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Q U E S T I O N - A N D - A N S W E R - S E R V I C E 

f o r " a p p r o p r i a t e t e c h n o l o g i e s " 

The question- and-answer-service - a major service provided by 
GATE - supplies information, free of charge, on appropriate 
technologies. In performing this function, GATE is part of an 
international information and documentation system called SATIS 
(Socially Appropriate Technology Information System), in which 
ITDG (Great Britain), TOOL (Netherlands), ATOL (Belgium), VITA 
(USA), GRET (France) and SKAT (Switzerland) also participate. 

The question-and-answer-service is made available to public and 
private institutions and selected persons in developing countries 
who are concerned with the development, adaptation, introduction 
and application of appropriate technologies. With this service 
GATE is aiming to supplement commercial private-enterprise 
activities by making a contribution to non-commercial technology 
transfer, particularly in the field of traditional, intermediate 
and alternative technologies.In addition to technology transfer 
from industrialized nations to developing nations, particular 
attention is given to cooperation between the developing nations 
themselves. 

The activities of the question-and-answer-service are geared to 
the actual technological requirements indicated by the enquiries 
received from developing countries. At the same time, the demand 
for particular solutions is determined with the aid of a question­
naire distributed to institutions in developing countries dealing 
with situation-related solutions. Parallel to this, the question­
naire also makes it possible to ascertain solutions already 
available within these institutions. The question-and-answer-service 
relies not least on the documentation on newly-developed or tradi­
tional technologies supplied to it by such possessors of know-how. 

When answering enquiries the question-and-answer-service uses 
documentation resources built up in this way. The information accu­
mulated there on particular technological problem areas is - if 
frequently requested - combined to form "modules". 

These answer packages, intended for dispatch, contain, where possible, 
technical descriptions and design drawings and are thus directly appli­
cation-related, i.e. they provide an outline of technologies suitable 
for self-construction.The know-how of national research instititions 
and universities, with whom GATE works in close cooperation, is drawn 
upon to help answer specific enquiries, which can often be expected 
as feedback from the communication started with "modules". 

In the event of enquiries dealing with typical problems encountered 
by a number of developing nations, but for which no suitable solution 
is available or can be obtained, GATE has the opportunity to suggest 
appropriate R & D measures to various sources of finance. 
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AN IMPORTANT NOTE TO THE READER OF OUR INFORMATION MODULES 2-V;'"7 

WITH THE MODULES EDITED WITHIN THE QUESTION-AND-ANSWER-SERVICE WE 
AIM TO GIVE AND COMPILE INFORMATION ON VILLAGE-LEVEL-TECHNOLOGY, 
WE TRY TO STIMULATE THE DEVELOPMENT OF MAINLY RURAL AREAS WITH A 
STRONG EMPHASIS ON THE SELF-HELP CONCEPT. 

BY NO MEANS DO WE INTEND TO PRESENT A SORT OF RECIPE FOR AN 
APPROPRIATE WAY OF DEVELOPMENT OR FINAL TECHNICAL SOLUTIONS WHICH 
WE CONSIDER TO BE THE ANSWER TO THE PROBLEMS CONCERNING THE 
QUESTION OF DEVELOPMENT IN RURAL OR SUBURBAN AREAS. 

KNOWING WELL THAT INFORMATION IS THE FIRST STEP WHEN CHOOSING 
ACTIVITIES AND THAT - ESPECIALLY IN THE FIELD OF TECHNOLOGY -
THERE IS A GREAT AMOUNT OF INFORMATION AVAILABLE, WE TRIED TO 
SELECT SOME OF THE SPECIFIC TECHNOLOGY NEEDS OF THE MAJORITY OF 
PEOPLE IN DEVELOPING COUNTRIES, THESE PEOPLE LIVE IN AREAS WITH 
A LACK OF WATER SUPPLY, SANITATION FACILITIES, APPROPRIATE HOUSING 
POSSIBILITIES, WHERE GENERALLY THE FOOD PRODUCTION IS LOW AND 
INEFFICIENT, THE ENERGY DEMAND IS NOT AT ALL MET AND THE MAJORITY 
OF PEOPLE IS ONLY PARTLY OR NOT AT ALL EMPLOYED. 

THE SELECTION OF TOPICS WITHIN OUR INFORMATION SERVICE NORMALLY 
IS THE RESULT OF AN EVALUATION OF INQUIRY-STATISTICS, I.E. AFTER 
HAVING RECEIVED SEVERAL QUESTIONS IN THE FIELD OF SOLAR COOKER, 
FOR INSTANCE, WE DECIDED TO COMPILE THE INFORMATION CONCERNING 
THIS TOPIC AND EDITED THE "SURVEY OF SOLAR COOKERS". 

THUS, THE FEEDBACK WE GET FROM INSTITUTIONS AND INDIVIDUALS IN THE 
THIRD WORLD PLAYS AN IMPORTANT ROLE FOR THE QUALITY OF OUR MODULS 
AND THEIR ORIENTATION TO PRACTICAL WORK. THEREFORE WE ASK YOU 
NOT JUST TO READ OUR INFORMATION BUT WRITE BACK TO US AND TELL US 
YOUR OPINION AND CRITICISM. 

AS YOU CAM IMAGINE, THIS IS THE BEST WAY FOR US TO CHECK THE 
QUALITY AND EFFICIENCY OF OUR QUESTION-AND-ANSWER-SERVICE. AND FOR 
YOU IT COULD BE OF HELP, TOO, BECAUSE WE MIGHT SUPPLY YOU WITH 
MORE DETAILED INFORMATION WHEN WE KNOW MORE ABOUT THE SITUATION 
YOU ARE IN AND TAKE INTO CONSIDERATION YOUR SPECIFIC PROBLEMS. 

IN ADDITION, THE EXPERIENCE YOU HAVE GAINED AND INFORMED US ABOUT, 
MIGHT 3E USEFUL FOR OTHERS. HAVING CONTACTS WITH MANY ORGANISATIONS 
IN DIFFERENT PARTS OF THE WORLD WE ARE IN A POSITION TO FORWARD 
YOUR IDEAS AND PROPOSALS IN THE FIELD OF TECHNOLOGY TRANSFER AND 
APPROPRIATE TECHNOLOGY. 

P! EASE FILL IN THE QUESTIONNAIRE (NEXT PAGE) TO ENCOURAGE OUR 
EXCHANGE ACTIVITIES FOR A MUTUAL BENEFII. 

GATE 
C/O DEUTSCHE GESELLSCHAFT FUR 

TECHNISCHE ZUSAMMENARBEIT 
(GTZ), GMBH 

POSTFACH 5180 

D-6236 ESCHBORN 1 

FEDERAL REPUBLIC OF GERMANY 
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\ 

o 
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Please fill in this questionnare 
and send it to 

GATE c/o 
Deutsche Gesellschaft fur 
Technische Zusammenarbeit, GmbH 
P.O. Box 51 80 

D-6236 E s c h b o r n 1 

Your name and address: 

QUESTIONNAIRE 

MODULE No. DATE 

1. How did you get this information? 

o I made a request at GATE and asked for it 
ii 

o Someone else gave'to me (Who was it? 

o or: 

2. Did you read the complete module? 

o yes, from the beginning to the end 

o only in parts 

o only the parrs I was specially interested in 

o or: 

3. What is your opinion about it? 

a; general understanding 

c difficult o just jht 

b) theory and basic knowledge 

o coo much of it 3 just right 

c) orientation to practical work 

o lacking o limited 

d) language, over-all presentation 

o accrooriate for vour needs 

o easy 

o too few 

o just righ 

o too comoiicaced 

e) what else do you think is worth mentioning? 

(Please use back page for additional remarks and suggestions!) 

4. Do you see any practical application for the received information? 

r-
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INTRODUCTION: 

The first attempts of producing power, especially for pumping 

water using the solar radiation as an energy source, are rather 

old. As long as 6 5 years ago such a plant (37 kW) was constructed 

in Egypt. But because of the cheap oil and its simple use in 

diesel engines these experiments were not continued for a long 

time. Nowadays many countries are strengthening their research 

and development programs in the field of power generation from 

the sun. At present, there are existing different types of de­

veloped solar powered generators or pumps, but they are more or 

less in an experimental stage. The costs, which are higher by 

a factor of more then 20 to comparable diesel engines, are the 

main deterrent to the use of the solar powered pumps. Therefore, 

a widespread use of these plants can not be recommended until 

their prices will be reduced by improving the production techno­

logy. There are no construction manuals obtainable for any of 

those solar power plants. 

The enclosed reports should give a short survey on the worldwide 

research and development activities to interested research insti­

tutions and politicians. 

We will now have a look at the different solar water pump systems 

which can be seen as an application of the power generating plants. 

In principle, a solar water pump is a conversion system with diffe­

rent single converters, which transforms the energy of the solar 

radiation to mechanical energy. This mechanical energy is used 

for driving a water pump. 

Generaly three ways of energy conversion can be distinguished. 

Each single converter has his own energy losses and by dividing 

the output energy by the input energy you can get the efficiency 

*2 of the converter. The following figure shows a rough estima­

tion of the total efficiency rn (as a product of the 

single ~) ) . 

I... 
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The efficiencies are very important for the characteristics 

of the plant, because they define the size of the collector 

area and therefore the costs of the costs of the total plant, 
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Development of solar energy utilization 
in developing countries 
Assad Takla 
Afamia Consulting Engineers, Abu Dhabi, United Arab Emirates 

Introduction 

History shows that solar energy has been utilized 
for a long time, but it was only in the last century 
that such equipment as boilers fitted with mirrors, 
steam engines, hot-air engines and cookers came into 
being. The intensive development of thermal and 
electrical engines and the extremely low cost of 
energy, especially that imported from the third 
world, discouraged research in the field of solar 
energy to some extent. Now that the cost of energy is 
reaching a normal level and the discovery of new oil 
resources is becoming rare, industrialized countries 
are bunching intensive research programmes in solar 
energy. For example, the Energy and Research 
Development Administration (ERDA) in the United 
States of America had a budget of $115 million for 
the fiscal year 1976. The projects in this field of the 
International Energy Agency (JEA), whose member 
States are all industrialized countries, are described in 
annex II on page 150. 

Some methods of utilizing solar energy have 
reached a stage of development where they can 
compete economically with methods of using 
conventional energy sources. Since developing 
countries are often situated in sunny regions, it is in 
their own interest that they should develop the 
utilization of solar energy, which is free, in­
exhaustible, omnipresent (no transport or distribu­
tion problems) and non-polluting. This energy could 
be converted into mechanical, electrical or chemical 
energy to be used in various Fields, such as the 
production of electricity, desalination of water, 
irrigation, cooking, food preservation by means of 
refrigeration, drying of fishery products, fruit and 
vegetables, space heating, and air-conditioning. 

The purpose of this study is to give an account of 
the development of research on solar energy and its 
utilization from the techno-economic point of view. 
It aims mainly to throw light on the principal issues 
related to the utilization of solar energy by 
developing countries, and it is hoped that it could 
serve as a first guideline for technicians, economists 
and policy makers in those countries. 

There has been a proliferation of commercial 
companies in the field of solar energy. Unfortunately, 
some of them have asked extremely high prices for 
the transfer of solar technology of doubtful value. 
Most developing countries therefore need a tool that 
can help them to improve their position in 
negotiating the transfer of solar technology for R and 
D purposes. This study is the first attempt at 
providing such a tool. For more details concerning 
one aspect or another of the study, more specialized 
references should be consulted. An annotated 
bibliography of important sources of information is 
provided. Annex III, on page 152, which describes in­
formation systems, and annex IV, on page 155, a list 
of institutions involved with solar energy, should also 
be consulted. 

Attention has here been focused on the short-
and medium-term prospects because available data are 
not good enough to serve as a basis for valid 
long-term projections. However, because of the 
accelerated change in technology, it is also felt that a 
study of this nature should be repeated periodically 
and that the specific field of utilization of solar 
energy in developing countries should be discussed 
periodically in expert group meetings. 

This study is neither a manual nor an extensive 
and detailed survey of all aspects related to solar 
energy utilization. Its chapters are not balanced; in 
general more importance has been given to fields 
which have not yet been popularized. 

Chapter I describes the general applications of 
existing technology and includes information gleaned 
by the author in visits to R and D centres and at 
international meetings. In the second chapter some 
general techno-economic comparisons are made to 
show which solar equipment could be economically 
utilized in the short- and medium-term in developing 
countries. General equations for the comparison are 
introduced and an example of their use is elaborated. 

The author has visited some important centres of 
solar and wind energy research in developed countries 
(Canada, France, Germany, Federal Republic of, 
Netherlands, United States of America) and deve­
loping countries (Greece, India, Mexico, Trinidad and 
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Tobago). Some findings and evaluations based on 
these visits constitute chapter III. Problems and 
possible solutions and the general trend for 
co-operation between developing and developed 
countries and among developing countries are 
discussed. 

Except for the original work and the personal 
appraisals, the author does not claim credit for the 
information included in this study. Such information 
is based on available technical literature, brochures or 
statements by manufacturers and on direct contacts 
and discussions held in specialized institutions. 

I. DEVELOPMENT AND STATE OF THE ART 

Conversion of solar energy into mechanical energy 

General considerations 

The term "solar engine" designates an engine 
operated by solar energy. The thermodynamic cycle 
of such an engine may be as follows: Vapour is 
obtained when a liquid working fluid is heated by 
solar radiation. This vapour expands in a recipro­
cating or rotating engine, doing work. From the 
engine it flows to a heat exchanger, in which it 
condenses. The condensate is reinjected by a pump 
(usuaJly operated by the solar engine itself) to 
another heat exchanger, in which it evaporates, 
closing the cycle. 

The efficiency of the engine depends first on its 
Carnot efficiency: 

rjc = -r, - r, 
Tt 

where Tt is the thermodynamic temperature of the 
hot source (the evaporating heat exchanger in the 
example) and T2 the thermodynamic temperature of 
the cold source (the condensing heat exchanger). 

It appears from this equation that, theoretically, 
one should use the highest temperature possible for 
the hot source and the lowest temperature possible 
for the cold source. In a practical sense, however, 7\ 
depends on the performance of the solar collectors 
and on how high a pressure the materials of which the 
engine is made can withstand; for.example, the 
pressure of Freon 22 is already 20 bar at only 50°C. 
And, r 2 cannot be lower than the temperature of the 
fluid used for cooling water or air with natural or 
forced convection. 

No standards defining the range of low, medium 
and high temperatures exist. In this study, however, 
" low temperature" means a temperature below 
100°C. Flat-plate solar collectors capturing direct and 
diffuse solar radiation operate in this range. 

"Medium" and "high" temperatures will therefore 
refer to temperatures above 100°C; in this case, 
focusing solar collectors, which track the sun and trap 
only direct solar radiation, are used. 

Air can be heated to a relatively high 
temperature by solar energy and used as the working 
fluid in a solar engine. Two cycles can be used: 

(a) Closed (Stirling). The air is compressed in a 
cold space. Then it is put into contact with a hot 
source, where its pressure increases and expands in a 
power cylinder. From there it flows to the cold space 
and the cycle is closed; 

(b) Open (Ericson). Compressed air is intro­
duced into a hot space. It then expands and exhausts 
into the atmosphere. 

Low-temperature solar engines 

Practically speaking, the low-temperature solar 
engine is restricted to temperatures lower than 80°C. 
A working fluid (Freon 22, Freon 12, Freon 11, 
Freon 114 or butane) is evaporated directly in 
flat-plate solar collectors or by hot water obtained 
from solar collectors and circulating in a heat 
exchanger (evaporator). (See figure 1.) In its gaseous 
phase, the working fluid flows to and expands into a 
reciprocating or rotating engine. From the engine it 
flows to an air- or water-cooled condenser, from 
which the working fluid, now a liquid, is reinjected 
into the evaporator by a pump operated by the solar 
engine itself. In some applications, when hot water is 
used to evaporate the working fluid, a circulating 
pump also operated by the solar engine is used to 
accelerate the circulation of the hot water and 
improve the heat transfer in the evaporator. In this 
case, manual starting is necessary. 

RttnjKlion pump 

Figure 1. Low-temperature solar engine with working fluid 
evaporating in an evaporator heated with hot water from the 

solar collector 

Direct evaporation of the working fluid in the 
solar collectors can be economical in small installa­
tions, but it would be very difficult to use the 
method in large solar collectors because of the 
difficulty of maintaining trouble-free circulation of 
the working fluid in large installations. 
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SOFRETES engine 

The Societe francaise d'etudes thermiques et 
d'energie solaire (SOFRETES), has already installed 
or is installing about 50 solar pumps, most of which 
arc rated at 1 kW. 

The technology, however, is not yet fully 
developed, SOFRETES has tried butane and many 
kinds of Frcon, especially Freon 12 and 11, and now 
seems to be changing to Freon 114. Their technology 
with respect to heat exchangers has changed. 
Shcll-and-tubc condensers and evaporators were used 
first, then tubc-in-tubc (coaxial) condensers, and now 
plate heat exchangers similar to those used in the 
food industry. 

In one of the 1 -kW solar-pump installations using 
butane as the working fluid and 60-m2 flat-plate solar 
collectors, the water outlet temperature of the solar 
collectors is about 70°C. The temperature at the 
outlet of the evaporator and at the entrance of the 
solar reciprocating engine is about 67°C, and the 
outlet temperature of the engine is about 50°C. The 
condensing temperature in the condenser, cooled by 
the pumped water, is about 30°C. In a good solar 
radiation regime, such an engine could function about 
6 h a day without solar storage, but it would not give 
full power all this time. In another 1-kW solar-pump 
installation, the engine entrance temperature is 55°C, 
the enpine outlet temperature, 40°C and the 
condenser outlet temperature, 30°C. 

SOI RUTIiS. in collaboration with the Govern­
ment of Mexico, has installed a 25-kW solar power 
plant in San Luis de la Paz. The electric generator is 
operated by a turbine of 7 200 rpm driven by the 
evaporated Freon 11 at a pressure of about 3 bar. The 
working fluid entrance temperature is 57°C and the 
outlet temperature is about 30UC. The Freon 11 is 
evaporated in an aluminium evaporator with an 
exchange surface of about 350 m : . and rate of 
1 740 MJ/h with a water entrance temperature of 
62°C and a water exit temperature of 58°C. 

The evaporator is fed with hot Water coming 
from solar coliectdrs with a net effective surface of 
1 200 m". The gas is condensed in a stainless steel 
condenser exchanging 1 590 MJ/h with an exchange 
surface of about 100 m2. The condensed Freon is 
reinjected into the evaporator by a 3-kW reinjection 
pump driven by electrical energy from the electric 
generator. 

The installation has been in operation for about 
one year and docs not present serious technological 
problems, but the control system is very sophistica­
ted. 

V-2 solar vapour engine 

Erich A. Farber of the Solar Energy and Energy 
Conversion Laboratory of the University of Florida. 
(United States of America) has developed the V-2' 
solar vapour engine, which uses Freon evaporating 

directly in the solar collectors. It consists of two 
cylinders at right angles to each other, each having a 
bore of 51 mm and a stroke of 39 mm. Slide valves 
control the vapour flow in and out of the cylinders 
admitting vapour for 90° of the flywheel rotation and 
exhausting it for 140°. The engine, 25 cm high, '. 
35 cm wide and 23 cm deep, is mounted in a housing -. 
40 cm in diameter and 25 cm deep. The total > 
displacement of the engine is 305 cm3 per revolution. 

The vapour is fed to the engine through the 
housing and, after it has produced work, is exhausted ' 
into the housing surrounding the engine. Thus any ;: 
leaks that may be present are not critical, since the r 
housing catches all exhausted and escaping vapours. . 
From the housing, the vapour flows to the condenser. 

The speed of the engine is controlled by an 
adjustable centrifugal flywheel governor, which regu­
lates the vapour flow to the engine. 

The water-cooled condenser used in connection 
with this engine is a cylinder 76 cm in diameter and . 
61 cm long containing seven coils of 3.5-cm pipe, i 
giving a total length of 13.5 m. The vapour is 
condensed in this pipe. 

I 

Entropy S 

Figure 2. Ideal temperature-entropy diagram 
of the V-2 solar vapour engine 

The operating conditions and the ideal tempera­
ture-entropy (T-S) diagram for the system are shown 
in figure 2. Path 1-2 represents the expansion of 
vapour through the engine, which converts some of 
the thermal energy into mechanical work, path 2-3, 
the changes of state that occur in the fluid when it is 
moving through the condenser, path 3-4, the pump 
action raising the pressure to that of the solar vapour 
generators, and path 4-1, the changes that occur in 
the evaporator, completing the cycle. This same cycle 
is presented for Freon 11 as the working fluid on the 
pressure-enthalpy (p-Hj diagram in figure 3. Con­
servative operating conditions that can readily be 
obtained by such systems were selected. Vapour at a 
temperature of 72°C is delivered by the flat-plate 
solar collectors', the liquid from the condenser has a 
temperature of 28°C. The pressures corresponding to 
these temperatures are moderate and do not require 
special design. 
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S. 3.3--

£ 1 . 1 — -
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Figure 3. Pressure-enthalpy diagram of the V-2 solar vapour 
engine using Freon 11 as the working fluid (not to scale) 

The changes of state of the air inside the engine 
cylinders, on one side of the piston, are indicated in 
the idealized pressure-volume (p-V) diagram of 
figure 4. (In reality, the corners arc rounded.) 
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Figure 4. Pressure-volume diagram of the air 
inside the cylinders of the V-2 solar vapour engine 
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Figure 5. Power-speed curves for the V-2 solax vapour 
engine 

Figure 5 shows the actual performance of the 
engine with supply pressures held constant at 2.39, 
2.74, 3.08 and 3.45 bar, pressures corresponding to 
temperatures of 51°. 56°, 60° and 65°C, respectively, 
for Freon 11. The curves are typical of engine 
performance. Maximum speed is reached at no load, 
and as the load is increased the speed drops. If the 
power output is plotted against rotational speed, each 
curve exhibits a maximum. Temperatures and 
pressures higher than those shown can be obtained, 
but only for a very short part of the day. 

The combination of two cylinders in a compact 
V arrangement makes this engine self-starting, which 
is a distinct advantage when cloud cover is intermittent. 

Sun Power Systems engine 

Sun Power Systems has developed a rotating 
engine designed mainly to use industrial waste energy. 
However, the working fluid, namely, Freon, could be 
evaporated by hot water obtained from flat-plate 
solar collectors. The engine is based on the Rankine 
cycle. A 10-kW power generation plant was tested at 
Albuquerque. New Mexico (United States), by a 
team of consultants working for the United Nations 
Environment Programme (UNEP), before being sent 
to a project executed by UNEP in Sri Lanka. This 
unit is now operating at full power with 12 m3 of 
water at 90°C entering the Freon evaporator hourly. 
It is expected that a 276-m2 net effective surface of 
solar collectors would provide the energy necessary to 
heat the water. In this plant two standard heat 
exchangers manufactured by a refrigeration and 
air-conditioning firm are used, one, with a 23-m2 

heat-exchange surface, as evaporator and the other, 
with a 35.2-m2 heat-exchange surface, as condenser. 
The engine runs at 1 800 rpm and its weight is about 
80 kg. It drives a 60-Hz electric generator. The 
engine, including the heat exchangers, the rcinjection 
pump and the electric generator, is quite compact. 

The 10-kW power is for a 55°C difference 
between the evaporating and the condensing tempera­
tures, but in practice such a difference cannot be 
obtained with a flat-plate solar collector; only a 
difference of about 40°C can be expected with the 
usual collectors of this type. The maximum expected 
power will then be about 7 kW. As in the case of the 
SOFRETES engines, lubrication is ensured by a 
lubricant dissolved in the Freon. The actual surface of 
the evaporator seems to be insufficient, particularly 
when the temperature of the hot water entering the 
evaporator is about 70°C. According to the 
manufacturer, one of his small prototypes has been 
tested for 104 h without significant problems. 
However, the test was undertaken near the factory 
and not in the field. 

Gironnet-ENSAM engine 

The Ecole nationale superieure des arts et metiers 
(ENSAM) has developed a prototype low-speed 
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reciprocating engine delivering less than 1 kW and is 
now negotiating with an industrial firm to undertake 
the manufacture of a 2-kW prototype. The only 
technical problem that has not yet been resolved is 
lubrication. The same system of lubrication as that 
used by the SOFRETES engine or the Sun Power 
Systems engine could be used, but an attempt is being 
made to develop a dry lubricating system, which is 
believed would be better. 

The cost of construction of the 2-kW prototypes 
is estimated at $4,000, not including the solar 
collectors, of which the required surface is estimated 
at 50-60 m2 in a favourable solar radiation regime. 

The first prototype is being tested with 
compressed air. Such a test will not permit a valid 
evaluation. However, the design of the engine is 
sijnple and its expected cost is relatively low. 

Mcsscrsvhmidt-liolkow-lilolim (MDD) engine 

Messerschmidt-Bolkow-Blohm GmbH, Ottobrunn, 
I'edera! Republic of Germany, is working on a 10-kW 
solar electric power plant. (See figure 6.) This plant is 
to be an independent power station for remote rural 
communities. Besides the required peak electrical 
power of 10 kW, an energy reserve for night 
operation is planned that has been specified to be 
12 kWh at the rate of 1 kW. This requirement implies 
an optimal energy storage system. The flat-plate 
collectors used for about two years by MBB in 
preliminary work on solar space heating will be used 
as solar collectors. To achieve the desired peak power, 
a total collector surface of approximately 700 m2 is 
required. MBB expects to be able to reduce the net 
effective surface of the solar collectors to about 
350 m2. However, the final specification of the 
required surface depends strongly on the climatic 
conditions and consumer requirements at the place of 
installation and must be harmonized with the 
required storage capacity over the 24-h working cycle 

taking into consideration the partial-load behaviour 
of all the plant components. A screw motor developed 
by the linde company, using R114 as the working 
fluid, will be used because of its expected high 
efficiency in the partial-load range. Other advantages 
are low specific weight (weight-to-power ratio), small 
bulk and absence of valves. 

The MBB flat-plate collector is a two-glass 
collector of modular design. The outer dimensions of 
the absorption surface of each module are 
60 cm X 180 cm * 1 m2. The absorber is made of 
roll-bond aluminium and is protected against 
corrosion by an inhibitor. The outer absorber layer is 
a thermal paint with a high absorption factor (0.96). 
(The paint was developed for space applications.) The 
rear heat insulation consists of a protected polyurc-
thane-foam cover. The temperature of the hot water 
could be as high as °5°C. 

MBB has already assembled a prototype, which 
has been given several short tests with hot water 
supplied by an electric boiler. Some modifications are 
now under consideration. The engine itself is very 
compact and is used in the air-conditioning of trains. 
(It has been modified to be included in this plant.) To 
reach the evaporating temperature of R114 with 
conventional flat-plate solar collectors would be very 
difficult. Sophisticated technology, including the use 
of selective surfaces in the collectors, would have to 
be used, and it has not yet been proved that such 
collectors can be manufactured easily at a reasonable 
cost. However, MBB is open-minded about all 
possible changes regarding temperatures used or 
modifications in the design of the plant. 

High-temperature engines 

To obtain steam or vapour is the main problem 
with the high-temperature solar engine. The Carnot 
efficiency T7C is relatively high, but other efficiencies 

95°C 

Pump 
(hot water) Throttl* vilvt 

Expander 

Electrical itoraga 

Electrical generator 

& -
^ ] Pump 

=r : " > - - / (cold w«ter» 

^3U * Condenser 

Figure 6. Schematic diagram of the MBB solar electric power plant 
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should be taken into consideration. In the case of the 
heliostat, for example, the overall efficiency is 

1 = Held It It n» fi 7h fi fin 

the individual efficiencies other than 
depends on /'i and Tj (see above), 
following typical values: 

r}c, which 
having the 

rjj diffuse-direct solar radiation factor 0.80 
Vr reflectivity of mirror 0.80 
i?s sunset-sunrise factor 0.70 
i?a focal absorption and geometrical losses 0.70 
T?I heat losses 0.70 
T? h transient clouds factor 0.80 
77, heliostat spacing factor 0.6 
7jm mechanical efficiency ratio 0.5-0.8 

It can be seen from those figures that the overall 
efficiency cannot be more than 5%-8% of the Carnot 
efficiency. For example, if the steam temperature is 
200°C (7 \ = 473 K) and the condensing temperature 
is 30° C (T2 = 303 K) the Carnot efficiency is about 
36% and the overall efficiency of the system is 
1.9%-3.0%. In a favourable solar radiation regime 
about 40 m 2 of heliostat will be needed to obtain an 
average power output of 1 kW during the daytime. 
Some firms seek to obtain an area per unit output of 
10-15 m2 /kW but this generally refers to peak, not 
average, power. (Peak power is the power delivered 
by the engine when solar radiation is maximal.) 

Many institutes are working on very large 
thermal power plants. For example, the Centre 
national de la recherche scientifique (CNRS), in 
collaboration with Electricite de France, is working 
on a high-temperature power station of 10 MW in 
which the pressure could reach 80 bar. A 100-kW 
boiler being developed jointly by CNRS. Uabcock-
Wilcox. Heurtey, St. Gobain and Renault (SER1) and 
using iieliostats was to have begun operation at 
Odeillo in early 1977. 

Among the firms which have already realized a 
prototype of a small steam engine is Maschinenfabrik 
Augsburg-Nurnberg AG (MAN) in the Federal 
Republic of Germany, which, in collaboration with 
the Deutsche Forschungs- und Versuchsanstalt fur 
Luft- und Raunil'ahrt, Stuttgart, is constructing a 
plant consisting of 12 collector rows that track the 
sun with 6 parabolic trough collectors (concentrating 
factor, 30) in each row. The length of a collector is 
2.5 m, the aperture 1 m 1 . The collectors are arranged 
on a platform inclined at an angle corresponding to 
the latitude. The total effective mirror area of the 
prototype is about 180 m 2 , the working temperature 
is 200 C and the mean thermal energy output per day 
is about 700 kWh (working time from 7 a . m . to 
5 p.m.). With a steam motor and electric generator 
(10 kW peak), the electric power output is about 
70kWh/d (overall efficiency about 6%). The 
condensed water has a temperature of 9S°C, and it is 
planned to use it for hot-water supplies, space heating 

or air-conditioning. To increase the electrical output 
while decreasing the effective collector surface, higher 
working temperatures are envisaged. Table 1 shows 
the specifications planned for different stages of 
development of the plant. 

TABLE 1. SPECIFICATIONS OF THE MAN SOLAR 
POWER PLANT AT DIFFERENT STAGES OF 
DEVELOPMENT 

Specification 

Effective area (m5) 
Working temperature (°C) 
Thermal capacity (kWh/d) 
Electrical capacity (kWh/d) 
Efficiencies (%) 

Collector 
Cycle 
Motor/generator 
Overall 

Proto­
type 

180 
200 
700 

70 

58 
20 
50 

6 

Im­
proved 
type 

130 
250 
480 

69 

54 
24 
60 

8 

Optimized 
series 
type 

100 
300 
390 

68 

59 
23 
63 
10 

According to the design, this plant could be 
extended in modular construction to larger plants 
having electrical power outputs up to several 
hundreds of kilowatts. 

MAN is also working on a screw motor, and it is 
planned that this unit will work with superheated 
Freon 114 vapour. 

The following quotation is taken from a MAN 
report. 

"The chance of success with a low-
temperature solar engine is very small. Contrary 
to concentrating collectors conventional flat-
plate collectors utilise partly the diffuse radia­
tion. This part however, is on the average lower 
than 10 per cent for the regions considered and 
plays therefore a minor role. Flat-plate collectors 
have the crucial disadvantage of strongly 
decreasing efficiency with increasing collector 
temperature. Furthermore, the insolation on fix 
tilted collectors is smaller in the morning and 
afternoon. Thus the value of efficiency decreases 
still more. An additional disadvantage is that a 
low-boiling working fluid such as Frcon must be 
used. This demands expensive heat exchangers. 

"The thermal efficiency increases correspon­
dingly for higher collector temperatures. How­
ever, sufficiently high efficiencies can be 
achieved only if envelopes reflecting the infrared 
radiation are used (which are expensive) or 
selective coatings are applied (which show 
degradation). 

"Focusing collectors consist for instance of a 
parabolic trough or a Fresnel lens concentrating 
the direct solar radiation on an absorber pipe 
mounted in the focus line. These collectors have 
very high efficiencies-about 50 per cent-already 
for low concentrating factors between 20 and 30. 
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"Focusing collectors must track the sun. 
Thus the high efficiency remains nearly constant 
in the morning and afternoon. A further crucial 
advantage-contrary to flat-plate collectors—is 
that conventional, available steam engines can be 
used because of the higher working tempera­
tures." 

The steam engine used in the MAN plant is a 
conventional one that was manufactured in the 
1960s. Its power capacity is greater than that which 
the available set of solar collectors can give. 

The expected breakdown of the cost (1976) of 
the plant per unit of electrical power output is 
(S/kW): 

Steam engine and generator, including 
frames and controls 810 

Condenser 140 
Pumps, pipelines, insulation and cycle controls 200 
Storage, insulation and storage-water container 530 
Collector 1 110 

Total 2 790 

In the United States, many small companies have 
emerged whose aim it is to construct focusing solar 
collectors that track the sun automatically. One of 
them. Sun Power Systems Corporation in Tempe, 
Arizona, has developed cylindro-parabolic solar 
collectors. One of these has the following per­
formance data and specifications: 

Description: Aluminium parabolic troughs are 
arranged in series; the number of troughs needed 
per specific installation is determined by energy 
requirements. Troughs are kept constantly 
focused on the sun by an electronic device that 
incorporates a high-temperature defocusing 
capability, low-temperature freeze protection, 
and a temperature comparator that guarantees 
that the unit will only heat water in the storage 
facility 
Trough dimensions-standard: 4 ft X 10 ft 
(1.22 m X 3.05 m; effective area 3.41 m :) 
Trough surface: anodized aluminium, guaranteed 
for over five years. Dust has no significant effect 
on efficiency 
Energy produced daily (assuming latitude N 32° 
and 100% sunshine): 

Per unit area Per trough 

21 June 
21 December 

Average 

(MJ/m') 

21.41 
13.05 
17.23 

(Btu/ft't 

1 885 
1 149 
1 517 

(MJ) 

73.0 
44.5 
58.7 

(Btu) 

69 190 
42 170 
55 680 

Concentration ratio: 44 to 1 
Absorber fluid: water 
Absorber fluid flow rate: 0.31/s (5 gpm), 
although the system works equally well with 
faster or slower flows 

IT * . 

'•'•'t 
Water temperature: 177°C(350°F) (closed-loop... 
system circulating water from eight collectors' 
through a 150-1 (40-gal), insulated storage tank) 
Maximum operating pressure: 20 bar (300 psi) 
Collector weight: .specific, 7.3 kg/m? 

(1.5 lb/ft2); per trough, 27.2 kg (55.11b) 
(includes all framing, components, water) 
Absorber material: 1-in. hard copper pipe with 
selective black coating J; 
Framing material: tubular steel (rectangular), 
0.065-in.(1.65-mm)wall 
Tracking motor: 2.8 rpm; gear ratio, 1 780 to 1; 
current load, 1 A; accurate within lOminofsun 
time 
Collector end-fittings: adaptable 
Recommended storage per unit area of collector: 
60 l/m2 (1.5 gal/ft2) 
Orientation: north-south orientation is preferred, 
but not necessary 
A flat roof is preferred, but not necessary 
Aesthetics: system is very low profile; it can 
easily be placed behind a parapet wall and thus 
be unobtrusive 
Adaptability: system can be fitted to any 
existing structure and can be expanded by adding 
extra troughs should energy demands increase 
Maintenance: None required. Collectors may be 
washed occasionally, but it is not necessary 
Storm-damage susceptibility: in overcast con­
ditions troughs are automatically returned to 
nighttime position to minimize storm damage 
Warranty: one year on all materials and 
components except those under warranty limita­
tions imposed by other manufacturers 

The problem with these simple focusing collec­
tors, which certainly work, is that the short duration 
of experience is insufficient to evaluate their lifetime, 
their performance and the effects of climatic 
conditions and dust. The present (1976) unit cost of 
such simple solar collectors is about 100 S/m2. 

Summary 

Medium- and high-temperature solar engines can 
use conventional steam engines and steam turbines. 
(That is nothing new; in the early years of this 
century, a successful solar steam engine was installed 
in Egypt). However, small turbines do not yet exist 
on the market. 

The thermal efficiency of these engines is better 
than that of the low-tcmpcrature engines because the 
Camot efficiency is higher. 

The engines require direct solar radiation, which 
is not always available. 

Focusing solar collectors should track the sun; 
the tracking problem can be technologically solved at 
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a reasonable cost. (However, no systems of this kind 
have yet been tested over a long period.) 

Medium- and high-temperature solar energy 
plants are expected to be more successful in large 
rather than small installations. 

The problem of energy storage is still the most 
important problem; it must be satisfactorily solved 
before many of the other problems can be overcome. 

Hot-air engines 

Vie Stirling engine 

In a conventional combustion engine, heat is 
supplied by burning a quantity of fuel inside the 
working chamber of the engine. In the Stirling engine, 
heat is added to the working gas inside the engine by 
an external flame and a heat exchanger (heater head). 
- First, a volume of cool gas, entrapped in a 

cylinder by a piston, is compressed (figure 7a) and 
then heated by an external heat source (figure 7b). As 
the gas is heated, its pressure increases and the piston 
is driven downward, turning the crankshaft. After 
expansion (figure 7c), the gas is cooled by an external 
cooling source (figure 7d). Its pressure decreases, and 
the gas is once again compressed (figure 7a). Since the 
pressure during the hot expansion is much higher 
than during the cool compression, there is a net 
output of work from the engine. The complete cycle 
takes place in one revolution of the crankshaft 
instead of in two revolutions as in conventional 
engines. 

The cumbersome exchange of the heating and 
cooling sources shown in the simple representation of 
figure 7 is, of course, impractical. Stirling's key 
invention was to achieve the exchange by adding a 
mechanism called a displacer piston, which serves to 
move the gas between a stationary hot chamber and a 
stationary cold chamber (figure 8). These chambers 
(represented by coils in figure 9) are connected to 
opposite ends of the displacer section of the cylinder. 
When the displacer piston moves upwards (figure 9a), 
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Figure 8. Simple representation of the displace! piston 

Figure 7. Simple representation of the operating principles 
of the Stirling cycle 

Figure 9. Action of displacer piston 

the hot working gas from the upper portion of the 
cylinder is first moved through the heating coil. The 
gas then flows through the cooling coil, where it is 
cooled until most of the working gas is in the cold 
section below the displacer piston. Because the gas is 
cool, its pressure is low. Moving the piston downward 
(figure 9b) forces the working gas back through the 
cooling coils and into the heater tubes, where it is 
heated and forced into the hot section above the 
displacer piston. Since the gas is hot, its pressure is 
high. There are no valves in the flow path, so that 
when the upper chamber is at high pressure, the lower 
chamber is also at high pressure. 

One more addition is required to make the 
Stirling engine practical: the regenerator (figure 10). 
Located between the fixed heating and cooling 
sources, it stores otherwise wasted heat during the 
cooling process and permits recovery of that heat 
during the heating phase. The amount of this stored 
heat is actually equal to several times the amount of 
heat added from the external heat source. 

Figure 11 shows the regenerator and the 
displacer section combined with the power section to 
form the basic Stirling cycle power unit. (Not shown 
is the mechanical linkage between the pistons that 
maintains the proper phase relationship between 
them.) Figure 1 la shows the cooled gas being 
compressed by the power piston as in a conventional 
internal combustion engine. In figure l i b , the 
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Figure 10. Action of regenerator 

Figure 11. Stirling cycle complete with displacer section and 
regenerator 

compressed gas is being heated and its pressure is 
being increased because the displacer piston is moving 
a portion of the gas into the upper (hot) part of the 
displacer section. The pressure increase is felt on the 
lower piston, driving it downwards. In figure lie the 
hot, high-pressure gas has completed its heating cycle 
through the action of the descending displacer piston, 
and the power piston has completed its power stroke. 
Figure 1 Id shows the displacer piston moving upward 
to force the working gas into the cooling chamber, 
thus decreasing its pressure. The power piston is now 
ready to repeat the compression stroke of figure 11a, 
and the cycle is completed. 

Closed-cycle hot-air engine 

Philips engine 

Philips has developed small hot-air engines in the 
past; one engine of 750 W (1 hp) at 1 500 rpm has 
been modified by KHANA in India for experi­
mentation with solar energy. The heating system, in 
the form of a cylindrical head 6 cm in diameter and 
designed to burn kerosene oil, was removed and 
concentrated solar energy used to heat the engine. A 
set of mirror reflectors with a surface of 8 m2 was 
used; the engine was able to operate a 200-W electric 
generator, but the theoretical efficiency of the 
Stirling cycle could not be reached. 

- 1 1 . -

Farbcr engine 

Several prototypes of the closed-cycle, hot-air 
engine type have been developed by the Solar Energy 
and Energy Conversion Laboratory of the University 
of Florida (United States). One interesting prototype 
is a supercharged, water-injected solar hot-air engine 
in which an adjustable check-valve allows the engine 
to supercharge itself by drawing in fresh air or water 
during the part of the cycle that is below atmospheric 
pressure. 

The engine can be "fuelled" with solar energy or 
used directly without modification to burn wood, 
coal or liquid fuels. If used with solar energy it is only 
necessary to concentrate the solar energy upon the 
end of the displacer cylinder inside the furnace box. 
The engine can be built with very simple machine 
tools. 

A displacer cylinder with a bore of 70 mm and 
an internal length of 257 mm is mounted at the top 
of the engine. Inside this cyliner moves a displacer 
with an outside diameter of 68 mm and a length of 
203 mm. The displacer, with a stroke of 50 mm has 
enough end and side clearance to move freely in the 
cylinder. 

The displacer cylinder is designed so that it can 
be heated at one end by gas, oil or solar energy and 
cooled at the other end by air or water (closed or 
open circuit). The displacer is moved by a 12-mm rod 
entering through a sleeve bushing. 

The displacer cylinder is connected by a 3/4-in. 
pipe nipple to the power cylinder, which has a piston 
60 mm in diameter and a stroke of 38 mm. 

The linkage between the displacer and the power 
piston allows timing of the engine. For normal 
operation the displacer leads the power piston by 
about 100°. Regeneration occurs along the displacer 
and the displacer cylinder walls. Heat is stored in 
those walls during part of the cycle, to be released 
and used during another. The working fluid, 
streaming back and forth, alternately giving off this 
heat and then absorbing it later and thus preventing it 
from leaving the system, provides internal regenera­
tion. 

The engine is started when the pressure inside is 
equal to atmospheric pressure. Thus, during 
operation, the internal pressure will dip below 
atmospheric pressure for part of the cycle. During the 
operation of the engine under normal conditions this 
dipping is enhanced by leakage of the working fluid 
(air) through the displacer-rod bushing, out during 
the high-pressure part of the cycle and in during the 
low-pressure part. 

It lias been found quite difficult to prevent or 
minimize this leakage without increasing the friction 
losses considerably. Two methods of solving the 
problem have been developed: 

la) Air injection. A small, adjustable bail-check 
valve, installed as shown in figure 12, makes it easy 
for fresh air to enter the system quickly during the 
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Figure 12. The Fa/ber engine with air and water injection 

bclow-atmospheric-prcssure part of the cycle. This 
very simple addition allows the engine to operate 
witli a larger average amount of working fluid, 
resulting in higher power output. 

(b) Water injection. If the inlet to the check 
valve is dipped in water, water is injected into the 
system rather than air. This procedure allows even 
larger amounts of fluid to be added to the system, 
since it is added in (he liquid phase, resulting in even 
greater increases in power output. Another advantage 
of injecting water (or other liquids) is that it greatly 
enhances the heat transfer at the hot end. 

Thus, self-acting air or water injection can 
considerably improve the performance of the simple 
closed-cycle hot-air engine. (See figure 13.) 

Engines of the type described here can be 
classified as "hybrid", since they combine the 
advantages of the Stirling cycle with those of others. 

Power (kW) 

1.5 

1.0-

0 .5-

Water injection 

— Air injection 

Normal operation 

100 200 300 400 Engine speed (rpm) 

Figure 13. Power-speed curves of the Farber engine, 
showing the increase in performance obtained with injection 

Open-cycle hot-air engine 

The open-cycle hot-air engine takes atmospheric 
air, compresses it, then heats it by solar energy; the 
compressed air expands and exhausts into the 
atmosphere. A compressor is combined with the 
engine (which can also be a turbine). The advantage 
of this system is that the speed of the engine is 
independent of the air-heating cycle. 

KHAN A engine 

A small open-cycle hot-air engine taken from an 
old kerosene-operated fan was overhauled. Its 
worn-out parts were replaced and it was suitably 
modified before use. It operated at an average speed 
of 250 rpm. Heat at the cold end was dissipated 
through large, thick fins cast along with the body of 
the engine. To give smooth and continuous running a 
38-mm thick hollow disc, which formed the false 
bottom, was slipped over the bottom of the expander 
cylinder. The disc was made of copper sheet and the 
empty space was filled with dry sand. It formed a 
perfect fit and ensured complete contact between the 
metal surfaces. The entire cylinder length (216 mm), 
including the false bottom, was enclosed in a Pyrex 
glass tube of slightly larger diameter and closed at one 
end. Both these arrangements helped to raise the 
temperature of the hot end and to achieve 
uninterrupted and steady running of the engine. 

Coupled to a small reciprocating water pump, 
this engine was suitably mounted with the three 
metal reflectors described above and used for 
experiments on pumping water from different depths. 
The coupled unit developed only about 45 W, half of 
the power expected. 

Later, another hot-air engine of nearly double 
the capacity of the one used earlier was procured, 
modified and mounted in the vertical position on an 
iron tripod. It was used with plane-mirror concentra­
tors. Coupled to the water pump, the engine 
developed about 95 W. A small parabolic cylindrical 
metal reflector was placed behind the cylinder to help 
heat the hot end of the engine uniformly and thereby 
ensure its smooth running. 

Solar pumps 

Conventional pumps can be operated by solar 
engines; however, prototypes of installations for 
pumping water without moving parts are being 
developed by the Birla Institute of Technology and 
Science, at Pilani, India. The principle is described 
below. 

A mixture of petroleum liquids with a boiling 
temperature range of 35°-40°C is evaporated in 
flat-plate solar collectors and then flows to a closed 
tank full of water situated in a well. The pressure of 
the working fluid permits the water to rise to an 
upper level, depending on the pressure of the 
mixture. The vapour condenses during the night in 
the solar collectors. This discontinuous mode of 
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Figure 14. Solar water pump 

pumping is very simple, but only a small quantity of 
pumped water is obtained. The vapour can also be 
condensed by allowing it to flow to a condenser 
cooled by the pumped water. By using two water 
talks and a set of control valves, semi-continuous 
pumping is possible. Besides the collector and the 
flush tank, there arc two water tanks located close to 
the water source and a condenser at ground level. The 
pipe network interconnecting the tanks is shown in 
figure 14. 

The working fluid drawn into the collector is 
vapourized and returned to the flash tank. The 
vapour from the flash tank is let into one of the water 
tanks, displacing the water. (It is assumed that the 
water tanks are full of water.) The displaced water 
condenses the vapour in the shell side as it goes 
through thi condenser coils. After the first tank is 
emptied, the vapour is switched over to the second 
tank. Simultaneously, the first tank is condensed by 
the water being pumped from the second tank. As 
condensation proceeds, the pressure in the first tanks 
is reduced and water enters through the non-return 
valve. Thus, as the second tank is emptying the first 
one is being filled. On reversing the cycle, by 
manipulation of the valves, the first tank will pump 
while the second one draws water. In this way, water 
can be pumped continuously. 

To prevent working fluid from going into the 
water line, a water seal is always maintained inside 
the water tanks. The working fluid that is condensed 
in the water tank can be pumped to the condenser at 
the start of each cycle. The condensate is pumped by 

the condensate retrieval valve, which is similar in 
principle to a steam trap. Further, the condensate can 
be transferred to the flash tank, periodically or at the 
end of the day, by pressure equalization. 

The capacity of the pump can be increased by 
the addition of more collectors, which affects only 
the cycle time. 

The working fluid should be immiscible with 
water; have a normal boiling point slightly higher 
than the atmospheric temperature; and be non-toxic, 
non-flammable, cheap and readily available. Pentane 
fulfils all the requirements except for its flamma-
bility. 

A petroleum fraction having a close boiling range 
with properties similar to that of pentane would be 
cheaper and more readily available than pentane. The 
petroleum fraction, a mixture of hydrocarbons, offers 
an additional advantage. It can be tailor-made to suit 
the atmospheric conditions of a particular region. For 
example, in a region where the night temperature is 
around 2°C and the day temperature is 15°C, by 
choosing a mixture having more light hydrocarbons 
with a boiling range of I5°-20°C, water can be 
pumped to a considerable height even at very low 
collector temperatures. In regions like Pilani (located 
at the edge of the Thar Desert) where extreme 
climatic conditions occur, the working fluid 
properties can be modified to suit seasonal variations 
by adding small amounts of light or heavy 
hydrocarbons to obtain high pump performance. 

Practically speaking, any two fluids are always at 
least slightly soluble in each other; hence continuous 
contact of the working fluid with fresh water in each 
cycle will result in some loss of working fluid. 
Fortunately, the working conditions in the pump are 
such that the mass transfer rates close to interface are 
extremely low most of the time. As a consequence, 
the loss of working fluid will be negligible. 

The following is a proposed specification for a 
solar water pump of the type described above: 
Flat-plate collector area 100 m2 

Pumping rate 150m*/d 
Head 18 m 
Water tank dimensions ISO cm high X 90 cm diameter 

The cost of the installation, assuming a collector 
unit cost of 35 S/m2, would be 56,000. 

In developing prototypes many technological 
problems remain to be solved, in particular the 
control of the system of valves. The present proposed 
electrical control does not meet the requirements of a 
rural solar pump, which should be independent of 
any external source of power. 

Direct conversion of solar energy into 
electrical energy 

Photovoltaic cells produce an electric potential 
vhen they are illuminated by solar radiation. Those 
utilizing the semiconductors Si and CdS are the best 
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known on the market, those utilizing Si having the 
longer lifetime. Important R and D programmes are 
being undertaken to improve the performance, 
simplify the technology and reduce the cost. In 1976, 
the cost per unit of power was about 15 000 $/kW 
(peak). Research programmes seek to reduce this cost 
to 8 000 S/kW in 1980 and to some hundred dollars 
per kilowatt in 1985. 

At present, the available technology seems still 
too sophisticated for most developing countries, and 
manufacture even of a small series of cells cannot be 
planned for the medium term. For these reasons this 
subject will not be discussed further in this study in 
spite of its very promising future. 
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Annex IV. Institutions involved in solar energy development 

IV. INSTITUTIONS INVOLVED IN SOLAR ENERGY DEVELOPMENT 

Australia 

Committee on Solar Energy and Research 
Australian Academy of Science 
P.O. Box 216, Civic Square 
Canberra, ACT 2606 

Austria 

Austrian Solar and Space Agency 
Garnisongasse 9 , 
A-1090 Vienna 

Brazil 

University of Campinas 
Caixa Postal 1170 
Campinas, Sao Paulo 

Canada 

Brace Research Institute 
Macdonald College of McGill University 
Ste. Anne de Bellevue HOA ICO, Quebec 

Greece 

National Council for Energy 
Athens 

Nuclear Atomic Energy Commission 
Athens 

Physics Laboratory 
University of Patras 
Patras 

India 

Central Salt and Marine Chemicals Research 
Institute 
Gijubhai Badheka Marg 
Bhavnagar 364 002 

Birla Institute of Technology and Science 
Pirlani 
Rajasthan 

Mali 

Laboratoire de l'Energie Solaire du Mali 
B.P. 134 
Bamako 

France 

Centre National de la Recherche Scientifique 
15 quai Anatole France 
Paris 

Centre National de la Recherche Scientifique 
Laboratoire de l'Energie Solaire 
B.P. 5 
F-66120 Odeillo-Font-Romeu 

Ecole Nationale Superieure des Arts et Metiers 
151 Boulevard de I'Hopital 
Paris 13* 

Laboratoiries d'EIectroniques et de Physique 
Appiiquee 
3 avenue Descartes 
94 Limeil-Brevannes 

Laboratoire de Physique des Solides 
1 Place Aristide Briand 
F-92190 Meudon-Bellevue 

Germany, Federal Republic of 

Deutsche Forschungs- und Versuchsanstalt fur 
Luft- und Raumfahrt 
Pfaffenv/aidring 38-40 
D-7000 Stuttgart 

Netherlands 

Institute of Applied Physics 
1 Stieltjesweg 
Delft 

Stichting TOOL 
P.O. Box 525 
Eindhoven 

University of Technology 
Delft 

Niger 

L'Office de l'Energie Solaire 
B.P. 621 
Niamey 

United States of America 

College of Engineering and Applied Sciences 
Arizona State University 
Tempe, AZ 85281 

Solar Energy Application Laboratory 
Colorado State University 
Fort Collins, CO 80523 

Solar Energy and Energy Conversion Laboratory 
College of Engineering 
University of Florida 
Gainesville, FL 32611 

(not comolete) 
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Conversion of solar into mechanical 
or electrical energy: Indian experience 
V. G. Bhide 
National Physical Laboratory, New Delhi, India 

The total area of land under cultivation in India 
is about 143X10* ha, of which 30%. or 
43 X 10* ha, is irrigated. Of this irrigated area, 
23 X 106 ha are served by tube wells, ponds or other 
minor irrigation schemes. The Fifth Five-Year Plan 
(1974-1979) envisaged an increase in irrigated area of 
11.2 X 106 ha, of which 6 X 106 ha were'to be served 
by minor irrigation schemes. 

It was originally envisaged that 1.5 million 
1.5-kW (2-hp) pumps would be installed during this 
period. However, because of the oil crisis, not only 
have these additional pumps not been installed but 
even a fair fraction of the existing 2.5 million pumps 
do not have an energy supply (diesel or electricity). 
Consequently, the development and production of 
solar pumps in the range 1.5-4 kW (2-5 hp) have 
received highest priority. The pumps will preferably 
be in modular form so that wher. pumping is not 
required, the same system can be used to produce 
equivalent mechanical or electrical energy for minor 
industrial operations or for lighting. 

Another approach that the planners in India have 
adopted is to initiate research, development and the 

installation of solar power stations in the range 
10-100 kW, each of them meeting the total energy 
needs of a village or a cluster of villages. 

Photovoltaic or thermoelectric conversion of 
solar energy does not appear practical, and hence 
efforts have concentrated on directly utilizing heat 
from the sun. 

Abhimanyu solar water pump 

Figure 1 shows the Abhimanyu solar water pumtJ 
developed by the National Physical Laboratory 
(NPL). Its primary components are a flat-plate 
collector array and a closed-cycle organic Rankine-
cycle engine. During operation, a heat-transfer fluid 
(water) flows through the collector array and is 
heated to a temperature of 80°-95°C, depending 
upon the collector efficiency and configuration and 
the solar flux. This hot water is used to vaporize an 
organic liquid with a low boiling-point in a 
reverse-flow heat-exchanger (boiler). The hot. high-
pressure organic vapour is then used to drive the 

Control valve 

Soltr rays 

Pumped wawr 

Pumped water 

Boiler Condenser 

Figure I. Dijgram of Abhimanyu solar water pump 
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expander of the Rankine-cycle engine. After leaving 
the expander, the vapour is condensed in a condenser, 
where the water being pumped is used as the heat 
sink. The condensed organic liquid is pressurized and 
then pumped back into the boiler with the help of a 
reinjection feed pump mounted and driven by the 
shaft of the expander. For some organic fluids, there 
may also be a regenerator that utilizes exhaust vapour 
superheat to pie-heat the fluid coming into the boiler. 

The organic Rankine-cycle engine is particularly 
suitable for solar pumping and power generation and 
for waste-heat utilization for several reasons: 

(a) High thermal efficiency even when operating 
with the low to moderate temperatures (80°-95°C) 
achievable with flat-plate collectors; 

fb) Low-cost components owing to the use of 
commonly available construction materials and 
simple mechanical components; 

ic) High reliability because of its sealed 
construction, which protects it from harmful effects 
of environment such as sand, dust and moisture; 

(d) No problem with freezing, since the working 
lluids have very low freezing-points. 

The efficiency of the system, which to a great 
extent determines the collector area requirement and 
hence the cost, is defined here as T7S = r\c X 7je, where 
Ve is the engine, and TJC the collector, efficiency. 

Whereas the engine efficiency increases as the 
collector temperature increases, the collector ef­
ficiency decreases on increasing the collector 
temperature. It is therefore necessary to determine 
the temperature range for each collector-engine 
combination that produces the maximum system 
efficiency. As we shall see later, this optimum system 
efficiency depends upon several factors such as the 
insolation, the condenser temperature, and the 
characteristics of the collector array, expander, 

reinjection teed pump and working fluid. Neverthe­
less, it is obvious that the higher the efficiency of the 
collector array and the higher the temperature it can 
produce, the higher the system efficiency. It is all the 
more necessary to optimize the collector assembly in 
a large-scale power plant because a substantial 
fraction of the total cost is accounted for by the 
collectors. 

Collector arrays 

Flat-plate collectors were used in the Abhimanyu 
pump (see figure 2). The absorber plate is made of 
aluminium alloy with channels built into it by the 
pressure-bonding technique. The complete mechan­
ical design of the collector was optimized. 

Selective coatings of oxides of copper, nickel, 
chromium, as well as PbS, CdTe and other materials 
were tried. With the best collector, it was possible to 
obtain a stagnation temperature as high as 180°Cfor 
an insolation of 1 000W/m: (figure 3). Figure 4 
shows the annual variation in the daily useful gain in 
thermal energy from a typical collector assembly 
operating at 90°C. Although it was attempted to 
create selective windows by coating glass covers with 
Sn02 , ln 2 0 3 etc., the cost involved in the process did 
not justify the improved efficiency. 

Since it is advisable to operate the expander at a 
constant input temperature, a reservoir is needed to 
store hot water; the reservoir is connected to the 
array by means of a thermostatically controlled bypass 
valve. Under operating conditions nearly one half 
of the heat is required to pre-heat the organic liquid 
and the other half is used during the process of 
boiling. Some saving on the collector area require­
ment can be effected by having one collector array 
for low temperatures and one for high temperatures. 
The former is used to provide pre-heating whereas the 
latter serves to boil and superheat the organic vapour. 

Extruded 
aluminium channel 

Glass coyer 

Glass covet 

Absorber plate 

Aluminium foil 

4Glass wool 

Glass or aluminium backing 

Figure 2. Cross-section of a collector assembly 
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Figure 4. Annual variation of the daily useful gain in energy by a typical collector operating ar 90° C 

Expander 

The heart of the pump is the expander, in which 
high-pressure vapour does mechanical work and 
generates shaft power during the process of 
expansion. To a large extent, the expander 
determines the reliability and the efficiency of the 
system. The expander could in principle be a 
reciprocating machine, a turbine or a positive-
displacement rotary machine. 

in a reciprocating machine, linear motion is 
converted into rotary motion by a crankshaft 
mechanism. The reciprocating machine needs inlet 
and outlet valves to control the flow of vapour under 
pressure through the engine. For low-power pumps, 
the use of reciprocating equipment makes the system 
complex and inefficient. 

Turbines can be used when the power is high. 
For low powers the turbine size is smaller and its 
speed higher, which creates a variety of problems. A 
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Figure 6. The positive-displacement rotary machine oper­
ating as a compressor, at different phases of the orbit of the 

moving spiral 

gear mechanism has to be used to reduce the speed to 
match either the pump or the generator. Since 
turbines are not positive-displacement machines, the 
efficiency of the turbine drops as the vapour flow is 
reduced. Furthermore, the response of a turbine to 
variable load is rather poor. For low power it is 
therefore preferable to have positive-displacement 
machines running at a moderate speed of 
1 000-8 000 rpm. 

The expander used in the Abhimanyu pumps is a 
positive-displacement rotary machine. It consists of 
an assembly of two oppositely cut spirals, as shown in 
figure 5. One of the spirals is fixed to the cover plate, 
and the other orbits round the centre of the inlet port 
with a slight degree of eccentricity. When these two 
spirals fit together a number of pockets are formed. 
As the moving spiral orbits, the volume of the 
pockets changes (figure 6). Depending upon the 
direction of the orbital motion, the pocket size either 
increases or decreases during the orbital cycle. The 

machine can thus be used either as a compressor or as 
an expander. When it is worked as an expander, 
high-pressure vapour enters the spiral assembly at the 
centre and after expansion leaves the assembly from 
the periphery. 

When it is used as a compressor, the inlet is from 
the periphery, and compressed gas leaves the 
assembly through the centre. This expander has no 
valves to regulate the flow and there are very few 
moving parts. The volume displacement of the 
expander per revolution is a function of the volume 
of the pockets formed between the two spirals, which 
in turn is determined by the pitch (distance between 
successive spiral loops) and depth of the spiral, and 
the thickness of the spiral walls. The cover plates seal 
these pockets, thus serving the same function as the 
cylinder walls in a reciprocating machine. Table 1 
compares the characteristics of the Abhimanyu 
positive-displacement rotary machine, a reciprocating 
machine and a turbine. 

TABLE 1. COMPARISON OF MACHINE TYPES 

Characteristic 
A bhimanyu 
pump expander 

Reciprocating 
machine Turbine 

Efficiency (%) 
Valves 
Moving parts 
Operating speed (rpm) 
Connection to feed pump 
Variable speed capability 
Partial load operation 
Noise level 
Reliability 

70-80 
None 
Few 
900-1 800 
Direct drive 
Good 
Good 
Low 
Good 

70-80 
Inlet and exhaust 
Many 
900-3 600 
Direct drive 
Good 
Good 
High 
Fair 

60-80 
None 
Few 
3 000-80 000 
Large gear reduction 
Poor 
Poor to fair 
Fairly high 
Fair 
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Since the spiral expander operates at low speeds, 
it can drive a pump or generator directly and use 
fairly effective shaft seals. Since the expander has few 
moving parts, there are low rubbing velocities and 
contact pressures: the spiral expander wears in 
instead of wearing out. These attributes result in 
highly reliable operation, with measured efficiencies 
in the vicinity of 80%. 

The volume ratio that can be obtained is a 
function of the diameter and the pitch of the spiral. 
The dimensions of a typical spiral expander used in a 
1-kW Abhimanyu pump are as follows: 

Pitch 
Axial length 
Wall thickness 
Outside diameter 
Orbital radius of the moving spiral 

Inches 

0.625 
0.875 
0.125 
6.5 
0.1875 

Millimetres 

15.88 
22.22 

3.18 
165 

4.76 

The volume displacement per revolution of such an 
expander would be 5.7 in.3 (93.4 cm3), and the 
volume ratio would be 3.0. 

Working fluid and cycle description 

The size of the expander is greatly influenced by 
the choice of working tluid. Various working fluids, 
including the well-known refrigerants R l l . Rl 13, 
R114, were considered. Rll was eliminated because 
of its low pressure (and consequently poor 
performance) at temperatures that can be achieved 
with flat-plate collectors. The drawback of Rl 13 is 
that it needs a regenerator. Eventually, R114 was 
selected, since it was ideally suited to the expected 
temperatures and power generation. 

The working cycle ox the engine is shown in 
figure 7. Hot water from the storage tank at about 

\a.7"c 

90°C exchanges heat with the working fluid Rl 14 in 
a counter-flow heat-exchanger. The working fluid 
leaves the boiler at a temperature of 82°C and 
pressure of 9.3 bar (120 psig) (AB in figure 7). 
High-pressure vapour enters the expander at 82 C and 
9.3 bar (120 psig) pressure. After expansion, the 
exhaust vapour has a temperature of 37.5°C. The 
vapour leaving the expander is slightly superheated 
and is at a pressure of 2.4 bar (20 psig); the condenser 
temperature is 30°C. This isentropic expansion is 
shown by BC on the figure. The work done by the 
vapour per unit mass of vapour expanded is 
20.9 kJ/kg. The exhaust vapour from the expander is 
condensed in the condenser by cold water. This 
process is shown by CD on the figure. The condensed 
liquid is pressurized and reinjected into the boiler by 
the feed pump (DA on the figure), completing the 
cycle. The Carnot efficiency of the cycle is 14.7%, 
and its thermodynamic efficiency is 12.5%, giving an 
expander efficiency ratio of 85%. The detailed 
specifications of a 1-kW Abhimanyu pump are set out 
below. 

Item 

Inlet pressure 
Inlet temperature 
Condenser temperature 
Working tluid 
Enthalpy at expander inlet 
Pressure at outlet 
Enthalpy after expansion 
Work done during isentropic 

expansion 
Specific volume cf working 

fluid at inlet 
Rate of circulation of working 

fluid needed to give shaft 
power of I kW (1.3 hp) 

Rate of flow of vapour into 
expander at inlet pressure 

Volume of high-pressure 
vapour drawn by the 
expander per revolution 

Expander speed 
Boiler-generator 

Temperature of water entering 
the boiler 

Temperature of water leaving 
the boiler 

Rate of flow of water through 
the boiler 

Enthalpy of working fluid 
vapour at 37.5°C 

Enthalpy of working tluid 
liquid at 30°C 

Total heat that has to be 
removed in the condenser 

Collector area required to 
operate the pump for 4 h a day 

Specification 

9.3 bar (120 psig) 
80" C 
30° C 
R114 
223.3 kJ/kg (96 Btu/lb) 
2.4 bar (20 psig) 
202.4 ki/kg (87 Btu/lb) 

20.9 kJ/kg (9 Btu/lb) 

0.015 mJ/kg(0.24ft3/lb) 

168 kg/h (370 Ib/h) 

2.49 m3/h (S8.8 ft3/h) 

22.9 cm5 (1.4 in.J) 
1 827 rpm 
Reverse-flow finned-tubc 

heat exchanger 

90° C 

81°C 

3.5 1/min 

202.4 kJ/kg (87 Btu/lb) 

53.5kJ/'kg(23Btu/!b) 

24.9 MJ (23.6 X 103 Btu) 

10 m ! 

bitlulov itJ/k* UOM ututarf-l '.cu-e «t - *ol:i 

Figure 7. Engine working cycle 

System optimization 

The engine efficiency, which is the product of 
the efficiency of the expander and the feed pump. 
was of the order of 70% cf the Carnot efficiency. 
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Figure 8. Engine efficiency against inlet temperature at 
different condenser temperatures 

Figure 8 gives the engine efficiency as a function of 
the expander inlet temperature for various condenser 
temperatures. The lower the condenser temperature, 
the Higher the engine efficiency. Combining the 
engine efficiency data of figure 8 with the collector 
efficiency data of figure 3, one obtains the system 
efficiency shown in figure 9. For a given insolation 
there is an optimum range of temperature of the 
collector for which the system efficiency is a 
maximum. These considerations have to bs kept in 

mind in designing the system. The system is versatile 
in that, when pumping is not needed, it could be used 
to generate electrical power or to drive a mechanical 
system such as a thresher or ? small lathe. The 
collector assembly has an area of 10 m1; the 
dimensions of the other subsystems are given below. 

Condenser 
Boiler 
Expander 
Storage tank 
Pump 

Height 
(cm) 

50 
50 
35 

200 
25 

Diameter 
(cm) 

25 
30 
30 
65 
20 

The 1-kW Abhimanyu pump has been in 
operation for the last six months. Pumps of up to 
12 kW can be designed following the same principles. 

10-100 kW power generation 

Two 10-kW solar electric power plants are at 
different stages of development in India. One is a 
joint venture between the Government of India and 
the Government of the Federal Republic of Germany. 
Bharat Heavy Electricals Ltd.. the National Physical 
Laboratory and the Indian Institute of Technology at 
Madras, are the executing agencies on the Indian side. 
Messerschmidt. Bolkow and Blohm (MBB) of Munich, 
are the executing agencies from the Federal Republic 
of Germany. The objective of the project is to set up 
a 10-kW demonstration plant that utilizes solar 

•\ 

InuutiailOOOWMl' 

SO 90 100 110 

COLLECTOR TEMPERATURE f t ) 

Figure 9. Variation of system efficiency with collector temperature at insolations of 800 W/m* 
and 1 000 W/m1 



Conversion of solar into mechanical or electrical energy: Indian experience 

Hot-wtttr 
raxagtttnk 

Collector vray - M -

Evaporttor 

Control vatw 

-) ft-' 

Pump 

Hotwjttr 
circuUtton pump 

Pra-hMttr 

Gentrator 

Ccndenwr 

• f i -
Liquid Frton pump 

Figure 10. Diagram of a 10-kW power station 

energy. Figure 10 is a diagram of the power station. 
The Iinde screw expander, a flat-plate collector array 
and a conventional electric generating system are to 
be used. The working fluid will be Rl 14. 

The second project to install a 10-kW solar power 
plant is totally an Indian effort, which envisages the 
use of spiral expanders. Both projects use the organic 
Rankine-cycle engines in conjunction with a flat-plate 
collector array. Some of the design parameters of this 
system are given below. 

Item 

Shaft power 
Expander 

Working fluid 
Inlet temperature 
Inlet pressure 
Exhaust temperature 

Specification 

10 kW 
Positive-displacement 

spiral expander 
R114 
30° C 
9.3bar(120psig) 
37.5°C 

Item 

Exhaust pressure 
Spiral pitch 
Spiral axial length 
Spiral wall thickness 
Orbital radius of the moving spiral 
Spiral outside diameter 
Volume displacement 

per revolution 
Volume ratio 
Expander speed 
Rate of circulation of working fluid 
Boiler-generator 

Temperature of water entering 
the boiler 

Temperature of water 
leaving the boiler 

Rate of flow of water through 
the boiler 

Collector area 

Specification 

2.4 bar (20 psig) 
5.7 cm (2.25 in.) 
7.6 cm (3 in.) 
6.4 mm (0.250 in.) 
22.2 mm (0.875 in.) 
50.8 cm (20 in. > 

524.5 cm5 (32 in.J) 
3.5 
1 500 rpm 
49kg/min(lC8 I.V'rmn) 
Reverse-flow finncd-tube 

heat exchanger 

90°C 

81°C 

180 1/min 
400 m1 
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SOFRETES et Mengin, Montargis, France 

Basic design of a solar pump 

The first goal of SOFRETES, working in 
co-operation with Dakar University in Senegal, was to 
develop water-pumping equipment with no external 
fuel requirements, initially for domestic use in small 
villages and in raising livestock, and then for irrigating 
crops in arid regions. Since the equipment would have 
to operate at isolated sites where there are usually no 
specialists able to provide maintenance for sophis­
ticated equipment, it had to be simple, rugged and 
reliable. It was decided as a first step to use a 
low-temperature thermodynamic cycle between a hot 
source supplied by solar energy and a cold source 
maintained by the pumped water. 

A solar pumping station includes the following 
components (see figure 1): 

(a) A battery of flat-plate collectors in which 
water or another heat-carrying liquid circulates in a 
closed circuit; 

(b) A heat exchanger inside which heat is 
transferred from fluid circulating in the collectors to 
the fluid circulating in the motor circuit, causing the 
latter fluid to evaporate; 

(c) The motor circuit, which, in addition to the 
heat exchanger, includes the expansion motor, a 
condenser and a reinjection pump; 

(dj The pumping circuit itself, which for 
low-power installations of about 1 k\V includes a 
hydraulic motor driving a well pump or, for higher 
powers (25-50 kW). an alternator and an electric 
motor driving one or several pumps. 

Solar entrgy 

4mm 
Figure I. Schematic diagram of a solar pumping station 
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Practical applications of solar pumps 

Domestic water for villages 

To ensure a water supply for isolated villages in 
arid regions is essential. Hand pumping consumes the 
time and energy of the inhabitants. Conventional 
pumping by internal combustion engines is subject to 
all the uncertainties of fuel supply, and the 
equipment requires maintenance, which is made 
difficult by severe climatic conditions and the lack of 
skilled manpower and a stock of spare parts. 

The integration of a solar pumping station into a 
village is a practical means of providing a water 
supply. In addition, the installation of the collectors 
on the roof of a building makes the building cooler 
inside, since a large portion of the heat received by 
the collectors is conducted away by the fluid. This 
building can be used to house a school, a cattle 
market, a dispensary etc. 

Water for livestock 

In livestock grazing regions, the uncertainty of 
the wells often means that flocks and herds must 
depend on a single well, sometimes with disastrous 
results. The multiplication of small-volume watering 
places by means of reliable equipment powered by 
solar energy would make it possible to supply water 
rationally to nomad tribes and their herds and flocks. 

About 40 1-kW stations are now being tested in 
12 countries: Brazil, Cameroon, Cape Verde, Chad. 
India, Mali, Mauritania, Mexico, Niger, Senegal, 
United Arab Emirates, and Upper Volta. 

In Mexico, with the support of the Government, 
solar hydraulic pumps have been set up in villages 
scattered around the country. A 30-kW station to 
supply drinking water and water for irrigation has 
also been set up. These pumps are being operated 
under varied climatic, economic and social condi­
tions. 

1-kW solar pump characteristics 

The standard equipment now used in the 1-kW 
installations has the following characteristics: 
Collector 

70 m3 

100-120 m2 

Thermosiphon or 
circulator 

Tubular or plate 
elements 

Butane or Freon 
Two-cylinder: 

displacement 12 
200 rpm 

Active area 
Area available underneath collector 
Fluid circulation 

Motor circuit 
Heat-exchanger/condenser 

Fluid 
Expansion motor 

Rotational speed 

Pumping circuit 
Well pump 

Operating conditions 
Mean insolation 
Air temperature 
Pumped water temperature 
Daily operating time 
Daily output tor a total discharge 

height of 20 m 
Number of inhabitants that can be 

supplied with 20 1 each 
Number of head of cattle that can 

be supplied with 40 I each 

800 W/m1 

20°C 
20°-30*C 
S-7h 

30 m' 

1S00 

750 

Solar pump for irrigation in Mexico 

The first large solar unit devoted to irrigation has 
been established at San Luis de la Paz, in the state of 
Guanajuato in Mexico. It is part of a long-range 
government programme, run by the agency respons­
ible for environmental improvement in the Health 
Secretariat. The 30-kW installation, which delivers 
electricity for pumps, has been operating since 
September 1975. San Luis de la Paz belongs to the 
semi-arid zone of Mexico. It has an average mean 
temperature of about 17°C (62° F), a maximum of 
41°C (106°F) and a minimum of about -5°C (23°F). 
In an average year, rain falls on 39 days and the town 
has sunny weather on 250 days. 

The installation operates according to the same 
principle as the 1-kW stations, except that the 
expansion motor is replaced by a turbine that drives 
an alternator. 

The general characteristics of the installation are 
as follows: 

Surface area of collectors 
Working fluid 
Turbine rotation speed 
Pump 
Pumping rate for a discharge 

height of 40 m 

1 500 m l 

Rlt 
7 400 rpm 
Electric centrifugal 

150 m'/h average 

Hydraulically 
driven 

This solar power station delivers about 900 in3 

of water per day. It is presumably the most powerful 
solar unit working in the world. The water, pumped 
from a depth of 40 m, is delivered to 15 000 village 
inhabitants and will eventually also be used to irrigate 
20-30 ha of experimental crops. The room under the 
1 500-m2 solar collectors v: to be used for the 
facilities of an experimental farm. 

Future development 

At the present stage of solar energy technology, 
it is quite feasible to use solar pumps in remote arid 
zones. However, these techniques and systems must 
be adapted individually to local conditions. The 
experience of SOFRETES is that solar pumps using 
the low-temperature thermodynamic cycle with 
flat-plate collectors can indeed be so adapted. 
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Future work anticipated in this area includes: 

Improving existing equipment in the 1-kW 
range and in the 25-100kW range; research 
on collectors, heat-exchangers, motors and 
turbines, fluids etc. 
Applying the low-temperature thermo­
dynamic cycle to the use of geothermal 
energy 
Solar refrigeration for preserving food and 
medicines 

' Solar air-conditioning and space heating 

Energy 
source 

Solar 
radiation 
fcont.j 

Disadvantages 
Advantages or constraints 

Reliability 
Possibility of 

technology transfer 
No degradation of 

natural resources 
No pollution 
Refrigeration possible 

underneath the 
collectors 

No skilled man­
power needed 

Maintenance reduced 
to care-taking 

Operating costs known 

Economic aspects 

In choosing an energy source, the advantages and 
disadvantages of using it must be analysed and each 
component of the total cost calculated. In this way, a 
comparison can be made between a conventional 
energy source (e.g. a diesel engine) and solar energy 
on the basis of the volume of water that needs to be 
pumped. The comparison in the table below can be 
used to make such an analysis. It should be realized, 
however, that the efficiency of solar energy 
utilization and its competitiveness with that of 
conventional sources depend on local conditions and 
that therefore a special study of these conditions 
must be included in the analysis. 

Energy 
source 
Diesel 

engine 

Solar 
radiation 

Advantages 

Low investment 
Great flexibility in 

installation and use 

Low operating cost 
In situ availability 

of energy 
Long lifetime of 

equipment 
(10-20 years) 

Disadvantages 
or constraints 

High operating cost 
Need to import, trans­

port and store fuel, 
lubricants and spare 
parts 

Consumption of 
non-renewable 
resources 

Localized pollution 
(exhaust gases) 

Skilled manpower 
Uncertain prices for 

fuel and manpower 
(50% of cost) 

High investment 
Discontinuous supply 

(storage tank required) 
More extensive civil 

engineering 

A comparison of the relative cost of pumping 
water using a diesel engine, electricity and solar 
energy is illustrated in figure 2. It can be seen that the 
distance to the conventional energy source is the 
determining factor. It is estimated that in the Sahel a 
50-kVV solar energy station used for irrigation will 
begin to be competitive with electricity when the 
distance from the electric power plant reaches 
100 km. 

It has been calculated that for solar pumps 
already installed in Africa the cost per unit of water 
pumped is about 0.60 S/m3 for 1-kW stations 
(assuming an operating time of 1 800 h a year and a 
water depth of 30 m) and approximately 0.05 S/m3 

for 25-kW stations (same operating time, water depth 
10 m). A similar calculation for a pump system using 
a diesel engine and doing the same job as a 1-kW solar 
station, gives a cost of about 0.47 S/m3. 

Diitanct to energy sourc* 

Figure 2. Cost of pumping water using various forms of 
energy as a function of the distance to the energy source 
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Solare Pumpe Solar pump 
Bei der Nutzung der Solarenergie zum Betrieb von Ar-
beitsmaschinen steht die solare Pumpe an vordester 
Stelle. Besonders fur die Entwicklungslander, die vor-
wiegend in den Trockengiirteln der Erde liegen, werden 
einfache Pumpen zur Bewasserung und Trinkwasser-
versorgung benotigt. In diesen Landern bietetsich auf-
grund der hohen Sonneneinstrahlung der Pumpbetrieb 
mit Hilfe von Solarkollektoren an. Trotz des groBen 
technischen Aufwandes, der bei der Nutzung der Solar­
energie fur Arbeitsprozesse notwendig ist, mussen die 
Pumpanlagen den Einsatzbedingungen entsprechend 
so einfach und zuverlassig wie mbglich ausgefiihrtsein. 
Unter diesen Gesichtspunkten werden derzeit bei 
Dornier verschiedene Konzepte untersucht: 

• Verwendung von konzentrierenden, nachfiihrbaren 
Solarkollektoren in Verbindung mit einer kleinen 
Dampfmaschine, die einen Generator antreibt. Die 
vom Generator erzeugte elektrische Energie wird 
zum Betrieb einer Wasserpumpe und des Nachstell-
motors der Solarkollektoren genutzt. Bei der auf 
den werkseigenen Testgelande in Friedrichshafen 
aufgebauten Demonstrationsanlage gibt der ver-
wendete Generator bei einer Umdrehungszahl von 
500 U/min etwa 500 W ab. 

• Verwendung einer Dampfpumpe, die direkt mit dem 
in konzentrierenden und nachfLihrbaren Solarkol­
lektoren erzeugten Dampf angetrieben wird. Der 
Stellmotor der Solarkollektoren wird von Solarzellen 
mit der notwendigen Energie versorgt. 

• Verwendung von Pumpen mit einfachen Membranen 
Oder Federbalgen, die in Verbindung mit Flachkol-
lektoren (z.B.mitdem Dornier-Warmerohr-Solarkol-
lektor)Drucklufterzeugen,welche in einen Brunnen-
schacht uber entsprechende Vorrichtungen (z. B. 
durch Ausdehnung eines Gummikorpers) das 
Wasser nach oben driickt. Bei der Untersuchung 
der hierbei denkbaren verschiedenen Mbglichkeiten 
wird besonders auf die Verwendung einfachster 
Maschinenelemente fur die Pumpanlage geachtet. 

Das von Dornier angestrebte Entwicklungsziel der ge-
nannten Projekte ist die Bereitstellung solarer Pumpan­
lagen mit zufriedenstellendem Wirkungsgrad bei ver-
tretbarem technischen Aufwand, die zumindest teil-
weise auch in den Entwicklungslandern selbst herge-
stellt werden konnen. 

The solar pump ranks high on the priority list in the use 
of solar energy to operate machines. For developing 
countries situated in the arid zones of the Earth in parti­
cular, simple pumps are required for irrigation purposes 
and fresh water supply. Because of the high amount of 
insolation in these countries, pump operation by means 
of solar collectors seems obvious. Despite the complex 
technological requirements for use of solar energy in 
working processes, the pump installations must be as 
simple and reliable as possible corresponding to the 
conditions of use. 

With these constraints in mind, Dornier currently 
examines various concepts: 
• Use of concentrating, tracking solar collectors 

together with a small steam engine driving a genera­
tor. The electrical energy produced by the generator is 
used to operate a water pump and the adjusting 
motor of the solar collectors. The pilot plant installed 
on Dornier premises in Friedrichshafen has a 
generator with an output of roughly 500 W at 500 rpm. 

• Use of a steam pump directly operated by the steam 
generated in concentrating and tracking solar 
collectors. The adjusting motor of the solar collectors 
receives its energy supply from solar cells. 

• Use of pumps with simple membranes or bellows 
which, together with flat collectors (e. g. the Dornier 
heat pipe solar collector) generate compressed air 
which lifts the water in a well by means of suitable 
installations (e. g. expansion of a rubber ball). The 
•evaluation of the different possibilities is concen­
trated on the use of the simplest machine elements 
for the pump installation. 

Dornier's development target for the projekts enumera­
ted is to make solar pumps with a satisfactory efficiency 
and technological complexity available which can be 
partly built in the developing countries. 
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Bild 1: Demonstrationsanlage mit einem konzentrie- Fig. 1: Demonstration plant with a concentrating 
renden, nachfuhrbaren Solarkollektor tracking solar collector 

Bild 2: Versuchsaufbau mit einer Dampfmaschine und Fig. 2: Test set-up with a steam engine and an electric 
einem elektrischen Generator generator 

18 
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Abb. 1: Funktionsschema Solare Pumpe 
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Abb. 4: Solare Pumpe fiir grope Leistungen 
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Assessment of solar applications 
for technology transfer 
Jyoti K. Parikh 
International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria 

Introduction 

As the intensity cf solar radiation is low, a 
considerable amount of land is required for utilizing 
solar energy. Solar applications would therefore be 
more suitable for a rural environment where land is 
easily available rather than for urban areas. 
Conventional centralized energy systems have not yet 
reached the large rural population in many developing 
countries. Solar applications which contribute to the 
development of a decentralized energy system could 
lead to significant improvements in the economic 
productivity of rural areas. 

According to United Nations1 estimates, in 1970 
the rural population of the world was 2.26 billion, 
1.89 billion of whom were in the developing 

' United Nations, Department of Economic and Social 
Affairs, "Selected world demographic indicators", 1975 
(ESA/P/WP.55). 

countries. The percentage of persons living in the 
rural areas of the developing countries is expected to 
decrease from 75% in 1970 to 59.2% in 2000. 
However, their absolute number will still be 
2.92 billion, a substantial increase over the present 
number. Figure 1 shows regional rural population 
growth trends, as projected by the United Nations.2 

The energy requirements of rural people, 
although extremely low, are largely met at present by 
locally-available non-commercial resources such as 
firewood, agricultural waste and dung. Nevertheless, 
government energy planners in most of the 
developing countries are concerned primarily with the 
development of large energy systems, appropriate for 
urban and industrial purposes. Although efforts arc 
being made in most of the developing countries to 
expand rural electrification, its progress is slow 
because it is capital intensive, especially when it 

*IbicL 

2000 

1950 1960 1970 1980 1990 

Figure 1. Past and projected rural population of developing regions 
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involves connecting remote villages to the network. 
Thus, there is a need for developing decentralized 
energy systems for rural areas. 

Scientists and technologists do come up occa­
sionally with solutions for decentralized energy 
systems. When these are not adopted they generally 
complain about the difficulties of technology 
transfer, resistance from established interests etc. 
Though these obstacles are not to be underestimated, 
their claims about the relevance of their research and 
development are many times found not to be valid 
for actual adaptations in field conditions when all the 
facts are put together. Therefore, a careful appraisal 
r»f the difficulties of the transfer of technology is 
essential. 

In this paper we consider first the issues that are 
important in assessing technology. Then some of the 
solar technologies are evaluated keeping these issues 
in mind. Since photovoltaic cells are very expensive at 
present, we have considered for this analysis only 
decentralized low-power thermal devices. In parti­
cular, solar pumping is evaluated in detail as a case 
study. 

The algebraic expressions introduced here can be 
used for application to any country; numerical results 
are given for the specific case of India. 

Issues involved in the technology transfer 

Here "technology transfer" means the transfer of 
invention from a laboratory to the field. It has to be 
recognized that the users cannot run an experimental 
energy system. Due weight has to be given to the 
perfection of the invention and the development of 
required institutions, such as establishments to look 
after the problems of the user. The user's viewpoint 
couid be classified into two categories: techno-
economic and social, with the latter referring to the 
operating environment in which the technology has 
lo be used. In general, the following points need to be 
considered. 

Private and social benefits 

The benefits, savings etc. are often calculated on 
national, state or village levels and not for the 
consumer who is going to use the technology. Though 
benefits at the national level, such as the saving cf 
foreign exchange, curbing environmental degradation, 
overall health effects etc. are important, they are 
meaningful only if the new technology is acceptable 
to the user. If the user does not benefit when an 
invention needs to be promoted for national or social 
purposes, he has to be compensated if he is to be 
induced to use it. That means that a national poiicy 
involving subsidies, financing facilities, tax rebates 
etc. has to be introduced to promote better 
technology. 

Thus, the cost-benefit analysis should be done 
also from the user's point of view together with the 
analysis from the social viewpoint. One then 
identifies the loss, if any. that, the user would have to 
incur and to what extent society might subsidize him 
in view of the indirect costs it would have to bear if 
the new technology were not promoted. 

Comparison with other alternatives 

The economic benefits to the user should be 
calculated keeping in mind the best possible 
alternatives open to him. For example, if the 
advantages of biogas plants are calculated by taking 
petrol or even coal as the alternative, they would 
appear substantial. But the comparison actually has 
to be made with the cheapest possible alternative, i.e. 
burning dung and purchasing fertilizer, if needed. The 
positive and negative aspects of both alternatives 
should of course be carefully weighed. Only then can 
one understand why certain innovations are not 
catching on. In addition, possible future develop­
ments of the existing alternatives should also be 
considered. 

Scale of technology 

Some technologies may tum out to be unsuitable 
in economic and managerial terms if the proper scale 
is not chosen. For example, in some situations many 
small soiar pumps may be more expensive than a large 
pumping station. Yet the small pumps may be 
preferable when the management problems associated 
with the different scales are considered. Again, giving 
an example of biogas technology, an earlier analysis 
shows that a community biogas plant may be more 
economical and socially desirable than family biogas 
plants. 

Introduction of technology 

The manner in which a technology is introduced 
determines its success. For example, groups which 
benefit less or are adversely affected may offer 
resistance. Besides, at the planning stage itself, 
problems of co-operation, maintenance arid repair 
would have to be dealt with. 

Compatibility with the environment 

If an invention requires a change in life-style or is 
in conflict with the surroundings, it will face 
difficulties in its adoption. In such a case, the 

JJ. K. Parikh and K. S. Parikh, "The potential of bio-gas 
plants and how to realize it". Proceeding? of UNITAR 
Symposium on Microbiol Energy Conversion, Gottingen, 
lederul Republic of Germany, 1976. 
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strength of the existing establishment of older 
technology should be carefully assessed, and the 
question whether society is ready for the change 
should be considered. 

Acceptance of technology 

An invention has to be appropriate for the kind 
of use for which it is meant. For example, as will be 
demonstrated later in this paper, there is a need to 
consider the manner in which pumps are currently 
used when designing a solar pump for agricultural 
purposes. 

It is therefore necessary that a Government with 
limited resources should evaluate new technologies 
carefully so that only appropriate ideas are 
encouraged. The development of inappropriate 
inventions may waste precious scientific manpower 
and limited research funds and also cause a loss in the 
credibility of new technologies in general. Even 
though they made good sense, many new techno­
logies have failed because of the neglect of simple, 

practical considerations. An attempt will therefore be 
made to analyse the difficulties of technology 
transfer for one of the applications of solar energy 
within the context of the above-mentioned criteria. 
Although the general framework of the analysis is 
applicable to any country, a case study of India is 
carried out. 

Solar pumps 

Solar pumps for irrigation purposes would be a 
significant application of solar energy for the 
developing countries, where 40% to 50% of GNP 
originates in the agricultural sector, for which water is 
an essential input. Table 1 provides data on energized 
pump-sets and their electrical energy consumption in 
India. About 9% of the total electricity consumption 
in India is accounted for by energized pump-sets 
aione, despite the fact that hardly 20% of the villages 
were electrified in 1967, as shown in table 2. The 
number of pumps required in the next two to three 
decades may be more than 10 million. Table 2 also 

TABLE 1. PUMP-SETS AND ELECTRICAL ENERGY CONSUMPTION IN INDIA 
Past and projected trends 

-
Year 
or 
date 

1966/67 
1967/68 
• 9 6 8 / 6 9 
1969/70 
1970/71 
31 March 1974 
31 March 1979 

Projections1' 

1983 
1990 
2000 

Number of sets 
in operation 

649 182 
847 3S7 

1 088 774 
! 342 006 
1 642 006 
2 444 599 
4 022 7 9 0 a 

6.5 X 10 ' 
12.0 X 10 ' 
20.0 X 10 ' 

By pump-sets 
(109 kWhj 

2.107 
2.585 
3.466 
3.770 
4 .110 

Consumption 

Total 
flO* kWh) 

33.26 
36.76 
41 .46 
45 .02 
48.65 

Per pump-set 
(kWh) 

3 245 
3 0 5 0 
3 183 
2 809 
2 503 

Per unit of 
connected 
load Ik Wit 
perkWJ 

842 
814 
834 
733 
657 

Sources: India. Ministry of Irrigation and Cower, Ninth Annual Power Committee Report. New Delhi, 1972; K. S. Harikh, 
Second India Studies: Energy (New Delhi, McMillan Press. 1976), p. SS. 

"Target figure. 
Taking into account population growth and the need for additional food production*consistent with t!ie ground-water 

potential. 

TABLE 2. ELECTRIFICATION OF VILLAGES IN INDIA. 1961-1973 

Village 
population range 
11961 census) 

< 4 9 9 
500-999 
1 000-1 9 9 9 
2 000-4 999 
5 000-9 999 
> 10 0 0 0 

Total 

Number of 
tillages 

351 653 
119 036 

65 377 
26 565 

3 421 
776 

566 878 

1961 

3 <>86 
4 306 
5 918 
5 458 
1 319 

560 

21 547 

Number of villages electrified on jl 

1966 

10 265 
9 787 

1 1 5 6 7 
9 441 
1 9 6 3 

647 

4 3 6 7 0 

1971 

31 518 
26 4 3 6 
25 715 
17 0 3 6 

2 674 
702 

104 081 

March 

1972 

39 730 
32 602 
27 971 
18 326 

2 753 
712 

122 094 

1973 

46 665 
37 380 
31 586 
19 922 

2 9 1 3 
729 

139 695 

Source: Central Electric Authority, New Delhi, 1974. 



- 56 -

Technology for Solar Energy Utilization 

shows that the rate of electrification for small villages 
of 500 inhabitants is much slower than that for the 
large towns. In view of the slow electrification of the 
rural areas, the importance of the agricultural sector, 
and the high projected pumping needs, soiar pumps 
could play an extremely useful role. 

Techno-economic considerations 

In order for solar pumps to be acceptable, they 
should provide adequate pumped water and be 
cheaper than the existing alternatives or sufficiently 
convenient for farmers to be willing to pay a higher 
price. 

A genera! framework for such a techno-economic 
comparison between any two alternatives is deve­
loped below. The symbols used in the calculations are 
these: 

CapitaJ cost K 
Discount rate d 
Discounted cost C 
Lifetime of pump / 
Number of pumps required for a period 

T of service n 
Annual maintenance cost m 
Price of fuel p 
Distance i 
Time t 
Amount of fuel used annually q 
Annual operating cost (= m + pq) O 
Efficiency n 
Operating time (hours per day) h 
Installed capacity c 
Collector area A 
Average daily solar radiation per unit area S 
Work done W 

When necessay, the subscripts s, e and d will be 
attached to the symbols to refer specifically to solar, 
electric and diesel pumps. 

There are many ways in which the costs could be 
worked out, some of which are illustrated below. If 
electricity is available, the sclar pump would have to 
compete with electrical pumps; if not, with diesel 
pumps. 

A verage annual cost per unit of installed capacity 

It is assumed that the annual cost of the loans 
made to finance the installation would be equal to 
hrif the rate of the interest d (discount) plus the 
operating costs. Neglecting inflation, but taking 
depreciation into account, the following equation is 
obtained: 

K* ( 2 + r)+m'=*d ( 2 + f)+w*^+** (1) 

A similar expression has been derived by Takla.3 

However, such an expression does not consider the 

' Sec article by Assad Takla, p. 7. 

different availabilities at night of the two alternatives 
being compared. Before this problem is considered, 
an exact formula for the discounted cost instead of 
the approximate form (1) will be given. 

Discounted cost for a given period of service 

The discounted cost of installing capacity in the 
initial period for any option would be as follows: 

0, 
C = K+Z 

(!+*' 
(2) 

In order to compare solar and diesel engines, 
they mast provide service over the same period T, 
since the lifetimes of the options may be different 
The period T is chosen so that 

n,/ , : 'MM L=T (3) 

Thus, if the lifetimes of the solar and diesel 
engines are respectively 20 y and 5 y one would 
require four diesel engines to provide the same service 
as one solar engine, with a new investment every 5 y 
which would have to be discounted on the initial 
period: 

A general formula for discounting an investment 
every / years over the period T = nl is 

T/I 

7 = 1 
x + y o, 1 

(1 +<*)</-!)/ W 

On the other hand, without storage capacity the 
solar pump cannot be operated for the same length of 
time each day as the diesel pump. In using the 
formula, the work that would be done by both these 
pumps in a day has to be taken into account. The 
following two cases are considered. 

Slow rate of pumping. In some areas the rate at 
which water recharges may be slow, and hence there 
may be an effective limit to the rate at which water 
can be pumped. In this case, we have to compare two 
pumps of the same capacity. Since the solar pump 
can be operated for only about 6 hours a day and the 
diesel pump for 18-20 hours it means that the two 
pumps cannot be compared. In fact, the solar pump 
without adequate storage may not be considered a 
feasible option in this case. 

Comparison of equivalent work. A solar pump 
works with an average efficiency of T)$ for hs 

equivalent hours of fuil capacity (see figure 2) where 
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\ Solar tnaint 

^V Equivalent output 
\ - of solar angina at lull capacity 

i .A 

07 CO 1200 2400 
Time of day 

Figure 2. Diurnal variation of insolation and of the output of solar and diesel engines 

an average daily solar radiation per unit collector area 
of S is available. The collector area required for the 
installed capacity cs is A. The daily work done is 

W% = rj SA (5) 

The diesel pump, on the other hand, can operate 
for a much longer time, say h^ hours. This may mean 
higher consumption of fuel but better utilization of 
the installed capacity, which is denoted by c&. The 
daily work done in this case is 

Stipulating that 
^ = ^ c d 

W.= WA 

we have 
ntSA = hlci--=hAcA 

(6) 

(7) 

(8) 

Here T?S = T,cr,p,' where 17 c and rjp are the efficiencies 
of the collector and the pump respectively. Equation 
(8) makes it possible to determine both the value of 

cs for equivalent work and the required collector 
area. 

Numerical comparison between the alternatives 

Having developed a general framework for a 
techno-economic comparison, the alternatives open 
to a user will be compared. In doing so, various 
elements of uncertainty should be considered, such as 
possible efficiency improvements, the cost of solar 
pumps, the escalation of diesel prices etc. 

Present design and feasible technical improvements 

Low-temperature pumps operating only on 
temperature differences will not be considered 
because the technology is not yet developed enough 
to give the required output, and because the main 
concern is a pump for agricultural needs. Instead, 
consideration will be given to an engine-driven pump, 
such as the one shown in figure 3. 

Operating fluid vapours 

Motor Exhaust vapours 

Circulating 
pump 

H=P Operating fluid Condenser 

Drive shaft 

Belt 

CD 0 
Irrigation pump 

Figure 5. Schematic diagram of a solar pump 
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If a manual tracking system operating with 
concentrators utilizing Fresr.el lenses is developed-a 
realisable goal-and other improvements in the design 
of solar engines and collectors are made, we can 
expect an efficiency of 10% in the near future. ' 

Numerical values 

To the advantage of the solar pump, it will be 
assumed that electricity is not available in the region, 
and that the alternative is to use a diesel pump. 
Considering the data in table 1, it seems that on the 
average, a farmer's requirements are met by a pump 
of cd = 4 k\V running ! 000 hours a year. A solar 
engine and a diesel engine required to drive such a 
pump will be compared. The lifetimes /s and /d are 
20 y and 5 y respectively. The capital cost Kd is 
about 6 000 rupees (S600) for a 4-kW diesel engine 
(A'd/cd = 150 $/k\V). Further assumptions are: 
Os = ms = S50; md = $50 plus cost of lubricant 
(S20) = S70, and pdqd = S150, giving 0 d = $220. 

Operating conditions in the field are such that 
pumps have to run 18-20 or even 24 hours a day. A 
die;.el engine can be run round the clock, whereas a 
solar engine without storage may be run for only 6-9 
hours a day. Using equation (7), we find that the 
capacity of the soiar engine would therefore have to 
be 2-3 times that of the diesel engine. These two 
possible capacities, with three scenarios of oil-price 
escalation-annual increases of 0%, 5% and 10%—were 
therefore considered. 

Equation (4). with d=l0%, was used to 
calculate discounted costs at constant (current) 
dollars; only price increases over and above inflation 
were taken into account. The results of the analysis 
are summarized in table 3. 

The market price per unit capacity, of a solar 
pump is 15 000-20 000 S/kW. From table 3 it is seen 

that a reduction in price by a factor of 25 to 70 is 
required before a solar engine would be economically 
acceptable for driving an irrigation pump. If the 
pump is only to be used for obtaining drinking water, 
then it can be of the same capacity as the diesel pump 
and may run only 4-6 hours per day. From the table, 
it is seen that a price reduction by only a factor of 
10-20 is required in this case. 

Validity of assumptions 

Most of the assumptions made in the above 
analysis are quite generous to the solar engine, as can 
be seen from the following considerations. 

Technical assumptions. A solar engine with a 
lifetime /s = 20 y is not yet available. Moreover, a 
solar engine with twice the capacity of the diesel 
engine would also require a hydraulic pump, driven 
by the solar engine, of twice the capacity of that used 
by the diesel engine. This additional cost of the 
hydraulic pump for the solar engine is not considered 
in the calculation. 

The present analysis assumes an operating time 
hs = 6-8 !\ without storage. So far, no solar engine has 
achieved /is = 8 h even with storage. The engine 
designed by the National Physical Laboratory (India) 
has fts = 4 h with storage. Storage requires additional 
collector area as shown in equation (5), the costs of 
which should also be included. 

If adequate storage were to be provided so that 
the solar engine could be run with « s = 1 8 h , the 
capacity of the solar engine need not be larger than 
that of the diesel engine. The break-even cost per unit 
capacity of such a solar engine, including the costs of 
collectors and storage, can be as high as 1 180 $/k\V. 

Economic assumptions. Although an electrical 
pump provides a cheaper alternative, the cost 

Item 

TABLE 3. COST COMPARISON OF SOLAR AND DIESEL ENGINES IN PUMPING SERVICE 

Annual increase in price of diesel oil 

0% 5% 10% 

Discounted costs of diesel engine, T= 20 y 
Capital cost 
Operating cost 

Total Cd 

Less discounted operating cost of solar engine 
Total break-even discounted capital cost of solar engine 

Break-even cost per unit capacity 
In irrigation service 

Cs = 2Cd = 8 kW 
Cs = 3Cd = 12kW 

In drinking water service only 
Cs = Cd = 4 kW 

1 348 
1 872 
3 220 

(425) 
2 795 

349 
233 

698 

1 348 
2 543 
3 891 

(425) 
3 466 

• (S/kW). 
433 
289 

866 

1 348 
3 825 

5 173 

(425) 
4 748 

593 
395 

1 136 
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comparison has been made with a diescl pump. Since 
the analysis is concerned with a solution which could 
be adopted nation-wide, the question of the 
unavailability of diesel fuel in individual remote areas 
has not been considered. These areas might find the 
solar pump useful in the near future, especially for 
drinking water, as it may be the only feasible 
technology. However, we do consider the case of an 
eightfold increase in diesel fuel prices (10% annual 
increase) over 20 ye.;rs relative to other prices, which 
are kept constant in the analysis. 

However, if the solar pumps are manufactured in 
the developing countries, they could be cheaper than 
current quotations. For example, the pump deve­
loped in the laboratory in India4 has a material cost 
of 1 200 S/kW. However, much progress is to be 
expected; and it remains to be seen what the costs of 
a commercial sclar pump would be in the developing 
countries. 

Operational problems of solar pumps 

Given a solar pump which is of comparable cost 
to the other alternatives, it may be asked what are the 
other factors that need to be considered. Among 
those that have been ignored in the analysis above are 
climatic variations, the desired pumping pattern and 
the availability of land for collector installations. 

Climatic and local variations 

The intensity of solar radiation changes from 
month to month. The efficiency of utilization 
depends on the radiation intensity, the temoerature, 
the cloud cover etc. In table 4, monthlv variations of 

4 See article by V. G. Bhide, p. 55. 

solar radiation, utilization efficiency and utilizable 
solar energy arc given for two places, namely N;:epur, 
Madhya Pradesh (central India), and Jodhpur, which 
is in the western region near Rajasthan Desert. The 
table shows that in Nagpur the utilizable energy drops 
by a factor of 5 between the months of May and 
August. In fact, these are the months when water is 
required for cultivation. The reason why the solar 
radiation drops is that it rains in this period. In case 
the rains are delayed and it is nevertheless cloudy, the 
installed solar pump may not be useful, unless the 
collectors also collect diffuse radiation and the water 
requirements are met. 

Pumping pattern 

In hot regions, some of the farmers may prefer to 
pump during the evening or night-time so as to save 
loss of water due to evaporation. In such cases, 
storage may be essential. 

Availability of land for solar collectors 

The collector area required for a pump of certain 
capacity working a given number of hours a day is 
obtained from equation (8): 

A-K
 cJn, s 

This could mean a collector area of 100 m2 for a 
4-kW pump. 

In the developing countries, farms are ".mall in 
size and an average farmer may not be willing to 
allocate even a small portion of extra agricultural land 
for the collectors when the area involved exceeds mat 
required for alternative pumps, (f the collectors are 
placed in such a way that sunlight for crops ts 

TABLE 4. ANNUAL SOLAR RADIATION VARIATION AND TYPICAL EFFICIENCIES IN TWO INDIAN CITIES 

Month 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

TOTAL 

Number 
of 
days 

31 
28 
31 
30 
31 
30 
31 
31 
30 
31 
30 
31 

365 

Average 
daily 
radiation 
(MJ/m1) 

19.3 
21.3 
23.9 
2S.5 
26.4 
20.1 
16.7 
15.9 
20.1 
20.9 
20.1 
17.6 

Nagpur 

Utilization 
efficiency 
(%) 

88 
83 
76 
72 
70 
40 
23 
23 
51 
69 
87 
84 

Total 
energy 
availability 
(MJ/m21 

530 
500 
560 
550 
570 
240 
120 
110 
310 
450 
520 
460 

4 920 

Average 
daily 
radiation 
(MJImi) 

17.2 
20.1 
23.4 
26.4 
28.5 
28.5 
22.2 
20.1 
22.6 
21.3 
18.4 
15.9 

Jodhpur 

Utilization 
efficiency 
• %) 

84 
34 
77 
78 
83 
73 
43 
43 
54 
34 
91 
88 

Total 
energy 
a*ailabili:v 
IMJ.'m1/ 

450 
470 
560 
620 
730 
620 
330 
270 
370 
550 
500 
430 

5 000 

Source: The data on radiation and utilization efficiency are adapted from G. O. C. Lof. J. A. Duffle and C. O. Smith, World 
Distribution of Solar Radiation (University of Wisconsin, Solar Energy Laboratory, July 1966). 



obstructed, then it may not be a preferred alternative 
unless the fanner is willing to grow certain types of 
vegetables which can be grown in the shade under the 
collector and other crops on the remaining land. 

Otherfactors 

Some other factors to be considered when 
developing a solar pump are these: 

(a J Compatibility of possible peak load with the 
quantity of water required, i.e. the amount of water 
pumped in comparison with its requirement over a 
day; 

(kj The availability of spare parts and necessary 
services and the availability of skills for repairs; 

(cj Compatibility of water-table with the 
possible capacity of the presently available pump 
(however, if the rate of water recharge is small, the 
pump would have to run at low speed and 
continuously). 

Summary 

For the large anct increasing rural population in 
the developing countries, decentralized solar energy 
applications wouid be quite relevant. An especially 
important application could involve the solar pump, 
in "iew of the additional food required to support 
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growing populations. In India, the number of 
energized pump-sets may in the coming decades 
increase from 2 million to 20 million. 

Crop yields depend primarily on the availability 
of water at certain periods of the year. A solar pump 
would therefore have to be designed to meet 
irrigation requirements under all possible field 
conditions. That means that a solar pump must have a 
higher capacity to do the same amount of work than 
a diesel pump. The foregoing analysis, which takes 
into account fuel price escalation, shows that the 
break-even cost of a solar pump is in the range 
250-600 S/kW. The current cost of a solar engine is 
higher by a factor of more than 20. However, this 
cost could come down if the engines were 
manufactured by developing countries. If the engine 
is installed for obtaining drinking water, then six to 
eight hours of running time per day may be 
sufficient, and hence it could therefore be of the 
same capacity as the diesel engine. In this case, the 
break-even cost could be 1 200 S/kW. (Of course, if 
neither diesel nor electricity is available in some 
remote area, a solar pump might be the only 
solution.) 

Moreover, even when economic solar pumps are 
developed, other factors based on climate, geography 
and the local, social and institutional environment 
must aiso be considered. For a successful transfer of 
technology, what is developed must be appropriate 
for the intended purpose. 
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PRACTICAL SOUR ENGINES WITH TUtORFTIGM. 

RAMCIMF. CYCLE 

There have been many designs of snail engines aimed at produc­

ing power for water pumping ' . A unit eoployed in several 

developing countries is manufactured by Sofretcs of Monvarjjis, 

France, and is shown schematically in Figure 9. "The system includes 

the fallowing components: 

a. Flat plat; solar collectors to heat water 

b. A heat-exchanger or. evaporator to transfer heat from the hot 

water to the working raediun and evaporate the latter. 

c. The exf.ander which consists of a reciprocating engine. 

d. A condenser which is cooled by the pumped water. 

e. A feed pump which is directly connected to the engine 

f. Tl.e water puap which consist? of a hydraulic press connected 

•Urectly to the expander's shaft, water as the transfer fluid, 

:nd the puap itself, mounted in the well. 

A unit which has been functioning in Dakar, Senegal, h.is the 

f 181 
following characteristics : 

The motor effective speed, 80 to 90 rpt»,water temperature 

leaving the solar collector, 65 to 30 C. 

Water temperature in the well, 28 to 50 C Pumping capacity 

and lift, 8 to 10 liters per minute and 13 to 14 meters, 

respectively, corresponding to a power of about 21 watts. 

The overall efficiency of the solar ptunp, less than l \ . 

Another unit operating in Niger has the following specifica-

tions"9>: 

-> 
Collector surface 60 n" 

Pimping capacity and 1-ft, 5 to 7 T /hr, ar.d 12 meters, 

respectively corresponding to a power of about 200 watts 

Duration of operation, 4 to 6 hours/day. rn ~ 0,00 3 

fexcerpts) 
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Domier-System GmbH low temperature Prototype-trial 
Postfach 6>48 Rankine cycle, power stage in Germany. 
D 799o Friedrichshafen output 1 kw (water- Production in 
Vest Germany delivery) India in prepara-

closed system tion 

Solar thermal water pumps. 

Great efforts are being made in most of the developing coun­

tries to expand electrification. Its progress is slow, be­

cause it is capital intensive, especially when it. involves 

connecting remote villages to the network. Thus, there is 

a great need for developing decentralized energy system for 

the"rural areas. 

Dornier System is working since several years 7on this field 

and some of these developments are solar electricity produc­

tion units and solar water pumps I One of the objectives of 

the developments| is to enable an economic operation of so­

lar powered water pumps. 

To provide remedial measures in this field, the Federal 

Ministry for Economic Cooperation (EMZ) jointly with the 

Federal Ministry for Research and Technology (BMFT) is 

promoting a research and development project which will 

be carried out by Cornier SystemGmtjH 

Solar energy is delivered free of charge, but the conversion 

of low heat into mechanical energy means investments costs. 

These costs are the higher the lower the total efficiency of 

solar systems is • Therefore such system will be optimized 

to enable an economic operation. 

the activities on the field of thermic cyles showed, that a 

lot of improvments are possible such as: 

- the direct evaporation of the working fluid within the 

collecting field. Several types of such direct evapora­

te .-,g collectors have been developed and will be tested. 

Using this riethod, a higher total system efficiency 

(more than 40 %) is possible; at the same time the total 

investigation costs decreases. Simultaneously a quicker 

start of the system can be realized. Even at low insola­

tion the system will start within a short time. 



- vapor machine without lubrication. For small power units 

(about 1 kW) we use a double acting eypansion machine with 

an automatic preheating before starting. 

- automatic start ans stop of the system. A special de-
* -ir 

veloped control system enables the automatic start of 

the system if enough vapor is produced. If the pump 

. stops e.g. by shading of the collector field, than the 

vapor valve closes and the next start begins only if 

enough solar energy could be collected. 

These improvments made it possible.to reach a higher total ef­

ficiency. . * . 

It has to be. well recognized the definition of the total ef­

ficiency. To speak about that means the multiplication 

of all component efficiencies such as collector-, cycle- (in­

cluding heating losses and all internal consumers) motor-, 

mechanical- and water pump efficiency. 

The objective of the solar pump development program is to lift 

up this total efficiency in the range of about 5 %. 

- -̂ .That means following partical efficiencies: 

- Rancine cycle efficiency 20 % 

collector efficiency 55 % 

- motor efficiency 75 % 

- cycle efficiency 85 % 

- mechanical efficiency 95 % 

- water pump efficiency 85 % 

An 1 kW solar pump was designed and starts operating in the beginning 

of 1979. A smaller power output- is possible with this system by 

reduction of the collector aerea. 

Such syst«tis will be proposed for the desired application 

-in i'ndia, :£ali, Philippines and Sudan. 

Our system specification was mainly orientated to opacity ranges 

and delivery heads, where it can scarsly be replaced by animal 

or human power (about 1 kW and 20 m delivery head). 



-;>+-

If water pumping can be done by animal or human power it will 

be very difficult to reach on economic operation of those sy­

stems, independant of solar pump types. 

1. SYSTEM DESCRIPTION 

The function sceme of the offered solar power pump is shown 

in Fig. 1. The working fluid (Freon 11) will be vaporized 

within the collecting field (1) and led over an intermediate 

tank (2) to the motor (3). The motor is directly coupled to 

the water pump (8) which pumps the water to the condenser (4) 

and to the consumer. The liquified working media will be re­

filled over the condensate collector (5) and the condensate 

pump (6) to the evaporator (collector). 

Specification of the system 

- motor, working without lubricating oil 

capacity range about 100-1500 W; 

internal efficiency about 70 % at 1000 W 

- collecting field (flat plate collector) working as an 

evaporator; Collecting aerea of about 20 m2, collector 

efficiency at designed point about 40 % 

- system capacity 

about 300 W at 0,8 kW/m2 insolation (hydraulic power) 

. -. automatic start-stop control of the system 

- Working temperatures: 

steam input about 85°C 

Condense-temperature 30° if 25°C cooling water is 

available 

- . amount of pumped water at design point approximately 

.' 1/3 

All components of the working cycle are designed for a opacity 

of 1 kW net hydraulic output. That means, that an enlargement 

of the capacity is possible only by enlargement of the collec­

ting aerea and change of the water pump. 
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2. COMPONENT DESCRIPTION 

The main components of the system are: 

collecting field, prepared for direct evaporation 

- motor, 

- water pump 

- auxiliary equipment 

Collecting field 

The designed collector is a flat plate collector with a double 

glass couvering. Each collector module (see Fig. 2) consists of 

6 heat-pipes designed as flat plate collectors. On the top of 

each heat pipe the working fluid will be vaporized in a sepa­

rate heat-exchanger. The vapor will then led to the storage 

tank. Each module has a length of 5,6 m and a width of 1,25 m. 

Motor 

The especially for solar application designed motor is a dou­

ble-acting piston machine as shown in Figure 3. This machine 

is directly coupled over a flywheel to the water pump. This 

machine is working with low piston speed and was designed to 

operate without lubricating oil. 

i 

Water pump 

A double-acting piston water pump was chosen to enable higher 

efficiencies. The internal efficiency is about 85 %. This pump 

is directly connected to the motor. 
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Fig . 2 Evaporator des i gn 
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Auxiliary equipment 

To drive this closed cycle autonunatically following auxiliary 

equipments are foreseen besides others: 

- automatic start-stop valves 

- condenser 

- condense pump 

- connecting pipes and different valves . 

The total system exclusive the evaporator, which is integra­

ted in the collector aerea, is mounted in one rack. 


