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FOREWORD 

.his renort was written during the term of th technical services 
work performed for the United States Agency for internatinnal Develop
ment (U.S.A.I.D.) by the author in C::-e Verde from April 1 to Sep
tener 5, 1983. The .crk was done for the Cape Veirde Renewabli Energy
Ploject ( 6 25-.095.03) by Develocmerit Services Associ-tes under con
t.act no. 025-09 .0-C..--C-5090-OO. 
i', units of money used in this report are the Cape Verden escudo 

nd the U.S. dollar. Since coth use th-e notation $ they will be de
fined here as C'JE and .USD resoectively in order to avoid confusion. 
The exchange rate for these two currencies is usually taken in this 
report as 70 CVE = 1 USD. Hoever, it has changed over the years as 
sh-own in -i.gure5 of Section V and occasionally an exchange rate is 
used aprouriate to a certain year. 

The report consists in nart of papers written separately, then later 
included in the rencrt. Therefore, nurnbeli.ig of figures, tables, 
equations and references arrearj for each section separately. Refer 
to the end of each section for thE references or, ocasionally for 
the figui'e captions. 

http:nurnbeli.ig
http:625-.095.03
http:g23-C9,7.03


SUMMARY
 

Three major energy needs, which are especially amenable to satisfaction
 
by solar and conservation techniques, are identified for major atten
tion.
 

They are:
 
Provision of wpt"er by pumping and desalinat ion, 
Pr(_,vision of electrical energy,
 

* 	 Conservation of cooking fuels. 

The primary energy source which is consiered is solar energy utilized
 
directly. In to cost ccmpari sons and discuss
cr-ier sake integrated
 
systems, 
 wind and petrcleus based energies sre also ccnsidered. The 
cookinz fuels considered are wood, brush, and agricultural residues. 
Inso!pt-*on data is collected, analysed and nresented so as tc be useful 
to designers of solar nowered systems. 

Five technologies or macilines for ccnverting the energy sources into
 
the useful products electricity, water and cooked foods considered.
are 
They are:
 

Wind machines 
Salt gradient solar nonds,
 
Improved cooking stoves and methods,
 

* 	 Petroleum fueled engines,
 
Photovoltaic electricity generators.
 

Technical and cost eval'ations of some combinations of these energy 
needs, energy sources, and ccnnecting technologies are presented for 
development. 

They are : 
Desalinated water - electrical power production systems power
ed by combinations of petroleum sources, wind nacr:ne- and 
solar ponds,
 
More efficient cooking methods and devices,
 

* 	 Isolated rural electrical power for small water pumping, re
frigeration, lighting, communicati ons. 

Programs to accomplish this are suggested and outlined. They are 
programs recomnended for immediate implementat ion and long range im
plementation.
 

The programs for immedi--Aw implement rion are: 
Planning for and design of deselination-electricity production

systems using a combinatin of' petroleum, wind and salt gradient 
solar ponds. This includes planning for a rejuvenated salt 
production industry. 
Constructior and operation of a sclar nond for developing an
 
in-country capabilify.
 

* 	 Development and diffusion of more efficient cooking methods 
and equipment. 
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The programs for long range implementation are:
 
• Establishment of an insclatfon measurement program.
 
• Development of a capability in photovoltaic powei generation.
 
Construction of a solar pond of approximately 65,OO square
 
menters to furnish power to the Sal Island desalination-elec
triclty 7eneration system.
 

As examples, a mui&l solr toni development project (ATrreni. D) and 
a model prcject for improved cooking technolo-ies (Appendix E) are 
presented. 
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I. IN:POLUCT ON7
 

The objective of this study is to determine if solar energies 
canreason
ably contribute to satisfaction of some energy needs in Cape Verde and
 
to suggest developmental projects for promising 
cases. The criteria
 
apalied are:
 

(1) Is there a substantial need?
 
(2) IS there a substantial energy resource?
(5) is there a good technolczy or machine that can economically
 
apply the resource to satisfaction of the need?
 

Cases for which al1 three of these cuestions can be answered positively 
are analyzed for technical feasibility and co.t-effectiveness. 

Major energy needs which are clearly identifiable are energies needed
 
for electricity production (commercial, residential, industrial, govern
mentuses), water production, transportation, agricultural production,
 
and cooking. Energy needs 
for domestic and industrial hot water, and
 
building heating and cooling apparently are not large and therefore
 
are not considered in this study.
 

The solar energy resource is substantial. In this study we arbitrarily
 
exclude the solar derived energies from biomass (except for cooking),
 
O.T.E.C., ocean waves 
and most fossil fuels. However, it is necessary

to consider wind energy and petroleum because these are the competition

and we must usually make cost comparisons with them.
 

Solar energy conversion technologies provide heat, mechanical 
or elec
trical energy but, with the exception of biomass derived fuels which
 
are excluded from our study, they are 
not technically well adaptable
 
to mobile applications. Therefore 
a large part of the agricultural

and. all of the transportation energy needs fall by the wayside as 
far
 
as this study is concerned.
 

Some cases which easily survive application of all three criteria are
 
water production by pumping and desalination and electricity produc
tion for urban and isolated rural uses. 
 In this study we consider
 
them in 
some detail with respect to solar, wind and petroleum energy
 
sources and conversion technologies.
 

These three criteria do not apear to 
be applicable to conservation
 
and more efficient use of energy since 
there is apparently no source
 
of energy whose size can be determined. However, that 
is only super
ficially true since it 
has been shown that conservation and better
 
efficiency are in reality large energy "sources" (a penny saved is 
a
 
penny earned). It appears to be the 
largest energy "source" discovered
 
in the United States during the past decade. Improved cooking methods
 
fall in this category. The need is large. The cost 
and labor of obtain
ing cooking fuels are 
large, land is being over-taxed by excessive fuel
 



collection including the roots of plants, and the government is incurring substantial expense in its program of butane 
subsidization. Early
results of programs to 
improve cooking efficiency in other countries
look promising so we 
will assume good technologies for increased
efficiency can 
be introduced. 
 This will also be considered in this
 
study.
 

This report 
first makes a brief survey of energy needs. 
 Then the solar
energy 
resource is analyzed. 
 The available insolution data is presented
so 
as to be useful to a designer of solar systems. 
 The wind resourceis then reviewed and 
electric power production by wind machinesCape Verde is briefly analyzei. The time evolution of the prices 
in 
ofpetroleum products in Cape Verde is presented. They have been increasing raridly in recent years. Then rome solar technologies (also windand petroleum) are 
applied to the desalination, water 
pumping and electricity production problems. Finally a few 
project recommendations
 are made and a model project for solar pond development is presented.
 



II. ENERGY NEEDS
 

No attempt will be made here to make an exhaustive statement of energy

needs in Cape Verde. Indeed it would not be possible for some sectors
 
because the 
basic data does not exist. For example, quantities of
 
different types of cooking fuels used are 
not known and it would re
quire a fairly serious survey to determine them. In tead, we will
 
list energy needs; then later in this report elaborate on a few which
 
are known to be important and which have iood prospects of being satis
fied by renewable energy resources an techInolo:,ies.
 

1. Energy for mobile applications: This inc>dies transrortation and
 
mobile airicultural wor.. It generally requires liquid 
fuels although

in the past gasification of solil 
fuels has been used for mo-ile power.
 
Since biomass resources from which liquid fuels (ethanol, methanol,
 
vegetable oils,...) can be manufactured, are scarce in Cape Verde pro
duction of such fuels from internal biomass sources does not appear to
 
be promising.
 

2. Building_heating; domestic and industrial hot water: In northerly

climatesthere are 
prime prospects for solar heat. However,building
 
heat is seldom needed here and only a few opportunities for solar hot
 
water exist. Solar hot water could be installed at the Praia hospital,
 
at the higher priced hotels and in a few residences. However, for
 
average houses and hotels it 
is simply not needed. Industrial enter
prises that could use solar hot water include the tuna canning factories
 
such as the one in Praia. However, conservation measures (insulating 
hot water tanks, 
for example) would probably be more cost-effective.
 
Furthermore, the plant operates only seasonally so that the solar system

would not be used continuously (renewable energy systems generalare not 

ly cost-effective 
if there is too much idle time). However, if a new
 
tuna processing plant 
were to be built it would be appropriate to employ
 
conservation measures and perhaps to install a solar hot water heating
 
system. Even though there are limited opportunities, solar hot 
water >e:ter hould be installed wherever there is substantial, con
tinued use of hot water. 

3. Building air-conditioninC: There is not 
a strong requirement for 
air-conditioning in Cape Verde. The little that is needed could be 
provided, at lower expenditure for imported fuels, by (1) use of con
servation measures (awnings, good maintenance of air-conditioners',
 
weatherstripping, etc.) 
and by providing renewable, supplementary
 
sources of electric energy for the cities (wind, solar).
 

4. Electricity:
 

(a) Rural: Electricity in rural areas can be used to refrigerate (me
dicines, food products), to illuminate, to pump water, etc. Rural dis
pensaries in some African countries, e.g., Lesotho, have found solar
 
photovcltaic electric generators to 
be quite attractive, functionally
 

.(
 



and ecrnomically, for refrigeratici, of medicines and for two-way radio 
communication. Many of the rural dis.pensaries in Came Verde !ire located 
in towns which have electricity and teleohones so this need doesn't
 
appear to be as great. Hcwever. small electricity prcducing units, 
either wind cr sciar photovoltaic.may find a place in rural areas and
 
this possibility should be kept in mind.
 

(b) Urban: Electricity for urban regions is an establi -he] need which
 
4s currently bein' s, 'pnlied by diesel generators and one or two units
 
fired wit' fuel oil ie -, includinp- the desalinaticn Flint). The
 
increasino cost of retroleuim imports impli-s that ai ternatives to pe
troleum be tried. Two of tke more prcrnisinc alternatives are .,ind 
(which ir being starte,_d a U.;. ,ro-ect v.ich wll. inEteI two .5 kW 
generacrs at PrC-i.a) and so- ele ri- oeneration -fstemF. 'T-ee are
 
discussed in sore det I s. section_-.
ssecuent 

5. Cc.kinz and djstili .7: Cooking i- now dnne with -11els 
7brush, wood, ,.i,, ac-ri cul+ra.] residues) and with butane or k rosene. 
3ro- distilleries use Icr ce amounts of gr i cult-ral residues.acrarent
iv all su,mar cane bagasse. We have not detr-riined the quantities of 
various fuels used annually for cooking and gro7 mckinw. ThiS wou!e 
recuire a t.hrough survey an(] study. 

Currently it costs 7O0- O0 escudos to import a bottle containing 12 1/2
kc of 1-tane. T - i reo o SFo eFuds cost a:r si~ iysbeing borne by the -overnment. Tn order to reduce butane costs a pro
ject is underway to import in bulk and do the httling in Mindeil. The
 
cost of firewood in Mindelo was repol-ted to be 4 escudos -per kilogram. 

A kilojoule of wood energy is therefore 5 times lpss expensive than a 
kilojoule of butane energy. Evidently the efficiency and convenience 
of buitane compensate for this cost difference. 

The problem of cooking fuels is not only on, of expense and labor for 
gathering but also one of land quality. Gathering of fuel ccntrib}utes 
to nearly total clearinF of the land includinq nullins roots. Leaving 
some of this on the land would reduce erosion and add orgoniu m'-ItteI 
to the soil. 

6. Water supply: This appears to be the major problem of Cape Verde. 
Even the food supply coulr- be said to be second m-y because it derends 
on the water supply. Rainfall provides enough water for a s}:ort grow
ing season and serves to replenish the undergrcund acoui fer-. 

Secondary sunplies of water come from (a) fresh water acquifers (b) brack
ish acquifers and (c) sea water. The water is obtained frcom the acoui



fers by n,- tural flow (springs), by drilling wells and pu ring, or by
constructing galleries (nearly horizontal tunnels into acouifers which 
underlie elevated ground, mountains, etc.).
 

Except for natural springs, energy is required to obtain and/or treat 
this water. Construction of wells, galleries, and water distribution
 
and storage systems requires energy. Pumping from wells and through
dist1 '-hution systems requires energy. Finally, Jesalinstion of saline 
and sea water requires large quantities of enercy. With the exception 
of perh.aps no more than 10C wind poxered water pumps and one photo
voltaic water -ump, all of this enercy is supplied by petroleum or 
human 
labor, in a later section we shall investigate other sources of
 
enercy that can substitute for these. 

7. Energy for ariculture: Higher uroductivity requires higher energy
inputs. For food production these energy inputs are 
(1) land preoara
tion, pIanting, tilling, harvesting, etc., (2) irrigation (3) insect
icides, fungicijes, etc. 
(5) transport and (6) Post harvest treatments
 
(threshing, grinding, storage, drying, etc.). We have already dis
cussed (1) and (5) under "mobile a-ulications" and see no easy subs
titute for etroleum based fuels. The same may be said for (3) and 
(4) whiich ere manufactured or processed in foreign country using pea 
troieum fuels and imported, thus adding indirectly to the imported pe
troleum bilT.A. Number (2) irrigation has been ccvereJ under "water 
supply". The, list group (6), post harvest treatment, permits easier 
entry of renewable energies. Solar drying of fruits or fish (if agri
culture can be taken to include all food production) orof other Oro
ducts is possible. However, solar fish drying in Senegal has a long
record of going nowhere. Grain grinding has been done with wind and 
solar photovoltaic Dower. Such non-mobile agricultural applications 
are most suitable for renewable energies.
 

* There are, of course, locally produced fertilizers such as agricul
tural wastes and dung, but much of that is used as fuel for cooking 
and distilling. 



III. MEA.SUREMENTS AND ANALYSIS OF SOLA? RADIATIOI IN CAPE VERDE 

In order to design solar energy systems and devices and to calculate
 

their performance and costs, one must have rather complete and often
 

detailed knowledge of the solar radiation resource. Specifically,
 
the insolation, both global and diffuse, as a function of time is
 
needed. For some a-plications the time interval must be 10 or 15
 

a -,ear.minutes, for others an hour, a lay, a month, or even 

Prai for many yearsInsolation data was measured for Mindelo and 
during the 1950's through early 1970's and recorded in t.he AnuarTo 

Ciimatc!2Dico de Portugal. Re,:ently. measurements have been reccmmend

ed by AGPKY.ET and IINTT. 

We have collected data from these soirces, including from Lisbon and 

Sal Island, assembled it, analyzed it and presented it in a form that 

is intended to be uzefil1 to the solar designer. However, the data 
except for Mindelois incomplete in that the time interval is a month, 

and a few recent measurements, and the diffuse insolation was not 

measured. Furthermore, the Pobitzsch actinoraph used for all the 

measurements before 1975 is basically no'- an accurate {rstrument so 
of high accuracy (perhaps 10 %'/or less).
that most of the data is not 


weTherefore, an insolation measuriment program should be set up and 

have recommended one in later sections of this report.
 

The reader is referred to Appendix A. for the insolation data and
 

analysis. 

http:AGPKY.ET


IV. WIND ENERGY RESOUPCE N, CAPE DE 

Wind has lonq been recognized ;, a significant source of ener2-- in Cane
Verde and there 
 is a history of wi'ndmill ise. Therefcre, it is not
surpri.';ing that a considerable amount 
 of inforation on the w4n re
scurce exists.
 

1. Sources and Analyes - "'ind Data 

Wind steed nod direction me'- ,rerits Fu'e -Dro to ,re-eenCeare ccntained in the Anuario _limatolo-ico de Po1-'1t-l I.
cluies reati-elv cmmlete mcntPjydate for Mindelo, Sal, 

1 This 
:nd rai ndless c-).-c-te data fro so.e. ',h,- stiqns -ch S T>).-e (Sanan,3 1,onte Ueh. fFocc. Furthermore, for th AnireloAario continsdailY data. for $ ti-mes of the day, tIus the -aily Ftvfrace win. steed


(wind "run" divided by 2- ho'urs).
 

In the years after in.dependen -e wind aer,..,s were mcde at Min.delo
Sal and Prtia. AonTrently th. beIst continuous data availble is for
the Pr-R -airnort. 
 The Praia airuo'-t data for 1975-1Q21 was analyzed

and pr, ented in an excellent rerort by Pieterse 
_2j. Thi- retort iFthe Mo. orough and useful rerort c- wind encrw , in Cape Verde todate. it is based on data from an unobstructed anemometer at a he4 -htof six meters above the ground at the Praia airnort for the years 197.-

The data for Sal island for 1978 is presented and used by Wond -I inhis evaluatun of wind enerL'y ootential for Sal island. Th: . anemometer 
was at a height of . meters above th, 
-round. Beurskens F4- p.resents
and uses the Praia airpoort data in his reeort 
on the ase of wind for
water pumping in Cape Verde. Van Mee! 151 uses the Praia data in hiswork o!i water pumping. Blke 6- presents and 
analyses the wind data

from Praia airport for 1978 in his stud2 of wind power for Cane Verde.The National Climate Center jn the USA 7 1has reduced Care Verdean windto a computer format for Mindelo. Praia and Sal (as :e,)orted by mlake

1 6-. Frandsen FI8-I uses wind sped data from 
 Sal and Praia in his stulyof electricity production from wind in Cane Verde and Lambert 
-9 I list.swind data and evaluates w.in.d energ 
potential fo various Cane-Vrdean
 
locations.
 

Currently. I.N.I.T. (Instituto Nacional de Investiaao Tecnolo-ica) ismeasurini- windspeeds at two higher elevation locations near Praia inpreparation for installation of two 55 kW wind turbines which will fced power into the Praia electric power system. Ponta d'Agun is on a ridgewhich appears to be oriented properly with resnect to the prevailinpwind direction. Sample data from November, 18)2 shows daytime averagewindspeeds higher than those at Praia airport. The wind speeds at 
the

other site being tested, Palmarejo. appear to be slightly loNer than
 
those at Ponta d'Agua. 



The AGRHYMET* system of weather stations is effect~ng wind speed 
measureatenus. towever, being devoted to agricultural purposes, the
 
measurements are maae near ground level, and often near obstructions
 
to wind flow and irregular terrain features. Therefore, these menasure
intfft w ill usually bt of marginal use in wind energy work. 

2. Characteristics of the Wind Regime
 

The characteris ics of the wind regime in Cape Verde are well. ies
cril:ed in the works cited above and these should be consulted. A 
b4ef summery is given here. 

Averaje wind speed
 

On Sal island the average wind speeds go from a high of nearly 8.5 
m/s in March, Arril and May to a low of about 6 m/s from July to Oct
ober Fr-I. At the Praia airport the high i.; about 3 m/s and the low is 
about 5 m/s during these same months I2., 6_I. Th- diuinal variation is 
characterized by a broad peak from about 10 hours to 1800 hours for 

* AGRiculture, HYdrometry, METeorology measuremenit network for tie 

Sahel witi .ar-era ir Niaimey.ieq 



both Sal and Praia fr3, 2]. During the "windy" months the average wind 
speed in the afternoon is nearly 10 m/s in Praia 13 1. The early morn
ing hours are the most calm. This diurnal variation is not quite in 
synchronism with electric power demand wbich eeaks at about 2000 hours 
in Praia _CI. 

On ro:-e nountainous islands the average wind .reed would be exoected to 
be stror... on ion. his i-- outoendent Icat oo:ne by the recent 
I.N.I.T. ne-surements on the ridge at Ponta d'Agua. Hoever, very 
little c:ood data on Iec7rahical depenence of wind speeds is available. 

Wind s7ed distribution 

Pieterse_ 2_j has fo'.-,und that the Neibull rcrobability density function 

c cj
 

describe the win, regime at Praia airoort for the six year!: 1975-1981.
 
P(V) gives the probability of wind speed, V. The constant - is related
 
to the average winj velocity (see Eq.3) and k is the "Weibull shape
 
parameter".
 

The shape parameter varies from 2.24 in Septemher to 3.67 in May F2-1. 
This hih value o' k means that wind sieeds are grouved closely about 
the average sneed. This ics in sharp contrast to most wind reoimes in 
more northerly climate.,;. For exampl!e, in Denmark values of k between 
1 and 2 are common 112 ;at the Altamont Tass wind area in the U.S.A. 
values close to 1 occur 1111 ; an] the Weibuil function may not even 
represent the data in many cases. The sjgnific?,nce of a k value of 
- is that wind system,, can be desicned which do not have to account as 
much for very high or very low speed winds. 

in Figure 1, we show the measured wind sneed distribution for the month 
of February as given by Pieterse F2 I. Th Weihull shape parameter, k, is 
7.6 and the average sneed is 7.89 -/s. In Figure 2. we show the measured 
annual wind speed distribution for a site in the Altamont Pass east of
 
San Francisco, California. U.S.A. The average speed at this site is
 
7.4 m/ s. If one were to ignore the shoulder on the distribution at 15 
to 30 MPH (miles/hour) a Weihull function with a shape Parameter near 
or slightly less than unity would fit the data.
 

In Figure 3 a series of plots of the Weibull function is shown for shape 
parameters from k=-5.0, which is close to the Praia data of Figure 1, to
 
k = 1.01 which is similar to the Altamont Pass data of Figure 2 if the 
bump in the center ware removed. 

/'
 



Figura 3.4: Distribuiqao do vento durante os meses de fevereiro de 1975 a 1981.
 

V E f(Vi) H V. 7,89/s
 

10

6
 

I,. 

4

2

t, 

1.5 55 95 135 11z 215 255 29.5 335 375 415 455 495 535 575 lkm/hr)
 

0 1 2 3 4 5 7 a8 9 10 I3 11714 12 15 16 (m/s)
 

Fig. 1. Wind speed distribution at Praia airport for February (average of years 1975 to 1981). 
From Pieterse. I_2_I. The average wind speed is 7.89 m/s and the Weibuil shape parameter is 5.6. 



FIGURE 4.3
 

SITE A -01 ALAiEOWA COUNTY
 

DATA PERIOD - 2/22/79 - 12/31/"79
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Fig. 2. Wind 
speed distribution at 
Site A-01, near Altamont Pass east of San
Francisco, California, U.S.A. for March through December 1979.
wind speed is 
 The average
7.4 m/s and the Weibull shape parameter would be
the data fits the Weibull distribution poorly. near unit but
From Hennessey and Waco X b.
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jW Wind machine performance
 

It is useful to estimate performance of wind 
electric machines in Cape
Verde by comparison to the performance of machines in the Altamont Pass
 area where over 500 machines of 50 to 
100 kW rated power are operating.

The averace wind seeds are 
similar. However, because of the 
very

different wind speed distributions the exoerience qt Altamont Pass must
 
be applied to Cape Verde cautiouzlv.
 

Let us use, as an ex.re the FZayette Model 4-7 IIS wind machine 1si 

with a rated power of More 200 in74 kW. than of these are oneration in
Altamont Pass. hasIt a 1O.4 meter iiameter rotor with three fixed

blades. 
 't feeds rox:er into the northern Califo:nia electric distri-u
tion svstem. At l;w wind speeds its r .tatonsneed i.s . :'evolutions 
per minute (RPM), !t hiTrer wind sneeds it is 1Q RPM. It's poer curve
(power output as a function of wind sneed ) is s-x:wn in Fi-ure 4. Surerimposed on this figure are two idealized rower curves Isee' refs. 10, 12-1which will be used for subseauent enerzy out,-ut calculations. 

A str-ihtforward 
numerical inte(7ration of the rroduct of te actual(uot idealized) power rurve and1 the annual wind distributions of site

A-01 neafr the Altamont Pass (Figure 2) and of 
 the Praia airport* results 
in predicted annual electrical ener.y proluction of: 

Site A-0! near Altamont Pass 
 16. O00 kWh 
Praia Airport 
 114.OO0 kIh 

Thus, thi. wind machine produces L+5 % more energy at the U.S. site where
the averae wind sneed is not much different from Praim. 

The reason is that this machine is desigred fo- the higher speed tail 
on the wind sneed distribution for Altamont Pass (Webull shape para
meter near unity). There are fewer occurrences of such higher windspeeds at Praia (shape parameter near three) as one see bycan compar
ing the distributions 
 .
for th= two sites.
 

The power curve of a wind machine can be satisfactorily approxim:nted by
the simple form shown in Figure 5. The ma'
chine begins producino power
at a "cut-in" win9 speed, V., and the nower rises linearly with wind 
velocity up to a "rated" windspeed, V2 and "rated" power Pr- Then it
is constant up to a "cut-out" wind s7ee Vr curveof the Fayette m chine can he ;aprox.tina , u. eof this true with 
VI = 175 m/s. Vo m/s and P, 74 kW'. 7' curve is superimposed, insolid lines, on the no.er curve of Fayette macliine (Fig. 4) and it c.n
he seen to arroximate it reasonably well. The Pyett machine does not 
have an ahruct "cut cut" sreei but we shall assume it to he TO m.Is. re
cIOn 7i5 ng that the exact chic e makes little difference for ener,y pro
* The sum of the monthly curves similar to Figure 1 givenIfas in Table
 

. of ref. 2.
 



72 
0 


R GO 

U 4T 
U

T 36 

(KW) a4• 

12 

Fig. 4. Power 

are also shown. 

/4mi's 17m /s 

74kW.k w -4 - -


POWER OUTPUT / 120RPM
 

WIND VELOCITY / / 

//
 

/ I/.. "
 
/ 80 RPM..... "" 

2/..' 

,/7 ,/ NOTE: 
. /, PROJECTED DATA FOR 

/" / 34! DIA. ROTOR AT 80 120RPM
 
'// BASED UPON DATA FOR
 

/ / 30'DIA. ROTORAT84tI20 RPM
 

10,5ns1/ 20 30 40 50 60 

WIND VELOCITY (MPH)
 
curve of a Fayette wind electric generator. Three idealized power 
curves
 
Courtesy of J. Moore i131.
 



Pmax 

LU 

0 

V, V2 

WINDSPEED 
V3 

Fig. 5 Idealized power curve. 



duction since winds of this steed seldom occur. 

The Windatlas for Denmark F121 -Tives a simple method for calculating
the energy output of a machine having this simole power curve at a site 
baving a Weibul] wind speed distribution -see pages 106-109 of ref.12I. 
The1 product of the Weibull function (Eq.1) and the ower curve of Figure
5 is integ-rated over all wind speeds. The result is the averag~e rower, p, 

Pr -h<. /c) -~ V2c1 (2) 

Pr Vrr-12/c 

The G's are certain gamma fncticnsof the velocities V, and V2 , and 

of the eibull ?arameters c and k. The average velccitv cnmes in throuh 
the relation -10, 1 I 

c = , (3) 

where Pis the Lamma function. The 3's are given in Table At of the 
"Windatlas" F12 1. We have used k =2.5 since the "Windatias" table 
doesn't Five G's for hJ.;her values. We have omitted a term from Eq.2 
as wiven 4n th.e ,indat!la. because it is nerliJ7ib] e for k values of 2.5 
and cu+-out wind speeds of -;" -/s. A shape factor of 2.5 shoild be a
reaw-ni:.]e reo'es~nt~ on of the s4 taticn Pt Praia sice Pieterse L2j
gives : factor's raro;inn from 2.24 in Se!tember to .,.67 in Ma,. 

We have used this method to calciilate the average annual andcower 
annua]l enervy nri-uction for a n-achine nf the Fyette tvne with Vp=17 M/s
and V;=0 mns: qn for a machine modified so as to reduce the cut-in 
speed. 'J2, to 14 m,/s in order 
to better take advantage of the Praia
 
wind distribution. The resultr are shown in Tahle IV-I. 



TABLE TV-i. Average and monthly energy production for a wind electric 
generator. The wind machine has the power characteristics of Figure 5 
and the probability densiLy function for windspeed is the Weibull func
tion, Eq. 1,with a shape factor k =2.5.
 

V( rn/s) 
P/Pr 

V2 = 17 m,/s 

P(kW) E(MWh/rm) 2D/r 

V2 

(KW) 

= 14 mr/s 

E(Mqh/m) 

5 
7 
9 

11 
13 
15 

0.072 
0.201 
0.347 

O 4o0 
0.604 
0.692 

5 
15 
26 

36 

51 

4.6 
10.8 

18.7 

2. 
32.4 
36.7 

0.096 
0.258 

0.449 

0. 53 
o.6q9 
0.772 

7 
19 

73 

44 
52 
57 

5.0 
13.7 

27.8 

31.? 
37.4 
41,0 

V = 

V1 = 
V2 = 
Vx = 

averape wind speed 
out--n wind speed (5 m/s-) 
rated wind sce-d 
,ut-out wind speed (7 m/s) 

Pr 

E 

= averaoe power 

= rated power 

= monthly energy production (7209) 



It is immediately evident that, in Fraia, 
it is quite important to select
a machine with a lower cut-in speed. At an average wind speed of 9 m/s,for example, the machine with the 14 m/s cut-in speed will produce 27 %more power than the one 
with a 17 m/s cut-in speed. Thus, in selecting
machine Praiaa wind for we would choose a machine with different
characteristics than one operating in the Altamont Pass Cor in othersimilar northerly wind regimes). With. precauti*)ns such thee weas 
 cantransfer a great deal of our quantitative. operating information from
the ocerating 
wind farms of -he U.S.A. or Europe to Cape Verde. 

If one knows the caracteristics of a wind electric generator. i.e., Pr.V1 , Va, V7 and has the average wind speed for tie month at a siteCape Verde one can read the month:ly energy production 
in 

from a table suchas Table IV-i. At a site such as raia airpc:rt at eters-' height onewould be able to produce about 12, 7 J kWh in June ( . m/s) withthe machine which has a rated x ind sueed of 14 m/s. if all months ofthe year were the assame JLune this xoul. be about 1'< C k7h//ye ar.However, as Pieterse shtows Z2_ , the l-st monthssix of the ,year are Poorerwind months. Actuial numerical calculation from Table -. 1 of Pieterse
 
I2_I for this machine 
 (V 2 = 14 m/s at Praia airport. yiels 2,00O k',h/


year.
 

It would be expected, of course, that a location such as Panta d'Aguawould produce more energy than this because of the speei Il effect a properly oriented and shaped ridge. 
over 

Results of measurements currently being made should allow reliable ,uantitative estimates to be made
which can be validated by direct com-arison 
 to results from peratinc

wind farms.
 

4. Cumulative wind distribution:. 

The cumulative wind distribution is the fraction of the time that thewind speed is above V. 
It is narticularly useful 
for estimating and
calculating the percentage of time that a wind machine will be nroduc
ing power.
 

T'- cumulat- V"-ti !' ution for the Praia airport is shown in Figure 6.It is the distribution for 6 years from 1975 to 1981 as taken fromTable 3.1 of Pieterse F2_ . In 
his report Pieterse 
qives the cumulative

distribution for each month separately for these six years.
 

Let us use this distribution to calculate the Power and energy producedby tha Lafayette windmill 
in its 30 RPM mode. A good approximation to
 
its F,0 RPM power curve is 

P(V) = 0 0 < V < V1P(V) = Pr(V-Vi)/(V2-V) V1 < V < V2
?(V) = Pr V2 < V <V
P(V) = 0 V3 < V
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We have chosen V, = 4 r,/s, V2 = 7.5 m/s, Vj : 15 m/s, Pr = 25 kW. This 
power curve is superimpo3ed on Figures 4 and 6. 

The cumulative distribution function can be fitted, by least squares, to
 
a straight line over the range of velocities 4 m/s to 8 m/s. The line
 
is
 

f(V) = a-by a = 1.36CI, b = 0,13523 4 m/s < V < 8 m/s 

2
with a coefficient of determination r = 0.99S8 which indicates a very 
good fit. 

From the suuerposition of P(" ) and f(V), Figure 6, one can determine 

that the machine produces 

zero power 20 % of the time
 
zero to 1/2 power 21 % of the time
 
1/2 power to full power 22 % of the time
 
full nower 37 % of the time
 

The energy, in kWh, produced during a certain time period is
 

E = N - df(V) P(V)dV
 
dV
 

0
 

where N is the number of hours in the period (= 8760 hrs/year). This
 
equation is easily integrated using the forms of P(V) and f(V) above.
 
The result is
 

E NPr a -- (V2 + V1 ) - f(V3.)
 

The parameters in th.h expression are presented above and the value of
 
-
f(V3 ) is read from the currula 'v listribution 'nction. For Praia, 

f(V3) will -probably be zero fa'most winct mac nnes since V3 > 13 n/s for 
most machines. The energy per year at Praia airport at a height of 8 
meters is 

E = Q76o'25 1.3601 - 0.13723 (.+4_0 112--khya
2.( . )1 kW h/year 

This very simple procedure is possible because the wind speed data fits
 
a cumulative distr 4 bution curve which is accurately a straight line be
tween 4 and 8 m/s and because the wind machine has its V, and V2 lying
 
within this straight line region.
 



For the wind speed regime at the Praia airport the energy produced is 
extremely sensitive to the low wind speed behavior of the mach,.ine. A 
low cut in speed, V 1 , and a low rated speed, V 2 , are desirable. It is
 
striking that the approximation to the 75 kW curve used earlier produces
 
less energy than this approximation to the 25 kW curve. The ccmparison
 
is:
 

=V 1 = 	 5, V2 = 17, Pr 75 kW E = 114,O00 kWh/year
4, V2 = 7.5, Pr 5 kW E = 171,000 kWh/year 

The 25 kW machine produces more energy than the 75 kW machine because 
it performs better at low wind speeds. 

Cost of electrical ener7y produced by wind: 

Let us assume that the windmill with V1 = 4 m/s, V2 = 7.5 m/s and Pr = 
25 kW can be rurchased, shipped and installed near Praia airport for 
60,000 USD* and that it will produce 130,000 kWh annually. Assume its
 
life to be 20, years and the interest rate to be 10 %. Also assume
 
annual maintenance and operation costs to be 1000 USD/year. Then the
 
annual cash flows are: 

Payment on ca--ital (20 year, 1 0 %) 7050 USD 

0peration and maintenance 	 1000 USD 

Cost of proiucing electricity (8050/I3,0,000) 0.062 USD/kWh 

A location on a ridge or hill or on a higher tower would be expected to 
produce more energy and consequently energy costing less than tis. 

Unfortunately, lona term wind speed measurements on ridges and desirable 
wind power locations are not avail le to us at the moment nor are de
tailed data on power curves and costs, including shippinm, installation 
and operating costs, of various ccmmercial wind maichines. Therefore it
 
is not possible at the moment to do a more precise calculation of wind 
electric energy production costs. :cwever, it is evident that wind
 
electricity costs are of the same order of magnitude as the diesel fuel 
saved (acout 0.08 ULSD/kWh). 

* This is an estimated cost based on reports of costs of commercial wind 

electric generators from the United States and Denmark. 
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V. COSTS OF PE2ROLEUM FUELS IN CAPE VERDE 

Petroleum fuel prices have stabilized in many countries during the 
past few years. However, in Cape Verde they have increased consider
ably during this time and continue increase. This can be attributed
 
to the deteriorating CVE/USD ex:ch-ange rate since pebroleum must 
usually be purcnased with U.S. dollars. This increase bas profound 
implications for the viability of renewable energy systems. This in
formation is fourd in Appendix B. 
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VI. PERFOPMANCE OF RENE..ABLE ENERGY TECHNOLOGIES IN, CAPE VERDE 

There are two types of renewable energy technologies which have enough 
of a track record in Cape Verde to allow an evaluation of' their erf
ormance and an estimation of their future prospects. These are wind 
driven water pumrps and simple solar stills. Oth-r renewable en'-rTy 

devices and systems have been installed but ,-nlv recently or as very 
small IL _torv-+tpe. tials so that _ii±t7e .. o43et .ona], d.. is 

a>-a. the may be mentioneA:able. A:::j latter 
(1) A 2.?. kW rhotovoltaic water rum-o instafled by T.N.I.T. at Port
 
Mosnou i +o.
 
"2) A very small bi-,Tss i.-ester installed t-v T.N.I.T. at Lao Fimie.
 
( l A solar hot water system at 7he 3otel Mra.eza.
 
(4) A very lar-e, 73O cubic meter, os .i; ester at S late r
 
farm at Crus :er construction.
Sant3 ,ur 
(5) A number of commerial wind electric generators are being teste3 
by D.E.P. at S0ao Filire. 

1, Wind rowered water puns: 

About forty of these hiave been in.stalled by D.E.P. They are commercial 
Demrster ani Southern Cross models. Five unit oonscru ted by JO'-E-
NAVE, Mindelc have been ordered. They are similar t- the Ameri,-L
style win,! ourno an manufactured almost emri in o Thi in
cIucies castin and millini of s'ea-rs and construction of brass ,.... as 
well as rerform-nce of all iron work. D.E.P. has ,esip'ned Ard cons
tructed a water -umrinp windmill which is ex:r-ecLed to be more efficient 
than star-ard models and constructable in Cape Vrde. 

Detailed inforr.-t:ton on wind towered water pumTin7 in Cape Verde is 
available in D.E.. retorts ,. i I . An evaluation of the rrcs'ram 
is to -e made soon. Presumably, this_ w~l! nclude a teclrrical- and 
economic eva] uatior of this oumnn' technolur.y . 

2. Simplp solar stils: The simnle solar stil] -,-onsist of i shallow 
crtai 	 ner of water with a sloring transsar,-nt cover. ,Solar ra(4at on 
r.t.ers and is hs7vd V e water .n, ils container. Water e-inorates 

and oo -oses on the transoaren uover. The condenstd water 8rr,-,ets 

adher to and run down the under si e of th- .n-er into a -olectin: 

,trm ".it iFs "single-effect"-.,f deve.. . that the an,'.mir7meain 
energv is c.li used once ,cl :-effect ,Jev, ceF use the -e ' -terated 
by t: co -. 1ens4n, water to Tror 7e mr, re water and this can he reneed 

-many ti, as thereby utilizing the energy more ef'cienty' . Th is- ... e 

of tjll will crol-.e one :i ? ter of ,,7iter ar soiu-e neter of' 
still *r- one year if it is opera+in- e. a. in a ny .. .ie As 

-	 .the tran.p--.ent cover b'-comes iirty an varor !eabs le nrso2t~o. 
will cease. A considerable ,ncunt of labor is requ-red to keep the 
.--till --.- n, maintained a.-d o- at'n . 
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Equal annual .a-mrents -n the loan FP". 
Labor 
 700
 
Fana gement 300 

Total annual cash flow 5882
 

At the reported prod'soti-n of 12?F tcnnes oer year t.e cost of water 
i. 4 .6C U.S. cllars rer t'nne. This is a o.,est and uite unrealistic, 
figure. Oaer:ticnal exerie!,ce shc-wer that the lifeti , i is les.7 t han 
ten \'ears end thrat ,lastic and ;lass re':lcero nt :'sas a si niAficant cost. 
Furthermore, the reported wateir iic-re than],,racduction s much higher 
experience elsewhere %n- ccn-strur:+-n 70 cts have increased considerably 
....c. 3 akl. th se t Oin's into account ye have: 

Eqiial annual -:Yment on the loan (ss i in'- 50 
..ncrease in corstriction costs since 166) 7.2. 
labor 700 
Management ZOO
 
Glass reoiacement arO ,ther repairs (including labor,
shioment, breakage) i0O 

Total annual cash flow 9
 

Takina annual production to be 750 tonne- 2er year (still o-timistic) 
wxe fird the cost of water to be 12.3 U.3. dolars Fer ueiriv. 

We have no cost or operating information cn the -econd large st1ill 
referred to above. iL app..s ' nave been out oP us( for many ye ars. 
It's construction cost ,Der square. meter appeain to be hi gher than the 
still at *L'.tel %Iorabeza because or ore massive construcLion which 
required ccnsiderably more ccncrete per scquare meter -f still' area. 

1L -.s noLewrthy that esimates of construction ccsts and water coots 
of solar' sti*ls are freauent].v :nut lo,,er than P.:tal costS. For 
exanle, Var. Me.l Li, annex D I ives =n eotir.,-..te derived from a .study 
by Aerrwett (France) for a sclar desalinator at Bahia das Gates, Sao 
Vicente from w .i-h wat-r would cost 8590 per tonne. Thi;s is 4 to !0 
times less ttuan the costs of water fro~m the solar still Morat ?!ota].
beza. It is 
salination ,)

also 
la:nt 

less 
at Mi

-han 
nlelo 

t.e 
(14

cost 
1300 

of 
pr 

.ou 
tonre as 

the 
;rive.-

large 
by- FLECTRA). 

modern de-

Z Conclnsin 

J'in d water m.as en, sir;o]e soler : are . only two re.ltills th
newahle enerc-y tech:nologies with enouiTh actual operating e:-,erience 
to aqllow estmet.ion of their future place in the Cal.:,e_Verdeanenergy 
picture. Wind water rurmp-ng arpears to be promising _ 1,2,3,4 I. )n the 
other hand simple solar stills appear to be plagued by deteriorati on 
of end breakage of -over materials, and require a great deal of atten
tion for oreration, maintenance -and repair. Even more seri-ous, the 
construction cost is high relative to the quantity of water produced. 

Y
 



The latter factor a7:necauses the cost of the water to be quite high.

Taking account of a17 
 costs that actualy occur raises the cost of
 
water 
 to abovp ten U.S. dollars per tonne. 

The basic -ro'ler, with th- sio' le solar still is that it uses its
energTy only once. Therefore 
 vast areas Uve to be covered witr concrete
ard i.7ss; ard onl a sml_ a --. nt of water c-mes -tt. Cr. the other
hand there ar other , saljnat on metois i::ich utljze ener-; mchefficiently. Their . of energy .s a etrcleu* b.Dt -.rnecls 
for s.'bstitut'.n, aq'l'- n'rr wind enerwv are rood. 

The sim-nlp solar still cannot compete wit', mor efftcient esaliation
ineth: Is excert aer~ar s in certain smail an, remotea 7o,-itr,. wherewater is veryi diffici.lt to obtain by any nther ,nn. It cull a.sobe useful in cases where a small. cunt of reasonably veL-.einerlized 
water is neeie3 for whih a good price exists such as , ater for car 
batteries. 
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VII. TECHNICAL AND FINANCIAL EVALUATION OF SOME REPNEWABLE ENERGY 
TECHNOLOGIES FOR CAPE VERDE 

We have iiscussed energy needs (Sec. II) and energy resources (Secs. 
III, IV, and V). It remains to discuss the means for croverting the 
resources to fcrms of energy that satisfy the netls. These are energy 
technnlo.ies or devices. Wind mach:ines convert wind enerpy to mechan
ical or electrical power which satisfies water numping, li,-hting. etc., 
needs. Solar nonds cosverL solar radiation to heat whi(:h can drive a 
multi stage flash evaooration aeseFlination plant, for examnle, or to 
electrical enef:--i w:ich can drive a reverse osmosis desalination vlant 
or a 'nu2titude of ot>.er t :n. in sati:_5.ct ion of ener., neo.d 

It is the con lunctton of (a) s;-nificant enrerry need. (b) good energy 
resource and (c) 7cod technoi~y to connect the enerzcy reso.-urce to the 
energy need that determine. our choie of technologies that we will 
consider in some detail. it is not hard to justify the chnic rmade 
because they are relatively obvious. Tt is harder to sa:. w:y some 
thinrs hove been left out. First, we lea-ve out mozst t:h,,Ings, all biomss 
energies except conkin- fueli, O.T.H.C.. wave energy., animol power, etc. 
because we arbitraril2y nlace them out side the dcmain of enery tehno
logies we wish to conside.. Othi rs, sucn q 7 :olar hot water, dc not 
hnve 9 lar; e demand i. Cape Verde. There is no good tec-:nology at the 
moment tc connect solar enegy to mobile power for trFansportation and 
agriculturwl nepds which recuire ] iruid fuels (biornass .has already 
been exclud-u) Thus we arrive at a small F-romising 10rou which 
assential!7 ezetri itv and ,,tr -rd.iction by ,in .. .aChines, =oar 
ronds and ph. toxrolt'_ ifor sma:.l (present" and la-ge (fi.ture) apTlica
tions. The ,;t-pr r .arpasinaing sel -ced is imr;roved -. ve_ anJ sock-

These ?:,'e analyzed rrinarily on a technisal and financil 'tsi.s but 
other consiJeration: stu-h as buildinr loal indstr, I,.nrox.ing the 
qu.ality of soils, and redlucing tedius and time _onsutning labor are 
also onsianered. T..e onalysec -%e-e m:de in the fol] o.in- several sub

-scotions. Then in -ention VIII. ro,"est w.icb logically issue from 
these analyses are recommended. 
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1. Photovoltaic electricity. 

Photovoltaic cells 
convert solar radiation directly into electrical energy with no moving parts. They have 
the attractive properties:
 
. very low maintenance - can be 
left for long periods in remote loca
tions without attention. 
* simple to install and renpjr - panels can be rerlared while system 
is operatin.. 

!ong life.
 
modular construction - can be aided to easily 'wi!thout sht-'n the 

syst m lown. 
vFrsatile . convenient - energy co-mes out J-rectly as electricity.


* Ii ht wej ght - does not requirp as much race as most solar electri
city projucing devices. 

smaller units such2 as 250 watts are portable if desired.
 
They have the following deficienci(c.:
 

they produce energy only when 
the sun shines.
 
they are exmensive.
 

The first deficiency is of little concern 
when used for wat e.pumping

since the water 
can be stoied -it nominal expense. Whten used for e ectr' rty prolu>.on,ho~ever, -.teries mu, .uov he rr
used storaze.
2hS is 9sub 'tac Ti expense, an also 'onume-
 -.'t of the energy.
The ot"r ,r-iir 'rcle,n. th.- himgh to - of -bout 1i) -,SD ,e"k .'att

is .ore .- ;,. Fouowver, the cc:.ts 
h ,e come ,:]r- ndthwn! ijcal> 
are predicted to conti:.ue tc iecre.
 

Fresenty phottvcl ics are the mos;t convenient and econrc- L! means
of producn.r ei.ricit for smol., e.g., zero to sevorsl huindred.
aplio:.n*ns tV- [I io not ' ve 

watt 
access to ,nel triral di ribP on network. Thi - i es-ecially true if relibi"it2y is nee-led a-.J ifthe ins nl] tion ,.=t furctiol with minimum, or rno, attention for i-ncre-iolc. Sma ] intern.! cor tiz, electric gener-tors, although

cheaper to ino! al in tJally, require a ,steajr fuel surply, .-nstant

attentiorn an, nerirdio overVt-uls (o- -P - and are ,eJncree lement) 

,.lacEd byV hctvoltajs 
 for anal3 r'nnte arlications. 

Photovclt.ti-s are being used wi deli for remote comnun-cation. s sites(radio and microwave repeater sites), and for ight.ing .and radio powerin -emote dispenaries in a(for e:aiamnle Lesotho).- T-ev e- rning
to be used fcr remote meical refrigerators as oorronent.s of 1,accine
an4 medical cold chains. T-ey are renlacing ersen, fired re-fri. ertors in thi. a'-lication. 'here are acuteven 10,) Fp-tovoltEic watei.rum- s in ',est Africa at this time. 'Iovever, their p1-ice is rtill toohig1 to economically cotn-pete with diesel umr, exceT.t for sn, ll units 
an- snecial casss. As the urice of -ootcvcltaic systers Jec,:esesthe.y can be expected to aisme more functions and especi ally t, take 
over mvny higher power azo) ications, e. remote waterr., pumpinc' at ten 
or more kilnwatts. 
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-+e rrosz ai.aropriate applications at preo.ent in Cape Verdelow Tower, are remote,in talations for illumination, communioat~ons,ation. and refriger-We did not determine the extent of this need although wetold that most ruro2l dispensari4- wereare in locations w -hichhave access 
to electric power and telerhones and this may not I'e a slrnificartA second aropriate arolication need.

is for small wat e purnj, in lc'-'tonswith moror wind s,,eers. A . rat Iest o- Ater nrihe-rs arn- nee,, ' .'eze are nor'- o.r less s! ielded fro. :e r a zi e es ,u...u~~~~. e -i n :I 'o!nns :3. r . . . . . . .... c hl,aver~eFanij use w~nd v~e 02'nort h-e-eis 7/ 10 of" the i~~ hcJs th+a a;er-.e wi -"ns d mn the* P ' acorid:orfins L- dta nder these condi-ions .wln! wa:er um-5at pot volfaic water. p er 
nc. -or,,ever, ry noted n_-2 _eastward r., orientand woul4 - "ee,:Lectedto ; n"or., r-e_ ds. e.enCOUFled v,'ith ex:ect ed Tr-ce ecre-a.-e oho t,- - t e,it " a 'u.'.in e r. in in -;c. loc tin s
 

At pr.-sent r-rices, tre
2o-o.oo! -ics no .c.netition tD xinc,solar ron-_' iie el orsystems for generation cf electricit,-lz- or a e forcities or for desalinatior 
'n The Tr: ce wci ae f ala toUSD per peak watt ( for the 

toor 2 ent ire ahot vol. Feri..,n or'eito conpete with wind ge.neraf-ed electric 4 tyever su. at a ," d vnr sile , 'ice reduct ion.-; ;ive n ore:Vc4 -ed (for eee -, - see T. _,news and World YRot,"- 7ime I,,.a. 7', man1 En t-~eregoo' reason to helieve that pr 
i& 

-ce re co to tis: i sible.
 
necause it 
 is resently t1he Lest su -i n "or ccrtan srrapplications, ± o toeshows promis-.e for ce' t n and ntrme (Iiate si ed 1,.ica'c.ns,would be an ext remely viorous cope forrca large scale ee ctricity production if the predicted pr-e e' ceasez occur. it is ,ise to"keep the foot in the door" and have a ,'otovclta c irora,,nthe 
country. 
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2 So.lar ponds: 

Two a spects of solar energy have greatly inhibited its development as 
a direct source of energy for human use. It is weak and it is inter
mittent. At best the earth's surface receives about one kilowatt of 
solar energy per square meter and this d1es not arri-7e at night or 
ur ng c:oudy pericis. Therefore, -- lar 2.0iiectors mlst., cover large 

areas and, for most .uses, energy mus.t be otore, fir use .a:ter. Large 
area collectors n r ' st'h-aze a:-" bath..... . iye.For- ex.p2 e,
standard flat ._7-t.e collectors, as u-se! for water .e;tinc, co-t about 
2C0 to 4,DO USD per squ.are meter ,hen installed. heat -tora e, -.s hot 
water, costs 1C.. to 2(0 U-.D ,3 to, ne o- ,..ter (cr 0._ to I. -TU,'MJ
for a water zemrerature chan-e of .,_0 C) 

:he solar won' reducos both of these co-ts. The sc, .r .i :nd collects 
and stores solar e-eroy for 20 to 70 USD per square meter u: this
 
inclu 1s heat storae by 
 one tonne cf water per s.quare meter of pond

(2 x 10-J/m2 for a -)0'- t±irer;-ture ,"bange. Therefore,
c solar pond 
can collect and store solar heat., at temperatures ',p to 100C, or
 
about a tenth of the cost oC the cor.vr-ntonal flat a)l7te cllectcr
 
- water reservoir system (h7owever. solar ponds wulJ nob be possible

for sm,-ller ina ta-_ tion such as 
 --olar hot water heaters for single
1wellin.os). T'n low cost collection ,and storase oo.abiliit is its
 
mai tn-;trcti,-e 4 -au,e.
 

Descriio ion of solar uond: 

When an ordinary pond of water absorb),- solar radiation the deeper water 
as well as the surface water heated.is Heat 4- lost. ouicklv from the 
surface water by evaporati on, radiation an.1 conduction. The heated
 
deeper waters become less dense due 
 to increased temperature and rise 
to the ton where they are cooled in the scame way. Therefore, the en
tire pond remains at a temperatjire near or sli;htlv belo,," the air 
temperature. 

The salt crnIient sclar pond is a boly o)f water whse salt concentra
tion increases 
 with 3ep7th. The salt zonce,.tration gradient is main
tained at a stren.-th sufficient to maintain a :Csitive densitv .-radient,
measured downwar.ds, even .,,hen the lc,,er layers of vater are heated.
 
hus solar enerzy rtenetr-at ino to the 
 bottom of the ponci and heating the 

water there is not cnv-:ecte,3 upward. Since at er is a reasonably Lwood
thermal insulator (K 0."Wm arni ca,,ue to in frared ra .at ; .n,
the heat of the bottom water i -loat very .sovly. The podr can store 
solar heat for manv months. Its collecticn efficien c v si an tn- range
19 - 25 ,'D at ractical operating temneratures of 90C'l a x--*mum 
tempertires above 100C have been attained _2-. 

The heat :an be removed b-. either an internal or external heat ex
changer. The heat can be used for any requirement for heat uw to 
100 0 C or for driving a low temperature thermal engine to produce mne

http:downwar.ds
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chancaL- or ele cr6T-p oe' 
j jw 

t urns, ouit that~ the salt' ooncen trat onand temperat-"redQonotTh 
crease monotonicall' wit dept h Natiu'&J.miin p'ocessesat both :the,

t d'top cuemxed or. c nvec tiv. zon es at~the b ottom, nad top
in.wic,'hetemperature and ,dnsity; aealmost, ufifo'rm F3 4 :The 
rn~id~.ho'-convet~e or r tur anddnsity incij.',ae with dei~h framen5 -,.zneth_ tm~ia..n..... nLr~~a. r-ene t t'-s%61',of I i~ reah 1er r htea strfezo e F a r 

thi 1sta'drd slt2,adi e n t pon i s s D%, nFiueVI21 h 
of taplie aticn' (oft h order of Timet er each)~. con

vpc~ivezon ,cuse b '' -l i gi s detriment~a t
~performance.and) one is:tr o- make~i'athin' as one~ cant~'7 K 

Fo n D_t alI ,o flthe~phys .cs' an oeration.'of' solarjpon~o- the readerY 
1.5 re erred ,,to,,the~ literatur75 13. 'For orprpose, we need onJ~>v ' 4 

S tJ.list:'some of ' thei(av naes and di's-dvantages in bord to s'ee~~i> 
and',w here :they can, reasonably, ber used, in .Cape Verde.~ ~V" 

j ualities of 'solar -,ponds: 

~-(I) L 's e unit. area as discussd above. 

g< t(2Ln erm>1iat" storage. T o collect and store a given quantity of-,solar.,heat 'ati abou1t: 900C costs abouton tenth of that of the :flat 
plat 1lctoi-twater reservoir, .ystem 

I t SL.fac, oes'not need cleaniing' dir~t tan'd, dust'isettle Vto theKL 
~,ii~~iotomthn lef f ec ts However, -eas ies.,must 'sometimes e ae 

;to kill biologic.al growth which; wou , 11d.iniiih thetasaec f.th ~wa ter--. -- A 

KA 

4,'tis easy to__trans-oort -the, heat V to a cenitral point., Oni y onesg
- n~t~andVh~u~e pi ;both on the same side of' ~ei r

nedO',, UriLLJOrL coilec'tor. -els Ce t for lhe1 optically, collec'ted' 
or,-b-"Power tower"l 4:typ6 ne~ed extenive array of in-lae pip wh i c 

a54Vae bQohexpencive6 and I - o nslte pp wih

(5)-] The- A-cn ca be .,'mostly wi th loca lFb and materiaas in V 

Cape,,,Verde A The mostexpen) ,veeim ported itm wi 1 1 be the plsi 

lie and. the salt.A2Afthoi h, Apastic'mui-ibeA imore s-l 
- I :," , I,- 1 . I - - - . A -i p o e.. I % -jloa l 'producd '.:, 2- --

A 6) Maneac-n -prtinoa po -:w ,roiete kl.ofnJ -_ - -Vy - ~ V A ~u V A~~molr~~iJ 3 an, a go -wmmingp AooA.antnaV per-nisaon . evn s~~~IAV AAcan b -Aferre 
in nA-. Jep 

t a- enra . Ar o - I IA 
A ~~ S ' -ea-' oj2''oir 

k-- or.S 
A't

s ~lya o im o ele tt v e3 
ava-ilable.-A ~ -- -
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FigureVII-2 THREE-ZONE SALT GRADIENT SOLAR POND 
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7) The, Pond is a good~ collector' cof diffus P radiation which appear~ ~to 
be'.an apeabie fraction of the radiation~ in~Cape 1.1erde 

V'V~debecause of e ak d "ii' na1 temperature cvcling. Futhermore,, a,~ 

> 	 set at, their optiamum tilt anS!e. is&&nox,,prbblem rin Cap Vde here 
th otmmpsto ery the- hori'zohta . 

(0 Het.cnbexrce xtrates as high: a 10 times the average 
co ~t~,r "ad i cb'e drawn at :any time .desired. Thi _makes 

it p 5sibe to,-exact'ly match ;output, to load requiremer-t-s. Most- other ~~ 
fdar,:0-<ifrn' energyrand wind energ do 0o hv this'atciv-oc 

electricisntyhavetve~r~ 
perty. ' 3ecause o f it 'asolarL~h t yt ould 1up 
t3A~< 	 a ;ci'ty~while phot'ovcitaiW o %verthe: .total electr~icity needs of wind,or 
E.~~ystem5 could splonyabout '20,%. ' 

(1)Solar ponds cannot be tilted or iniclined ,Io take advatage of 
altitie'Hoeetiisntipratalolttudes 

suc 'a~thtCpe e'd'whrethe horizontal positionisnalo 

~ 	~t~~ correct. 

1ii The instantaneous~ efficiency4-of a sclar pond at lower temiperatures 
4-' ,--inly about half. of~ that of a good flat plate-collect~or.' How'ver, 

-2-24hour efficiencies and effcece thge- pr'igtmeaue
(90 C: 100, C) for, larg'e area' ponds; are expected to;:be simila.r to or~ 

-'better than thosei of large flat- pla te 'collector, systems. The latr-, 
have' significant' heat lossesfrom t he piping' and requiire. more pump ing 4; 
pow~vier . 

onds eeal~ly'se waste space, as, roofo1)Soa cano 4 	 such tops,~ 

''Ibut need larger areas' of level ground. 

~--~'('13) Smal1 sol r ponds ae lesseficient. Ty~rebst, for 'gr 
to~sizes'Uerhaps above 100 square met'ers. They do not appear be ''useful: 

in 4 szesas small as single-,family solE.r hot water heaters.~' ~' 

aurea and anrnual altrsupply of aboutmtr esquar Solero pond 
- (1rqu-"--- metr~opond eurea andannnual ater supply of abut _reter.k r 

iper. square meter o' pond4 , area.* The water can, be brcihor sea water.~ 
-

(1)Perhaps- the.; biggest disadvan-tage o f,the, sal rdetsoa ,.od 

13sthe, lack'-of operational expe'rience. Only,a'few bods motsly, or 

Ap)pications n Cape Verdi:C 

IV~4Th primary, aplications of alt.gradieit 'qolarpod inCpe Verde ,' 
~'-~Vappear to be' for,,.Fenerat6 Voflec &iy~'~dfr e ination.,'Thes 

~4-, Would' 	 in conjunctio ithe ammnersiJ~~	 aparently, best be droneV 
4 

FI Il 
1 -,'~ 	 K~4 



Table VII-2.2 Performance and 
costs for solar pond electrical power

generation systems as estimated by Tabor Fi 
and'Burns & Poe 14i1
 
adapted to 
current Cape Verdean conditions.
 

Item 
 Tabor Burns & Roe
 

Incident radiation (kWh/m2 year) ?001 
 2000
 
Area of pond (m2 ) 
 1,0?O0I 6r, o00
 
Heat produced (kWh/year) (a) 4 x ,O 2.6 x07
 
Electrical energy prcduced (kWh/ 
 6
 
year) (a) 
 3.2 x 10 2.08 x 10
 
Maximum power (kW) 
 5000 2r5;

Cost per area (USD/m2 ) 
 23 31.53
 
Cost of pond (USD) 23,000,000 (b) 2,050,000 (,)

Cost of turbine, generator,
 
electrical (USD) 
 7,500,000 (d) 1,"42.000 (e)

Life of system (years) 20 20
 
Charge rate on capital (%) 10 
 10
 

Annual costs (USD/year)
 

Cost of capital 3,583,000 410,OO
 
Cost of salt; 20 kg/m2 year
 
at 20 USD/tonne 
 4O0,000 26.000
 
Operation and maintenance 100.000 
 .0 0
 
Total annual costs 
 4 ,093,0Q 466,0c-

Cost of heat (USD/MJ) 2.83
 
Cost of electricity (USD,/kWh) o.128 
 0.22L
 

(a) ' --bi efficienicy is taken to be 20 %, electro-turhin efficiency 8 ?. 
(b) Using Tabor's lined pond at 17 USD/m 2 and a-iding 10 UED./r12 for 

salt.
 

(c) Reduced cost according to Hull 15!
 

(d) 
Using Tabor's higher value, 1500 ITSD,/kW.
 

(e) Multip-Lyinv B&R's 1,012,000 USD by 275/193.
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3. Desalination and electrical power systems:
 

In this sectionwe use the experience gained from operation of the Mindelo

desalination plant and from construction of the Palmeira (Sal Island) de
salknation-electricity production ilant 
to estimate costs of desalinated
 
sea water. 
 We also estimate the costs of desalinated brackish water
 
from a small isclated desalination Plant. Previously (Section IV) 
we

had determined costs of desalinated water frcm a simple solar still. 

All of these cost estimaticns allow us to see what nlace enery1 fromwind machines and solar ponds has in the domain of desalination and
electricity producticn. We recommend immediate steps to introduce 
wind po'wer and long term steps to introduce solar ro.Ver via solar ponds. 

This subsection consists of parts (a) through (f). 



(a) Estimates of Cost of Desaiinated Water Based on Exrerience at the

Ifndelo Desalination Plant:
 

Many calculations of the costs of desalinating sea water in Cape Verde
 
have been done. Most of 
-h,.m are design predictions or are somewhat
 
out-dated 
(and costs have increased dramatically in recent years).

Therefore, it is useful to do 
new cost calculations, especially caltul
ations using operational data from the Sao 
Vicente desalination plant.
 

Lcurenco Assis Lopes of ELECTRA, Saco 
Vicente, acczmsanied me on a plant
visit on May 10, !9 7. We discussed rla nt operation with ziant manater 
Engineer Sonia Morais who gave us information on fuel crnsumotion, water
production and other operational information. Sub sequently, Eurico Pas
coal Almeida, Director of ELECTRA, and Ma,-uel de Jesus Monteiro, Direc
tor of Administration and 
Finance, ELECTRA, in Sao Vicente discussed,
 
among other things, the desalination plant operation and gave me finan
cial data concerning it. I will use 
this data, recoTni'ing that it is
 
not complete enough to 
do exhaustive cost calculations. However, it
 
will have the useful purpose of giving us some idea of the cost of dis
tilled sea water 
and allow us to make some guesses of future costs.
 

Input data:
 

Cost of plant: Dutch Contribution 
 144,000,000 CVE
 
Other (including boiler) 
 139,500,000 CVE
 
Total 
 283,500,000 CVE
 

Price of fuel oil: 
 1992 
 11,850 CVE/tonne 
19 03 13,050 CVE/tonne
 

Consumption of fuel: 
 1932 (19 tonnes/d.y x 230 days) 
 4,370 tonnes
 
Rated fuel consumption: 
 20 tonnes/iay
 

Production of water: 
1982 (87-90 m /hourx 250 days
 

x24 hours) 496,800 tonnes
Rated production: 

100 tonnes/hour
 

Interest rate: 3 %
 
Predicted life of plant: 
 20 years
 

Current costs per tonne of water as given by
 
ELEC:RA (May 1982):
 
Investment 


15.54 CVE/tonne

Fuel 
 106.14 it
 
Replacement parts 
 1.48 "
 
Salaries 


16.03
 
Chemicals 


1.48 "
 
Insurance 


0.50
 
Total 


F114.17 CVE/tonne
 



Calculations of costs under various assumptions:
 

A. 	 Capital cost (Dutch contribution only 144,000,000 CVE

Water production (1982) 
 496,800 tonnes
 
Plant life 
 20 years

Interest rate 
 3 %
 
Annual payment (on 20 year, 3 % loan of
 
144,000,000) 
 9 -679 ,062 CVE 
Capital cost per tonne 
of water 
 19.48 CVE/tcnne
 

This is not far from that £iven above in the. "Inrut Data" secti:,n. iowever, it seems reasonable to use the full investment cost, a ,.cere realistic interest rte of 1C , and a -)!ant life of 15 years (the oldMindelo plant is no longer being used, except for 	 one line as a backup,after only 10 years of use 
and 	the plant at Santa Maria on 
Sal 	island

is nearing the end of its useful life after about 10 years of opera
tion).
 

B. 	Capital cost: 
 28-,500,000 CVE
Water production (1982) 
 496.800 tonnes
 
Plant life 
 15 years

Interest rate 
 10 % 
Annual payment (on 15 years, 10 Q"loan of
 
283, 	500,000) 37,272.816 CVE
 
Capital cost per tonne of water 
 75.03 CVE/tonne
 

This is 
over 4 times higher than the figure used by ELECTRA anti is
probably about what 
a private company would have to 
charge.
 

2. 	Fuel costs:
 
Fuel used in 1982 (19 tonnes/day x 250 days) 
 4,70 tonnes
CO-t (11,350 CVE/tcnnex4;3O tonnes) 	 51.784.500 CVE 

Cost per tonne of water (+ 496, Jo) 
 104.24 CVE/tonne
 

This is almost the same as 
the fuel cost per tonne of water calculated
 
by ELECTRA ("Input Data" section).
 

D. Cost of water in 19:2: 
Capital cost (from B at 1'- ,io, 15 year life) 75.03 CVE,,'tonne
Fuel cost (from C) iC, .24 
Replacement parts, salaries, chemicals,

insurance (from "iput Data") 19.49 
Total cost oer tonne of 
water at plant gate j9F.7- VE/tonnel 

If one were to add 20 % for distribution losses
 
and costs, the true cost to the customer would be 
 If 3	 . 5 1 CVEtonne] 



E. Cost of water (anJ electricity) in 1984: 

Currently there is 200 kw of electric power that is not 
used in the
plant and can 
be sold to the electric grid of 
Sao Vicente. It is planned to do this as soon as 
some necessary regulating equipment is installed. We will assume that this can be done and that the plant willoperate at full capacity (200 kW 
 and 130 tonnes of water per hour)
for 30C days (?2 . on full capacity) during 1,34. Assua- E % inflati Dn on fuzl -1 on e ver; t'-n, else. Ass:ae e!-ctr i cit; v an e soI,a: the ,:.int e fo- 17 C',,'.,,, 

Annual -aymer, on :a : (frfoa B) 5299,.o4 cv
Annual co, t of :u:el 

.(20 txn-:es,'y :." ; x ,0,C CVE/tonne x 
x i.08) 84,564,ocVc .Annu'.l cost of r rl cement parts, sa:aries,

cher.icals, an. irsura.nce: 119.L49 CVE 1 tc n.e x?2C,0OC tonnes .a ter x ,0o (-(nflation)I 14,874,?68 CVE 
Subtota'l: 


15278 ,3T IVE 

Sale of e I-ctr- c ty (200 k N x 24 .h:./day x500 la-- x 1 C-EikW-) 
_- 40 0o ,)o- CVETotal cost of water 

1 ,8,.72 CVE
 

Cost per tcnne of .%ater (+ 72_),003, tonnes) 16Ly CTE,'tonne1 

This cost (at the EriEnt Fate and before dis.ribution) is lower than thecost (-D. because cf hf g-er assumed poiuction (72 . ,)CC tonr.es owater ins:ead o!, 46,8oo) and the sale of electrical energy. 

F. let us 1,uil, as a prdvaze investment, a n':w -. lant, s-mil'r to thepresent olenr- at .inCeelo, in 19214 and cor,.ence cteration the same year.We will take the cos- of thre plant. tc be the cont of the iprrsent Vint
 
inflated by 6 .?$p r
the pl nt year from, 29. tc 19>4. T.ib: is a costof 2 50C ,0rC x (5.. of building6 ) 4 : 58,0CO00 7VE Then lc-t us do
 a ca cultionF of the pr-esent values of all 
 costs and all benefits. We ., ue r- I a fnou t values f" r this ltenefit /ooso: analysiswhich are ba~ed t a -arg, e-xtent on operatins experier::e at Sao Vicente.
All costs are 9oE, costs. 

-Cost. f contructing plant: 
 53 , OC h70(QCVE
Li-e of lant: 
15 yearsMa jor o"erhaul at. year (I"15: a of plant value)Salvage value at year :L, oo-),';O 6VE16: (15 o Pllant value) 54,O00 CVEProduction rates: Electric energy for sale 4F+8,C .'h/'ay

Desalinated sea water 
 240C t onies/dayTime cn-line: 
;00 d_,yFuel cil consumption: year 
20 tc-..A-i siday

Routine reFlacement 
parts, salaries, chemicals,

insuran-ce: 


2D,000,000 CVE/year
 

http:5299,.o4


Fuel oil price (1984): 
 14,OO CVE/tonne

General inflation rate: 
 6 %/year

Fuel price inflation rate: 
 8 %/year

Discount rate: 
 10 %/year
 

The present values of the costs are:
 

Cost of constructing the plant 
 358,000,000 CXVE
 
Fuel: f6o00 tonnes/year x 14,000 CVE/tonne x
 

PV (20,8,IO)J 
 1,393,361,000
 
Replacement parts, salaries, etc:
 
[20,000,000 x PV 
(20, 6, 10)*- 27',338,oOO


Major overhaul: L54,ooo,ooo x P (8, 6, 1o)*-
 40,151,000

Salvage value: 54,O0,000 x P (16, 6, 10)*_-
 -29,a54,?C
 
Total present value of costs over 
20 years life: 2,038,996,000 cVE
 

We will choose the input values for calculation of the present values
 
of the benefits to be:
 

Sale price of electrical energy in 1984 at plant

gate: 
 11 CVE/kWh

Sale price of desalinated water in 19R4 at plant

gate: 
 164.91 CVE/tonne

Price increaze rates of electrical energy and
 
water: 
 7 %/year

(All other rates as in cost calculation)
 

The present values of the benefits are:
 

Sale of electrical energy: F4800 kWh/day x 300
 
days x 11 CVE/kWh x PV (20, 7, '10)*i 
 239,995,000 CVE
 
Sale of water: L2400 tonnes/day x 300 days
 
x 164.91 CVE/tonne x PV (20, 7, 1C)* 
 1,799,003,000 CVE
 
Totals of present values of benefits: 2,038,996,0OO CVE
 

Under all of the above assumptions anI with the given inputs one wsculld

have to operate at nominal capacity for 300 days per year and sell
 
electrical energy and desalinated sea water by the rollowuing price
 
schedule
 

Price of electrical energy at 
rlant g;ite 11 CVr/kWh in 1984 
and increasing at 7 % per year.

Price of water at plant gate 
 165 CVE/tonne,

and increasing at 7 % per year 
 in I;84
 

* PV (N, I, R) and P(N, I, R) are present value factors defined in
 
Appendix C.
 



Summary of desa-i-nation in Mindelo:
 

One can 
see that, under realistic choices of 
inflation and discount
rates, the price of desalinated 
sea water is at lea,;t 150 CVE per
tonne before distribution, and it 
will probably have to increase at
about 7 % per year. Of course, a sensitivity analysis, iu 
which the

inflation and discount rates are 
changed, should be done. 
 One sloul.also observe that the predominate cost over the 
life of the olantfuel. It is nearly 70 % of the 

4s 
total so that its inflation rate is reallythe big unknown (we know its price today). 
 An 8 % inflation rate inCVE's does not 
seem unreasonable but it could 
be smaller and it couldbemuch larger. Therefore, alternate enerCy 
sources such as wind, coal,

and solar energy should be considered. 



(b) Cost of Desalinated,Water Based on E:,erae:nce at tle e. a
 
Desalirnatioc Plant:
 

This plant has just begun to operate (early 1983) so thee there is asyet no operating expirielice. However, ' ° we knc the cost of the plant
and its basic design parameters. The; are: 

installed oust includi)ig 1 !,l of diee.le -en.-ratos. lete f tintake andtreatment system, res-rvcir and buj. Jinzs: 7,000,000 USD 

Rated uutput 660 tonne witer," 

MW e2ectric pce, 

If we assume that the plant runs at (I of coc 4i+,, ten t wil. aroduce -3.Lt .,h of electricity and 2'6310 tonnes of water f water rc
duction requires 6 kWh of electrical energy per tonne of ,ater then the 
plant will hrve the following products for sale 

For sale at 90 - plant capacity:

Electrical energy 
 6,5 ,00 kWh
 
Desalinated water K
.I tonnes
 

We will assume a 20 year plant life and a 10 % interest rate. Although
Flour Corpora:tion FIJI assumes that annual costs of opera t ion, mainte
nance and membrane replacement are 13 .' of plant cost for a sea water 
RO plant we will assume them to be only 4 . Fuel costs will be com
puted on the basis of 4.5 MVh of electricity produced for each tonne
of fuel consumed and fuel will cost 350 USD pei" 'onne. 

Using t, se figures the annual costs are:
 

-,,00OCost of capital P&(20,0,0.I) -* 822,500 USD 
Cost of operation, maintenance, and membrane 
replacement (7,O,Ox 0.04) 280,000 USD

Cost of fuel (7,"14 x 350/4.5) 
 61;,200 USD
Total annual cocss 
 1,715,700 USD
 

Total annual costs in CVE (at 
70 CVE= 1 USD) 120,100,100 VE
 

We will assume that electricity can be sold at 
the plant gate for 9 CVE/
kWh** and that water will be priced at the plant gate so as to make
 
annual income ecual annual costs. This gives 

Sales of electricity ( 6 ,5 8 3,000 x9) 59,247.0o0 CVE

6Sal, s of water (21 , 3 10 x 281) 60, 5 ,00: CVE 

Total annual sales 
 120,100,000 CVE
 

The sale price of water will have to be 281 IVE (4 USD) per tonne in 
order to break even.
 

• See Appendix C for definition of the present value factor PV(N,I,R). 
Sale price of electricity to private residences in Praia is 10.65 

CVE/kWh.
 

/*
 



It will be higher than this if the rliant factor drops >K.c.y 90th" costs of , ifoperation, maintenance, chemicals and membrane replacementare higher than 4 % of plant capital costs and if diesel fuel prices

rise above 350 LTSD/tonne. 

One can, of cours3e, allocate the 
sa es prices of water and
differently. electricity
For example, if electricity w-re sold at 11 CVE/kh, thenthe sale price of water could b -educed to 220 CVE/'tonne Compareto the plant gate th4s
sale price calculated for 
the Minlelo Desalination
Plant: 11 CVE/k,Wh for electricity and 165 CVE/tonne for water. 
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"od5.!hfre~ ouir>100m-"/da pln should" cost2between 4{00 ,000 and 
c 0,o000 USD-' C'$ -C

2 2 

-t., msA alcation suha er Boar consideration e'ie:ob~n 
ca range,~-rm1 o5 

e C, -,,oudhve 1a 'to~ isposel of '01t05 
~A :setlin-g ',, 

meters wo uli b e neede&{'at. a~'co0stf of 3,0kt 150 , OCvU-SD 

~meter's of brine per day f1ire basi of)&200'i to!.0 0 cuce 
,C 

Alternatiey,~ the brine could. be piped 'to t he, sea. We.,i i 1'foirCsimpl1 <j

city-assume, that, either -piping to the 2sea 'or disposal in a pond can be4 ~~ 

-~ ~ don fo0a capita1 cost of 150',000, USD.2 W ' --

i From,'the experience ,o-f, the -100, m3 /day-R0Lplant-in Baha Asuncion page,
_---- of find-a'sp dies'el 75ltrs-.925 ref. 1I we cific fuel Cconsumiption of '2 

per, cubic 'met er 'of ,water produced 'andCa Cpl~ant factor o f 65C%; Wte will ~ 
- Choose, evCatingC costs including ,chemicals andmembrane replacement,, bu 

not diesel~ fue'l, to be 10 % of the, capita.l cost although Flouir FP.8-11--- x 
r ef.:-CI states that they are 25 %of the, capital cost for a brackish 
water. R0'plant. CThe .piice of diesel fuel1 is presently 21 CVE/l =0.30 
USD/l. The life of the syrstem will be 20 years even though the older 



desalination plants on' Sal and Sao'Vicente4 only operated, about 10, years. 2' 

The ,discount rate 'willibe 10 % er. 

With, these figuires we can compute the -annjual water, production and annual 
costs to be' 

S~. W~t~e, prduced (65 % plant 'factor)'23753
 
YcX~'apital cos~ "40~00UD0.1175) USDI
,'-52,875 

- Fue-l cost ('2.75 x,23,7225 X"0.30) 19,573 USDC 
Operat io 6andMaintenance and Membrane Repolacement 45 ouSD 

Total Anua Costs 117,448 USDI 

AW~C C-ost, of water 1 4.95 UISD/M3 -

In'this-calculation the lowest-cost of' thp plant, 400,000 USD -plus 
50,600,USD for br,ine disposal facilities, w~as used., If the high value 

{.4t 85PI000 USDIwere used, ;and all other cos3ts were the same, the cost, of 
water woul~d'be 6-93 USD/rn3 . 2-

IfactoWe ised h l -tcptlcost, 4 (450,'000 USD) and a 90 -plant' 
fc'o~nsed of 65,%, the> cost- of watery would b~e 3.80 USD/m3 'C 

CICCC'Lee u's-in s alL a windmiill. Which will, be able,,os pply0on e half of the 
-~energy used '.the plan't. ;Ass-ume 190 % lant capacityrand a capital 

, i~l, an aneectric energy to 1 l~cotof2 450,000 USD,' wit'hout the s~ 

'd fu'el~ conversion ratio of 3 kWh/l., the windmill would'Cde sel: Then CI
 

--- 2 avetopi'oduce 136,0 /er Sc a windmill could:, be installedi'I. 
C 1..- j..--'ti "l t '*, 1t t' p o rlL acco rd' wit e *t I'Cs'Iw hiL1e.Lec rica equipment poryeo wih ± die el'-adCdesal

ination planti for 70,00 USD.,Teotalcapital!cs Y 6b nrae 
to~C ,wol have. ssum that-the~t520,I00ySD but diesel,uel, cost be 

windmill would not~ increase operation and maintenance costs. The cos 



of water would then be 3.64 USD,'m3*.
 

The addition of a windmill to supply one half of the energy lowered the 
water cost from 3.80 to '21.64 3JSD/m . The fraction of energy assigned

to a windmill cannot be 
 increased much more without decreasing the plant
facto: or over-sizing the windmill. Both of these things increase the 
cost 
of product water. In fact it is doubtful if a '20,000 USD windmill 
can perform as we have assumed here, namely, su.ply half the energy 
while mnaintaining a ?0 % plant factor. 

These calculations suggest that desalinated brackish water from a 100 
mS/day RO nlant will cost well over 3.00 USD, . nd probably closer to26.00 USD/m- . Using wind energy doesn't help much. In fact, if diesel 
fuel were free the cost of water would iecrease only to 7.00 Uf'//kh 
for this small isolated system. 

Electrodialysis should also be considered since its energy consumption
(and cost of water) may be slightly lower than RO Fsee ref. 1, Fig. 8.2f-. 
Furthermore start-up and intermittent operation are easier. This makes
 
it more suitable than RO for wind 
power which can be an unsteady power
 
source.
 

" To convert to CVE use 70 CVE = 1 USD. 



(d) Full and partial utilization of renewable and fuel-consuming energy
systems: 

It is important to recognize that renewable energy systems must be 
as
fully utilized as possible in order to produce the lowest cost energy.Thisisin sharp contrast to fuel-consuming energy systems which can be
idle without 
too much of a penalty.
 

The reason a diesel 
generator can 
be idle withand a winu only a small penaltyel-ectric generator cannot is because the major cost of running the diesel is the cost of the fuel while the a major cost of runningwind electric generator is the cost of the investment. expense stops when 'he formerthe generator is idle; the latter expense continuesduring idle periods. To produce inexpensive electricity it is veryimportant that the wind zenerator Ce fully used and it is less imortantthat the diesel generator be fully used. 

To illustrate this we will compare two systms that produce equal amountsof energy which we will choose to be 200,000 kWhwill per year. The firstbe a diese] ge1erator whose cost is 700,000 CVE and whose srecificfuel consumption is 0.2F0 liter/kWh. It will
12 hours per day. 

be a 46 kW unit operating
The wind machine,sized 

energy to produce the required annualat the chosen location, will cost 7,000,000 CVE. The cot offuel will be 21 CVE/l, the life of both systems 20 years, and the discount rate 10 %. Ope.'ation and maintenance costs will be taken to bemuch smaller than other costs ard therefore neglected without seriouslyaffecting total costs. Furthermore, lower utilization should resultin longer life, greater than 20 years, but 
this factor has also been
neglected since 
it is probably small and would apply to 
both systems
and therefore not 
strongly affect comparative results.
 

The annual cash flows are 

Diesel generator
 

Cost of capital: 700,000 
x 0.1175 
 82,000 CVE
Cost of fuel: 200,000 x 0.280 x 21 
 1,176,000 CVE
Cost per kWh: 1,996,000/200,00-0 

6.29 CVE/kWh
 

Wind enerator
 

Cost of capital: 7,000,000 x 0.1175 
 823,000 OVE
Cost per kWh: 823,000/200,000 

4.11 CVE/kWh
 

When the 
systems are utilized 
fully (at the design capacity) the wind
generated electricity is less expensive. 
 If we were to utilize them at
4C % of design capacity and produce 30,0OO kWh/year of electricity the
costs per kwh would be 6.91 CVE/kWh for the diesel and 10.29 CVE/kWh
for the wind generator. 
 The wind machine would be 
more expensive than
the diesel instead of less 
as at full capacity.
 



The general expression'for energy costs from a fueled system is
 

fixed costs + fuel costs x f 
Cost of energy for fueled systems = £
 

f
 

where f is the fraction of utilization of design capacity. The
 
general expression for a non-fueled (renewable) system is
 

Cost of energy for renewable systems = fixed costs
 

These two equations are shown on Figure VII-5.1 for the costs of the
 
diesel and wind example above. The importance of fully utilizing the
 
capacity of renewable energy systems is evident. 
 For low percentage

utilization wind energy, and most 
renewable energies, become prohibit
ively expensive while fueled Systems not
are strongly penalized by
 
low utilization.
 

This same principle applies to any large capital investment, especially

for desalination plants which are quite expensive. They must be used
 
as near to design capacity as possible. A reverse o.3mosis plant driven
 
by a renewable energy source that could only operate the plant 
45 % of
 
the time would probably not compete with a plant powered by diesel,
 
which could operate it at 90 % of design capacity, unless the renewable
 
energy were produced at a very low cost.
 

This militates against isolated, one-purpose, renewable energy systems.
 
Both the consumer and the renewable energy system dictate plant shut
down. For example, an isolated wind driven desalination plant for
 
irrigation would be limited operation perhaps 50 % of
to at 
 capacity

by irrigation demands and 
to 50 % by lack of wind. The result is 25 %
 
utilization of the total plant. 
 Compared to, say, operation at 75 %
 
of design capacity for a diesel-driven integrated system, the isolated
 
renewable system is at a basic 3 to I disadvantage and product costs
 
could be about 3 times higher.
 

If Dower demand coincided with wind 
speed the wind ma-,hine could be
 
utilized at a high percentage cf design caipacity and 
its energy ',c,;Id
 
be the cheapez.t. 
 On the other hand ifi demand was poorly correlated
 
with wind ,eed low utilization could occur and its energy could be 
the most expensive. 

* Neglecting operation and maintenance 
costs and the effect of utiliza
tion on lifetime of the system.
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(e)Renewable Energies for Desalination and Electricity: 

We have seen that the costs of producing desalinated water are veryhigh and that, in addition high capital costs, fuel costs are a major
contributor to these high costs. Furthermore, the fuel is 
imported,

must be -aid for in hard currency, and price beenits has steadily
increasing over the last few (se- Sectionyears V). Therefore. itwoulc be advisable to substitute local, rs.-Awable energ es forpetroleum fuels. Irmorts coulJ be reduced, hard currency saved, re
lief from -scalatin. oil prices obtained. local industry and l.abur 

- I al " 
X U U C,. a '.. . . t, o the product, desalinated wterarid electri city, '-uld -e stabilized. 

We have also seen that it is important that e.xrenive renewable enerz:= 
or desalination systems be used as much as the percent
utilimation or plant factor should be high. This is hard to do inisolated systems having only one product or one user. It ir even 

more difficult when a s~Iar or wind energy system is part of the systemsince these ener ;v souces are intermittent and, if there is no energ7y
storage, ractically [.uarantee the willthat system function less thanfifty percent of the time. It i much easier to util ize exoensive 
systems, or parts of systems. fully i' it is a larger rulti-source,
multi-user, multi-product system. This is ,;hy a s sMem suo'yJp1r bothelectricity and water to all of Sal islan i preferred to a number of
small iso]ated svstems that surpiv orwoulc water electricity

smaller user grnuvs. It could be fE!asible to u ,e wind or solar 

to 
noncj
en,ergy in suuh b. s.ys&em even thtuh it might not be feasihe to use
 

them in a smaller-isilated systel-1. 

The renewable enerzies technologies that we have discussed which areauoroc.riate for larc-e Jesalinated water and electricity prod.ction 5re'wind machines and solar pond s. Photovoltaics, presently too exrensive. 
. houlr ente- the comoetition for large system arnlications in the 
future.
 

It has been shown earlier that wind energy m-uy be somewi-hat less expensive than solar pond energy. Because of the lack of operational
experience with ron~s their real costs notare well known. They coulcfurnish energy as cheaply or 
more cheaply than wind. 
 As explained

earlier in this section solar ponds have a very attractive quality

which wind machines lack. They can furnish nower to exactly satisfy

the demand. Pea.: Dowers ten t'mes the average power are avaiF,ble.

This means that1) t 3whereas0 wind energy is zenerally thought to
furnish 
 2 '- )0 be ableto furnish Up to of the energy foi an electric uo.ei ,stem. ,oni
power can furnish 100 C. incl asion of 
desa_, 'LtioCI in a system may

increase 
 the ossible wind fraction somewhat. 

* For' Cape Verde. In a country with lower wind speeds, wind energy
 
would be more expensive.
 



in view of these considerations. and orevious discussions of costs and
the technical properties of wind machines and solar ponds, it appears
that programs to integrate wind macb;ines and solar ponds into electri
city ani desalination systems in -ape Verde s:hou2d be undertaken. 

(f) Summary of cost of desalinated water: 

Various values have beer caoi'ul.a ted in t}hi.-; reort for the cost. of de
salinl-ed water in Cape Verde. The resu.lts in CVE/.m.3 are summ-.rized 
below.
 

Lowest Probab.e 

Simple solir still (VI-?) 
 320 870
 
Mindelo desalination ulant (VTT-3) 141 
 165
 
Palmeira desalination plant (VII-3) 220 
 281
 
Small brackish water RO plant (VII-3) 
 266 347
 

These costs reflect shipping and construiction costs that are much 
higher than those in, for example, the Uniied States. One can. of 
course, choose lower discouJnt rates (10 /Y is usully used in thi., re
nort) and calculite lower cos3ts. There are a]sc other choices one can 
make to calciil 3te lower coqts but even with the most optimistic ard
unre.listic assFmutiors it doesn't seem uoEsibIe to :Pt below about 
140 CVE,/m (2 USD/m 2 ). in this respezt it snouli be noted that the 
cost of water from older desalinatinn plants in Cape Verde has been
 
estima ted to cost well over 10 USD/'m 3 (700 CVE/m 3 ). 

(h) References:
 

1. "The U.S.A.I.D. Desalination Manual", United States Agency for 
International Development, Washington, DC 26525 U.S.A. (1980).
 



4. Water p~umpig 

A number of calculations of the costs of pumped water in Cape Verde have 
been made in past years. These have included pumping by mechanically 
connected and electrically connected wind machines, diesel 
engines,

photovoltaic pumps, solar thermodynamic nums and perhaps other tech
niques. Here we wish to 
make an up-dated ccmparison between three ,ro
misinq_ techniques - mechanically counlel wind, diesel and .uhotovoltaic 
pumps uner similar, conditions. The objectiv'e of this ccmparison is 
to see rouohl . under vhat uoniitions each of these -um-.. will be cost 
competitive in terms of the unring cost per tcnne of water. In arti
cular we wuld like to see to ,,;hat lEvel photovoli-aic system orices 
must fall in order for them to be cost crrmpetitive. 

Blake _ _ compared diesel and wind water numbin. in 1' ,S-?. .- ie con
cluded that wind water numpini was cost competitive with diesel pumping
 
at average wind speeds abo'-e 6.7 m/s. Ho'.ever, he ccmoared a larger

diesel pumn to a smaller wind pump (annual quant-ities pumped in the
 
-atio 9 to 1) which favors the liroer pump. Furthermore, fuel prices
 
have douhled since 1078-.9. Thierefore one would expect this break
even averaje wind speed to be lower and w will fin in 
 the following
 
anal-ysis that it is ndeed lower.
 

We will choose a location in which we would exnect photovoltaic rump-in
 
to first become cost-competitive. This wo1ld. be in 
 a sunny ribeira
 
where wind sneeds are lower than on the achada's and ridges. We will
 
use the basic analysis of BeurskensL2 forthe diesel and wind pumps with
 
recent cost data from 
 D.E.R. and some changes introduced by the author.
 
The rhotovoltaic 
 pump input data will be actual measured performance
data from Sudan and Mali F3_ translated to the almost identical. Cane 
Verdean solr environment. 

Photovoltaic Dumping in a ribeira: 

Currently photovoltaic pumps in the 1 kW peak rower range are being
installed in West Africa for about 30 USD/peak watt. Since solar panels 
can be bought at the factory for about 10 lISD per peak watt one must 
ascribe about 20 USD rer neak watt to BOS (Bel.]nce of System) costs. 
shipping. fees, etc. Measurements in Mali and Sudan show that at 
least two types of photovoltai.c pumps1 Guinard and APCO. have overall 
sun-to-numned-water effivcencies of 2 to 3 % over a range of insola

2tion of Tout 5 to b kWh/m day Hi . Literature from another manufac
turer, Solar Power-SOFRETES F4 . claims an overall efficiency of ., % 
at an insolation of 5.4 kWh/n 2 -day. They also state that the solar 
cell area for 1 kW neak nower rating is 9.38 square meters. This in
forma'.ion allows us to calculate an annual water outnut and its cost 
in a Cape Verdean environment.
 

From Section III we can determine an average annual in-ulatlon at 
Praia of 2070 kWh/m 2 for the years 1961 
through 1970 for example. 
This and the information above allows us to calculate the amount of 



water pumped a vertical height of 20 meters by a pump rated at 
1500
 
watts reak
 

choosing 2 % overall efficiency 10,690 m3
 
choosing 3 % overall efficiency 16,o4o m3
 

The 2 % value is probably more realistic since 
we suspect the measuredinsolation values to be slightly high and because using the yearlyaverage insolation does not 
account for 
the lower system efficiency on
days of weak insolation _see Fig. 8, p. 16, ref.3_ . On the other
hand one would expect system efficiencies 
to increase as more experienceis gained and systems are optimized. Therefore the 
3 % value ;rny be
realistic for estimates of performance in the future. 

The cost of photovoltaic pumped water 
over a vertical distance of 20
meters is, assuming a 20 year 
life and 10 96 interest rate,
 

Annual cost 
of capital (4 5,OOOxO.1175x70) 
 370,000 CVE
Annual maintenance anrt 
operation cost 
 10.000 CVE

Operator guard 


36.ooo CVE

Total annual cost 


416,ooo CVE
 
Cost of pumping water 20 meters 
(416,000/
16,ooo) 126.0 CV: /m3I 

As usual the conversion rate used is 70 CVE = 1 JJSD. This calculation can be repeated for system costs of 20, 10, 5,and3 USD per peak watt to 
get the following.cost table.
 

Price of installed system per peak watt 
 Cost of pumped water
 

30 USD/peak watt 
 26.00 CVE/m3
 

20 it 18.29 
10 " 10.58
 

5 " 6.73
3 " 5.19
 

Tf we choose the lower 
oounu of the overall efficiency range these
values would all be 
multiplied by 3/2. 
 However, in light of 
the very
elementary stage of development of photovoltaic pumps one must expect
efficiencies to increase rapidly as solar 
cells become more efficient
and better cell 
to pump matching is attained. Therefore the "3 %"table 
above should be quite realistic if not conservative.
 

Reservoir costs are not included. Ifweuse Beurskens annual costs forwater storage which are 2.09 CVE/m3 for two days of storage then the 
cost of pumped water will be 



Price of installed system per peak watt 
Cost of pumped 
water with storage
 

30 USD/peak watt 
 28.09 CVE/m3

20 ,' 20.38
 
10 "5 "8.82 12.67 ,,
3 " 7.28 

Commercial windmill pumping in 
a ribeira:
 

Beurskens 21 , p.H-4 has given a co-,t analysis of a 3.5 meter windmillpumping water in a ribeira. The mean wind speed was taken to L. 7n/s. This work was done in 1981 an-] in need of u..t. whchw esshall do using the latest information on costs communicated by Niko
 
Pieterse of D.E.P.
 

in adlition to the latest cost information v e shall assume a lifetimecf 20 years instead of 30 years, as Beurskens assuim;ed, since the latterappears to us to be too high n view of past records ef windmills in
West Africa especially in a marine envii'onmert. There are badly 
rustedrelics of steel windmills in Cape Verde to testify to thi.-;. The ost.osof a Detapster 12' (3.66 m) windmill as are:given by Pieterse 

Installed cost 
including pu:rchase, shipping
 
piping and labor: 327,515 CVE
Annual cost of installed system for interest 
rate of 10 % and 20 yr/life: 
 38,483 CVE
Maintenance 

12,257 "Rerairs 
3,154
Operator guard 
 36,000 "
 

Total annual cost 89,894 CVE
 

Beurskens gives 
annual water production over a 2C meter head as16,OOO m3 . Ther-fore the cost of pumped water is: 

Cost of pumped water 
 [5.62CVE/m3
 
This does not include reservuir costs. f we use Beursken's annual 
ccst for storage of 2.09 CVE/im3 this becomnes 

Cost of pumped water with storage CVE/m3 

Recent "snapshot" measurne-J.s 

71.0 


of the pumped water production of si;Derptster 8' (2.L4 m) windmills by D.E.R. indicates that 
the annual
quantity pumped by 
a 12' 
Dempster may be considerably less than 16,000m 3
 .
The average, converted from 8' to 12' by the factor (12/8)2, was about10,000 m3/year. Furthermore some 
of these windmills were 
on plateaux
where wind speeds are greater than 
in ribeiras. 
 Since these are very
preliminary measurements they cannot be 
used with confidence. However
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they indicate that the ccnt per cubic meter of water couli be 1.6 times 
more than calculated abcve or 10.31 CVE/m1 (allowing for less storage). 

Diesel oum~ing in a ribeira: 

Beu'rskins has also calculated of :o'eredthe cost rieoel water humping
in a ribe,-ra. He finds tiat the co--t or f:pn 16, 7,7 of ,ater
annually ovei. a 20 meter head costs 3.51 CVE/m " . We will uate his 
ccst ata fro:r !)81 to 1?34 by an inflFtion f'ctc.r pt.f per year *r
(I.'D6)3= 1.191. However, ir keeping with current fokl ore or diesel
lifetime in 'Jest Africa we will take the 3iese! u1p lifetime to be
 
3 years instead of 0 years. Fuel coats will be 2 CVE,,' 
 for zarly

1984 (about the curre.- .Ve h--- ,-le!sc
price) . % adde'd an cper t:r-auarc
 
at 006,OC CVF per year. With thesc c1!ages 3eurs'ken' cost te ou
 
page H-8 Lref.22 becom es
 

Investments 
 166,742 CVE
 
Instalation 
 -14, 888 1, 
interest: 10 %
 
Service 
 life: 5_years
 
Annual ca ital costs
 
N.aintenance per year 
 17,865 " 
Cperator-guard 
 36, ((:0

Fuel costs at 21 VE/li 
 8,3'96
Total annual costs 120,1V5 CVE 
Coat of pumped water (120,175/16,0OO) CV,.m 337.1I 
This aes not include the cost of a reservoir but for a diesel .sys-em
 
a very small reservoir (or none) may suffice.
 

Summar- of water pumprng costs: 

The foregoing analyses yields coasts of water pumping in a ribeira a.-z
 
follows.
 

Parameters:
 

16,0m0 m3 of water pum,-d nnually to a head of 20 meters 
Insolaticn: ?070 kWh/m 2 year
Average 3ind 1 .7 missoee: 

Price of diesel fuel: 21 CVE/l
 

Co.-ts of pumped water: 
Diesel (no storage) 7.5 CVE/m3
 
Wind (2 day storage) 
 7.7 CV1,T'm3 
Photovoltaic (2 day storage) 
 28.09 CITE/m3 

If photovoltaic systems costs decrease 
as predicted the costs will be,

including 2 day storage



at33 U =D/,peak 28 .watt ,CVE/m'
at 20 USD/peak watt 20..38CVE/m 2 

. at 10 USD/peak watt 12.67 " 
" 5 " 8. 2 ,
 

3 " 7.28 

We see that in a ribeira at thi.; wind speed and volume per day that 
w-Lin and diesel are about esually costly and notovotaic is -. 5 times 
more expensive. The cost of photovoltaic systems will '-ave to fall 
below 10 USD/'peak watt to compete with wind aind diesel in this size 
range, wind, and insolation regime, and at present diesel fuel costs.
 

We see that syste.. this small cannot affor a full-- pertr
guardian and that water stora e costs 
 are too hig. 

This analysis does not show us what haprens for v-riatim. in 6ome oi 
the parameters but 
from other analyses we can oint nut the following.

(a) As nump sizes become smaller and water volume Tcreases photo
voitaics become relatively more cost-effective.
 
(b) As diesel fuel becomes more exoensive diesel aumnins, becomes re
lativemente less cost-cometitive.
 
(c) As average wind speeds decrease from 4.7 m/s wind p'imring raridly
becomes too exoensive. Conversely it.rapidly becomes the most cost
effective as wind speeds incregse. In uarticimlar, since the averace 
wind speed of 4.7 m/s was postulated for windward directed ri!,eiras 
one woulc expect lower average wihd speeds in many ribeiras not oriented 
in this direction. In such locatioi1 .s win' puiji wold be less cost
effective than diesel and perhaps even than photovoltaic ouims at their 
current high cost.
 

References:
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Windmill system
 

Windmill purchase: 1500 USD x '70 CVE/USD 105,000 CVE
 

Batteries: 52,500 1 + (1-07)1 92,000 CVE
 

Lhrs E 

Labor: 00 x 20- 2.000 CVE year hr
 

Present value of all costs: 199,000 CVE
 

Averao'e cost of energy: 199,000/10,220 19.5 CVE/kWh 

These calculations will be repeated with fuel inflation rat. s of 5 % 
and 7 916above general infletion and for a photovoltaic system cost of 
10 and 5 USD oer reak watt. Battery costs remain the same. Assembling 
all of these results we have: 

System Cost of electric ,v 

Gasoline: 3 % fuel inflation rate 34.2 rVEi'kWh
":5 % " 37. I 

7% " 9.6 
Photovcltaic: 20 USD/peak watt 57.0
 

1n USD,/eak watt 33.1
 
5 USD/peak watt 21.1 

Windmi]l : 19.5 

The windmill is the most attractive financially (-,owever, it m; i, not 
be in ribeiias or' valleys that do rt flow north-eastward to the sea). 
This is not generally true in trorical reqions between about -20 and 
-20 dev.rees of latitude. Except for some islands, coastal regions 
and elevated areas winds are generally too weak and nhotcvo]taic or 
gasoline (or diesel) systems are more cost effective. 

For very small systems (one or two 35 watt -botovoltaic panels) the 
photovoltaic systems, are frequently favred because competitive systems 
are either not available or have other disadvantages. Table Vi1-6.1 
lists some oroperties. A system may be chosen for reasons other than 
cost ner kWh cf electricit: prodi'ced. 

We have not. analyzed the nrobabd72itv of being withiout rower because 
of extended periods of calm or cloudiness. A wind or photovoltaic 
generator which would not produce power for a inedical refrigerator 
for extended periods wculK probably not be acceptable. It should be 
noted that fuel supply crol-lems also can occur in remote areas and 
wind or solar may be less subject to interruption. 



Table. VII-6.1. 
 Some properties oP 
three small electric energy producing Fystems 
for
remote areas.
 

Property 
 Tcosts 

F&
 

I 

person-


I iti,3l1Neediprice forbatteries Lifetime nel rormainte- ofI Cnst Rel iabi] i ty eoectrictynance & fuel 
Sy stem Propop ertt o pera

tion 

Small photovoltaic 
generators 

very 
high 

Iyes Iong very 
low 

0 very high Except 'or very 
small system-- ct 

i.,highest. Predic-
I ted lprge cost de-

Small- wind 

gfenerators 

high !yes ] oa1ow 0 high 

.reases. 

Least exT'ensive 

in good wind 

Small gosolinediesel driven 

enerator5 

or low Iyes, forI s l l a . 
dsm,1 loads 
lwJiih cnti-

In11ous on-off; 
iemand char-

short high 
regimes. 

hih l"o11 for re- Tntermediate cost 
mote re- not avnilahIE- or

competitive for very 
s,al] un i ssma]l unitEs. Sen.,

acteri.;tif-s 
it i e to fuel nrce 
inflation. 



6. Improved 
stoves and cooking methods:
 

Although we know of no 

perceived that fuel 

through study of the subject, it is generally

for cooking is 
scarce and expensive and that 
collection of wood, brush, and agricultural residues is contributing tc
degradation. 
 If fuel is collected much labor and time 

land
 
must be expended.
If it is 
purchased the expense constitutes a significant part of the
 

cost of a teal.
 

During a visit in 
July, a household in Ribeira de 
Santa Cruz reported
that it took 1 1/2 
to 3 hours to collect wood 
for 3 days and that a
bundle of wood (appeared to be 
30 cm long by 30 cm in diameter) cost
140 CVE if purchased.** A second household in 
the same ribeira reported
that fuel collection took 
one half day every three days. This household also used kerosene for cooking. A meal of cachuna for this five
person family cost:
 

for kerosene 1 liter 25 CVE
 
" beans 1/2 35
" 

corn 
 I 12 " 
oil  0"
 

Total cost 
 102 CVE
 

The fuel comorises one fourth of the 
cost of the meal.
 

A family in Ribeira dos Saltos reported that 2 to 3 children spent 2
to 8 hours per day gathering fuel. 
 They reported that a bundle of wood
cost 100 to 
200 CVE and that one bundle cooks 
one pot of cachupa.
 

fuels were varied:
The cassava wood, acacia, coconut, thorny brush of
vaiious kinds, and much of 
this included roots. 
For these fuels the
three-stone cooking method 
was used.
 

Obviously such a brief survey is suggestive only. The sample size is
too 
small and the reported figures vary widely. 
 However, in agreement
with other reople who have looked at the cooking fuel situation in
Cape Verde _1,",weconclude that obtaining cooking fuels 
is both ex-pensive and time consuming. Furthermore, leaving organic matter, 
especially roots, 
on the 
land would assist in prevent erosion and add

needed organic matter 
to the soil.
 

* This will be taken to 
include distillation for production of grog.
 
The purchased wood must 
be higher quality and the gathered fuel
 

lower quality since three days of 
fuelwood is several 
bundles, and 1 1/2to 3 hours to collect fuel worth several times '40 CVE would imply an
income 
from wood gathering many times higher than normal daily wages

(7o-8o CVE).
 

.] \ 



To alleviate the situation one could (1) use substitute fuels (2) plant
 
trees to increase the supply of fuel and (3)> increase the efficiency
 
of the cooking process. The government is already carrying out a
 
program of substitution by making kerosene available and by subsidiz
ing bottled gas. There art also programs for use of biogas as a subs
titute fuel, and coal would be less expensive and not as
 

T

subject to"price increases as petroleum. The government is also carr 

ing out extensive tree planting. However, there is no activity directed 
tcward improving the efficiency of ccoking and it is there that we 

propose activity. 

The principal approach that has been used for increasing cooking effi

ciency has been the design, construction, testins and diffusion of more 
efficient cooking stoves. There are at least two types that -erit 
attention in the Cape Verdean context. The first is the lcw-mass fired
clay stove being developed at Ouagaiiougou 3 . Excellent efficiency 
improvements have been obtained in laboratory tests. Compared to the 
traditional three stone method which can be --15 ,,oefficient these 
stoves have efficiencies around 33 %. Therefore, all other things being 
equal, one can coo- 2 to 4+ times as much with a given quantity of fuel. 
Theyare light, portable, durable and inex:pensive. 

A second- type deserving attention is the massive chimneyless stone stove 
that is being developed in Lesotbo _4 Although it will probably be 
less efficient than the low-mas,,. fired-clay stove i it ' thehas ad
vantage that it can be constructed from readily available material by
 
techniques which are familiar to Cape Verdeans.
 

Other tec:'niques for decreasing fuel consumption besides improv!ed stoves 
are. available. Two that deserve attention are pressure cookers and in
solated boxes or "hay boxes". Because temperatures in a pressure cooKer 
ar- higher (above IOO0 C) food cooks more rapidly and the fire need not 
be maintained as long. However, they are expensive, must presently be 
imported, and people generally don't know how to use them (and perhaps 

don't trust them).
 

The second item is simply an insulated container in which a hot pot con
taining cooking food can be placed. It is well enough insulated to 

keep the -ot and its ccntent.s at cooking tenperEtures fa, per!aps 1/2 

hour. That me/r., ,2 hour of ocoking with ro fu I ccn-umption. For 

example rice 'anbe:brought to VOCCC in about 10 minutes then put intc 
The "hay box" to cor,,plete its cooking while the fire is nsed to prepare 
a sauce. This requires one fire instead of two. 

rcc-
We have not seriously considered sclar cockers because of varLous 

lems that apperently have not yet been solved. The problems are combina

ti'ons of cost, amcunt of attention required, stability, life of cooker, 

* Efficiency is defined in terms of specific test procedures. 

See ref. 3 for reference tc stove testing procedures. 
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time at whiclh co.o.k-ng must be done, improj'er temperature. it doesn't 
seem. that all of these pr.,ilems have been 

solved for a specific solar cooker. A recent experience in Lesotho
 
illustrates this.
 

Forty five 
bcx type szolar -ccke.s w-ere distributed to all of the
 
families in Lesobenc, a vi!!ag.e in the mountains of central Lescthc.

At the enJ of a year they were giver the option to buy them. Ory
 

-
fiv were ipurchased. Arrarently there is some hope there but m.ny
fficul "s remain sol..ei.. ..

We recommend initiation cf a program to cdevelcp and 4ntrouce stoves
 
and cocking methnods of higher efficiency. A proposed nodel for sucn
 
a prcram. is presentel in A'pendix E.
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7. Irrigation with desalinated water:
 

It has been suggested that desalinated water could be used to irrigate
crops. Since the ccst of desalinated water would be 150 CVE per cubic 
meter or higher the crops would have to be of very high value and of 
very high productivity pe. unit of lanid area. rMfore precisely, the
 
?alue 
 cf the :rcp per unit of water used wools have to be .eJhig.

Productivities ane values of cc::moniy grov.n crops in Cape ,erde are
 
gfiven in Table (011-7.1) F7.1_1 The last column gives 
 the income per
hectare paid to the farmer in 197r-77. The highest values per hectare 
ar,. those for scuash an, tomatoes, 591,0'C and 671,000 CVE/'ectare,
respectively. f one assl;mes that escf_ of th +se crcps requires 0.70 
mecer of irrigation .--ter* the cost of desalinated irrigation water
would be 1,050,010 carIVE ePectare. Since the irrigation %Aer costs
 
considerably .iore than the crop is worth it ould 
 nut be feasible to 
i -i3ate desalinatedwith water under these conditions. 

Reports of recent crop yields from Ribeira dos Plamengos P7.2]j are 
listed in Table IV-7.2. The prices are thos receI'ved by :he farmer 
("farm gate prices"). Comparing to 1976-77 (Table VIi-7.1) one sees 
that the value/hecare of irrigated crops 'as not changer: appreciably
from 1976 and the cost of desalinated water for irrigation woula 
still be equal to or greater than the value of the crop. The pot, to 

mo., , crop a-.pears to be the prcmising since three crops per year can 
be grown with a water expenditure of per"haps 0.50 meter per crop or 
an irrigation water cost of 750,00C CVE. This crop is worth slightly 
more than the cost of the irrigation water. 

* Ref. 7.1 assumes 1.5 meters of irrigation water annually. Squash 
and tomatoes would use about half of this during a six-month prcoduc
tion cycle. 



Table VII-7.I. Yields, prices and values, in CVE, of irrigated crops
 
in Cape Verde. Data are for 1976-1977. From Freenan, et a!., F7.1_.
 

Yield Value/ha

Area Share tonne/ Production Price (CVE/ha 
,ha) (%) (tonne) tonne) in 

Sugar cane- 1,C65.0 57-5 14. 1.4 , -
Aguardente - - r-,704,O.0 5.20 2L9 .5
 
B-nanas 162.0 .7 .0. c 6,42,4 47 
Cassava (a) 225.0 12.1 25.0 5,625.0 _/.90 O 
Sweet potato 225.0 Z5.0 1
- 7.Q4 

tato 132. 0 .1 17.8 -,-51.0 474.66 2.,.6 
Carrots 12.3 0.7 "3.0 159.3 6'I.V 260.7
 
Peppers 4.1 0.2 15.0 61.3 .+7.47 201-2 
Toma to 16.0 0.9 20.0 320.0 p84.56 590.8 
Cauliflower 3.9 0.2 10.0 39.CI(b/0?.8_ 120.8 
Cabbage 20.5 1.1 10.0 (c) 205.0 402..32 120.9

Leaf cabbage 1C.5 0.8 C (c), 93.... 02.1: 5 4+.


Onions 31.5 1.7 12.0 3?8.: 5j7.09 193.3 
Melons 7.9 Oh 9.0 71.1
 
Watermelon 14.o 0.8 4 0o 54,).0 - -
Squash 15.5 0.8 50.0 775.0 447.47 671.2
 
Garlic 21.3 1.2 0 9 3,524.6- 17.2 

(a) Cas,:3ava and bananas are grown in as -ociation
 

(b) Cauliflower price assumed to be the same as cabbage becaul.e of
 
lack of price data on uauliflower
 

(c) Estimnated by ;eam agronomist
 

(d) Values were given in ref. 7.1 in USD. The conversion back tz 
CVE was made at the approximate exchange rate for 1976-1977 of 30 
VE per USD.
 

Table VII-7.2. Recent crop yiels and farm gate prices in Ribeira

drs Flamengos, Santiago (1982-1983). For one cro,. From Bedilfe f7.?_l 

tonnes CVE, CV.
Crop Yield (hectare) Price (k) Sales (ectare)
 

Tomatoes 20 30 6oo. ooo 
Squash 20 25 750,000 
Potatoes 23 4C 860,000 

/
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What about high value export trops ? Could they be eccnomica].ly irrig
ated with desalinated water ? Strawberries from Israel and the U.S. 
were sold in London for $3.30 to $6.60 USD per kilogram in March, 1983 
7.3. Other produce prices on the London market ranged frcrm 0.50 to 
00-. UD per kilogram. Air freight costs for produce and fruit are 

about 0.75 USD per kilogram from Senegal ann Mali U7J and would
 
probably bc similar from Cane Terde.
 

Let us consider watermelon -c the- are now inorted into Lsdon 

from Senegal. and they are also grown in Cape Verde. They s:ld for 
1.53 USD per kg in London in March 17.3_ . Productivity on irrigated 
land in Cape Verde is L0 tonne/hectare. Water costs .,ould be, at 
0.60 riters of water per crcp, 22.5 CVJ,k- or 0.52 USDkg. After air 
freight 	costs of 0.75 US--/kG one would te left with (.26 UWD/kg for 

other production and ,,ales costs. 

With irrigation water of such high cost it would pay to use more
 
efficient irrigation methods such as ,rip irrigation. This is al

ready practised in Cape Ver-de (State Farm at Santa Cruz, Sainticgo, for 
examale). Even -overed growing areas (greenhouses) desi gned to reduce 
evapotransr.ira+ion may be edviseb2e. 

With espect tc export cropc one should keep in mind that :Trotters who 
service the lirge central markets in Europe, for example, are in com

petition with each other. A rower from Senegal wr-o 2rrigeted water

melors with w-ater costing 0.10 USD per tonne would have a decided 
advantage over zne in Cape Verde whc irrigated with water costing 

2.15 USD per tonne (150 CVE/tonne). The S negalse grower culd sell 

in London at 0.30 UST per kilogram less than the Cape Verdean -grower* 

Under such a competitive disadvantage it'would probably be unwise to 

invest in an agricultural project using desalin.-ted irrigaion water. 

To summarize, the use of de.salinated vater to irrigate ioeS not
 
appear to be cost-effective for either internal or export crops. Ex-


cert.iOI15 to t'.i.- may _2 fcun9 for specific :rops and .special market 

condlitions which have not- been identified here. It is imprtant, 
ho,,,ever, that one does not make the assumptiohr . .,_lnatei water 

will hecome inxpensive. We found no evidence earlier that desalin

ated water can be produced for less than about 15C CVE,/tonne in Cape 

Verde.
 

Using the figures used earlier: 40 tonnes yield per hectare, 150
 

CVE/tonne water, 0.60 meters of water per crop, exchange rate of 

70 CVE =1 USD. 

http:eccnomica].ly


Note added: The desalinator must 
be sized to produce the maximum
water requirement for a crop. 
 In the soutnwestern United States, for
example, corn and potatoes both require 100 tonnes of water per day
per hectare 
during their maximum period of water requirement L7.4-

Since the water requirement lasts about two months one 
could irrigate

six hectares in rotation of one 
crop per year for each hectare with a
100 tonne/day desalinator. This would require six hectares each 
producing one crop per year.
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VIII. PROJECT RECOMMENDATIONS
 

By choosing favorable combinations of energy needs, energy resources
 

and energy technologies we have identified some promising areas for
 

development. They are:
 
powered• 	 Desalinated water - electrical power production systems 

by combinations of petrcleum sources, wind machines and snlar 

ponds, 
• 	More efficient cooking methods and devices,
 

• 	Isolated rural electrical power for small water pumping, re

frigeration, lighting, communications. 

In this section we recommend some development prcgrams based on this
 

They are programs recommended for immeriate implementation
selection. 

and long range implementation.
 

The programs for immediate imtolementation are:
 

• Planning for and design of desalination-electricity production
 

system using a combination of petroleum, wind and salttgradient
 

solar ponds. This includes planning for a rejuv, nated salt 

production industry.
 
solar pond for developing an
Construction and operation of a 


in-country capability.
 
Development and diffusion of more efficient cooking methods
 

and equipment.
 

.The programs for long-range implementation are: 

Establishment of an insolation measurement program, 

* 	Development of a capability in .photovolteic power generation, 

Construction of a solar pond of approxima+ely 65,000 square 

meters to furnish power to the Sal Islr.d desalination

electricity generation system.
 



1. Solar pond development:
 

Solar pond development and employment should proceed in 
two phases.
Phase I would be a development phase in which Cape Verdean personnel
would gain experience in solar pond construction and operaton. 
 In
this phase a 200 square meter pond would be constructed 
at Praia.
Salt 
from Cape Verdean salt evaporation ponds wojld be used. 
 The
plastic liner, piping, pumps, insi.rumentation and other necessarVtools ano eDuitment would be 
purchased abroad for 
the ost -art.
 

A measurement 
rroram would be carried out to ietermine the nond behavior under local conditions of temperature, insolation, wind, and
atsosphe_-ic conditions. This would incluie measurement of the temreratures and 
salinity profiles. 
After reaching operating temperatures,
heat would be 
extracted and efficiency measurements performed.operation could utilize the 
This
 

heat exchangers of the SOFRES solar oump

at Achada Sac Filipe.
 

Exoerience in ceneration of mechanical poow'er would be 
gained by utilizing the SOFPETES motor, heat exchangers, condenser and 
-ump from AchadaSao Filipe. Cooling water for the 
condenser would 
ce needed at a rate
of 10 to 2?C cubic meters pe -- day and water to tnuke i for evaporation
would be needed at an average rate of I to 2 cubic meters per 
-ay so
that a location near 
the ocean 
(sea water is adequate for both of these

requirements) would be 
advisable.
 

Phase Ii would be 
 nstallation of a larger solar pond of approximately
the size (65,0:/ m) analyzed by Burns & Roe (see section VII-2).
would produce electrical It
 
power for either an electrical system or
combined electrical-desalination a
 

system. 
 The three likely locations
 are Mindelo, Praia and Palmeira on 
Sal island.
 

In Appendix D, 
 a model Phase I project is outlined. It would
last three years and require donor fun:iing of 128,00
Verdean USD and Cape
funjing of 3,00,000 CVE. 
A 200 square meter pond would be
constructed and operated.
 

The utilization of solar ponds for electricity and desalinated water
production (phase !I projects) is 
discussed in Section VII-3.
 



2. Solar nond and wind siipple:rmented desalination and eectricitv
 
production:
 

The discussions of Sections IV, V. VT and VII stronly suggest that 
work be initiated which will introduce energy from wind machines and 
solar rends into electricity and desalinatecd water rroduction systems. 
Thi.s' shou'd start with engineerinp, studies for increpsini the ca acit,;
of the Sal sland and Sao Vicente electricity- oai'nati or. "'t.m. 

Tt., S'bo!u:.. he f'oltwed by: inrlrmerta.. . n . has. st-o.wicY tecr-icai, 
ard coL Ltrforar.r..ce mes u-rnt ccorarnent. 
The FrOa_ and other energ.y r e e:cand ard o.rohlyill incrcorvte 

desalination into their systems!. As this occurs wind and solar ronds 
sho l I e .....iie to t'e ful eat extent. 

The measurement )royrqrs or the first systes. as well a. the develop
ment vwor carried out by I.r.T.T.. will assist th,-e ' ro, er intrnJi-:ction 
of wind and solar pond energy into desa] 'nation and electricity Tro
ducti on. 

ten-enc-y to emrnas ze wind rm-chines in Care Verde because o its
 
a-most uni-uely strong wind reiime for a ]ov'-latitrude ?ountrv, arrears
 
to work a~ainst developent of solar electric .over sourcez. T.is 

h,,ld be voided. Wind macines c.in only zur,, , fract 4 on o' -he 
energy neeje-i (usually sa-ed to be 2:1-. of an electrical -. , 
cap ci rv'.y S.olar onds on the ot her hand can ur---,--,y 100 9 and also 
develop a siseable local con.triuction and salt production industry. 
Although a ;'ater-runrnin;:,- ,n be deve] cpe- in Cape .erde,wind indlu-tr, 

it is lfoely that 5C-100 kW wind electric machines wll continue to
 
he entirelY i-.mnorted.
 

Therefore. enrineering studies ai-mrd at inl.rcducinc loca l, rene.,,,wable 
energies into the e]ectricit2-d~salih.aI ioi systeas of C,:Ip Verde 
should include solar onds and, eventuall, phot17o.taics. 

Since solar ponds will be a major consumer of salt , planni< fcr a re
invigorated and enlarged salt production industry in Cape Verde should 
be done ccncurrently. 

h"owever.,becau.e o ,e wfr. s.ee' .. - buti :nin C,qe Verdie m-.
 
be "hiher than - ... t e io sboul- he er frr , ', - deter..re, 

to a .e . f ll. in the dem.nd va l e " ta are ,-ar 
of ci +v e ectrical -,';er 4ernm..
 

lar exte t ;cter tic 

* If salt nonds furnished half the nower for the Sao Vicente, Sal, and 

Praia electricity-des.lination systems construction and operation of
 
the ponds over a period of 20 years would consume 2 to 4 million tonnes
 
of salt annually.
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4. Insolation Measurement Program:
 

Existing measurements of insolation in Cape Verde were reviewed and
analyzed in Section III. 
 Most of the measurements were done with
a Robtizsh Actinograph of 
basic accuracy t 10 %, or worse 
if not regularly calibrated. 
A few recent measurements using better instruments showed much lower values of insolation. Therefore, we are still
quite uncertain of the true 
insolation in 
Cape Verde. Furthermore
only the global (direct plus diffuse) insolation was measured and
tensive measurements exist only for Mindelo and Praia. 
ex.-


Since design
and development of solar energy systems requires good knoledge of insolation a solii 
program of insolation measurement 
for Cape Verde is
 
indicated*.
 

The reasurements should be:
a. Measurements of global and diffuse insolation at
at most ten minute, or
hourly, intervals using accurate pyranomete,s and electronic
readout and recording. 
Sunshine duration, using th!
solarimeter, should be 
Campbell-Stokes


carried out simultaneously in order 
to derive
empirical relations between insolation and sunshine duration.
calibration and maintenance of the equipment is imperative. 
Regular
 

b. These measurements should be 
done on several islands and in several
types of weather zones.
 c. 
A central data reduction and storage facility must 
be set up to
receive, reduce and make available in reports or 
computer format, the
results of the measurements.

d. Analysis of the 

carried out. 

results in terms of weather parameters should be
Relations between sunshine

be derived for use at 

duration and insolation should
locations which have only a Campbell-Stokes
solarimeter. 
 Studies of 
the relation of the 
diffuse component of insolation to 
the atmospheric radiation scattering properties (dust 
or
water vapor) should be made.
 



5. Photovoltaic ,evelopment: 

Photovoltaic systems 
are 
already attractive for 
small
tions and remote applicashow promise for larger applications. 
 If predicted priced
reductjcns 
occur 
they will become competitive for 
very large anrlirations. Since this is 
a good possibility it would 
seem advti.able 
to
develo a pi-otovolt ajc oeapabilitv in te country . Ti5 bwlith an emrhns is on small remote systes ountr. This srl 
rrovide medic-l s of"stem. - - . o esk 

te
that.refrigeration lighting, cOS flnCetion:i and in scmH.ca.set water pumping. 

The pro'ram .vould consist of partstwo The f4..r st wcu3cof off-the-shelf he Ourchasesystems from manufacturers, ir staliins
areas and ,onito-ing their performance. 
them in rural
 

A m cel 0also be o' e system !.Ighttested in the l.=:oratory. The "rural"ably close arens should be reasonto Praia so that monJItorin:c of performanceout easily coul- be carriedon a regu!Fr basis. Off-theshelf sct,-ins ta.atbought are could be(1) potovol1 a c refri Kerators for me-ucal use whichthe specifications cf sati sfythe Center for Disease Control. Atlanta,and the Wor!d GA. USAHealth Or-ani:atior. (2) self contpined rhotovolticelectrical systems with panels, ccrit.ols, batteriesload- and hih efficiency(lihts, refrigerators, etc.). Soie suppliers ai* ARCO Solar,Solarex, Solwr Power and Solavolt. 

The second part would attempt to consruct systems fromusing local componentsmaterials and skills where possible. Besides theadvantaFre of obvilouslimiti n imports one coulr no ssibly reduce theBalancp of Systems so-calledCosts (POS Costs) which currentlynart of photovoltaic systems than 
are a more costly

the photovoltaicFor example, panels parels themselves. may cost 10 USD per peak watt butcost 25 USD per peak 
the system maywatt. Local design, materials, and labor couldreduce these, the larTest rart of the cust of the system. 



IX. ACRONYMS: 

C.D.T.C. 	 Centro de Documentaqao Tcnica e Cientifica, Praia
 

D.G.I.E. 	 Direcqao-Geral de Induzria e Energia, Praia
 
ELECTRA 	 Empresa Publica de ELiectricidade e kgua, Sao Vicente
 

ENACOL 	 Empresa Nacional de Combustiveis, So Vicente
 

for international Development,U.S.A.I.D. 	 United States Agency 
Washington 	 DC. 

forAGRHYMET 	 AGRi ultural-i'drologicai-ME-eorcloicai program 

Sahel, Niamey 

I.T.D.G. 	 Intermediate Technoloigy Develcoment Group Ltd.. Lnon 

I.N.I.T. 	 Instituto Nacional Je investiga,;ac Tecnologica, 7raia 

Divisao de Energias Renov.'veis, Ministeric it.D. E.R. 
Desenvolvimento Purnl, Praia 

CILSS Commite Interetat Dour la Lutte Contre la Seceresse 

dans le Sahel, Ouagadougou 

VITA Volunteers in Technical Assistance, Washington, DC. 

S.W.D. 	 Steering Committee on Wind-Energy for Develoring 

Countries, Amersfoort, The Netherlands. 

O.T.E.C. 	 Ocean T!hermal Energy Con'.ersion. 
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MEASUR}WEFTS OF SOLAR RADIATION IN THE REPLIC OF CAPE VERDE 

C.F. Kooi
 

Cape Verde Renreable EnerFgT Proect ( 625-0937.U3) USAID/Praia 

July 29, 1983
 

The intent of this report is to collect as muchinsolation available data as pos.ible onin Cane Verde. to present itto indicate in n uniform fashion,the state of knowledge corcery-ing insclntionand finA31l,, to indicate in Cape Verde,the actions
and data collection 

concerning irsoln.tion measurementswhich are necessary for carrying out solar ener ydevelopment in Cape Verde. 

I. MEASUREMENTS OF SOLAR RADIATION 

There are two types of solar radiaqion measurementsupport cnmmon!l, doneof solar erer-gy work. in 
-iven in hours oer unit 

The first is a measurement of "dura
etc.). 

time interval (hour,,T, hour's/month,
 
tion" 

It is s-mply the time during which theenough to Sun shines stronglyburn a hole in 
a paper placed underneath a g].ass ball that
concentrates the 
radiation onto the paper.
"Campbell-Stokl, so)arimeter. 
The device is called the
Since the beginnings and endirgs of
the burnt parts of the paper are 
not
measurement of low precision. 

nrecisely measurahle, this is 
a
Furthermore, one
dirr.ctly in cannot use "duration,,calculating the performanceassumptions of solar energy systems;must he made concr-rning the intensitythe sun of radiation whileis shining. 
This will be discussed in Section I-T.
 
The second type 
of measuremert determineserergy f.qlling on the amount of radiatirea certain horizontal 
-rea in a certain time
This is frequently interval.called "insolation' and thatIt is giver in units term will be used here.of energ'y/,rea time.are used. We A wide variety of unitsshall use cal/cm2 '-er unit ±ime interva.lThe measurement is made with 

in this retort. 
a pyranometer. 
 The two common types in.
use today employ


(a) thermocouples, 
ore set of iunctions being raised by the sun'srays to a higher temperature than the othe, set thereby produci,,g
voltage, a 
(b) a silicon p-n function acr-ssg which the solara voltage b- raisinT radiation produyeselectronsfrom the valei±ceThe to the conduction band.voltage produced by either of these devices is measured and related, by calibration procedures, 
to 
the solar radiation power per unit
 

* See footnote on page 2. 
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area falling on tha device. The thermocouple type is usually consider
ed to be more accurate because of its broadband spectral response and
lower sensitivity to ambient tezrieratace. Instrumeuta of this type
have traditicnally been the "standard" instruments. However, the si
licon cell 
type appears to be undergoing am improvement process and
 
-nay soon be as accurate jnd reliable 
as the thr.occuplet 

A third type was ised by t> e "Se.'vigo Meteorol g,-o Nacion)]" o -f ?ortu-
La1 to aake insolatinn me--.su-'ements at Prai- .nd Min: elo durinv the 
years 1955-1973; years for which .;ve haoe data.. It i5 the Rob itzsch act
inograph vihr, se sensing element is a rnlec ened bimetallic strip susoCrtcd 
at ore en-' anc exno;e-l to ra j.iation through a. transparent : over. Whn

it absorbs3 radiation its temperature 
 rises e.d it bends. The mc.;ement -)f
the free end is mr,,7nifie- i mec1- anic'. linkatces and reco.led !-,y an arm
and ipen onto a rctating drum. If; is also knowri as tneaMchelson pyrano
meter. It has the aivantage, for re cte locations, of being self power
ed except for th= clock mechanism ";,ich rotates the registration drum.
However, its acc,..-acy is 2ower thanr thermocouple types i ,2]; deviations 
fronsi t-ue -valuc are stated to be 10 ;' or greater 2J, 4_7. 

As,3 suniight 1:aEses t'rough the atmosphere it is not cnly absorbed but

undergoes trultiple scattering from dust part'ces, water droplets, 
 etc.
 
The dir,-ct conpcnent of irsola'.!on 
 is thus _ediced and ; .:attered or

"diffuse" component arrives at -he measuring, i.E tru ,.org the
7a7nt with

redted direct component. Cne can meeaure 
 the direct and iffu. e com
ponents se',trately and 
 also the total or "global' insclaticn v.hich is

the cur; of the two,. In practice, me.sureme,,t of cnly -.wo of these

three is usually carried out -n order 
 to minimize cost arid labor. Two
 
identical pyrsnomecers are used, crie m'a:ures t ,e gl.bal 
 ',nsola-ion,

the other mesuTes the diffuse ins-olation, the latter beiig dore by

simply placin;r an ob-,tru-t-lon (a shadow 
 a-ni) in the direct line to
 
the .D n. All insolation in sirpm--.ts 
 giver in this report are "global". 

7n order to properly cesign many, if ntost, solar energy systems 
one needs accurate reliable mear-rements of' both diffuse and gobal

insolation on time intervals 
of apyrccimately ten miTutes. Thi: 
shoul:1 be done at a number of location_ represen tative mainly of varia
tions in cloldinesc.*. 

-crever, t.3~, Anuario Clinatol6,zico, referred to later uies "I.lsolacao" 

to denote "Duration" of sunshine and it uses "Radiagno Global" to deno. 
te "Insol ation". The names 'Duration-' and "Ins3olation" as we srra 
using them in this report are more in line with -resent usage. 
** There appear to be large variations in irsolation over ver., short 
distances on the mountainous islands, This is Fartiularly noticeable,
for example, on Santo Antao -,hen 'rcssing from the windward (cloudy)
to the lee (sunny) slope between Eibeira Grande and Porto No;*o. 

http:sirpm--.ts


II. DA TA
 

The Anuario Climatcl6gico de Portugal F3_ contains measuremenits Lfglobal insolation and sunshine iuratior for a number of years. The insolation measurements were taken with the 
Robitzsch bimetallic actinograph and the sunshine Juration me'--si:'en 1 nts with a "hej iograph",

rresunably of the 

per square 

Camr-bell Stokes type. Insolation data in caloriescentimeter per month for t.e years 19j5, 1O96, 1937 and,960 through 197 wre obtained and are uresented in Table I for Praiaan2 Tab-",= 1 for Mindcio. Thse tales contin the ua'imuml daily in
solation for each month.
 

Insolation data for 17 to 1c years* was =veraged and arE cresented in_ab1es I.T and IV. In EIditic-n to the mean the min'ru,- aria max.imu.niend the years in which khey occurej) and the standard ,eviaticn arepresented. The .ean of the month2.y total is ::vid.d by the number o.da';s in the month and this daily mean is p ;ue.-entod in the reventhcolumn. The Jaily nemns from the repot of 1.f, E:ffie, and .iTh --2are ir,csenteC in the eighth column. Ldf, et al., obtained these iatafrom the _cletim Actinomtrico de Portugal, Ano I-V, LJ -boa. They; areav.Trages for 4-5 years. The years are not seci fied but they areprior to 1966 the Jata of their report. The agreement between thosetwo sets of data, columns 7 and 3, is quite gocd. This is not surprising since it was .',obably obtained frrm the same measuremen-t 
program; only the ye-as in the data sets would differ. 

Years for which we had complete data for bth Praia and Mindelo. 

L\
 



TABLE I. 
 GLOBAL INSOLATION (cal/cm2): 
 PRAT,
 

Month "5"5"0--.. 1957 90Total 1961*M.,x da-, 1962Tol a]. ,Ma- day Tot~1 dtal,-x day Total Ha- d:.i v To tal M x ,ia
JAN  - 16 14;:' ,15 3:. 616 1;FEB 767 53515 053 6!4 4 718 704 11 884 5O0 10 59216 o'1 6C 4 o
MAR 17 069 6o 21 g! 792 21 

14 C1) 6o- ,9 .138 922P 12 176 6€,109 1q 61319 55xAPP 537 701 .1 509 7.. 
662 !i8 577 594 i2 96? 6q.889; 707 i8 3O 68'7 16 .(0cMAY 19 91+6 756 I" L1' 766 7 6r)"r.JYT.N "3 14,1 ~?i ',O 

2. 50 I 321 "9 6'40 7 Or553 730 21 734 2 7823 845 660Jul 1i 61' 14 7'7 5,t73. 18 64 23 679 7863 1' 502 724PTuG 16 155 6.3993 7? 161't7 )2 792 7,66 15 673 67,,14 577 61? 1501 
SEP 1l 57 

:91 12 ?55 62?46r-5 16OCT 88 72515 55' 6"'4 i, 186 6-7 - - 14 ,22 6r1 - -NOv 16 37 7 6 1i 14 11i 914 61.8 _.14 14 2oi r.o;516 617 13 "70 53- 1 5 827
DEC DEC 74 1 ()l27l- 74) 57' 1 , 6.3 -1 .. 12-,0l1-"' 510 12? 87 ,'611 026 1018A 223 45P_ 12 172 4. 9 11 314 

- 1 6 () n - 12f7 z'89 687 -17 9 ?r;
 
Month 196;Z* 1964* 1 615* 1966* 1967*JAN 12 941 553 '2 959 680 9 23 1968* 
FEB 141 " --. 

35 
1 47o 12 87!45 3 1 19 967 '31- 575 11 364 489 1 Pm 435118g 12 488 526MAR !8 32 7P5 Il 0. . 6n2 14.' 2 hO7 50 17 879 655, 15 Al8 594 16 Q54 9>f 6- 3rq1215P 4APR 1 97- 7 1 C3? -

2l T 4l 0 6776
HAY 1915 722 559 " 14 99 5v? 599' , 19 332 69 A 146 172 7JUN 19 6'-i 1q 625 0 00 72?072 7 1, 29? 379 627 -iA63 2C 711 765519 21 9be 503 17 290 684 66. 22 ;17 313 - 21 3 1q 
JTL 1-- 8 1 6 2 12 Mi .', 1,1.9 .. 9AVOG 15 17 (0 - 609-. 2- 11 612 4O 1 , , 4 669SEE, 1 358 Q 1 4n h5. io 84q 76; -is 12 660 1( 

18 226 A,,
1 091O715On 1 8 

NOV 
OCT 

a5 427 
232 

636 
i0 o9 11 s'1)4 49 

l 17 q-
12 
12 

406 
953 

534 
605 

15 
15 7, 

?'? 74,
7,-4 7151 61S9 934 76 59_ 67,11) :-cO ,-p 12DEC 11 620 V.TI P 566 %4Q 

"'- 5-15 127o1P09 14Ono 12 550'O 756, tin i 1 74,8 "6? 12 -19 ',4 1 2":? 471 
q-p 751: .. 7. 72 203 740 8 3o 

*Measurements 
frmr An u: rin Climal .gin:r de Pnrtur ol i 



_________________ 

TABLE I. (continued)
 

1973*
1970* 1971* 1972'

Month 1969* 


Total Max day Total Max day Total Max day Total Max day Total Max day
 

JAN 12 478 512 12 537 482 13 399 503 11 582 526 12 490 474
 

FEB 13 720 553 10 875 493 13 857 599 13 433 545 11 760 560
 

MAR 17 960 616 15 994 571 - - 16 377 686 15 795 596
 

APR 17 563 683 17 500 635 18 543 686 20 181 741 16 781 629
 

MAY 19 884 694 18 130 649 19 521 670 20 280 736 19 525 673
 
JUN - - 18 879 645 19 698 726 18 365 747 17 302 684
 

JUL 16 883 653 15 534 627 17 385 697 18 838 717 15 867 633
 

AUG 15 229 626 14 184 615 14 049 639 17 271 652 14 556 614
 

SEP 13 821 567 13 563 539 15 222 594 15 587 613 1,; 4o6 603
 

OCT 13 550 527 14 179 544 14 652 545 14 852 552 14 284 550
 

NOV 12 443 472 12 579 483 11 1-5 456 12 163 496 12 14o 483
 

DEC 10 934 415 10 248 404 11 138 443 11 682 465 11 163 408
 

694 172 815 649 726 191 151 747 177 069 684
Total _____________________________________ __________________ ___________________ ________________ ___________________ ____________________ 



TABLE II. 
 GLOBAL INSOLATION (cal/cm2): 
 MINDELO
 

Month 1955* 
 1956 
 1957* 
 1960"*161"
Mot . a 
 oa. 
 a a O~ 
....
Total1 x ------ 19da'ay Total Max day Tota' Max day 196r_
 
JAN 12 5-26 TotPl Maxday Total Max day553 15 213 61? Total Max da,
1" 068 543 
 -3 466 551 
 12 916 944 12 666
FEB 17 .- 595 F E Bt 16 5"!1
15 989 711
MAR 17 124 14 34 61? 15 379 6545
690 2o 504 681 1k o40 633
.P150
APR 19 5("2 71.8. 221 "8 826 20 1,c' 71i 21 113 12 928 577, -n !,7 6 . ?1 702 'Q 

499 !q'1424 723"---7 20 639 859 719r'-"." 775
Q 8i319 .P 7 7 1cM Y 20 167 73C . - 1 19 777JUN 21 7l
15 q45
!07.1. 8) 7,6 2.987
"-8 765 21
JUN 7 .? 54 
783 

2..4 .19-15 790 18 
116116 775 -- 799 21? 313781 20 338 767 
 20 718 ,344 19 461
JUL 17 128. 751 19 410 7,6 747 18 336 731
18 112 707 18AIG 112
16 171 7/-i !3 825 76- 7 bL1 16 761 728 17 ..6SEP C) 4_ 77, -- 6 22'4 ,O- 6-.

-2 .5 18 29- 7614 17 546 6 
68 

c L 75 - 16 ,61 6-7 
°
OPT 6 " 
 16 7-1 715 15 893 6cp , 375 683 

-r 


NOV i 1 686 637
: ., 1 975 6oo 1.5 874 638
i5 544 652
DEC 13 15 2O3 599 13 660 

5' 7 .- 3 So 13 1 55-22 11 1397 , 12 1Q4 505 11 412 52T,)ta]1 97014 6, 10 ,,'1 78q786 209 18!6 820 199 :2y1 '8 .0. 476 
5r9
844 

O 1;' 4-. 10 7i 4120 492 818 18,9 79 747M--o-- ort 19 . 3-- - ? t1965" 6 r 1966- l:lIt196 7' i--- 1968*
 
JAN 14 9P.7 666 
 1. 652 55 11200FEB 17 °7, '6 1.-""zE "1727 <' ,1 

499 12 '8 147 -it 1"77 _2:. 5 12 992 7
3 124 9" 590 13 425AR 0 O1,r 16 1,4 6oKAPR 19 99. 76? i ,6p 7L 

20 5 9 1 _ o 6,18 7 518 701 19 553 680 
MAY 19 O 2 n 407 757742 19 707 19 714- 713 202 i 3r) 31! ?.9 4 8c . 7?9 0 055 7765/14,JN 19 70P8 716- 1 188 76r 20 777 2 )4(18 913 716 1'7 93 7

Jl . ,,7., 16 663 700 718 1Ron, 72( 20 077 74517 0c-r 677 
 '8 645 7-4
AUq 12 oSI 6961,6 >':, <37 15 .9' gg' 1, 389 755-16 27'0 (57 ° 16 30
SEP 15 851 724 r, 670 823 655 
69 16 ?1% 664 16 76453 
 (35OCT 876 !' 59 r r''7 i4 4.' 1i-
 -4 64 1-InV 'i44 79"-- 5 5( , 

573 016 (056 j, i14 - 13 45736.} 
 51 6 ; ? 7'2 ,1i ;- '8r12 
DEC 11' 31 t06 
 11 s7 46, 10 669i 1474 11 40L6 479

)4:,18', r2 6 6 1;7* Measurements -77 

Teasur0t: from Anuirio C]imatologico/76 ', de Portmgal.)7 766 !0< ':1 .r. 3 j.-
1.9 Q64 
 7Cl .£286'5 
 7 
 - 755 



TABLE II. (continued) 

l19-. * .. C,. 71.'* 1972" 1973* 

Month 1972 

Tot-i Max dV T:)ta.if1.MHx 3;-,1 Tt.i M ,x day Tctajl Max lay It.II Max day 

JAN "14 1Q* 51r t .- - 1 1 541 12 706 5? 
FEB3 15 4?72 i 5 12 495 567 - - 12 746 617 11 643 573 
MAR 
APR 

16 609 
17 051 

. , 
642 

17568 
18 824 

670 
687 

-
-

-
-

17 596 
22 772 

756 
829 

16 987 
1? 483 

662 
645 

MAY 18 231 631 18 699 710 - - 23 753 868 17 038 612 
JUN 16 272 614 18 435 714 - - 19 559 818 15 756 644 
JUL 16 299 606 18 204 684 - - 17 889 746 15 446 6oi 
AUG 15 025 6o4 16 61: 686 - - 16 208 676 12 913 585 
SEP 13 69L4 575 16 027 663 - - 17 802 691 13 7'8 549 
OCT 12 721 511 16 119 615 - - 15 175 580 13 585 528 
NOV 11 105 ' 434 13 399 528 - - 12 844 566 11 272 455 
DEC 9 993 380 13 554 536 - - 12 725 575 9 934 394 

Total 172 782 642 19 , 440 714 - - 201 221 868 168 501 662 



E--T 1N, ,-TI ,- IN' C T2E 'I I . r

:AELELATIO] I. CAL/Cy FOR PRAIA 

N MIN. MAX. 1 MEAN STD.DFV. MFAN L5F 
Month e of of f o o LFMot --~ er. o'i ,1r.nr._; ohy daily DJFFIEn t 1he .monthly'mo~nthly ' -c -, l da'

d.ata set) total tct tota t tal to .l .-_ 

V15 9254 6.il.2 2,546 I 5)8 4c5 4 6 

(1965) (19 ,) (" .e ) 

'o, 0- •,

F04 (!=6 
. 

68.'3 

M 16 1"0,97 25,C79" 19 5-L ,61C) 6 

1'A 1 ,q1 ,2 n 6_ :, 02 _ 68._ 67
 

M 15 1,997 2 ,7 6142 
S 3--CO 6 ,8 1, 22 11 '46-1 51 

14 ?1 C, 11 7 5 13. 1 
O 13: I,'0 8 2.i.98 i4 ,078 -,6 "546 3 

)h (12.4se)
9rl easi(-t5 

t
.T 1!.1 18 8l.. 5' 2.. 1. 56 

(1064) (1cT2)..,1 . %.
 

A15 I, 7i 15,466 1,954c
Xl 7 (-!' 

•1 .O 6 4 '-,) 1 ,.c;41 4 11 
(1064) . 1 

0 1 0 , L7 18 .1 .,i 4 , 0c.78 " S 1 L .4 9 1 

(194".'. (1-.5 )( 3.% 

N 1 , 12, " 4 4 6q 7 ;Jcr 424 


,
',l-. i . '
6 . N 12.S 

- '~8 5' 6 . 1 -1Z-m.1 4 1 7 4 3 5 q 

' ( 06' (1955) 

•allowis for leap years in the data set
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The sDread of data for Praia is 50 % to 100 % greater than that for
 
Mindelo. This is exhibited by the Dercentages below each value of
 
standard deviation (columns six) which 
are the ratios of standard
 
deviation to mean.
 

The instituito Nacional de investigacao Tecnolgica (I.N.I.T.) in coope
ration with the Italian cooperation orogram meau.ired glcbal insolation 
at Porto Mosqijto on the southwest coast of Santiao Island (a loca
tion near sea level) for one year. The data are nresented in Table 
V. for monthly totals, and Table VI for hourly totals for three clear 
days 	 43. These measurements were maie with a silicon solar cell 
pyranometer and an electronic counter-integrat-r. 

Global insolation reasurements have becun 2 t Sao Jorge. Santiago Island,
at an eivation of 20 meters under the program of AGPP! qAET*. initial 
results of this measurement sr)gram are ,resented in Table VII (month
ly totals of global insolation) and Table VIII (daily totals) 5J. 
These measurements were made with a thermoccuple type pyrarometer read 
by an electrcnic counter-integrator. 

The latitudes, longitudes and elevations of these 
four stafinns are
 
given below: 

Mindelo. S. Vicente 	 160 52' N 25n 00' N sea level 
Praia.. Santiago i 0 ° 54' N 23 31' W sea level
 
Porto Mosquito, Santiago °
140 561 N 23 41' W sea level 
Sao Jorge, Santiago ° 15 03 N 2; 371 WA' _2 meters 

* AGRicultural HYdrometry and METeorology measurement -rogram
 

for the Sahel with headouarters in Niamey.
 



TABLE V. GLOPAI. iNSOLA.TION (cal/cm2-mrnth). PORTO MOSPUITO*
 

Mort h 1981 


Ja uary12 


Februa-v -

March 

A-ril -

May -

June 


July 


Aug-st 

.Septeriber 

Or'tohe, -

No rember 12 578 


December lo q84
 

MeasurementsF by I.N.I.T. (G. Colasante).
 

1982
 

1=,7
 

12 <
 

13 330
 

'13 q92
 

i4 930
 

13 54q
 

17 r7 

12 797
 

12 642
 

12 .70 

-
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TABLE 'Tl HOLLY TqNT.A~~rMApy~., 
2 

.......... 
 OATTON rT-CEAkR DAYS (oal/c-n2-ir): PORTOMO_.[I' 

Time December 7. 1981 August 30. 192 ,M-3rh3, .qp. 

06 s0 0 0.77 0 .00 
02 00 0.95 3.53 0.60 

08 00 11.27 25.80 .0, 

09 o0 
 44.?0 4L. 28.64 

10 00 58.48 60.46
 

11 P0 
 67.42 
 69.49 
 62.i
 

12 00 87- 9. 46 68.54 

13 00 
 69.66 
 72.24 63,90
 

14 OO 61 
 63.0 ! 59 "7 

15 00 48.16 57.96 43.00 

-16 00 34.31 38.18 

17 00 20.64 24.51 . 

18 00 
 8.o8 
 0.12 5.68
 

19 00 0 0.0 0.00 

Tot .l
 

(Ca ,'cm2- dy) 498.80 54.. 68 4 7•) 

* Meas:'.rer, ents of T.N.I.T. (G. Colasante). 

.(
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TABLE VII. 
 GLOBAL IN.SOLATTON (cl,/crn2-month): SQ0 JORGE*
 

Month 


January 


February
 

March
 

Aoril
 

May
 

June
 

July
 

A')gust 


Sepztember 


October 


Nlov inber 


December 


* Date. from AGRHYMET static'n at 

* 6 


1982 1983
 

10 20?
 

8 699* 

10 377
 

11 561
 

10 790
 

8 516
 

qo Jcrre (Rui Silva).
 

days of -ata misaing. Average assijrmrd for 
thr., :e 6 de-.=. 



TABLE VIIE. GLCJAL 

Day of 

month kust 

1 

2 
3:71 


4 

5 
6-

r 

8 
9 -

10-


11 377. r 
12 186. 

13 222. 


14 374. 


15 360. 

16 214. 

17 19•0. 

18 220. 

1" 514. 

20 347. 

21 192. 

22 283. 

23 204. 


24 230. 

25 263. 

26 252. I 
27 398. 
28 69. 

29 290. 


30 486. 


31 269. 


N0AIN 

September 

141. 


238. 


287. 

226. 

386. 


5o4. 


488. 
265. 

495. 


327. 
.352. 


323. 


316. 

217. 


241. 


4C. 


24. 

24-. 


7.-


366. 


349. 

362.
I 
432. 


474. 


42. 


205. 


215. 


457. 


472. 


cU'm:~9 

19 


October 

478. 


457. 

368. 


469. 

442 .
 
320. 


430. 


41o. 
479. 

442. 


442. 
336. 


450. 


164. 


225. 


257. 


283. 

373. 


394. 


148. 

354 


269. 

4o5. 


225. 

454. 


480. 


497. 


430. 


346. 


362. 


370. 


A 

November 

387. 


477. 

40?. 


452. 

431. 
470. 


491. 


306. 


424. 

403. 


385. 

360. 


324. 


371. 


201. 


190. 


315. 

413. 

41.3, 


379. 


372. 


443. 

363. 

II" 

373. 


226. 

362. 


97. 


169. 


359. 


419. 


O3 

1 

December January 

303. 
 I
 
203. 51. 
369. 173.
 

393 62. 

417. 277.
 
i2.
 

210.
 

173. 3"i1. 
267. 361. 

341. 36'.
 

294. 240. 
235. 367.
 

.219. 330 

209. 330.
 

183. 316.
 

176. 265.
 

276. 339.
 

31. 396. 
2?0. 425.
 

164. 441.
 

224 L4 2 

367. 448. 

-2:. y _,
 

202. 457.
 

387. 457.
 

329. 7,45.
 

309. 385. 
360. 286. 

333. 283.
 

311. 366.
 

271. 420.
 

Measurements of AGRHYMET 
station at Sao 
Jorge (Rui Silva).
 



III. DISCUSSION OF INSOLATION DATA 

The average daily insolation for Praia and Mindelo, col,mnsfrom sevenof Tables III and IV, is shwn in Figure 1. The less extensive measurements from Porto Mosquito and So Jorge, as derived from Tables V andVII, are also shcwn. The annual v'ariations are obviously cansed by(a) the seasonal vari-Dtion.s of the Jd:-clation of the scn. (h) the
rainy season in the late sTu,7mer a nd and (c) the7all seascn* zstv in 
the winter.
 

The differences between the e-easured in olat is for "inde'o -n aamust be due to different atopheric ccnd'ions or to syste.uat instrument error. is a-.r.e
It t:o tD be attri', beI t te !att dedifference of only 2 Je-rees. 

The 'iiffe-ences betwreen the measurcI insclaticn for Mii.ie7o - Praia andPorto Mcsquito, aimo.sare certainly :e-csuenenti naccurAcies sincethese are all coastal, low elevation 1ocation-. The lo.ver values forSao Jorge, hcvever, ma;' be due to its elevation, -20. meters, .nd theconsequent in'reased cloudiness and "ninfail; but instru.e-,t inaccuracyj 
may also be ru:esent.
 

'rle r'ay make an additional es-timate of the reli,ilit
 o, the C'(Tae Ver
dean .me :surement, s by co-,miaring them to the measurements 
 arnd erve
data for th-,e continent. Data for sites at smiar latituJec in Senpgal and Maritanij are shown in Figure 2 (Henri Massor. I h- corparirg these (i.e., 1data Fibs. mnd 2) one is led to .cu:pec' th'at thesu.mmer and fall 
data for !.ndelo and Pra> are too. high vile those
of Porto I osquito may be somewhcat fox'. The data fr Jo--e
m Sac. still too sparse (only 
 five months yet ova ilable) to Ira any con
clusi ons.
 

The continental climate, of course, is not ex&ctly the same as th e
Cape V .rdean climute, biit its .atitude,. rainy season nd the dosty
,zeason are similar. Fu-thermore, the accuracy and -- 1t-b ly of theDakar measurements are qu-e mood bscause of the betler .stumenta
tion. calibration ;r-,gram, F.-, professional attention that this me!sure
ment 
program received ID 

Reference tn columns 
six of Tab!es IT and IV reveals that 
the dis-eisicn of measureme-.+ts about the mean is much larier f:D Praia than forMindelo. This would arpear to he sn artifect of the ,eas-remerl-s inPraia ,nd Mindel sin ,e th meteorlo ic,- situatiD is not, u-h dfferent one thfrom o.ther. i un: ti smarsorent meosirement. inac-uracyto the known lo- accuracy of the bi:.taliwas n i i h of thne u. type of'ru- strument whichwas used, nlv- - wev~ u 
_cussion, 
we must concluod
that existing measuresents of insolation in 
Cape Verde are ofnot -oodaccuracy and 
more accurate measurements are needed.
 

In order to 
design and calculate the rerformance of most solar energy
devices the engineer needs irsolation data on 
an 
hourly basis although
 

(C
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Fig. 1. Averag: daily insolation as a function of month. 
 Data for Praia and
Minde'lo are averages for 13 to 16 years. Data for Porto Mosquito is for one
Vear Data for Sao Jorge is for six rnoath. 
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600
 

Soo
 

400 

0 7"om'b, voydO 

13 Zioul;hcha 

300 - L________,_ _. 
J F M A M ,J g A ,S 0 N D 
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Fig. 2. Average daily insolation for locations in 
Senegal and Mauritania
 
(From Masson L61). The data for Dakar are measured; for the other cities
 
they are derived from sunshine duration data.
 



occasionally d! ta on a *.faily or monthly basis is sufficient. Very

little hourly or daily data is available in Praia. The little 
 we have 

,
is shown in Tables VI and VII All of the data from the Anuario Cli-
matoLo;ico was taken on a continuous basis as recorded on the rotating
drum of the Robitzch actingraph. Therefore, a vast amount of hourly
data was in existence at one time. However, we dc not knew whether 
these continuois recor-Is still exist.
 

In order to deig-) and calculate the 'nerforr*ance of some solar enerpy
devices, r,articu.l, cn::centratc-s, the engineer ,rust kn7w the uIort'.on 
cf insol- cn which is d rect. We do not know of any na sureme-ts of 
direct and diffu.e insolation for Cape Verde. 

Pelmirinary indications from. tha in-,,itaion mes urement.- at Sac Jorge

and Jeduction frca codiness and 
 : nfall information indicate that
 
there are lar-e. .riaticns in i.solaticn in the Care Verde Islands.
 
These varia.tions 
would be Pxmect.ed to 4 penid on al-itiide and, o -rhaps
 
on the location with resr.ect tc, winlwar I or leeward sides of 
 mcuntai
nous regions. Except for the very pre]imins.ry results frmr Sao Jorge
 
we have no measurements of theEe variations.
 

Measurements of sunshine duration have been made at a number of sta
tions in CaeVcrde for mn.-.y y-ars (see Anuario ClimatolgijCo, ).
These include Mindelo, Praia, Sal, and Agui das Caldeiras (S.nto Antao). 
Becausp this is a cheaper and easier 
measurement tc make it is -.ore
 
Nidespread. Therefore, it is commcn pract 4ce to atte-mnt 
to derive 4r
s.)oton data from sunshine duration d-ta.
 

This is usually cdone 1-,v grarhing insolatinn, I, versus hours. S, ani
 
fitt.ing an analytisc e-sicn 
 to the data by a least squa, 2s or re
gression, process. We h~ve constructed such graphs for the monthly
 

..-
to-.ta for Mindelo (Fi;--- )- nd Praia (Figure 4) using the insalation
 
data in Tables I !ndI a i tL- sunsh,ine duration data (c:al'!d 'insole
ceo") frcm Anuar L-)ologico L S. years which comthe o Some for 

plete data on both insolation and duraticn 
 for both Praia 7nd Mindelo
 
were selected froun tn- AnuAtios at our disposal . *
 

It i-' immeiately obvious from th-se graphs that the relation between 
insolation (I) and hours of suanshine (S)is diferent for the "dusty"

wirter months (Novemrber, December, 
 January., February) and the "cloudy"
 
summer and fall months (July. Aucust. September, October). The former
 

lower the e 4y, -e latter. Thisf-may due
group lies t-',h. on gTrarhs than the latteren This m:at be d e t to
 
thle differcent .list_ catterin and - ttenuat:on crcoertiec of dust :n.
 
water, as well as to the greeter, atmospleric path leniTth and lower
 
average angular altitude of the sun durins the winter.
 

We first use -he simolestpossible ecuatior ta relate I to S. It is 

I = a + bS () 

* Presumably other volumes exist which have suitable data. 

http:pre]imins.ry
http:Pxmect.ed
http:uIort'.on
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Fig. 5. 
 Total monthly insolation as a function of totai 
monthly sunshine duration
yearsfor tix at Mindelo. The lines are regress ion fit:.; to 
Lhe data as described 

~ in the text -!-----77.......... ..I..and Appendix A................ 
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AFig. 4. Total monthly insolation as a function of total monthly sunshine duration 
for ten years at Praia. 
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where: 	 I is the insolation in cal/cm2 month
 
a, b are constants
 
S is the sinshine duration in hounr/month.
 

We made a lpast squ.res (regression) fit of this eouation to the Mindelo data for 1955. 1956, 1957, 196i, 1962. 1964 in three ways: (1)using all data. (2) eliminating the data for the "cloiy" months, 	 and(3) eliminatjnw the data for the 	 "dust," months. Tht resili, are: 

a b r2 

(1) No 	 months excluded 1843 56-97 n.57(2) "Cloudy" montis excluded -1996 69.36 0.66 
(3) "Dusty" months excluded 577 46.r; 

The "coefficient of deteraination", r 2 . 4, :l-o 	 listed. It indicatesa good fit foc values close to 1 and -i poor fi7 for closevalues to 0.Evidently. splitting data thethe into latter two groups_, 'ives a betterfit than fitting the data from all the mon:hs to a single curve as for caae (1). These re,ress-in lines a- e shown on Figiire and labelled
(1). (2) and (z) in ec::orJence witb th? scheme above. 

A somewhat better way of fitting an aralvtic ne 	 to he ta isbased on wo-k of &rkrs-rdm r73. The monthly sums of )-tdiat-on. T. are
divided by the amount of radiation available 
 at the location outsidethe atmosr-here. Io, and the num'-ers cf sunshine hours per month. S,are divided by the maximum numbEr of s'unshine hou:'s at the location

nutside the atmosphere, So . These rptios are 
 a suined to be related
 
by
 

I
 
° _ a + b---- (2) 

where a and b 
are constants.
 

We have calculaLed I/I o for each mon~th for the years 1955, )56, ic).1961. 1962. and 1964 for Mindelo and preser.ted the results in Figure 5.A regression fit to Eo. 2 is also chown on this Fig.u-. The constants are a - 0.",4' and b = 0.42P. The coefficient of dtermin:tion r 2 
= 0.425. This value 2of r is lower than those obtaire for E,. (1)and one would conclude that one could do better by uc.in. Eq. 1 to calculate insolation from sunshine hours data at lnw altitlide r;ites inCare Verde. Eq. 1 wo1uld he even 	 morp valid if vne used the equationsfo ' "cloudy" and "dusty" months -enaratpl, (cases (2) a () albove). 

It should be noticed, ho.'ever. thari the "cloud::' ar 1 "dust" monthsdo not lie in distinct regions on the 1/I versus S,/S.) ploto 	 (Fig, 5)as they 	do in the I versus S plot (Fig. 4). This mpy indicite t.hjat
the grouping observed in Fig. 4 may be due to the rela-tion path lengththrough 	the atmosphere rather than to the different radiation scatter



as a function of normalized
for Mi4ndelo
Fig. 5. Normalized monthly insolation 

a straight line as described
duration with a regression fit to


monthly sunshine 

in the text and Appendix A. 
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ing and absortion properties of water and dust in the Howatmosphere.

ever, it could be useful to 
determine the different scatterinE and
absortion properties of water and dust since there 
are distinct "cloudy"
and "dusty" seasons 
in Cape Verde and. indeed, in large parts of West

Africa (see Appendix B). 

V. CONCLUSIONS
 

Sufficient information exists to allow 
one to design solar, devices andsystems at locations in 
Cane Verde that are 
at low elevptions, However,the largest body of data, that for Mindelo and Praia from 
1955 to 1973.
does not appear to be 3ccurate. Other data 
is still too sparse to
significantly remedy this statH of affairs. Therefore, .-qlcola-liors
of the performance of solar systems can presently be dcne only to lowaccuracy with perhaps 10 to 20 ' errors just due to the uncertainty ofthe insolation data. Furthermore, there is almost. no information oninsolation at higher elevations and none 
at all on the diffuse conmoonent
 
of insolation.
 

A strong insolation measuremerit progra:m is needed ir ,-rder to Frovidethe basis for utilization of soloir energy in Cape Verde. Measucemeiits
of diffuse and total insolation should be made at a variety of locations and these should be carried out for at least a dec-de. In addition measurements of sunshine duration, a cheaper and easier measurements, should be made at many more locations and used tc calc-ulate insolation by methods such as those of the nreirfous section. 
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FIGURE CAPTIONS
 

1. Average daily insolation as 
a function of month. 
 Data for Praia
and Mindelo are averages for 13 
to 16 years. 
 Data for Porto Mosquito
is for one year. 
Data for Sao Jorge is for six months.
 

2. 
Average daily insolation for locations in 
Senegal and Mauritania
(From Masson F61). The data for Dakar are measured; 
for the other
cities they are derived from 
sunshine duration 
 qta.
 

3. 
Total monthly insolation as a function of total monthly sunshine
duration for 
six years at Mindelo. 
 The lines are regression fits of
Eq. (1) to the data as described in 
the text and Appendix A.
 
4. 
Total monthly insolation aL a function of total monthly sunshine
duration for 
ten years at Praia.
 

5. 
Normalized monthly insolation at Mindelo as a function of normalized monthly sunshine duration with a regression fit to Eq. (2) as
described in 
the text and Appendix A.
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Appendix AA. CURVE FITTING AND CALCULATION OF I AND S 
0 0 

(EXTRA-ATMOSPHERIC INSOLATION AND SUNSHINE DURATION)
 

The equations
 

I = a + bS 
 (1)
 

or
 

I/I ° = a + bS/S (2)
 

were fit to the 
data using a standard regression program for the HP 97
desk calculator. No standard program 
for calculation of I 
 and S is
available. 
 These quantities 
were calculated 
as follows. 0
 

The angle frcm vertical, V, of a line 
from the sun to 
a point on the
earth's surface at latitude, L, i& given by
 

cos V = cos H cos D 
co, L + sin D sin 
L 
 (3)
 
where H iE 
the hour angle which is 
zero at local 
noon and measured
positively in afternoon, i.e., 
150 = 1300 hours, 300 = 
1400 hours, etc.
D is the solar declination 
angle which, to acceptable precision, is
 
given by
 

D = 23.45 sin (2Trn/365) 
 in degrees 
 (4)
 

where n is the number of days after 
the spring equinox. The 
sunset
 
and sunrise hour angle is found by setting 
 V = 900 in Eq. 3. 

Hs = - tan L tan D in degrees (5) 

The number of hours in the day is 

d +H H 2H8 

0o 1-H dH 15 (6)
 

and the insolation per day outside the atmosphere is
 

¢+So/2
 

I = K cos V 
0 o 1 0So/2 dt (7) 

where K is 
the "solar constant" taken to 
be equal to 120 cal/cm2 hour
(outside the atmosphere) and 
 t is the time in hours. Using Eq. 3 and
 



integrating Eq. 7 yields
 

d 240 (Hs * sin L 12 cos D cos L sin Hs) (8)
0 15 sn1 

Finally, the hours of sunshine and insolation per month are found, to

sufficient accuracy, by multiplying the daily quantities calculated at
 
the 
21st of each month, by the numb:er of days in the month, N.
 

d
 

S = S N 
 (9)
 
d 

1 =1 N (10)
 

These calculations were programmed onto an HP 41 
C hand calculator.
 
The program is shown below.
 



ong erinlcl-Cl	 anQ~e 

f 	 Pu he2)t-' ue of the ite in der
 
cimaAJt egnrnes ino tore'h09
 

da-	 iA' A."t'

int o ste,X01estr 
2, Put" t hl la ii~ uA o- in; AC-'' . 

IL 'LA"te ' i e 

..	 FAi--"4. ExecuteA IQSt'I i AA2 AAL' 	 '; 

4'"~~~~ 	 ~ ~~~AM'-.A. AFj l 

Th'pitrwillC print nimbers in th
 

0~A-.
-der:' 

4.A 	 soA4 

<'A ~l- AAFA'A.FAACA.~. ~ .A -~~A~-A'-AAA '. - AA 1' -A.,A. 

AAA'A.AA-.. 1 AA,,.'AA 

~A.~F~'AA.. k.~ A.~A.''A'j.'""A'A'A''-- A' .~~'19I .CA~A/..-. A"A77A 

F"A"C .. ' 4.~ 'A' .~.-.' :. , : 7'A"A'AA.'A'A' 

4,"" 	 ~AA ~ AACCA'~ 

~~~~~~~~~ o:A2~'~SJ( 	 A -. '. 



APPENDIXAB. DUST IN THE ATMOSPHERE 

Onyango 
 81 has shown that a "unersal" formula due to Sayigh allows
 one to 
calculate global insolation 
from the daily sunshine duration
for over 20 years in 
East African locations Kenya, Uhanda, Tanzania.
in addition to sunshine duration 
the formula requires the maximum dailytemperature the relative humidity and the mont-1ry r-lative humidityfactor. ',,e claims good 
acreement 
between calculated 
values and measured 
value s. 

in view of the two very distinct seasons of the Sahelian countries,especially Cape Verde, where during tha winter months dust is a significant ra iation absorbing and scattering entity, one woui expect thatsuch a "uiliversai" formula may not be universal but w.ull have to include terms describing the dust content of the air. A good measurement procram in Cape Verde could contribute to development of such aformula 
for relating insolation to 
sunshine duration including the
 
effects of dust.
 



APPENDIX B
 

EVOLUTION OF PETROLEUM PR.3ES IN CAPE VERDE 

C.F. Kooi 

Cape Verde Renewable Energy Project (625-0937.03), USAID/Praia
 

Ju.'ze 1 . 1983 

I. Petroleum products power prati-2ally all of the modern sector and 
a considerable part of the traditional sector in the Republic of Cape
Verde. It is all imported. No donestic 

nal petroleum consumption has been increasing over tne past 

and, because of the voicanic natur-e of 
p

the 
etoleum 
islainds, 

resources 
there is 

are 
little 

known 

prospect of fin~iing any. 

Somewhat more than '0,000 tonnes* per year are used inte-nally. Inter
few years
 

as shown in Table I. Re-exported fues,i.e., 
for ships and airplanes,
 
are not included in this table.
 

TABLE I 

Internal consumption of all petroleum products in Cape Verde 

Year Consumption (tonnes) 

"1979 25,637
 
1?$0 
 28,337
 
1981 
 30,381
 
1982 
 30,472
 

The products include heavy oil (desalination, el9-trin Dower), diesel
 
fuel (transportation, electriz pojier, 
agriculture, construction,
pumping, etc.), kerosene (cooking, ligAhting), liquid petroleum ga.,
LPG (cooking, lighting), gasoline (transportation, agriculture, etc.). 

Pricas and import costs of petroleum products are obviously of import
ance to the Cape Verdean eco.omy. The evolution of petroleu, prices
is especially important in connection with the economi ,-, viability of 
alternate energy technologies and recurrent 
costs of A.I.D. projects.
 

Metric tonnes.
 

http:625-0937.03
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II. Evolution of Import Prices of Petroleum Products 

The prices i.n U.S. dollars of petroleum fuels increased by about a 
factor of teu between 1922 and 1960*. Since 1980 the prices (in

dollars) have stabilized and recently they hive gcne down. OPEC raw
 
petroleum prices, for ex m.ole. !.ave been recently reduced from about 
$34 tc about $2,Q rer barrel. 

Unfortunately, many jeveloring countries. inc] uding ",ape Verde. have 
not experienced these price reductions. Their petroi.eum fuel costs 
continue to increase. This is shown in Figures 1 and 2. The prices
shown in Figure 1 are import prices  before taxes, subsides, and
 
distribution costs are aprlied. Prices shown in Fiv,'re 1 are some 
during the year, and the data points are arbitrarily placed at June 
30 of each year: th0s_ of Figure 2 are those of th precise dates 
indicated.
 

The effects of the (OPEC price increase of 1979 are evident. The urices 
continued to increse .fter eve n w.he:n" wu:1d.. I029 exoort petroleum
prices were c;onstart or decreasinC. The reason lies in the increasing
dollar (U.S.)/escudo (C.V.) ratio, since one must ray for petroleum

imports in do]lars. The time evolution of this ratio is shown in

Figure 3. it has doubled sincep 1980 and that is enoutgh to produce

the import priue increalses of retroleum products shown in Figure 1
 
and 2. 

Will prices of petroleum pro.ducts continue to increa-se for Cape Verde? 

The answer depends on su many fact.:r. (es:culn.ollnr rnti,, increased 
oil demand due to increa.:ed world-wide economic activity, political
and military events in th - Middle East, etc.) that it cannot be 
answered with much confidence. However, since petroleum is a finite 
resource and world popu].at W+o (and petroleum consumrntion?) continues 
to increase one wou] d expect the price of petroleum to increase sub
stantially in the lon,_ run. Unfortunately, it is the short term 
prediction (10 to 
 +5' years) that is needed for estirnation of economic 
viability of alterrate enercy sy tems. 

III. Tmrrlications for Alternate Energies 

The economic viabil'itv -f most a],ernate energy technologies in Cape
Verde is intrinsically rel:tei to the prices of petroleum p-oducts.
Simply put, if is -aJ].rnare can't ifoil cnfea enerL-ies comnete, it 
is expensive they can. To comnrare the economics of an alternate energy 

If adjusted for generaL inflation it is less than this. 

http:popu].at


system, such as a photovoltaic water pump, to 
a conventional petroleum driven system, such as a diesel pump, one 
calculates the present
value of all over
cash flows 
 the life of the systems. Since system
lifetimes can 
be 5 to 25 years one must, therefore, predict 
the
prices of everything involved for many years into the 
future. Petroleum fuels are frequently the largest expense, e.g., about 70 % of
all costs in the 
case of the Mindelo disalination plant*, and the
prediction of their 
future price increases is, therefore, often the
most critical input 
to the economic calculation. 
 Price evolution in
the past cannot, of course, tell what will 
happen in the future, but
the large increases experienced by Cape Verde 
(Fig. 1 and 2) overthe past few years warn us 
against the recent, pervasive, assumption

that petroleum prices have 
stabilized.
 

mplication A. (Petrleum_priceescalation rates). In economiccomparisons of alternate energy system.; with petroleum-fueled energy
for Cape Verde, it to
is wise assume petroleum fuel price escalatin
rates that are higher than those 
that are currently being used else
where, e~pecially those used for 
the U.S.A..
 

Development and finance organizations provide funding for 
many
energy production and consumption systems in Cape Verde.
 

This funding is usually applied to 
the purchase and installation of
the system and usually does not 
include operating costs. When thesesystems are 
po~vered by petroleum based 
fuel (e.g., desalination plants,
city electric power systemns) the operating costs over 
the life of the
system can be considerably larger than the initial cost*". These "recurrent" 
costs are borne by the host country. When petroleum fuel
is a major part of the cost and the host country is an oil impoiter,the major part of the "recurrent" cost 
is in hard currency foreign
exchange. At the Mindelo desalination plant this ha.d currency
foreign exchange cost is 
about 110 escudos (C.V.) per tonne of water
 
(about 1.60 U.S. dollars today).
 

" 
Sonia MORAIS, Managing Engineer, Mindelc Desalination Plant.
 

** For the Mindelo desalination plant the present values of costs
 
over a 20 year plant life are about:
 

Initial cost (construction, etc.) 
 18
 
Fuel oil 68
 
Other operating costs 16 / 

This partition of costs will change somewhat depending on 
choices
of future price escalation and discount rates.
 
(Estimates of Cost of Desalinated Sea Water in 
Cape Verde, USAID/

Praia Report, C.F. Kooi, May 16, 19.3).
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Implication B. (Recurrent Costs). 
 In choosing an 
energy system one

should 
consider ways to reduce the "recurrent" costs of the system

which the host country must, usually pay. This is especially impor
tant if the "recurrent" costs are 
in hard currency foreign exchange

and if they are 
the largest part of the total lifetime costs of the
 
system. Alternate energies, such as wind and solar 
energies which
 
are 
locally available, should be considered.
 

Not only is this a heavy burden in terms of hard currency foreign ex
change, but fluctuations in internationally traded petroleum prices
and in the Jollar/escudo exchange rate 
constitute a substantial risk

for the host country. Although nobody expects this risk to 
be as
 
great as diring the last decade* it would still be vise to 
consider

risk avoidance measures when planning new 
installations. Examples

of risk avoidance (or minimization) measures are:
 
- use a plentiful fossil fuel such as coal
 
- use a locally available energy source such as wind or solar energy
 
- stockpile petroleum fuels
 
- install higher efficiency equipment or processes
 

Implication C. (Risk Avoidance). 
 When choosing a system that
 
consumes large amounts of energy one should 
give weight to measures

and types of systems that avoid or minimize the risks associated with
uncertain future prices of petroleum fuels and uncertain future dollar/
escudo exchange rates. Toie use of non-imported alternate energies such 
as wind, solar or geothermal is one such risk avoidance measure. 

Minimizing the recurrent costs and the risks associated with petroleum
fuels will usually, if not always, reouire 
a larger initial investment.
 
Straight 
financial analysis without consideration of these recurrent
 
cost and risk factors may favor a traditional petroleum fueled system.

However, consideration of recurrent 
costs, especially if they are ha-d
 
currency payments to foreign suppliers, and of risk factors may 
tip ** 
the balance in favor of a system powered by 
an alternate energy source.
 

* The price of fuel oil at the Mindelo desalination plant increased
 
22 times since it was opened in 1972 
 (Sonia MORAIS, Managing
 
Engineer).
 

** These are, of course, only two factors that go into choosing the
 
system. There is 
a multitude of other considerations such as
local 
job creation, risk of physical interruption of oil supply,

uncertainties and risks associated with new alternate energy

technologis, uncertainties concerning the 
future price evolution
 
of alternate energy components (such as photovoltaic panels),

personnel skill requirements, etc..
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FIGURE CAPTIONS
 

1. Evolution of prices of some petroleum products at Mindelo, Sao Vi
cente. These prices do not incluie any taxes, su.bsidies or costs of
 
retail sales and dibribuuion. TLy are prices whi ch occurred during 
the year anid are arbitrarily plottea at dune 30 of each year. Data 
were obta.intd from ENACOL and ELECTRA, S. Vicente. 

. volution of prices of came petruLeum products in± k'ape Verde. The 
Gasoleo Cativo is dedicatc' to fu',ling ulecuric u,, er o.mcithe LItioo: 
desali-Jati )n plant at Minde)o and does not i.cluie taxes, subsidies 
or retail transoort and sales costs. The prices of the other oroducts 
incluie these costs. "Tambor" refers to sales in 200 liter containers,
 
the price at the pump beinp slightly higher. Data were obtained from
 
D.G.I.E., C.D.T.C., and the Boletim Oficial da Republica de Cabo Verde.
 

3. Evolution of the Cape Verdean escudo: United States dollar exchange 
rate. Data from Boletim Oficiql da Republica de Cabo Verde. 



Appendix C. CALCULATION OF THE PRESENT VALUE OF A TIME SERIES OF
 
CASH FLOWS.
 

The present value of a series of annual cash flows is:
 

N 
Present value 
 An ( 
 (1)
 

n~l
 

where A is the 
cash flow in year n and R is tha discount rate
(or expected return on investment). N is the year of the last cashflow. If the annual ash flow is a constant times a orice escalation
factor this can be written as: 

Present value A= ( )n (2) 

n=1
 

where A is the cost of 
the quantity Juring th 
 first year and

its annual price escalation rate. 

I is
 
I can be the general inflat-on rate,
fuel price escalation rate, 
etc. -7,uatio 
 (2) can be written
 

Present value A (- 'N(3) A x PV 

where R' 
 R-I and PV (N,I,R) = the present value factor. 

If a cash flow occurs only at year n its present value is 

Present value An (1 4p,')-n = An .) (n, I, R) 

where P (n, I, R) is defined as the present value factor 
for one cash
 
flow at year n 



Apedix D MODEL FOP A SOLARPOND DEVELOPMENT PROJECT 

A. Title pawe 

Project title: "Salt Gradient Solar Ponds for Cape Ver-dean Applica
tions". 

Duration of Pr,ecf: Three years.
 

Total 
Cost of Proiect: 
 3128,000 external funlinz. 
The Government
of Cape Verde will contribute salaries (e:xceot for foreign consultantlaboratory siace and ,rouioment. and space for bu].jling the solar rond.Its conLribution is valued at 3,600,O00 CVE.
 

Investiza
aors: 
To be nramed by i.N.I.T.
 

Technical Assistants:
 
To be selected.
 

Locationof Projet: 
The rroject will 
be located and carried out at
Pria, Reoub'jc of Care Verde.
 

B. Project -bjective
 

The objective of the project is ,-HJLi.
to experience in constructionand operation of salt 
gradient 
solar ponds and to determine their
operatinc characteristics in 
the Cape Verdean environment 
in preparation for lar-ze scale use in generation of electrical power and produc
tion of desalinated water.
 

C. Technical Work Plan 

;.;- .. , ,aave seen in Sectiu!i VIi-? ponds have many advantages overother lcw-temperature solar 
heat collectors. Furthermore, they are
rarti -u]ariy attr:aetve for arplications at low-latitudes and undercoastal ahelian conditions. The Work Plan is desi sned to studyverify, and capitalize 
cons 

on these adivntaves. wil: he done by
ructing a pond. onerating7 it. 
This 


meosurinr its r)rpert-es ardhavior, c...oarinc to and devel-uinv theory 
be

as needed, and finallywithdrawinz heat from r,onJthe for a first aaclication. Tis firstanlicat cn will be the generation of mechanical nower 

Construction of Solar Pond:
 
The pond will be circular with an area of 200 m2
 . It will be 2 to
 
3 meters deen. The lining will be rlastic such as EPDM, HDPE, or 
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Use of Pond Heat:
Withdrawa! of heat and measurement 
started after 

of the quantity -"ithdrawn willone and bea half years of operation. The .xithdrawalchanism will be metwo diffusers, an irlet and an outlet, connectedan exte.rral toheat exchanger. This will provide experience" thr.,,,al -ec;'nio-ies ineand prov ide -eat for the first anp ications. 

It is planned that the fbtchan - o,"f a," . ti --. r t. will-lbe ]ene--atcn oftov'er by u. e meof th ..... mt AcaI Saowhich Filinewili be transported to the pond site. 



TASK STATEMENT AND SCHEDULE 
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D. MODEL BUDGET (numberb in "SD unless sFecifled othe.rwise) 

Budget * 

The budget is broken dGorn into' funds provided by the Donor and by theGovernment of Care Verde. Tt is further broken dc,-,n into moneys spent
in Ca-pe Verde and those gpent abro. 

A. Furds nrovided by Donor 

item rocuars 4n Procured 

Cape Verde abroad 

1. Solar rond constrution costs: 

Eart'h. ! (in,)o at O CVjE/'mS) 200,00- VE
Pond liner (300 m2 e. C 2)0 1Trs/ 3,000
Salt (100 tonners at 00n CVE/tnr e) 400,o00 CVFHeat exchanoers, ouno, 0i1 ing, diffusers 4, 00
ntrumentation str'uctures and ins
tall t ion 100, CC -,FWave sureso,
• i.rceqlareou &nd "f.]ot ' n . .~ 50,:0-) CVE ...... 130 OCCC TVB 1.0001 X 7V 00 

Subtcta] s ISO,OOC 07, 8.000 
2. Tnstrumentation and ontrol: 

Pyrancmeter lp underwater, 1 above
ha dw- !ar ) 

ith
! 

8,00

Cnntro, da :, logging, treatment and
 
st 2ac ewlett-Packari 
 1 B qysten;

with 9 e -Ocalculatcr, scanner, volt
mster, disc drive. 
 r!-o1ter r-rinter) 35.00


Instru -nts for measurement cf wter
 
4
oro cer- :s '.saii y. aci-
 ,.


contrI, tu-hidity] 
2,000,. er, t!]'ro ou-les, anemometer 3,000
Strip chsrt recorder ,Oo0 

c eI' areoIus and infI'-on (. 7,OOJ 

ubtotals 
 .no000
 
3. Transport and aaptation of 
S0FRETiS motor and) umo: 

Tra.?nsport 
5,000 CVEMaterial and part.; OC 00) CVE 7 ,0

Labor 

50.000 CVE
Professional personnel 50,000 CVE 

Subtotals 
 -05,000 CVE 
 3,000
Currency conversion made at 
70 CVE = 1 USD 
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P Procured
Procured in 

Cape Verde abroad
Item 


4. Shipnin. ir-curement 
exense. taxes, duties 

,.00
Items procured brod (12,.1 

85,000 CVEItems procired in Cape Verde (7%, 

5. Technical 2ssistance and 
visi to_ solar nond certers
 

Salary (,(l working days x 250 USD/day) 20,000 
4,000

Per diem (100 iays x 40/day) 
5,000Air tickets (2 U.S.A. - (Coe Verde) 

Two tries abroad from Cape Verde: 
5,500Air tickets 

7,500Per diem (100 days at 75 USD/day) 

4. 000Suttotal 


1,240.00 VE 2, 000 
Totals 


141.000 USDTotal contribution of AID 


B. F'nds provided by Government of Cape Verde 

Procured in Prccured 
Care Verde abroad 

on workinj 1,200,000Chief of project based of CVE 
CVE
Pro jecL si&Laiit I time >.r.r- the three 600.00 

Fezearch techniciqn :rears of project dura- 40,O,2 CVE 

I tion
 
400,000 CVEEquipmerlb and workshon facilities 
400,000 CVELand (700 square meters), 


Subtotal 3,000,000 CVE 

Project Adn.ini trEtion ) 00
600,000 CVE
 

o 06,600. 000 

51,000 USD
Total contribution of Cape Verdp 


http:1,240.00


References
 

1. R. Peter Fynn and Ted H. Short, "Solar Ponds - A Basic Manual", 
The Chio Agricultural Research and Development Center, Wo-oFter.:)hio 446ol, U, S.A.(18 ) 

2. T.. TUI, Y.,. C j, IN.T. Sha, and W.'V. Sc1erlz. Proceedings
I , 7. June 5 (1Q 2) Prcceedin -z to be nuboI hed bth.e inter
national Solar ErerLv Society. 

Y. S. Ch.., ....Sa. and W.W. 5cheri.z ".Moein. of :'e Surface
Convective L ayer of Salt Gr,-4iient Solar Ponds", 15th iE eetCet-nq
Atlant3. Au-ust i (1081) 
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Ecuipment andi materials for Phase I
 
To be purchased in Cape Verde
 

Unit 	 price,t~n 	Articles or Services 
 Quantity 
 -- Amount in
N 
 Cst Per CVE
 

Stove buiJLing toCls (stcne
 
working, etc.) each set 
con
sisting o shcvel, hoe, -pc '
 
hanmers, tr'vel, etc.) 
 5 2000 set 0,000 

2. 	 Ceme-n t (bag) 20 350 bag 7,200 

3. 	 Iron bar 'approx. 3/4" dia.) 100 150 m 15,00
 

4. 	 Cooking pots and utensils

(various) 
 50 00 
 ea 15,O00
 

-. 	 ±ron sieet (approx. /
thick) 15 500 n2 7,500 

6. 	 Miscel'aneous mateyial
(screws, nuts & bolts, etc2j 10.000
 

.	 quipment 
for clay construc
to.on 	 and firing 1 

50,000
 

COND: TION, OF PAYMENT:
 
Funds to the Project Leader
 
who will purchase item.-

Jocally and account 
 for
 
urchses.
 

Total 114,700 

16L~n 	 usD) 
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Equipment and materials for Phase I
 
To be purchased abroad
 

item 
 oUnit 

price Amount in
N. 
 Articles or 
Services 
 Quantity in JSD USD
 

1. 	 Mutl,
metcr with leads. bstteries,
 
similar 
to Fluke prcfessional
 
models which are
 

- portable
 
-
 mel sure R.V,I (a.c. & d.c.)
 

ever standard ranges
 
- have 
proper rE ference for 

thermo ooiule use so that temperature can be measureC 2 350 70C
 

2. 	 Immersible thermccou !.rs 
 for tem
perature ran-e 
0-120 C. Must

nairz 	 corrosion prooL jacket suit
able 	 for so 4 t cr sait water. Must
work 	with item 1 
 120 60.
 

... 	Balance for field ,.se

Arproximate range: 100 grams to
 
50 k-ilograms
 
Accuracy: + 50 
grams

Portable: 
 Spring type acceptible

if required accuracy 
can be atta.Jned 


2 200 400
 

4. 	 One liter calibrated stainless 
st,3e w'easureneent containers.
 
Accuracy of calibration: 10 c2. 
 8 1S
 

5. 	 Pressure cookers of various types 10 4CO 400 

Subtotal 

2.116 

Procurement, shioping, insurance(.n %) 
1 270 

-096
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List. 3. Centrel Laboratory Calibration, Repair, Data Handlin7 Eq.,ipment 

Item: 
 ArtiTciesA'r 	 .esu 
• .
 

1. 	 Desk co.mputer 


2. 	 Repair and calibration instru-
mryltt S!.!0 


5. 	 Files, c.f Pie equipr-t 

'ubtota] 

Shipjn,,, packing, purchesing
 
(6r %r 

T-,otal 


For five field stations and 2 sets of 

equirmre-.'1 cost would be: 

List 1 
List 2 (x7) 

LiC;t 3 

Total (al! e -'.i-tent) 


an t t ty -n----it prce. Amount in 

Ccst -er i,SD 

iCi.00 eal 10,000
 

0setJ )0 

I 	 5,00 set 5.CC0 

2,-)90
 

,*o
 

0 0 0
 

s.are field -tation-th. total
 

25,920.
,a0
 

40,OOO.
 

154,4oo. USD
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Travel and Technical Advisor Costs 
- Phase I 

Cost (USD)
 
Travel: Supervisor to 
travel to 
imrrove' s.cve
projects in We. t Africa for
per diem one month.
 

?,p4.
air ticke-:s 

Aji-~~ti k e . 1,000 

Ai" ticket, 
foreign technical advisor 000e

Per diem and salary, foreign tecl nical 

2,000

advisor 
 18,0,0
 

Total 

24,000
 

Facilities 
Space for outdcor construction and testing '500 n) not determined 
Indoor space 
for 
storage of ec.iipment (20 m2) 
 not determined
 

Salaries 
zUi.e'visor 
Assist nt- con struct ion not determined 
Assistant-user not determinled 

not etermz4ed 

Transr ortatic n 
Tranrportation 
Center 

between Fraia and Rural Exten- or. 
not determined 



APPENDXU..PIIENT FR ISOLTIO,' aS UJREDN1E PROGRAM:@A
 
lein F,0oat ion ,,easrement equipmentathecnrlIoo o 
sol t capable of cniuosyrecording,~ an integrating ovexr the, 

. .... ... .... 
 . . .	 . . . .. ! .
 

L-is~ 1~ra±'J.Labozator-v~ Xeasu remn t E ~zq'iaJrmen 
IU.fe 	 j' + -..c 
 ,, 


t.+A r e,-U ir5 	 5-,$ 

>5 ' art~No.R1 P. 156 Weat'1~he.r.-v$ 

P-7~cision models) 2 1,i,4oo. 6a ;28 co0
 

S2. 
 Reccrder withy int egr'ator sili.ilar t o,<j'.
model IR12V I TNT ~Weathermea sure) 
to fd'iction with item 1 

S 

51,100.ea 1,20 
3. 	 Cable similar to. Veritiermasure
 

part R41 -2C to ccnnect, itLem Iand 

2. Fifty '(50) foot, length ' 	 2' 0 ea jG 

.' 

4.: 	 Shadow, bar for~ diffuse ifisolation" 1 200.l ea I2-C 

Ar~.,5. 	 Chiart iriJa r t.-o CET 12 7.1-1 INT/'
 
10,' p. 1 6 4sAWeathermeasure c'ta-


' ; j , ; 	

.~Jlcgulp, for' 1t~ 2100. 
I"..+++:+j+,+'+ 
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1f '.I 	 ,+++ , ++;[ m :+
+ 
s 
+
, 
; 

,I $ I .s I 	
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' PItI.,.A . ~.	 [+'+++++ .... 'I A+:++<++,-+
5	 +-......".......
'pens, 1etc.) 	 ++$+,++++;++'+a= +:'++++++++++P
+++ + + ,, , -I':++A I{++E7.	 O0' e ~ ISC.j +.A"155++'++'4s15' 

7. Campbell-Stokes alans1.ie Juratiorjn
 
measlirement and charts 
 80.Boo 	 ea '801D._ 

'Subtotal' 
5,, 

pa., 9, purcS.	 16o -5 

For 25S2T7: 	 tat6,1 .s chishii___u 6i 

P_ 41 ti-Lo one shu kaveteyequ pm~zn t''9sor..~ 
.... shown aLit2 Inaddition. one': or two copet'eta es 	'Ls
2~shoulid~lbe
: on hand for replI_,cement, rea a 

+~ 4?4'~I"'I.' ,c: " , -l . , : andI ,A.. 'or, . ..' .A515.A'511 [ . ne',,'5$A. 

f+'AI1I(4'7 	

1 1 1 

+ '" 	 A'$51A151's55'5+++.A5A'+++.;- $ .. 5 4+3
++-,4,
. +4$I++=++
, 5 

.41.. + + +;.'w+s I5 x s'>"2'''.k~i 5+:+++'$ ++@++;+,.,4+.4 4 -j .+s .A5'A S + Is 

i 

http:alans1.ie


List 2. Field stations !.e asurement Eipmrnt 

Item, 	 rtil Unit, nrice Amount in 
No. 

Cr. st rer TTID 

1. 	 e ' l yranometer (same as 1 of'
 
List 1) 
 1 Ion. o .O0 

Lectronic integrator for daily
 
totals 
 2 1,50r, ea >000 

3. 	 Shalgow bp.r (same 
as & 	of List ) 1,200. ea 1,200. 

4. 	 Cable (same as List 1) 2 100. 

5. 	 Campbell-Stokes (same as '7 ofLisZt 	1) 
 800. 	 ea . 800. 

Sub total 
7,900. 

Shircinq, rackin,., 
 purchiasing
(6C 9) ,4, 74n. 

Total 

12,640.
 

Addition-l ly, the central 1 zboratory mu :t prcvide for cal ilr. tion and
rerair Fnd for dr a cc! :'tion, reduction, ctorae.e and reportiFo. A 

o sJ. e) list o suhi ecuiperne t is .en List .v in 



List 3. Central Laboratory Calibration, Repair, Data 'HandlingEquiment 

it em
 
No. 
 Articles 
 Quantity Unit price Amount in
 

Cost 'Der USD 

1 	 Desk .Komnuter 
 1 0,0OX ea !0 0 

2 	 Repair and calibration instru- 1 10,000 set 10,OOC 
ments 

3. 	 Files, office equipment 1 5.000 set 
 5,000
 

Subtotal 
 25,000
 

Shipping, packing, purchasing

(60 %) 15,000
 

Total 
 40000
 

For five field stations and 2 sets of spare field stations the 
total
 
equipment cost would be:
 

List 1 
 25,920.
 
L-ist 	 2 (x 7) 88,480. 
List 
 _40,o000.
 

Total (all equipment) 154,400. TjSD
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APPENDIX G. 
IMPORT COSTS VERSUS TN-COUNTPY COSTS 0? A F-W RENEWABLE 
F]NERGY SYSTEMS. 

When considering introduction of renewable energies the question of
production of equipment and 
materials in the country is of great imortance. It is obviously ar advantage if a ro-tionequipment can at 
of the
be manufactured, or 
 least assembled. 
in the country
and even better if the basic o-terials c-n b ',und local>,,. We sh,1.in the following, make a few ectimntes of T.,ortions of different systemswhich could be manufactured or assembled in the courtry. 

Photovoltaic syst e'n: 

Currently costs run 
about 30,000 USD for 
 - one kilcwatt (peak) system.The photovoltaic panels are 
iG,000 US) at the 
fact, y. The20,000 USD is 
the cost of the 
BOS (Balan:e of System). A .arge part of
this is installation and assembly. 
 WeUdo not know m,;ch car: be donplocally b-t the opportunities for assembling and 
insta22ation ::re 
there.
At the moment the cots 
are l-r'ely import corts. 
 In th_ f re if
all assembly and in-tallatin were done in the cour.try couldone ex'endperhaps 20 4 of the costs in the country. 

Salt gradient : olar ponds electricity generat-n. ,ystew::
 

Consider 
a solar pond of sire 1 square kilometer with 
a rated electrical
po:er output of 5 MW. 
-Following section 
VII-2,and breaking the cost
into imported and local 
costs we have1
 

Isoorted 
 Local
 
Pond liner (6 UTSDrmn2 x Ix 10 i2 ) 
 6,6o,ooo s
Salt (0.7 tonne/m2 x 10 2
m x 20 ISD/
tonne) 
 6 
 14,o,ooo USP
Earth moving (2 USD/m3 x 10 m, 2,000,000
Materials, rires, etc. 
 500,000)
Labor
 
Power plant labor 


- ,00,720Power plant equinment 
 6,500,000
 

13,6-,0,000 UsD 
 18, OOO, 0oo
 
Import costs 
are 
43 % of the total, local ccsts ;re 57 % of 
the total.
 

Water pumping windmills:
 

Water oumping windmills can be construct-d almost entirely in C.-pe Verde.
In fact JOTENAVE is building ..nd.izl_ 
 for the U.SATD Renewahle E...rg-,
Project that are constructed, except for purchased bearinzs, entirely
in Mindelo. 
That includes casting and machining-gears and making the
 

(
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brass pumps. Therefore the only imported costs are for s'eel, bress, 
nuts, bolts, bearings, etc. One would have to 
ask JOTENAVE for an
 
accurate cost breakdown. However, 
one might guess that about 10 % of
 
the cost would apply to the imported parts.
 

Wind electric generation:
 

Due to the small market it is unlikely that wind elrctric general-ors
and auxiliary equipment will be manufactured in the country. Therefcre, 
the local cost comFontrit will be limited to perhaps tower construction 
and wind machine installation. This could be 
20 of the :osts.
 

These results are summarized below:
 

Import costs Tn country costs 

Wind water rirw's (cuessed) 10 90 % 
Salt gradient solar pond electric
 
system 
 43 , 57 % 
Wind electric ,enerators (:-uessed) 80 % 20 % 
Photovoltaic systems (Tpresent) 99 % 5 % 
Photovoltaic systems (future,
 
guessed) 
 80 20 01 

We apologize for the 
"guessed" category. However, it is ij-fal for 
compariscn with those items which are betteir know. It is evident
 
that wind water pun-pizig has the l.owest percentage of imor-t costs 
followed by solar pond electricity generators and finall.y the poorest
 
will be wind electric and ohotnvoltaic systems.
 


