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ABSTRACT

New technologies for the extraction of valuable ocean resources are emerging: renewsable
ocean energy. Ocean energy lechnologies have ‘so far primarily been developed in
industrialised countries but will be deployed in bath industrialised and developing couniries.
Ocean energy technologies promise benefits to peoplé and the global environment en the one
hand, and carry risks to marine ecosysterss on the ‘other. Simultaneously, the world’s oceans
are under severe pressure from human actvities, mainly due to a bistory of high technical
development ip combination with low regulation. Much could be gained by proactively
examining both benefits and hazards ai emly stages of development. In this thesis, the
Technology Assessment framework has bee used o outline prerequisites for, benefits from,
and adverse consequences of ocean energy technologies in developing covntries. The case-
study is the Western Indian Ocean (eastern Africa), a region experiencing increasing energy
demand, both in Tossil fuel-dependent amall islands and in mainland couniries with very low
rural electrification levels and diesel-fuelled off-grid systems. This thesis combines technical,
social, and environmental aspects. Firstly, resource overviews were performed, indicating that
potentially usefil ocean energy sources exist in the region. Wave power resources are
abundant in souhern parts of the case-study region and conditions are good for otean thermal
energy convarsion (OTEC) ‘at several locations. Secondly, the socio-technical prerequisites
for the use of ocean energy.technologies were examined, considering both small-scale (off-
grid} and large-scale (main-grid) applications. Numerous barriers to small-scale use were
identified; these should be -addressed both by adepting technology and by improving
institutional quality. Thirdly, the benefits of different vcean energy technologies were
discussed based on the regional context of local demand and existing power systems. In rural
areas, electricity demand is low and introduced power sources for off-grid electrification need
to be used for productive purposes and should be accompanied by other rural development
services, if economic development is to be improved. Connected 1o mam-grids, ccean energy
can provide significant amounts of fuel-independent electricity, .of parlicular value to the
small istand states. Fimally, environmental conseguences were examined, concluding that very
ittle is vet known. The outcomes of this thesis indicate that large-scale developments of wave
power and OTEC can become important comtributors to small island states m the Western
Indian Ocean, while implementation of small-scale ocean emergy in the region would
encounter many socio-technical challenges. Due to its higher robustness, higher power output,
and by-product of desalinated water, OTEC may provide the highest benefits of the two. In
both cases, uncertainties regarding ecological risks remain important constraints to thorough
assessment. Mitigation of ecological risks requires more research, emphasis on key ecological
processes and cumulative effects in tisk assessments, and efficient monitoring of impacts. At
the resource-level, risks can be reduced by having a wide range of technical options to choose
from (many different technologies for extracting the same resource), and by using
technologies that can be further adapted, even after they have become widely used. From this
perspective, weve power is the mare promising ocean cnergy iechnology for the region. The
thesis provides a first step towards a policy-supporting proactive Technology Assessment of
ocean energy in a developing country context. ) '
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advantage of much of its estimated 79 GW of ocean energy resources (Bakshi 1998, Bryden
2010). Massive projections have alse been announced by China, the Philippines, and
Indonesia. Moreover, African countries — which have the lowest electrification levels in the
waorld and high costs of energy — have lately been approached by ocean enexrgy firms (EWE
2011, IHTADA 2011). Despite the apparent interest in ocean energy in developing countries,
few ocean energy studies have focused on developing country contexts (Figure 2).

30000 ] Figore I. Number of scientific publications
i (research articles and reviews) on renewable
. 95000 energy technologies from 1962 to 201 1, using
4 the ” following search terms: ‘wind power’,
'fé; 20000 ‘solar power OR photovoltaic’, ‘hydro power
:-% . OR hydropower’, ‘geothermal energy’, ‘wave
B 15000 power’, ‘tidal power’, and ‘ocean thermal
o energy conversion. OR OTEC in the Scopus
% 10000 database {including title, abstract, and key-
E words}.
5000
0
6‘}@}"
1000 Figure 2. MNumber of scientific publications
; (research articles and reviews} on occan energy
- technologies over time, using the following
.5 | search terms: ‘wave power’, ‘tidal power’, and
"21" 100 ‘ocean thermal energy conversion’ (OTEC) in
= i the Scopus database. The ‘Dev. Country’
E" column shows total namber of publications
5 (1962-2011) after adding the search term
2 10 ‘developing  countr” {countries] to  each
5 technology. Noie logarithmic scale ‘op y axis.

& Wave power u Tidal power & OTEC

The maif cutcome of ocean energy is electricity (power) production. Different ocean
energy techmologies generaie power of different quality in terms of intermitence and
predictability. In addition, the range of power capacity varics between different technologies.
These are important factors to take into account when matching technology and demand, i.e.
the usefulness of a certain technelogy in a specific electric power sysient. In addition to
power-related benefiis te humans, ocean energy technologies may have adverse consequences
w0 the marine environment (Frid er al in press, Inger e al. 2009). Although some
environmental effects, such as protection from fishery and enhanced local biodiversity, may
be considered positive, the jong-term and curmuiative environmental effects caused by ocean
energy technologies are difficelt o predict {(inger er ol 2009). lmportantly, adverse
consequences (o the marine énvironment are of particulzr concern to developing countries,
where the eavironment often is less efficiently safeguarded compared to industrialised
countries (Gamman 1994), aithough its ecosystem services are invatiabie for local livelihoed
{Lange and Jiddawi 2009). .

A history of unrestricied ocean exploitation

There is little doubs that the oceans are under heavy pressure from human activities (PEW
2003, MEA 2005, Halpern ¢t al. 2008b). In a comprehensive synthesis of cumulative impacts,
Halpern ef al. {2008b) estimated that 41% of the oceans is strongly affected by anthropogehic
environmental impacts, and that no fraction of the ocean is unaffected. The impact drivers are
associated with extraction of ocean resources, poliution and waste disposal, habitat removal,
charges in species composition, and climate change (Costanza of af, 1998, Haipern ef al.
2008b). Coastal ecosystems are the most severély impaired {Mclniyre 1952, Haipemn ef al.
2008b). Anthropogenic impacts of this magnitude to such enormous global ecosystems as the
acean would not have been possible without technical development.

The “industrialisation of the ocear’ can be traced to the European maritime activities in the
i7" century, but the greatest use of technologies and intensification of activities took place
with the industrial evolution in the eardy 19™ century (Smith 2000). By then, the main
activilies affecting the oceans were fishery, commercial shipping, and naval undertalings.
Post 1940’s, the world fishery was further intensified, extraction of fossil fuels was initiated,
waste disposal multiplied, and marine leisure aciivities were introduced. These activities,
which represent the ndustrialisation of the oceans, have predenxinantly been private-sector
endeavours while public-sector regulation of the ocean was very limited up to the end of the
20% century {Srnith 2006). Global whale populations collapsed in: the 1930s and by 2008 one
third of the global fish stocks were overexploited — the most severe situation in history (FAO
2010). Weak regulation in comebination with technical development — in this case trawls and
seine nets, vessel and engine capacity, sonar systems, remote sensing navigation, and deep
freezers — have rendered detrimental results of global scale for future generations to handle.

Fisheries provide the most evident example, but the same principles of unregulated
industrial development and use of modem technology have led to multiple environmental
impacts to mrarine ecosysterns. Some different examples are oil-drilling disasters (Smith
2000), trepical shrimp farming leading to pollution and depletion of mangrove forests (Huitric
ef al 20023, and personal water crafts {Jet Skis™) causing poliution, damage to environment,
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2. BACKGROUND

The subsequent sections provide backpround to rural electrification (2.1.) and the power
sector corcems {2.2.) in developing countries, and.the characteristics of renewable energy
sources (2.3.). It is foliowed by a review of available research en ocean energy assessments,
with focus on developing countries (2.4.).

2.1. Benefits of access to electricity

The links beiween modem energy (electricity inciuded) and development are many: health,

-education, gender equality, food production and conservation, improved local enviromment,
and economic growth (UNDP 2007). This does not imply that access o eleciricity generates
growth and social development in itself, but electricity is considered an important contributer
to development. However, about 25% of the world population did not have access to
electricity in the year of 2007, with sub-Saharan Africa lagging far ehind other regions of the
world, Rural® areas are the most disadvantaged; among the 30 Sub-Saharan African countries
investigated by the World Bank (2008), less than half had rural electrification levels ahove
3%. The process of providing electricity fo semi-urban and rural populations is 2 huge and
expensive undertaking for any develeping country — and it has taken industrialised countries
50-100 years to accomplish {Morton 2002), '

Access to electrieity in rural areas has been shown 10 generate social benefits {Gustavsson
2007a, b, WB 2008, Daka and Baliet 2011), but it has been argued that productive use’ of
electricity and other rural development investments (complementary services®) are NEecessary

-1f rural electrification is to generate economic development (Ranganathan 1993, Barnes and
Floor 1996, Holland e7 of. 2001, Peiers ef al. 2009). Electricity becomes important for furdher
progress onfy when a community has reached a certain level of development. In 2 reflection
based on many years of experience from working in a non-governmental organization dealing
with rural electrification, Helland et ai. (2001) concluded that:

“Rural electrification is highly desired by rural communiiies, does have developmental
benefits i the right circumstances (when co-ordinated with other development activities),
and its expansion 15 a political priority.”

It should be noted that. despite general desire for elecricity (which is of course regarded as
a-means of modernisation), electrification is not necessarily the prime priority in rural areas.
Other demands, such as access to infrastructure, potable water or sanitation may be more
urgent among local people (Martinot 2001). Furthermore, electricity may be a very expensive

? The definition of ‘riral-varies between countries, and is rarety clearly stated in presented data, The Amercian
Office of Technology Assessment suggested that ‘rural’ shouid be interpreted as areas which are not ‘urban’ or
‘peri-urban’, generally characterized by scattered populations {Hewitt 1889}, in the context of this thesis rural’
refers to all areas which are not cities or towns.
* in this thesis productive use of electricity is defined as uses that directly Increase economic profit of an
act!wty with infiow of vaiue to the community through increased production or refining of tradabie goods,
Complementary services arg services related to rurai development, such as infrastructure and micre-finance
institutions.,
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comirmodity, only available to the affluent part of the population. Therefore, again, it is the use
of eleciricity and its link to other development that is importent (Barnes and Fioor 1996),

2.2. Power sector and electrification strategies

The power sector can be divided into three major “functions; generation, transmissjor, and
digteibution. Generation means production of electyicity. In developing couniries, electricity i
predominantly generated from sources such as hydropower, coal, or natural gas (Meyers et al.
1993, Schramm 993). Transmission is necessary to transport eleciricity over large distance,
and tequires high voltage lines to minimize losses. Importantly, proximity to a_{l‘an‘;lmsslon
fine does not necessarily imply access to electricity since sub-stations, where high voltage
power is transformed into low voltage, are very expensive. Distribution is the part of the
slectric system that delivers power to customers — that is, households and other facilities — and
is composed of a grid of low voltage lines {see Figure 3).

Figure 3. Conceptoal illuswation of rural
electrification based on grid extension and off-
grid systems, where G is generation plant; Tr is
. transmssion hne; S is sub-station; and D is
distribudon grid.

Urban electrification, as well as most roral electrification, is carried out through grid
extension. However, ural electrification may also be carried out by installing small
decentralized grids.with their own generation sources (off-grid electification) (Kaundinya ef
al. 2009). Off-grid systems arve typically used in remote areas and on islands, where
transmission is too costly an option. Diesel generators and hydropower are common
generation sources in off-grid systems. The jmportance of off-grid system§ hag lately been
increasingly recognized as 2 mean of improved poverty alleviation (because it reaches remote
communities) (WB 2008). A different type of rural electrification that is becoming
increasingly common is the use of solar home systems {providing low volmge direct current
for domestic use) (Jacobson 2007).

It is worth noting that many mdustna}ised countries that have undertaken electrification
during the past century developed their main grids through a bottora-up procedurc by off-grid
systems reaching out from rural as well as urban industrial centres, which were eventga.i}y
interconnected. A similar approach led to the successful e}cctriﬁcatifm af _the Brazilian
Amazon {Gomez and Silveira 2010),
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2 4. Previous assessments of ocean energy in developing countries

The technical development of ocean energy technologies is available through numerous
“technology up-date’ reports {Gorlov 2001, Fraenkel 2002, Ferro 2006, Block 2007, Khan and
Bhuyan 2009, Khan e al. 2005, Rourke ef al. 2014). According to this literature, the most
promising ocean energy technologies are wave power, tidal pewer (both tidal barrages and
tidal current turbines), and OTEC. Some atfention is given {0 ocean current power, and least
atiention is given to power geueratio:}'from salimity gradients. In this ‘technology-update’
terature, European, North American and East Asian waters are i focus.

MNeither the plobal theeretical resource of ocean energy nor the techmically extractable
© tesotree are fully known. For example, the global theoretical wave power resource has been
estimated to be 8 000-80 0006 TWh per year (Bhuyan 2008). However, a large mumber of
Jocal and regional assessmenis of the polential for different ccean energy technologies have
been produced, some of them addressing developing countries. The first regional assessment
was performed by UNEP (1983) and addressed West Africa, This study identified good
potential for OTEC throughout the region, and adequate tidal power resources at a few
locations. Li e @l (2010) concluded that China has excellent tidal current resources, that
match well with the country’s demand for renewable energy. This resuit was supported by
Wang et ol (2011) who further argued that China has good potential for virtuelly all other
ocean energy resources, Lim and Koh (2010) noted a promising potential for tidat current
turbines in Malaysia. Zabihian and Fung (2011} reported good potential for using tidal power
(tidal barrages), wave power, OTEC, and salinity gradients in franian waters. Several globai-
leve! assessments of OTEC resources are available, indicating good potertial in a multitude of
developing countries (Griekspoor 1981, Charlier and Justus 1993, Lennard 2007, Magesh
2010); detailed studies have addressed, for example. the Philippines {Uehara ef /. 1988) and
the South Pacific (Mario 2001). The generic potential for ocean energy to become established
in developing countries is briefly discussed by Doukas et /. {2009). It is concluded that ocean
energies can make an impertant contribution to the energy supply once the technologies are
fully developed and developing country energy markets are stable.

No comprel:ensive ocean energy resource assessments have been conducted in the Western
Indian Ocean (the case study region of this thesis}. However, both wave power and OTEC are
planned at Réumion Island (Drouinean er ol 2011), and one study has addressed the tidal
power potential at a focation in Tanzania (Dubi 2006).

Many of the technology npdates and resource asseéssments inciude natural resources, power
system requirements, economic viability, required economic support mechanisis, and notes
on enviropmental impacts — all valuable input to TA. In addition, the very important issue of
environmental impacts is also, and more thoroughly, addressed by the growing literature on
environmental impacts of ocean energy (Frid ez al. in press, Abbasi and Abbiasi 2000, nger e
al. 2009, Langhamer et al. 2010). However, since ocean energy is recent, and few plants have
been deployed, there are very few quantitati‘ve results available (Lamadrid-Rose and Boehlert
1988, Langhamer ef al 20609, Langhamer 2010). Once more quantilative resulis become
available, it will be necessary to extrapolate data from single installations to large ocean
emergy farms. Further, it may be relevant to consider seascape-level impacts from ocean
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epergy farms co-occurring with impacts from other human activities, To assess such
cumulative environmental imapacts — whether from ocean energy or gther technologies — is
difficult. A%though'research studies within the field of cumulative effects assessment have
addressed the problem {Therivel and Ross 2007, Halpern & al. 2008a), it is not evident how to
proceed, as was indicated by Wilhelmsson et ol (2610} on the impacts from offshore wind
DOWET. .

The reviewed literature contains much up-to-date information of relevance for TA of these
emerging ocean energy lechnologies. However, in recent years the TA approach has been
applied to only one siudy of wave power in North Carolina, USA (Hagerman ef al. 1989),
Resources, costs, performance, and ecological impacts were considered in this study, with the
conclusion that: “wave energy can supply significant amounts of electricity to Noxth Carolina
without disruption of natural environmental processes, other uses of coastal sea space, or the
scenic beauty of the coastline”. :

No TAs of ocean ensrgy with focus on developing countries have been found.
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found necessary to consider prevailing norms and values to enrich TA analyses {Ely et gl
2011).

TA was developed in an industrialized country context, and this is where it has mostly
been operating since. But it has repeatediy been argued that TA is of relevance to developing
countries (Clhatel 1979, Chen 1979, Coates 1998, Coates and Ceates 2003, Bly e ol 2011).
This is due to some converging trends: globalization, industrialization, increased consumpiion
and population growtl, failure to anticipate side effects of unfamiliar technologies, and the
expansion of multinational enterpriscs nto developing country markets. Technical
development, both in industrislized and developing countries, has frequently produced
unanticipated adverse consequences, which most often are unnecessary and the result of
ignorance (Coates 1998). Here, the goal of TA is to avoid such mistakes by being proactive in
policy-making and to widen technological choices (but not to prevent technological
development). An exampie of 2 TA institution operating in a developing country context 18
the Forecasting and Assessment Council {TIFAC), which works under the Government of

" India's ‘Department of Science and Technology (Bhatnagar and Jancy 2003). The TA
procedures of this instifution have been a basis for this thesis. )

Today, a great variety of TA branches are being used in differens fields of researcl: and
development, policy-supporting governmental institutions, and consuitancy. For example,
medical TA is widely used for assessing the unexpected benefits and consequences of new
drugs; paf'ticipatory TA is a recent approach aiming to invoive public interests in technology-
related policy (Anon. 2010, Sclove 2014). TA branches of particular relevance for this thesis
are Energy TA (ETA), Constructive TA (CTA), and Environmental TA (EnTA), which are
briefly described below,

ETA serves as a support for emergy system policy-making regarding technology
raquirements and performance (including both benefits and consequences). The objective may
not diverge much from the original TA but there is typically a focus on economic factors (see
Daim ef al, 2009), For example, in practice, an ETA may not differ much from a
" straightforward quantitative evaluation of the technical, economic, and operational
characteristics of an energy system (La Porte 1997). A variety of assessment tools, including
energy system moedeliing, can be used for estimating and weighing the benefits and impacts
{Sepurado et al. 2009). The American Energy Technology Assessment Center (ETAC)
describes its research approach as “focusing ou interdisciplinary amalysis of technology
development, emergy pelicy, #nd econcmic factors” (EPR1 2011} Noteworthy, the
Collingridge dilemma becomes, pardeutarly delicate for energy technologies since the lead
time (the delay between initiation and implementation) is extraordinarily long. Strategic
decisions regarding premotion of and investment in energy technologies determine which
technologies are available in the energy system 3040 years later (Collingridge 1981).

CTA was developed in the Netherlands in the1980%s and differs from other TA approaches -

in that it seeks to change/adapt the design and performance of a technology rather than to
select between technologies or reguiate use. Consequently, CTA requires a higher and more
‘direct involvement of developers (van den Ende e ol 1998, Redemeyer et ol 2005). Sacial
aspects have a major role in CTAs, and technology developers coniribute from the start by
adapting their products in the desired direction in parallel to the assessment process, thersby
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seeking to socially assimilate the technology. Environmental impacts may be incorporated as
a factor of social acceptance, but are aften not specifically considered.

EnTA has been developed and promoted by UNEP’s Division of Technology, Industry and
Feonomics (Hay and Noonan 2000). EnTA focuses on environmental impacts, although it
2iso emphasizes benefits, and it was developed with particular focus on developing-country
applications (Coates  1998). The EnTA framework is qualitative, conducted by
multidisciplinary expert groups whe, through structured evaluations, advise whether and, i-f
50, how new tchnologies should be encouraged. It has been argued that since EnTA
specifically addresses developing couniries it should be betier adapted to the developing
cotntry context (Coates and Coates 2003, Tran 2007). Trespite its apparent relevance, the
EaTA framework has not become widely used.

Retuming to the choice of assessment method for this thesis, soTne aspects motivaling the
use of the TA as  sujtable framework can be added to what was previousty disoussed: the
novelty and diversity” of the technologies (choices and adaptations are open), the particularly
litile attention paid to developing countries in previcus oceatt energy research in combination
with high uncertainty regarding adverse consequences (potential problems are imanticipated),
and the critical stase of the oceans inciuding sensitive tropical ecosysiems (need for proactive
analyses), .

All three sub-divisiong of TA discussed above may be of relevance {0 understanding the
full impacts of ocean energy to humans and the ecosystem, ETA supporis the use of technical
and economic assessments, the diversity of technofogies motivate CTA approaches with
dialogues between assessors and developers, and the ambitions of EnTA, including focus on
environment and developing counuies are essential to assessments of ocean energy.

3.2. Applied TA procedure.

The TA procedure used in this thesis was modified from schemes presented by Bhatagar and

. Jancy (2603) and the Institute of Technology Assessment in Vienna (ITA 2011} (Figure 4).

The first step of the procedure is the definition of syster boundaries. Scape and objective
define which technologies are under study, and in which context. It is obvieusly of
fundamental importance to the outcome (Bhatnagar and Jancy 2003). To set the spatial
boundaries is important to any assessment and can. ip brief, vary hetween local, regional, and
global (Wrisherg ef ol 2002). Regarding temporal boundarics, strategic decisions - which
characterize TA — are based on scenarios. Scenarios can be classified as being predictive,
addressing “what will happen?’ given a particular prevailing structure; explorative, addressing
“what can {possibly] happen?” given a particular future change; or normative, addressing “how
can a specific (far-future} target be met?” (Birjeson er al. 2006). Exiensive time horizons
increases unceriainties, but short time horizons may be insufficient for revealing important
findings (Bhatpagar and Jancy 2003).

* Khan anéﬁ Bhuyan {2009) have identified >130 technically different ocean energy devices.
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4. APPENDED PAPERS AND SPECIFIC METHODS URSED

This section gives a brief ntroduction the appended Papers I-TV.

4.1. Paper I and II: physical pr@mquisiteé

Two studies have addressed the physical prerequisites (ratural resource abundance) of ocean
“energy in the case-study region. Paper I invesﬁgates the natural-resource-based potential of
cach ocean energy technology. The assessment was based on a meta-analysis of information
collected from the literature and databases. For wave power, data was extracted from global
resource assessments {Quayle and Changery 1981, Barstow ez ol. 2008) and analysed without
any recaleulations. The potential for land-based OTEC was estimated through spatial analysis
{ArcGIS software) of oceanographic data available in the African Marine Atlas (Masalu ef al.
2006). Tidal power potential was estimated by collecting information on tidal elevations from

"local tidal charts and tidal gauge data-bases, and by exivacting ihformation on maximum
current speeds at different locations from published reports and scientific papers. The tidal
data was used to estimale power output by applying simplified tidal models and equations for
power generation (Gorlov 2001, Fraenkel 2002). Furthermore, oceanographic Hterature and
historical ship data {(Cutler and Swallow 1984) were compiled to examine the potential for
ocean current power. '

In Paper 11, the resource-based prevequisites for micro-séale tidal current turbines were

investigated throngh field measurements at five locations in Mozambique. Here, micro-scale .

rvefers to tidal power devices with capacities in the order of 20 kW, which may be useful for
off-grid electrification in reote arsas. The main objective of the study was to develop a cost-
efficient method for site-screening, since full-time measurements were considered too costly

for a micre-scale approach. The applied mode! was based on an existing equation for tidal

“currents (Fraenkel 2002} and the collected short-term abservations were used for site-specific
calibrations. Technical assumptions for a hypothetical micro tida! current turbine were used 10
exemplify power output. The estimated output was discussed in terms of energy demand in
rural developing communities,

4.2, Paper III, IV and V: socio-technical prerequisites and benefits

Paper I1] discusses the socio-techmical preconditions for using smail-scale ocean energy for
rural electrification purposes. It assumes the possibility of an ocean energy market niche in
remote areas of developing countries, where small-scale energy sources are needed to
substitute fuel-dependent diesel generators. Based on a literature review, the study outlines
challenges regarding the use of appropriate technology in the context of remote area
elecirification and discusses how the different ocean energy technolegies could be adapted.

In Papers TV and V, interviews were carried out in Tanzania and Mozambique, to
investigate bow actors at the policy-making and project-leading levels perceive and reflect
upon rural electrification strategies, their own contributions, and the opportunities to increase
the use of renewable energy sources, The interviews were gualitative (non-empirical} and
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semi-structured, which means that the interviews followed a predefined scheme of topics and
questions, but were not sirict in the phrasing of questions. The interviews were recorded,
ranscribed, and analysed using the Content Analysis procedure described in Mikielsen
{2005). Paper IV specifically examines the perceived drivers and barriers to rural
electrification, while Paper V focuses on actors’ reflections on productive electricity use, -
private sector invelvement in the electricity sector, and the opportunities for using renewable
energy sources for off-grid electiification. Both sindies aim fo provide a deeper um‘ferstanding .
of energy demand and the potential for different energy sources and strafegies in rural areas of -
developing countries. ’ )

4.3. Paper VI adverse consequences

Paper V1 provides a hazard identification of potential adverse environmental impacts of ocean

" epergy technology to marine ecosystems. The hazard identification, follewed by a qualitative

risk-ranking, was conducted by review of scientific papers describing potential environmental
impacts from wave power, tdal current turbines and OTEC. While the result reflects the
cusrent state of scientific knowledge, the deeper purpose of the study was to test the
Ecological Risk Assessment (EcoRA) framework (Suter and Barmihouse 1993) in the cortext
of ecosystem-based management — a concept that has gained recent atfention but is still
unclear in terms of practical implementation. The EcoRA procedure is structured around
stressor sources, exposure pathways and endpoints. The main steps of the procedure: scope
{including the defimition of systein boundaries and assessment endpoinis), hazard
identification  (inventory of relevant stressors), exposuse assessment (establishment of
patlrwvays and characterization of the probability of siressors reaching the endpoints), effect
assessment (estimating the magnitude of effects on the endpoints), risk characterization {the
product of the previous two steps), and risk evaluation (she basis for decision-making) {(Suter
and Barnthouse 1993, Burgman 2005).  Paper V1 does not focus on the developing country -
context in particular.
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5.1.3. Scope limitations

Regarding adverse consequences, only impacts o the marine environment have been

considered, which implies a reduced focus on societal consequences. This Hmitation of scope -

is not in line with the TA framework (Bhatnagar and Yancy 2003, 1TA 2011), but reseaich on
this issue is corrently being conducted ender the same research umbrella (STEEP-RES) and
resulte may be added to foture work.

The Iimitation to {local) impacts on the environment is mativated by the comparatively low
(global) emissions from renewable energy fechnologies (section 2.3.} and the estimations
provided by the few life-cycle gssessments that arc available: it has been estimated that the
C(, enussions from wave power devices will be <56 g CO/kWh (Callaghan 2006, Banerjee
et al. Unpubl) and a large tidal current turbine emits 15 g CO/kKWh {Cooper and Sheale
2002), These values are in the order of 2% of the €O, emissions released from fossil fuel-
based energy systems {Cooper and Sheate 2002},

Another limitation of the thesis is that maritime legisiation, related fo ‘sea use’, has not
been incladed in the presented studies. This issue may be of importance for more detailed
country-level studies and can be expected to change within the fime-frame of the study,

5.2. Description of the technologies (Sfep 2)

The analyses in this thesis are based on the separation between large-scale use and small-scale
use of different technologies. Here, large-scale refers to ocean energy that is connected to the
main electricity grid, while small-scale refers to the use of ocean energy in off-grid systems.
The latter is strongly linked to rural electification. The use of ocean energy’ for rural
electrification has been suggested before (Anderson et al 1993, Charlier 2001, Wang er o/,
2011), but it is not & commen topic in ocean energy literature, '

The study considers wave power, tidal power (inclading traditional tidal barrages and
modern tidal current turbines}, OTEC, and ocean current power. It does not include salinity
gradient conversion (eleciricity generation based on the osmotic gradient between ocean and
freshwater reserves), because this fechnology is represented by very few active developers.
Offshore wind power is also not included because it is rarely considered an ocean energy
technology {Khan and Bhuyan 2009},

The five technologies inchuded in the present assessment are described briefly below, in
terms of natural resource, conversion principles, technical diversity, and quality of power
output (intermittency and predictability}. Forther technical descriptions are given in Paper 1.
This coarse level of detail (five technologies) has been applied because there are many
different developing prototypes/devices and uncertainties are high regarding which of them
may eventually become widely available.

5.2.1. Technology: Wave power

Number of different concepts/devices: ~98

Capacity, range per device: 24 kW — 1 MW

Figure 6. Conceptual Hustrations of wave power devices used for large-scale deployment in farms
(left), or small-scale deplovment for remote-area electrification {right). The drawing indicates only
two exaraples out of about 90 cawrently developing designs. The drawings are not aceurate in detail or
scale.

Wave power (Figure 6) uses wind-driven surface waves to gemerate clectricity either by (i)
Oscillating Water Colunmn Systems, where waves pressurize air chambers and spin turbines,
(it) Absorber Systems, where a floater connected fo the bottom is dragged up and down by the
waves in order to spin furbines or drag pistons through linear generators, (iil) Overtopping
Systems, where waves force water into an elevated reservoir which is emptied through low-
head tarbines, (v) Inverted Pendulum Systems, where waves force a bottem-mounted
oscillator io move back and forth and presswize fluids connecied fo generators, or {v) other
‘Tess common solutions’ such as elongating attenuators (intercomnected elongated floaters)
where the wave motions pressurize hydraslics connected fo internal generators {Thomas
2008, Khan and Bhuyan 2009}, Wave power devices can be shore-based, mounted m shallow
water, or anchored in deeper water. Floating wave power units are small but are generaily
intended for use in farms {Thomas 2008).

The wave power resource is measured in terms of energy density per wave crest (kW)
{Barstow ef al. 2008). Wave energy dissipates slowly and wind-driven waves can travel long
distances and reach shores far beyond their origin. Wave power is variable and undergoes
both seasonal and daily changes, but it is less variable and more predictable than wind power
(Charlier and Jusms 1993, Doukas et ol 2009). Leng-distance waves (swell), which
characterize tropical oceans, even out niuch of the short-term variation and thus, wave power
around fropical islands can be particularty stable (Cornett 2008). .
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5.2.4. Technology: Ocean thermal energy conversion (OTEC)

Nuamber of different concepts/devices: few

Capacity range per device: 1 MW - 160 MW

Figure 9, Conceptual iliustration of land-based OTEC power plant, for large-seale production of
electricity and possibly freshwater, The drawing is not accurate in details or in scale.

Ocean thermal energy conversion (Figure 9) utilizes the temperature difference between warm
surface water and cold deep-sea water (Khan and Bhuyan 2009, Krock 2010, Magesh 2010},
Surface water and deep-sea water are colected from the ocean via large diameter pipes and
then released back to the ocean or partly utilized as freshwater. Electricity can be generated
using one of three different designs; in the open-cycle design (i) warm water is vaporized in
low pressure chambers and used to drive turbines before it is re-condensed by cold water; in
the clese-cycle design (i) warm water heats up a working fluid that vaporizes and drives
turbines before it is ré-condensed by cold water and recycled i the process; in the hybrid
destgn (i) warm water is vaporized as in the open-cycle design and then uged 10 vaporize a
. working fiuid which in tumn drives turbines. Freshwater production {open-cycle and hybrid
design) adds value to the process, and can even be the main purpose of OTEC (Bhuyan 2008).
OTEC power planis can be instalied on land or floating in the deep sea. Due to the
requirement of massive amounts of water, only large scale plants can become viable. By
adding soiar heaters to warm up the surface water the efficiency of the process can be
improved {Straatman and van Sark 2008, Yamada er al. 2669).

The OTEC resource is detérmined by water temperature differences -(AT) and its
availability, which in the case of land-based OTEC is determined by the distance between
shore and deep-sea water {1000 m depth is often assumed to be enougl) {Griekspoor 1981,
Nihous and Syed 1997). The temperature difference originates from solar heating of surface
water and transport (oceanic deep-water currents) of cold water from the Poles to tropical
regions. As ‘the heating and currents are relatively constant, OTEC power production is
predictable alihough it may vary stightly over seasons {Bhuyan 2008, Vega 2011}
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5 2.5. Technology: Ocean current power

Numtber of different concepts/devices: very few

Capacity range per device: 200 kW - 3 MW+

Figure 10. Concepual illustration of ocean current power, consisting of several small units where
urbines are mbunted on submerged kites and used in large-scale applications (farms). The drawing is
inspired by the Minesto Deep Green technological design and is not accurate in details or in scale.

Ocean current power utilizes the massive but refatively slow {compared to tidai currents)
oceanic currents. Electricity is extracted using the same pridcipies as those of tidal current
turbines, but in order to get sufficient water speed over the rotors the flow can be enhanced by
using different selutions {Chariier and Justus 1993} One solution is (1) to mount the turbine
on an urderwater kite that is fixed to the sea bed by a wire and forced in circular movements
by the current (the water flow over the mounted rotor is enhanced as the kite is moving)
{Mineste 2011){Figure 10}. Another solution (if) is fa apply massive shrouds/ducts cver the
rotor. To access the ocean currents this technology has to be deployed in relatively deep waler
(approx. 50100 m or deeper). Although both small and large prototypes exists, ocean current
power can only be expected fo become feasible in large-scale applications {farms of maxy
units), because of the distance to the coast and expensive transmission (Finkl and Charlier
2009).

The tesource is determined by the speed of the current (m/s), as for tidal carrent turbines.
Rut in contrast to tidal carrents, oceanic currents are invariable on a daily basis and only
change over the seasons. )
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1 terms of costs of energy, predictions preseﬁtcdbin Johansson ef of. {2004) and 1n Qurashi
and Hussain {2005} positioned wave power and tidal current turbines close to or slightly
above clectricity-producing biomass and wind power, but above hydropower and geothermal
energy, and below solar PV (Figure 12). Tidal barrages and OTEC were predicted 1o have
lower costs than solar PV but higher costs than other renewable energies. Ocean. current
power was predicted to have low costs. However, these cost cstimations were conducted
approximately 10 years ago and must be regai"ded as highly uncertain. Noteworthy is that,
despite the high costs of OTEC (due 1o capiral‘ costs), Qurashi and Hussain (2005) suggest
that OTEC will become the most preferable pcean energy technology in developing countries.

In a similar stady, the International Fnergy Agency (TEA 2007) predicted the costs of
energy for the first larger instailations to be USg 15--55 for wave énergy and US¢ 1122 per
cWh for tidal energy. Similar numbers were estimated by the Carbon Trust (Callaghan 2006).
According o Callaghan {(2006), although high, the costs of wave and tidal power can be
expecied to reach fully competitive levels relative to fossil fuels within the near futufe. The
towest fossil fuel-based electricity cost in 2006 was US¢ 4.5 in United Kingdom (Callaghan
2006). More detailed, Esieban and Leary (in press) estimated that both wive power and tidal
current turbines may become economically competitive compared te oil by 2017-2021. These
calculations were based cn the same production cost assumptions and feed-in tariffs (standard
contract for renewable energy electricity sold to a utility) as are currently being wsed in
Portugal: US¢ ~30. Tariffs can be high (and beneficial for renewable energy} both because of
political ambitions to promote renewable energy (as in Portugal} and because of exaggerated
oil prices in remote locations. For example, in Tanzania the established feed-in tariff for off-

grid renewable electricity is US¢ ~25 (EWURA 201 1b}, because costs are based on expensive

diese} alternatives.

Furthermore, Clean Development Mechanisim {CDM) s expected to play an important role
for lirge-scele remewable energy implementation in developing countries, and. thus can
become important for ocean energy growth (Doukas ef af. 2009). CDM is an international
agreement outcome of the Kyoto Protocol (20035) that mtends to counterbalance the net
carbon dioxide emissions from industrialized coundries by allowing them to trade emission-
reducing investments in déveloping countries, As the first ocean energy CDP-project a South
Korean ticdal barrage of 254 MW was regisiered at the CDM Executive Board in 2006 and is
now operating (UNFCCC 2011).

Based on the presented growth forecasts, it can be considered likely that some of the
emerging ocean energy.devices will become widely available, both for industriatized and
developing countries, within the fime perspective used in this thesis (Z.e. 2030},
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5.3. Prerequisites for ocean energy in the WIO region (Step 3)

5 3.1, Ocean energy natural resources

For ocecan energy to vecome useful and profitable, both physical and socio-technical
prerequisites have to be satisfied. These issues have been investigated in Papers T and 1L
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Figore 13 Map of coasta] deep-water wave energy (green shades) and potential lecations for OTEC
{circles} i the Western Indian Ocean region. Larger circles indicate locations where temperature
differences betwsen surface and deep-water are found within 5 km from land. Smaller circles indicate
locations where this distance is 5-10 k. Temperature differences and wave power magnitade are
indicated in the legend. Figure adopted from Paper L
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5.3.2. Socio-technical prerequisites and barriers

Paper 111 addresses the socio-technical prerequisites for the use of ocean energy technologies
in developing couniries, In Paper IV, generic barriers to successful electrification were
examined. Barriers can be understood as socio-technical prerequisites that have not been met.
Both studies focus on the rural context.

Six issues of particular relevance for ocear cpergy 2 developing country context were
examined in Paper Il (i) limited access to detailed resource data (oceanographic
measurements), {ii) Hmiled access to technically trained personnel, {iii) lack of access to spare
parts and equipment, {iv} importance of local engagement, (v) high econemic vaiue of
teckmical equipment (risk of theft), and (vi) high vulnerability 1o alteration of ecosysiem
SCI'VICEs.

Regarding access to resource data (i), not only do developing countries currently have
limited availability to site-specific measurements of ccean energy resources, but long-term
measurements are very costly and add to investment costs, which are an important barrier to
diffusion of modem energy technologies in developing countries (Karakosta ef of. 2010, Ayub
et al. 2011). This problem was specifically addressed in Paper II, and a method that can
reduce the initial cosis for implementation of simall fidal power devices is suggested.

The lack of engineers {ii} and trained technical staff in rural areas is a major obstacle. In
Mozambigue for example, the native African population was strongly oppressed by colenial
power and, when liberation occurred in the 707s, the country was left with very few citizens
with higher education. Following the devastating civil war, which ended in 1992, the
education system improved dramatically, but there is still a shortage of technically trained
people, which additionally are rarely found in rural areas. Equipment (iii) such as adequate
vessels or tools, 6f high technical standard, can be inaceessible in roral areas (Ehnberg 2006).
For small ocean energy devices to operate in rural areas, a minimum number of devicés is
necessary to make the presence of technical professional personnel with their own equipment
affordable, i.e. most of these systems cannot run fully on local basis, and single instaliations
are likely to fail. The installation of multiple devices may also increase local familiarity with
the technologies and increase Jocal acceptance and engagement (iv). It is important to
encourage engagement because it may also improve management and reduce the risk of theft
(v} (Sheya and Mushi 2000). Project initiatives should preferably come from the locals and
the power system should partly be owned by local stakeholders. But rural-living people
canpet be expected to mvest more than symbolically, and private investors are not inferested
in rural electrification, as was further indicated in Paper V. Botfom-up driven projects of
energy technologies with high capital costs, such as most ocean energy techmologies are
therefore hard 1o foresee.

Finally, the livelirood of coastal rural communities is strongly dependent on the natural
enviromnent {vi}, such as mangroves, sea grass meadows, coral reefs, and other marine
ecosystems (Sinelair and Richmiond 2002, Lange and liddawi 2009}. For any ocean energy
technology to be sccepted in & rural coastal context there must be no compromising of the
recopnized ecosystern services, This may restrict the development of tidal barrages in
particular, but it may also restrict the use of other ocean energy devices that are found 1o or
believed to harm the environment or interfere with tradifional activities,
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B It was concluded in Paper If that all investigated ocean energy technologies required
technical adaptions if they are to respond o the examined sccio-technical prerequisites for
small-scale use. It is likely that only devices with easily accessible generators, simple
instailation, and Jow environmental izapact will have a chance to become appropriate for the
market niche of small-scale electricity supply in developing countries. To date, a number of
companies have approached this development path and are now developing robust, easily
mainiained systems for remote area electrification and desalination {Ayub ef 4l. 2011, EWE,
2011). For ocean energy technolegies to be used in the market niche of rural electrification,
constructive dinlogues between developers, implementers, and researchers are necessary - as
suggested by CTA methodology.

Based on energy sector actors’ reflections, numerous barriers to successful rural
electrification were identified in Paper I'V. Most of the socio-technizal prerequisies discussed
ahove (Paper II) were mentioned by the actors. Among other important barriers were: low
mstitutional quality (vii), inadequate planning capacity (viii), poverty and a poor rural market
(iix), scattered rural populations {ix), and donor dependence (x).

Many developing coentries have low institutional quality{vii) {Painuly 2001, Daghjartsson
et al. 2007, Mulder and Tembe 2008). For example, this means that top-down management
may reduce the efficiency of local or regional institutions, or that the legal frameworks might
be underdeveloped. Beth Tanzanian and Mozambican actors reported that inadequate
planning (viil) can lead to uncoordinated rural development efforts and reduced outcomes
from electrification. For example, if power is supplied, complementary services such as
infragiructare, ﬁnancia} institngions, and access o appliances, should alsc be available. This
issue 18 linked to rural poverty (iix) — electricity customers may simply not have access o
investment capital even for small machinery or other productive uses, leading to low use of
electricity and litile economic development. Energy sector actors regarded rural poverty as a
major barrier to eléctrification. Micro-finance should be available. It was further stressed that
low population density (ix) in rural areas is problematic. Line extensions and substations
make rural electrification very expensive in many areas {Haanyika 2008) and it was argued by
some of the interviewed actors that electrification in these areas s not likely to be affordable.

1t should be recalled that there is no generic definition of ‘rural areas’ but that it commonly
means' areas outside cities and towns, often characterized by more or less scattered
populations (Hewitt 1989).

Mozambique and Tanzania, as well as many of the other countries in the WIO, are heavily
dependent on international doners (x) for fimding ¢lecirification in general, and rural
electrification in particular. This was regarded as a problem among actors, even though all
available funding is not always expended due to institutional insufficiencies. As an example,
i Tanzania the authorities encourage the private sector to get involved in the power sector,
but financial support from donors is not available to private operators.
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advantageous in comparigon 1o diesel-based off-grid electrification, which is cwrrently the
most cominon solution. Diesel generators were criticized by all actors.

B~ In addition to the genera! ‘social” benefits of electricity, small ocean energy systems have
enough power capacity to enable productive use of clectricity in off-grid systems. Considering
the extrsmely low rural electrification rates and the extensive coastlines of mainland WIO
countries and Madagascar, this is where potential benefits from small-scale off-grid wse of
ocean énergy would be highest. : '

5.4.2. Benefiis from large-scale ocean energy

OTEC plants, tidal barrages, wave and fidal power farms, and ocean current power can be
used for large-scale power generation. Such systems are fypically expected to be deployed
with capacities in the order of tens fo hundreds of megawatts. Currently, all countries in the
WIO lave national peak consumptions below 1 GW, but consumption is expected to rise
dramatically during forthcoming decades (Bugaje 2006), Large-scale occan energy systems
can coniribute with a large share of the national electricity production in these countries
{Paper I). For example, one OTEC plant of 10 MW weuld cover all of Comoros’ current
national electricity consumption, and a tidal barrage of 20 km® would generate 10% of
Madagascar’s current electricity consumption. '

B Sub-Saharan Africa is challenged by an energy crisis that threatens fo hamper
development; to make use of available renewable sources is a necessity (Bugaje 2006). Ocean
energy technologies may become important sources of electricity for some countries i the
W10, With reference to Paper I, the highest potential benefits from large-scale ocean energy
can be found in the small island states of the WIO (Comoros, Mayotte, Seychelles, Réunion,
and Mauritivs). But in theory, large-scale ocean energy can also supply main grids in the
mainland countries. '

5.5. Adverse consequences of ocean energy (Step 5)

In Paper VI, a hazard identification and risk-ranking was conducted for wave power, tidal
power, and OTEC. Importantly, the assessment only included published peer-reviewed
articies of which very few presented their own data or referred to actual measurements from
ocean energy systems. This lack of data has been highlighted in recent publications, with
urgent cails for more research (Frid et al. in press, Inger &1 al. 2009). Keeping this in mind,
the visk ranking exercise in Paper VI proposed that wave power and tidal cument turbines pose
their highest risks for marine mammals, followed by birds and fish. By contrast, OTEC poses
higher risks for fish, followed by plarkton. These results may reflect scientific worries rather

than actual levels of hazard, Furthermore, the high degree of uneertainties together with the -

8The capacity factor of an OTEC plant is 70-80% (lohansson et al. 2004)
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young age of this'field of research, may result in circular-referencing and propagation of
possibly erratio assumptions, Morve detailed anaiyses are required.

If environmental impact assessments are lo embrace an ecosystem-based perspective,
which has been suggested in recent literature (Douvere 2008, Ehler and Douvere 2009),
scclogical risks should be analysed with prime focus on ecological processes, rather then
single species (Paper V1). Suck important ecological processes may be related to ecosysiem
resilience and ecosystem services. In this context, the nost important assessment endpoints,
for ocean energy impacts would be those of key importance fo prevent alteration of ecological
regimes. These may be large predators, which are sensitive to environmental changes due to
their low reproductive rates, and important for avoiding cascade effects down the food-web.
Another example are structure-forming species such as corals or sea grasses, which maintain
habitats for other species. Important endpoints to consider for wave and tidal power should be
migrating whales or foraging delphins and sharks. For OTEC, corals and biogeochenustry
(e.g. nutrients) should be the prioritized endpoinis.
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- - T
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Figure 15, Conceptual model of the suggested framework for incorporating cumulative effects in
EcoRA of ocean energy technologies. The upper four boxes constitute the basic Ecological Risk
Assessment (EcoRA) procedure, including scope, hazard identification, offects assessment, and
exposure assessment. The lower four boxes constituie the suggested way of including cumulative risks
from other siressors in the assessment. Ilustration adopted from Paper VL
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6. POLICY-ORIENTED SUMMARY OF RESULTS (STEP 6}

This thesis does not provide weighted analysis of policy options, as should be the outcome of
2 full TA. Instead, the resuls is discussed from a smali-scale (6.1.) and a large-scale (6.2)

pesspective. The result should be regarded as a basis for future assessments of ocean energy

for developing countries. A brief summary 1s given in Table 1.

6.1. Small-scale ocean energy in the WIG

Small-scale use of ocean energy in the Wi0 offers potential benefits to many remote coastal
" communities in the mainland countries of the region, and possibly also the small islands of,
for example, the Seychelles {Paper I). Smali-scale ocean energy casn provide enough power
for productive uses (Paper I-1F) and has relatively low intermittency {although tidal power has
high variability) {Doukas e/ @l 2009). With load-based control systems {Fhnberg 2007},
including productive possibly controllable loads sach as miHinghr water pumping, ocean
energy can provide benefits through off-grid electrification, preferably in combination with
other renewable energy sources.

For smali-scale ocean enetgy devefopments in the WIO to be realized, several socio-
technical prerequisites have to be met and technical adaptation must take place in fhe
direction of simplicity {regarding installation and maintenance), even though it may come at
the cost of lower efficiency (Paper ITD). This approach has already been taken by some
technelogy developers aiming for this specifie market niche (Charbier and Justus 1693, Ayub
el al. 2611, EWE 2011, GHT 2011). In addition, there are several generic institutional barriers

for smali-scale energy technologies to be successfully implemented in rural areas (Paper vy
- These barriers can be addressed at the policy ievel, and may improve with time. Also, the
poor rural markets and the Jack of private sector interest may improve-within the timeframe of
.this study (2050). Howevér, at the current state of affairs, smali-scale ocean energy would
meet many challenges in the WIO.

The knowledge base regarding ecological consequences of small-scale ocean energy
technologies is weak and therefore, adverse effects are difficult to predict. More research is
needed.

6.2. Large-scal¢ ocean energy in the WI0O

The most obvious maiches berween prerequisites for, and benefits of, ocean energy in the
WIO are found in large-scale OTEC and wave power in the small island states (Comoros,
Mayotte, Réunion, Mauritius, and Seychelles) (Paper 1). Regarding the direct benefits to
customers and to fhe electricity grid, OTEC technoiogy has the advantages of high capacity
{10--100 MW per plant), low intermittency of power, the production of potable water as a by-
product, and greater resistance to tropical cyclones than other, exposed, devices. Wave power
has lower expected costs and has reeched farther in technical development. The adverse
ecological consequences are not well known for any of the technelogies, altbough the limited
_availzble data indicate low impacts of wave power {Paper V).

48

If development of wave power or OTEC takes place it one of the more affluent islands
(e.g. Réunion) successful projects may spread to other islands {e.g. Mauritius, Comoros}.
DM and similar post-Kyoto protocol agreements are likely to be important drivers for such
developments, For investors to finance ocean energy in developing couniries they require a
secure energy market and fixed feed-in tariffs (Doulas ef al. 2008), which in turn require a
developed power secter with high institutional quality. This potential barrier may be redoced
with time, as a consequence for institutional development. However, OTEC may aiso pose
substantial risk to marine ecosysiems.

An interesting case is the Comoros, where OTEC seems to be the most promising ocean
energy technology. OTEC planis of relatively small size could hecome suitable prime sources
of energy and freshwater for the c_oimfry {(Paper 1. If this polential resource should be taken
into sérious considetation; regplatory authorities must take great notice of the basically
unknown and potentially significant, or even immense, ecological effects that OTEC
developments may eniail to fragile coastal ecosystems. This leads to' the core of TA.— how
should potential benéfits be weighed against uncertainties and tisk? This has not been dealt
with it this thesis.
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7.2. The way forward

Despite a wide scope, the appended studies in this thesis focus more on physical and socio-
technical prerequisites and benefits, and less on adverse consequences, However, there is an
urgent call for further research on ecological impacts from ocean energy technologies (Frid ef
al. in press, Inger et al. 2009, Langhamer ef ol. 2010).

Modem ecolbgy emphasises ecosystem functions and resilience, where human interactions
and interests are regarded as part of the systern. In marine science there are trends towards
ecosystem-based management and spatial planning {(Crowder and Norse 2008, Douvere
2008). In this context, it would be relevant to investigate how these issues can be intertwined
in practice: how to incorporaie ecosysten-based management and consideration of cunulative
effects in marine spatial planning? A hypothesis, outlined in Paper VI, is that the EcoRA
framework is a suitable methodology that can be developed in this direction. The EcoRA is
souctured in a way that facilitates systems thinking (important for elosystem-based
management), it focuses on endpoints rather than technelogies {important for addressing
cumulative effects), and it can be used both gualitatively and quantitatively {important for
marine spatial planning and risk analysis).

However, assessment methodology is not the only field in need of development, Empirical
data is needed to reduce uncertainties. One of the most obvious concerns is how marine fauna
is affected by open flow tidal current wrbines. Tidal turbines are to be deployed in areas
important to large fish and marine mammals and turtles — it is not known to what degree these
animals can avoid the fast-moving rotor blades, Another area of concem is the ecosystem
effects of OTEC plants which discharge thousands of litres water per second at altered
temperatures and content of nutrients. ' ’

We will never be able to foretell all consequences to an ecosystem, but neither can we
leave it without a .try. The social control of the oceans is increasing — it is an opportumity.
With the successful development of policies based on robust methods able to assess effects
associated with high uncertainties, the collection of empirical data on impacts, and the use of
adaprable technologies, the future utilization of ocean resources should be less detrimental to
marine ecosystems than history has shown previous utilization to have been.
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[3471 and several potential impacts have been suggested [35]. Still, the magnitude of possible
detrimental effects is likely to be limited {361, )

2.2. OTEC
OTEC technology utilizes the temperature difference between cold deep water and war
surface water of tropical oceans, which is converted to glectricity -through he‘jit-exchmlge
principles. The potential of this resowrce is huge and most proncunced i ocean areas with
high temperature differences {AT). The highest ATs are found in the westem Pacific, but
adequate AT exists in most tropical seas [37]. The power ouiput from OTEC undergoes
predictable seesonal variations, associated with the global oceanic circulation.

 OTEC technology has bedn explored for almost a century, but low efﬁciency and
complicaied engineering requirements have delayed widespread implementation [28]. Three
different OTEC principles have been i focus: open-cycle systems, closed-cycle systems, and
hybri{i systems. Large intake pipes are used to pump warm waier from the surface layer and
cold water from the-depth. The open-cycle systf:mlvaporizes the warm water in low-pressure
chambers and leads the steam through large diameter turbines. The cold water is used 1o 1e-
condense the vapour which can be separated into useful fresh water and saline condensate 112,
38]. The closed-cycle sysiem invoives a secondary working fluid which is vaporized, re-
condensed, and recyeled. Typical w‘urkiﬁg fluids are amumonia or propane. Une proposed way
of greatly imfnroving the efficiency of OTEC plants is to use solar thermal collectors or sun-
heated hasins. to boost the temperature of the inflowing surface water before it-reaches the
heat exchanger. {39, 40]. Such solar-boosted OTEC implies some diwrnal variation in
efficiency and power output.

Commercial-scale OTEC plants will have a capacity of 16-100 MW and will operate
aither from shore-based facilities, .moored platforms, or mobike craft, The shore-based
approach implies facilitared logistics and huge power transmission advantages but the number
of potential sites becomes limited by the distance between land and deep water; for the cold
water intake pipe to be of feasible length the continental shelf must be very narrow. The
reéquired AT for OTEC to operate adequately is about 20°C {21, 411, but the higher the AT, the
higher the potential. The surface temperature of tropical oceans is around 25-30°C and it is
generally assumed that coid encugh water is found at 1000 m depth (however, m certain areas

it may be found less deep). For fand-based systems cold water mmst be found within

accessible distance from shore. A maximum distance of 23 km from jand has often been vsed

as an indtial localization criterion [12, 21, 42], but pipe length 15 an important economic factar,
and shorter distanees are much preferable. Based on [43, 44] distances of 5 and 10 km from
shore i0 a AT of 20°C were applied as the criteriz for high and conditional patential,
respectively {only land-based OTEC was considered). '

Other physical criteria-for OTEC are related to slope, hottom substrate, allowing safe
mooring, and ocean c__urrents that must cater for an efficient remaval of discharge water sifice
41l OTEC systems imply jarge quaniities of discharge water wifh altered temperatures that

may influence suTounding eCOSYSIINS.

7.3. Tidal barrages

Tida! barrages utifize the potential energy of tidal elevations. The gravitationa! forces of the
moon, the sun, and the centrifugal forces of the rotation of Farth, affect the oceans and give
rise to global tidal waves. The tidal waves follow a predictabe faattem where the tide rises
{flood) and fails (ebb) once (diumnal tides} or twice per day (sermidiwmal tides). In addition,
the magnitude of tidal waves is increased iwice per month, resulting in stronger spring tides
and weaker neap tides. To a lesser degree, weather conditions also affect the magnitude of
tides. Although the tidal range is low in the open ocean it can be greatly amplified by the
position of landmasses and ocean bathymetry such as gently rising slopes [45].

As tides are hi:ghiy prediciable- the power output from tidal power c¢an be determined
advance with only §mall weather-induced deviations. Nevertheless, the hourly and weekly
variation, with periods that are not in tune with human consumpti{)ﬁ patierns, is a drawback
for tidal power. ' . )

The principle of tidal barrages is to wap a fraction of the ude and keep it out of phase with
the natural tide, hereby craating a difference in water level (head) between the enclosed water
and the sea, The water levels are allowed to even out by passing through jfow head turbines.
Power can be generated during ebb (one-way operation) or during beth ebb and flood {two- -
way operation} [46]. In the case of on¢-way operation the basin is fifled up through open gates
during flood and water is let out through mubines when the receding ebb has created a.
sufficient head (H). Two-way operation means that water is directed through turbines both
during flood and ebb, and more power can be generated. By power plant design (e.g.
adjustment of M, and flow rate) a tidal barrage can be optithized with respect either fo power ’
output or to power availability over time, the iétter of partjcular importance in small electric

grids, . ' .
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Farth’s rotation and are strongest in western parts of the bct;.ans. Although the mass transport
of oceanic currents is immense, the power density is generally low due o low velocities. Oue
of the most powerful ocean cinrent systems in the world is the Somali-Aguthas system which
stretches along the East African coast [28]. ;

Over the past fifty vears, there have been numercus innovations suggested for the
_ extraction of encrgy from the large ocean currents. in order to make nse of slow currents, the
actual fiow over the rotor has to be enhanced. This problem has been approached by various
designs where the most common has been to construct a ducted shroud over the turbine. The
water is dragg;ed shrough the turbine due to the pressure gradient that deve]éps from the shape

“of the duct, increasing the flow velocity and improving the conversion efficiency of the

device. Previous innovations for ocean current power has been of huge dimensions (with units -

Imeasuri]‘_]g up to 150 m in diameter [28]). A recent approach, which is based on 220-500 kW
‘ units measuring 12 m in diameter, is the Deep Green prototype [64]. In this concept the
turbine is moumted on an anchored submerged kite that circulates with the current and
amplifies the experienced water-speed over the rotor by a factor of ten, according to the
developer. The Deep Green targets current velocities from 1 m s~ which means that the
number of potential sites increases in comparison fo other ocean curi;ent power technologies.
Another ocean current power technology under deveiopment 18 the Florida Hydro which
measures 45 m in diameter and produces 2—3 MW per unit [65], chard%es.s of the technology
used, only large-scalc projects are likely to be commissioned since ocean currents are
associated with rough offshore conditions and expensive power transmission .
In this study, the criteria for high and conditional potential for ocean eurrent power were
set 1o seasonal average coastal current spe'cds of 1.5 and 1 m ™, respectively. However, as
the technology bas not been tested at full scale any assessment is associated with high

uncertainties.

2.6, Land-hased RES

Insolation and wind energy are examples of RES that can complement ccean energy although
coastal cloudiness may reduce the insolation and coastal wind is not as prominent in the
tropics as in high lfatitudes, due to low differcace between land and sea temperature. Tiwe
technical development of solar photovoltaic (PV) and wind power is far beyond that of ocean
energy and the resource distribution is well known at a coarse level. This study examines how

coastal solar and wind resources match with ocean encrgy. Tanzanian energy tariffs {26, 27]

10

for electricity sold to main-grid and off-grid systems (including feed-in tariffs based on diesel
costs) were the basis for appmximatad‘resource criteria. The criteria for high and conditional
potential for solar PV were sef to insolation ieveis of 5.5 kWh m?d? and 3 kWh m™ &7 For

wind power, average speeds of 5.5m s and 4 m 57 (at 10 m height) were used.

3. Metho&s

The resource-based potential and other physical preconditions for each technology in each
studied region were assembled from oceanographic literature, databases, and’ global-level

regource assessments. Some of the data were compiled in a previous thesis [66].
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Figure 1. Map showing the investigated part of the Western Indian Ocean and the 13 assessed regions

{indicated by their name).
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81, calibrated by a wave climate database. Barstow et al. [33] presented annual and seasonal
means of wave power, and the ouicome of exfreme waves, based on ten vears of altimetry
data calibrated by buoy measurements. A comparison of the two data sources showed that the

altimetry data [33] with higher spatial and temporal resoluiion generated the mare

conservative estimates for WIO coast. This source was hence used as the primary source. For

illusiration purposes (Fig. 2), inverse distance weighted interpolation {(IDW), based on two
neighbouring values and a spatial resolution of one degree, was performed in ArcGIS to
generate data for each intersection of the coast, As data were based on deep-water conditions
the actual wave power at the shore will be reduced [73.]. Based on [74] this r.eduction of wave
power would be <10%, However, site-specific investigations are needed for detailed resource

assessmenls,

33.07TEC

Several studies have addressed the global level resource potential for OTEC based on the AT
and bathymetry [28, 37, 38, 41]. None of these simdies hav.e provided detailed descriptions of
the OTEC petential in the WIO, so bathymetry and temperature daté acquired from the
African Marine Atlas [75] were used to examine the OTEC-related conditions in the WIO:
shoreline confour [76], 1000 m depth contour [77], and ocean temperatures [78], for each
increment of the coast. The distance from shore to 1000 m depth was calculated in ArcGIS.
The annual means of AT were extracted for all coastal locations found within 10 km distance
from the 1000 m depth. Global-level maps of AT for February and Angust [78] were used for

an overview of seasonal variations.

3.4. Tidal barrages
The tidal range at WIO locations was compiled from oceanographic literature [80-84]. To

. . . . . R . 2
agsess the potential at criteria-meeting locations, the power output {per km”) was calculated

for different barrage designs. A basic semidiurnal tidal model (Eq. 2), based on a daily period

of 12 h 25 min and & monthly period of 14.75 days {54], was used to calculate the tidal

fluctuations at each location:

e+lz

Z = SR cos (ZnTL) {A — Bcoes (27?( 22)

/I

_ (SR-NE)

A=1 (25R)
_ (SR-NR)
B= (28K)

where Z s the tidal level, SR is the spring range {average range during peak spring}, NR is the
neap range (average range during full neap), 7 is the daily period and T is the monthiy‘
period.

The tidal model (Eq. 2)'was calibrated for each criteria-meeting lecation and SR and NR
were estimated from tidal tables (March—June 2010) [83]. Ne corresponding data were
available for the Nosy Chesterfield location (Madagascar), instead SR and NR were estimated
on the basis of locations with equivalent mean tidal range: Mogimboa dz Praia and Quelimane
{Mozambique).

Egq. 3 describes the electric energy E. of a tidal barrage:

- egAH?
L = Cp-——z—— . Hz Hpp - : 3)

where ¢, is the conversion efficiency, p is the density of sea water (kg m™), g is the
gravitational force (m §7), 4 is the intake myea of turbines (%), H is the difference {m)
between the water levels inside and outside the basin. Bq. 2 and 3 were combined 1o calculate
the potential power output and power availghility over tme for tidal barrages using {1} one-
way operation mode, and (if) two-way operation mode. H., and the flow rate through
turbines were optimized for maximum power output [46]. Power output was calculated in

MATLAR® assuming a conversion efficiency of 0.75 and a constant basin depth,

3.5, Tidal éurrent turbines
To the knowledge of the authors there has been no large-scale modelling of tidal currents in
the WIO. However, site-specific information of tidal cusrent velocities at various locations
was compited from literature {9, 81, 85-88] and unpublished data [89]. Where observations
specifically referred to surface or bottom currents the mid-water current speed was caleulated
using the 10" power law for turbulent flow [90].

Quantitative estimates of the theoretical resource were not achievable due to a lack of

site-specific information on bathvmetry and exact positioning of measurements, Instead, the

15
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average) 15 low in the southern hemisphere and throughout the WIO [231 Sdll, theve are

and the wave power is higher during the southern mousoon

e wave power sxceeds 15 LW m™ in most

differences between seascons,

(southern hemisphere wmter) During this period th

of the WIO. F arthermore, analyses by Corneit [73] and Barstow et al. [33] showed that the

frequency of destructwc waves is tow threughout most of the WIO (estimated as the ratio of

the highest s;gmﬁcant wave height to the average wave height).

There is no doubt that wave pOWET TeS0UTCES allow for considerable energy extraction in

1)z ‘ R c interest
the WIO, and if wave power technology becomes available, the resource may be of ©

5 for remote area elecirification

However, the eccurrence of trepical cyclones in sonthern. WIO 18

hoth for large-scale generation and for micre-scale application

and desalination purpeses.

likely to restrict the mumber of suitable sites.

. s0°E
oE ) 80
pe: v
; |
o) egl

Figure 2. Distribution of wave power and OTEC resources in the WIO. Green arcas indicate annual

") for coastal deep-water conditions. €
from shore. Isoclines indicate 1000 m depth.

(kW “ircles mark locations with AT =20°C
mean Wave power

within 5 km {farge circles) and 10 km {small circles)

|
1

Table 3, Deep-water wave power (kW m™") for selected coastal locations in the WIO, based

on visua} chyervations [71} and altimetry-based models [33].

f.ocatien

4.2. OTEC in the WIQ

Region Visual observations Altimetry-based modeling
Annnal Annuai January July
Kenya Kiunga 16 1613 5410 20-30
Seychelles Seychelles 1015 5-10 2030
Seychelles Coetivy Istand - 15-20 5-10 30-40
" Fanzawia Zenzibar  Zanzibar 12 510 <5 15-20
Southern Tanzania Lindi 14 510 =5 70-15
Comoros and Mayotte  Comoros and Mayotte 12 3-10 3-10 10-13
Northern Mozambique  Nacala 14 10-15 3.1} 15-20
Northern Mozambique  Quirimbas Archipelago 12 <5 5-10 10-15
Central Mozambigue Beira 27 19-15 <5 10-15
Central Mozambigue  Quelimane 19 10-15 5-10 15-20
Southert Mozambique  Inhambane 34 20-30 15-20 30-40
Fastern Madagascar Cape East - 15-20 10-15 30-40
Western Madagascar  North-West coast 10 <& 5-1G <5
Southern Madagascar Tolagnaro - 40-60 3G-40 40-60
Southern Madagascar  Androka Kt 30-40° . 20-30 4060
Southern Madagascar  Fenoambany - 20-30 20-30 40-60
Southern Madagascar Andavadoaka 18 20-30 10-15 30-40
Réunton Reéunion - 20-30 15-20G 30-480
Mauritius Mauritius ) 30-40 20-30 40-60
Maurits Agpalega ' - 20-30 i0-15 3040

High potential for OTEC was indicated at 11 locations in the Seychelles, Northern
Mozambique, the Comeoros, Réunion, and Mauritius (Fig. 2, Table 4). Conditional OTEC
potential was found in Southern Tanzania, and Easiern and Southem Madagaécar. The
lo¢ations with highest OTEC potential were the Comoros, Mozam’ojc.:an Nacale, and several
islands in the Seychelles. According to the analysis, the AT averaged 22°C within 3 km from
the coast at these loca‘sions..The results are supported by the temperature measurements
presented by Chapman [10}] but has not been recognized ‘in global-level assessments of
OTEC potential [12, 28, 38]. Because of sirong deep-sea currents, the seasonal variations of
AT are relatively high in the WIQ compered fo other aceans [37). Even at the most suitable

locations AT dips to 19-20°C during the Southern monsoon.
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M.ozambique (Beira}, where mean tidal range exceeds 3.5 m, offers a potential of ~10 (]Wh
km™ y! (Table 5). But, considering the coastal morphology, this area may not be suitable for
the construction of barrages. The Hmestone rock formations of the northern Maozambique—
Tanzanian ceast provide more suitable conditions for barrages, but potential environmental
effécts of modifying tidal regimes in sensitive environmenis may restrict possible
devciopments w0 micro-scale barrages. The low temporal availability of power (Tab“le 5)

impedes the usefulness of tidal barrages in decentralized grids.

Table 5. Mean tidal range, annual power output, and temporal availzbility power (% of time) for
locations in the WIO with a mean tida! rahge above 2.4 m. Caleulations arc based on optimization in

respect to power output, at the cost of temporal availability.

Table 6. Maximum spring speed (MSR), site depth, quality of data (M = measuremems; Q=
qualitative observations), potential anaual power output, and power availability as percentage of time
for tidal current wrbines at locations in the WIO with tidal currents >1.5 m s~ Power output is
calculated per one (1) device of specific éi-intaensious comresponding to large, small, and micro"tidai

current turbines.

Ttegion Location Mean range One-way operation Twe-way;peration
m MWhkm® %  MWhkm %
Central Mozambique  Beira 3.58 5278 o3 10 358 44
Cengzal Mozambique  Quelimane 5.60 2809 30 4519 33
‘Central Mozambique ~ Pebane 2.52 2777 30 4858 33
Central Mozambique | Angoche 2.40 28935 30 5060 33
Northern Mozambique  Mocimboa da Praia . 260 2885 31 5055 36
Western Madagascar © Nosy Chesterfield 2.60 2862 30 5004 33

4.4, Tidal current turbines in the WIO

Only three locations with high potential (MS5 22 m sy for tidal current turbines were
identified, and out of these only two were supported by quantitative data (Tanzania—Zanzibar
and Kenya) (Fig. 3). Strong tidal currents have also been reported, but not verified, at Pemba
Islaﬁd (Zanzibar). Another four locations with conditional potential for tidal current furbines
were found along the Mozambican and Tanzanian coasts. The amount of power that can be
geﬁerated by tidal current turbines of different sizes, at each of the identified sites, i§ given.in
Table 6. Based on available data, the potential for tidal current turbines in the WIO seems

limited, but unrevealed locations with strong currenis may exist,

22

' Region " Lecation MSE  Depth  Quality Large Small Micre

ms'  m MWhE % MWh % MW %
Kenya Watamy 256 M - - 18 M 78 ®
Tanzania—Zanzibar' Kamduchi 4.5 - M - - - - 128 90
Tanzania—-Zanzibar Mbudyz 1.5 i5 M - - 43 33 22 [
Tanzania~Zanzibar Dar es Salaam 1.7 7 u - - 64 &0 34 73
Northern Mozambigque Montepuez Bay 2.5 50 Q 3728 74 - - - -
Central Mozambiqee  Bawzarvto Island 1.3 23 M - - 42 53 1z 69
Southemn Mozambique Inhaca Island 1.5 10 M - - 42 53 22 69

4.5. Ocean current power in the WEO

The most fast-flowing ceean currents that pass through the WIO are the Somali Current and
the East African Current, which are strongest during the southemn monsoons, and the
Mozambique Current which is strongest during the northern monsoon. During the southem
raonseot:, current spesds have been reportedo reach extreme 3.5 m s™! off the Somali coast
[103), and to average 2 m s ' at Zanzibar [104]. More restrictively, the historical ship drift
from Cutler and Swallow {93j rendered mean / maximum speeds of £.2/ 1.9 m s™ for the
Kenyan coast, and 0.7 / 1.5 m s for T aprania—Zanzibar, respectively (Fig. 3, Table 7).

Further, mean speed meap speeds of 1-1.5 m s~

and maximum speeds above 2 m 57 have
been reported for the nofthern coast of Mozambique [91]. Here, the historical ship drift
indicated porthern monsoon mean / maximum speeds of 0.9/ 1.4 m s~

On the basis of these results, Kenya (northem Iatimdes). and Northern Mozambique
(southern iatitudes) may have at least conditional potential for ocean current power. The
continental shelf is very narow in both areas which indicates that the strong currents sweep
close to shore, which is necessary for power extraction. Hitherto, the ocean current power
technologies are in early development siages; as a biief indication thougl, a small ocean
current power device would generate approximﬁtely 160 and 370 M'Wh per unit and month in
continnous currents of 1.4 and 1.6 m 57, respectively. However, the possible environmental

impacts are not known.
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Table 8. Summary of resulis as the highest rank of resource-based poiential for ocean energy, solar
P.V, and wind power for each region. H indicates ‘high® resource potential and C indicates
‘conditional’ resource potential {see Table 1). Note that ranks may be based on simgle sites, not
necessarity rcbi'esenmti\'e for the whole region. All ranking is based tn annual averages; peak seasons
are indicated  brackets where (8) is southern monsoon ('Nov——Apf) and (N} 19 northern monsoon
(May-0ct). Empty cells (-} indicate low potential. The current supply of power is indicated. WP =
wa‘lve power, OT (= ocean thermal enerpy conversion, TB = tidal barrages, TCT = tdal current

turbines, OCP = ocean cutrent power,

Region W OTEC TR TCT OCP Solar Wind Current

PY power supply
- - - 1 [34)] ciNy Cs Hydro, oil,
Kcr{ya ) e
' ) ; cil
Seychelles Csy HM) - B - H{N) C{S) i
' i - H (N C(s Hydro, coal,
Tanzania-Zanzibar - - —. 3 1(N) (5 ]
i - - - C{N C{8 Hydro, coal,
Southern Tanzania - C(N Ny &Y o
Comoros and - H{N) - - - H{N) C(5) ) il
Mayotte
Northern - H{N) c - H C (M) C (N} (S - H_?dm, coal,
' oi
Mozambigue )
Central - C C - BNy C ) Hydrq,l conl,
oo V . . as, o1
Mozambique . B
Southern HE) - -c - cmy C l—i_?!dro, coat,
I : of
Maozambique _
West B (3 - C - - H C(s) ‘ H){ﬁm, coal,
estern o
Madagascar . ‘
Fast C (N} B - - H N} H (S} Hijdm’ coal,
iastern - o
Madagascar .
Southern H(S) CN) - - - H{N) - C(8) i‘i_{dro, coal,
] 0i
Madagascar . N
. - B H H(S) Coal. hvdro,
Réaion ne B (N)- ' o oil, biomass
5 N i,
Mauritius HS) HN - - - (N} H(S) . Coalor

. : btomass,
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Northern Mozambique has 2 high resource-based potential for OTEC. As the national
electricity grid is supplied only from geographically distant generation, the predictability and
continuity of OTEC may suit the purpose of stabilizing the national grid in the north of the
country. However, the region also has wnexploited hydropower resources which inevitably
will be more cost-efficient to uilize, compared to OTEC. Moreover, the region 18 known 1o
contarm particularly valuable apd sensitive marine ecosystems.

In conclusion, the ocean enérgy rescurces of the WIO are substantial and may provide
propitious fulure oppertunities for the developing power sectors of the region. But the
resource availability must be met by the need for energy. to be of any interest, According
the findings of this study, such 4 match may be found in the sn.uali island states of the WIO,
and possibly in some remote sreas of the African mainland, Ocean energy has already been
taken inte consideration in the region [12, 131, but if more than = few igolated projects are to

be realized, efforts towards successful technology mansfer, further deliberated in [105], have
to be undertaken.
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1. Intreduction :

Tidal current furbines (TCT) convert kinetic energy from fast-flowing tidal currents jnfo

electricity. The TCT techoologies are still at a formative stage and comprise a wide diversity
‘of different designs [1-5]. The predictabitity of tides provides a great advantage and is one
;lﬁajor veason for the substantial interest that lately has been given to tidal power {3, 3-8].
Despite limited knowledge of the occurrence of strong tidal currents m maost parts of the
world the global extractible resource is presumed io be subspaniial 15, 9] and projections for
TCT técﬁn{)logy.show an extensive growth from 2020 {10, 111. Being both a rencwable and
predictable energy source tidal power may become one of many important pieces in the
jigsaw of cleaner piobal energy supply. More modestly, it has been suggested that immediate
opportunities for TCTs reside in pro-viding power to rural and island communities [2].

Moast of the different TCT technologies rely on submerged or floating generators driven by
horizontal or vertical turbines, with rotors forced by the currents. The rotor dimensions are
heavily influential on energy captore, but large rotors attain massive loads from cwrents
resulting in stress on material and large foundations. Within TCT development the main focus
has been on relatively large solutions with tidal farms of tens to hundreds of units, each with a
capacity of 300 kW to 2 MW, operating in fast flowing currents above 2 m g7 [12]. Devices
set for these conditions require weight dimensions of up to hundreds of tens per unit [13]
whicl tmply high costs of manufacturing and instaliation,

Distinguishable from the large-scale approach are small units rated at about 5-25 kW, here
referred to as micro-TCT. Of e 39 TCT devices reviewed by the International Energy
Agency [12], about five can be classified as micro-TCT. Micro-TCTs are Hghtweight, can be
deployed in shallow waters, and may be adapted to the conditions of less harsh sites and
slower current velocities. One example is the vertical axis turbine presented by Grabbe [14],
where low ctlt‘ih speed and high generator efficiency at low speed increase the period of
power generation as it operates over a larger part of the tidal cycle.

If smaller and lesé harsh sites can be utilized the number of potential sites increases,
although the extractable power at such sites may be relatively small. In g review of the
Nor\;\'egian tidal current resource 13% of the theoretical resource was estimaied to reside in
sites shailower than 20 m, and 6% at sites with currents below 2 m 57 mean maximum spring
‘speed i8], Micro-scale exiraction may typically be of interest where access to predictable

renewable energy is of certain value, such as remote and less developed locations. As noted

by [15] on smali-scale wave power, electricity access and fuel independence, may be regarded.

as surplus values in developing countries,

Notewori‘hy, the micre-scale perspective is not new; already fifty years ago about 40 tidal
power barrages, with a.total capacity of 383 kW, supplied eleciricity to Chinese agriculture
£16). A similar approach, electrification of remote communities by use of small tidal Barrages,
was suggested by Andeison et al. [17] in 1993, who argued that conversion of old mechanical
tidal mills in rural villages into micro power planis would provide enough electricity to meet
the needs of rural conununities m Brazil. Decendiraiized electrification §s an issue of great
importance both for remote island communities and countries where the costly extension of
national transmission oids is stll in development [18, 19]. For example, low rural
stectrification levels and expensive diese! generators in Tanzaniz have raised the standardized
purchase 1a1.'i‘l’f for elecn’ic‘ity sold ?:;y small preducers to decentralized grids to 25¢ per K'Wh,
which is =300% of the purchase tariff for electricity sold to the main grid {20, 217,

With local use of rengwable energy the running costs are basically limited to maintenance.
Micro solar PV systems have frequently been used for these purposes but more power-intense
sources are needed if electricity is to be used for economically productive purposes [22, 23],
One suggestion has been micro-scale river current energy conversion [241; similarly micre
tidal power could contribute where available. Again, China is a good example on taking early
actien. There has been subsiantial research and development in tidal power, including micro-
TCT 1n decentralized grids, and the source is expected to take &n important role in the Tuture
energy structure [25]. ‘

‘As tidal currents are very confined and directly dcpendém on local hathymetry i is sot .
straightforward 1o locate appropriate sites. At a sirategic level tidal current resources can be
estimated either by modelling water movement based on tidal range (water Jevel) data and
coastal morphology {26-28], or by.usiﬂg existing information of the peak current velocities at
specific sites {8, 13]. Assumptions are necessary in all modelling and uncertainties increase
when large-scale assessments are transferred to site-specific evaluations. For adequate
calculation of potential power output at a specific site a detailed characterization of the local
currents is required [29-311, with suggested lowest sample series of one synodie period (29
days) [7]. In near-shore shaliow water, where the spatial variation of currents is particularly
high, several nearby sites may have to be invéstigated to identify the most promising,

In remote areas, however, long-term field measurements with expensive equipment are
logistically complicated and costly, even more so if the project takes place in a developing

country with little infrastructure, One month of measurements with Acoustic Doppler Current

3
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conservative turbine efficiency of C=0.45 and the water-to-wire efficiency was calculated by
assuming C/~0.95, C~098 and the generator efficiency function demonstrated by
Grabbe [14]. )

Tt has been estimated that extraction of miore than 10% of the energy from a natural flow
may impact the current regime, bringing about both technical and environmental implications

[2, 63. However, in this micro-scale approach the extraction is assumed to be lower.
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Figure 1. Sketch of the hypathetical 15 W micro-TCT used for power calculations i this study

THustration developed with inspiration from [24].

2.3, Field sampling
Short-term observations of tidal current velocities, v, were sampled at remcte locations in
Mozambique, a country with 2 470 km of coastline, mean tida] ranges of 1.9 to 3.5 m, and
largely unknown tidal currents (Fig 2). We used published observations [36, 37] of strong
tidal currents to identify areas of interest for sampling; these were Inhaca lsland, the
Quirimbas Archipelago, and Bazaruto Isiand. For Bazaruto, we attained previously collected
- unpublished short-term abservations from [38]. At Inhaca and Quirimbas, sampling sites were
selected on the basis of requested local knowledge from fishermen and vessel staffs about
sttes of particularly étrong tidal currents in the proximity of settlements.
Inhaca Island constitutes an elovated sand bank between the Indian Ocean and Maputo Bay,

only separated from mainland by a shallow strait in which currents are generated mainly by

tides {37]. Observations were collected in one of many narrow tidal channels (site 1-Inhaca)
end in the actual strait (site 2-Inhaca). The Quirimbas Archipelago consists of several
scaticred coral islands, creating inlets and channels with reported strong tidal currents [36]. In
this area sampiing was carried out af two sites; a bay inlet (site 3-Quirimbas) and a coral-
based channel (site 4-Quirimbas). The sampling was carried out in June-August 2010 by use
of a lightweight Doppler current meter (ALEC Infinity-EM, 10 samples per minute) mounted
at a depth of 2-3 meters from the surface. As the measurements were taken at the same depth
as the rotor of the suggested micro-TCT no depth adjustments. of current velocity were
undertaken. At each site, two time-separated sets of short-term observations were collected,

each set covering 1 to 5 flow peaks (one flow peak represents the water velocity during ebb or
flood current).
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Figure 2. Location of case-study sites in Mozambigue; 1-Inhaca, 2-Inhaca, 3—Q§irimbas, 4-Quirimbas,
and 5-Bazario. '
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Figure 4a-e, The sampled short-term observations were superimposed to the generic tidal model (14.5
days) and used for estimating the tidal coefficients by adjusting until best-fit between ohservations and
model. Figures show sites (a) 1-Inhaca, {b) 2-Inhaca, (¢} 3-Quirimbas, {(d) 4-Quirimbas, and (e) 3-

Razaruto. Note: v axis max speed values (m/sja-b= 1.4, ¢-d =08 = 1.8; % axis time (-14.5 days.

from sample da.ta by calculaling the average ratio between maximum speed of subsequent
. peaks (flood and ebb currents). Secondly, the-sgmple data was superimposed onto the tidal
current model (Eq. 2), synchronized in time with reference to spring/neap, and values of MSS
and MNS were adjusted unti! best fit between flow peaks in sample data and mgdel {Fig 4a-e}.

Hereby, the true values of MSS, MNS, and d were estimated from low amounts of data under

16

the assumption of a double sinusoid tidal cycle given by Equation 2. The potential TCT power

output was further calculated by inserting the modelled v into Equation 1.

2.5, Method validation

A previously published data set [40} of tidal currents from southem Mozambique
(Portuguese Island) was used for meéthod validation. The used data comprises flow peaks over
two monthly tidat peri(;ds.(29 days). The model accuracy and precision were calculated as the
bias and standard error from sample estimates of the coefficients MSS, MNS, and d in
relation to their true values. Three levels of data input were tested: combinations of “d-+4+4 "
4+4°, and 4+ fiow peaks, with the criteria of at least 2 4 fiow peaks separation between
sets. The three tested combinations correspond to measurements during ‘three separale days’,

‘two separate days’, and ‘one day pius one ebb/flood’, respectively.

Table 2. Results from the validation procéss where tidal coefficients were estimated in accordance
with the propesed method and compared with the true values from the same data set. Twenty trials
with randomty selected data were run for each level of data (number of flow peaks); n=20. Accuracy
was measured as the bias, which is the average divergence between estimates and true values,
Precision was measured as the standard error (S.E.} between estimates (samples) and true values, The
corresponding uncertainty in temms of power ontput was calculated for a micro-TCT at two typical -

tidal carrent settings: (A) MSS 2.00, MNS 1.59, d, G.SS;and {B} M55 1.5, MNS 1,19, dy 0.85.

Number of flow Cocfficient  Bias +3.E.

Corresponding
peaks uncertainty {power)
C4Ha MSS 0.007 0.025 A 10— 12%
MNS 0.003 G.046 B <12 -15%
d, -0.001 0.041
4+4 AMSS G.020 0.042 Al -1l - 16%
MNS -0.002 0.046 B <12 - 20%
d; 0.001 0.044
4+1 ASS -0.005 0.058 A -15 — 16%
MN§ 0.013 . 0.058 B: -9 - 19%
A 0.004 5045

11
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‘The highest power potential, and an estimated current peak of 1.61 m 57, was found at site
5-Bazaruto while current peaks up o 1.40 m ¢! were estimated at site 2-Inhaca. The
chservations from site 2-Inhaca covered only 8% of the tidal peréoé.. However, the result is
supported by previously published measurements from the same area (MSS 1.45'm &h {37]..'
The potential power pattern differs substantially between the two Inhaca sites even though the
total pewer outpul is comparable and average power availability is similar. At site 2-Inhaca
power is mote evenly distributed within days {ebb and flood) as a resalt of a ligher oy (Fig. 5
b), while site 1-Inhaca provides somewhat more power during neap as & consequence of a
higher MNS. The temporal availability of electricity is similar for hoth sites, 58%, but ditfers
regarding the availability of power exceeding 5 kW (19 and 13% res.pectively). At Bazaruto,
however, the temporal power availability is 69% and 5 kW is available during 30% of time.
Here, the power cutput 1'; limited by the technical agsumptions of the siudy, the rated power of
the device. - )

While the investigated sites in the Quirimbas Archipelago did not reveal any curreass of

interest, this example rather demonstrates the difficulties of site-screening on the basis of

vague Jocal information on current velocities.

4. Discussion

4.1. Usefulness of micro-TCT électricity '
Mozambique has a rural electrification level below 3% and, similarly to other countries in
East Africa, there are vast arsas which will not be reached by the national clectricity grid
within the foreseeable future 119]. Until then, decentralized micro-grids -or autonomous
systems are the only options if electricity is to be supplied. The demand for eleciric power is
generally lmited under such rural conditions, with first loads being lighting and smmall
appliances and generic household consumptions being about 150-300W [41, 42], A common
experiencé regarding rural electrification is that produciive use of electricity, that is uses
which increase income by production, refining, manuficturing or conmmerce, is necessary for
actual effects on economic development [22, 43-46]. Small-scale productive uses may be
freezers for fish, grinding mills and irrigation used in agriculture, or saw mills, carpentries and
manufacturing workshops for refinery of products. The electricity copsumption from such

loads-typically ranges from 1 to 20 kW [1, 43].

14

Productive use loads are generally siochastic, as they are known to magpitude but not fully
koown in relation to time, In a small decentralized grid, or autonomous system, most
preductive usages WOB}C’! turn out as critic-stochastic loads risking damaging the elecirical
system. Hence, in order to use tidal power in decentralized grids these loads must be made
deterministioc. Water pumping, freezing and grinding mills are examples of productive
electricity loads easily made deterministic, as they can be tuned to available power (here: tidal
predictions), Further, with heavy batteries or other energy storage micro-TCT can pfovide
mvariable power cuiput from sites where the available tidal energy is sufficient on a monthly
basis — such battery-based solutions are expensive though.

Under remote village conditions one or a few micre-TCT at site 5-Bazaruto could generate a
goad supplement of power. The power output per unit exceeds 5 kW over 30% of the time
and reaches 15 kW during spring-tide. With deterministic luads and batteries both village-
level production and households could be supplied. At site 2-Inhaca the monthly avaiiability
of power above 5 kW was estimated to 19%. However, throughout the 7 days neap period

"power never resches this level. With one or few units in operation the pmdulced electricity
-would only be able to serve household-leve! loads most of the time,

‘AtA Inhaca it was furﬂler iHlustrated how nearby sites can differ strongly in MNS (Fig. 5), of
importance for the power availability during neap, despite having quite similar M55 and being

part of the same tidal channel.

4.2. Realization of micro-TCT

For micro-TCTs to become an option for decentralized electrification of remote areas large
volumes and package solutions of operational units would be pecessary to ieep down unit
costs and ensure maintenance capacity. Low-cost site-screening and evaluation methods, as
tiie one presented in this paper, will be ‘necessary. Our example showed how short-term

observations down to 8% of the monthly tidal period can be used for comparing and briefly

evaluating sites. Thus, preliminary field sampﬁng efforts can be reduced by a factor of 5-10

(depending on the accepted level of uncertainty). While the case-study in this paper is carried
out in Mozambique, there are many developing countries with the combination of stron 2 tideg
and dispersed populations living in remote areas without acceh;s to grid-connected electricity;

some examples are Brazil, India, Indonesia, and the Philippines.
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Abstract

The rapid development within ocean energy includes a
numerous  set of different  energy  converters
differentiated  both regarding technical scale and
resource requirements. While many of the developers
focus on resource hot-spots and cofmmercialization i,
industrial éo%mtrics, some technologies may benefit
from shifting into niche markets in developing
countries,  Prerequisites  for  futwre  sustainable
implementations of small-scale ocean energy for
clectrification of rural communities in low latitude
developing regions are reviewed using  African
countries as case study. To meet the ubiquitous need of
power generation at village level in remote areas
renewable cnergy systems, often based on  solar
photovoltaic, are  becoming  more frequently
implemented. Despite choice of energy source, several
small rather than fewer large generators may be
preferable since development of distribution grids is
generally very slow. This paper discusses ocean energy
comverter concepts in the perspective of appropriate
technology for developing country implementation, and
its potential benefits of combination with other sources
in small grids. )
Keywords: Deveioping countries, renewable energy, smali-
seale, ocean energy, electrification

1 Introduction

The harnessing of renewable energy sources {RES} has
been poimted oul as necessary for & sustaipable

© Proceedings of the 8th Buropean Wave and Tidal Energy
Conference, Uippsala, Sweden, 2009 .

development since threats to climate change must be
met simuliancously with the provision of ressonable
amounts of energy to developing societigs. Furthennore
the concomitant limitations of finance, competence and
institional support severely affect the spread of RES-
based technologies (RET) for clectrification in rural
areas of developing countries [ 1],

There are several ways to secure enerpgy availability
in rural areas of developing countriss but the authors
believe that grid extension is, at least at current speed,
not a suitable solution. Small autonomous systems are
therefore an appropriate first step to secure the
availability of energy. However, small autonomous
systems  require a  variely of sources to  secure
continuation in availability [21, Small-scale energy
systems may also be of preference from an

‘environmental perspective since seological values are

of great importance in communities where local
population are ceriminly dependent of ecosysiem
services.

In order 1o obtain an integrated assessment of social,
technical  and  ecologicai  prerequisites  and
consequences for RES-based electrification in South-
East Africa, a region with reasonably availability of
RES, 2 huge need for eleciric power and 2 very low rate
of clectrification, the STEPP-RES (Socio-Technical-
Ecological Evaluation of Potential Renewable Energy
Sources) research program has been initiated. In
colleboration with local rescarch institutions the
program further includes  comparative assessment of
RES availability in the region.

A8 a  vesult  of governmental and  donor
organizations, and with the support of CDM (Clean
Development Mechasism} or subsequent post-Kyoto-
protocol programs, appropriste RET are offered an
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Additionally, several large scale devices are plied to the
sea floor, .

The remote developing region issues of submerged
or offshore tidal energy are similar as for wave energy
generators, with most smportantly complications of
mzintenance but also benefits from possible sea-based
installations. )

Another approach of tidal energy is to crect an
enclosure, independent or in conjunction with natural
rock, which is filled during flood and empticd slowly
during ebb. lide, allowing water fo pass through
generators. The same systemn cap be arranged to let
waler pass through gencrators on the inflow,
consequently producing electricily during tidal flow in
both directions, This technology concept has previously
been used only for large scale instaliations, enclosing
entire bdys or river mouths, which entails large
envirormmental effects from water allocaton [9]. A
modern solution fo this is approaches of smaller “tidai
iagoons” rather than barrages, as presented by Tidal
Electric which is currently projecting’a 60 MW lagoon
in British. waters but also argues for scalability down to
installatioris on kW levels, which may be more
appropriate for meeting power demands and ecological
senstivity of coastal developing regions, This concept
can be implemented on interiidal fiats or at natural rock
and include few moving parts, which is favourable due
1o maintenance. The technology of the turbines is rather
mature and has in principle been in service since the
19605 [21]. A setback for remote locations is the effort
consuming censtruction of the impoundwent, &ven
though natural Tock can serve as part of the wall.

Morcover, Woodshed Technologies has sugpested 2

tidal cnergy approach, 7idalDelay, where the potential
energy of water level differences on opposite sides of a
parrow péninsula is tapped by turbines installed in
connective pipes. This concept has several advantages
as being land based and relatively easy vonstructed and
maintained, however appropriate sites may be very
sparse. The predictability of fidal energy is an
advantage in comparison with weather dependent
sources and short term storage of energy may work to
ease synchronization with load in solitary grids.
However, multiple source gridé will be beneficial alse
for tidal energy systems.

Land-based RES

Land-based renewzble energy technologies are
generally more mature and are increasingly discussed
from a developing country perspective. Since this paper
omly  discusses  small-scale  electricity  sources
geothermal energy as well as thermal solar power
systes i not  further considercd.  Bio-energy
clectricity conversion may be of interest where the
harvest can be done Jocally and does not cause
deforestation or compete with food production.

‘Wind power, as being a cather mature energy source,
is of imterest from a developing country perspective if
wind speeds are prominent zll year round. However,
there has mot been any substantial boom for wind
power in mamy developing countries, with true

exceplions of economically expanding countries like
China and India. Lack of local respensibility and
competence for wind mill maintenance at commupity
level [12]'_. and lack of successful measures against theft
and vandzlsm (14}, has becn reported as major
impediments for successful technology transfer in
Tanzenia. Ancther concern with wind energy is the
stochastic behaviour of power produdtion, an issue that
to some degree can be counteracted by using desigas
that utilises lower wind speeds to a higher cxtent, as
proposed by Khan ef af [22]. Another inferesting
solution for wind energy i to combine it with other
more regularly used sources Hke solar [2}

Solar power ean be sqon ag a very promising sohution
since the resource is available in many developing
countries of low latitudes [23] and the generation is
often regular. Subtropical regions may offer certainly
good conditions for solar power while clouds are very
frequent in coastal ropical regions, somehow reducing
its potential here. The systems can be scaled to any size
and o be placed oul of reach to prevent theft and
vandalism.  Dissdvantages  with  smaller  solar
photovoltaic systems are the relatively low efieets
obtamable and the installation costs.

Need of adaption

Ir Table 1 the need of adaption before implementation
of above discussed cnergy conversion technologies are
sutmmarized. The table highlights discussed needs of
technical adaptation associated with technology
iransfer “in  developing  countries; however this
discussion does net mclude the economic and social
prevequisites for technology absorption.

Table t. The table summarize how different concepts of
discussed RET meet issues of appropriate technology from a
developing country perspective. The muagnitude of need for
adaption is estimated as Adaption Needed (AN) and Minor
Adaptidn Needed (MAN} No Specific {NS) adaption needed
indivates that the authors cannot foresee particular technical
adaption for implementation in developing countries. For the
jand-based energy conversion systems the wate alflocation is
not relevant (nr).
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Wave Energy; | MAN AN NS

sulimerged

Wave Energy; | MAN | MAN § MAN | MAN | MAN
surface

Wave Energy: | MAN | MAN | MAN AN MAN

Tidal Stream: NS AN AN | NS NS
submerged

Tidel Stream: NS MAN | MAN | MAN | MAN
- serface

Tidai frange) NS AN MAN | MAN § AN
Potential ’

Wind Pawer MAN [ MAN [ MAN AN nr

Solar Power | MAN | NS | MAN | MAN nr

5 Combinations of appropriate RES

As emphasized in Table 1 the weather dependent RES
offer complications with gencration reliability and
therefore & combination of sources are needed.
Therefore amonomous systems are normally combined

with sources of high gencration reliability, for example’

a diesel generator {24]. However, during later years
other combinations have been developed due io
technical progress. like combinations with fuel-cells
{25]. Here, techuologies are still in under development.”
When wtilizing tidal energy the availability is of
coneern. Blectricity from the predictable tide can be
used 1o supplement parailel techinologies with lower
generation reliability; the toial reliability will then
increase significantly as shown by Ehnberg {2].

The contio}l of a system with a combination of
sources is more complicated than if only a singic
source 1s wsed. The control method also needs 1o be
adapted to the combination of sources i order to-
maximnise the energy use of the system, In case of
combinations of sources with low generation reliability
such as wave or wind power, or technologics withou
storage possibilities, it has been shown that a loag
based vontrol systers can be favourabie 121, In the case
of tdal potential* powsr (eg, the “tidal Tagoon™
concept} the buili-in storage in the lagoon can be used
Ii_ke storage as s hydro power systems. However, a
sighificant difference is that the water can only bt
siored until the pext flood when unexploited potential
has to be wasted 1o create a new, reverse, putential. The
1';]&11'\/::!3/ teng (hours) lag time between flood and chb
ude, like other sources with varable generation,
motivates that also this conirol method benefits from
combination with flexible industrial activity in order to
maximise the use of the installation and minimise the
problem with availability.

6 Copclusions

F:v.en though the ooean energy technologies are mainky
being developed for the indusirialized part of the world,
some concepls are likely 1o benefit from further
adaption towards the market of developing countries.
This way of rural electrification can be supporied by
CDM or subsequent post-Kyoto-protocol programs. ’

‘Inslaklations of ocean energy comversions systems
will probably be most interesting as combinations with
more mature land-based technologies like solar, in
order to incresse the generation reliability. The regular
tide makes tidal energy conversion systems a cert'?linly
interesting component for autonomaous power systems
‘hased renewable in developing regions, especially for
tk}c aspect  of  generation religbility. However,
difficulties on maintenance are of great importance and
must, together with social acceptance and ecological -
considerations, be addressed thoroughiy in parallel
any system design.

furthermore, it is of importance that RET-cencepts
are scalable, in terms of instailed power, in order to be
appropriate for markels Covering large spans of

demand, which can be expected in developmg
countries.
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Abstract: Mozambique and Tanzania are countries with very low rural electrification rates - far below 5 %
percent of the rural population use electricity. The pace of rural grid clecimification is slow and for most remote
areas access (o the mational electricity grids will nat occur within a foreszesble future. Off-grid (decentralized)
electricity grids are seen as a complement and fore-runner to the national grid, making electricity availabie many
vears in advance and creating demand mad a customer base. Most off-grid systems are supplied by diesel
generntors which entail unreliable and costly elecwicity. Alternative off-grid energy sources exist in the regien,
such 58 bicfueld, wind, micro-hydro and solar PV, but there are significani barriers to adoption, adaptaiion and
diffusion of such RE-based technologics. in this study, the specific drivers and barrers for rural electrification
and off-grid solutions in both countries are explored actoss a stakeholder spectrum. 1t is part of a layger research
effort, undertaken in collaboration between Swedish and African yesearchers from natural, o ny and
social sciences, alming at an interdisciplinary ass went of the potential for an epbanced utihization of &
renewable sources in off-grid sclutions. By qualisiive methodology, daia was collected in semi-structured
stakeholder interviews carried oul with ten natiunal level emergy sector actors. Findings iflusirate country-
specific institutional, financial and poverty-related drivers and barriers to grid and off-grid elecirification, as
percetved by differcnt energy secter stakeholders,

Keywords: Rural Electvification, Off-grid Systems, Renewable Enevgy, Africa, Drivers and Barriers

1. Introduction

There is little doubt that access to and use of electricity is a benefit to people, not only in the
current electricity-dependent world but aiso in developing rural areas. While electricity may
not bring development on its own it 1s a highly desired commodity and a prerequisite to rural
development in long term perspective [1] [2]. In the first industrial countries massive
electrification was initiated in the 1880°s, to be completed only decades after the World War
11; a huge effort backed by powerful institutions. The challenge is now to spread the same
technologies in emerging economies with often very different institutional, cultural and
financial conditions. One such region is sub-Saharan Africa where the electrification level is
minute - especially in rural areas.

In this stdy, the current and fitture prospects for rural electrification (RE) in Mozambigue

. and Tanzania are assessed in terms of drivers and barriers for RE through grid extension and
off-grid solutions; based on interviews with key stakeholders from government, international
donors, private sector and civil society in both countries carried out during 2019, The aim is
to conduct a cross-seclor analysis of country specific drivers and barriers to suceessful RE and
use of renewable energy souwrces (RES) in offigrid systems, as perceived by stakeholders
influencing the development in sach couniry. Both countries have very low RE levels and
there is a long history of Swedish bilateral partnership within the energy sectors. The analysis
reveals important drivers and barriers at national and local level, some of which are not
addressed in literature reviewed. The paper starts with a description of current conditions for
RE in sub-Ssharan  Africa. Thereafter, the electricity sub-sectors of Tanzamia and
Mozambique are outlined followed by a section on method. The results for each country are
presented and discussed, followed by conclusions.
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The interviews have been transcribed and then analysed using the Atlas.ti sofitware for
qualifative data analysis. Each interview “is read through and then all meaning units
(quotations) are sorted into subcategories (e.g. “communication problems™), that are part of
categories (e.g. “barrjers for RE”) which are in tum related to the themes. This type of
anatysis combines a deductive analysis (categories are based on the themes of interest} with
inductive analysis (subcategories emerge from the material) in an iterative process {111, The
software then allows for analysis of e.g. specific categories, subcategories and Boolean .
queries. The result 1 a cross-sector mapping aliowing for comparison between various
perspectives, organizations and between countries. : ‘

Some methodological weaknesses shounld be pointed out. First and foremost, the analysis is
fimited in scope both in terms of pumber of respendents and time allocated in each interview,
The respondents are in general very knowledgesble in their area and much more can be learnt
from each stakeholder. For practical reasens, only ons interview was held with each
respondent, implying that the anajvsis reflects what stakeholders found relevant at a specific
point in time. However, the format of semi-structured interviews allows for respondents to
refiect on their own answers and bring np additional aspects even if not asked for. Second,
there is always a risk of misunderstandings, due to lacking language skills. Interviews were
held in English and ranstated by local interpreter when necessary. Further, information given
st be assessed critically as respondents may Jack knowledge or hold subjective perceptions
that are inaccuraie in some areas. Such weaknesses are addressed through triangulation of
findings. It also matters if there are sensitive Issuss 1o which respondents are unwiiling to
answer, The question of biases in interviews, the concepts of reliability and validity (coming
from quantitative seience) are discussed in length in literature and take on a siightly different
meaning for this type of analysis [11]. In this study, trustworthiness of results 15 sought by
two researchers searching for inconsistencies and comparing findings o existing literature.

3. Results

3.1 Indicated drivers and barriers for rurval electrification

Results of identified barriers and drivers are shown in’ Table } and 2 respectively, and
discussed in section 4. The respondents’ reflections regarding the potential for renewable
energies are not included in the tables but presented in the following section (3.2.).

3.2. Respondents’ reflections regarding the potential of renewable energy sources

Among the renewable energy sources known fo be available in the region micro/pico hydro
power were evidently the source most appreciated among respondents. in Mozambigue most
respondents and in particular the EdM were very enthusiastic about the potential of micro
scale hydro for off-grid applications (notably, no Jarger expansion of liydro power have been
undertaken since colonial time in the country}). Apart from hydro power EdM showed little
interest for renewable sources, In Tanzania the potential exploitation of new hydro power
resources, including micro scale, was greatly advocated by Consultant A who also stated that
hydro power expansion in Tanzania are being successfully counteracied by the gas lobby.
Hydro power has the strong benefit of higher capacity than e.g. salar PV while the flipside of
the coin are the seasonal droughts that in particuiar have affected Tanzania, Regarding wind
power there were little support in hoth countries, with skepticism related to costs and
fluctuations. However, wind power got some support from Taneseo’s research divisien, Solar
PV is used for off-grid electrification in both countries still it was referred to ag generally
expensive and of low productive use. Regarding geothermal energy conversion Consultant A
reported that @ previous assessment has indicated good resources but jow political interest.
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Tab.’e' 1. Hdentified barriers or consiraints to stuccessfl RE in generdl (B) and to off-grid
e..fectrgﬁ:catf(m in particular (b} extracted from stakeholder interviews and Africa-related Titerature L)
Tanz:ama: I=Tonesco, 2=REA, 3=TaTEDO, 4=Donor, 5=Consultani A Mozambigue: 6=FdM
7=FUNAE, §=Donor, 9=Consuliant B, 10=Consulian C. Number of interviews: i-iti, o

i

Identified barrier Source
L .1 2 3 4 5 ¢ 7 8 9 10
dioioof B @ I oi i 7 i

Fustituiions and stakeholder performance
Low institutional guality
Inadequate planning capacity
Organizational structure and sirategies
Lack of co-investments {rural develop.)
Lack of private sector involvement
Incompatibie donor policies
Top-down management in energy sector b

B
B B

B B

eviovllesRveliee)
o o
£

2]
[vrli=n
[sv}

Economy and finance
Tariff system and connection fees
Subsidies -
Insufficient rural financial institutions
Poor rural market and low preductive use
Admin. costs in small off-grid systems
Compensation (in land acquisition)
Lack of consistency between RE projects
High costs of diesel
Dongr dependency ) B B B B B

W W
[= 2w v il
o W

w W

Social dimensions
Poverty and low household affordability B
Gender issues B " b
Problems in focal participation and theft B - B B
Lack of local engagement b b
Change of mind among costumers ' b B

o

Technical system and local management
Lack of access to skilled personnel
Weak maintenance culture
Low capacity of solar PV systems
Low access to required components'
Low generation: capacity B B ‘B B

T W mw
o
o
w
=

Technology diffusion and adaption

Unwillingnéss of behavioral change B b b
Users’ low awareness of techn. potential B
Lack of local entrepreneurship : : B B
-Rural infrastracture
Scaitered population B B B B b B
Limited rural infrastructure (roads etc.) B B
- Long distance trangmission ’ B B
Traditional houses {electricity prohibitedy . b B
Devastating cyciones B
Nature reserves and national parks

. B B B
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detailed than earlier writings, and provides an cxcellent basts for cross-Country comparison
and in-depth studies for cach conntry. It is also valuable for stakeholders, such as donors,
consuttants and policy makers, to gain overview of challenges to address.
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1. Introduction

Access to eléctricity has proven to deliver substantial social benefits in rural areas of
developing countries — related to lghting (Davis 1998, Gustavsson 2Z007b), education
{Ellegard et al. 2004, WB 2008, Daka and Ballet 2031}, health (Spalding-Fecher 20053,
leisure {Bilegird et al. 2004, WB 2008), and security (WB 2008) — but evidence for enhanced
economic development from rural electrification (RE) is weak (Barnes and Binswanger 1986,
Foley 1992, WB 2008). Hindsight assessments of RE strategies and prejects have repeatedly
conciuded that productive use of electricity, which in turn often implies complementary
services such as infrastructure and husiness assistance, is an indispensible component for RE
to heost economic development {Ranganathan 1993, Holland et al. 2001, Peiers et al. 2009,
Jn this respect, productive use refers darectly 10 income-generating  activities such as
agricuitural production, refining of wadable goods, and commerce. By improving business
profits, productive use mdy increase ability-to-pay and demand for electricity. Thus,
improvement of’ RE viability may eventually lead to structoral change in communities
{Muider and Tembe 2008), However, contrary expectations, productive use of electricity n
RE projects has been finited {Wamukonya and Davis 2001, Uskog and Kjellstrém 2008, WB
200%, Peters et al. 2009). ‘ .

R is a messive and expensive undertaking for any country, and developing countries are
therefore dependent on financial assistance from donors and financial instiutions, such as the
World Bank. During the 1980-50°s, the World Bank sirategy on RE lending shified from
public energy sector suppor towards the promoticn of energy sector reforms, with increased
focus on economic and financial efficiency and stong emphasis on private sector
involvement (Weisser 2004, WB 2008). Tn short, emphasis on the economic aspects has
increased at the cost of the social aspects {equity, public services, ‘electricity for all’). The
Wortd Bank scheme has been persuasive and most developing countries have now
undertaken, or are undertaking, corresponding energy secior reforms. Although there is no
universal answer o the outcome of fhese reforms the policy has been widely criticised
(Karekezi and Kimani 2002, Wamukonya 2003, Karekezi and Kimani 2004, Weisser 2004).
Tn essence, the criticism is related to the low interest of the private sector to get involved n
RE, due to weak rural markets, and the general faiiure of reforms to provide RE benefits also
for the poor. This shortcoming in poverty reducticn i correspondingly recognized in the
impact evaluation report published by the World Bank {2008},

The lowest RE leveis are found in Sub-Saharan Africa, where both electricity generation
and coverage of electric grids are heavily underdeveloped. The World Bank evaluation report
concludes that future invesiments in African electric power infrastructure and efficiency must
be massive, and that off-grid solutions can be justified as complements 0 grid extension, in
order to ensure the inclusion of remote areas. The report further suggests that yenewable
energy technologies (RET) should be mors invalved and that suppert for productive tis¢
should be inciuded in the schemes for RE projects. The options of off-grid RE and the use of
small-seale RETs are not new to the discussion (Murphy 2001, Brest and Kruger 2009, Kirubi
et al. 2009}, but may be coniroversial in economic and efficiency-related terms as they may

incur higher costs per customer and Jower reliance in comparison to mam grid extension.

Many African countries face an enormous challenge in boosting RE. from very jow levels
under the impediments of weak rural markets and a growing global energy crisis. However,
the continent is heaped with engrgy sources and several countries show promising economic
growth. A review by Brew-Hammond and Kemausuor (2009 concludes that “efforts which
cucceed in integrating productive uses and income generation activities into energy access
initiatives, whether based on copventional fuels or senewable energy, may well wm out fo be

the deciding factor if the dream of ener 1t i
! energy for all - Africe is ¢ ity
e e gy for ali in sub-Saharan Afiica is 0 become a realit

tn this . .

o th:f study, POWST SeCtor actors in Tanzania and Mozambigue were interviewed on their

perspectives tegarding productive use, private sector involvement, off-grid solutions, and
.. ,

- prospects of renewable energy in the RE undertakings of their respective countries. Qur aim is

to explore how these — accordin i i

: g to the literature — important matters for suc
. - 1 C -
peregived by policy makers and implementers of RE. - Sl RE are

1.1, Productive use of electricity

xizygius:;'aa;immeinufacturing workshops require, or at least benefit from, electric power
, agricultural ouiput can be greatly improved with th F electrici .
Likews ulfural ou 1 be Pros e use of electricity for e
jlr;ggguc;n, t(liehusk.mg.zfmllhng, or %llghtmg in dairy and poultry farms (Barnes and Bifaswanéi
ot gw nn d‘m (sibs,cm:e of electricity. rural industries and well-off farms and workshops may
iesel pemerators, although it is 2 compmatively i i
iosel generators, alf : » y expensive means of electricity.
E}];r’thermymc, ‘s\hf.rt- grld—mrpp%».gd pewer is unreliable, rural industries often continue to uge
o ir ffmn generstors even after electrification (WB 2008, VPC 2008). ladustry and
anufaciuring need power of high quality and hi i G
¢ i d high capacity, the latter making low-pow
o ~ e oo P M H > 1 ; . er
3{(};[1;"7%5 gmh aa %(,l;sl phomvult:x;c_ unsuitable for this purpose (Holland et al, 2{}%1 Jac2b5011
2 rf)}.v 5"1 6}.{%?11.;?}A.L‘5 the connection to the main electricity grid of a rural cdttzm factory
10 ‘,S qucz“ ggr;c;uﬂ;m:ﬂl cutput (\I.Vici.z{der and Tembe 20€18) il a village in Mozambique, while the
¢ of diesel generated power (end the reliance on i i : '
) - ] ! CXpensve prlvate penerator
zz:ﬁ;c}l{ ?Vr;gc;r[}gzgzriy }bolileneck for industrial production in another village i:,1b the sanfg,
. Reliability can be a problem also fi id- -
50 for grid-connected custo i
areas, as blackouts and power rationin n i , e onmeiod
areas, : £ are common phenomena, incurring cosis fo co [
_— 3 s . > b
industry and business due to femporary surcharges that damage equipment% ectee
o ;;gtll'lz;)&iil}: ?;:,3 oiten ::)eeif aisuznad that acgess to electricity will spur production and Jead
cpment, this has rarely been shown in ractice. So f i i
mosily been shown to be correct onl iness scale, where. s
1 ‘ y at a home-business scale, where there is evi
! ‘ . nly ¢ X re is evidence of
Sr}]}c(:)rr_etzzzc]ii rllg:o;nc, n:jami'y due to lighting and extended working hours (WEB Z008), These
: on praductive use in RE may be strongly related ;
‘ nctiv : to the Jack of compl
services {Pearce and Webb 1987, Ranganat Hotlang P ementary
i . , nathan 1993, Holland et al. Z001). *C '
services’, it this respect, is synonymol?s i : i o
: _ $ with co-development of different
is an issue of rural planning. Trans 1 i e et
S5 : port infrasiructure is necessary to trads ,
financial institutions must b i T s chouid b s
at be available to producers at all level fianc
available, and there must be an : e powet potental e e b
y 1 awareness of the elecfric power potenti "
Kankam and Boon (2009} on the 1 i R E s s sbone ot
: e evaluation of RE projects in Ghana: “Tl
raral infrastructure and markets that . o a0 s oo
complement energy use for small and mi ises’
| ; : for smal icTo enterpri
gmlw-ﬂt;] and deve}?plnent tends to negatively impact job creation opportunities” (p 21 7)Tp 5‘35
1 short, electric power has the potential to increase profits from local production and may

be a prerequisi ]
e f}:ﬂ ;qﬁ_lg;t@ _for but not a seed of ~ economic development in Tural arcas. But
gration with, or at least paralle] development of, other services is necessary ‘

1.2. Off-grid and RET

Off-pri . o
mt‘;fc tg};]g ;{fi thd;tdls rur:;l e}?cmﬁcatmn based on independent Isclated systems exci'u'sively
‘ ocal demands of remote locations, is a compl ional gri
: t } ‘ Hons, > ement to nationai grid extensi
a long tme perspective, offtgri i e emee ot
; S , offtgrid may be regarded as a.temporary soluti
interconnected grids with a multitude of . e vantase reired o
r of supply sources have techiical adv
i 1 : antages related t
p(.)wer quality, and can uiilize the generated energy more effectively (no efcess power(;

3
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Table 1. Interviewed actors and their rol¢ in respecti

ve organisation.

Description of Role h.a )
Actor organisation/division organisation
MEM Ministry Commissioner
' Power utility: - Mana "
. gemen
Tamesco-A distribution
Power utility: Directorate
Tanesco-B distribution ‘
Power utility: Research
. Tanesco-C “escarch
£ . .
;{L REA Rural energy agency — Directoraie
- EWURA chﬁlatory authority ~ Management
P Energy related Management
NGO development
Donor Energy sector support Program officer
Consultancy-A Consultancy Management
Power utility: Directorate
EdM-A . generation
Power utility: rural Disectorate
EdM-B “province i
Power atility: Temote oo oate
g BaMC rural province
£ Power utiiity‘i
E ’ Directorate
eE~ EdM-D distribution
I
'53 Funae Rural energy agency — Management
Consultancy-B Consultancy Management
Consultancy-C Consultancy Management

[ ————

e

3.1. Interview methodology and topics

The interviews were semi-structured and open-ende
questions that were pre—de_telmined
option of follow-up questons on re
egies; the imp

six topics: RE strat "
; f RE; the jmportance of productive el

successtul outcome 0

by topic and content but
levant matters (Mikkelsen .
ortance of different {non-specified) energy
ectricity uses; the mvo

Category

Policy-maker
Policy-maker
Policy-maker
Policy-maker
Policy-maker
Policy-maker
Empl.emcmcr
Policy-makes

Implementer

lmplem‘cnter
Implementar
Implementer
Po}iéy-makcr
lmpleﬁlentei‘
Implementer

hmplementer

4. The respondents (actors) we}.‘e_asked
not by precise phrasing, with the
2005). The questions regarded

T

the private sector in the RE market; the importance of off~grid solutions for RE; and opinions
on utiizing RETs. RETs covered in this study include various solar PV applications, smalt
and micre-scale hydro plants, wind turbines, and biomass co-generation in industry. The focus
is primarily on electricity, leaving out biogas, biodiesel, and improved stoves. Bioenergy
technologies for cooking and transport may be equally important, but outside the scope of this
study. Geothermal energy was referred to in several interviews and is therefore presented in
the results, although it is not typically linked to RE.

In the case interview topics were net familiar to, or within the responsibility of, the
interviewed actor, the discussion moved on to the next topic. Most interviews toolk 50-70 min

and were held in English, with the assistance of Portuguese-speaking interpreters when
needed.

Interviews were recorded {(uniess cireumstences did not allow), transcribed, and analysed
through content analysis methodology (Mikkelsen 2005). The content analysis provides an
iterative process, where content categories are based on pre-defined themes of interest
{deductive analysis) and sub-categories may emerge from the material (inductive analysis).

2.2. Actors

Interviewed actors were selected on the basis of their professional position, with the aim of
interviewing representatives from the most important organisations in RE pelicy-making and
implementing (authorities, agencies, utilities, consultancies, donors, non-governmental
arganisations {NGOY). The authors were assisted by colicagues from the University of Dar es
Salaam and the Universidade Eduvardo Mondiane in the identification of adequate actors to be
part of the study, -

Sixteen actors within eleven organisations were interviewed {Table 1). Number of actors
exceeds the mmmber of organisations because separate divisions and provinciai head offices
within large power utilities were considered different actors. Moreover, some actors were
represented by more than one respondent during the interview. To avoid personal exposure,
the full details of interviewees are undisclosed. As a brief indicator of responsibility, the
actors were categorized either as policy-makers {(involved in central planning) or
implementers {involved in field surveying or detailed planning of implementation). For some
actors, the borders belween these categories are vague. For example, consultants are

employed both fo perform detailed planning in field and to develop strategic planning
documents.

The Tanzanian orgenisations and actors are: Ministry of Energy (MEM); Tanesco power
utility (Tanesco-A, Tanesco-B, and Tanesco-C; the Tanzanian Rural Energy Agency (REA);
the Energy and Water Utilities Regulatory Authority (EWWURA); a foreign donor agency
{Donor); a local non-governmental agency involved in rural energy (NGQ); a foreign power

- sector consultancy {Consultancy-A).

The Mozambican actors were: Electricidade de Mocambique (EdM-A, EdM-B, EdM-C,
and EdM-D; the Mozambican rural energy agency (Funae), two foreign power -sector
consuttancies (Consultancy-B and Consultancy-C).
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“The purpose is to connect [households], but BdM also nee,d. to sell eleciricity so wg 1001;
for industries, mills and production. But the mein purpose is the people and not to fin

industries”

Futther, BEdM-C explained:
“We are looking for the big companies s0 they can [financially] attract EdM to come with
the line, but smali industry is not enongh”

Despite the ambition to identify and connect rural industr?es to electnﬁcat;onﬂpro;eicts! fgf
industries were, by all actors, perceived to be very few, of virtually absent. Sma l—s_c;;; e algu i
processing and manufacturing workshops where cons1_d§red more cqmm.{i?. rllﬂ 1§ﬂm "
context, where most people are without access to eﬁectrlc1%.y, even grain mills {;) e-n " z
groups.of women) and smail businesses are consxde}'ed nnpmtanf ?“d_ mayb a\tiacti sﬂs agre
impact on the local economy. However, giid extension a]']d translml.ssmnf su —tshe one &1¢
" expensive and small-scale production cannot motivate grid connection from Y
financial perspective (Mulder and Tembe 2008). . .

The feeling of being sel-aside despite having an elec?tr_zcxtyfdependcnt bugl.rgga _vg:ms
illustrated by a Mozambican poulery farmer who was v1.s;1t.e6i_ in {he haz’zg t?ihuﬁ;n }{n :
responsibility. The farmer had his property a few hundred meters fr(;:ﬁt e 11;'1“551{  Jme
but reported that he was denied connection, unless he covered the cost hi )
place, the farmer continued to run his business on producer gas. . .

In contrast to the above-cited EdM actors, Funas und(?rsco_red the ml}portance.m; smaﬂ~
RE. Funae runs projects not only with diesel generators, but also with

ductive use in - :
e i &. which do not match productive use loads:

 solar PV systerns with low capacity factors,
“{hat needs 1o be known is that, what is very important (o us is productive use, and 501.31-
PV has a big limitation; that Is the big problem.”
' . x H 1 T
Most actors had the perception that access to electricity is a catalyst © development - 31
electiicity is provided, development will improve. Tanzanian MEM explained:

"{ believe that there are many GnEEprencurs in the r_ural areas, fbu‘i they f;g;g]ﬁ}asd;
anything without powet. They cannot have milking machines, or.ll_y a ey\ff canuad(m’t el
gengrators, You canmot have lumber Woykshops and such things i gio dont Bave
electricity. So, T want to look beyond W{hjrlt is on the ground when I provide p;)ecess.i.t.y i
{ong time we have looked at electricity as a hwxury, but no, it 15 2 :

development.”
Mozambican EdM-A reéalied a conversation with the African Development Banit

lectricity to this place, there is no demand’. I said, ‘no,

“ id ‘no we cannot bring & _ b said,
At 3 bring electricity then you will seec what will happen,

the demand is already thiere, if you bn ic
they will buy lamps, fridges, they will improve.

Most actors perceived productive use as important, _but _what Wwas mos‘t'engmsaasnfalé)é
depicted was the ‘large notential for agricultural production’ in not-yet etectrified areas, to

icity i i is requi ; tures
boosted infa growth once electricity 18 pravided. However, this requires new market struc

16

and strategics. During the visits at various projects in both countries, it became clear that there
is a general lack of markets for agricultural products, For example, in the South Western
highlands of Tanzania, most farmers grow the same crops creating marketing problems for
consumer products such as bananas, which seasonally flood the local market, lowering prices
both locally and for export o othef regions. The Mozambican actors BdM-A and Funae
mentioned the importance of complementary services in arguing that provision of electric
appliances or micro-finance instifutions are Important supplements to RE - although it 1s only
occasionally provided in practice.. The Tanzanian Consultancy-A argued that the lack of
compiemeniary services and cross-sectorial planning is 2 major impediment to economic
development. Al three actors who raised the issue of complementary services are
implementers of RE, with long experience of wotking in field. When policy-making actors
were asked about complementary services 2s a follow-up question Tanzanian MEM
established that there is Httle coordination between endeavours of different seciors:

“No, everyone is running on his own; it is a good idea but at the moment there 1s no
coordination.” ’

The regulatory authority EWURA confimmed that there is currently a Jack of coordination
between Ministries and rural development actors, but noted that there had been discussions
with REA tegarding extending the agency’s responsibility from RE to a more comprehensive
rural planning. Reference was made to Zimbabwe, where financial assistance for small-scale
investments is offered to new rural electricity consumers. In Mozambigue, EdM-D referred to
the coordination of rural development projects controlled by the governmental cabinet CRE,
All external funding receiving Mozambique has to pass fhrough CRE, which directs the
resources and sirive to coordinate projects on infrastracture, agriculture, water, health,
communication, and electrification, This indicates that there are coordination at higher level
although this was not mentioned by many of the actors. )

According to the Tanzanian NGO, there is no organizational or instifutional structure in
place at the district level for energy issues, i.¢. there is no government office for energy. or
person respensible for energy, which local actors can talk w. The NGO works to inlegraie
energy with other development issues in order fo engage local poliiicians and officials in
energy projects. ‘ . :

3.2. Private sector involvement in pewer secior and RE

The energy sector reforms enabled the private seclor to get involved at all levels of the power
market, but repeated criticism among scholars has wamed of low interest for the private secior
to take any responsibility in RE (Wamukenya 2003, Karekezi and Kimani 2004, Haanyika
2008). Regarding private sector involvement the interview results (Table 3) show differences
between the two countries.

In Tenzania, several actors experienced that private sector is encouraged fo get involved in
generation and RE, but in practice this is stili not taking place. MEM, Tanesco-A, and REA
all stated that there is a large potential for private sector contribution. In addition to the large
natwral gas company Songas, which is an important supplier at the national level, co-
generating agro-industries were the commmen examples of private sector actors. Small private
producers and churches running micro-hydro generators and distributing in own grids were
alse menticned. None, however, perceived the private sector to hitherfo have played an
important role. EWURA noted that the financial institutions” Jow interest for the energy sector
inhibits particularly small private investors:
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Taple 3. Actors’ reflections on the potential and applicability of di.ffere:m repewable energy
sechnologies. Content soried from positive to negative where H 15 smz}ll‘r’mzcro hydrop
DV, W is wind power, G is geothermal energy.

Acter

Tanesco-r/\
Tanesco-i3
Tanesco-C

REA

Tanzania

EWURA
NGO
Donor

Consultancy-A

EdM-A
EdM-1
EdM-C

EdM-D

Mozambique

Funae
Coﬁsu%’tancy—B

Consultancy-C

Pagsionate

i

S

i

H

i4

ower, S is solar

Positive Neutral Negative
R
= ¥ 58 7 . 2 EE
O S =8 & & el =
RS e 8 g%
"= :{; ,_6 % E,, i E B
G 8
W W
H W
21 WG
HS WG
H 5 W &
8 H 8
H S
G 8 s w
SW W
q W
SW W
5 W 8
H

3.3. Off-grid electrification and renewable energy

Main grid extension is often the most cost-effective way of increasing electrification levels,
particutarly se when no long-distance transmission is required. Off-grid, however, may be the
mast cost-effective way of electrifying specific, remote;or small, communities. In order to

© enhance poverty-reduction impacts of RE, off-grid has gained increased attention both from

donors and from the World Bank (2007).

Off-grid RE was recognised by several Tanzanian actors (Table 3), and its importance was
particularly emphasized by MEM, REA, and the NGO. The former two actors have the
responsibility to promote off-grid and the latter is involved in the implementation. of off-grid
RE. The Tanesco actors simply regarded off-grid as a pari of RE without giving it much
reflection, while Doror and Consultancy-A associated off-grid RE 'with complications related
to abiliiy-to-pay and organizational capacity. '

Also in Mozambigue the consultancies regarded off-grid electrification as a rather
peripheral part of RE, but Consultancy-B poirted to the advaniages of letting rural people get
used to electricity before arrival of the-main grid. EdM-B and EdM-C, who are responsible forr

- electrification in far-north provinces of Mozambigue, regarded off-grid RE important for
_ reaching out to rural communiiies. But they both declared that the issue is the responsibility of

Funaze, aside situations when Fdlh has to take over off-prid generators that have failed due to
lack of diesel and mainicnance. EAM-D, with an overarching responsibility for RE in
Mozambique, clearly siated that off-grid is the wrong way of allocating resources. BEdM-D
showed little interest in remote zrea electrification on the whole, and argued that few peopie
live under conditions where of{-grid can be justified. However, BdM-A was more enthusiastic
about the potential for off-grid solutions:

“There is one thing that has fascinated me: off-grid clectrification ... You can do it with
mini- and micro-hydre, 1 think this is the futre for Mozambique, we have a lot of rivers.”

The opinion that off-grid should ~ or even must — be based on RETs was repeated by
several actors in both counéries. When deductively analysing the actors’ reflections on diesel,
it was found that none had referred to diesel generators in positive terms (although it was

" often understood as necessary). Most actors brought up diesel gencrators as a major problermn

in RE, due to high costs and difficulties of maintenance (Table 3). EdM-A explained how
generation costs in diesel-based off-grid reach US¢ 33-44 per kWh, which is far too expensive
for any economic viability. EdM-D simply declared:

“T don’t want to listen to diesel more m my ife.”

RET-based off-grid was clearly preferred among actors, but the trust in RETs other than
mini/micro-hydro was doubtful. Almost all actors regarded hydropower as being of high
potential (Table 43, Also solar PV was generally perceived as valuable, but some actors also
associated solar PV with particularly high costs and restricied usefulness (related to
productive use, which requires a higher capacity factor than what is usually provided by solar .
PV systems). Wind power was regarded with scepticism in Mozambique while more
positively so in Tanzania. On the whole, the Tanzanian dctors appeared open-minded to 2
larger variety of RETs compared to the Mozambicans.

Geothermal energy s not relevant for small off-grid systems, but may be favourable for
grid supply because of its consistency. In Tanzania, the-potential of geothermal energy was

- recognised by MEM, Tanesco-C, REA, and Consultancy-A. The latter argped that, although -

15
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g, Conclusions

This paper has contributed to the understanding of how the poli}i:yﬁmakigg and t;m}sahz;ne‘:;zig
i i -al clectrification in fwo of the most challenged countde :
actors involved In rural clecmﬁcapon in ) e oo ety
i ir situation and alternatives for progress. Productive use 1 highl
et s not st the poor maral markets and limited
i i raightforwardly encouraged due to the p ! t nite
O raon et i i i 1 development. Private sector is
mad ‘ ificat trategies and other raral develop . ;
coordination between electrification s . ral - Private secior ¥
i i i o in Mozambigue, but is in both countries p S
stimulated in Tanzania, and less so in ouniries perccvcd as
i i is ted by the authors that more attentl
difficult to get involved, It is sugges o e b e
i i i ] i lying the means for rural production a . 15
involving private seclor m supp i e o fese]
é icity. F it is that almost all actors have a negative exp .
&lectricity. Furthermore, it is shown o | ; e
ich in s : tribute to & generally negative opn it .
nerators — which in some cases con ly 1
Efectriﬁcation in general, However, some actors are entluisiastic ab{i;;t the oppfﬁrlngiz;gi
‘ ~gri e 3 chn
i : E i grid systems. Among the venewabie energy e
using more renewable energy in off-gri . _
h:/drgopower is the preferred, as it is often avaiiable and can be used for praductive use.
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1t should be noted that most of the reviewed papers take a
ccr{scwative approach when suggesting potential impacts,
which means that there i5 a tendency 1o exaggeraté rather than
overlook risks, In some pEpers hazards and Cxposure
pathwzys were suggested while at the same time the
magnitude of impacts were thought to be of low importance
(such as the effect of wave power devises on the
hydrodynamic conditions [30] [317}. Further, sonw impacts —
such as the reef-effect — may be considered positive from an
environmentalist perspective, even though they imply &
change to the pre-existing siate of the ecosystent

‘Subsequently, the results  are used to  discuss the
applicability of EcoRA for future  ecosysiem-based
aS§ESSMENLs.

vV ECOLOGICAL RISK ASSESSMENTS OF OCEAN ENERGY
As shown by our results the mumber of potential endpoints

is high. In risk assessments applied at the ecosystem levet

there is an obvious danger of “having to assess everything”™
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TABLEZ
RISK-ANKING SCORES FOR FNDPORITS BASED ON THE ANALYSER MATERIAL
Endpotats “Wave - Tidal OTEC
powar power

Marine mammals 40 40 Hij
Fishfinel, elasmobe) 22 2 26
Birds 30 30 10
‘Eavironment/babim 12 16 13
Algae (sessiie) 12 .6 4
Epihenthic fauna 14 8 4
Plankton ] .(} 15
FEpgs { larvae 2 2 12
Electrosensitive fauna 8 & it
Benthic fauna . 4 4 2
Cordls T2 2 4
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