35

The consumer requites 3kWh per day. But the generator is 80% efficient and the turbine
power coefficient is 0.35. So the amount of wind energy required daily =

3
0.35x 80%

requires an average wind power supply of 10.7 + 24 =0.45 kW.

=10.7kWh/day. If this is assumed to be spread evenly round the clock it

From the above, 1 square meter has an average of 121 watts. To get 450 watts the required
area will be 450 + 121 = 3.69 square meters.
If R is the radius of the turbine propeller then

aR?* =3.69

/3.69
R=_|—— =1.1Meters
T
Wind speed power characteristic

% ! ! ! 1 T -
' ! : e gotual curve
e Begt fit

Wind Power in Walts

Wind Speed in nv/s

Figure 8.7. A plot of a tabulated wind energy as a function of speed
with a best fitting function superimposed
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Figure 8.8 shows a model of the wind distribution derived from figure 8.7 by evaluating and
S V)

V3

plotting the function over the interval [3.5, 10.0].
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Figure 8.8. Wind speed profile derived from figure 8.7

8.4  Micro-hydro power

8.4.1 Background micro-hydro

The use of water wheels dates back to 2 few thousand years [36] when wooden wheels
provided power mainly for grain milling. The industrial district of Sheffield in England is one
example where the use of grinding stones for the fabrication of knives virtually predates
history. The first use of moving water to produce electricity was reportedly a waterwheel on

the Fox River in Wisconsin in 1882,
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The dawn of the 20" century saw further evolution of falling water powet as the prime
mover in mainstream electric power production, mainly with large dams connected to cross
country grid networks in Europe and the USA. This is however in sharp contrast with sub-
Saharan Africa where such networks are largely absent. But even the few cases where they
are, rural communities do not always benefit from grid electricity and hence the importance
of developing small distributed resources [37-41]. This point is well illustrated in the case of
South Africa which has a surplus grid capacity that could run several sub-Sahara African
countries but has found it necessary to serve some rural communities with off-grid power

systems, while a large number of communities still remain in darkness.

generator X
tailrace -

Figure 8.9. An over view of a micro-hydtro site (Ref [38])

The term micro-hydro is defined differently in different parts of the world. In fact what may
be referred to as micro-hydro in countties with grid capacities of orders greater than 50
gigawatts may pass as one of the main national udlity generators in a country like Uganda
which has a national grid capacity of just a few hundred megawatts! In the context of this
chapter the term will refer to anything from 100 kW down to a small stream capable of a few
tens of watts. The very low end is sometimes referred to as pico-hydro. Experience has
shown that micro-hydro is one of the more cost-effective, reliable and environmentally-
sound means of energy conversion especially, as it does not have the shortcomings of the

big hydro systems like flooding and interference of tiver flows among others. In addition it is
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a much more concentrated energy resource and is more predictable than either wind or

insolation power.

Its comparative major shortcomings include its site dependence. In some climates severe
droughts may result in the drying up of streams and hence total stoppage of generation. In
the great lakes region of East and central Africa there is quite a good deal of small rural
water resource potential for micro-hydro but like most other resources their exploitation is

yet to be fully realised.

8.4.2 Hydro technology

Hydro turbines convert moving water momentum into rotary shaft power, which can then
be used either to power a machine directly such as a grain miller or run an electtic generator
[42-47]. The power extracted by the turbine is proportional to the height through which the
water falls (pressure head H), and the volume of water falling per second (Q). There are two
types of hydro turbines, the reaction and the impulse. In the reaction turbine, the fluid fills
the blade passages, and the head change or pressure drop occurs within the runner. On the
other hand an impulse turbine first converts the water head through a nozzle into a high-
velocity jet, which then strikes the buckets at one position as they pass by. The runner
passages are not fully filled, and the jet flow past the buckets is essentially at constant
pressute. Impulse turbines are ideally suited for high head and relatively low power and are

hence the choice for micro and pico hydro applications.

The Pelton turbine is one such type. It is comprised of three basic components namely, a

stationaty nozzle, a runner and a casing as illustrated in figure 8.10.

Momentum is imparted to the turbine as the water jet strikes the buckets. If it is assumed
that the entire head is converted into velocity and that there are no losses in the turbine then
all the kinetic energy of the jet will be converted into rotary mechanical power.

P=QH (8.21)
Where Q is the available discharge per sec and H is the head on the nozzle.
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Turbines have unique power-speed, as well as efficiency-speed characteristics and hence
perform differently under different conditions. One must therefore consider the desired
range of power production for the available water flow rates. In general the efficiency of a
turbine is provided by the manufacturer’s specifications. Figure 8.11 shows typical iso-
efficiency curves, for a Pelton turbine for a variety of flow rates and impeller speeds. In the
case of electric powet generation the generator efficiency must also be included to get the

actual electric power output.

Figure 8.10. A Pelton type of turbine (Ref [39])

So the electrical power output is given by
F,=n,080H, (8.22)
where P, is the electrical power produced by the generator (Watts),

7, is the combined turbine hydraulic and generator efficiency

p is the density of the water in kg/m’

g is the gravitational acceleration in m/ s

QO is the volume flow rate through the turbine inm® /s

H , is the available pressure head on the nozzle (m).

In a typical modern micro-hydro scenario, water is taken from a river by diverting it through
an intake barrier across the river, called a weir, which maintains a continuous flow through

the intake. The water then passes through a settling reservoir (forebay) in which it is slowed
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down sufficiently for suspended particles to settle out. A rack of metal bars usually protects
this, which filters out water-borne debris. A sluice gate (valve) then lets the water into a
pressure piping (penstock) that finally leads to the turbine. During maintenance the valve is

closed and the water is diverted back to the river down a spillway.
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Figure 8.11. Typical iso-efficiency curves for a pelton turbine (Ref [39])

8.4.3 Micro-hydro resource assessment

From the above, the factors determining the power content of a small river are the head and
the rate of water discharge. Three reasonably affordable ways have been suggested for
assessment of the head.

o Using a surveyor’s leveling instrument and scale

o Using a carpenter’s level together with scale, wooden boards and plugs.

e Using a pressure gauge.

As for the flow rate, several options are also available. In the case of a small stream the time
taken to fill up a bucket of known volume can be measured. For a larger river the cross
sectional area of the stream can be estimated and multiplied by the speed of a floating object
placed on the water surface. Finally an estimate of seasonal variations in the river flow rates

is essential. In the likely absence of records, sample rates may have to be taken several times
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during the course of a year. Information from the inhabitants of an area has been used in the

past.

8.4.4 A case study of a rural of micro-hydro application in Kenya

The Micro-Hydro Centre of Nottingham Trent University in the United Kingdom
implemented a Pico-hydro scheme in Kathamba village in Kirinyaga District in Kenya in
2002[48, 49]. The water source was a small village spring. The flow rate had been assessed to
be at least 5 liters per second during 90% of the year with a net head of 28 meters. A
reservoir of 80 cubic meters was constructed at the intake and fed through a penstock of
158m in length and 110mm in diameter, constructed out of PVC piping and leading to a

Pelton tutbine. A flow rate of 8.4 liters per second through the turbine was realised.

The turbine was directly coupled to an induction generator. The electrical output was 1.1kW
and cortesponded to a turbine-generator efficiency of 48%. The single-phase 230 volts ac
supply was distributed to 65 households within a radius of 550m. An Induction Generator
Controller to regulate the voltage and frequency duting conditions of changing consumer
load was installed. A 2kW cooking ring was used as a ballast load to dump excess power

during low load demand hours.

8.5 The possibility of human power for electric generation

Most of rural sub-Saharan Africa is not mechanised and manual labour plays a crucial role as
a source of power for many activities, especially in agriculture and will most likely continue
for some time to come. It would therefore be reasonable to suggest the possibility of
generating electric power ‘manually’, at least for the most critical of functions like charging
of cell phones and provision of reading light. This could present real life saving possibilities

in certain emergency situations.

Humans (and animals) perform their physical activity by muscular work or exercise. This is
achieved by transforming stored energy into mechanical work [50]. There ate parallels that
can be drawn between this human energy transformation process and automotive internal

combustion engine. In either case the main soutce of power is the oxidation of hydrocarbon

153



fuel resulting in the release of energy, carbon dioxide and water. Equation (8.25) represents

the oxidation of a sugar molecule.
C.H,0, +60, — 6CO, +6H O+ Energy (8.25)

Like the case of the automobile, humans store their energy in some high-energy battery

pack-like cell phosphates. The most popular of these are the ATP (adenosinetriphosphates).

The challenge however is to develop appropriate conversion devices to harness this energy.
It is important to access the energy at optimal power rates that are neither so demanding as

to create undue human strain nor so weak as to take long and boring sessions.

Currently there is not much of precedent or literature about manual electric generation. An
Indian pedal generator (Bijli bike) has been reported to operate lights in some remote off-
grid rural Indian schools with finance from AID (Association for India’s Development). A
humanitarian organisation, Light Up The World (LUTW) [51] founded in 1997 by Dave
Irvine-Halliday operates in Nepal and is reported to use, among other technologies, pedal
generators to charge up batteries for lighting in remote villages. More recently Cable News
Network (CNN) reported Laos villagers [52] operating laptops using pedal power. At the
‘amateur level a number of gadgets have been suggested that include utilising human power

in everyday hand or foot actions (swinging, walking, and pedaling).

The pedalling mechanism is low-tech and can be designed as a bicycle accessory. The
generator portion has however some interesting aspects. In order to operate at moderate
power rating (sustainable by an average human) the generator should operate at low speeds,
petrhaps in the range of 200 rpm. This can be realised by a machine with many poles, which
could have cost implications due to commercial unavailability. There is however a machine
type that could fit such a description, namely a stepper motor [53-54]. The only problem that
may be encountered however is the poor efficiency at which the generator mode of this

motor may operate. This has been estimated in the range of 20 - 30%.
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8.0  Concluding remarks

The most comnmon renewable energy resources and their stare-of-the-atr resource-ro-
clecrical cncrgy conversion rechnologies have been descrnbed. The impotmance of accurate
resoutee assessment hus been highlighted. In addition, vanous resource asscsstaent methods
usitgr physical and/or softwatre techniques suitable for sub-Suhura Afncan rural locadons
have been described. Using worked out examples the pracical usefulness of these methods
has Leen demonstrated. Therefore it is possible o design accurate and hence cost-etivedve
renewable cnerpy instullations cven in datu-defidentl environments like rural sub-Saharan

Afrea,

8.7 Appendix VIII

Fraure ¥IIla. A dailv and weekly load profile for a houschaold ar ‘Thika (Kenya)
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9. A Specification of a Flywheel Battery for Rural Electric
Energy Storage

9.1  Introduction

Kenvan rural electne loads are characrensed by poor load factors with wirnually no
comneidenece between gencraden and consumpton. In the case of PV, for example, power
generation is by daylime, whule the lighung and infolainment domitated loads are almost
entirely by mght. Cynics have aptly lkened operatity such a system, without adequate
storage, to milking a cow without a bucket. Fnergy storage remains by far the bigeest

challenge in rural clectrificanon.

Tilectrcal enenyy storage technology in sub-Saharan Africa is almost exclusively by chemical
hatteres, parficularly the automotive tead acid tvpe [1] The batleties have low inidal prices
bue this s deceprve, as thar short Bfespats mply routine replacement expenses, This
increases the burden on the environment due fa the frequent disposal of roxic materals. In
addifion, they have low depth of discharge capabibines and rhus larger than necessary
capacirics are requircd, which further erodes their apparent cost advanlage. There are cortain
Lattery types, which have labels tike “solar Lattenes” with somewhat enhanced deprhs of

discharge Lut Lhis often comes wirh rrade offs.

Ciary [unt [2f refers to an inextricalile hink hetween power, energry atd lifespan (it both age
and charge discharge cycles) thal continues to baftle chemical bartery rescarchers. Whenever
any one of these three functions is enhaticed, al least one of the remanung cwa deterlorates.
For exatnple, in order to deliver a required peak reatsient power, the desigm musr offer high
clectrolyle Lo plate exposute bur thiz 10 rurn itcreases self-discharge rates and hence rodures
the available enerpy, Ambient temperatures also affect chanrny characteristics and general
performance. Other fssues range from sunple ones like water loss (o1 dryitip up) to nore
ahatract ones like clectrolyte stratifiearion, In renewable energy tstallations, Latteries are
often conncered 1o seres strings and charged while m vse. Due o disparities in chemisiry,
different cclls charge at different mites and the necessary equabzation to allow the slow
charging sections to top up cannor be carrled out feasibly. Moreover due to the stochastie

nature of resources, many penerators are fitted with maximum power podnr reackers which



often contlicl with the set ‘optimum’ hattery charging rares and results in durnping of excess
power cven when batterivs are not fully charged. In addinion, if bartery cells should be kepl
at overchurpe (say ubove 2.45valts in case of lead acid} for long penods, prid corrosion
resules, On the other hund, in cuses of sustained low insoladon and bigh load dermand, the
barreries will have o be cxposed to long periods of deep discharge. '[Tus could lead ro (rhe
aforementioned; sulfatian: a srate thar renders rechurging ditficult and at omes impaossible
[}, Moreaver, all chemical barteries suffer from high dischurge shock, which compromses
their lifespans. Conseguently, chemical barreries require expensive and  highly  skilled
matntenance 0 order w0 yvidd masioaan Life, Skilled manposwer and disposable income are

rate conutodites in A fdcan mral aceas.

The flywheel [3-18] is an ape-old technofoyy thar bas seen recent revival and could
subsequently evolve to address the above concerns, The use of dywheels as reacoon wheels
{like porrer’s wheels) dates back to biblical fimes. The firse clecrromechanical battery was
however anly repotted in a late 1940% in the urban Swass vehicle ealled the gyrobus, Even
then further rescarch did not pick up uond the 1970°%, manly for ourer space programs but
slt kopr a relatively low profile: The cady 1990%: saw a now revival as internanonal pohncal
pressute increased detand for environmentally benin wechnologles. This was augimented by
developments 1o strong  lighrweight  marerals, tnagnetic technolopy and  solid-stare
clectronics. Subscquently, fywheel batrery fochnoology was shortlisted as one of the
candidare technologies by the Partnership for a Mew Generaton of Vehieles [PNOV) 10 mud

1990° |19, 201,

Patennal attributes of the technology include long Lfespans, abilice to charge or discharge ar
very gl power rates through very deep oveles, na detetiorution in perforrmance with
mamber aof chnrgc;"’rc-chzhrgi: cvcles and freedom from mest of the chomical batrery
cucutnbrances. This technology has the porendal o challenge the encrgy densine of

pettoleutn,

This Chi{PLL“r will  exutmine  the E)():&Eibi]jf}-‘ of ueiing the L'ﬂ'k’jIDIlIl’li:ntii“}-‘ Lergn
eleciromechanicul ﬂ}'\’.-’hl:.‘t‘.l hattery in murab suly-Saharan Africa. Scenon 9.2 introduces the

basics of kinetic cnergy storage. Secrion 4.3 provides the design equadons of a fywhedl
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metor penetator. Sceeton %4 discusses the role of power condivoning clecttonies. Secnon
9.5 develops a spectficaton for a sutable flywheol battery, under near idealized conditions,
tar a rural houschold Toad and illustrates the wsetulness of the machine design cquanons,
Secton 96 exatunes the curtent statis, some pending rescarch dssucs and the projected
furure of the flywheel battery. Conclustons: will then be drawn as to the posabibty of

adnpung the ﬂ}np.rhee] |}ﬂ1‘[{‘.r}-‘ as clectncal cnerey storage for rural t’{‘.ql_]iri:rllt:llt.‘i.

9.2  Kinetic energy storage
In princi]ﬁle, a ﬂ}-'whm] stores enerey in kinete forn, ina rotating wheel thar s suspended o

fricnorless buarings tty an acrodvnamically drag free vacuum enclosare

The kinctic cnergy stored in a moving bady ts preportional tonts mass and the square of ifs

Linear veloeiry.
KE = mv {9.1)

Vihen transfonmed oo rotanonal monon cne must consider the moment of 1nertia ] Do

the solid cylinder (figuee %1% rotagng about s axis, the moment of inertia s defined
asJ = Zm,rf , the surm of all elemenral masses muldplicd by the square of therr distances
fram the rotational axis, As the stees of these particles ond ro zeeo they are visaally cubic

with dimenstons S, v and A

F e j ?ph-dmwirrl (9.2;

A-ir-n)

It 1z shown to appendix VIIT at the end of the chaprer that
L :
For a solid cylinder S Emr' [

(Tiquanan 4.4} is in the appendix)

And that for a hallow cvhndncal systetn, as is ypteal of flvwheels
__.ir . -I x s 3 (9 51".
B i mir, +47) LR

Where r, andr, arc the inner and ourer radin respectvely and the kinede cnergy srored KK
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1s yriven i1 equauot (9.0

l S|
KE = -sz‘ = B ml[ff +r12)m2 e

J_-"igur:: D1 A sobd eytinder with radius v and heighe b

The enetgy grows in proporton to the fvwheel masgs and rthe square of the anpular veloaty.

5o there is more emphasis on angular velocity rather than mass,

Consider a speaal case of a thin rotating dng. Its moment of inerda, [ is given by equanon
) By ; 1 13 :
.50 DBut as the thickness tends to zero ¢, = ¢, = and J =Em{r_, e

Bur v =y
S0 kinetic energy,

AE=—mi = ) mitwt = : Jew” 19
¥ a2

whore #1s the incar velocity of a parocle, ris the mcan radius of the nng, 2215 irs mass and
@ 1ts angular velocity,

The spinmung subjects the rotor to siresses 10 proporuon to the square of the angular
velooity. ‘These stresses can lead o failure. So. the maximum speed and theretore the

naxitnun arnount of enetgy storape attainable by the motor s povernced by it tenstle

strengrch,
KL = L e . Jw? (9.4
R

where, o, s the masdmum allowable hoop stross for the an 15 the density of the
M g’ )
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materal.

The above expressions are only true for a thin gng. To pet the toral kinetie cnergy of a
cowposite disk one would, in theors, hase to swn up the cierpy In the neatdy indinite thin
rings, It will however be shown i section 9.6 that in prachee the factors that deterinine
rotor falure are much more complex. There 1s soll lack of adequate experience and test data
and much 1s sall the submect of mrense research. For example, while different composite
flywheel designs mayv exhibit cleatly different types of fallure, sumilatr designs may nar

necessarly Fail 11 a similar manner.

9.3 The motor-gencrator

I order to transfer cnerpy tooand {rom e spinning disk a motor getesaror i3 used. The
uost popalar cheice 1s a pennanent muapmet synchronows machine, with an outer rotor
desigm larpely due to s high officieney, The heart of this muchine s an ironless nmpgnede
array: an innovadon by Klaus Halbach [20] which reduces the stator losses o just the copper
losses, The outer rotor is integrated into the vwheel, Fomung one onit nstead of 4 machme

with an attached flywheel.

Andeal Halbach evlinder is defined as an infinitely long strocture whete the magninde of
the magnensation 15 constant atul its ofenranon rums connnuously. At an angular position §
i the cylinder, measired cloclosase from the yeaxis, the magnetnsanon has an onentaton 2.
The collecnve result 1s a umform magnene feld, BJ, i the v direction warhin the cvlinder
bore and a zero Beld ourside rhe cyhoder. Lhe beld 12 dependent only on the ratio between
the innet £ and outer r, radi of the cylinder (or the difference between their namzal

10gm’jl‘h!‘l'ﬁ‘.ﬂj as piven by cguation (840,

] =J, 0n# = 1nr IRy

a

H o o=.0_In

i
,=7on]

¥ i
.

whete S 1s the temanent field of the magnenc matesal of the cylinder.

In practice however, approximations of this ideal design are constructed from a Daite
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number, N, of short segments of hieh quality Jare-earth) magmers and systeruatically rotated
tor fromn an artay as shown in figure 9.2, 1o has cthe advantage of curming dowi on cost 513
tnagmctic aterial as well a: wnproving thetr stress performance. They can be arranged
depending on the mumber of poles required. These magmets form the macr paer il the
motor tatar as illuserared 10 figure 930 Unlike the ideal case, however there’s a Aintle stray
field on the ontside. Thete is also a possibiiny af some mild eddy currene in the aeray
magnets die to the current in the stator wanding. Tn the ilhasrrated practical dipole (hgnre
9.2} the magnetic field B iin the bore) is dependent on the mumber of tnagnet elements used,

as well. Ttis given by [albachk's thenretical treatment as cquanon {910,

#

b
B=JIn| ™ Jr} (.10
.F;.

l-"]'gure D7 Magﬂeﬂc held diztnbumon of a dipole Tlalback: arsay

Asalhascrared in fignee 9.3, the winding is on the inner core which fomms the stator, while the
magnet atrav 15 moulded with the composite rotor with which i spins. The losses ro be
cxpected from the confguranon i Agure 9.3 arc, copper losses in the staror windings, rotor
beamng losses and oo air deag loszes 10 rhe vacmam chamber. 'L herefore, the deeeleration
torque on oo load (which s the self-discharge factor for rhe battery} 13 constant and not
depradent on rotor speed. Bearing Insses are mimimized by the wse of tmaghetie rather than

tnechanical boanngs. The copper winding for the armarute is sotnelomes made frotn tleing
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e enable the elrculation of cooling oil.

Fiyure 9.3 A cross-seenon of an ironless motor generalor

{complete) wath the composile rotor

A dr the compusite g,
B is the slectriva! aendiny 3 p.rf?.:r.rf 4 f}uafe'

€ é5 £he madnnet dredy

The perfornunce of the machine cun then be summarsed a: fellows. Since the held
strength, B oand the depth of the magnetic Ang, [ are constant, the wrque developed during
charging wall depend on charging farmanire) current.

Sa for the dipole above, with I, us the effective current und £ as the magnenc depth, rhe
torgue T is piven by

[ N

. 2 ) i

[ :Bw—gfftﬁb]ﬂ(—! AT B
3 = 'y

where, g 15 the number of phases for the machine,
The choice of a dipele version of the Halbacl's mapnet armanpement bus been further
supported in 15 on the grounds that 1t makes the nductve coupling berween the mapmces
and the windings relatively insensitive o the radial gup Letween them. This eases the

tnecharnical clewrunce between then,

Ta [18] ()ft:ri—Ttljk{]rang et al showed that the torg e developed by a permanent magnet
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synchronous totor using the Halhach array {with an ironless care) 15 muach higher than for 4

conventional array using the same woight and type of magnets,

9.4  Power Electronics

The funenon of this sub-system is to condition the power to and from the generator [21, 22].
This 15 necessitared by the fact that the lywheel motar generator has a continually vanable
voltage and froquency. Tikewise, the levels of power from an external source like a wind
wrbine or a PV generator ofton vary with ume. Carrently the most popular dnve
cotmponenls are insulated gare bipolar transisiors (IGBT). These are dnven by appropriate
contenl  electronies. Fieure 4 ilhwtrates 2 typical 3-phase {lywheel battery { powet

conditoner scenano.

Bi-dirsrtional

LC port +
Lailian ; Ji 2
Caonhol [ oaf i
Swdlching
; Lo
=—anurialion F=- g ¥
e HE-S 4-phaszs* stator .
! -ﬂ"'wll E Compestts
a

rotor
Cotntrutation Teedhack |

Figure 4. Flywheol motor/ grenetator connected 1o a D bus via a power- condtiomng

coxnfigiradon sing a 6 digit pulsc rwpwlo;_,r}-'.

The 12 part s bi-dircctonal depending on whether the battery s in venctating or charglog
mocle and eould be connected directly to a 13C generaror and I luad or via an inverter 1o
ann AL load, 1n fipure 9.4 the 1GBTs are designated as 81, 52, ete. Thoy arc operated by
mcro-controllers 4 G-pulse bndge topulogry. Commmutation 15 cnubled by rotor posioon
fredback obtained from Flall effect sensors hudle inre the stator to deteet the positon of the
rotor magnetle field.

‘The mountng 1s such that they each generare a square wave with 120° phase difference over

one clectnical cycle af the motor (figure 7.5). The amphifier daves two of the rhree motor

|70



phnsn‘.s with DO cutrent du.ting each specific Flall scnsor state. The tc‘-c]-uﬁqu:_- Is repured o

tesult in a very cost effecmve ampliner [21).

il P

Halltr ™

Hall 1

Pamranl g

5 0Tt 0 P b

Mhoue |3

Flhare .

Figure 4.3, 1 [all sensor based commmutation

9.5 A possible flywheel battery specification for a rural application
lrom the above, the enerpy stored in a flrwheed battery is proportionat o e system
moment of Inertia, | and the square of the totor sysrem angular speed. Tor convenience,
detalls of the power condinoning cquipment will assumed to be ideal). Tf the rared angular
speed of the flywhed totor s @y, | Lthen masimum enerpy ta can be stored 15 £ such tha

P o
F, = Jo, (9.12)

“~

[ thi mazimum permissible depth of discharge for the batreny s 9%, then there would be a

Lalance of 10% of che energy at which point the rotor speed would be | such that

==
|mz

@, = 1l.II u; =0.316m, 9.13)

‘The erminal voltage of the flywhee] penerator 1= lineatly propottional o the rotor speed.
Therefore, the termunal waltage at 90% depth of discharge DOD) would be 31.6% of the
which is the rated valtage. Cansidenng the internal impedance o be

full speed voltaye, ¥,

W

kg



neghgble the open cirgmit volrage =hould be approximarcly cqual 1o the ongaar bas woloage
evetl at Full load. Ler the flywheel bartery be designed o deliver s connnuous rared power
£, over the entie operating speed range, Then by Ohin’s law, the current drawn ac the

N upcraﬁng s]’mcd wiuld bie the highest permissible or rated current,

Figure 9.6 15 a 24-hour electrte load profile of a rural household from a database of the Sourh
Afncan MNadonal Ravonalised Specificanons ONRS) Load Research 'voject for CGaragapola
village. Tr will be assutned that this represents a wpical daly load profile. The daily peak load
ix 7.RB5A, with at averape of G66A and hence a load factor of §4%, The roral encrgy
consumed by the houschold at a supply voltage of 2300 wus (24 5 66 x 230 = 30432

WWhe

Load currant in Amps
13 = R boin om0

'

=]
o
=]
[
=)
=]
m
=

Fipure 9.6, A 24-hout load profile recorded by MRS for a houschold in Garapapola
village, Sorh Aftica
Consder the above to be an off grdd rurdd howschold operadng from a stochastically
disenbired rencwable cnergy somrer, which swonld require a storage batrerv. Teow regalar
pracice for off grd storage fagilities to be specitied for several auronomaous davs cach being
copnvalent o the average datly roquircment. Soo1f this household were to have a storage
capacity o last for 2 auronomeons davs (plus one nomal day) then the available batrety
capagity would be (36432 « 3 =10920.6 Wh. Since the mavinom allowable depth of
dizcharge for the fywheel bBarery s 0%, then the flpacheel bamery capaciry must be
CLO9200 Wh + D0%%) = 12144 Wh, This capacity however does not take losses into aceount.

if a battery charge-dizcharge efficiency of $0% s assumed |4] then {inal value 15 {12144 Wh,

+ 1.8 15180 Wh,
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phases with X currene during cach speoific Hall sensor srare. The technguae 13 sepated to

resultin a very cost-cffeetive amphifier [21]

Hall 8 !
L 3
Hag :
Lo
Heat
i ;

HallC

Fignre 2.5, Hall sensor based commuration

9.5 A possible flywheel battery specification {or a rural application

From the above, the enecegy stored inoa flywheed battery 15 proporoonal o the systan
motmeit of inertia, [and the square of the ratar svstem angular speed. (For convernence,
details oof the power condinonmng cquipment will assumed o be ideal), I the mied anpular

speed of the flywheel rolor 15 fw,, | thett maximmam coerey that can be srored 15 £ such thar

B ;Jm; ST

If the maximum permisable depth of dischaze for the batrery is 209, then there would be a
balance of Lol rHrl'r_'F:.L'Tg}" at which point the rotor speed would be @, such that
| o
w, =28 = 0 360, 913
V1o
The terminal voltage of the flvwhce] gencrator is Boearly proportonal to the totor speed.
Therefore, the eeminal voltage at 20% depth of dischargre {DOD would be 31.6% of the

full speed vodtage, V, L which is the ated voltage. Considenng the inrernal impedance 1o be



Let the flywheel e designed for a rated speed @, of G0 revolutions per minute, which is

200 radiuns pet second.
Lromm the above, 15180 Wh = 3600 5 15.18 kilo joules — —; J{20007)°

iwhere, [1s the flvwheol rotor system inertia)

Thetefore, J  2.77x 107 kg —m*
Household peak power demand — (7.85 x 2300 — 181 W Allowing tor a margin of error,
the battery could be rated for conunuous power of 2.0 KW, As sared, the walidior of this
speciflicaton is tequited for the endre operatng speed range and nusc cherelore be
applicable at the tuninum state of charge [nthis case, when there is only 10% of storage
capacity and at a rotor speed {and bence wl g bus vollage! of 31.6% of the rated.
Let the full rated veltage be 100V, then ar 104 srare of charge (SOC) the woltage wiil be
FL6W.
Then the rated curtenl, £, must equal to the fated power divided by the mimmum cperanng

voltage

2000
il.G

=03 30 Amp

H

The load torque exerted on the flywheel 1s proportional o the genetutor cutrent. fwhich i

thie load currenit) atwd thierefore the maximuotn loaud torue will be at thie vuted Toad curtent,
[y i

£
- : v 2 o) .
From equalion {4113, the wrgue 315 T - B\'?gffeﬁ- SLH{—--J. This should be true for hoth
"’ g

charying and discharping modes, But power, s the product of tovque, 1 und anglar speed,

¢, Therefore

P=Tw=K qi @ .14y
. . §2 el
Where, Ay 8 Tf it — | 15 the ronue constant and ¢f - = totu] load cutrent
> g 3

From equaton (U0 the minbnum flywheel speed is piven by, @ such that

£ 2 HO00G
@, - U.316m, = ﬂ.ﬁl&t%w .= 62327 radians per second.
W] ;

Then trom equation (9.11% the machine torgue cotstant, Kf curn e caleulated using ruled



power at minimim spood,

o 2t -E— —_— = ﬂ = (LI}2 (15}
6327 +qf . 632w -033
Lot the desiym be a three-phase [¢= 3} machine
v ==
/2 12
Ko BE=(3Lesin 2 =B 1% =002 9.16)
' 3 35 43

From equadon (U

. [XEJ‘T]
o sin -
Iy 1n[’1'J -

Using the dipole in fipures 9.2 und 9.3 the nunber of magners used 15 12, Let N = 12, The

remanent ficld of grade 32 rare canth, Nd-Fe-lB (Neodymium Tron Boron) is typically
=115 resla

i
- s 3 "
Boldsin e —& | ahle
f 23 g P
6

I [4] the value for & 15 asswned o bhe 150 Using chos figure the value oof the dipole strength,
i

Bas

3
H=—xInl.5=03% resia
o

From {143, the expression for the axial lenpth £ can be found

I—- --'-—I- =005 meters

BI|2

V3

Smice the rated power of ZUMN must be available at minuman angular speed of 0327 then

the triusitram towgque T 15 given by
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ey load. Then the toral amount of energy lost chis way must be 230% of full srorape capaary
= O0% = [ 51 800FR = | 36629, Theretore the averagre self-dischargre rate — 136629 Whin
{24305 hoeurs or THYE W,

Assurning a lotal absence of awr drag in the containment chamber, these losses are due o
beanng friction and propordonal 1o the rotor mass, The resuling deceleration worque 7,13
therefore constant and 15 cqual ter the product of rhe averape speed over the deceleranon
range and the average tate of loss of power. Speed mnge is 20r 10 6328 radians por see.
S the average spred is 13108 rmd/see. T, - 1316 = 18.98W. Therefure the pernizsitsle

18,98

o

15167

laczar g Freracnal toarue shenld not creced T, = =d6=ifl "Nm

] A
From equanen (9.3), J = 5 Hilr; +4")

o

Lot the inoer radius # = 25osn. From [3] i s assarned thaat =1.5. Using the same

¥
assutnpticon the ouler taclus P 1.3 25 =37 3pun

Therelnte the rotet tnass =

AT
Eer e

= 2. 73k

9.6 The present and future of the flywheel battery [22-25]

The torepoing ecxample has maindy focussed o1 the electromapnedc analysis of the batlery.
The assumptions made with respect to the Halbach array would hald reasonably rue.
Howcever there are issues, for example, the requirement that batlery self-discharpe be less
than $% per month that may cutrendy Le viewed as an extreme demand, Consequently a
mumbser of walues obrained, ke the ot mass conld be grossly ac sanance with realing.
Moreowver, the machine was assumned 1o behase Ddeally with respect ro important dssues, ke
totor stresscs, matetkal properties and thenmal dissipagon. s will be discussed in the next

paragraphs Lthese are some of the 1ssues that are the soll subject of major research efforis,

The crample howwever has imporrance, in chat the off-geid houselold load depicted is unlike



the most commen terrcstrial apphoanons for flvwheel battedes Dike seamless power transter
durng grd instability or short oulages) whose pawmpose 1= mainly high power delivery for
dme bridging, Thos the example prowides a3 load magnitude and duranon thar are
significantly  differenr and  helps  to highlight issues that mav not anse during 1he

aforemennoned common apyplicadons,

In general, curent technical concerns for the flywheel baltery rechnologisrs include
structural integnity of the rotor, the speed capability of the suspension beanngs and the
speed and power handhing capabiity of the motor/gencraror and control clectromes.
Suspension beanngs and motor/ generalor and dove rechnologies have applications m many
other tields and have consequently seen redanve advancetment, Rotor structeral integrery
however, poses by far the biggest challenge in the develeprnent of the {lvwheel as a wable
bartery svsrem. The tssue 15 of such pravity and smportance that the awa of rescarch
transcends normal cornpetition and proups of researchers lave been developed to pood

resources and assemble combuned expernse (23]

(ver the years a vanety of flywheel shapes from a mange of mareials have been designed
wirh the aim 1o maximise the stored energy, The impertant parameters influencing failure of
a rotor disk are fabrcation imperfecuons (mshrn, mean radnas, thickness, material property,
load gradanon and speed. ‘Phese are the sub-system indices of merdt, all of which st be

L‘npﬂmiﬁi:d simultaneously to achieve the bese annd st reliable iesign,

Currenrly carbon fbres are the lighitest and strongest martenials avalable. For example, 'I-
106 Graphite has rensile strengths of up ro 1,200,000 pounds per square inch (pst [224]
This woubd in theory rranslate to a storage power densing of 760 watts per klogram. Fibre
howoever is only one of the matdx consdtucnts of a cotmposite motor. The cpoxy with which
1t must he mixed has a substanually lewer stretgth value, oflen of the order of 30, The
fibre consntures only about 6% {by volume), resulting in a strengith reducuon of two, This
then forins the design basiz. ‘Then one has ro include allowances for fangue. Farigue is the
systetnatic wenkening of a taterial as a result of sustained stross over a penod. Thiz will wary
depending on environrnental factors like fetperatwe and chenneal corresion due to warer

VAW
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The abowve considerations heing for hoop strenarh alone, the desiomer will have to consider
rachal and axial strengths, which are also imired by rhe strength of the polymer matnx, For
these forces the fbre represents 3 discontinuity in the marix and the design alloswahble
should nor excecd 13% of the marix rensle strengeh, Stroctural stress ssucs dooimpact on
the clectrical desiym ws well, for exatnple, due to te fraglioy of the mugners foming the
Iaftzach artuy, they st be assemnbled dose e the hub, This eotnpromdses the power
density of the gencrator. Aloyr with rotor failures comes the problems of desymungr sate
containment. As a consequence of these satety concerns the PNGV larer opred 1o defer
devclopment of the ywheel batrery (as progress was deemed too slow o mecr ser deadlines
of 2004 for concepr model velueles), bur would continue toomonitor progress in ocher
otograms mennoned larce. Tnothe case of a rumd applicanon however, undergreund

cofttainment haz beon found o H;LLiHi';u_'Lurﬂy address the 5115::1.:.' COHLC e rTEs,

There 15 also greal oplnusm as the carbon Abres strongths are projecred 1o improve from
the current scremgrtbs of 1000000 ps1 re 3000000 o warchin chis decade, nplving a possitble
incrense ol 200%, in stored lenenc eneegy. Ar thas strengeh, the achuevable taeerial vy speeds
will exceed 2 kilometers per sceond. Composite carbon fibre disks have an added safety
advantage at falure. Unlike merailic disks, which disitegrute inte dangerous solid shrapnel,
its the case of o bagrst fwhicl s the worsl cuse seetiario i roter falluee), fibree abiorbs much

of the energy by converdngz Lo cotton-lilke shred.

Anather nportal factor 1= the cost. According ro [24] the current cost of lead-ucid barierics
rurlres betweets SA0-2100 por 1Eh, cntmpared ro FA00-5300 per z5WhH {or ﬂ}'wh::::ls. This
dispanty currently gives the chemical baltenes an edge, As for efliciency, dywheels fat 81-
BE%0) are currendy cqual or beerer than state-of-the-art chemical batrenes. Operational

resules of 93% huve becn reportedly achieved [B] by NASAL

Lifespun iz another major advantage of rhe flywheel Lattery with estinwates of ar feast 20
vears as compared to hebaeen 3 and 3 oyvears for chemical hartenes. This s however
compromized by thar {currendy; much lugher seli-discharge rates as cotupated Lo chemicul

latrerics.



The higgest advanrage held by flywheels however, 15 that being an cmerging technology,
their porential has barely been tupped as compared to the conmires old chemical systems
which in all probability are unhkely o make major advances, This 15 witheut considering
environmenial issues, AL the forefront of rotor inteenty and safery rescarch s the Defense
Advanced Research projects Agency {DARPAL In rotor dynamics, hub dm interfuce,
strength optimisation and furpue life are collaboratons berween independent proups wich
funding mainly from NASA. These include, Glen Rescarch Center (NASA GRC),
Enpmneenng Model Flywheel Energy Storage Svstems, Small Business Research Conrracrs,
Aubutn Center for Space Power and Tniversity of Texas/NASA Safe Life Cnterda. Tixising
NASA and Bocing darabasces, like the Gus Turtbine Enpgine rogram are ranforcing effores
by University of Texas Adedd, GRO and University of Yirgiua on high rpm developments,

atnotyz others, thal constinare the Natonal Acrospace Flvwheel Progrram.

9.7 Concluding remarks

The pntcﬁtia] af the clectromechamecal battery has been Iﬁgh]ighted as well as Lhe
shertonmmngs of contnued use of chemical batreries This Chaprer has exatninec the basics
of kinetic coergy steragpe as well as the machine design equatdons of un ironless et tetl
tagnet sybcheonous moloe-generator. Lsing these desigm eguations a speaal bamery supply
for o mural Afncan application las been specificd. Pending rescarch issucs have been
higlﬂ.i.ghlucl ws owell as the optimiste projeenaons af the near futare. Witk imprisved
rechtwloges joshould Lherefore be posable, using machine desipn equatans and piven load
requircinents and avallability of enenry tesources, Lo desiyn an appropriate flvwheel stompe

battery, that can be manufactured i Afnea,

Marenver, the life cost cvele of the flvwhee barrery, which includes the potennal for a dong
h ﬁaa])ﬂn wiLhy '-;.'i.t‘LLl'.lll}' e malntenance s well as the pnsi mve enwronrnental artnbules are

tnajor advantages,

Currently a project is tn ils early stages ar the University of Cape Town for the desigm and
construcHoen of a 300 ampore bucrar ﬂ}'whtr:l batrery {or tural application. The pmi{:ct will

thetefore bhring this appatent dreain oser to owr reality and 13 awated wuh much
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trnajor advantages,

Curretetly a project 1s in s carly stages at the University of Cape Town for the desipn and
constructon of a 308 ampere: hour flywheel batkery foar rutal application. The project wall

therefore bring this apparent dream cleser to oo reality and 15 awaited  with much

anocipatan.

98  Appendix VIII

The kinetic encrgy stored in a moving baody i propottional to its mass and the square of its
lnear velocty.

KE = lmV: (213
2

When transtormed into roladonal mouon one most consider the momene of inertia | For
the solid cylinder (figure %17 rotadng about it axis the moment of inema 15 defined
agf = Z .7/Jl'.|:l:r_l2 , the sum of all elemental masses muldplicd by the square of their dislances
from the rotational axis. As the sizes of these parncles tend o zera they are virmally cubne

with dimensions Je | &and A

2r R
e [ Jph-dmﬂ%ﬁ 2.2)
Koy r=0

Since dew = A and mass = volume (o h) x density ( £, 1t can be shown that

N
S = 2ok Ir3 - i = = pmhrt = : " H3)
et 4 2

Figure 2.1 A osolid l:_'.':,:]iﬂd(‘.r with rachus r and height h
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Lilewase for a pral:'ril:a] hollew cylinder ﬂywht:i:l

J = 2rph Jﬁ vdr = %pm‘r{;ﬁ' O

04
=< PG 0 =17)
where, # and & afe its outer and inner vadi respectively.
Liut the mass, m = pﬂ'ffl[rr:' = ?'jz]l fror a hollow cylinder
. 1 4 5 _
Therefore J = Emfrg +r7) 190

For a c¥bndrical svstem, as is tpical of thywheels the kinetic coergy stored K is:

1 . 1 3 f
KE = = e = Emf_rd‘ +rrj' Jeo~ (9.0)

Where [ (in kilogram squarc meters), is the svatem moment of inerda abour the axs of

tatation and ar 15 the rate of rotanon in radians por secotd,
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10.  An Analysis of Rural Off-Grid Electrical Systems

10.1 Introduction

An off gud clectnical svstem may be as simple as a pencrator atd load combination of just 2
techargrable battery and a laad, as s somcetimes the ease 0 Kenwva In peneral, there are
varncnes of system configuratons to mect different load requirernents within pven budget
bmirs. Currently, the overarhelming majorine of ruml off-ord clectrical tnstullations in Kenya
are stand-alone 'V solar home svstems (S118) These SIS installations tgpically constst of «
single PV panel, a stotage batrery and a load. ‘The other npe of system that s steadily gatning
poputanty s pico hydro generation, where a generator is connected o a group of roral
howschalds by a mint grad bat without storage batteres, PV oand water pamp systems also

exist withenit starage.

As was pointed oot in chaprer 1, most of these systems are not optimally sized. Carrect
sizing af an off prid system mvolves the dererminanon of an apprapriate generaror and/or
harrery capacity to cost-eflectively satisfy a certan load aca gven rehabaling level. The vanous
methodologies to achicve this are well decumented |1-11). Chne sharteoming wirth all these
methods however, is that they almost imvariably discuss stand-alone systems und have no

revmedies for putit-i:lt-;'fu].ludml di‘.sigﬂ LTS,

The Kenvan nutonal motte s Harambee, ar “poaling rogether”. It advocates that unity is
strenpth, Could this hald trae for stand alone 5115 and sintlar conlipurations? In the casc of
Kenya this question is important given the massive stand-alone 5115 ruril buse, with many
neighbouthoods i close praximuty of one anather. Since sizing should stricdy be done priot
te the purchuse of equipment, any nadequacies thue are reslised afterwards cannot ke
remedied by ‘sizing’. Bur could it e pusstble to provide sotne repricve for chese cxsonp
insrallancns as well? To rhe case of pico-hydro, what would be the effect af including enerpy

storage on the mind prid?

In [12] Dukkar et al have a:[empted tes ralse: che tssue of nking stand-alone systems bt sall

confine their conrest to the sarne PV SHS scenario like previous authors, This L'hﬂpter will
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exarnine these issues at depth by using a pencralised ype of genetator, storage and load and
characrerising the systems by the following 4 different conbiguranons.

= Stand-alone genepator and load swsremns without storage

s Stand-alone genepator and load swstems with storage

e  Mini grid connected generator(s) and load systems without storage

*  Mini grid connected generators (5] and load systetns with stneage

Using power low equatons and Matlab sitnulatons a study, wll be carned oue to examine
the relatve perfmrmaﬂcer: of the abone ct}nﬁgumLi.uns i oa miral power supply concesco

Conclusions wall then be drawn on the practical usefolness of =uch measures.

10.2  Basic conliguration of an off-grid power system

Consider a number, 1nooits of stand-alone rural household inscalalions. Ler f.f {t) and
G, () be the load demand and gencraror cutpue respectively, at the 1h household at rime ©
Then the difference ), between the gpenerared power and the loesd demand ar the

houscheld is given by

B =G ) —-LAn 101
At time t1hete are (liree possibilides: either G (1) =L () or G (2= L(1), or G < L.{1).
Al When G{)= L (f) at nme r, the gencrator purpur and rthe load are matched and

£, =0 All the power generated would be cfficiently debvered o the Inad and the load

requiretnents would be fully met. There would be no requircment for storage or other
additional systetn support at that insrane.

When {r(f) = £ (2}, then the gencrator output exceeds the load and £, (#) > 0. Tn the

absence of storage the surpius enerry will have to be dutnped to waste, For the n

houscholds the rotal surplus {or dumped) power at tme tis P (¢} such that

Pocdty=>" P () forall P (1)>0 (112
=
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c) When G(#) </, (4) then the load demand exceeds the generator ourpur and P, (£) <0
lrn the absence of = batu:r}', either all or some of the lead wil be shed to protect the
generator. For the n houscholds the total deficit (ot load shed) power at dme t1s £, (6)

suech that
o

Pop(t)=) Py, forall P (1) <0 103
=1

Seenano by and o) constiture poor service debivery. Morcover, the values of P, (#) and

£t} as shown o equations (10.2) and "H03) anly represent the minimum losses, us 1n
pracuce some discrete loads mav not be acovated unal minimum chreshald power level is

supphied by the generator,

10.3 Effect of battery storage

[{ 4 buttery were in place at time ¢ (at the wbh houschold) when G (¢} > £, {Z}, cither all or
some or none of the cnergy will be saved by the stotage, depending on the state of chatge of
the storage batterv, The statc of charge ol a storage battery 1o the ith houschold, £, (n
poules) ar tme s given by

Be () =Bt 1) ine P if) A 1A

where B (- 1)1s the previoos state of charge nmedistely before dme |, Afis an
incremental dme dutation and 77,15 the charping efficiency of the battery. The state of
charge of & battery must satisfy the following condition:

B SBLUNE B,

whete the subscripts g and max denore allowable minmum and maximum states of charge
tespectvely. I B, (1 —1)= 8B, at ome t then the battery 15 full and can’t take aov morc
chargre, The cnerpy (P, - A4 ) will be dumped to waste. ‘The rocal system power dumped ar
fme 118 the sum of all the individual power dumps ar all households where the batteries are
already charged to maumum level In addmion, the presenee of che teem 77, means that

cnergy loss will be incurred duting the stomage process znd the generator will be requited to
produce more enerpy for storage to dive the same load than in scenano ) when the eoergy

tlows dircetly from generator to load,



Likewise 1n the case when (at the ith household; G (0h < L (£} far ome 13 but in the presence
of a battery, ¢nergy will be wathdrawn from the battery but condinonal upon the stale of
charge ot the batrery, B (t—1). U A, - 1'= 8, at gme t, then the barrery 13 ar
maximum depth of discharge and the load cquivalenr to (=2, - Af 3 will e shed. The total
systemn load shed ar tme ris the sum of all the individual load sheds at houscholds where the
latteries are deplered o minimum level In additton the fracnion of enctgy recovered will
depend on the discharge officiency 7, of the battery, Thercfore the state of charpe of the
battery being discharped is gwven by
Pt}

Bo{t)= Bt =1+ -2 A forall P, (1) <0 (104:3)
7o

10.4 Effect of a mini-grid

In the case of a pleo-hydro system, a stnall rural mini gad conneets all the consumers but no
storape batleries are provided. Consider a casc an sccron 102 when the stand-alone
installations have no stotage batteries, Let these umrs he eonacered by a comrmon bus, 10wl
e assumed that the load profiles of differcor houscholds are lareely independent of each
other There 15 therefore a possbility char che jth hovschold eould have a power deficit at
nmic t, G_.- () < L. {#) when the ith hooschold bas a surplos G (0} > L (1) . Then airher some
or all the excess power in the ith genemtor would flow o the jth load depending on the
relattve quantities. i any caze, the amount of load thar would have to be shed or genetator
encrgy that would be dumped o waste by bath the ith and jth houscholds should be less
than in the srand alone case. (For convenicnee let it be assumed that the load requirements
arc ot discrete, For example, 2 penerator autpat of 80 W owill be accepted by a load demand
of 100 W and result in a lower dedide of 20 W instead of rejecung all the 80 W and shedding
the full luad) Furthermore, af this direet fow of power, from the ith gencrator o the jth
household)) were enabled then power would be more effidently delivered 1o the load than
the case if it were stored 1o a bartery first. {The ith and jth houschalds are assumed o be

teasonally close and line Iosses are negligihle).
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If the total number, rn, of houscholds were connected to a common bos then the colleotve

system surplus or defiait power at ome tis £ (£} and 1s given by

Pty = Pty = YIG (1)~ L0)] (10.6)

10.5 Effect of mini-grid with storage

Suppose that i the scenano o secnion 1.4 a storage hattery woere introduced. This would be
analogous o cither mntroducing a batrery on the pico-hydro nuni-gnd or a o grid
conneclon for 4 group of SHS houscholds or any other analogous gL‘.ﬂ-::ral::}r,fs,tcmraguflﬂad

altualtor.

The instrantanecus power flow equatdon of the system without storage is given by equanen
(1.6}, Por(t} is the total system surplus or deficic power ar time t This is the amount of

power that must be handled by the collecove scorage bartery. {In the case of BHS {or
analogy) assume all individvual latteries are identical and when linked form a combined
capacity, i tmes thoir individual capacities), Ler the collective system-bartery state of charpe

be 8. {injoules),

So ac mme twhen £, (8 = 0, citlier all or some or none of the energy will be saved by the
stotage, depending on the state of charge of the storage batrery. Then rhe collective system
battery state of charge, 8.5 (1n joules), at e t1s given by

B (=B -1+, Pr(0)-Ar faorall 14, (1) =0 (10.7%

where, B, (t—1)is the previcus statc of charge immnediately befare nme r, Afis an
meremental tme duranoon and 77, i the charping efficlency of the bacery, Tike hefore, the
state of charpe of a batrery muust sansfy rhe following condition:

B(._T‘.M'-'.' = H{'T {f} 2 B{."n"l}'l:l‘ru

Likewise in the case when Pp(f) < (at dme 1), encrey will be withdrawn from the hattery

Lut conditional upon the stare of charpe of the battery, B (f —1). In addinen, the fraction

157



of power recovered will depend on the discharge efficiency #7,, of the barrery, ‘Therclore,
the state ofchatgn of the barrory heng dischanred 15 given L‘l}-‘
i _

rlir.l'.'il

B ()= B (r =1} + At forall P () <0 (10.8)

10.6 Simulation Results

A set of 5 random avetage houtly loads spanning for a 24-hour period were generared in
Matlaly and another set of real data from a casc study in Garagapala village 1n South Afnea.
They wete asr:i;gj]ed atbitranly small (bur cqual’ capacitivs of generarors and storage bartorncs
each. It was impotrant that the power sources {penerator and/or batiery) were less rhan
adeguare for the loads, This wonld clearly show improvetnenis in svstern petformance wich
changres in contlnralion withour encounteting saluraton polnts (o pre-mamrely ninning
wul of load), The load demand figures were average hourly vahies. For simpliary, the
srencralor capacilics were piven as constant values but the loads were varyng. The minal
batrery charge levels and the minimum allewable states of charge were ser ar 50% and 50%

of the masamum allowable states uf charge respecuvely,

Lising rhe power flow equadons developed abiove and the ree sets of averape hootly load
dara, Matlab code was wrtten and simulanons min. “The systetns were tun sepatately and lops

e the individual surplus and deficit levels for houscholds were recorded,

In appendix X, table 10,3 gives a Matlab generated sel ot average houtly loads for each of
the 5 households over a 24-hour perdod. Table 104 shows the load balince tresults for the
data 1n table 10.3 1 a stand-alone scenario with storage Table 10h5 shows a detailed average
howrly load balance sheet for the rest of the configursdons namely, stand-alone without

storzge, minl-grid without storage and hnally mini-grid with storage.

The analvsed resules are ghven o matde 101 and 102, where the former uses real dara from a
case study of 3 houscholds 10 Garagapola willage while the larter uses the aforementoned
Marab randomly gencrated data. ‘The trst columins give the total average houdy load

demand for 24 hours, which are equal for all the 4 configuragons. The second colwmns pive
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the toral average hourly defiar for unserviced load) for 24 hours, The third colutnns grive

total average hourly surplus Jor unused generator power) for 24 hours,

Tahle 1001 Results of a ser of leads from st houscholds in Garagapaola allage

Total a-.-ernge; imml}- Total average hourly | Total average hourly .
load demand for 24 deficit for 24 hours swrplus for 24 Toues
hours {onserviced load) (uoused generator
POWeE)

Srand alane 1035340 -4 49756

without batters

ATLT AR

Sand alone wick 103550 -153H1 BILTY

atorag:

Tnrercunnected 103530 B4R | TRTY

hauzcholds

warhout batrery

stearage . :

lnrerennonected 103530 -1259 27483

howseholls with

bartery storapse : !

Table 10.2. Results of a set of 5 compater generated ratdom houtly loads for 24 howrs

Total average hoorky | Total average bourly Toal n;..'.f_:r.a..g(-‘. hl:ru?
liead demand lor 24 deficit for 24 hours aurplus for 24 hours
licrues {unserdced load) (unuscd generator
_ ) ) i) Al
| srand alone 623928 -1506%.6 114324
withow! battery -
stotage _
Srand alone with G230 R _GOHLGB 10%9.4
st : e e s
Intercomected 62302 8 FTALD 1826
howseholds
without battery
sl :
Torerconnecred (IR ) | -1625.7 L0
houschokds with : :
batrery storage - |

Tgure 101 s 1 g.tapl‘:if_‘al result of one set of simulanema. Tn Bl an appregete 24-hour load

profile uf the hoasehelds for one of the scenados is shown, B2 glves the storage ]T!L’Oﬁ]t' of
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the collectve battery system. B3 d::]jicts the cumulanye lgad halance sheer over the 24-houar

perind for the condidons of stand-alone without storage and finally mini grd with storage.

It 15 quite appaent from the results that in the case of stand-alote Installatons without
storape, substandal atnoont: of cnctyy po to waste while a the same Wme many of the loads
reman wiserviced. Whet the systemns were connected toa commman bus without altering the

wencranon or storage capacides the situadon was evidendy much umproved.

An additonal advantage of a mini-gnid ineeconnecuon for power sources is the sharng of
the itnpact of transient leads. As shown m figure 10.2 the high rransient current drawn by an
wncandeseent lamp has been shared by two power-sources with cach only expericncing halt

the atnplitude of the tratsicot {1r Elchck}.

Canbinad load profile Combined Ball Capacily
40804 -

35400

AB00 - s

2500}/ 4

600

Energy lew:

15DU ——— R ..:........:.........:..... -

Comeined Lrad damand

0 B, 10 15 20 25
Tirre in hours

Tirree in hawss

* : - cumnlative surplus For singie loads
DO conir bdoemmmonand TS SR Jr P e e
e iarrae’ — ——-- Deficivsurpins coree for mini grid system

| _ cumalalive deticit for sinola ioads

Enaryy srples or dalici

Figure 1601, Matlab simulanon resulis
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10,8 Appendix X

Jable 103, A Madab generated ser of average heawdy houschold loads

A randomly generated set of & hongehald
[loasls ar honely avoragex ; |
Howor | Hoase | House . Huuse | House Huu!-i“|
1 2 | s 4 5
1l w003 20277 1034 7274 3R2T0!
21 24 10872 G823 65T 21490
3 60681 607D M2TE HHBRR 315351
4
Ii

48598 r219] 16 owW5: 33395
g1 1wssl] 15087 M a9l
6l Ta2am| 1527 euiey  Tuamz 22595
=] 33646 4679 37837 UhaH4 5081
8 1x31] g9s0v|  Miuul a2 vesT
v omria1] o311 H53an’ sl Spusz
W0 44372 4a5.w0|  39356) 172u6| 64033
11 613430 3865|4955 979,73 20807
12 79183 RMG23| AGRTI| 27143 aTu82
13 931.R1 523.15| A21.63| 25233 78333
1+ 322 20265 4401 AIST4| GRIAS
15 17626 67214 RI0.07| 7781 461.09
: 16 #5751 #3812 602) 13652 367TR)
1% 93336 1961 3001070 In757 9421

18] 21692 681,°8| 2873 Twoney 3918

10 a0 394l ML 19vad| e02ss

M| 59361 B39 saom| el 3oz

21| 5789 Surst| 21| es14d| 41537

. 22| 2azegl. 70947 suw.m| 28441 30440
3| 1316 17889 83851 469.22] BH4.37
2l 98| wdaz  sesur|  od7R] 1500
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Table 1004, Poweer balance data for stand-alone units with storage

bousehold power tor stand alone units with sioege

Surplus {+) / delicit(-}

C ad2

load 3

Twad 4

I load 5

fad 1

|

n

n

1

OG0

n

n

0

0

I

139,04
ke e |
e

070

06

136,25

2

S
-245.95

-507 6

-25.10

-4Z2 3

i

238,71

R

23 1]
24 1 [
2h 1]

TR T BT 35736 O
14 26T R R H ) T S
15 i 0 235330 ° 28236
16 B 31273 | 1B 0
1= 10763 0 0 0
1% 16323 7 0 i
1w il 7 0 fl
20 356,05 29,28 0 n
21 oo 312 9 m
2z i S22 B f

2028

ek
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Table 1005, Power halance data for, stand alone withour storage,
Mini pnd cotnceted system with and wachour storage.

Surplus {+) or deficit (-) generator power o Mini grid Bini grid w
el stand-alone mode w/o storage  w/o slorage |storage
Hour | House | Houwse  Houwse | House  House Balance RBalance
1 2 3 4 + 5 power power

1[-asm10] 29723 306.36] 20271 -RLTE RS 2
2| 26ama] a1z 18132 -ansT 6,300 TR i
sl wneEn| 1370 107.23] 3592 1351 26200 T

| 1ac1sl 22781 67| 19160 16601 171.60 (i
530030 301190 34013 12130 o 204,80 {0
Gl -262.10] 48373 19790 29480 | 27405 EXTT T
74353 24670 12162 -456R0]  -TOEMN TRl il
Al aatsn]  adony danol| 22309 26037 T 62 {0
of -3204] 43Rl 33366 3E000[ 290823 131683 |
| 35200 33006 93506 3274d|  -14033 18231 |
111530 8133 a4 e 29093 L 1T
12[ 20190 -346.22] 399770 22833) 12008 e el i
1342180 2513 31163 24747 -2B333 RO4.30 33445
13| 23820 20733 1341 3TaT0[ -1EES 2 41 513.72
13] 32373 -1721d] 31707 (23730 3900 36450 ]
16 wa3v 33kaz] len2y 363aRr| | aTR2 108 44 12044
17| 43550 4ena6]  15R0% 4RN24] 29431 0707 0
18 160 18128 2027 3039 44080 341080 21 60
19 80TH 120062 18880 wss| 1027 KGT 0 g
a0, 3360 33180 ThuN SoasE] e S i
T qe211| 28129 —22%an) a1e1ad] #4862 13540 T
23 1713 el e Tl T213380 195.01] s3aca 0
a% atam?|  Tiay| A3sssel 0 suTE. 34T 92412 3016
21 43| 1vads[ emu7| 43522 3Ra99 1537700 0

= Maximum allowable battery capacity =Max_batt—22(0 enerpry units

= NMinmum allowalile battery capacity — 1100 enieray units (509 Max_bart)

s Srarnng bactery capacily = 1760 cocrey units (B0%0Max_bart;

»  DBatrery charpe-discharpe etfidency —80%

*  Battery charpe efficicncy assumed = discharpe efficiency — square root {charpe-discharge
efficiency)
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11. An Approach to Rural Distribution Network Design
for Sub-5aharan Africa

1.1 Introduction
The delivery of teliable power of sufficient quality o consumets togquires, among other
things, dut the voltage Tevels at the remuorest consutner from the power source sausly the
minmum apphance specifications, This 15 often consteained by the cost of infrastruciure, It
has long been recoguused that distnbution nerwork designs used by utility cotmpanics e
vpumized for urbun and industrial enviecoments: Tn 133, Morns Cooke |1, the head of 2
oewly created Rural Blecirictny Adminisrtanon, RTA, 10 the USA wrowe that, “since unliny
cotupury ddeas w5 to what consanred sound mral lnes have been rather funey, such costs
wore prohibinve for most farmers™. In 1947 2 New Zealander, Llovd Mandeno [2] wrote ina
paper appealing yer again for the recogtidoen of mral power supply as, “a separare and
disnner feld wherein 1s usofied a complete review of past methods and development of new
oies, Such review should be untramunelled by proconecptions acher than devoton ro sound
cimtieering and to the extetsion of power o g desorving section of our people.” 1 a repart,
the World Banle [3] has eecommended thar, “rheee 15 necd o breals out from the standurd
tnould, o review specific needs of a community, to go back to the lusic prindples, and 1o
develop desigms thar most cust-etfectively address these needs” Surprisingly, thouph, these

calls have remained largely 1gnered especially b1 sub-Saharan Atrica,

Cauite: odben rural networks are over destpned, resulting inounder udlisaton and theretore
cowtly overheads, Ohne reason often ared for the over specificanon s anocipaton of load
growth. In most sub-Sahara Atncan rutal areas however, economic growth rates are low and
a4 designer has oo usuficanon in spectfrng an inttastricore capacity excecding more than a
firw pofonnt of cxisnng consumce coquirements. Addinonally, the classic diserbudon load
model depicts a unt-dimensional main teeder supplying some unitorn lead aloog it |10,
The only losses of concetn are those along the main feeder wath little o oo regard being
paid o the loading 1o the lateral directions. On the conerary 10 wall be shown in this chapter
that, especially for muo distnbunon networks, paying artention 1o thwe full peomery of o

nctwork tmshes o big cifierenee, Such an appruuch prm-'id-_-s [JP]..‘I(]ILLLI]itiL‘:i i1 st saving,
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In scction 11.2 4 method {or construcang & rmmimised dismbuhon network trom an external
source T a piven nuimber of consumers using constructal theory and idealized nerworks will
be dlustrated. En section 11.3 a merhead for the evaluatdon of power delivery losses inoan
idealized network wall Le lhasrrated. The effect on losses, by managing a conductor cross
sectenal atea 1 different wopologies, will be invesngared 1o seeron 114 using algrebraic
cquatcns.  Using Matal stnuladens and a rectangular 1dealised consumer area in section
11.5, consumer confipurations are dertved o dissipate minimum network losses to a given
mnumber of consumers: Conclusions will then be deawn as to the usefulness of paying

detailed artention o conswmer arca peometry.

11.2  Design of a mininised network infrastructure
The impedance of a distnbution network 15 proportional toats toral lengrhe 5o by Ohm's law,
line voltape drops and network losscs sheuld inerease with nerwork lenprh. It would
therefore be feasonable (o antivipate that by desipming: a diseribubon nerwork topology that
minimises path length from 2 power source to g given nuimber oF consumers, one would
minimise the losses. Morcover, a more compacr network would requite less matetial and

henee ke less exponsive to construct.

A novel concept in the minimisation of flow parhs called wesrstredad Seory has been artdeulared
in [11-17]. ITmnally a method was developed far hear flow, wich apphicaton o couhing of heat
peocmating volumes Ike clectrromes packapes. A bnitc-sized volume of low comductvies
material in which heat 15 boing penerared ar every pownt was uscd. A small heat sink 10 coel 1t
was located on its boundanes. By applying small amounis of hiph-conducdvily matetial, ro
enhance the rransfer of heat to the sink, 1t was observed that the resuling conductivity paths
were tree shapes of the high conductvity matetial, The spaces in berween, wore Alled by rhe
non-conductang material. 11 was then deduced that these rree strucnares were 2 resule of (hear
rranster) oplimisaucn, It was concluded that this had o ke what wified a whole range of
engineered and natural flows thar include vascular nssue [18-20], river basing and Ligebatasinnyr

isee fgeune 11,17,

1t has further been shown that the geomerric details of a lighrning balr path, fir cxample, are
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nat due to namral chanee but ean be deterministically predicted. In [12] this panciple was
used to defonstrare che constructon of 2 nininiwm path linking an external poInt source o
prdnts on A stralght lne, The same techolgue could e wsed for the design of a mounused

ponweT disrrilauteon netw otk

Real rural consumer areas range fromm planned, ble community service sorietures, to
amotphous and seattered stucmires and thetelore cifficult to model mathetnatically, In order
ter establish some ratdonalicy, dealised neeworks have histodeally |[4-7] been used in
distriburon system designs. These are sometimes referred to as clemental neoworks or
inoelels. Theie vanatons may inclode the location of the souree, the way i which consumers
are connected to the source, allowed routing and wvailabile distnbunon nodes. The shape of
the elemental areas can be one of a square, equilaretal tangle or regular heragon. Recoangles

will b used here for Mustralions.

Using this method it s assamed that consumers (nodes of consuruption) are uniformly
diztnbuted over rhe area served by the network (sew ﬂgu.ri: 11,25 Their mnsumptiun tate 15
assutned to be wifornm and constanc The system stroctare Is fixed in dme, The Iu(.]LJjIL'Hu:llL

1s thar porwer be connected from an external source polnt to all the consutaers,

Figur{t 11.1. A lighrtﬂng Lot a= an L'xﬂlTlPlL‘ al palh L‘rpLimisation b}' fiature
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Like ull models, the idealised nerworks described muy differ with respect to a mumber of
details from a real sitwadon. However, the pumpose of such an exercise is 1o idennfy an
aptmiisation opporiueily that can serve as a basts fur adapting specific decisions in real Life
simatians. T this case, it bus been hypothesised that a minimised distdbadon infrastrucrure
would resule in minimised voltage drops and neoworls losses. Compunsons cin e mace
wsing different topologics to distibute power 1o the same consumer agea, Finallv this result

can be usaed for more generulised iy,

F

L L L] ]
=l -

L] - . ]

. . - -

- [ ] L ] L]

Fipure 11.2, An ddealized conzumer arca

Tnoa 1965 maral, Wostdnghouse [] depleted the funclion of power distnbution as one of
pathering from the consumer. The argument is char rather thun originating {rom the power
source, a nerwark lond acmally ongnares frons the cotsutner when o switch is hpped. This
voncept hus been exploited in [12] o compute the pressute drops inside w uniforn cross-
seclion pipe in o flod distnbuuon nemwork. They used an analogy of a dver basing where
culrrweater 15 collecled at o unitonn rate per vt ares. The first dvulet then forms and beging
ron collect water oul of the lerrlery (similar 1o lmking P oro O Several rivulers torm a
ributary systematically chunnelling the collecied water ino a angle stream. The satae
analugy can be uged Lo analvse a rural power ommi-grd, as wll be demonsteared. Figuee 113
iz a Mutlab geneniled profile of pressute or volige drop fram @ source locared at the ongin
{marked 0L of 2 distribudon network inwe o rectanpular consumer ares wath a2 umformly
distributed load. 'The voltage deap at every point in the nerwork 13 shown. "The fignre was

penetuted using Lthe gahering conceptr.



11.3 Parameters of merit for idealised networks
A method o construct a nunimused path length from 2 source point to several sink points
o i line was demonstrated in [12] When the satne method was applied to an dealised
rectatipular consumer area in figure 11.2 the network in fipure 11,4 was penerated. Using the
method. this nerworls ropology offers the minmum path lengrb from the source o the
consutnets. The performance of this topology can then be compared with several other

possible distdbution topologes for the same area.

voltoge Grop ns aodunction of xang 3

m

Tatal woltzge drop from source
=
¥

oo

Flot wath ¢ Plat et x

Figure 11.3 A plot showing a typical voltage drop profile of a rectangnilar consumer arca

N
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™

i

Ve

e

S| ]S

ARy

Source
* Cosumer node

2 Distribution node

Fignre 11.4. blinimized distnbunon nerwork
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l.et cach consumer node in figure 14 doaw a load of 1 unit currenr and ler the elemental
comnductor ink horweon nodes be of unit length and ouit reststance. Gathenng starms at P, the
furthest consumer node and proceeds with the link to distnbunon node G Ar () i s joined
by currents from owa arher consumer nodes. The next link theretore has three unir currents
{lowing w it. Figure 11.3 shows the vardous currents towang o the respecnve nerwork links.
Since the clemental nks have umt resisrance, the summation ol currents i these linles from

't the source represents the total voltage drop berween them,

R Y o
V)

15
T e

A

5 \L. -’/I \n

Soulce
Figure 1.5, Tvalaaton il branch currents bjr' a gﬂthf A methesd

From ﬂgu_re 11.5 the J:l_'rll.owiﬂg evaliarion resules can be obrained {or the netarorle. ''he raral
Litrasirucore lﬁ'ng[h 15 Eu:lual tey the mumbwer of clemental links = 21,

The teral voltage drop between poant I' and che source 15

L1344 10121 13415 - 16 — 64
The tatal power dissipated in the network can be evaluated by summing up the squares of
the currents wn each of the clemental links = 880, All these figures are relative values char
assume that each eonsumer load 1= the reforence unir currcne. The ropolopies o figure 11.6
were subjected ro the same condinons and had their performances compared ro figere 115

The results are tabulated i table 11,1,

The carlice defimtdon for a amr length cefoered to the (halfh diagonal link PO Using this

r -
standard the reladve length of a hodzontal or verdeal link 15 2 RBoeall parameiers 1o such
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links are bigger by the same factor. The results were howevet disappointing in that while the
topology in figure 11.4 remained the shortest of the lot (and hence the cheapest to

construct), its performance with respect to losses and voltage drops ranked pootly.

A B C D
2 B ? - o et
[ L ¢l %
L . 3
Source
o S0UICE
Disteibuation aode
E F G H
- gy tie b b i ‘
@t 8 L [ N ¢i% |4
b ° o 13K
i 16 L5 : h

Figure 11.6. A variety of possible distribution topologies

Table 11.1. A variety of possible Distribution Topologies

Topology | Relative Max Total
total relative relative
cable voltage | power loss
length drop
A 23.97 44.0 508.6
B 22.21 58.6 651.0
C 25.0 64.0 820.0
D 22.6 59.4 711.9
E 22.21 185.7 1769.6
F 24.31 64.0 858.8
G 31.0 28.3 305.5
H 28.3 4.24 79.2
Fig. 114 210 64.0 880.0
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It would appear, though, that while minimisation of network size for a given consumer area
may not necessarily result in minimum losses the choice of a distribution network topology
certainly affects its performance. Topology H performs best with respect to losses but since
each lateral feeder draws a separate line from the source, the cost of infrastructure would be
very expensive and counter to the purpose of this exercise. Motreover, its source is located in
an advantaged and most unlikely position, much closer to the consumers. In this case
topologies A and B appear to perform faitly well with regard to infrastructure size and
network losses. To the author, topology B appeared more practical and esthetically more

appealing and will be used for further demonstrations

11.4 'The effect of aspect on network losses
Aspect refers to the variation of conductor cross-sections to achieve optimum network
resistance. This, according to [9] is an art that has been perfected by human blood vessels.

Consider topology B in figure 11.6. Let the segment from the source to the node connecting
the last lateral feeder be desighated as the main feeder (MF1). The length of MF1

=1++/2x3 =5.24 units. If the cross sectional atea of MF1 is doubled, then the power
dissipation in the section will reduce by 50%. Change in network dissipation AH ; is given

by
2 2 2 2 1
AH,, =[16* +2(12° +8° +4 )]x[i——-z-]
1
- 572.8x[l -5] = 286.4

From table 11.1 the whole network originally dissipated 651 units. Therefore, the resulting
total network dissipation after doubling MF1 is (651 — 286.4) = 364.6 units.

In general, if awere the new relative cross-sectional area, then the change in network
dissipation AH,, would be given by

AH,, = 572.8){1—-1—]. Likewise the total network dissipation would become
a

(651—-AH,,). Thus, the maximum theoretical value for AH,, (as @ — ) is 572.8 and the

minimum possible amount of network loss with the largest MF1 cross section would be 651-

572.8 = 78.2 units.
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Let figure 11.4 be subjected to the similar conditions. Consider the first 5 segments from the
source. Let this length be designated as the main feeder MF2. Its total length is 5, which is

slightly shorter than MF1. When the relative cross-sectional area is 1, the power dissipated in
MF2is (16° +15% +13? +12% + 4%) = 810 units. Total network dissipation =880.
In general, if the relative cross-sectional area of MF2 is 4 then the total change in network

dissipation is given by AH,, such that

AH, =810x[1—1}
b

Total network dissipation = 880—810){1-—%:]. Therefore, the minimum theoretical

network dissipation with the largest cross section of MF2 is 880-810=70 units.

Since this is less than the value of 78.2 obtained above and given that MF1 was longer than
MF2, it is reasonable to conclude that the network in figure 11.4 will subsequently out-
perform topology B with the right choice of main feeder diameter. Or put differently, figure
11.4 would appear to be more suited for high power delivery than topology B. There also
exists a cross-sectional area of the two main feeders such that the losses of both networks

will be equal for the same loading.

11.5 Maximising the consumer area for a given allowable standard

11.5.1 Maximum allowable voltage drop
This section discusses how one can maximise the number of consumers for a given voltage
drop constraint. This issue has also been discussed in part in [22], howevet, the methodology
used here and the results were originated by this author. Figure 11.7 represents an idealised
rectangular consumer area of a uniformly distributed load. It is supplied by a main and lateral
feeders (using topology B in figure 11.6) from a single power source. For a uniformly
distributed consumer load the maximum voltage drop from the source will occur at point C,
the end of the last lateral feeder. This is equal to the sum of the drops across the main feeder
and the furthest lateral. But resistance is proportional to conductor length. So for a given
conductor the maximum allowable voltage drop determines diameter, the length of the main

feeder and the laterals. This condition can be satisfied at one extreme by a very long main
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feeder and short laterals or by a short main feeder and long laterals. However, since it’s
preferable to maximise the number of consumers for a given constraint, neither of the above

options will necessarily satisfy that requirement.

Sougc
*® Consumer node

Figure 11.7. A rectangular consumer area

Assume (as before) that the consumer nodes are each consuming one unit of current and
spaced one unit length, dx, from one another. Let the number of equally spaced laterals be L
and one unit length apart and hence the length of the main feeder be L-1. Let each lateral
feeder have w equally spaced consumer nodes and also inter-spaced by a distance of one unit
and hence be of length w-1. The distance between the power source and the first node is

assumed to be negligible.

Total number of lateral feeders = L.

Total number of main feeder segments =length of main feeder = L-1

Total number of consumer nodes per lateral feeder = w

Total length of each lateral feeder = total number of lateral segments = w-1

Segment length from one node to the next = 1
Using the aforementioned gathering method, the voltage drop across each feeder can be
worked out. The current in the last segment is 1 and equal to the voltage (for a segment of

unit resistance). Segment 2 has 2 voltage units across it and so on.

The total voltage drop (AV}) across a lateral feeder with w segments from a main feeder is
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given by using the identity 1+2+3+....+n)=n

AV, =(W=1)+(W=2)+ oo+ 241 =(w—l)% 11.1)

The total voltage drop along the main feeder AV, can be worked out by adding up the

individual contributions from the lateral feeders (each contributing w amps) into L-1

segments of the main feeder

AV, =w+2w+3w+.......... +(L-1)(w)
- _w ,
= WL~ =—(L"~L 11.2
5 =5 -0 (11.2)
Maximum voltage-drop from source to the furthest consumer AV, = AV, + AV,
AV, = %[w(w—l) +wL(L -1)] (11.3)

The total number of consumers N = wL. If w and L were varied as factors of N each pair

would yield a different value of AV} . Therefore there exists a pair of factors of N such that

AV, is a minimum. This is the combination that would achieve the maximum number of

consumers for a given permissible maximum voltage drop.
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This is illustrated by a result of a Matlab simulation in figure 11.8 where a group of 72
consumers are arranged in 12 different (rectangular) configurations corresponding to the
factors of 72. These factors are (1, 2, 3, 4, 6, 8, 9, 12, 18, 24, 36, 72) and are used as the X
variables. X variable refers to the number of laterals in a configuration (or number of
distribution nodes from main feeder). For example X = 8 refers to a rectangular consumer
atea with 8 disttibution nodes on the main feeder (or 8 laterals) and 9 consumer nodes per
lateral feeder, giving a total of 72 consumers. For each of these configurations the maximum
network voltage drop is plotted. The inter-consumer spacing and load current per consumer
are kept constant. From the results the configuration with 6 laterals each with 12 consumer
nodes would tealise the lowest maximum network voltage drop for the same consumer load

and would be the most suitable choice, provided no other conflicting factor is encountered.

11.5.2 Maximum allowable network power losses
Under the same conditions the losses in the network in figure 11.8 can be computed.
Using the idealised 1 unit current per consumer and a unit link resistance of 1 unit the losses

in one lateral feeder (with w consumer nodes) are as follows (using the

AP, = (w=1)" +..u..... +1%)

=%w(w—l)(w——;—) (11.6)

The total number of laterals is L

So the total power dissipated in the L laterals along the main feeder is

L
APy = Zww=T)(w—1) a1
3 2
Power lost in the feeder main
AP, = (W +(2W)* +..cnueee +(W(L-1)*)
2z
=W (12422 4 +(L-1)2)=%€(L—1)(L~%) (11.8)
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Total network loss is AP, + AF,,
In general the total network loss = I2R, dX[AP,, + AP, ], (11.9)
Where [.is the cutrent demand per consumer,

R, is the conductor resistance per kilometer,

dxis the inter-consumer spacing in kilometers.

Figure 11.9 shows the results, in network loss performance for a group of 72 consumers, as a
result of considering a number of lateral feeders. The conditions are similar to figure 11.8.
When compared with figure 11.9 the general shape of figure 11.8 is deceptively similar but
the fine details actually differ!

In figure 11.8 lowest maximum network voltage drop is obtainable using (the 5% factor) 6
laterals with 12 consumers each. In figure 11.9 minimum network losses are obtained using
(the 4th factor) 4 laterals with 18 consumers each. This scenario leaves discretion to the

design engineer for a specific situation. It can also be shown that each number of consumers
has unique results. However since for a given situation I>R,, dxis assumed to be a constant
the relative performance of these rectangular shapes will remain the same as that constant is

varied.
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11.6 Concluding remarks

The use of idealised networks in distrbution network design has been illustrated. A
minimised distribution network to a group of consumers in a given consumer area that had
previously been realised using idealised networks and an aspect of the constructal theory
method has been illustrated. It has been shown that with the appropriate aspect ratio of the
distribution conductors the minimised network has superior properties. It has further been
demonstrated from Matlab results that a minimal loss network to a group of consumers in a
rectangular consumer area can be achieved with the right combination of main feeder length
and the number of lateral feeders.

Therefore, it is important to pay detailed attention to network geometry when designing a

mini rural power distribution network.
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12. A Case for the Automotive 42 V PowerNet as a Power

Distribution System in Rural sub-Saharan Africa
12.1 Background

In “Making a case for a next generation automotive electrical system”, Miller et al [1], like a
host of other authors [2, 3], expressed concerns about the escalating electrical functionality
of the automobile, and the ability of the existing harness to continue handling the load. This
was especially so in the luxury class. They pointed out that a similar juncture had been
encountered in the history of the automobile and the solution was to shift from 6 V to 12 V.
Therefore, they suggested a similar remedy. The choice of the new voltage would be
informed by, among other factors, the safety of users as well as the operating conditions of

affordable semi-conductor switches.

Additionally, there would be need to limit the cost of the power distribution harness. It is
generally agreed that dc voltage at around 60 V peak is unlikely to generate a major safety
hazard, hence special protection beyond existing materials should not be required. Such a
condition would be achievable by a nominal dc bus of 40 V. The value of 42 V was borne
of the fact that it’s a convenient multiple of the nominal 14 V, which is the bus voltage of a
running automobile using the existing 12 V battery. Line voltage drops would be divided by
3 and network losses by 9 for the same load. These savings on their own however, would
not be adequate to achieve a revolutionary energy conservation goal. Despite that, it had
been recognised, especially in the face of globalisation, that there was need for a new
automotive standard. After some hitches, international acceptance of the 42 V idea began to

pick up and the drafting of an informal standard [4, 5] got underway.

In the meantime the US government moved to advance three public policy objectives:
environmental protection, energy security, and economic competitiveness. The automobile
was targetted as it was deemed a major player on all three fronts. With an estimated 200
million vehicles countrywide, fuel consumption by the automotive industry along with its
accompanying environmental degradation, easily dwarfed the US national power grid. A
target was set to achieve a fuel economy of up to 80 miles per gallon (33.4 km per liter) for a
family sedan carrying 5 passengers and 200 pound (90 kg) of luggage. With the 42 V
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standard in the making, it became the logical choice as the centerpiece of this massive

emerging energy conservation drive [6-9].

A new power distribution standatd, the 42V-dc PowerNet thus began to take root and is
destined to be the standard for the next generation of automobiles. Could it be adopted as a
rural power distribution standard in sub-Saharan Africa? As pointed out, the actual value of
42 V alone does not contain an energy saving attribute. It is, however, the collective
attributes of the technologies highlighted in this thesis that constitute a major attraction.
Hence the distinguishing acronym, PowetNet. In this case the rural 42 V PowerNet would
take a step further by including all the additional non-automotive attributes covered in this

thesis.

The most fundamental feature of the energy conservation design is load factor management
using the hybrid electric vehicle (HEV) strategy. This minimises the required generator size
whose power capability is complemented by a storage battery. Moreover, because the
emerging support technologies that include appliances, energy storage and generators are
designed and tested on 42 V, they are bound to perform optimally on the same system.
Additional features include a draft specification [4, 5] that requires components and
appliances to operate over a very wide supply voltage range of +12% and —28% of the
nominal 42V de bus. This allows, among others, the potential for enhanced available battery
storage without necessarily resorting to use of electronic converters, while ensuring that

maximum peak voltages are well below levels that are dangerous to humans.

12.2  Cause for change

A state-of-the-art rural power distribution system in Kenya uses 230 V ac single-phase [10-
12]. The most problematic feature of rural loads is poor load factors. In such a system the
generator must supply the peak load demands. The generator must therefore be sized to
meet the peak demand, which makes it much bigger and more costly than necessary.
Additionally, it is generally not practical to switch generators on and off, as and when they
are required. For example, in the case of a pico-hydro, the river flow must not be unduly
interfered with. Thus the generator must continue to run and the unusable power must be

dumped to maintain stability.
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The classic rationale that has been used since the dawn of the 20 century to justify the
systematic adoption of ac power supply systems and the subsequent relegation of dc in
mainstream power delivery was the exclusive attribute of ac (at the time) to transform to
higher voltages. This would result in lower line voltage drops and network losses: a fact that
cannot be disputed. Voltage transformation has, however, long ceased to be an exclusively
attribute of ac. But even if dc voltage transformation were not possible and 42 V dc were
compared to 230 V ac, the assumption that the latter would automatically have lower

network losses would be flawed.

The main flaw with the argument would be an implicit assumption that loads are always at
long distances from the generators. In the context of this thesis, the energy sources are
basically local with fairly short delivery distances. In addition, wind and insolation resources
are stochastic with hardly any coincidence with load demand and therefore nearly all the
energy must be stored. Energy storage plays a pivotal role in load factor management. With
current technologies, the only electrical form that can be cost-effectively stored in rural areas
is dec. In addition, ac loads atre riddled with power factor, phase and frequency issues that
particularly affect power stability, power delivery losses as well as the required infrastructure
and generator sizes. Moreover, the allowable appliance operating voltage range at 230 V ac
of 6% is much narrower and is at potentially lethal levels. The latter is an issue of particular

importance in the rural areas.

In the above cases, where dc storage is virtually inevitable, the operation of ac rated
equipment tequites an inverter: occasioning additional cost in energy and capital
Furthermore, since most of the domestic equipment is intrinsically dc, transformers and
rectifiers are required and result in further energy conversion losses. Losses of up to 15 W
have been reported in an appliance step-down transformer of just 50 VA [13]. When a dc
supply must be inverted to ac in order to operate such an intrinsically dc appliance, an
escalation of energy conversion losses is inevitable. In the case of motorised loads for the
low range of power requirements (in rural areas) it is an established fact that small dc motors

operate at higher efficiencies than their ac counterparts.
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This chapter looks at the new 42-V PowerNet distribution system and using the 230 V ac
single-phase as the benchmark, examines its comparative attributes, in the context of a rural
application. The new distribution system will be assumed to enjoy the aforementioned new
automotive technological attributes. The 230 V ac will use standard commercial ac
appliances. Their performances will be examined under current and projected appliance
technologies, variable conditions of power factor, load factor and use of an inverter.
Conclusions will then be drawn as to the compatative performance of the new system and

hence its suitability as a rural power distribution standard in sub-Saharan Africa.

12.3 Examples of Rural application of the 42 V PowerNet

12.3.1 Effect of appliance technologies

The following critical rural loads namely water pumping and lighting are specified in terms
of social requirements according to specifications by relevant South African authorities. The
requirement for refrigeration is not as easily quantifiable and so the values used here are
from a South African case study. The aim is to compare the electric power consumed to

achieve the same social requirement under the different power supply standards.

Rural water supplies: The South African department of Water Affairs [14] has specified
6000 liters of water as the minimum monthly requirement for a household of 8 people or
200 liters a day. In reference [15] is a typical (230 V ac) driven domestic pump with a
capacity of 10 liters per minute for a head of 24 meters and consuming 350VA. In order to
deliver 200 liters, the pump would be required to run for 20 minutes. Assuming an ac power

factor of 0.8, then the equivalent dc power at the same efficiency would be 0.8 X 350 =

280W and a daily energy consumption of 280x20

=93 Wh. If this load were spread round

the clock, the required 42 V dc pump power rating would be 93.3+24 =4 W. As mentioned
in chapter 4 the slow pumping rate results in efficiency improvement and much less wear
and tear. But even without considering any increase in efficiency this equipment would be
much smaller, less costly as would be the required power source. A case study [15] put the
energy savings of similar equipment at 30%. The continuous pump rating would then
become 4 x 70% = 2.8 W. However, there is bound to be a battery to guarantee this supply.
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Assume a storage efficiency of 80%. The required continuous power to operate the pump

becomes 2.8 + 80% = 3.5 W. Total energy required per day would be 3.5 x 24 = 84 Wh.

Rural lighting: Assume a typical daily rural domestic lighting requirement to be for a 4 hour
period in the evening. In [17] it was estimated that during such an evening the same 8-
member family (as above) would require some 10800 lumen hours of illumination energy.
The estimated load factor for the lighting load during the said four-hour evening was 80%.

10800 +80% = 3375 lumens. If the

So the peak illumination power rating would be

assumed lamp for ac voltage were an incandescent (with efficacy of 15 1/w) then the peak
power consumption of 3375+15 = 225W and a daily electric energy requirement of
10800+15 = 720 Wh. If the 42V system were to be assumed to use a white LED (in year
2012) at an efficacy of 120 1/w [17], the resulting peak power consumption would be 3375 +
120 = 28 W. Total electric energy consumed per day =10800 + 120 = 90 Wh. If this were
battery supported (assuming a storage efficiency of 80%) then the required daily energy
supply would be 113 Wh.

Rural refrigeration for food preservation: In reference [18] a South African consumer
study rated the capacity of typical domestic refrigerator at 180VA with an operating duty
cycle of 15ht/day. This is quite comparable to the capacities typically found in Kenya. It will
be assumed to be the 230 V ac mains operated induction motor driven compressor
controlling the temperature by cyclic on/off routines. The consumption of a dc version will
be assumed to use new automotive air-conditioning technology [19, 20] with estimated 50%
energy saving under the same thermal loading. At a typical power factor of 0.8, the wattage
consumption of the ac refrigerator is 180x 0.8 =144W. An equivalent dc system running for
15 hrs would consume 144 x 15 = 2160Wh/day. At the estimated 50% saving, the energy
consumed by the equivalent 42 V dc system would be 1080Wh. At continuous operation this
would require a power rating of (1080 + 24) = 45W. Assume that a battery supports the
continuous dc operation. If one assumes the battery efficiency factor of 80% then the actual
power rating becomes 45 + 80% = 56 W (or 1344 Wh per day).
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Table 12.1. A comparison of power requirements for appliances on 230 V ac and 42V dc.

Rural load Daily Requirement Power demand Power demand
and/or load and/or load
current at 230 Vac | cutrent at 42V dc
Water 200 liters 350VA (power factor | 3.5 W
0.8),1.5A
Light normal 10800 lumen hrs 225 W 28'W
demand (incandescent) WLED (2012)
Refrigeration 180VA (230V) for 180 VA 56 W
15h 2700 VAh @ 230
Vac

From the above, the peak non-coincident power per household would be 755 W and 89 W

for the 230 V ac and 42 V systems respectively. The total amount of energy used per day

would be

Table 12.2. A comparison of the daily energy requirement per household

Rural load Total energy consumed Total energy consumed
pet day at 230 V ac per day at 42 V dc

Lighting 720 Wh 113 Wh

Water 117 VAh 84 Wh

Refrigeration 2700 VAh 1344 Wh

Total load per day 3537 VAh 1541 Wh
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12.3.2 Effect of inter-linking

From the above the peak non-coincident demand per household is 755 VA and 87.5 W for
230 V ac and 42 V dc respectively. These are equivalent to the minimum generator capacities
per household. If the neighbourhood were 41 households the collective peak generating
capacities would therefore be (41 times) 30955 VA and 3588 W for 230 V and 42 V

respectively.

If the households were supplied from a common generator the peak load would be
determined by the group load profile. In chapter 5, figures 5.16 and 5.17 are graphs of a case
study from a South African village and depict the load profiles for an individual household
and a group of 41 households over several days. The average daily peak cutrents are 8.5 A
and 85 A for the individual and group households respectively. If each individual household
were to own a generator, the collective capacity would be (41 x 8.5) = 348.9 A. But in fact

the group only requires a peak capacity of 85 A.

If the profiles in figures 5.16 and 5.17 were valid for the above cases then the group peak
demand would only be about 10 times the individual household peak demand. Thus, a much
smaller generating capacity and capital costs would result from linking all households to a

common source.

12.3.3 Effect of load factor

If equal average loads were connected to each of the 230 and 42 voltage systems, the
currents drawn would be in the ratio 2:11 respectively, if the network infrastructures were
identical. As pointed out however, the loads are not always level or average and are
dependent on load profiles. The instantaneous currents drawn determine the network losses
and generator size. Extreme (but not uncommon) load factors of 6% in households have
been reported [21] when the resulting peak currents were 17 times as high as the average
demand. Therefore, the required generator size would rise by the same factor to meet the
load. With the 42 V dc operated in the aforementioned HEV mode and assuming a battery
efficiency of 100%, the ratio of line currents for the 230 V ac and 42 V dc would be 17 : 5.5.
If the battery efficiency were assumed to be 80% and all the energy were stored first before

delivery to the load, then the average line current for the 42V system rises
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1
80%
and 42V respectively. Therefore using the model in figure 11.7 the maximum network

voltage drop during peak demand for the 230V would be (17/6.9) = 2.5 times that of the
42V system.

( x 5.5=6.9). At peak demand the load current ratios would then be 17 : 6.9 for 230V

However as a percentage of supply voltage, the voltage drops would depend on actual load.
On the other hand, network power losses for the 230V system would be (2.5)* = 6.2 times

those of the 42V regardless of load current.

In general, load factor as well as the required generator capacity rises with the load cutrent

by a factor of —-———I———-
loadfactor
1
Likewise the network losses as a result of load factor are given by —————-
(loadfactor)

Figure 12.1 illustrates a compatison of peak line currents (or voltage drops) between 230V ac
and 42V dc as functions of load factor at varying power factors and storage efficiencies.

Figure 12.2 illustrates relative network losses as a function of the load factor.

Comparison of Paak load currents for 230V ac and 42V de

120
R A = 42V with 100% storage efficlenpy
E B = 42V with 80% stgrage efficiency
/L\ 100 = 42V with 80% starage efficiency
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v 80
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g 230V ac at 80% pqvwer factor
p 40
E 230V ac at 100% power factot A B | C
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0 e
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Load Faclor as a Percentage

Figure 12.1. A comparison of peak line currents (or voltage drops) dc, as functions of load

factor at varying power factors and storage efficiencies
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RATIO OF PEAK LOAD LOSSES AS A FUNCTION OF LOADFACTOR
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Figure 12.2. Relative network losses between 230V and 42V (with storage)

as functions of load factor

12.3.4 Effect of power factor

Like the load factor, power factor affects the line currents, voltage drops and the required

. 1 .
generator size by a factor equal to | ——————|. Delivery network losses are also
Powerfactor
1 2
increased to a factor of | ——————| . Figure 12.3 is the variation of generator size as a
Powerfactor

function of power factor at various load factors. These are compared to the sizes of the 42V

generators supported by batteries with different efficiencies.

12.3.5 Effect of using an inverter

In the more likely event that the available energy in a rural situation is in dc form, one may
be faced with a choice of using ac or dc appliances. In this context the issue then becomes a
choice between 230 V ac and the 42-V powerNet. When the choice is 230 V ac an inverter
will be required.
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To begin with, the introduction of an extra piece of equipment reduces the reliability, not to
mention cost, time to repair or possibility of inability to repair. Inverters are also affected by
natural phenomena like weather and geographical location. In circumstances where critical
loads like vaccines are involved, system reliability becomes very critical. This is exacerbated
by statistics that show general lack of setvice back-up in the African rural environment.

Overwhelming evidence including a recent Sandia field study back these fears {22, 23].

The use of multiple inverter units whose total capacity equals or marginally exceeds the
required load instead of a single unit, have been suggested in certain critical circumstances as

a measure to enhance reliability. This can however escalate the cost of capital.

In the case of transient loading, which occurs for example with induction motor-driven
water pumps and refrigerators, the unit will have to provide the necessary peak transient
currents. From a data sheet of an American inverter [24] the longest permissible duration for
150 — 220% of rated output load capacity is 24 cycles (or 480 milli-Seconds at 50 Hz). An
output of 300% of rated capacity can only be sustained for up to 4 cycles (or 80 ms at 50
Hz). Figure 12.4 shows the current waveform drawn from an inverter by a starting
induction motor-driven refrigerator. The transient peak curtent is 850% of the operating
current for a duration of 120 ms. Therefore, the minimum size of the inverter to run this
load (assurning a 200% overload) would be 425% of the rated refrigerator capacity. But
inverter efficiency is load dependent and therefore the unit with the right capacity will not
operate optimally. The input dc operating range of this inverter is +10% and -18%. This is

inferior when compared to the 42-V PowerNet rated appliance range of +12% and —28%.

It can be shown that the voltage of a floating dc bus under constant load is almost linearly
proportional to state of charge (SOC) of the battery. Therefore, a specification of —18%
means that the minimum supply dc voltage for an inverter rated for 42-V PowerNet is
34.44V, as compared to (-28%) or 30.24V that can be used by a 42-V rated appliance.
Therefore, the amount of extra charge available to the dc equipment after the inverter has

shut down (on under voltage) is W x100% =10%.
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If the inverter average efficiency is assumed to be 85% then the extra storage capacity that

will be required to operate an appliance of equal capacity but running directly from the 42-V

PowerNet is ———1——~100% =30.7% . This is without considering that the equipment
85% % 90%

may requite to internally convert the ac back to dc.
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Figure 12.4. The starting current of an induction motor-driven refrigerator
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12.4 Concluding remarks

In this chapter a background as to the origin of the 42 V PowerNet has been given. The
shortcomings associated with the use of the traditional 230 V ac system in the rural areas
have been cited. Then using 230 V ac as the benchmark, the performance of the 42-V
PowerNet as a rural power distribution standard, has been analysed under different
appliance technologies, varying load factors, power factors and using an inverter.
Subsequently, using Matlab simulations and graphs it has been shown that when combined
with the attributes of new automotive technologies and appliances, the 42-V PowerNet

would be the preferred distribution system under typical African rural conditions.

It could be argued, in the case of relatively distant generators, like pico-hydro and some cases
of wind, that the use of 42 V could result in unacceptably high voltage drops. This would
perhaps call for a combined system where power delivery from the stream to a central point
in the village would be 230 V ac and then distribution by 42 V dc thereafter. However, it
must be pointed out (as also illustrated in figure 12.1 and 12.2) that with the technique of
load leveling, line currents can be very low. This is especially so with low load demands and
efficient appliances as well as the absence of frequency and power factor encumbrances.
Thete is still the issue of availability of appliances and indeterminate pricing of the
transitional automotive technologies and appliances. However, if the story of the cellular
phone in rural Africa, which has dropped in price to one tenth in ten years, is anything to go

by, these are only but very temporary hitches.

Current dc appliances used in rural areas are largely designed as recreational appliances for
camping and thus run on the current 12 V automotive system. Since the system is gradually

being phased out, supplies of such appliances will likewise cease.
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13. Conclusions

13.1 What has been done?
This work has, firstly, explored technological advances that have resulted in energy

conservation. Moreover, by aiming to combine fuel conservation, production cost
minimisation and environmental friendliness, the PNGV embraced the hallmarks of
sustainability. It has further been argued that the problems of an automobile and a remote
rural village are analogous in many respects and therefore solutions could be shared.
“Application of advances in automotive technologies to electrification in rural sub-Saharan
Africa” has thus demonstrated that the potential of leading edge automotive technologies
could be exploited to unravel rural African electric supply issues. From the above, it would
also be reasonable to infer that the rural solutions so derived, would similarly conserve

energy cost-effectively, while not compromising the environment.

In addition, the author has made contributions to rural load modelling, rural mini-
distribution network and system configuration designs as well as identifying a variety of
socio-political issues that could contribute to failure in the provision of energy services in
rural sub-Saharan Africa. Subsequently, the issues that would appear to influence the
collective sustainability of a rural energy supply system have been identified as, accuracy of
energy resource assessment, prudence and efficiency of resource-to-need conversion
technology, human factors, load factors, appliance efficiency, energy storage efficiency,
power delivery network efficiency and system configuration. In the final chapter, in an
attempt to harness these attributes, the new automotive power distribution standard, the 42-
V PowerNet has been proposed as the next power distribution standard for rural sub-

Saharan Africa.

The primary automotive energy source is gasoline. The ultimate aim is to maximise the
distance travelled per liter of fuel consumed (with a clean environment in mind). With the
concept of the hybrid electric vehicle (HEV) design, the PNGV achieved a fundamental
breakthrough in automotive energy conservation. A small primary power plant (PPP)
converts the fuel and has a maximum capacity of about average load demand. Any excess

energy is stored in a battery, which complements the power capability of the PPP when
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accelerating or climbing a hill. In addition, a start-stop control system ensures that the engine
stops running when the car is at standstill. So the automotive PPP is only required to
genetate enough energy (over the driving period) rather than meet the peak power demand.
In the above strategy the PPP experiences a near level load and minimal parasitic losses. No
generator can be designed to operate optimally over its entire power range. Thus, by
natrowing the operating power range, the high load factor offers an opportunity for a
generator design that operates close to its optimum efficiency point, which results in further

minimisation of the required PPP capacity.

By contrast a state-of-the-art pico-hydro PPP at the Kathamba village, for example, must
supply all the power required at every instant in time, on its own. The generator capacity

must therefore be at least as big as the peak load demand. A rural lighting load for example is
typically 4 hours per evening and yields a load factor of about —é— It therefore requires a

generator capacity, which is at least six times as big as should be necessary. In addition, as
the‘ river flow must not be unduly interfered with, the generator continues to run during the
20 hours of no load. The unused power must be squandered by dumping into a dummy load
to maintain stability. This can be likened to a water tap left running round the clock without
being attended and then suddenly at some point in time everyone shows up with buckets to

collect their day’s ration. It exacerbates an already meager supply rate even further.

If however the HEV concept were applied to the Kathamba situation, practically all the
unused generated energy (less battery inefficiency) would be stored. The capacity of the
battery would then be appropriately sized. Thus the efficacy of the original 10 W per
household would be multiplied several fold. Or put differently, the 1.1 kW generator at
Kathamba could have in fact supplied a similar load to neatly (390) six times as many
housecholds as are currently connected. The apparent additional cost imposed by the
necessary battery in the HEV version would therefore be very easily defrayed by the
additional consumers or by the reduction in generator size. It would therefore appear to be

prudent to adopt an HEV-like system for such a pico-hydro power distribution network.
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It was further shown in chapter 10, using Matlab simulations, that this strategy could be
further improved on if a common bus linked several autonomous HEV systems: a feat that
couldn’t easily be achieved by the automobile. This conclusion was atrived at when 4
different configurations of systems of the size typically found in Kenyan rural areas were
analysed. Because of the diversity of loads, the common bus enabled a load to utilise power
from a generator in a different system at the instants when its own generator was insufficient
and thus cut down on system storage losses. The technique was shown to have an added
advantage for transient loading. Ultimately, the necessary system generator and battery
capacities and hence capital costs would be reduced. This would be especially important for
Kenya, where the performance of hundreds of thousands of stand-alone PV systems already
installed could still be improved by simply being inter-linked. Moreover, individual
households would have an added reliability factor, as failure at one household would enjoy

interim back-up from the rest of the community before being attended.

The next issue was the energy resource-to-need conversion efficiency. From the PNGV
selection of primary power plants the author opted for the fuel cell as discussed in chapters 6
and 7. The biggest attraction of the fuel cell in the rural areas was its ability to use biogas, a
fuel that could be inexpensively produced by the rural agricultural communities through
anaerobic decomposition of plant and/or animal waste and has zero emission rated energy
conversion. Moreover, harmful underground water polluting pathogens, problematic weed
seeds and offensive odours would be controlled and mitigation of landfill green house gases

would be achieved, while producing valuable fertilisers as by-products.

The technology was shown, in a worked out example, to have a potential for generation of
both electricity and heat in CHP application. This strongly supports it as a prudent
technology choice. In the example, a rural community load was met at a constant FC power
output, while the load power peaks and troughs were buffered by a storage battery. The
recent exponential growth trends in investments in automotive and general power fuel cell
technologies and projected technological advances, as well as anticipated reductions in
material costs, were highlighted. It would therefore appear that the adoption of fuel cells as
rural PPPs would be both prudent and inevitable.
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The next issue was energy storage efficiency. The excess energy that had to be stored could
only be recovered at a percentage depending on the efficiency of the storage battery. There
were also concerns raised about charge/discharge rate limitations, maintenance and lifespan
of traditional chemical batteries as well as environmental issues due to disposal. From the
PNGYV shortlist of storage technologies, the flywheel battery was shown in chapter 9 to have
the potental to address those concerns. In a worked out example a battery specification for
a South African rural load requirement was designed. The current and projected statuses of
the flywheel battery were highlighted. It was therefore suggested that the flywheel battery has
gteat potential as a future rural electric energy battery, once the pending shortcomings are
addressed. Motreover, the cutrent flywheel project underway at UCT brings that possibility

even closer.

From the above, a basic HEV working framework was established at this juncture. The next
step was to establish the load requitements. It was shown that the best energy conservation
strategy could be frustrated if the designer ignored human factors. Toyota, a corporation at
the leading edge of automotive technology only realised this when American drivers could
not replicate the fuel economy results achieved previously by Japanese drivers using the
same car design. The oversight consequently cost them a whole year in sales revenue.
Chapter 2 took cognisance of this fact and identified a detailed range of human issues that
must be considered before realising sustainable rural energisation. Since energy is required to
enable human endeavour, the choices made by humans could be as important as the
ingenuity put into the mechanical design of systems. In the words of the chapter title, “How

conducive to electrification is the African rural environment?”

In chapter 3, a detailed discussion showed how the use of advanced illumination
technologies minimises the electrical power consumed by lighting loads while maximising
the lighting quality. Further electric energy savings would be realised by the use of efficient
electric-to-light conversion systems. The inroads made by LEDs into the automotive and
signal markets and the resulting massive energy savings were highlighted. It was subsequently
shown by worked out examples that the white LED (for general lighting), even in its present
semi-developed form, would result in substantially higher electric lighting energy savings

than state-of-the-art rural electric lights. These savings would even sise to record levels when
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the projected white LED efficacies were achieved. There was therefore ample reason to

suggest that the white LED would be the right rural lighting choice for now and the future.

In chapter 4, the critical appliances in rural refrigeration and water pumping were shown to
improve their efficiencies by exploiting leading edge automotive air-conditioning and motor
drive technologies. In addition, (chapter 5) models of transient and steady state load cutrents
were derived for an incandescent light source, a fluorescent light source, light emitting
diodes, a water pump and induction motor driven refrigeration compressor. LED transient
loading was the least severe among the lighting loads thus vindicating eatlier
recommendations for white LEDs. Then finally by using a new technique devised by this
author, a mathematical model of an average daily load profile for a group of households
from a South African rural village was derived. The technique involved the summing up of

fragmented sections of the profile using Matlab.

At this juncture, the requirements of individual appliances as well as the aggregate and daily
load profile, would be known. These would constitute the total amount of energy that
should be supplied by the PPP. However, as mentioned, the load demands do not always
coincide with generation, which makes the inclusion of storage losses inevitable, In a
wotked out example for specifying a fuel cell for a rural village load, chapter 7 illustrates the

computation of the final capacity of a PPP after taking the storage losses into account.

The above illustration however assumed that power delivery losses were negligible. In
chapter 11 a methodology for the design of a minimal loss distribution network was
illustrated. This was not an automotive technology but a derivation by the author using
idealised networks and a new network minimisation concept, so-called the constructal
theory. Matlab simulation results showed that by manipulation of the main feeder length
and the number of lateral feeders in a rectangular field of consumers, one could minimise
line voltage drops and power distribution losses. It was then concluded that paying
attention to geometric detail is beneficial to the design of energy efficient rural mini

distribution networks.
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From the above, therefore, the required output of the PPP was the total daily load plus all
the aforementioned losses. The amount of fuel required for the task could then be derived

using the resource-to-need efficiency of the PPP.

During normal operation of an automotive PPP, a fuel gauge monitors the amount of
available fuel. It ensures that the energy density of the resource is constant and hence the
PPP output continues to be predictable. This is also possible for a rural fuel cell using
biogas, as well as a pico-hydro generator. The difference however, is that while an
automobile driver could replenish his tank at a refueling station, a rural fuel cell user must
look for sousrces of raw materials to generate the required gas. This issue was discussed in
chapters 6 and 7 where graphs showed estimates of the number of various types of animals
and/or weight of crop residue that would be required to sustain the operation of a fuel cell
PPP, to satisfy various village sizes. These results strongly suggest that biogas production is
viable since adequate quantities of raw materials for its production could be found in many
parts of sub-Saharan Africa. In the case of pico-hydro, the energy resource is natural and
must be assessed to determine the average flow of the river or stream as well as seasonal

variations. Methods for this evaluation were described in chapter 8.

The resource energy density available to a wind turbine or a solar PV panel is variable due to
the stochastic nature of the resources. A suitable generator size could only be designed when
large amounts of hourly climatic data extending for years are available. But as pointed out in
chapter 8, these are largely unavailable in sub-Saharan Africa. The chapter addressed this
issue, by discussing various probabilistic models and commercially available software that
could be used to synthesise the required hourly data from monthly averages. It was also
pointed out that leading international weather laboratories have validated the accuracy of
such data. The conclusion drawn therefore, was that it was possible to design wind and
insolation based generators with acceptable accuracy (and hence cost-effectively) for virtually

any rural African location.
The final chapter highlights the PNGV new power distribution system, the 42-V PowerNet.

The question posed was how well it would perform as a rural power distribution standard.

The familiar traditional 230 V ac was used as the benchmark. Performance compatisons
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were made using the results and network evaluation methodologies developed in chapters 10
and 11. It was shown that under typical rural mini-grid load conditions the 42 V dc has a
potential to incur lower network losses despite its apparent numerical disadvantage.
Additionally, graph plots showed the rapid increase in the 230 V ac generator size with
decreasing load factor and power factor. Given therefore that this standard epitomises all the
attributes developed for the successful fuel-efficient HEV design along with the futuristic

appliance technologies, it has promise as a future rural electrification standard.

13.2 What should be done next?

This work has sought to compile a comprehensive list of social and technical components
that are responsible for system energy conservation, in an attempt to redefine the art of
electrification in rural sub-Saharan Africa. While the aforementioned components may not
individually appear as profoundly novel, it’s the author’s contention that, the concept of
deliberately compiling and presenting them as interactive and interdependent (socio-
technical) constituents of a functioning and optimisable ‘entity’ is a precedent. There are
system models for purposes other than this. For example, a computer model, HOMER,
developed by the National Renewable Energy Laboratories (NREL) is also referred to as a
system optimisation model [Visit, http://www.nrel.gov/homer/]. The model however is a
methodology for the evaluation of energy resource-to-need options under varying energy
resource and economic conditions. In other words, how many (generators) of what type and
size should one use and under what conditions? In addition, the availability of any of the
aforementioned modern appliances need not be a necessary condition for the function of the

entity but a bonus whenever available.

The first issue one should then address is to what extent a percentage change in each of the
aforementioned components affects the performance of the entity. This is sometimes also
referred to as a sensitivity test. In order to pre-empt disproportionate apportionment of
resources therefore, future work should seek, first, to establish the comparative efficacy of
the individual components in the system and hence identify those that require more
attention. It would also provide an opportunity for the identification of possible omissions

from the presented list and possibly result in an even more refined product.
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The importance of this point was most aptly illustrated in reference [15] of chapter 4, where
Bhatti presented a thorough system analysis of the vapour compression cycle. He concluded
in part, “...an increase in compressor isentropic efficiency (IE) has a strong influence on the
COP (overall coefficient of performance of the air-conditioner). For example, a 10%
increase (in IE) results in a 26% increase is COP.” In such a case one would infer that Bhatt

regarded improvements in IE to be more discerning,

In the field of resource-to-need conversion mote fronts should be opened up. Wind has
been cited as a grossly under-explored field in sub-Saharan Africa. But in this case it could
premier with a difference: for example, as pico-wind. A household could be assigned a small
turbine with an output capacity of the order of 10-50 W. With drastically improved
appliance efficiencies such power levels could become a rural norm. This should naturally be
preceded by resource assessment. This way rural artisans would be encouraged to

complement existing imported renewable energy technologies with local altematives.

The notion of manually generated electric power was only briefly mentioned at the end of
chapter 8 but clearly presents life-saving possibilities like cell phone charging and is worth
pursuing further.

The use of stepper motors as generators has been suggested in the literature for small
generator applications. For this author, stepper motors present particularly interesting
possibilities. While this technology may perhaps not yield ground-breaking energy
conversion efficiencies, their multiple poles should equip them to operate like small off-the-
shelf wind generators and make them suitable candidates for the aforementioned pico-wind
and human pedalling, among other possibilities. Even if the efficiency of the motors were as
low as 20% they should still be consideted; after all, PV cells which are on average half as
efficient still continue to do a commendable job. Moteover, there is a good prospect that
these motors exist by the millions in discarded computer dumpsites worldwide and as such

would provide an inexpensive source of energy conversion.

From the author’s anecdotal experiences, the practice of parts recycling is not alien to sub-

Saharan Africa. Large percentages of stocks of automotive spare parts used in Kenya,
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Uganda, Tanzania and Zambia, for example, are recovered from (mainly) Japanese
automobile dumpsites and they have provided affordable backup to those struggling rural
transport industries for many years. (See also, “Meeting the rising demand for spare parts,”
African Business Pages. http://www.africa-business.com/features/spares.htiml). The
aforementioned cellular communications industry in Africa is booming; thanks to fashion
trend drven first-world consumers, whose discarded old sets have found ready markets in
Uganda, Kenya and elsewhere. By adding local technical value, the above suggestion would

therefore be not only in conformity with trend but also a leap further.

There is the issue of thermal energy for ironing for example. If pico-power technologies are
to attain a respectable and unchallenged status, more attention ought to be paid to the
provision of reasonably decent thermal energy conversion for those necessary but often
ignored chores like ironing of clothes. The disseminator should be able to anticipate ‘normal’
expectations that cannot (sensibly) be met by say, PV generators and adequately educate the
consumer. It cannot be over-emphasised that Africans ought to discard the notion that the
ultimate solution to all energy needs is electricity. For at least two decades, natural gas has
been the d facto official source of thermal energy for much of Europe and resulted in major
savings. There is therefore need to look at options, like biogas, more seriously. This author
has in fact been informally researching into methods used in early 20® century, to design
kerosene and gas (pressing) irons: an idea, which many colleagues from rural South African

townships confirm, would be appreciated.

There is also the issue of carbon trading which is still evolving and could provide a
breakthrough in future finance and capital for rural energisation in sub-Saharan Africa. The
benefits of the aforementioned UN Forum Convention for Climate Change financial
mechanisms are yet to be fully understood and exploited by consumer communities. More
clarity and education is needed for a whole range of environmental terminology [see
references 64-66 in chapter 1]. For example, what, in fact, is ‘sustainability’? How does one
identify which fuels are zero emission rated? What is ‘carbon sequestration’ What everyday
activities contribute positively or negatively to it? How can one financially (or otherwise)

benefit from all these?
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African governments classify much of the economic activities by their people as informal.
Ironically the incomes from some of these ‘informal’ transactions often rival and sometimes
exceed official activity. For example banks in Dakar, Senegal estimate that Senegalese traders
and workers abroad send back $40 million a month, equivalent to 60 per cent of the
country’s economy. [See “African governments reach out to diasporas”, Economic and
Social Research council (ESRC) http://www.transcomm.ox.ac.uk/traces /iss12pg2.htm].
Similar figures could be quoted for Zambia, Uganda or Kenya. Going back, for example to
the proposal of scavenging of spare parts from dumpsites, one could argue that such
activities do in fact mitigate carbon dioxide emissions and should therefore earn some
‘carbon credits’. However recipient communities would stand to benefit from the relevant
UNFCCC provisions only if their governments had the insight to argue for such cases in

New Yotk, as the UN only recognises sovereign states as legitimate entities.

However, there appears to be other emerging options, as some international non-
governmental organisations seem to be exploring alternative routes. For example, as of the
writing of this paragraph, the online Ghbal Village Energy Partnership (GVEP) Newsletter:
Issue #61 (18™ March 2004) has just reported that the Mayan villagers in the Guatemalan
highlands have just received funds in connection with greenhouse gas mitigation achieved
through their community-owned micro-hydro power system. This is believed to be the first
time that an indigenous people’s organisation has benefitted from the nascent global
greenhouse gas emissions market. The benefactors are a Canadian foundation (The EnerGreen
Foundation), who will be entitled to any accruing “carbon credits”. According to EnerGreen’s
chairman, Jeff Arsenych, “This partnership with the Chel community is a new approach to

renewable energy development that will be a model for future initiatives.”

With regard to marketing and networking, of all networks, except for food, the automotive
service and parts retail industry is the most widely established in rural Africa. In Kenya for
example, this very network has for many years been operating an ‘informal’ link between the
automotive industry and rural electrification. One example, is the aforementioned
dependence by numerous families on used car batteries to power basic home infotainment
appliances. The next generation of automotive technologies should therefore find a friendly

and virtually ‘familiar’ environment in rural Africa.
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Finally, in an article, “Top 10 Tech Cars,” John Voelcker [See, IEEE Spectrum, March 2004,
pp. 27) confirms that the 2005 version of Toyota’s ‘Crown Royal’ model will be the world’s
first mass production car, fully standardised on the 42-V PowerNet. This follows the display
of its concept version as well as those by the competition, at the 2003 Tokyo Motor Show,
[See also, hup:/ [ www.autoweek.com/ specials/ 2003 _tokeyo/]. It would therefore appear that there
is no going back on the 42 V system and preparing to exploit its advantages would be most
prudent for rural Africa. Without an existing infrastructure to discard or retrofit, rural sub-

Saharan Africa is most suited for new technology.

13.3 An anecdotal note

This work has been a great learning experience for the author. Duting a 20 year long career
as an industrial engineer, the thought of ever getting so passionate about energy conservation
never occurred. Even with such technical background the author remained complacent in a
shielded urban environment where a flip of a switch was all that was needed to get the
necessary function; with a few occasional hitches notwithstanding. The origin of the power

did not seem to concern anyone.

This changed dramatically when a prolonged drought took its toll on the major Kenyan
rivers that provided the bulk of power for the national grid. The hydro dams were at rock
bottom levels and the rivers had to be slowed down. Consequently a nationwide powet-
rationing regime was initiated after the grid capacity was de-rated by over 30%. Power was
on average available for 3 days, of eight hours each, per week. Independent power producers
were subcontracted to thermally produce the deficit but were not in place until nearly a year
later. The consequent economic damage was substantial, to use mild language. [See also,

Peter Munaita, “Power Crisis Deepens as Kenya Hires "Mobiles'” The East African, May 15, 2000.

http://www.nationaudio.com/News/EastAfrican /15052000/Regional /Regional12 html]

In the meantime all means of rudimentary storage technologies and inverters on the market
were scrambled but only the most basic office and domestic functions could be sustainably
run. An inverter alarm to indicate an ailing battery bank, followed by a blackout, in the

middle of an important transaction became the order. It is a most agonising experience that
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is not easily forgettable. It is then that the author bad a first ‘hands-on’ experience and

comprehension of energy conservation and resolved to start a new cateer.

The master’s dissertation focussed on the design and construction of a three-phase load
compensator. It was shown that the three-phase passive network could simultaneously
compensate for teactive and unbalance, load cutrents and reduce the required generator and
power delivery infrastructure. This was specifically directed at informal utban settlements

(prevalent in Uganda and Kenya) whose unplanned activities impose massive problems on
the utilities.

Looking back at the Kenyan power crisis, one cannot help but wonder if the fundamental
flaw was not inherent in the concept of focussing on supplying power rather than energy.
Considering that the rivers continued to flow during the drought, albeit at much slower
rates, what in fact was the utilisation efficiency of this meager energy resource by the utility?
Granted that the utility could not possibly determine the consumer load, but isn’t this
pethaps one reason why their planning team should include consumers? Kenya, Uganda and
Tanzania continue to search for international investors in power generation, while their
industrial outputs remain far below their existing generating capacities in giga-watt hours per

year. These are issues that underscore the author’s core concerns.

It’s hoped that someone will find this work equally enriching,
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