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PREFACE
 

The 	United States Agency for International Development (USAID)
sponsors a program at the University of Florida at Gainesville for the

training of scientists and engineers from developing countries in the

alternative energy technologies. The Training in Alternative Energy

Technologies (TAET) program provides training 
in both the technical
 
principles of the alternative energy technologies and the socio­
economic aspects of their selection and implementation.
 

Through a systematic presentation and analysis of the scientific,
technical, economic, and social aspects aspects of the development of
 
the alternative sources of energy, the program 
participants are
provided with training in the processes involved in (1) assessing the
 
potential of each source of 
energy within a broad perspective of
 
energy needs and uses at 
a national level, (2) selecting appropriate

technological options 
to meet specific needs, and (3) implementing
 

technologies.
 

alternative energy programs. 

The TAET program 
specific objectives: 

curriculum is designed to meet the following 

1. To acquaint the participants with the alternative energy 

2. 	To provide the participant with sufficient knowledge to
 
assess the natural renewable energy resources of the
 
participant's country and to determine the best possible

technological options to utilize these resources 
so that the
 
participant can 
 provide input in establishing realistic

national alternative energy programs 
for 	the participant's
 
country.
 

3. 	To provide technically trained people with the knowledge to
 
select among technological options and to identify their most
 
appropriate applications.
 

The TAET program focuses 
on 	four major areas of alternative
 
energy technology: biomass energy, hydropower, solar energy, and wind
 
energy. 
 The program consists of lectures, seminars, system

demonstrations, laboratory work, 	 to
and 	field trips, all selected 

explain the theory, 
 illustrate the practice, demonstrate the

technologies, and provide a thorough training in all aspects of the

renewable sources of energy and the alternative energy technologies.
 

This notebook presents material on only a few of the topics which
 
are addressed during the TAET program. It is in no sense a

comprehensive or exhaustive treatment 
of 	 the alternative energy
technologies; 
it is merely a part of a much larger set of written
 
material that is made available to the program participants during the

training session. Some chapters in this text provide only a brief or
 
cursory examination of a subject area. Moreover, many topics are 
not

discussed in these notes all:
at hydropower, gasification, alcohol
 
production. to name only a 
few. In due course, it is hoped that these
 
and other important topics will be included in the text.
 

The 	opinions expressed in these notes are 
those of the author

alone, and should not be attributed to either the U.S. Agency for
 
International Development or the University of Florida.
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ENERGY USE IN DEVELOPING COUNTRIES
 

Developing countries use considerable amounts of energy but generally
 
much less than the industrialized nations. However, both the pattern of
 

energy supply and use, and the types of fuels utilized in the developing
 
countries show significant and important differences when compared to the
 

There are also enormous differences between coun­industrialized countries. 

tries that are all loosely classified as developing countries. At one end
 

of the scale there are very poor countries with little economic activity
 
beyond subsistence agriculture and livestock tending; at the other end of
 

the scale are countries such as Brazil, Korea, and Mexico which are indus­
trialized to a very substantial degree. And in between lie a large number
 
of countries with widely differing resource bases, economic activities, and
 

energy supply and use patterns.
 

Despite such important inter-country differences, it is usefdl: to
 
compare the developing countries, both as a group and broadly disaggregated
 
by region, with the industrialized countries. Figure 1 shows the per capita
 
energy consumption levels for each of the developing country regions and for
 
the group as a whole, contrasting them with the industrial countries and
 
with aggregate global data. The wide bars distinguish between energy
 
consumption from commercial sources (oil, gas, coal, hydroelectricity, and
 
nuclear power) and traditional sources (firewood, charcoal, dung, and
 
agricultural residues). Human and animal energy inputs are not included,
 
which, in many developing countries, make significant contributions to total
 
energy supply. In addition to the sharp contrast in energy use per capita
 
between developing and industrial countries, there is a striking difference
 
in the degree of reliance on traditional fuels which in Africa account for
 
the major part of energy use. It is also notable that per capita energy
 
consumption in Latin America is roughly twice that of Asia and nearly three
 
times per capita consumption in Africa,
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Figure 1, Per Capita Energy Consumption and Population, by Region, 1978. Traditional 

energy data for 1973 from Jyoti K. Parikh, "Energy and Development." World Bank 

Public Utilities Report No. PUN 43 (Washington, D.C., August 1978), recalculated on 

the assumption that per capita traditiunal eaergy consumption remained unchanged 

between 1973 and 1978. Commercial energy data for 1978, except for Taiwan, from 

United Nations, World Enerev Supplies, 1973-1978. Series J. No. 22 (New York, 1979), 
with data on hydroclectricity and nuclea, energy recalculated on basis of thermal 

generation primary energy equivalents. Data for Taiwan from an oral communication 

from the Coordination Council for North American Af1airs to Lincoln Gordon. Population 

data from Population Reference Bureau, 1978 World Population DataSheet (Washington, 

D.C., 1979). 	 EQ~ 
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COMMERCIAL ENERGY
 

The pattern of current energy consumption and its future demand in the
 
developing countries depends 
strongly on their overall economic structure
 
and other related socio-demographic factors. It is useful to classify the
 
developing countries into five relatively homogeneous groups according to
 
their degree of development as indicated by per capita income, extent of
 
industrialization and urbanization, as well as by the characteristics of
 
their economic and resource bases.
 

Table 1 shows a division of 88 developing countries into five groups
 
classified as follows:
 

I Industrialized
 

In this group, the industrial sector accounts for the largest share of
 
Gross Domestic Product (GDP). There is relatively more industry and less
 
traditional handicraft production compared to the other groups. However,
 
their modern and predominantly urban industrial sectors usually exist
 
independently from the traditional urban and rural 
sectors. These countries
 
have the highest fraction of their populations located in urban areas (60%)

and, not surprisingly, the highest commercial energy consumption per capita.
 
All are coastal nations with significant trade activities. In common with
 
the other oil importing qroups, all the industrial developing countries
 
consume more energy than they produce [4].
 

II Oil Exporters
 

Countries in this group have a set of common choices confronting them:
 
the rate of development and use (domestic or export) of their oil resources,
 
and the pattern of investment of their export earnings. Most of these
 
countries face sizeable short-term debt servicp and/or domestic public
 
spending needs. This group can be expected to grow over the next few years
 
as 
developing countries receive relatively more emphasis on oil exploration.
 

III Balanced Growth Economies
 

This group of countries is characterized by an industrial structure
 
that is relatively well developed but which does not account for the largest
 
share of GDP. Most of the members of this group have already completed the
 
primary and intermediate phases of import substitution and are attempting to
 
become self-sufficient in the heavy industrial sector.
 

All of the countries in this group are still essentially agrarian
 
societies in that agriculture is the principal activity of a large part of
 
the population. For example, agricultural production still absorbs well
 
over half of the total work force i1 India, Turkey, and Pakistan. Apart

from direct agricultural work, the rural sector provides employment oppor­
tunities in the service and traditional industries sectors, so that the vast
 
majority of the population resides in and is dependent on the rural economy.
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TABLE 1
 

DEVELOPING COUNTRY GROUPS
 

I. Industrialized 
 V-a. 


Argentina 

Brazil 

Chile 

South Korea 

Singapore 

Spain 

Taiwan 

Uruguay 

Yugoslavia 


II. Oil Exporters V-L. 


Ango l a 

Bolivia 

Congo 

Egypt 

Indones ia 

Malaysia 

Mexico 

Oman 

Syrian Arab Republic 

Trinidad and Tobago 

Tunisia 


III. Balanced Growth Economies 


Colombi a 

Greece 

India 

Pakistan 

Panama 

Peru 

Philippines 

Turkey 


IV. Primary Exporters 


Botswana 

Guinea 

Guyana 

Jama ica 

Liberia 

Mauritania 

Morocco 

Sierra Leone 

Surin am 

Togo 

Zaire 

Zambia 


Source [2, 31
 

Aqricultural Exporters
 

Costa Rica
 
Dominican Republic
 
Gambia
 
Guatemala
 
Honduras
 
Ivory Coast
 
Senegal
 
Sri Lanka
 
Thailand
 

Other Agricultural
 

Afghanistan
 
Bangladesh
 
Benin
 
Burma
 
Burund i
 
Cameroon
 
Central African Empire
 
Chad
 
Cyprus
 
El Salvador
 
Equatorial Guinea
 
Ethiopia

Fiji
 
Ghana
 
Haiti
 
Jordan
 
Kenya
 
Lebanon
 
Lesotho
 
Madagascar
 
Malawi
 
Mali
 

Mauritius
 
Mozambique
 
Nepal
 
Nicaragua
 
Niger
 
Papua New Guinea
 
Paraguay
 
Rwanda
 
Somalia
 
Swaziland
 
Sudan
 
Tanzania
 
Uganda
 
Upper Volta
 
Yemen Arab Rep.
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IV Primary Exporters
 

As a group, the primary exporters vary considerably from the indus­
trialized LDCs and those with balanced economies. Their mean GNP per capita

figure is considerably lower than the indistrialized developing countries of
 
group I, and they also use considerably less commercial energy than that
 
group. Although these countries are, on the whole, not large energy con­
sumers they still consume more than they produce.
 

V Agricultural
 

In this group, the agricultural sector clearly dominates the GDP.
 
This group can be further sub-divided into Agricultural Exporters: coun­
tries dependent on the export of one or two agricultural commodities, and
 
Other Agricultural: countries largely characterized by subsistence/

farming. The group is generally without significant commercial quantities

of mineral resources. Many of these countries are among the poorest of the
 
world. The bulk of energy consumption by these countries is of traditional
 
fuels, primarily wood with some crop residues and animal wastes.
 

From the energy use point of view, the utility of this classification
 
lies in the relative homogeneity of the energy consumption patterns found in
 
each group. In group I, the industrial sector, here dependent on commercial
 
fuels, dominates the energy use structure while at the other extreme, in
 
group V, energy use in rural households -- mainly food preparation using
traditional fuels -- is the principal mode of energy consumption. Table 2
 
shows commercial energy use, the contribution of petroleum, and its
 
sectoral distribution for each of the five groups. To a first
 
approximation, the growth in per capita commercial 
 energy consumption

follows reasonably closely the rise in GNP per capita. Also apparent is the
 
way oil consumption increases as a fraction of commercial energy use from
 
category I to V, suggesting the extreme dependence of the poorer

agricultural countries 
on petroleum products for their entire commercial
 
energy supply. One should note that the figures for category III are
 
distorted by the inclusion of India which is a major consumer of coal.
 

As far as oil consumption is concerned, it is instructive to note that
 
the industrial and transportation sectors account for roughly equal 
amounts
 
of this fuel but that, taken together, these two sectors only account for
 
about 70% of total oil consumption.
 

Tables 3 through 9 show per capita energy consumption patterns for
 
seven developing countries: South Korea, Indonesia, Pakistan, Turkey,

Dominican Republic, Thailand, and Sudan. There is at least one represen­
tative from each of the developing country groups listed in Table 1.
 



Group 


I Industrialized 


I Oil Exporters 


III Balanced Growth 


IV Primary Exporters 


V Agricultural 


Table 2
 

DEVELOPING COUNTRY GROUP CHARACTERISTICS
 

Fraction Oil
 

Number of Population GNP/cap Energy/cap Fraction Oil by Sector (2)
 
Countries (Millions) ($/cap) GJ/cap(1) of Commercial Industry Transport
 

9 262 1120 43 0.67 0.35 0.24
 

10 134 740 36 0.69 0.25 0.45
 

8 784 221 21 0.41 0.25 0.45
 

13 61 313 19 0.73 0.6 0.3
 

45 398 162 16 0.90 0.2 0.3-0.5
 

Notes: (1) Commercial energy: not including the traditional fuels.
 

(2)There is a great deal of variability in these numbers depending on the energy resource base and
 
industrial structure. The data are based on Palmedo [2, 3] and are from 1975.
 



Table 3 SOUTH KOREA 

PER CAPITA ENERGY CONSUMPTION BY SECTOR AND RESOURCE 1973 (GJ/YR) 

Group I Industrialized 

Residential-Commercial 

Industry 

Transportation 

Agriculture 

Oil 

1.57 

6.06 

4.22 

0.24 

Gas a Coal 

8.97 

1.11 

0.02 

Hydro* Electricity 

3.65 

1.64 

0.01 

Non-** 

Commercial 

4.34 

0.48 

TOTAL 

Direct Use 

18.53 

9.29 

4.24 

0.25 

Electricity Generation 

TOTAL 

5.38 

17.47 

0.45 

10.55 

12.38 

12.38 

(5.30) 

---- 4.82 

12.91 

45.22 

* Taken as fossil fuel equivalent 

** Crop residues, fuelwood, charcoal, dung 

% of oil consumption in total commercial energy consumption 43.2 

% of oil consumption in total energy used for electricity generation 29.6 

Source: Palmedo, P.F., et. al. [2]
1973 population: 34 million; 53% rural 



---- 

INDONESIA
Table 4 


1973 (GJ/YR)

PER CAPITA ENERGY CONSUMPTION BY SECTOR AND RESOURCE 


Group II Oil Exporters
 

Non-** 
 TOTAL
 

Direct Use 
Oil Gas a Coal Hydro* Electricity Commercial 

9.020.05 	 8.00
0.97Residential -Commercial 

0.780.020.48 0.28Industry 
1.15 

1.15
Transportation 


Agriculture
 
0.30

0.15 (0.07)
0.22Electricity Generation 
11.25
8.00 


2.82 0.28 0.15

TOTAL 


* Taken as fossil fuel equivalent 

** Crop residues, fuelwood, charcoal, dung
 

commercial energy consumption 86.7
 
% of oil 	consumption in total 


total energy used for electricity generation 58.4 
% of oil 	consumption in 

Source: 	 Palmedo, P.F., et. al. [2]
 

1973 population: 130 million; 81% rural
 



Table 5 PAKISTAN 

PER CAPITA ENERGY CONSUMPTION BY SECTOR AND RESOURCE 1974 (GJ/YR) 

Group III Balanced Growth Economies 

Non-** TOTAL 

Oil Gas a Coal Hydro* Electricity Commercial Direct Use 

Residential-Commercial 0.67 0.11 --­ 0.07 4.77 5.62 

Industry 0.14 1.71 0.16 2.01 

Transportation 1.16 1.16 

Agriculture 0.16 0.06 0.22 

Electricity Generation 0.13 0.74 0.86 (0.29) ---- 1.44 

TOTAL 2.26 2.56 0.86 4.77 10.45 

* Taken as fossil fuel equivalent 

** Crop residues, fuelwood, charcoal, dung 

% of oil consumption in total commercial energy consumption 39.7 

% of oil consumption in total energy used for electricity generation 7.5 

Source: Palmedo, P.F., et. al. [2] 
1974 population: 69 million; 73% rural 



Table 6 TURKEY 

PER CAPITA ENERGY CONSUMPTION BY SECTOR AND RESOURCE 

Group III Balanced Growth Economies 

1975 (GJ/YR) 

Residential-Commercial 

Industry 

Oil 

2.63 

2.55 

Gas a Coal 

0.90 

0.97 

Hydro* Electricity 

0.38 

1.00 

Non-** 

Commercial 

6.39 

TOTAL 

Direct Usu 

10.30 

4.52 

Transport~tion 

Agriculture 

5.39 

1.05 

0.53 0.01 5.93 

1.05 

Electricity Generation 

TOTAL 

1.53 

13.15 

1.10 

3.50 

1.74 

1.74 

(1.39) 

6.39 

2.98 

24.78 

* Taken as fossil fuel equivalent 

** Crop residues, fuelwood, charcoal, dung 

% of oil consumption in total commercial energy consumption 71.5 

% of oil consumption in total energy used for electricity generation 35.0 

Source: Palmedo, P.F., et. al. [2] 
1975 population: 40.2 million; 57% rural 
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Table 7 	 DOMINICAN REPUBLIC
 

PER CAPITA ENERGY CONSUMPTION BY SECTOR AND RESOURCE 
 1977 (GJ/YR)
 

Group V-a Agricultural Exporters
 

Non-** TOTAL 
Oil Gas a Coal Hydro* Electricity Commercial Direct Use

Residential-Commercial 0.96 0.70 	 2.69 4.25
 
Industry 
 6.29 0.42 5.34 12.05 
Transportation 
 3.71 


3.71 
Agriculture 
 0.32 ---- ----	 0.32 
Electricity Generation 
 5.32 ---- 0.56 (1.12) ---- 4.76 

TOTAL 16.60 ----	 0.56 8.03 
 25.19
 

* Taken as fossil fuel equivalent 

** Crop residues, fuelwood, charcoal, dung
 

% of oil consumption in total commercial energy consumption 
96.7
 

% of oil consumption in total energy used for electricity generation 
 90.5
 

Source: 	 Palmedo, P.F., et. al. [2]

1977 population: 4.98 million; 56% rural
 



Table 8 THAILAND 

PER CAPITA ENERGY CONSUMPTION BY SECTOR AND RESOURCE 1976 (GJ/YR) 

Group V-a Agricultural Exporters 

Non-** TOTAL 

Residential-Commercial 

Industry 

Transportation 

Agriculture 

Electricity Generation 

TOTAL 

Oil 

0.72 

1.78 

3.92 

0.94 

1.40 

8.76 

Gas a Coal 

----

0.08 

----

0.16 

0.24 

Hydro* 

----

----

----

----

1.11 

1.11 

Electricity 

0.26 

0.47 

----

----

(0.73) 

----

Commercial 

10.49 

0.88 

----

----

----

11.37 

Direct Use 

11.47 

3.21 

3.92 

0.94 

1.94 

21.48 

* Taken as fossil fuel equivalent 

** Crop residues, fuelwood, charcoal, dung 

% of oil consumption in total commercial energy consumption 86.6 

% of oil consumption in total energy used for electricity generation 52.3 

Source: Palmedo, P.F., et. al. [2] 
1976 population: 42.6 million; 83% rural 
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Table 9 
 SUDAN
 

PER CAPITA FNERGY CONSUMPTION BY SECTOR AND RESOURCE 
 1975 (GJ/YR)
 

Group V-b Other Agricultural
 

Non-** 
 TOTAL
 
Gas Coal
Oil Hydro* Electricity 
 Commercial 
 Direct Use
Residential-Commercial 
 0.26 ---- ---- 0.07 16.18 
 16.51
 

Industry 
 0.35 ---- 0.08 
 0.15 
 0.58
 
Transportation 
 1.33 


1.33
 
Agriculture 
 0.46 ---- ---- 0.02 0.48
 
Electricity Generation 
 0.21 ---- 0.34 (0.17) 0.38
 

TOTAL 
 2.61 ---- 0.34 ---- 16.33 
 19.28
 

* Taken as fossil fuel equivalent
 

** Crop residues, fuelwood, charcoal, dung
 

% of oil consumption in total commercial energy consumption 
88.5
 
% of oil consumption in total energy used for electricity generation 
38.4
 

Source: Palmedo, P.F., 
et. al. [2]

1975 population: 15.6 million; 87% rural
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THE TRADITIONAL FUELS
 

About 25% of the energy consumed in developing count'ies is provided by
 
the traditional fuels, and approximately half the world's population rely
 
primarily on traditional fuels for their direct energy needs. The tradi­
tional fuels include:
 

1. Wood fuels -- firewood and charcoal
 
2. Animal wastes -- dung from cattle and other animals 
3. Crop residues -- such as straw and bagasse. 

Wood is the principal fuel in the rural areas of developing countries.
 
Charcoal is generally more popular in urban areas because of its convenience
 
and ease of transportation. Crop residues and dung are usually only
 
resorted to when wood fuels are unavailable or are too costly. In countries
 
in the early stages of industrial development the traditional fuels may
 
constitute 80-90% of total energy consumption.
 

Since most traditional fuels are not traded in commerce, estimates of
 
their consumption are necessarily very approximate. The FAO estimates wood
 
and charcoal consumption in all developing countries at over 1 billion cubic
 
metres per year. The use of animal dung as a fuel amounts to about 400
 
million tons annually. Reliance on traditional fuels is heavier in poorer
 
countries and in rural areas, among the urban poor relative to the urban
 
non-poor, and geographically in Africa and Asia. Table 10 gives a general
 
picture of the extent of national reliance on traditional fuels.
 

The traditional fuels are, of course, renewale sources of energy. But
 
these fuels are not available in unlimited quantities. Deforestation is now
 
a serious problem in many oi the poorer developir:9 countries where reliance
 
on fuel wood and charcoal as energy sources is heaviest. Part of the
 
problem with the traditional fuels is that they are used very inefficiently,
 
so the amount of fuel consumed to cook food, or heat or light a dwelling is
 
very much more than is theoretically required. The introduction of more
 
efficient cookstoves, charcoal kilns, lamps and heating devices could
 
substantially reduce the pressure on forest biomass resources.
 

Tables 11 and 12 show the contribution that traditional sources of
 
energy make to six Central American countries and five Asian countries. The
 
data for Bangladesh and India show the significant contribution that human
 
and animal labour make in these countries, chiefly in agricultural produc­
tion. Table 13 shows the sectoral distribution of energy consumption for
 
one of the poorest of the developing countries -- Nepal. This country, with
 
95% of its population in the rural areas, is almost completely dependent on
 
firewood as a source of energy.
 



Table W,. Estimated NatoMal Reliance on Traditional Fuels, 1916 
(each group arranged in ascending order of per capita GNP) E61 

Modest reliance 
(less than half) 

Pakistan (22) 
Mauritius (2) 
Morocco (22) 
Rhodesia (Zimbabwe) (36)
China (9) 
N. Korea (<1) 
S. Korea (8) 
Philippines (<1) 
Ecoador (20) 
Albania (24) 
Algeria (4) 
Tunisia (25) 
Iran (1) 
Lebanon (2) 
Argentina (3) 
Chile (14) 
Cuba (5) 
Dominican Republic (19)
Guadaloupe (19) 
Mexico (4) 
Panama (29) 
Peru (20) 
Uruguay (13) 
Fiji (2) 
Cyprus (NA) 
Malta (NA) 
Portugal (3) 
Romania (2) 
Turkey (18) 
Yugoslavia (4) 
Libya (5) 
Hong Kong (NA) 
Israel (NA) 
Singapore (NA) 
Bahamas (NA) 
Venezuela (8) 

Medium reliance 
(approximately

one-half to 
three-quarters) 

Togo (67) 
India (28) 
Indonesia (62) 
Sri Lanka (55) 
Vietnam (55) 
Gabon (44) 
Liberia (53) 
Mauritania (63) 
Senegal (63) 
Zambia (45) 
Thailand (34) 
Bolivia (45) 
Colombia (37) 
El Splvador (53) -
Guatemala (60) 
Honduras (64) 
Malaysia (25) 
Mongolia (25) 
Brazil (38) 
Costa Rica (50) 
Nicaragua (47) 

Heavy reliance 
(three-quarters or more) 

Benin (86) 
Burundi (89) 
Cameroon (82) 
Cape Verde (NA) 
Central African Empire (91) 
Chad (94) 
Ethiopia (93) 
Gambia (73) 
Guinea (74) 
Guinea Bissau (87) 
Kenya (74) 
Lesotho (NA) 
Madagascar (80) 
Malawi (82) 
Mali (97) 
Mozambique (74) 
Niger (87) 
Rwanda (96) 
Sierra Leone (76) 
Somalia (90)
 
Sudan (81)
 
Tanzania (94)
 
Uganda (91)
 
Upper Volta (94)
 
Zaire (76)
 
Afghanistan (76) 
Bangladesh (63)
 
Bhutan (NA)
 
Burma (85)
 
Cambodia (93)
 
Laos (87)
 
Nepal (96)
 
Yemen (NA)
 
Haiti (92)
 
Angola (74)
 
Botswana (NA)
 
Congo (80)
 
Eq. Guinea (86)
 
Ghana (74).
 
Nigeria (82)

Swaziland (NA)
 
Paraguay (74)
 
Papua New Guinea (66)
 

Notes: Country Reliance classified according to wood fuels plus estimated dung and crop wastesas a percentage of total enery consumption. Figures in parentheses are wood fuels alone as a 
percentage of total energy consumptions in each country. Egypt, Iraq, Syria. Bahrain, Brunei.Kuwait, Oman, Qata, Saudi Arabia, United Arab Emirates were aol classified. NA - not available. 



ENERGY SOURCE
 

Commercial 


Traditional* 


TOTAL (GJ) 


COSTA RICA 

1978 


26.0 


9.8 


35.8 


NICARAGUA HONDURAS GUATEMALA 
1977 19i7 1977 

17.4 10.2 8.6 

8.2 7.0 7.2 

25.6 17.2 15.8 

EL SALVADOR 
1978 

PANAMA 
1977 

11.5 

6.7 

43.1 

7.9 

18.2 51.0 

*Bagasse, firewood and agricultural wastes. Does
 
not include human and animal power.
 

Tableli. Approximate Annual Energy Use Per Capita 
in Six Central American Countries (Giajoules) 

Source: adapted from reference 5. 
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CHINA BANGLADESH INDIA SRI LANKA THAILAND
 

ENERGY SOURCE 1977 1978 1978 1978 1977
 

COMMERCIAL SOURCES
 

Coal and lignite 0.1 0.2
3.4 0.02 


Oil and gas 12.5 1.2 1.6 2.4 9.1
 

Hydro and nuclear 0.1 0.2 
 0.2 1.0
 

TOTAL (Commercial) 12.5 1.4 
 5.2 2.6 10.3
 

TRADITIONAL SOURCES
 

Firewood and charcoal 1.7 1.3 
 4.8 10.9
 
7.0
Other biomass 3.0 
 5.5 
 - 1.2 

Human labour 1.3 1.0 1.3 

Animal labour --- 0.5 3.3 -_--

TOTAL (Traditional) 6.0 8.3 11.6 4.8 12.1
 

TOTAL ENERGY USE (GJ) 22.4
18.5 9.7 16.8 7.4 


Table 12. Approximate Annual Energy Use Per Capita
 
in Five Asian Countries (Gigajoules)
 

Source: Revelle, adapted from reference 7.
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SECTOR 


TRANSPORTATION 


DOMESTIC 


AGRICULTURAL 


COMMERCIAL/
 
INDUSTRIAL 


OTHER/LOSSES 


TOTAL FUEL USE 


Table 13 
 PER CAPITA ENERGY CONSUMPTION AND DISTRIBUTION IN NEPAL, 1978-79
 

FUEL CONSUMPT 
 ION G Y R
PERCENTAGE 

TOTAL
OF FIREWOOD CROP 
 ANIMAL COAL AND 
 PETROLEUM ELECTRICITY SECTORAL
TOTAL USE 
 RESIDUES DUNG 
 COKE FUELS 
 USE
 

2.2 --- --- 0.01 0.18 --- 0.19 

95.0 7.92 
 0.16 0.06 
 --- 0.09 0.02 8.25 

0.2 --- --- --- 0.01 --- 0.01 

2.4 0.06 --- --- 0.10 0.03 0.02 0.21 

0.2 

--- --- O0.02 0.02 

7.98 0.16 0.06 
 0.11 0.31 
 0.06 8.68
 

SOURCE: Country paper of Nepal, 
Submitted to the U.N. Conference on New and Renewable Sources
of Energy, Nairobi, 1981. Figures do not include human and animate energy.population Theof Nepal is 15 million; 95% of the population live in the rural areas. 
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RURAL ENERGY USE
 

A most important distinction between the industrialized and developing

countries concerns the structure of energy supply and the pattern of energy

consumption in rural areas. In the industrialized nations there is very

little differenc'ein the type of energy used in rural opposed to
as urban
 
areas. All areas 
generally have access to the principal fuels: elec­
tricity, gasoline, diesel fuel, heating oil and fuel 
gas; only the intensity

of use 
 changes since industrial activity is predominantly an urban
 
phenomenon.
 

This relative homogeneity is not the case in the 
developing nations.
 
The structure of energy supply, the sources 
of energy utilized, and the
 
tasks 
for which the energy is used, all show marked differences when the
 
urban areas are compared with 
the rural. These regional differences have
 
important implications for energy policy.
 

Most energy in rural communities is locally produced from human and
 
animal labour, fuels, animal crop with
wood and and residues, commercial
 
fuels being used on a limited scale. Traditional fuels are usually gathered

by family members, although wealthier families may purchase charcoal, 
dung

cakes, or wood, and the poor may have to pay with services for the privilege

of gathering firewood 
or residues on land that is privately owned. Much
 
firewood is gathered, not from forests, but from trees scattered along roads
 
and fields, intercropped with agricultural crops, or in gardens and yards.
 

Table 14 clearly illustrates the differences between the 
urban and
 
rural sectors, and between the traditional and commercial fuels, for India
 
and Bangladesh. Although per capita energy use 
is higher in the urban areas
 
(as one might expect), itT--in-T-h-rural areas that the greater part of the
 
total energy consumption occurs. FTTFFhrmore, the energy sources utilized
 
in the rural areas are dominated by the traditional fuels.
 

This last characteristic is illustrated further in'Tahbes 15 and 16.

In all cases, except that of Northern Mexico, the principal sources of 
energy used in the rural areas are the traditional fuels. In addition,
Table 16 shows that most of the energy consumed is taken by the domestic 
sector, principally for cooking. Again, the exception to this qenerali­
zation is Northern Mexico - a relatively developed region.
 

Finally, the most detailed analysis of energy supply and consumption in
 
the rural areas of India is provided by Table 17. Fully 64% of total energy
 
use 
is consumed by domestic activities and of this amount 98% is traditional
 
fuels. Agriculture accounts for 22% of 
total energy use and more than
 
three-quarters of this is supplied by animate energy human
- and bullock 
work. 

Commercial 
energy account for 10.5% of total energy; mainly for agri­
culture (mostly for fertilizers) and for lighting.
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Table 14 ENERGY USE IN INDIA AND BANGLADESH
 
BY SECTOR AND FUEL TYPE
 

INDIA BANGLADESH
 

per capita total use per capita total use
 

SECTOR GJ/yr EJ/yr GJ/yr EJ/yr
 

UR BAN
 

Commercial 23.2 2.55 3.9 0.02
 

Traditional 7.5 0.82 5.4 
 0.03
 

TOTAL 30.7 3.37 9.3 0.05
 

RU RAL
 

Commercial 1.1 0.47 
 0.5 0.04
 

Traditional 9.1 3.99 7.0 0.48
 

TOTAL 10.2 7.5
4.46 0.52
 

SOURCE: Revelle, adapted from reference 10.
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Table 15. Estimated Per Capita Use of Energy in Rural Areas of Seven
 
Developing Countries (GJ) 

INDIA CHINA, TANZANIA NORTHERN 
NORTHERN BOLIVIA BANGLADESH
 
HUNAN NIGERIA MEXICO
 

Human Labour 1.0 1.0 1.0 0.9 
 1.1 1.1 1.0
 

Animal Work 1.5 
 1.5 --- 2.00.2 2.8 1.5
 

Fuel Wood 4.5 23.0 15.7 14.8 34.9 1.4
 

Crop Residues 1.8 ,20.9 
 2.5
 

Dung 1.0 
 0.9
 

TOTAL TRADITIONAL 9.8 23.4 24.0 
 16.8 17.9 38.8 7.3
 

Coal, Oil, Gas and 0.8 
 3.1 0.03 30.3 0.4
 
Electricity
 

Chemical 0.3 0.5 
 0.08 8.2 
 0.2
 
Fertilizers
 

TOTAL COMMERCIAL 1.1 3.6 
 0.11 38.5 
 0.6
 

TOTAL ALL SOURCES 10.9 27.0 24.0 16.9 56.4 38.8 7.9
 

Source: Revelle, adapted from reference 10. 
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Table 16. Characteristics of Energy Use in Rural Areas of Seven
Developing Countries (GJ) 

INDIA CHINA, TANZANIA NORTHERN NORTHERN 
BOLIVIA BANGLADESH
(per capita) HUNAN 
 NIGERIA MEXICO
 

Total use 
 10.9 27.0 24.0 
 16.9 56.4 
 38.8 7.9
 
Domestic uses 
 7.4 21.3 23.4 16.0 18.1 
 35.3 5.5
 

Non-domestic uses 3.5 5.7 0.6 0.9 
 38.3 3.5 2.4
 
Domestic/non-
 2.1 3.7i 37.4 18.4 0.47 
 10.1 2.2
 

domestic uses
 

Traditional/ 8.5 6.3 
 157.3 0.47 
 * 13.0 
commercial
 

*no commercial energy used.
 

Source: Revelle, adapted from reference 10. 



Table 17. Estimated Energy Use in Rural India

(Gigajoules per year per capita)
 

Pottery Transportation

Source of energy Domestic
Agriculture activities Lighting brick making and other
metal work 
 uses Total Percentage
 

Traditional sources:
Human labor 
 0.56 0.37 ---
 0.01
Bullock work 0.09 1.03 9.5
charcoal 1.28 .........­ 0.25
-- 1.53 14.1-- 4 . 70Firewood and 3 
4.37 40.3
Cattle dung 
 --- 6.45 
 0.71 ---
Crop residues --- 1.77 16.3


7--1.02
Total traditional 9.4
1.84 6.82 --- 0.72 
 0.34 9.72 89.5
 
Commercial sources:
 
Petroleum and
 
natural gas
Fertilizer 
 0.33 ---.....

Fuel 0.33
0.08 3.1
--- 0.40Soft coke --- 0.48 4.4--- 0.13 ---
 0.13Electricity:Hydro 
 0.03 --- 0.01 ---
Thermal 0.04
0.11 0.4
--- 0.05 ---Total commercial -- 0.16 1.5
0.55 0.13 0.46 ---
 1.14 10.5
 

TOTAL RURAL ENERGY USE 
 2.40 6.95 
 0.46 0.72 
 0.34 10.86 100.0
 
Activities as a percentage 
 22.0 64.0 4.0 
 7.0 
 3.0 100.0 100.0

of total energy consumption
 

Note: Dashes = not applicable. Figures maty not reconcile exactly due to rounding.
Source: 
 Adapted from Revelle, reference 10.
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ANIMAL ENERGY
 

In a number of countries, principally in Asia, a large part of rural
 
energy use is in the form of animate energy - animal and human labour. This
 
is particularly true in the agricultural sector, where the majority of
 
people in developing countries are employed. Table 18 shows the livestock
 
population of some developing countries in Asia [9].
 

Table 18 1978 LIVESTOCK POPULATION (MILLIONS)
 

Cattle Horses Asses and Mules
 

India 180.3 0.9 1.1
 
China 64.0 6.9 12.1
 
Pakistan 14.4 0.4 1.9
 
Bangladesh 28.0 0.04 n.a
 
Burma 7.3 0.1 n.a
 
Afghanistan 3.7 0.4 1.3
 
TOTAL 297.7 8.7 16.4
 

n.a. not available
 

Animals are used for plowing, lifting water, irrigation, sugarcane
 
sugarcane crushing, chaff-cutting, oil extraction, and similar tasks.
 
Animals represent a considerable source of power. On average, approximately
 
1/2 hp or 375 W can be obtained continuously over an 8 hour period from a
 
medium-sized bullock or buffalo. Assuming about a quarter of the animals
 
listed in Table 18 are work animals then the peak power output is of the
 
order of 30,000 MW. Unfortunately, this significant, decentralized source
 
of power is used very inefficiently.
 

An important consideration in countries with large numbers of livestock
 
is the potential utilization of animal dung in anaerobic digestors to pro­
duce biogas. In some Asian countries, notably China and India, biogas makes
 
a very significant contribution to rural energy supplies.
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URBAN AND INDUSTRIAL ENERGY USE
 

Small rural and urban industries, some 
large modern sector industries,
and the urban poor are also important users of traditional fuels. In urban
households, commercial fuels are commonly used 
together with traditional

fuels, both of which are 
sold in organized markets. Charcoal 
is generally
preferred to wood 
in cities because of its 
convenience, compactness, and
cleaner burning, and surveys in Asia and Africa have found per capita con­sumption of wood fuels (including charcoal) 
in towns to be higher than in
the countryside, probably because 
of relatively higher incomes in urban areas. In low-income urban areas, per capita demand for wood fuels can bequite high, caused by the greater use of charcoal, which usually requires 
a
larger raw material input. As 
incomes rise, however, commercial fuels are
generally substituted for wood fuels in urban areas.
 

Industrial use of traditional fuels is also quite extensive. 
 Estimates
of non-household consumption of wood for energy in surveyed 
areas of Africa
and Asia vary from 2 to 
25% of total wood consumption. As Table 19 below
shows, in 
a number of countries industrial consumption of traditional fuels
is not only large but rising, both in absolute terms and also as a share of
traditional fuel use. 
 The share of traditional fuels in total industrial
 
energy consumption, 
 however, has generally decreased, reflecting theexpansion of modern industry. Some industries, sensitive to price changes,are likely to continue to rely on or' even revert to the use of traditiona,
fuels if the price of commercial fuels increases.
 

Table t', Industrial Consumption of Traditional Fuels in Selected Countries, 1%7-1977 
(absolute figures in thousand metric tons oil equivalent (ttoe)) 

Energy Statistics and Energy Balances ofDeveloping Countries, 1967..1977 (Paris. OECD, 1979). Many of these figures must be treated with caution; a relatively large 

1967 1973 1976 

Countries 

Argentina 
Brazil 
Colombia 
Egypt 
India 
Indonesia 
Iran 
Mexico 
Thailand 
Venezuela 

ttoe 

1,070 
2,825 

197 
120 

778 
203 
151 
796 
153 
131 

Percent 
total 

traditional 
fuels, 

51 
12 
3 

84 
3 
I 

29 
26 
52 
8 

Percent 
total 

industrial 
energy 

20 
28 
73 
17 

1 
58 
9 
5 

20 
3 

foe 

1,532 
4,459 
267 
189 

1,316 
289 
215 
927 
456 
277 

Percent 
total 

traditional 
fuels-

69 
19 
5 

87 
5 
I 

45 
30 
84 
14 

Percent total 
industrial 
energy" 

22 
23 
55 
21 
4 

46 
2 
4 
19 
4 

ttoc 

3,700 
4.166 
309 
190 

1,661 
455 
215 
894 
869 
300 

Percent 
total 

traditional 
fucs 

80 
15 
6 

87 
5 
2 

31 
30 
93 
14 

Percent total 
industrial 
energy 

38 
17 
29 
14 
4 

40 
2 
3 
28 
4 

Source: International Energy Agency/Organisation for Economic Co-operation and Development. Workshop on Energy Dat of Developing Countries, vol. II Basic 

proportion of consumption of many fuels isoften not allocated by sector.
The percentage of all traditional fuel consumption that isconsumed by the industrial sector. 

'The percentage of all industrial sector enerty consumption that is traJitional fuels. 
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FUTURE ENERGY SUPPLY
 

The 	rapid increase in world oil prices beginning in the early 1970s
 
marked the start of a major transition in energy supply and use patterns.
 
This 	transition must be expected to culminate ultimately in the widespread
 
use 	of renewable energy technologies based on hydropower, [iomass, wind
 
energy, solar energy and perhaps nuclear power. At the present time, these
 
technologies make only a small contribution to commercial energy supply in
 
the 	industrial countries. It will require several decades before and
new 

renewable sources of energy account for a dominant portion of their energy
 
supply structure. According to one scenario [12] during the next twenty
 
years one can anticipate:
 

Economic growth will be significantly lower than in the
 
1965 to 1973 period and slightly lower than the 1973 to
 
1979 experience. Adjusted for inflation, the world
 
economy as a whole is expected to grow about 3 percent
 
annually between 1979 and 2000, compared to more than 5
 
percent per year between 1965 and 1973.
 

Real energy costs are likely to rise throughout the
 
period as a result of a limited supply of conventional
 
oil and the high cost of most alternate energy sources.
 

World energy demand is expected to grow about 2 1/2
 
percent per year, less than world economic growth rate.
 
Even at this lower growth rate, world energy demand will
 
increase substantially by the year 2000.
 

Only a modest increase in world production of conven­
tional oil is anticipated. Volumes available for inter­
national trade are projected to show a net decline as
 
oil-exporting countries increase domestic consumption.
 
Consequently, neither the industrial countries, the
nor 

developing countries, can rely on conventional oil for
 
increases in their energy requirements.
 

* 	 Most of the growth in the industrial, residential and
 
commercial sectors, where consumers have a choice of
 
fuels, is projected to come from coal and from nuclear
 
energy.
 

* 	 Oil use will be concentrated increasingly in specialized
 
applications, including transportation, specialty pro­
ducts, such as lubricants, and some other demands for
 
which large-scale substitution of other fuels is not yet
 
considered practical.
 

* 	 Production of synthetic fuels, especially liquids, will
 
be needed during the late 1980s and in the 1990s to meet
 
demands for transportation and other uses for which fuel
 
substitution opportunities are limited.
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For many years prior to 1973, oil and gas provided most of the
 
growth in world energy supply. Oil penetrated all sectors of the world
 
economy. Between 1965 and 1973, oil supply grew almost 8 percent per

year and gas more than 7 percent, rates much higher than the rate at
 
which total energy supply was increasing. By 1973, oil and gas accounted
 
for two-thirds of total world energy supply.
 

Developments since that year have set in motion a dramatic transition
 
in the mix of primary fuels, as illustrated in Figure 2 . Conventional 
oil supply is expected to grow less than 1 percent per year through
2000 resulting in a decline in oil's share of energy supply from 47 
percent in 1979 to 31 percent by the year 2000. 
 Most future energy

growth will have to be supplied from other energy sources. 
 All non-oil
 
energy sources have projected growth rates above that for total energy
 
supply, as shown in the table below.
 

ENERGY SUPPLY GROWTH, PERCENT PER YEAR
 

1965- 1973- 1979­
1973 1979 2000
 

Oil 
 7.7 2.2 0.4
 
Synthetics & VHO 
 - - 13.8 
Gas 
 7.3 3.6 2.6
 
Coal 
 1.0 2.4 2.8
 
Nuclear 
 27.8 20.9 10.0
 
Hydro & Other 3.9 4.6 3.5
 

Total 
 5.3 2.9 2.4
 

Conventional natural gas supply is projected to keep pace with overall
 
energy use, maintaining its share of world energy supply at about 20
 
percent. In the 1990s, projected growth in world gas supply will 
require

the development of reserves in remoted areas and the construction of
 
expensive distribution systems to bring the gas to markets. 
 Given favorable
 
prices and supportive government policies, the necessary volumes should

be available. Indeed, world gas reserves in the 1990s would probably

be sufficient to support consumption above projected levels, should
 
conditions prove to be favorable.
 

Coal, 
which grew slowly between 1965 and 1973, is projected to be a

major source of energy supply growth. Coal is expected not only to meet
 
a substantial 
share of new energy demand, but also to replace oil and gas

in major industrial and electric utility markets. 
 Coal use is projected

to grow almost 3 percent per year, increasing its share of world energy

supply from 26 percent in 1979 to 28 percent by 2000. (If the coal con­
verted to synthetic oil and gas were included here, coal's share would
 
increase to 30 percent by 2000.) At that level, 
coal will rival oil
 
as the single largest source of energy, but world coal 
resources still
 
would be large relative to production rates. Coal use is expected to be
constrained by the growth in demand rather than by the availability of
 
supply.
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Most coal will continue to be consumed in the country in which
 
i't is produced, with the largest increases occurring in the United
 
States and the centrally-planned economies. Some countries, however,­
particularly in Europe and East Asia-are likely to import substantial
 
volumes of coal. Exports from Australia, South Africa, Colombia, the
 
U.S. and other coal producers are likely to in-,'ease rapidly. Sea­
bourne coal trade is expected to ouadruple by 2000 to over 600 million
 
tons per year.
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OIL- A DWINDLING RESOURCE
 

For some years now, the world has been consuming more oil than it
 
has been finding. During the quarter of a century prior to 1970,

substantial discoveries, Drincinally in the Middle East, had built up

the world's inventory of discovered reserves, as illustrated in Figure

3. 
In the early 1970s, however, the situation reversed. Smaller
 
discoveries and a continuing rise in oil 
production 	caused the

inventory of discovered reserves to decline. This pattern is expected

to continue in the future, despite a much slower rate of growth in oil
 
consumption and the increased incentives 
 to discover oil provided
 
by rising energy prices.
 

There is little doubt that finding and developing the world's
 
as yet undiscovered oil 
reserves will be progressively more difficult
 
and costly. Many prospects are in remote locations or 
harsh operating

environments, such as 
the Arctic, which will be technologically demanding

and will require long lead-times for development. Fields remaininq

to be discovered in areas 
where production already exists are anticioated
 
to be somewhat smaller, on average, than past discoveries. Moreover,

the number of unexplored areas is steadily diminishing.
 

FIGURE 3. 
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Thus, even with an active exploration effort, the average oil
 
discovery rate for the outlook oeriod is likely to be well 
below the
 
expected production of 24 to 25 billion barrels per year and, consenuently,
 
the world's inventory of discovered oil reserves will continue to
 
decline. Since production cannot increase indefinitely in the face
 
of declining discovered reserves, it seems reasonable to expect that
 
conventional oil production will reach a plateau some time shortly
 
after the turn of the century.
 

Until the early 1970s, world oil demand expanded rapidly, growing
 
at a rate substantially greater than for total energy demand. Since
 
1973, however, growth has averaged only about 2 percent per year and
 
demand is expected to increase at less than one percent per year over
 
the next twenty year period. This revers)al will be most pronounced
 
in the industrial countries which, in the past, were chiefly responsible
 
for the rapid expansion in oil demand. As shown in Figure 4, oil demand
 
in the major industrial countries is projected to decline as a result
 
of crservation, efficiency improvements, and substitution of alternate
 
liquid fuels.
 

However, the noteworthy feature of this projection is the significant

demand for oil expected to be exerted by the developing countries.
 

FIGURE 4. 
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PROSPECT FOR THE TRADITIONAL FUELS 

Resides the difficulty and expenses of securing adequate supplies of
 
oil, the other problem with energy supply for the developing countries
 
concerns the traditional fuels - principally fuel wood.
 

Inmost cases, people only burn crop or animal residues when fuel wood
 
is unavailable or expensive. Because wood cannot usually be economically
 
transported over lonq distances, large demands for wood fuels by urban 
people and industrial users can rapidly stress forest resources in the 
locality. 

The fuel wood situation is already critical. Although globally, about 
97 million hectares, or 2 percent of existing forests were added between 
1965 and 1975, tropical forests are under much greater stress. The tropical 
forest areas are being lost at a rate of about 20 million hectares each 
year. The preliminary results of a study of fuelwood supply and needs indi­
cate that about 100 million people in developing countries live in areas 
where there is already an acute shortage of fuel wood. Another 1 billion 
are able to meet their minimum fuel wood requirements only by cutting in 
excess of the sustainable yield. According to this report [13], with
 
current trends of population growth, of fuel wood demand, and rates of
 
depletion of tree resources, over 2 billio; rural people in developing
 
countries will need to be provided with large supplies of traditional fuels
 
within two decades.
 

However, it is more likely that the overall rate of deforestation in
 
the developing countries will decline before the turn of the century, for
 
the simple reason that the people who are doing most of the cutting will
 
eventually run out of forests to cut. Populations and forest resources are
 
not evenly distributed. Some countries cleared all their forest lands
 
accessible to them years ago (Afghanistan, for example), other densely
 
populated nations that still have substantial forest resources will have
 
lost most of them before the year 2000 (Indonesia and Thailand, for
 
example), and some sparsely populated nations with very large areas of
 
forest will still have vast forests in the year 2000 (Gabon and Congo, for
 
example) [14].
 

Table 20 below summarizes the forecast for forest resources by global
 
region for the year 2000. It should be noted that these figures are
 
considered a "mildly optimistic" scenaria [14].
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Table 20 WORLD FOREST RESOURCES
 

REGION 1978 2000 Change
 
(million hectares) (percent)
 

DEVELOPED COUNTRIES
 
USSR 785 775 -1
 
North America 470 464 -1
 
Europe 140 150 +7
 
Australia, Japan,
 
and New Zealand 69 68 -1
 

TOTAL 1464 1457 
 0
 

DEVELOPING COUNTRIES
 
Latin America 550 329 -40
 
Asia and Pacific 361 181 -50
 
Africa 188 150 -20
 

TOTAL 1099 660 
 -40
 

WORLD TOTAL 2563 2117 -17
 

The depletion of fuelwood supplies has causes other than the constant 
demand for cooking fuel. The spread of agriculture is in fact the principal
 
cause of deforestation. As populations grow, larger areas of forest will be
 
cleared to create land for cultivation or grazing. The results, particu­
larly in densely settled areas, include soil erosion, flash flooding, drying
 
up of previously perennial streaiis, and eventual desertification.
 

The problem is further compounded by the substitution of dninmal dung
and crop residues for scarce fuelwood supplies. Because comnercial fertil­
izers are unavailable or too expensive for most villagers, the diversion of 
dung and crop residues from the land contributes to declining agricultural 
productivity. Yields diminish thus creating additional pressure to bring 
more land under cultivation for subsistence crops. This involves felling 
more trees and the cycle is perpetuated. 
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RENEWABLE ENERGY RESOURCES
 

All countries utilize renewable sources of energy to some extent. In
 
the industrial countries the contribution of the renewable energy sources to
 
total energy consumption is generally small--less than 5 percent--and is
 
predominantly hydropower. In the developing countries the contribution made
 
by renewable sources of energy ismuch higher. On the average, about 30% of
 
the total energy supply in the developing countries is derived from
 
renewable energy sources, principally biomass: fuelwood, charcoal, and
 
animal and crop residues. Some countries have a very high dependence on
 
renewable energy sources. Nepal, for example, gets fully 94 of its total
 
energy supply from biomass sources.
 

The degree to which the renewable sources of energy will make a
 
contribution to the energy supply in the developing countries in the future
 
is very hard to predict. So much will depend on government policy,
 
committment, initiative, and innovation, not to mention the price of
 
petroleum. What we can at least do here is to ascertain, to a first
 
approximation, whether the renewable energy resources are available, since
 
without on adequate resource base the renewable sources of energy are hardly
 
likely to make a significant impact on future energy supply. Table 21
 
indicates the potential of biomass and hydropower to supply energy in the
 
developing countries. Also shown are data on commercial energy and
 
traditional fuel consumption. Table 22 compares current energy consumption
 
with the potential renewable energy supply from biomass and hydropower.
 
Approximately 86% of the developing countries listed could provide all their
 
current energy requirements from these two renewable energy sourcesalone.
 
When one further considers the very large potential contribution of direct
 
solar thermal energy, the increasing utilization of photovoltaic systems,
 
and the possibility in many developing countries of exploiting the wind, the
 
immense potential of the renewable sources of energy becomes strikingly
 
clear.
 



Table 21 Potential Annual 
Energy Supply From Biomass and Hydropower and Annual 
Energy Consumption
P/P
 

Potential Potential
Potential energy Total
 energy potential 
 Annual Estimated Estimated
energy from from Estimated
from energy 
 output at fuelwood and animal and olmerc a;
forest animal total
crop from 
 Hydro

growth manure 

50% load charcoal crop residue ere-gy energy
residues 

Country (PJ/yr) 

biomass Potential factor consumption consumption consumption
(PJ/yr) (PJ/yr) (PJ/yr) consumption
(MW) (PJ/yr) (PJ/yr) 
 (PJ/yr) (%/r) (PJ/yr)
 

CENTRAL AMERICA
Belize 
 20-200 
 * 20-200 
 300 5
Coste Rica *
20-200 
 31.6 3
16.4 68-250 9,000 142 24
Cuba *
20-200 105.0 328.0 30 54450-630 
 *
Dominican Republic 16 *
10-100 39.6 340 356
61.6 110-200 
 * 
 *
El Salvador 19
10-100 20.8 * 97 116
22.4 53-140 1,351 21
Guatemala 35 *
60-600 31 66
41.2 41.3 140-680 10,900 
 172
Haiti 56
2-20 30.6 * 47 103
22.7 55-70 

Honduras 42 * 470-700 34.2 4612.0 120-750 2,800 44 33Jamaica 
 10-50 22
7.2 55
22.8 40-80 85
Mexico 1 0.02 5
400-4,000 645.0 117 122
405.0 1,500-5,100 20,334
Nicaragua 321 86 37
60-600 45.5 17.4 2,239 2,362
120-660 4,416 
 70 24
Panama 
 40-400 55
24.4 
 14.1 80-440 2,500 

37 

39 15
Ouerto Rico *
2-20 10.6 45 60
19.1 32-50 * 
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SOUTH A M ER ICA 
 ft 3 3
 Argentina 
 600-6,000 1,128.0 
 414.0 2,100-7,500 48,120 
 759
Bclivia 470-4,700 82.7 26.7 
38 155 1,360 1,553
580-4,800 18,000 
 284
Sr-azi; 39
3,200-32,000 1,950.0 54 93
948.0 6,100-35,000 90,240 1,423 
 1,023


50-500 86.2 174 2,340 3,537
37.7 170-620 15,780 249
Columbia 33
780-7,800 408.0 302
163.0 1,400-8,400 50,000 335
788
Ecuador 209 13
180-1,800 67.8 488 710
22.4 280-1,900 21,000 331
Wrench Guinea 21
90-900 98 119
* 90- 900 233 
 4 *
3uyana *
180-1,800 6.2 4 4
28.7 210-1,800 12,000 i89
Paraguay 0.2
210-2,100 25 2588.5 16.6 310-2,200 6,000 
 95 
 33 
 15 48870-8,70, 142.0 
 85.9 1,i00-8,900
Su-inarn 12,500 197 63
150-',500 
 0.8 303
4.3 160-1,500 260 4 366
 
Uruguay *
10-50 232.0 3' 3125.5 270-310 2,512 
 40
Venezuela 10
4FC-4,800 242.0 9i 101
46.4 1,000-5,400 11,644 77
124 13 1,025 1,118AFRICA
A!-ieria 
 20-20j 
 57.7 34.2 110-290 4,800 
 14 
 -
Ang3-

76 373 384
,30 52.7 
 12.0 800-7400 9,664 !52
Benin 73 *
90-1 
 8.5 32 105
6.2 120-930 1,792 28 26
Botswana *
"0-I0j 4 3041.4 0.1 150-1,100 2,984 
 47
Burundi 8
3-30 0.5 * 815.8 30-45 * 
 10

Oaceroon 11i0'c-
 3 55.2 9.9 370-3,100 22,96L
Central African 'e. 20S-2,600 9.6 3.1 

362 77 19 96290-2,800 11,040 
 174
Chad 22
2- 69.1 2 241.1 270-1,700 3,440 54
Congo 38
Z-,700 1.t 3 41
4.1 280-2,700 9,040 
 143 
 20 
 26 



Table 2; Potential Annua! Energy Supply From Biomass and Hydropower and Annual Energy Consumption (Co-ilued)
 

Potential Potential Total 

Potential energy energy potential Annual Estimated Estimated Estimated 

energy from from from energy output at fuelwood and Fnimal and Commorcial total 

forest animal crop from Hydro 50% load charcoa! crop residue energy energy 

growth manure residues biomass Potential factor consumption consumption consumption consumption 

Country (PJ/yr) (PJ/yr) (PJ/yr) (PJ/yr) (MW) (PJ/yr) (PJi/yr) (PJ/yr) J/yr) (?J/yr) 

AFRICA 
Djibouti * * * * * 2 2 

Egypt - 98.3 182.0 280 3,800 60 1 8 528 537 

Equatorial Guinea 10-100 0.2 0.2 10-100 2,400 38 * 1 
EthioDia 330-3,300 586.0. 67.1 980-4,000 9,214 145 250 * 22 272 

Gabor. 250-2,500 0.5 0.4 250-2,500 17,520 276 12 * 20 32 

Gambia 1-10 5.4 0.4 7-16 * * 3 * 1 4 

Ghana 120-1,200 29.9 17.1 170-1,200 1,615 25 120 * 47 167 

Guinea 170-1,700 26.6 11.3 210-1,700 6,400 101 29 * 12 41 

Guinea-Bissau 10-100 5.7 0.8 17-110 120 2 5 1 6 

Ivory Coast 190-1,900 14.8 16.5 220-1,900 780 12 53 * 56 109 

Kenya 20-200 149.0 37.6 200-400 13,440 212 115 3 62 180 

Lesotho - 16.9 2.6 20 490 8 * * * * 

Liberia 25-250 2.1 4.1 31-260 6,000 95 15 * 21 36 

Libya 5-50 15.5 10.3 31-75 160 3 4 * 118 122 

Madagascar
1alawi 

120-1,200
70-700 

167.0 
13.0 

46.7 
15.3 

330-1,400
98-730 

64,000
100 

1009 
2 

55 
33 

* 
* 

16 
8 

71 
41 

Mali 40-400 89.3 3.2 110-490 3,520 56 30 * 5 35 

Mauritania - 51.9 0.1 52 2,000 32 6 * 4 10 

Morocco 50-500 27.0 5.3 82-530 975 15 30 * 142 172 

Mozambique 660-6,600 26.5 22.3 710-6,600 11,290 178 90 * 37 127 

Namibla 100-1,000 * * 100-1,000 1,200 19 * * * * 

Niger 40-400 36.5 1.8 110-470 9,600 151 25 * 4 29 

Nigeria 340-3,400 277.0 79.2 700-3,800 1,515 24 645 0.4 178 823 

Rwanda 5-50 14.1 3.3 22-67 * * 42 2 44 

Senegal 50-500 53.0 3.4 110-560 4,400 69 25 * 23 48 

Sierra Leone 3-30 5.7 9.1 18-45 3,000 47 27 * 9 36 

Somalia 2-20 98.9 3.5 100-120 240 4 35 * 4 39 

Sudan 420-4,200 327.0 20.5 770-4,500 16,000 252 230 * 76 306 

Swaziland - 11.2 10.8 22 700 11 5 * * 5 
Tanzania 390-3,900 217.0 96.1 700-4,200 20,800 328 400 * 31 431 

Togo 40-400 8.8 4.8 53-450 480 8 10 * 6 16 

Tunisia 3-30 30.5 41.6 75-100 29 0.5 19 * 76 95 

Uganda 20-200 76.5 15.6 110-290 12,000 189 0.50 * 17 17 

Upper Volta 

Zaire 
Zambia 
Zimbabwe 

35-350 
1,800-18,000 
370-3,700 
280-2,800 

39.3 
29.6 
1.8 

73.8 

1.6 
31,9 
9.6 

32.1 

76-390 
1,900-18 000 
380-3,/00 
390-2,900 

12,000 
132,000

3,834 
5,000 

189 
2,081

60 
79 

43 
0.30

40 
60 

* 
* * 



Table 21 Potential Annual Energy Suppiy From Biomass and Hydropower and Annual Energy Consumption (Concluded) 

Country 

Potential 
energy from 

forest 

growth 
(PJ/yr) 

Potential 
energy 
from 

animal 

manure 
(PJ/yr) 

Potential 
energy 
from 

crop 

residues 
(PJ/yr) 

Total 
potential 

energy 

from 

biomass 
(PJ/yr) 

Hydro 
Potential 

(MW) 

Annual 
output at 
50% load 
factor 
(PJ/yr) 

Estimated 
fuelwood and 
charcoal 

consumption 
(PJ/yr) 

Estimated 
animal and 

crop residue 
consumption 

(PJ/yr) 

Commercial 

energy 

consumption 
(PJ/yr) 

Estimated 

total 

energy 
consumption 

(PJ/yr) 

NEAR EAST 
Afghanistan 

Bahrain 
Iran 

Iraq 

Jordan 
Kuwait 

Lebanon 
Jman 
Patar 
Saudi Arabia 
Syria 

Turkey 

U.A.E. 
Yemen (AR) 
Yemen (P.D.R.) 

7-70 

40-400 

15-150 

-
-

1-10 
1-10 

-
12-120 

5-50 

180-1,800 

-* 
-

26-260 

124.0. 

01 
261.0 

98.4 

4.7 
1.1 
3.7 
2.3 

0.4 
24.6 

11.5 

417.0 

52.5 

5.4 

44.1 

* 

276.0 

48.7 

2.5 
-

3.0 
0.1 

* 

6.5 

74.4 

679.0 

* 
12.9 

0.6 

180-250 

-
580-940 

160-300 

7 
1 

8-17 
3-12 

-

43-150 

91-140 

i,300-2,900 

* 
65 

32-270 

6,000 

* 

10,196 

1,900 

* 

* 

* 

* 

* 

900 

1,000 

15,200 

* 
* 

* 

95 

* 

161 

30 

* 

* 

* 

* 

* 

14 

16 

240 

* 
* 

* 

64.0 

* 

21 

0.1 

0.03 
* 

0.7 
* 

* 

-

0.5 

* 

* 
* 

* 

* 

* 

9 

* 

* 

* 

* 

* 

* 

-

* 

* 

* 
* 

24 

93 
1,459 

245 

43 
278 

46 
16 

70 
515 

166 

874 

89 
8 

88 

93 
1,489 

245 

43 
278 

47 
16 

70 
515 

167 

874 

89 
8 

17 
EAST ASA 
Eanqladesh 
Bhutan 
3rune! 

Surma 

China 
Inda 
Indonesia 
Khmer Rep. 

Korea '. 
Korea 3. 

Laos 
Malaysia 

Mon'joi:a 

Nepai 

P 'isr2r. 

Sr; n 

Ta;,an 
Tn& land 

23-230 
30-300 
4-40 

450-4,500 

800-8,0,0 
750-7,500 

i,250-12,500 
130- 1,300 

90-900 
70-700 

150-1,500 
240-2,400 

150-i,500 

50-500 

20-200 
160-1,600 

20-200 

20-200 
290-2,900 

492.0 

4.0 
0.5 

173.0 

3,350.0 

4,250.0 
219.0 
47.2 

23.3 
40.1 

33.1 
20.7 

1!3.0 

184.0 

494.0 

177.0 

41.9 

* 
205.0 

!-700143.0 

369.0 

7.6 
0.1 

176.0 

5,096.0 

3,043.0 
559.0 

* 

108.0 
206.0 

16.2 
40.2 

10.9 

60.1 

450.0 
289.0 

24.3 

* 
308.0 

13.5 

880-1,100 

42-310 
5-41 

800-4,800 

9,200-16,000 
8,000-15,000 
2,000-13,000 

180-1,300 

220-1,000 
320-950 

200-1,500 
300-2,500 

280-1,500 

290-740 

950-1,100 

630-2,100 

86-270 

20-200 
800-3,400 

230-860 

1,307 
* 

75,000 

330,000 
70,000 
30,000 

* 

2,000 
5,514 

* 

1,319 

* 

80,OCJ 

20,000 

7,504 

1,180 

1,632 
6,242 

54,000 

21 

* 

* 

1,183 

5,203 
1,104 

473 
* 

32 
87 

* 

21 

* 

1,261 

315 

118 
19 

26 
98 

851 

150 

* 

* 

210 

1,500 
1,237 
1,162 

44 

50 
77 

33 
61 

15 
109 

93 

250 

46 

27 

180 

466 

* 

* 

* 

2,717 
3,150 

19 
* 

* 

-

* 

* 

* 

3 

* 

* 

-

366 

* 

77 
* 

74 

44 

17,293 
3,896 

892 
* 

1,462 
1,072 

6 
206 

51 

4 

384 
421 

42 

387 

169 

693 

* 

74 

254 

21,510 
8,283 
2,073 

44 
1,512 
1,149 

39 
267 

66 

116 

477 
671 

88 

780 

349 
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Notes for Table 21
 

* 	 data not available
 
nealiqible
 

Potent iI enerqy from forests is based on wood production of 1-10 cubicmetr;-' per hectare and an energy content of 10 GJ/m 3. Total forest area 
is based on Reidar Pearson, World Forest Resources (Stockholm, Royal

College of Forestry, 1974) as reported in reference 1. Energy from manure
 
and crop residues from Survey of Riomass Energy Programs and Use in the
 
Developing Countries (T.B. Taylor Associates; report to the Office of
 
Technology Assessment, 1978), reported in reference 1.
 

Hydro potential is taken from World Energy Conference, Survey of Enerqy
 
Resources, (New York, 1974), and reported in reference 1.
 

Estimated animal and crop residue consumption are taken from Basic Energy

Statistics and Energy Balances of Developing Countries 1967-1977, (Workshop
 
on Energy Data of Developing Countries, Internation Energy Data of
 
Developing Countries, International Energy Agency, OECD, Paris, 1979).

Fuelwood and charcoal consumption is taken from Prospects for Traditional
 
and Non-Conventional Energy Sources in Developing Countries (World Bank
 
Staff Working Paper No. 346), reported in ref'erence 1.
 

Total energy consumption is taken from Statistical Yearbook (United
 
Nations, 1978).
 

Additional country specific data is taken from Revelle (reference 7);

Jamaica's National Energy Plan; Country Paper of Nepal, submitted to U.N.
 
Conference on New and Renewable Sources of Energy, Nairobi, 1981. For
 
hydro resources in Central America, see Energy and Development in Central
 
America (MITRE, 1980) Vol. I, p21.
 



39
 

Table 22 Potential for Renewable Energy Sources In Developing Countries
 

Potential Potential Potential Estimated 
 Ratio of potential
 
energy energy energy from 
 total renewable energy

from from biomass and energy supply to current
 

biomass hydropower hydropower consumption energy consumption
 
Country (PJ/yr) (PJ/yr) (PJ/yr) 
 (PJ/yr)
 

CENTRAL AMERICA 
Belize 20-200 5 25-205 3 8.3- 68.3 
Costa Rica 68-250 142 210-392 54 3.9 - 7.3 
Cuba 450-630 450-630 356 1.3 - 1.8 
Dominican Republic 110-200 * 110-200 116 0.9 - 1.7 
El Salvador 53-140 21 74-161 66 1.1 - 2.4 
Guatemala 140-680 172 312-852 103 3.0 - 8.3 
Haiti 55-70 * 55-70 46 1.2 - 1.5 
Honduras 120-750 44 164-794 55 3.0 - 14.4 
Jamaica 40-80 1 41-81 122 0.3 - 0.7 
Mexico 1,500-5,100 321 1821-5421 2362 0.8 - 2.3 
Nicaragua 120-660 70 190-730 55 3.5 - 13.3 
Panama 80-440 39 119-479 60 2.0 - 8.0 
Puer-o Rico 32-50 * 32-50 338 0.1 
SOUTH AMERICA 
Argentina 2,100-7,500 759 2859-8259 1553 1.8 - 5.3 
Bolivia 580-4,800 284 864-5084 93 9.3 - 54.7 
Brazil 6,100-35,000 1,423 7523-36423 3537 2.1 - 10.3 
Chile 170-620 249 419- 869 335 1.3 - 2.6 
Columbia 1,400-8,400 788 2188-9188 710 3.1 - 12.9 
Ecuador 280-1,900 331 611-2231 119 5.1 - 18.7 
French Guinea 90- 900 4 94- 904 4 23.5 -226.0 
Guyana 210-1,800 189 399-1989 25 16.0 - 79.6 
Paraguay 310-2,200 95 405-2295 48 8.4 - 47.8 
Peru 1,100-8,900 197 1297-9097 366 3.6 - 24.9 
Surinam 160-1,500 4 164-1504 31 5.3 - 48.5 
Uruguay 270-310 40 310-350 101 3.1 - 3.5 
Venezuela 1,000-5,400 184 1184-5584 1118 1.1 - 5.0 
AFRICA 
Algeria 110-290 76 186-366 384 0.5 - 1.0 
Angola 800-7,400 152 952-7552 105 9.1 - 71.9 
Benin 120-930 28 148-958 30 4.9 ­ 31.9 
Botswana 150-1,100 47 197-1147 8 24.6 -143.4 
Burundi 30-45 * 30-45 11 2.7 - 4.1 
Cameroon 370-3,100 362 732-3462 96 7.6 - 56.1 
Central African Rep. 290-2,800 174 464-2974 24 19.5 -121.9 
Chad 270-1,700 54 324-1754 41 7.9 - 42.8 
Congo 280-2,700 143 423-2843 26 16.3 -109.3 
Djibouti 2 
Egypt 280 60 340 537 0.6 
Equatorial Guinea 10-100 38 48-!38 1 48-138 
Ethiopia 980-4,000 145 1125-4145 272 4.1- 15.2 
Gabon 250-2,500 276 526-2776 32 16.4- 86.8 
Gambia 7-16 7-16 4 1.8- 4.0 
Ghana 170-1,200 .5 195-1225 167 1.2- 7.3 
Guinea 210-1,700 101 311-1801 41 7.6- 43.9 
Guinea-Blissau 17-110 2 19-112 6 3.2- 18.7 
Ivory Coast 220-1,900 12 232-1912 109 2.1- 17.5 
Kenya 200-400 212 412-612 180 2.3- 3.4 
Lesotho 20 8 28 
Liberia 31-260 95 126-355 36 3.5- 9.9 
Libya 31-75 3 34- 78 122 0.3- 0.6 
Madagascar 330-1,400 1009 1339-2409 71 18.9- 33.9 
Malawi 98-730 2 100-732 41 2.4- 11.9 
Mall 110-490 56 166-546 35 4.7- 15.6 
Mauritania 52 32 84 10 8.4 
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Table 22 Potential for Renewable Energy Sources In Developing Countries (Continued)
 

Pot3ntial Potential Potential Estimated Ratio of potential 

energy energy energy from total renewable energy 

from from biomass and energy supply to current 
biomass hydropower hydropower consumption energy consumption 

Country (PJ/yr) (PJ/yr) (PJ/yr) (PJ/yr) 

Morocco 82 -530 15 97-545 172 0.6 - 3.2 

Mozambique 710-6600 178 888-6778 127 7.0 -53.4 

Namlbia 100-1000 19 119-1019 * * 

Niger 110-470 151 261-621 29 9.0 -21.4 

Nigeria 700-3800 24 724-3824 823 0.9 - 4.6 

Rwanda 22-67 22-67 44 0.5 - 1.5 

Senegal 110-560 69 179-629 48 3.7 -13.1 

Sierra Leone 18-45 47 65-92 36 1.8 - 2.6 

Somalia 100-120 4 104-124 39 2.7.- 3.2 

Sudan 770-4500 252 1022-4752 306 3.3 -15.5 

Swaziland 22 11 33 5 6.6 

Tanzania 700-4200 328 1028-4528 431 2.4 -10.5 

Togo 53-450 8 61-458 16 3.8 -28.6 

Tunisia 75-100 - 1 75-100 95 0.,8 - 1.1 

Uganda 110-290 189 299-479 17 17.6 -28.2 

Upper Volta 76-390 189 265-579 46 5.8 -12.6 

Zalro 1,900-18000 2081 3981-20081 46 86.5-436.5 

Zambia 380-3700 60 440-3760 122 3.6 -30.8 

Zimbabwe 390-2900 79 469-2979 181 2.6 -16.5 

NEAR EAST 
Afghanistan 180-250 95 275-345 88 3.1 - 3.9 

Bahrain - * 93 

Iran 580-940 161 741-1101 1489 0.5 - 0.7 

Iraq 160-300 30 190-330 245 0.8 - 1.3 

Jordan 7 7 43 0.2 

Kuwait 1 * I 278 0.1 

Lebanon 8-17 * 8-17 47 0.2 - 0.4 

Oman 3-12 * 3-12 16 0.2 - 0.8 

Qatar _ * 70 

Saudi Arabia 43-150 14 57-164 515 0.1 - 0.3 

Syria 91-140 16 107-156 167 0.6 - 0.9 

Turkey 1300-2900 240 1540-3140 874 1.8 - 3.6 

J.A.E. N * N 89 * 

Yemen (AR) 65 65 8 8.1 

Yemen (P.D.R.) 32-270 32-270 17 1.9 -15.9 

EAST ASIA 
Bangladesh 880-1,100 21 901-1121 693 1.3 - 1.6 

Bhutan 42-310 42-310 N * 

Brunel 5-41 - 5-41 74 0.1 - 0.6 

Burma 800-4,800 1183 1983-5983 254 7.8 -23.6 

China 9,200-16,000 5203 14403-21203 21510 0.7 - 1.0 

India 8,000-15,000 1104 9104-16104 8283 1.1 - 1.9 

Indonesia 2,000-13,000 473 2473-13473 2073 1.2 - 6.5 

Khmer Republic 180-1,300 N 180-1300 44 4.1 -29.5 

Korea N. 220- 1,000 32 252-1032 1512 0.2 - 0.7 

Korea S. 320-950 87 407-1037 1149 0.4 - 0.9 

Laos 200- 1,500 * 200-1500 39 5.1 -38.5 

Malaysia 300- 2,500 21 321-2521 267 1.2 - 9.4 

Mongolia 280- 1,500 280-1500 66 4.2 -22.7 

Nepal 290- 740 1261 1551-2001 116 13.4 -17.3 

Pakistan 960- 1,100 315 1275-1415 477 2.7 - 3.0 

Philippines 630- 2,100 118 748-2218 671 1.1 - 3.3 

Sri Lanka 86-270 19 105-289 * 1.2 - 3.3 

Taiwan 
Thailand 
Vietnam 

20-200 
800-3,400 
230-860 

26 
98 

851 

46-226 
898-3498 
1081-1711 

N 
780 
349 

1.2 
3.1 

* 
-
-
4.5 
4.9 
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FUNDAMENTALS OF FLUID FLOW
 

Itis useful to review some basic concepts:
 

Pressure Relationships
 

Pressure isforce divided by area
 

= F _ Newtonsi.e. p 

A m2
 

1 N/m2 is called a Pascal (Pa)
 

105 Pa is equal to 1 bar which is about equal to atmospheric 
pressure. 	 More precisely, I standard atmosphere is equal to 

760 mm Hg 	 = 14.7 psi = 101325 Pa 
= 1.01325 bar 

The difference in pressure between any two points at different levels
 
in a liquid is given by
 

(1)
P2- = pg(h 2 - hl) PaP1 


Pressure may also be expressed in terms of a pressure head as
 

h = P metres 	 (2)
 
pg
 

In these expressions
 

h = fluid height, metres
 
p = fluid density, kg/m 

3 

g = acceleration due to gravity, nominally 9.81 m/s
2 

p = pressure, Pa 

For ideal gases 
- - mR (3)P1v1 P2V2 


T1 T2
 

or 	 P1 P2 -R(4)	 ­
plT 1 p2T2
 

where p = absolutemressure, Pa 
= volume, mn 

m = mass, kg 
p = density, kg/m 3 

T = absolute temperature in degrees Kelvin (273 + °C) 

for air R = 287.1 J/kg K 
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Equation of Continuity
 

The equation of continuity follows from the principle of conservation
of mass. For steady flow, the mass 
of fluid passing all sections per unit
 
of time must be the same.
 

Therefore
 
PlAIV 1 = P2A2V2 = constant (5)
 

For incompressible fluids and where density may be considered constant the
 
flow rate Q is given by
 

Q = AIV1 = A2V2 = constant (6)
 

Bernoulli's Equation
 

Just as the continuity equation 
is a mass balance, so Bernoulli's
equation follows from the principle of conservation of energy. For steadyflow of an incompressible fluid in which there is negligible change in 
internal energy:
 

P+ 2 + + 21_ 1 + HA - HLpg 2g +zpg - HE = pP2 +V2g + z2 (7) 

where z = elevation above any datum level, metres
 

p = fluid density, kg/m 3
 

g = acceleration due to gravity, m/s2
 

V = average fluid velocity, m/s
 

HA = energy added, metres
 
HL = head losses due to friction, metres
 
HE = energy extracted, metres
 

P = pressure, Pa
 

The units used in Equation (7)are J/N or metres of the fluid. 
 It is
 

usual to identify the elements of the Bernoulli equation as 'heads', i.e.
 

static pressure head p/pg
 

velocity head V2/2g
 

potential head 
 z
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Since the fluid velocity in a conduit is not uniform with respect to cross
 
section, the velocity head should in theory be corrected by a kinetic­
energy correction factor a. 

for turbulent flow a = 1.02 - 1.15 
for laminar flow a = 2 

Generally, a may be taken as 1 without serious error since the velocity 
head is usually only a small part of the total head. Practically all
 
problems dealing with flow of liquids utilize the Bernoulli equation as the
 
basis of solution.
 

The energy line is a graphical representation of the energy at each
 
section. With respect to a chosen datum, the total head in metres of fluid
 
can be plotted at each representative section, and the line so obtained is
 
a valuable tool in many flow problems. The energy line will slope down­
wards in the direction of fiow except where energy is added by mechanical 
devices such as pumps. The hydraulic grade line lies below the energy line 
by an amount equal to the velocity head at the section. The two lines are 
parallel for all sections of equal cross section area. The ordinate 
between the centre of the stream and the hydraulic grade line is the 
pressure head at the section.
 

~AibitraryHorizontal Datum Plane 

Energy Balance fGr Two Polnia in a Fluid 

Power 

Energy may 
calculated from 

be added to or extracted from a fluid. Power, P, is 

where H 

g 

P 

= total head added 
mass flow, kg/s 

= acceleration due 

:Huig Watts 

or extracted, metres 
.= 

to gravity, m/s2 

(8) 
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Example 1 

A pipe carrying oil of relative density 0.877 changes in size from 150 mm at
 
section A to 450 mm at section 2. Section A is 4 m lower than B and the 
pjessures are 0.9 bar and 0.6 bar respectively. If the discharge is 0.15 
m /s determine the lost head and the direction of flow.
 

Q = 0.15 m3/s 

d =0.45 m A
 
p = 0.6 bar
 

d = 0.15 m
 
p = 0.9 bar
 

Solution:
 

The velocity of the fluid at sections A and B is given by Equation (6), i.e.
 

VA _ 0.15 
1(0.15) = 8.5 m/s 

VB_ 0.15 
VB (0.45) 2/4 0.94 m/s 

Using point A (the lowest) as the datum plane, the total head at each
 
section is given by Bernoulli's equation:
 

A VA ZA HL !B + 2 B 
pg 2g pg 2g+Z 

0.9 X 15 + (8.5)2+8 X 1 2X94so 877 X 9.81 2 X 9.81 0- HL = 0.6 X i05 + (0.94)2 + 4877X2 .8981877 X 9.81 2 X 9.81 

or 14.1 - HL 11.0 

or HL = 3.1 metres. 

Note that the head at A (14.1 m) is greater than the head at B (11.0 m) by
 
an amount equal to HL. The oil, therefore, must flow from A to B.
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Example 2
 

For the system shown below, pump BC must deliver 0.16 m3 /s of oil (762
kg/m3) to reservoir 0. Assuming that the head loss between A and B is 2.5
 
m, and from C to D is 6.5 m, (a) determine how much power the pump must 
supply to the system, and (b) plot the energy line. 

El. 60.0 

EL 15.o A 

B C 
El. 3.0 

Solution
 

(a) The velocity of the fluid at surfaces A and D will be very small. We
 
neglect the velocity heads at these surfaces. Taking BC as the datum
 
level, and applying Bernoulli's equation from A to D:
 

Patm + + 
ZA+ HA - HL = Patm + + ZD
 

Most of the terms drop out leaving
 

ZA + HA - HL = zD 

or 12 + HA - (2.5 + 6.5) = 57 

therefore HA = 54 metres 

From Equation (8), 

P = 54 X 0.16 X 762 X 9.81 

64.6 kW
 

This is the power delivered to the fluid; the power delivered to the pump
will depend on its efficiency.
 



47
 

(b) The energy line at A is at elevation 15 m above datum zero. 
 From A to

B the energy loss is 2.5 m and the energy line drops by this amount,
the elevation at B being 12.5. The pump adds 54 m of head and the
elevation at C is therefore 66.5 m. Finally, since the loss of energy
between C and D is 6.5 m, the elevation at D is 66.5 - 6.5 = 60 m.The energy line is shown below. 
Note that the pump has supplied a head
 
sufficient to raise the oil 45 m, but it has also had to 
overcome 9 m
of losses in the piping. Therefore, 54-m is delivered to the system.
 

Fl.'66.5 

U.15.o A ElI. 
0 1 E.3.0 
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Example 3 

Water flows through the turbine shown below at a rate of 0.2 m3/s and the
 
pressures at A and B respectively are 1.5 bar and -0.3 bar. Determine the
 
power delivered to the turbine by the water. Neglect head losses.
 

0.3 m7 

1A 

1.0rM Turbine 

BO6m 

Solution: 

VA = 0.2 = 2.8 m/s
Vr(O.32 )/4 

VB = 0.2 = 0.7 m/s 
VB,(0.6) 2/4
 

Applying Bernoulli's equation with point B as the datum level:
 

A- + zA HE = + + z B 

Pg 2g Pg 2g 

100 X 1 (2.8)2 1 -2HE = -0.3 X 105 + 2(,7)2 +0 

1000 X 9.8i 2 X 9.81 1000 X 9.81 x9.81 

or HE = 19.7 metres 

Power = Hig = 19.7 X 1000 X 0.2 X 9.81 

= 38.7 kW to turbine 
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Flow in Pipes
 

Flow in pipes is generally laminar or turbulent. If the flow is
 
laminar the viscosity of the fluid is dominant and suppresses any tendency

to turbulent conditions. The Reynolds number, Re, is the ratio of inertial
 
forces to viscous forces.
 

Laminar flow: Re < 2100
 
Turbulent flow: Re > 6000
 

where 	 Re = VDP 
 (9)

11 

V = fluid velocity, m/s
 
D = pipe diameter, metres
 
p = fluid density, kg/m 3
 

= viscosity, Pa s 

For non-circular cross-sections an equivalent diameter (or hydraulic dia­
meter) isused where
 

o = 4 X cross-section area 	 (10)
wetted perimeter 

The Darcy-Weisbach formula is the basis for evaluating the lost head 
for fluid inpipes 	and conduits:
 

HL = L -V 	 metres (11) 

where 	 L = length of pipe
 
D = hydraulic diameter
 
f = friction factor
 

For laminar flow f 	is a simple function of the Reynolds number:
 

f = 64/Re 	 (12) 

For turbulent flow the situation is more complex. Graphs are available 
which show the relationship between friction factor f, Reynolds number Re,

and the relative roughness of the pipe, s/D. A typical chart is shown 
overleaf in Diagram 1.
 

Other Losses of Head
 

It is common practice to express all losses interms of a velocity head
 
V2/2g. That is,Equation 11 iswritten as
 

2
HL = KV	 (13) 

and K is evaluated from tables according to the actual structure of the flow
 
system. Tables 1 and 2 give values of K for common pipeline items.
 



Kind .Pj Vluei of r in mm 
or lilinir p )- --Range Design Value 

Bras$ 0(W315 00015 

Copper 6O0o5 0001_5 
Concrete 
Cast Iron - unc' td 

0.3-30 
0 12-461 

1 20 
024 

-aspha~tdipped 0061-0.183 012 
- cement linod 00024 0(0024 

0.1 
.09 

I I tI 

I 1 
CRITICAL 

I11 1 ] I I IIIi_1I I II 
TURBULENT ZONE-f-

ONI_ 

- biluminous lined 
" - centrifug'ally"spun

G alvanized Iron 
W rought Iron. 

C~rnln. & Welded StI00300091Ruite S,t le" 
_ _ _9_-_ 

00324 
20 

F006 24 

0010 4991 

09Ioo-1 
1 

0(A'4 
01W0 
01I0 

0061 

0061o831 
__ _02 

.08 LAMINAR ONEtRSIONO I ECOMPLETETURBULENCE, ROUGH PIP S Ww o ev 08 91 -9 6 

.07 

.04 

.03 

rt .. 02 

.04"I 
tI .015 

.,m.0 

Friction .03 ,-ela.0oe 

Factor 
.025 fIf-O 

.004 Roughness 

.22223D 

.02 y-N b "--== .0008 

~.0004 
.015 0.. . .00 

7- 1 1 .0002 

" '.­ 11 0005 
.01 1 

SI 

.008 10" 2 3,4 5 68 10' 2 3 4 5 6 8 lOF- 2 3 4 5 6 8 10' 25 568 101 ' 
.0 

2 \X3 4 5 6 
, - =.0. 

8 10" 
0 0 

Re,- Reynolds Number .D-.,,0. 01,0 
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TABLE .
 

TYPICAL LOSS OF HEAD ITEMS
 

(Subscript I - Upstream and Subscript 2 = Downstream)
 

Iteul Average Lost Head 

1. From Tank to Pipe - flush connection (entrance loss) 0.50-­
2g 

- projecting connection 1.00­
2g 

- rounded connection 0.05 V 

2g 

2
V2. From Pipe to Tank (exit loss) 1.00-1 
2g 

3. Sudden Enlargement (VI - V2 )
2 

2g 

4. Gradual Enlargement (see Table 2) K(VI - V2)2 

2g 

1) .V)
5. Venturi Meters, Nozzles and Orifices 

6. Sudden Contraction (see TablZ) K V2c2g
 

V2 

7. Elbows, Fittings, Valves KT-

Some typical values of K are: 

450 Bend ............................. 0.35 to 0.45
 
900 Bend ............................. 0.50 to 0.75
 
Tees ................................. 1.50 to 2.00
 
Gate Valves (open) .................... about 0.25
 
Check Valves (open) .................... about 3.0
 

TABLE 2 
VALUES OF K* 

Contractions and Eilargenents 

Sndden
 
Contraction 
 Gradual Enlargement for Total Angles of Cone 

dn/d K, 4- 10'2 15 20' 30' 50 60' 

1.2 0.08 0.02 0.04 0.09 0.16 0.25 0.35 0.37 
1.4 0.17 0.03 0.06 0.12 0.23 0.36 0.50 0.53 
1.6 0.26 0.03 0.07 0.14 0.26 0.42 0.57 0.61 
1.8 0.34 0.04 0.07 0.15 0.28 0.44 0.61 ).65
2.0 0.37 0.04 0.07 0.16 0.29 0.46 0.63 0.68 
2.5 0.41 0.04 0.08 0.16 0.30 0.48 0.65 0.70 
3.0 0.43 0.04 0.08 0.16 0.31 0.48 0.66 0.71 
4.0 0.45 0.04 0.08 0.16 0.31 0.49 0.67 0.72 
5.0 0.46 0.04 0.08 0.16 0.31 0.5( 0.67 0.72 

*Value Ifom King % Ilandbojl, of lI)dtaohcs"- M (LU.fo.lhll f,,oL ('omnp.ny 
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Sizing 	Pipes
 

In designing any fluid flow system one generally seeks the lowest cost
 
system that will operate reliably over a projected lifetime. A reduction in

pipe diameter will mean 
a lower system capital cost but the pressure drop

will increase thus raising pumping 
costs. The economic pipe diameter is
therefore the diameter which minimizes total costs, i.e., amortized capital

plus operating costs.
 

Note also from Equation 11 that head loss may be written as
 

( 4
HL = 	 fL (*)2 8fL 

2Dg A (4 

and that therefore the pressure drop varies inversely with the fifth power

of pipe diameter. Clearly, pumping requirements may become excessive if
 
conduits are undersized.
 

In the absence of any firm economic data, pipes may well be sized on
 
the basis of a maximum permissible system pressure drop.
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Example 4
 

Water at 600C is to flow at a rate of 10 litres/s through a galvanizediron pipe 20 metres long with a head loss not to exceed 0.5 metres. Thedensity and viscosity for water at this temperature are 983.3 kg/m 3 and4.71 X 10- 4 Pa.s respectively. Determine the minimum acceptable pipe
diameter.
 

Solution 

A trial-and-error approach is required. 
 One way to start is to guess thefriction factor, f, which is usually quite close to 0.03. 
This allows us to

calculate a first estimate of the pipe diameter.
 

D5
From Equation 14 = 
HLg~r 

so D5 = 8 x 0.03 x 20 x (0.01)2 

2
0.5 x 9.81 x 1r


or D = 0.10 metres 

To check our guess at the friction factor we need to calculate the Reynolds
number. 

Since Re = pVD = 
P pwD
 

We have Re = 4 x 983.3 x 0.01
 
4.71 x 1-4 x n x o.1 

= 2.66 x 105
 

From Diagram 1 E 
 = 0.15 mm (G.I. pipe) 

so 
 L/D = 0.00015/0.1 = 0.0015 

So from Diagram I f = 0.022 

Recalculating the pipe diameter:
 

D5 = 8 x 0.022 x 20 x (0.01)2
0.5 x 9.81 x w2
 

gives D 9.4 cm
= 


So we would choose an available pipe equal 
or larger than this diameter.
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Thermosyphon Systems
 

The tendency of a less dense fluid to rise above a more dense fluid can be
 
exploite-d-in a simple, natural circulation solar water-heating system called
 
a thermosyphon. The sketch below shows the arrangement of a typical system.
 

cold waler sup*ly 

hootwater 
C to house 

mi~xing
valve 

air vent 
P-T rblvalve 

auiiary waler healer 

solar pre-heallik 

drain 

When the sun shines on the collector, it heats the water present in the
 
tubes. This ,eater becomes less dense than the colder water in the tank and
 
downcomer and therefore rises to the highest point in the assembly, the top

of the storage tank. A natural circulation flow pattern thus becomes estab­
lished. Since the driving force in a thermosyphon system is due to small
 
density differences and not the presence of a pump, friction losses through

the system must be kept to a minimum. In general, one pipe size larger than
 
would be used with a pump system is satisfactory. Most commercial systems
 
use 1-inch inside diameter pipe. The flow rate through a thermosyphon sys­
tem is about 1 gal/ft4.hr (40 litres/m 2.h)in bright sun.
 

After sunset, a thermosyphon system can reverse its flow direction and lose
 
heat to the environment during the night. To avoid reverse flow, the top of
 
the collector should be at least 2 feet (0.6 m) below the bottom of the
 
storage tank.
 

http:gal/ft4.hr
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Example 5
 

A simple thermosyphon system is shown below. 
 The water in the tank is at140°F (density 983.3 kg/m), and leaves the collector at 180OF (density970.2 kg/m 3). The pipes are smooth copper, I.D. = 2.5 cm. The pressuredrop through the collector is estimated at 5 velocity heads. The totallength of piping is approximately 8 
metres. The viscosity of water may be
assumed constant at 4 x 10-4 Pa.s. Determine the flow rate of the water.
 

o.6m
 

Solution
 

Estimate the pressure drop through the system from Table 1.
 

2
 
V/2g
 

3 x 450 bends (K = 0.45) 1.35
 
1 900 bend (K = 0.75) 0.75
 
tank to pipe 
 0.5
 
pipe to tank 
 1.0
 
collector (given) 
 5.0
 

8.6
 

From Equation 11 the head loss is therefore: 

HL = (LL + 8.6) V2 
HL = D T9 
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We will have to guess the friction factor, f, since we don't know the 
velocity V. A good rule-of-thumb is that f is about 0.03.
 

2
so HL = (0.03 x 8 + 8.6) = 0.928 V2 metres
0.025 2g 

This gives us the head loss as a function of velocity. As the water in the
 
solar collector heats up the fluid begins to circulate: the warmer fluid,

being less dense, tends to rise. The fluid velocity will increase until the
 
head lo!sses resulting from the fluid motion become equal to the driving
force caused by the density differences in the hot and cold legs of the
 
system,. We now calculate the driving force.
 

Cold Leg
 

Taking the temperature of the cold leg as 140OF and the height as 1.1 metre
 

we have
 

P = pgh = 983.3 x 9.81 x 1.1 

= 10610.8 Pa 

Hot Leg
 

We assume that the temperature of the fluid in the collector is the mean of
 
the inlet and outlet temperatures, i.e. 1600 F. At this temperature the
 
density of water is 	 977.3 kg/m 3 . So the pressure at the base of the hot 
leg is given by:
 

P = 977.3 x 9.81 x 	0.5 + 970.2 x 9.81 x 0.6
 

= 10504.3 Pa 

The driving force is 	10610.8 - 10504.3 

= 106.5 Pa. 

The head loss of 0.928 V2 metres of water, is equivalent to a pressure 
loss of 

PL = pgh = 977.3 x 9.81 x 0.928 V2 

= 8897.0 V2 Pa. 

The fluid velocity will be such that the forces balance, i.e. 

8897 V2 = 106.5 
or V = 0.109 m/s 
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However, we must now check that the estimated friction factor of f = 0.03 
was reasonable. 

We therefore compute the Reynolds number.
 

Re = VD 977.3 x 0.109 x 0.025 
4 x10-4 

= 6658 

So the flow is barely turbulent. 

from Diagram 1 we find f 
(smooth pipe) 

= 0.034 

Recalculating the head loss gives 

HL 	 = 0.034 x 8 + 8.6) V2 0.993 V2
 
0.025 2g 0 

equivalent to a pressure loss of 

PL 	 = 977.3 x 9.81 x 0.993 V2 

= 9520.2 V2 Pa. 

At steady state
 

9520.2 V2 = 106.5 

or V = 0.106 m/s 

The flowrate is given by 

Q = V x A m3/s 

Q = 0.106 x w x (0.025)2/4 
= 0.052 litres/sec. 
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Problems
 

1. 	Air flows in a 0.15 m pipe at a pressure of 2.06 bar gauge and a
 
temperature of 370C. If the barometric pressure is 1.03 bar and the
 
velocity is 4 m/s, calculate the mass flow rate.
 

2. Carbon dioxide passes point A in a 75 mm pipe at a velocity of 5 m/s.
The pressure at A is 2 bar and the temperature is 20°C. At a point B 
downstream the pressure is 1.4 bar and the temperature is 300C. For a 
barometric reading of 1.03 bar, calculate the velocity at B and compare
the volumetric flows at A and B. The gas constant, R, for carbon 
dioxide is 187.8 J/kgK.
 

3. 	A horizontal air duct reduces in cross section area from 0.75 m2 to
 
0.20 m2 . Assuming no losses, what pressure change will occur when 6
 
kg/s of air flows? Take the density of air as 3.2 kg/m 3 under these
 
conditions.
 

4. Water at 32.2 0C is to be lifted from a sump at a velocity of 2 m/s

through the suction pipe of a pump. Determine the theoretical maximum
 
height of the pump setting under the following conditions: atmospheric
 
pressure = 0.983 bar, friction losses in the suction pipe equal to 
3 velocity heads. 

5. 	For the turbine sketched in Example 3, if 50 kW is extracted while the
 
pressure gauges at A and B read 1.4 bar and -0.3 bar respectively, what
 
is the water volumetric flow?
 

6. 	Heavy fuel oil flows from A to B through 104.4 m of horizontal 153 mm
 
steel pipe. The pressure at A is 1 069MPA and at B is 34.48 kPa. 
 The
 
kinematic viscosity is 412.5 x 10- m2/s and the relative
 
density is 0.918. What is the volumetric flow?
 

7. 	Points A and B are 1224 m apart along 
a new 153 mm I.D. steel pipe.

Point B is 15.39 m higher than A and the pressures at A and B are 848
 
kPa and 335 kPa respectively. How much medium fuel oil will flow from
 
A to B if he relative density is 0.854 and the kinematic viscosity is
 
3.83 x 10- m2/s?
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HEAT TRANSFER
 

The design and analysis of solar energy conversion systems requires 
an
understanding of the principal modes of heat transfer: 
 conduction, convec­
tion, and radiation. 
 In this set of notes we will 
examine these mechanisms

and see how they may be combined to facilitate the thermal analysis of solar
 
collectors and heat storage systems.
 

Conduction
 

Conduction is the only mode of heat transfer in opaque solid media.
The rate of heat transfer is given by Fourier's law:
 

dx
= -kA 

where k is the thermal conductivity of the material, A is the area available
for heat transfer, and dT/dx is the temperature gradient. The negative sign

is required because dT/dx is itself negative since heat is transferred in
the direction of decreasing temperature. If the thermal conductivity is

independent of temperature, equation 1 may be integrated directly to give
 

Q = kA AT (2)

AX
 

where AT is the temperature difference and Ax is the of
thickness the
 
material through which heat is being conducted.
 

The units of thermal conductivity are Btu/hr ft°F or W/m K in S.I.units. The rate of heat transfer, Q, will then have units of Btu/hr or 
Watts (W). The following conversion factors apply.
 

1 Btu/hr = 0.2931 Watts 
1 Btu/hr ft OF = 1.731 W/m K 

Example 1 

The glass cover of a solar collector has an area of 30 square feet and
a thickness of 5/16 inches. 
 The thermal conductivity of the glass is 0.5
 
Btu/hr ft°F. Determine the rate of heat transfer through the glass if the
outside surface temperature is 50'F and the inside surface temperature is 

750 F. 

at 

Solution: The temperature difference, AT, is 250F
 
also AX = 5/16 inch
 

k = 0.5 Btu/hr ft OF 
A = 32 ft2
 

Hence from equation 2
 

Q = 0.5 x 32 x (75_- 50) x 12 - 15,360 Btu/hr
5[16 
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For many substances k is, in fact, a linear function of temperature in
 
which case the thermal conductivity should be evaluated at the mean tempera­
ture, i.e. at (TI + T2)/2.
 

It is usual to determine conduction heat transfer rates by working in
 
terms of the total resistance to the transfer of heat. One may then write:
 

Q =AToveral1 (3)
 
ER
 

where AToverall is the temperature difference between inner and outer
 
surfaces and ER is the sum of the resistances to the transfer of heat. From
 
equation 2 it is clear that the resistances may be evaluated as
 

ER = E(Ax/kA) (4) 

Example 2
 

The walls of a house are constructed as follows:
 

material thickness conductivity
 

outside brick 0.1 m 0.7 W/m K
 
insulation 0.2 m 0.065 W/m K
 

inside plaster board 0.03 m 0.48 W/m K
 

If the temperature difference across the inside and outside surfaces is
 
200C, determine the rate of heat transfer dueto conduction if the total
 

2
wall area is 80 m .
 

The resistances are found as follows:
 

brick R = 0.1/0.7 X 80 = 0.00179 K/W
 
insulation R = 0.2/0.065 X 80 = 0.03846 K/W
 
plaster board R = 0.03/0.48 X 80 = 0.00078 K/W
 

so ER = 0.04103 K/W
 

The heat transfer is therefore
 

Q = 20/0.04103 = 487.4 Watts
 

http:0.03/0.48


61
 

The concept of a resistance to heat transfer is analogous to electrical
 
resistance in an electric circuit. The wall structure of example 2 is an
 
example of resistances in series. For some composite structures resistances
 
may be also in parallel. For example, where there are two conductive routes
 
between two surfaces the network may be presented as:
 

R

2
 

T1 2 

R3
 

The overall resistance to heat transfer would then be calculated as
 

ER = R1 + R2 + R3 + R4
R2R 3
 

This form of analysis may also be extended to cylinders or pipes where
 
the resistance to conductive heat transfer is given by
 

R= n (ro/ri) ( ) 

where ri and ro are the inner and outer radii of the relevant surface
 
and L is the length of the pipe. The total conduction heat transfer is then
 
found, as before, from equation 3.
 

Two further terms appear in the literature. The first is conductance, C,
 
which is simply the reciprocal of resistance, i.e.
 

C = IIR 
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but which may be given for a specified thickness of material on a unit area
 
basis. The second is the overall heat transfer coefficient, U, which is
 
simply the reciprocal of the sum of the resistances, i.e.
 

U = 1/ER 

but which may also be given on a unit area basis in which case equation 3 is
 
written as
 

Q = UMAT (6) 

Ind'll calculations it is important to closely examine the units of the 
relevant data to ensure that the appropriate equation is being used and that 
the calculation is dimensionally consistent. 
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Design Values of Various Building and Insulation Materials" 

Table ConductivitM (k), Conductances (C). and Resistances (R) of Various Construction Mateials 

MaWDeftdplon 
Dmaity 
(LW 

Mean 
Temp 

Canuc 
fivitryk 

Corpcf 
on" 

CU F0 F 10 (C) 

BUILDING BOARD Asbeto-cement board.............. 120 75 4.0 -
BOARDS, PANELS, 
SUBrIPOINo, 
SHEATHING,WonPs P~L 

Asbestoo-cement board.......... n 120 75
Asbestos-cement board.... in. 120...1 75
Gypsum or ........ 50in. 75Gpsum or plasterplaster boardboard........ tin. 0 7 

-
-
--

3300 
16.50 
3.102.5 

WOODBASD PANEL 
PaoDUCTS 

G jn 

Plywood ......................... 
Plywood .................. n. 
Plywood .................... in. 
Plywood ...................... in. 
Plywood or wood panels ......... in.Insulatin6 board 

0 
34 
34 
34 
34 
34 

7 
75 
75 
75 
75 
75 

0.80 
-
-
-
-

.5 
-

3.20 
2.13 
1.60 
1.07 

Sheathing, regular density .....in. 18 75 - 0.76 
.... n

Sheathing intermediate density. j in.
Nail-bae sheathing .......... I in.
Shingle backer ............... in. 
Shingle backer.............n 
Sound deadening board ...... in 
Tile and lay-in paneli, plain or 

acoustic ....................... 

18 
22 
25 
18 
18 
15 

18 

75 
75 
75 
75 
75 

75 

-
-

-
-
-

0.40 

0.49 
0.82 
0.88 
1.06 
1.28 
0.74 

-
..................... in. 18 75 - 0.80 
..................... fin. 

Laminated paperboard ............ 
Homoneneous board fromrepudped paper................. 

18 
30 

30 

75 
75 

75 

-
0.50 

0.50 

0.53 
-

-
HardbiArd

Medium density siding ....... n 
Other medium density ............ 
High density, service temp. service,

underlay ..................... 
High density,std. tempered ....... 

40 
.50 

.55 
.63 

75 
75 

75 
75 

-
0.73 

0.82 
1.00 

1.49 
-

-
-

Particleboard 
Low density ..................... 37 75 0.54 -
Medium density..................High density..................... 
Underlayment ................ 

Wood subfloor .............. in. 

50
62.5 
40 

75 
75 
75 
75 

0.94 
1.18 
-

-
-

1.22 
1.06 

BUILDING PAPER Vapor-permeable felt .............. 
Vapor--el,2 layern of mopped 

- 75 - 16.70 

15-lb felt.. ................ .Vapor-seal, plastic film ............. - 7575 - 8.35 
-

FINISH 
FLOORING 
MATERIALS 

Carpet and fibrous pad............
Carpet and rubber pad..............-
Cork tile..................... 
Terrazzo ....................
Tile-asphalt, linoleum, vinyl, rubber. 

-

-
-
-

75 
75 
75 
75 
75 

-

-

0.48 
0.81 
3.60 
12.50 
20.00 

INSULATING 
MATERIALS 

BLAN ET AND KATr 
Mineral Fiber, fibrous form processed

from rock, slag, or glassapprox. 2-2 in................- 75 - -

...... _ 
approx. 3-31 in................-
approx. 51-61 in...............-

75 -
-

-
-

BOARD AND SLABS Cellular glass ....................... 
Glaw fiber, organic bonded .......... 

9 
4-9 

75 
75 

0.40 
0.25 

-
-

Expanded rubbr (rigid) .............
Expanded polystyrene extruded,plain.................. 
Expanded polystyrene extruded,(R12 exp.) ...................... 
Expanded poly--tyrene extruded, (R-12exp.) (Thcknes I in.and greater). 

. 

4.5 

1.8 
22.2 

3.5 

75 
75 
75 

0.22 

0.25 

0.20 
0.19 

-

-

-
Expanded polystyrene, molded beads.
Expanded polyurethane (R-11 exp.)

(Thicknes I in. or 5reater) ........ 
Mineral fiber with resin binder ......... 
Mineral fiberboard, wet fcltedCore or roof insulation ............ 

1.0 
1.5 
2.5 

1 

16-17 

75 
75 

75 

75 

0.28 
0.16 

0.29 

0.34 

-
-

-

-

Not.e: a Fom ASHFAE findbook q Fundom&,. 

cnPerkwh Few~~ffikr 
Ilo/s1idgm. I/R(l


Hikn 

0.28 
-
-
-

1.25 
-

-
-

-

2.50 
-
-

2.00 
2.00 


-
. -37 

1.22
1.00 

1.85 
1.06
0.85 

-

-

-

-
-

-

-

-

-

-

-
-

-


2.50 
4.00 

4.55 


4.00 


5.0 


5.26 

3.57 
6. 

3.45 

2.94 

nonfli.d 

-
0.033 
0.07 
0.8204 

-
0.31
040.47 
0.62 
0.93 

1.30 
2.06 
1.0 

1.14 
0.94 
0.78 
1.35 

-
1.25 
1.89 
-

-

0.67 
-

-

-


-

-

-


0.82 
0.94 

0.06 

0.15Negl.
 

1.23 

0.28
 
0.08 
0.05 


7 
1/

19 

-

-

-


-
-
-

-

-

-

N,#
"t
pe'
 

b(1dg 

0.29 
0.29 
0.29 
0.29 
0.29 

0.31 
0.31 
0.31
 
0.31 
0.31 
0.31 
0.30 

0.32 
0.32
 
0.32 

0.28
 

0.28
 
0.31
 

0.33
 
0.33
 

0.31
 
0.31
 
0.31
 
0.29 
0.34 

0.34
 

0.30
 

0.18
 
0.18
 
0.18 

0.24
 
0.19
 

0.29
 

0.29 
0.29 

0.29 
0.38
 
0.38
 
0.17 
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Table J Continued 

Mohteao Detctflpon Dnajiy(Lb per MeanTemp Cdu.
tiviqy 

Conduct. 
once Per ack For t/Ack 

Spediec
Heat, 

CU FI) F (WI (C) thkkneu
(/h) 

nes lis It per({/cl (IbMFd) 
o0AI AND SLAes 

(Continued) 
Acoustical tile .................... 
Acoustical tile ....................Mineral fiberboard, wet molded 

18 
21 

75 
75 

0.35 
0.37 

-
-

.8 
2.73 

-

Acoustical tile ................... 
Wood or cane fiberboard 

23 75 0.42 - 2.38 -

Acoustical tile ............... in. 
Acoustical tile ............... I in. 

Interior finish (plank, tile) .......... 
Insulating roof deck 

Approximately .............. I in. 
Approximately ............... 2 in.Approximately ............... 3 in. 

-
-
15 

-
-
-

75 
75 
75 

75 
75
75 

-
-

0.35 

-
-
-

.0.80 
'.0.53 

-

0.24 
0.18
0.12 

-
-

2.86 

-
-
-

1.25 
1.89 
-

4.17 
5.568.33 

0.30 
0.30 
0.32 

Wnodshredded (cemented in
preformed slabs) ................. 22 75 0.00 - 1.67 - 0.38 

Loose FxLu Cellulose insulation (milled pesper or
wood pulp) ...................... 2.5-3 

Sandust or shavings ................ 0.8-1.5 
Wood fiber, softwoods ............... 2.0-3.5 
Perlite, expanded.................5.0-8.0 
Mineral fiber (rock, slag or glam) 

75 
75 
75 
75 

0.27 
0.45 
0.30 
0.37 

-
-
-
-

3.70 
5.22 
3.33 
5.70 

-
-
-
-

0.33 
0.33 
0.33 

approx. 3in ..................... 
approx. 44 in .................... 

-
-

75 
75 

-
-

-
-

9 
1 

-
-

0.18 
0.18 

approx. 6 in .................... -
approx. 7 in..........................-

Silica aerogeL ...................... 7.6 
Vermiculite (expanded) ............. 7.0-8.2 

4.0-6.0 

75 
75 
75 
75 
75 

-
-

0.17 
0.47 
0.44 

-
-
-
-
-

19 
54 
5.88 
5.13 
2.57 

-
-
-
-
-

0.18 
0.18 

Root INSULATION Preformed, for use above deck 

Approximately ............... I in. 
Approximately ............... I in. 
Approximately .............. 1 in. 
Approximately ............... 2 in. 
Aoroximately .............. 2j in. 
Approximately ............... 3 in.

Ceflular glass ...................... 

-
-
-
-
-
-

9 

75 
75 
75 
75 
75 
75 
75 

-
-
-
-
-
-

0.40 

0.72 
0.36 
0.24 
0.19 
0.15 
0.12 
-

-
-
-
-
-
-

2.50 

1.39 
2.78 
4.17 
5.56 
6.67 
8.33 
- 0.24 

MASONRY 
MATERIALS 

CONCli-TES 

Cement mortar ................... 
Gypsum-fiber concrete 874% gypsum,

121% wood chips ................. 
Lightweight aggregates including ex-

pandedshale, clay or slate; expanded
slags; cinders; pumice; vermiculite; 
also cellular concretes 

116 

51 
120 
100 
80 
60 

5.0 

1.66 
5.2 
3.0 
2.5 
1.7 

-

-
-
-
-
-

0.10 

0.60 
0.19 
0.28 
0.40 
0.59 

-

-
-
-
-
-

40 1.15 - 0.86 -
3020 0.900.70 - 1.111.43 -

Sand and gravel or stone aggregate 

(oven dried) ..................... 140 9.0 - 0.11 -
Sand and gravel or stone aggregate

(not dried) ...................... 
Stucco ............................ 

140 
116 

12.0 
5.0 

-
-

0.08 
0.50 

-
-

MASONRY UNITS Brick, common .................... 
Brick, face ........................ 

120 
130 

75 
75 

5.0 
9.0 

-
-

0.10 
0.11 

-
-

Clay tile, hollow: 
I call deep ............... 
I cell deep ............... 
2 cells deep .............. 
2 cells deep .............. 
2 cells deep .............. 
3 cells deep .............. 

3 in. 
4 in. 
6 in. 
8 in. 

10 in. 
12 in. 

-
-
-
-
-
-

75 
75 
75 
75 
75 
75 

-
-
-
-
-
-

1.25 
0.90 
0.66 
0.54 
0.45 
0.40 

-
-
-
-
-
-

O.k0 
1.11 
1.51 
1.85 
2.21 
9.50 

Concrete blocks, three oval core: 
Sand and gravel aggregate ..... 4 in. - 75 - 1.40 - 0.71 

Cinder aggregate .......... 
... 

8 in. 
12 in. 
3 in. 

-
-
-

75 
75 
75 

-
-
-

0.90 
0.78 
1.16 

-
-
-

1.11 
1.25 
0.86 

............. 4 in. 
...... 8 in. 

...... 2in. 
Lightweight aggregate [3 in.

(expanded shale, clay, slate in. 
ora lag; pumice) 8in. 

1 in. 

-
-
-
-
-
-
-

75 
75 
75 
75 
75 
75 
75 

-
-
-
-
-
-
-

0.90 
0.58 
0.53 
0.79 
0.67 
0.50 
0.44 

-
-
-
-
-
-
-

1.11
1.75 
1.89 
1.57 
1.50 
2.00 
9.57 
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Table I Concluded 

MkalDeftp9ion 
Dest 
(Lb per 
CU Je) 

Mea 
Temp 

F 

Codc 
livity 

10) 

Codut 
04"c 

(C) 

ReAjadt n) I 
ds~ artik 

1hkk/e n0u le 

Sed 
How8hi per 

o 

Concrete blocks, rectangular core. 
Sand and gravel aggregate

2 core, 8 in. 36 lb.............. 
Same with filled cores ........ 

Lightweight aggregate (expanded shale,clay,liate or Rlagtpumice): 
3 core, 6 in. 19 ................ 
Same with filled cores .......... 
2 core, 8 in. 24 lb............... 
Same with filled cores ...........-
.1core, !2 in. 38 lb............. 
Same with filled cores ............-

Stone, lime or sand ................. 
Gypsum partition tile: 

3 X 12 X 30 in. solid ..............-
3 X 12 X 30 in. 4-ce"............. 
4 X 12 X 30 in. 3-ct ............. . 

-
-

-
-

.-

-

.-
-

45 
45 

45 
45 
45 
45 
45 
45 
75 

75 
75 
75 

-
-

-
-
-
-
-
-

12.50 

-
-
-

0.96 
0.52 

0.61 
0.33 
0.46 
0.20 
0.40 
0.17 
-

0.79 
0.74 
0.60 

-
-

-
-
-
-
-
-

0.08 

-
-
-

1.04 
1.93 

1.6 
5.99 
5.18 
5.03 
i.48 
5.85 
-

1.56 
1.35 
1.67 

PLASTERING 
MATERIAIS 

Cement plaster, sand aggregate ....... 
Sand aggregate ............... I in. 
Sand aggregate ............ in.

Gypsum piaster:
Lightweight aggregate ........ in.
Lightweight aggregate ..... !n. 
Lightweight agg. on metal lath, in. 
Perlite aggregate ................. 
Sand aggregate ................... 
Sand aggregate ............... j in. 
Sand aggregate ............ in 
Sand aggregate on metal lath., tin. 
Vermiculite aggregate ............. 

116 
-
-

45
45 
-
45 
105 
105 
105 
-
45 

75 
75 
75 

7575 
75 
75 
75 
75 
75 
75 
75 

5.0 
-
-

--
-

1.5 
5.6 
-
-
-

1.7 

-
13.3 
6.66 

3.122.67 
2.13 
-
-

11.10 
9.10 
7.70 

-

0.2O 
-
-

--
-

0.67 
0.18 

-
-
-

0.69 

-
0.08 
0.15 

0.30.39 
0.47 
-
-

0.09 
0.11 
0.1 
-

ROOFING Anbestos-cement shingles ............ 
Asphalt roil roofing ................. 
Asphalt shingles .................... 
Built-up roofng ................Slate.......................... I in.in.Wood shingles, plain a plastic film 

120 
70 
70 
70-

75 
75 
75 
7575 

-
-
-
-

4.76 
6.50 
2.27 
3.0020.00 

-
-
-
--

0.21 
0. 1j 
0.44 
0.330.05 0.35 

faced ........................... - 75 - 1.06 - 0.94 0.31 

SIDING 
MATERIAIS 

(ON FLAT SURFACE) 

WOODS 

Shin les 
Asbestos-cement .................. 
Wood, 16 in., 7j exposure ......... 
Wood, double, 16-in., 12-in. exposure
Wood, plus insul. backer board. ,Ain. 

Siding
Asbestos-cement, I in., lapped ..... 
Asphalt roll siding ................ 
Asphalt insulating siding (i in. bd.) 
Wood, drop I X 8 in .............
Wood, bevel, j X 8 in., lapped . 
Wood, bevel, X 10 in., lapped....
Wood, plywood, I in., lapped * * 
Aluminum or Steel -, over sheathing

Hollow-backed ................. 
Insulating-board backed nominal 

I in ........................... 
Insflating-board backed nominal

I in. ol backed ................ 
Architectural glass .................. 
Maple, oak, and similar hardwoods. 
Fir, pine, and similar softwoods ...... 

i A .. i.Fir,pine, and similarsoftwoods... 

..21 in. 

..3j in. 

120 
-
-
-

-
-
-
-
-
-
-

-

-

-
-
45 

323 

32 

75 
75 
75 
75 

75 
75 
75 
75
75 
75 
75 

-

-

-
75 
75 

75 

75 

-
-
-
-

-
-
-
-
-
-
-

-

-

-
-

1.10 

-

-

4.76 
1.15 
0.84 
0.71 

4.76 
6.50 
0.69 
1.27
1.23 
0.95 
1.59 

1.61 

0.55 

0.34 
10.00 

-

1.06 

0.23 

-
-
-
-

-
-
-
-
-
-
-

-

-

-
-

0.91 

-

-

0.21 
0.87 
1.19 
1.40 

0.21 
0.15 
1.46 
0.79
0.81 
1.06 
0.59 

0.61 

1.82 

5 -'6 
0.10 

-

0.94
18 

4.38 

0.31 
0.31 
0.31 

0.31
0.31 
0.31 
0.29 

0.30 
0.33 
0.33 
0.33 
0.33
0.33 
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U-Values of Windows, Skylights, and U-Values of Solid Wood Door" 
Light-transmitting Partitions' 

Winter Summer 

Thidneis' No Storm Door Storm Door' No Storm Door
 
PART A-VERTICAL PANELS (EXTERIOR WINDOWS AND PARTITIONS)- Wood Met4i
 

FLAT GLASS, GLASS BLOCK AND PLASTIC SHEET
 I In. 0.64 0.30 0.39 0.61 
Exterior 14 In. 0.55 0.28 0.34 0.53 

Description Infedr 1 % in. 0.49 0.27 0.33 0.47 
Winter Summer 2 In. 0.43 0.24 0.29 0.42 

Flat Glawe 
single gism 1.13 1.06 0.73 Notes: a. UntbaeBAi-i-*.P romASIVAEldbookqFundmcruntI. 

b. Nomal thm-.insulating gla -dtiuble c.Value fowood slorndoors areforapproidmately 50 perCeI glas10fmetal 
Win. fir space 0.69 0.64 0.51 t doors values apply Jorany percent of glamin. air apace 0.65 0.61 0.49
 
in. air apace 0.58 0.56 0.46
hnaulating gl~-triple
 

in. r apacee 0.47 0.45 0.38
 
i.azrpaces 0.36 0.35 0.30 

storm windows
 
1 in.-4 in. air space 0.56 0.54 0.44
 

Glaws Block
 
6X 6 X 4 in. thick 0.60 0.57 0.46
 
8X 8 X 4 in. thick 0.56 0.54 0.44
 

-with cavity divider 0.48 0.46 0.38
 
12 X 12 X 4 in. thick 0.52 0.50 0.41
 

-with cavity divider 0.44 0.42 0.36
 
12 X 12 X 2 in. thick 0.60 0.57 0.46
 

Single Plastic Sheet, 1.09 1.00 0.70 

PART B-HORIZONTAL PANELS (SKYLIGHTS)-FLAT GLASS,
GLASS BLOCK, AND PLASTIC BUBBLES Air-Space Resistances (R) for 50WF 

Mean Temperaturee
Exterior 

Description Winter Summer Interior Position of Direction of Air Space Bounded AirSpace Bounded 
Air Space Heat Flow by Ordinary Materials by Aluminum Foil 

Flat Glass
 
single glass 1.22 
 0.83 0.96 0.75-!nch 4-inch 0.7b-nch 4-inchR R R R 
Insulating glas-double -

Ain. airspace 0.75 0.49 0.62 
in. ar space 0.70 0.46 0.59 Horizontal Upward 0.78 0.85 1.67 2.06in. air space 0.66 0.44 0.56 Horizontal Downward 1.02 1.23 3.55 8.94 

Glas Block Vertical Horizontal 0.96 0.94 2.80 2.62 

11 X 11 X 3 In. thick with Notes: L Fr AHRAE H=,dbook Foa r, aria ofhr-fe.'F/ft.
cavity divider 0.53 0.35 0.44
 

12 X 12 X 4 in. thick with
 
cavity divider 0.51 0.34 0.42
 

Plastic Bubbles 
single walled 1.15 0.80 ­
double walled 0.70 0.46 -

PART C-ADJUSTMENT FACTORS FOR VARIOUS WINDOW TYPES 
(MULTIPLY U VALUES IN PARTS A AND B BY THESE FACTORS) 

Single Double or storm
 
Windoew Description Glasle Triple Widw
GsGlo G Widow, 

AllGlass 1.00 1.00 1.00
 
Wood Saah-80% Glans 0.90 0.95 0.90
 
Wood Saah--60% Glass 0.80 0.85 0.80
 
Metal Sauh-80% Glass 1.00 1.20 1.20
 

Notes: a. From ASI-AE Handbook ofFwiamer ,d; unitsate Bt4r--1.F 
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Thernud Conductivity (k) of Various Construction Materlals 

Ac. 
Typtod Ty~icrz Conkcl/vly k of Mean Tem FFee Mofaed (Composition) Dnmoity 

for /cvftl 
Use, F -100 -75 -50 - 25 0 25 50 75 100BLANKET 200 300 500 70 900MINERAL FIBER4 FELTS (Rook,Slag.or 


Bankeal Reinforced 1200 6-12 
 0.208.20.90• Mlrr Fiber, Glass 1000 2.5-0 0.24 0.31 0.40 0.8I.39o 
Blanket, lexibi.,-Fine-Fber 350 0.25&pnk hodj 

0.85 0.20.280.0 0.330.300.530.75 0.24 0.25|0.27 0.2g0.320.340.48
1.0 0.23 0.24f0.25[0.2710.2gO.3210.31.5 0.21 0.22 0.23 0.230.27 0.28|0.372.0 0.20 0.210.22|0.23 0.25 0.26 0.333.0 0.19 0.20 0.21 0.22 0.23 0.24 0.31Blanket, Flexible, Textile-Fiber 350 0.85Organic Bonded 0.27 0.28 0.29 0.30 0.310.320.50 0.60.75 0.2 0.27 0.28 0.29]0.31 0.320. 801.0 0.24 0.25 0.28 0.27 0.29 0.3 0. 4001.5 0.22 0. 3 0.24 0.25 0.27 0.29 0.39 0.513.0 0.20 0.210.22 0.23 0.24 0.25 0.32 0.4 

Felt, Bemi-11U1id Organic Bonded 400 3-8 0.24 0.25 0.28 0.27 0.35 0.44850 3Laminated & Felted 1200 7.5 
0.18 0.17 0.18 0.19 0.2 0.210.220.23 0.240.33055 

Without Binder 0.35 0.45 0.6 
VEGETABLE & ANIMAL FIBER
Hair Felt or Hair Felt plus Jute 180 10
BLOCKS ASBESTOS- 0.280.280.29 0.30 

BOARDS& Laminated Aebestos Paper 700 30 0.400,450.500.PIPE Corrugated & Laminated Asbestose

INSULATION 
 Pae 

ply
"'Ply 11-13300300 15-17 0.54 0.57 0.680.490.51 0.53-.l 300 18-20MOLDED AMOSITE & BINDER 1500 15-18 0.470.49 0.5
85% MAGNESIA 0.320.3 0.42 0.520.820.7200 11- 2CALCIUM SILICATE 0.35 0.381( .421200 11-13 0.38 P.41 t..44 0.52 0.82 0.72
CELLULAR GLAS8 1800 12-1580 9 0.83 0.74 0.95DIATOMACEOUS 0.32 0.33 0.350.300.380.400.420.480.55SILICA 1600 21-22 

0.64 0.84 0.72
MINERAL FIBER 
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MINERAL FIBER
Resin Binder 15 0.23 0.24 0. 250.2110.280. 29RNd,Polystryrene
Extruded, R-12 exp
Extruded, R.12 exp 

170 3.5 0.18 0.16 0.15 0.16 0.16[0.17[0.19 0. 190.20170 2.2Extrudel 0.16 0.16 0.17 0.16 0.170.18 0.19 0.20170 1. 0.17MoldedBead 0.18 0.19 0.20 0.21 0.23 0.24[0.250.27Polyurethane 170 1 0.18 0.20 0.21 0.23 0.240.250.20.28 
R-11 exp 210 1.5-2.5 0.16 0.17 0.18 0.18 0.1 1780,150,1 [0://0.17RUBBER, Rigid Foamed 150 4.5VEGETABLE & ANIMAL FIBER 0.2102.22023 
WoolFelt(PipeInu!tion) 190 20 0.28 0.3010.31 0.33' 

IN8ULATINGCEMENT3 MINERAL FIBERv k ..,la, or Ca)
Wi C'o..idal Clay Binder 1800 24-30 -0-810 With ydraulic Setting Binder 0.490.551200 30-40 0.75 0.80 0.5 .95

LOOSE FILL Cellulose insulation (Milled pulverized
paper or wood pulp) 2.5_3Mineral fiber, @la,. rock or glaze 0.280.270.292-5 0.29 0.22 0.23 0250.20. 2j0.31Perlite (expanded)Blie& barogel 5-9 0.25 0.27 0.29 0.30 0.32 0.34 0.35 0.37-0 397.8 0.23 0.24 0.150.5 0.10 7l0.8Vermiculite (expanded) 7-8.2 0.39 0.40 0.420.44 0450710.18

4-46 0. 0.3 0o38 0.40I 4 
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Convection
 

Heat transfer takes place between a solid surface and a fluid whenever
 
a temperature difference exists. 
 If the fluid is in laminar motion then
heat transfer is considered to take place largely by conduction. Even when
the bulk of the fluid is in turbulent motion, the layer immediately adjacent

to the wall is in laminar motion. 
 Where mixing of the fluid particles
occurs, the heat is transferred by convection. Convection may be either

forced or natural (free) convection depending on whether the fluid motion is
imposed or whether it occurs 
because of differences in density caused by
temperature changes. 
 A buffer layer exists between the laminar layer and
the turbulent bulk. In this intermediate region the heat transfer is

characterized by both conduction and convection.
 

i;nce the laminar layer presepts a much greater resistance to heat

transfer than either the buffer region 
or the turbulent bulk, most of the
 temperature resistance 
occurs across the laminar layer. The entire
resistance to heat transfer is, for practical purposes, regarded as being

concentrated in this thin layer. 
 Thus the conductance term for a fluid is
 
generally referred to as the film heat transfer coefficient.
 

The heat transfer brought about by convection is generally computed in
 a manner analogous to heat transfer by conduction. That is,one may write
 

Q = hcAAT (7)
 

where hc = convective heat transfer coefficient, often called a film
 
coefficient
 

A = area available for convective heat transfer
 

AT = temperiture difference between the surface and the bulk of the fluid.
 

Convective heat transfer may also be within
treated the framework of a
thermal resistance network in 
a manner analogous to conduction. The thermal
 
resistance to convection is given by
 

Rc = 1 (8) 

As an example, consider the heat transfer from the interior of 
a room at
Ti through a wall to the 
air outside at temperature To. Heat is first

transferred by free convection to the interior surface of the wall, 
then by
conduction through the wall 
to the exterior surface, and finally from the
exterior surface to the air outside. There are, therefore, three resis­tances to the transfer of heat. The total resistance R is given by:
 

R = 1 +x + 1F_T~ A T5F__A
ci co
 
where hci, hco are the inner and outer convective film coefficients, 
x is the wall thickness, and k is the thermal conductivity of the wall

material. The overall heat transfer is simply:
 

Q = Ti - To
 

R
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Film Coefficients
 

Convective heat transfer film coefficients are generally determined
 
experimentally and many correlations have been reported in the literature.
 
The data are generally structured in terms of five dimensionless numbers.
 
These are:
 

Nusselt number (Nu) = hL/k 
Reynolds number (Re) = puL/p 
Prandtl number (Pr) = iCp/k
 
Grasshof number (Gr) = qAT L3p2/,2 

Rayleigh number (Ra) = gOAT L3p2Cp/1ik 

where h = heat transfer coefficient
 
L = characteristic dimension
 
k = thermal conductivity
 
u = fluid velocity
 
p = fluid density
 
V = viscosity
 
Cp = specific heat (constant pressure)
 
0 = coefficient of expansion of the fluid
 
AT = temperature difference
 
g = acceleration due to gravity (9.81 m/s2 or 32.2 ft/s 2)
 

All these terms are well defined except for the characteristic dimension L. 
This term will depend on the configuration of the system being examined. 
For ideal gases o is equal to the reciprocal of absolute temperature, i.e. 

l/T. This is a good enough approximation for air.
 

In general, the Nusselt number, for convection, can be related to the other
 
dimensionless numbers by equations of the form:
 

Nu = C(RenPrm) forced convection
 
and Nu = C(GrnPrm) free convection
 

where C, n, m are empirical constants which must be determined experimen­
tally. Once the Nusselt number has been determined for the system under
 
consideration, the film coefficient follows directly from
 

h = (Nu)k/L (9) 

The following correlations are applicable for common system configura­
tions found in solar energy systems.
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1. Laminar Flow in Pipes and Ducts 

Nu = 1.86 (Re.Pr.Dh) 1/3 1b (10) 
L P
 

applicable for Re.Pr.Dh/L > 10
 
and Re < 2100
 
Dh isthe hydraulic diameter of the pipe or duct, given by
 

Dh = 4 x flow areawetted perimeter 	 (11) 

Ob is the viscosity at the bulk (mean) temperature of the fluid (use
this temperature for Pr also); )w is the viscosity of the fluid at the
 
wall temperature.
 

also 	 Nu = hDh/k
 
Re = puDh/Pb
 

and L isthe length of the pipe or duct.
 

If the conduit is short, i.e. L/Dh < 60, Nu may be multiplied by a 
factor equal to
 

1 + (Dh/L)
0 7
 

2. Turbulent Flow in Pipes and Ducts
 

When the Reynolds number is above 6000 then fluid flow is fully turbu­
lent and heat transfer is enhanced. The Nusselt number may be estimated as
 

0	 1 4Nu = 0.023 Re .8Pr1/3 (!b) 0. (12)
liw 

applicable for 	 Re > 10,000
 

0.7 < Pr 	< 7000
 

and properties based on bulk temperatures.
 

Ifthe tube is short increase Nu by
 

7

I + (Dh/L)

0.
 

3. Turbulent Flow Between Flat Plates
 

One side heated:
 

Nu = 0.0196 ReO08Prl/3 (13)
 

where Re and Nu are based on the hydraulic diameter.
 

http:Re.Pr.Dh
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4. 	Flow in a Helical Coil
 

For flow in a helical coil the value of the heat transfer coefficient
 
calculated for a straight tube should be multiplied by
 

1 + 3.5 (tube diameter)
 
coil diameter"
 

5. 	Free Convection from Surfaces
 

a) Vertical surfaces, L = vertical dimension, < 3 ft 

Ra < 104, Nu = 1.36 Ra0"2 

104 < Ra < 109, Nu = 0.59 Ra0"25  (14) 
Ra > 109$ Nu = 0.13 Ra1/3 

b) Horizontal Cylinder, L = diameter, < 8 ins 

41 < Ra < 10, Nu = 1.09 Ra0 2
 

104 < Ra < 109, Nu = 0.53 Ra0"25  
 (15)
 
Ra > 1099 Nu = 0.13 Ra1/3
 

c) 	Horizontal Flat Surfaces
 

104 < Ra < 107 , Nu = 0.76 Ra0"25 (16) 
107 < Ra < 1010, Nu = 0.15 Ra1/3 

The characteristic length, L, is four times the area divided by the 
perimeter. 

d) Sphere, L = diameter 

Nu = '2+ 0.45 Ra0"25  (17)
 

Inall the above correlations fluid properties are to be evaluated at
 
temperature, Tf, where
 

Tf 	 = 1/2 (surface temperature + ambient temperature)
 

6. 	Free Convection Between Two Parallel Surfaces
 

For air, the Nusselt number may be found as:
 

Nu 	 = I + 1.44 [1 - 1708/B] + {I - 1708 (sin 1.80) 1.6 1
 
B
 

+ [(B/5830)I/3 _ I]+ 
 (18)
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where the meaning of the + exponent is that only the positive values of the
 
term in the square brackets are to be used (i.e. use zero if the term is 
negative).
 

In equation (18) B = Ra cos a where Ra is the Rayleigh number and a is 
the angle between the surfaces and the horizontal. Ra is based on L = d,
the distance between the plates. Equation 18 is valid for a between zero 
and 750.
 

For inclinations between 750 and 900 the recommended relation for air
 
is
 

Nu = max [ 1, 0.288 (A Ra sin a)I/4, 0.039 (Ra sin 0)1/3] (19)
 

The constant A in equation 19 is the aspect ratio of the air layer, defined
 
as the ratio of the thickness to the length along the layer measured along
 
either surface in the upslope direction.
 

7. Air Flow over a Flat Surface 

The calculation of heat transfer coefficients for flat heated surfaces
 
exposed to wind does not appear to be well established. For smooth surfaces
 
a rough approximation is given by the dimensional equations:
 

h = 4.5 + 2.9u ; h = W/m2 K , u = m/s 
or h = 0.8 + 0.23u ; h = Btu/hr ft2oF , u = mph 
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Radiation
 

All heated bodies emit thermal electromagnetic radiation whose wave­
lengths and intensities are dependent upon the temperature of the body and
 
its optical characteristics.
 

Thermal radiation is usually considered to lie within that part of the
 
electromagnetic wave spectrum with a wavelength between 0.1 to 100 Jm
 
(microns). Solar radiation has most of its energy in the range between 0.1
 
and 3 jm. The visible part of the spectrum is between about 0.4 - 0.7 Pm.
 

It can be shown that the energy density at a given wavelength is
 
related to the monochromatic radiation emitted by a perfect radiator,
 
usually called a black body, according to the relation.
 

E C1 W/m2 . Pm (21)
(ec2/AT - 1)A5 

where C1 = 3.7405 x 108 W. pm4/rn2
 

C2 1.43879 x 104 pm.K
 

Eb is the monochromatic emissive power of a blackbody, defined as the 
energy emitted by a perfect radiator per unit wavelength, at the specified
wavelength A, per unit area and per unit time at the specified temperature T 
(in degrees Kelvin).
 

The total energy emitted by a blackbody can be obtained by integration
 
over all wavelengths:
 

3Eb Eb~dA = aT 4 W/m2 (22) 

0 

where o is called the Stefan-Boltzmann constant and is equal to
 
5.67 x 10-8 W/m2 K4.
 

It is also of interest to know the wavelength corresponding to the
 
maximum intensity of blackbody radiation. This may be determined from
 
Wien's displacement law:
 

Amax T = 2897.8 Pm (23)
 

For example, we can estimate the wavelength of the maximum intensity of the
 
radiation emitted from the human body.
 

Taking the body temperature as 98.40F or 37°C, we have
 

A 2897.8 9.34 im
 max 37 + 273
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Table 4 Fraction or llackbody Radiant
 
Energy Between Zero and XTfor even increments
 
of ).T 

AT, pm K f-Ar AT,lpm K fo-Ar 

1000 0.0003 6200 0.7541 
1100 0.0009 6300 0.7618 
1200 0.0021 6400 0.7692 
1300 0.0043 6500 0.7763 
1400 0.0077 6600 0.7831 
1500 0.0128 6700 0.7897 
1600 0.0197 6800 0.7961 
1700 0.0285 6900 0.8022 
1800 0.0393 7000 0.8080 
1900 0.0521 7100 0.8137 
2000 0.0667 7200 0.8191 
2100 0.0830 7300 0.8244 
2200 0.1009 7400 0.8295 
2300 0.1200 7500 0.8343 
2400 0.1402 7600 0.8390 
2500 0.1613 7700 0.8436 
2500 0.1831 7800 0.8479 
2700 0.2053 7900 0.8521 
2800 0.2279 8000 0.8562 
2900 0.2506 8100 0.8601 
3000 0.2732 8200 0.8639 
3100 0.2958 8300 0.8676 
3200 0.3181 8400 0.8711 
3300 0.3401 8500 0.8745 
3400 0.3617 8600 0.8778 
3500 0.3829 8700 0.8810 
3600 0.4036 8800 0.8841 
3700 0.4238 8900 0.8871 
3800 0.4434 9000 0.8899 
3900 0.4624 9100 0.8927 
4000 0.4829 9200 0.8954 
4100 0.4987 9300 0.8980 
4200 0.5160 9400 0.9005 
4300 0.5327 9500 0.9030 
4400 0.5488 9600 0.9054 
4500 0.5643 9700 0.9076 
4600 0.5793 9800 0.9099 
4700 0.5937 9900 0.9120 
4800 0.6075 10000 0.9141 
4900 0.6209 11000 0.9318 
5000 0.6337 12000 0.9450 
5100 0.6461 13000 0.9550 
5200 0.6579 14000 0.9628 
5300 0.6693 15000 0.9689 
5400 0.6803 16000 0.9737 
5500 0.6909 17000 0.9776 
5600 0.7010 18000 0.9807 
5700 0.7107 19000 0.9833 
5800 0.7201 20000 0.9855 
5900 0.7291 30000 0.9952 
6000 0.7378 4(X00 0.9978 
6100 0.7461 50000 0.9988 
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It is also useful to know what fraction of the total radiated energy is
 
being emitted over a range of wavelengths. Table 4 shows the fraction of
 
blackbody radiant energy emitted between zero and XT for increments of AT.
 

For example, we can determine the fraction of the sun's radiative energy
 
output that lies within the visible part of the electromagnetic spectrum.
 
The temperature of the surface of the sun is about 6000 K. The visible part
 
of the EM spectrum lies 3pproximately between 0.4 and 0.7 microns.
 

From Table 4 we have: 

AT = 0.7 x 6000 = 4200 f (<4200) = 0.516 
XT = 0.4 x 6000 = 2400 f (<2400) = 0.140 

Fraction between = 0M76
 

so about 38% of the sun's output is visible.
 

Absorptance, Emittance and Reflectance
 

The absorptance, a, is the fraction of incident light of a given wavelength
 
that is absorbed when light strikes an absorbing surface. The absorptance
 
of a surface is therefore a function of the wavelength intensity distri­
bution of the incident light.
 

The emittance, c, is the fraction of the emittance of a perfect blackbody at
 
a given wavelength emitted by a heated surface.
 

When radiation strikes a body some is reflected, some absorbed, and if the
 
material is translucent, some is transmitted. It is clear that
 

a + + r = I 

a = fraction absorbed 
T = fraction transmitted (24) 
r = fraction reflected 

If a body is opaque then T = 0
 

The reflection of radiation can be specular or diffuse. When the angle of
 
incidence is equal to the angle of reflection, the reflection is called
 
specular. If the reflected radiation is uniformly distributed in all
 
direction it is said to be diffuse. A real surface exhibits both kinds of
 
reflection. A highly polished surface approaches specular reflection, a
 
rough surface generally reflects diffusely.
 

At a particular wavelength, absorptance is equal to emittance. This
 
relationship is essentially Kirchhoff's law:
 

aX= X 
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For an opaque surface therefore
 

:1x = I - r, 

and ax = I -r
 

The subscript x is important to note because, for most materials, a,(- , and
 
r vary significantly with wavelength the range of
over interest in solar 
energy systems. The few materials for which they do not vary with x are
termed gray bodies, and those with a = 11 for all wavelengths are termed 
blackbodies. 

Infrared Radiation Heat Transfer Between Gray Surfaces
 

The majority of heat-transfer problems in solar energy applications 
involve
 
radiation between two surfaces. For this situation and assuming:
 

1. The surfaces are gray and reflection is diffuse.
 
2. Surface temperatures are uniform.
 

The radiative heat transfer between the surfaces is given by
 

1- I + 22 I) 1- (25) 
1AI AIF 12 E2A2
 

where subscripts I and 2 refer to the two surfaces, E is the emittance, T is

absolute temperature (Kelvin), A is area, and is the factor.
F12 view 


For the special case of radiation between two large parallel plates (i.e. as

in flat-plate collectors) the areas A1 and A2 are equal, and F12 is unity.

Equation 25 therefore reduces to:
 

Aa(T - T4) 
Q 1 1 I(26) 

1
E--E-

Equation 26 also applies to radiation between two concentric long cylinders

forming an annulus when the diameter ratio approaches unity.
 

The second special case is for a small 
 body (surface 1) surrounded by a
large enclosure (surface 2). Under these conditions, the area ratio A1/A2
approaches zero, F12 is again unity, and equation 25 becomes
 

4Q A uA(T _ T4) (27)
2 1 
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The result is independent of the surface properties of the large enclosure
 
since virtually none of the radiation leaving the small object is reflected
 
back from the large enclosure. The large enclosure effectively absorbs all
 
radiation from the small body and thus acts like a black body. Equation 27
 
applies in the case of a flat plate radiating to the sky.
 

The sky can be considered as a black body at some equivalent sky tempera­
ture, Ts. The net radiation to a surface with emittance c and temperature 
T is therefore found from
 

Q - rA o(Ts4 - T4 ) (28) 

Several relations have been prooosed to relate Ts, for clear skies, to
 
other measured meteorological variables. One simple relation is:
 

Ts = 0.0552 Tal. 5 (29)
 

where Ta is the local air temperature in degrees Kelvin.
 

It is possible to define heat transfer coefficients such that equations 26
 
and 27 reduce to simple form of equation 7. That is,we have
 

1/£E + I/E2 -1 (T2 
+ l)(T 22 + T1 

2 ) (30) 

or h EICY(T 2 + T1 )(T22 + T12 ) (31)
 

derived from equations 26 and 27 respectively.
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Radiation Transmission Through Covers
 

The transmittance, reflectance, and absorption of solar radiation by trans­lucent solar collector covers are 
functions of the incoming radiation, and
the thickness, refractive index, and extinction coefficient of the material.
Generally, the refractive 
index, 
n, and the extinction coefficient, K are
functions of the wavelength of the radiation. However, for 
glass these
properties may be taken as 
independent of wavelength.
 

Reflectance
 

For smooth surfaces the reflection of unpolarized radiation on passing from
a medium 1 with a refractive index to medium 2 withnI refractive index 
n2 is given by
 

r sin2 ( )2 o (32)sin 2 (U2 + I) 

tan 2 (02 - 01) 
tan2 ((2 + ®i) (33) 

r(ol) = IrI = 1/2 (r. + rU ) (34)i
 

where 0 1 ' and 02 are the angles of incidence and refraction as shown in 
Figure 1.
 

xi 

Medium 1I ~ 

Medium 2 n2 

Figure I Angles of incidence and rcfraction 
in mcdia having rcfractive indiccs nj and ni. 

Equation 30 represents the perpendicular component of unpolarized radiation
r. and equation 31 represents the parallel component 
of unpolarized
radiation, rl1 • Equation 32 then gives the reflection of unpolarizedradiation as the average of the two components. The angles 01 and ( 2are related to the indices of refraction by Snell's law
 

nI - sin 02n2 sin 01 

(5
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Thus if the angle of incidence and refractive indices are known, equations

32 through 35 are sufficient to calculate the reflectance of the single
 
interface.
 

For radiation at normal incidence (01 = 02 = 0) equations 34 and 35 may be 
combined to yield 

r(O) = n n2)2 (36)li ,n+ n2
 

Refractive indices for some common translucent materials are given below:
 

TABLE '5 Refractive Index for Various Substances in 

the Visible Range Based on Air 

Material Index of refraction 

Air 1.000 
Clean polycarbonate (PCO) 1.59 
Diamond 2.42 
Glass (solar collector type) 1.50-1.52 
Plexiglass" (polymethyl methacrylate, PMMA) 1.49 
Mylar (polyethylene terephthalate, PET) 1.64 
Quartz 1.54 
Tedlar' (polyvinyl fluoride, PVF) 1.45 
Teflon (polyfluoroethylenepropylene, FEP) 1.34 
Water-liquid 1.33 

solid 1.31 

Example 3
 

Calculate the reflectance of one surface of glass at normal incidence and at
 
600. The average index of refraction of glass for the solar spectrum is
 
1.526 (for air n = 1).
 

At normal incidence, equation 36 may be written for nI = 1 as
 

= n - 1\2r(O) 


-
or r(O) = +526 : 0.0434
 

At an incidence angle of 600, equation 35 gives the refraction angle 02 as
 

60 34.580
02 2 sin-i (sin = 4.-17526 ) 

http:1.50-1.52
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Then from 	equation 34 the reflectance is
 

r(60) = 	 1-[sin2 (34.58 - 60) + tan 2 (34.58- 60)1 
2L sin 2 (34.58 + 60) tan 2 (34.58 + 60) 

- i (0.185 + 0.001) = 0.093 

Transmi ttance
 

For a single cover the average transmittance after reflection losses is
 
given by
 

T,Tr 2 r I+ 1 + rr	 (37) 

For a system of N covers, all of the same material, the average transmit­
tance after reflection losses are accounted for is given by
 

1- r 1- r1 	 (38)
r -f -+(2N- I)r + (2N - 1)r 

Example 4 

Calculate the transmittance of two covers of nonabsorbing glass at normal 
incidence and at 600. 

At normal incidence the reflectance of one interface r(O) = 0.0434 (see
example 3). From equation 38 with r = ri, we have, 


_(OI - r(O)
r(O) 1 + r(O 

_ I - 00 3
 

1-0.0434 = 0.85 
1 + 3(0.0434) 

At a 600 incidence angle equations 32 and 33 give
 

r, = 0.185 

ri, = 0.001 



81
 

and from equation 38 we then have
 

1 - 0.001 + 1- 0.185= 21 1 + 3(0.001)i 1 + 3(0.185)]1 

= 0.76 

Figure 
2 bilow shows the effect 
of multiple glass nonabsorbing covers
overall transmittance. on

Table 6 lists the average refractive indices of some
 

common cover meterials.
 

0.,
 

0.6 

0.4 

0.2
 

0 20 40 60 80 
Angle of incidence
 

Figure 2 o Transmittance of 1,2. 3, and 4 nonabsorbing covers having an index of refraction of
 
1.526. 

Table "6. Average Refractive Index in-Solar Spectnum
of Some Cover Matcrials 

Average
Cover Material Refractive Index 

Glas.- 1.526 
Polyrnethyl mcthacrylate 1.49
Polyvinyliluoride 1.45 
Polyfluorinated ethylene propylene 1.34 
Polytetraftluoroethylene 1.37 
Polycarbonate 1.60
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Absorptance
 

The absorption of radiation in translucent media is described by Bouguer's
 
law, which leads to an estimate of absorptance as
 

a= - exp -KL (39) 

where K is the extinction coefficient and L is ,,he distance that the radia­
tion travels, i.e.
 

cover thickness
L = 
cos 02
 

The overall transmittance of a single cover is then given by
 

T = (1 - a)T (40) 

and the reflectance r from the simple identity:
 

r = 1 - a - T (41)
 

The extinction coefficients for some common transparent materials are listed
 
below.
 

TABLE 7. Extinction Coefficients for Transparent Materials 

=
Polyvinyl fluoride (Tedlar ) 1.4 cm ' 
Fluorinated ethylene propylene (Teflon-) 0.59 
Polyethylene terephthalate (Mylar) 2.05 
Polyethylene 1.65 
Ordinary window glass -0.3 
White glass (<0.01% FeO,) -0.04 
Ileat-absorbing glass 1.3-2.7 

Example 5 

Calculate the transmittance, reflectance, and absorptance of a single glass
 
cover 2.3 mm thick at an angle of 600. The extinction coefficient of the 
glass is 32 m - 1 . 

Assuming for this glass n = 1.526 then from Example 3 we have
 

02 = 34.580
 
r,(60) = 0.185
 
rl (60) = 0.001
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then from equation 39
 

= 1 - exp (-32 X 0.0023/cos 34.58)
 
= 0.085
 

From equation 37 we have
 

T= 1/2 1 - 0.001 + 1 - 0. 851lr + .OO 
 + 0185
 

= 0.843 

Itfollows then that
 

T = (1 - 0.085) X 0.843 = 0.771 

and r = 1 - 0.085 - 0.771 = 0.144 

Although equations 39, 40 and 41 were derived for a single cover they also
 
apply to identical multiple covers, except that Tr should now be evaluated
 
using equation 38 and the value of L used in euqation 39 should be equal to
 
the total cover system thickness.
 

Wavelength Variation of Transmission
 

Most transparent media transmit selectively. Transmittance is a function
 
of the wavelength of the incident radiation. Glass, the material most
 
commonly used as a cover material in solar collectors, may absorb little of
 
the solar energy spectrum if its Fe203 (iron oxide) content is low. If
 
the Fe203 content is high, it will absorb in the infrared portion of
 
the solar spectrum. The transmittance of several glasses of varying iron
 
content is shown in Figure 3.
 

1.0 .
 

~0.02% Fe2O 3 

" ~0.10%/ -Fe2 03 

0,5­

0.50% Fe20
 

0.2 1.0 
 2.0 
 3.0
 

Wavelength, jim 
Figure 3 Spectral tranruittance of 6 mm ulitck glass wiih variou iron oxide contcnts. 
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It is apparent that "water glass" (low iron) glass 
has the best trans­
mission; glasses with high content
Fe203 have a greenish appearance and
 
are relatively poor transmitters. Note that the transmission is not a
 
strong function of wavelength in the solar spectrum except for the high

iron content glass. Glass becomes substantially opaque at wavelength

longer than 3 pm and can be considered 
as opaque to longwave radiation

(i.e. thermal infrared). This useful characteristic is the principal

reason that glass is such an attractive material for covering flat-plate

solar collectors.
 

Plastics are generally more transparent than glass. Like glass, they

absorb in the untraviolet but they have variable transmittance in the
 
infrared depending on the thickness and the molecular bonds present in the

particular plastic. Simple plastics like polyethylene have few absorption

bands at certain wavelength=.
 

The infrared absorption of plastics is important in collector behavior.
 
Glass being opaque to the thermal infrared, traps heat radiation. Some

plastics, being relatively transparent, allow thermal radiation to escape.

If plastic windows are used, the plastic must either be thick enough to
absorb the thermal radiation or be instrinsically opaque to it. The trans­
mittance - wavelength curves of a number of plastics of importance for
 
solar energy collectors are shown below aid overleaf.
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In 	 the transmittance curves, the thick! ss shown are typical for solar 
.collector systems. Plastic fiiiis ar very thin and are used in tension for 

window coverings. Their thnn ss fend' to make them transparent, whereas 
the thicker plastics used t:or rioi,1 wiroKv coverings are thick enough to be 
almost totally opaque in the thermJ io'frcred, Plexiglas and Fiberglas are 
more opaque than glass, but. pelv ., .:,KIte sh(iws s.-,ome transmission out to 6 
microns.
 

Selective Surfaces
 

The problem of minimizing heMit lncses from a solar collector brings us 
to an examination of the optical r tie of the absorber surface and the 
transparent windows. It is cIt ., ., .'),i as much radiant energy from 
the sun as possible to reach Ohe . . , fi at the same time we wish to 
reduce to a minimum the thermai orrnv radiating from the hot rI parts 
of the collector. Optical propr, ,. I;, vary widely from one spectral 
region to another produce .ih,L i. ,',, .,tvity. Figure 4 below 
illustrates the essential charas.eLoi ic, ut selective surfaces. 
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raa tl energy curves t()n t|e sun and ,t ,I iC~a, :.' I. ' ! i vt i i hern a~(l infrared; the 
Ig. 	 4', dialgramnl K ItI ty i. I ); * )j' I, h, lrfcr,:. I he topl dinuallnisOWI 

I. II r thel h:I 

middle diagram shows a typical 're,, f~r '1' { .. b ( . howi a Iypicai**I, .. hI h, 1 ihigram 
curve for a , clcc'lve tralilsmnittin irIY, 
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There are basically two types of selective surface of use in solar collec-.
 
tors:
 

1) Selective absorbing surfaces, where the surface is black to sunlight, 
making the transition from absorptive to reflective behavior in the region 
between 1.5 and 3 microns. By Kirchoff's law a reflective surface is a poor 
emitter, the value of the emittance being c = 1 - r, where r is reflectivity 
of the surface. A highly selective surface is therefore one that has the 
highest possible reflectance in the thermal infrared. The measure of 
selectivity is the ratio of the absorptance for sunlight divided by the 
emittance for thermal infrared at the temperature of the projected use of 
the selective surface. This ratio, r/c , can therefore vary with tempera­
ture, depending on the exact variations of both absorptance and emittance 
with wavelength.
 

2) Selective transmitting surfaces, where the surface is transparent to
 
sunlight, making the transition from transmissive to reflective behavior in
 
the region between 1.5 and 3 microns. The function of such surfaces is to
 
let sunlight into a collector but to inhibit the loss of thermal infrared 
from the absorber.
 

TABLE 8. Properties of Some Selected Plated Coating Systemsa 

Durability 
Estimated 

Breakdown Humidity-degradation manufactured 
Coatingb Substrate it temperature (°F) MIL STD 810B cost per ft' (U.S.) 

Black nickel on nickel Steel 0.95 0.07 >550 Variable 0.30 
Black chrome on nickel Steel 0.95 0.09 >800 No effect 0.35-0.15 
Black chrome Steel 0.91 0.07 >800 Completely rusted 0.10 

Copper 0.95 0.14 600 Little effect 0.10 
Galvanized steel 0.95 0.16 >800 Compklte removal 0.10 

Black copper Copper 0.88 0.15 600 Complete removal 0.10 
Iron oxide Steel 0.85 0.08 800 Little effect 0.05 
Manganese oxide Aluminum 0.70 0.08 0.10 
Organic overcoat on lion oxide Steel 0.90 0.16 Little effect 0.15 
Organic overcoat on black chrome Steel 0.94 0.20 Little effect 0.15 

"From U.S. Dept. of Commerce, "Lptical Coatings for Flat Plate Solar Collectors," NTIS No. PB.252-383, Honeywell, inc., 1975. 

bBlack nickel coating plated over a nickel-steel subitrate has the best selective properties (& = 0.95, it = 0.07) but degraded significantly during humidity 
= teatL Black chrome plated on a nickel-steel substrate also had very good selective properties (&s 0.95, it = 0.09) and also showed high resistance to 

humidity. 

http:0.35-0.15
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Problems
 

1. 	The wall of a building consists of a 10 cm thick layer of common brick
 
(k = 0.7 W/mK) followed by a 3.75 cm layer of plaster (k = 0.5 W/mK).
Estimate what thickness of loosely packed rock-wool insulation
 
(k = 0.6 W/mK) is necessary to reduce the rate of heat transfer through
 
the wall by 75 percent.
 

2. 	An air collector has a rectangular flow sectional area of 0.05 by 1
 
metre. 
 If the velocity of the air passing through the collector is 2
m/s, calculate the heat transfer coefficient between the collector and
 
the air assuming one side of the collector is at 330K, the air is at
 
320 K, and the other side of the collector is insulated. Heat losses
 
on the side may be neglected.
 

3. 	Insolation falls on a metal plate at a rate of 700 W/m2. The solar

absorptance is 0.9 and the plate is well insulated on the back. 
 If the
 
convective heat transfer on the upper side of 
the plate is 10 W/m2K
 
and the ambient temperature is 300K, estimate the temperature 
of the
 
plate at thermal equilibrium.
 

4. Repeat problem 3 but assume that the metal plate 
is treated with a

selective coating so that its solar 
 absorptance is 0.9 and its
 
emittance in the thermal infrared is 0.2.
 

5. Two large parallel plates having surface properties approximating those
 
of a black body, are maintained at temperatures of 300 K and 400 K
 
respectively. Calculate the rate of heat transfer by radiation between
 
the plates.
 

6. A I metre diameter sheet metal duct is carrying 
air from a solar
 
collector to 
a rock bed storage system. The duct is covered with 2.5
 
cm of fibreglass (k = 0.038 W/m K). If the heatoverall transfer
 
coefficient at the interior surface is 10 
W/m2K and at the outside
 
surface 
is 5 W/m2K and at the outside surface is 5 W/m2K is 5
 
W/m2K determine the rate of heat loss 
if the air temperature inside
 
the duct is 310K and the ambient temperature is 290K.
 

7. An electric resistance heater with an outside surface 	 2
area of 0.1 in

is 	immersed in a water storage 
tank at 413 K. The convective heat

transfer coefficient between the heater and the 
fluid is estimated as
 
60 W/m2K. If the electrical power supplied to the heater is 1 kW,

calculate th- average outside surface temperature of the heater under
 
steady-state conditions.
 

8. 	What length of copper tubing (1 inch I.D., 1.25 inch O.D), immersed in 
a tank of hot water at 200°F, is required to heat water flowing in the

tubing at 1 ft/s from 80°F to 130°F? Take the thermal conductivity of
 
copper to be 400 W/mK.
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9. Determine the top loss coefficient for the collector specified below:
 

Plate to cover spacing 1.5 inch
 
Absorber temperature 93.3'C
 

emittance 0.96
 
Glazing temperature 48.9°C
 

emittance 0.94
 
Glazing thickness 5/16 inch
 
Thermal conductivity of glass 1.02 W/mK

Ambient temperature 270 C
 
Collector size 
 8 x 4 ft.
 
Windspeed 4 m/s

Collector tilt 300
 

10. For the collector specified above, determine the reduction in heat loss
 
that would result from the deposition of a selective surface on the
 
absorber plate. Assume the plate emittance falls to 0.1 and that all
 
temperatures remain the same.
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ANALYSIS OF FLAT PLATE COLLECTORS
 

Although solar energy is sometimes portrayed as a 'simple' technology,

the thermal analysis of a solar collector is, in fact, quite complex. 
 Flat

plate collectors can be designed for applications requiring energy at moder­
ate temperatures, up to about 100°C. 
 They absorb both beam and diffuse
 
solar radiation, do not need to track the sun, and generally require little
 
maintenance.
 

Insolation IATa
 

Useful energy, Qu
 

Energy lost to the
 

environment, QL
 

Figure 1. Energy balance over collector.
 

In the steady state, the heat balance over the collector may be written
 

Qu IAT,- QL (1) 

where Qu = useful energy transferred from the absorber plate to the
working fluid. 

QL = heat losses from the collector. 

I = incident solar radiation. 

A = area of the collector. 

T = overall transmittance of the collector covers. 

a = absorptance of the absorber surface. 
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The instantaneous efficiency of the collector, 1, would then be defined as
 

Qu(2)
 
IA 

In practice, this is not 
a useful parameter since it varies continually with
 
time. The average efficiency f is then:
 

JAQudtdt () 

In Equation (1) the heat losses from the collector QL can be written as a
 
function of the overall heat loss coefficient UL as follows:
 

=QL ULA(Tp - Ta) (4) 

where Tp is the mean plate temperature and Ta is the ambient temperature.
Equation (1)becomes
 

=
Qu A[ITa - UL(Tp -Ta)] (5)
 

The problem here is that the temperature of the absorber plate Tp is
difficult to calculate or measure since it is a function of the collector
 
design, the incident solar radiation, and the entering fluid conditions.
 

To help in the thermal analysis of flat plate collectors, and to get around

the fact that the absorber plate temperature T in Equation (5) is not 
known, it is conventional practice to introduce ?wo new variables into the

analysis. These variables are the Collector Efficiency Factor and the Heat
 
Removal Factor.
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Collector Efficiency Factor
 

The collector efficiency factor 
F' is given by the following expression
 

1/UL
F' -- 1 +1_ + 1] (6)
 

WULD + (W - D)F] GB wDihf 

where UL = 
the collector overall heat loss coefficient.

W = the distance between tubes centres on the absorber
 

plate.

D = the outside diameter of the tubes.
 
F = the fin efficiency.
 
CB = the bond conductance.
 
Di = the inside diameter of the tubes.

hf = the inside convective film coefficient for the
 

fluid.
 

Figure 2 below may be used to estimate the fin efficiency, F, or it may
be calculated directly from
 

F = tan h [m'W - D)/2] 
 (7)
m (W - D)/2 

where m = UL/k 6 
(8)
 

where 6 = absorber plate thickness.
 
k = thermal conductivity of the plate.
 

1.0 

0.9 

U 
0.8 

__ UL
0.7- -- U--IDD -6--
­

00.5 1.0 1.5 

Fen"ror A-- s ln 
Figure 2. Fin effcincy fr tu beand sheet solar collectors. 
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The bond conductance, CB, can be estimated from a knowledge of the bond 
thermal conductivity, k, the bond average thickness, , and the bond width, 
B. On a per unit length basis
 

CB = kB (9) 
Y 

The bond conductance can be very important in accurately describing collec­
tor performance. Simple wiring or clamping of the tubes to the absorber 
plate may result in a significant loss of performance.
 

The collector efficiency factor is essentially a constant for any collector
 
design and fluid flow rate.
 

Collector Heat Removal Factor
 

The collector heat removal factor, FR, may be determined from the follow­
ing expression.
 

-
FR = mCP. (I - e 1/C) (10)
UL
 

where C is a dimensionless collector capacitance equal to
 

c : (11) 
ULF'
 

i = fluid mass flow rate, per unit area kg/m 2s
 

Cp = specific heat of the fluid, J/kg K
 
UL = overall heat loss coefficient, W/m2 K
 
F' = collector efficiency factor
 

It now becomes possible to write a simple expression for the useful energy
 
collected by a flat plate collector.
 

Qu = FRA [Ia - UL(Tin -Ta)] (12) 

This is a much more useful expression than Equation 5, since both Tin,
 
the inlet temperature of the fluid, and the ambient temperature, Ta, are 
usually known. The heat removal factor, FR, may be computed once UL has 
been determined, and ITrc, the radiation striking the absorber plate, will 
also be available. 
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Exampl e 1 

Calculate the collector efficiency factor, F', and the collector heat 
removal factor, FR, for the following system: 

Overall loss coefficient 
Tube spacing 

8 W/m2 K 
150 mm 

Tube I.D. 10 mm 
Plate thickness 0.5 mm 
Plate conductivity 
Heat transfer coefficient 
Bond resistance 

inside tubes 
385 W/m K 
300 W/m2 K 
0 

Flow rate 
Specific heat of water 

0.03 kg/s 
4190 J/kg K 

Dimension I X 2 m 

Solution
 

Determine .the fin efficiency, F, from Equations 7 and 8.
 

M= 38 4 ) 1/2 = 6.45385 X 5 X 10-

F - tan h [6.45(0.15 - 0.01)/2]

6.45(0.15 - 0.01)/2 

= 0.937 

The collector efficiency factor, F', is then given by Equation 6. 

-F' 	 1/8
0.15 1 + I 

8(0.01 + 0.14 X 0.937) i X 0.01 X 300 

= 0.84 

To find the heat removal factor, FR, we first determine the dimensionless 
capacitance, C, 	from Equation 11. 

C = 0.03 X 4190 9.35
2X8X0.84
 

so from Equation 10 

FR = 0.015 x 4190 [1 - exp (-1/9.35)] 
8 

= 0.797 

http:2X8X0.84
http:6.45(0.15
http:6.45(0.15
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The Calculation of the Overall Loss Coefficient UL
 

A basic calculation is to determine the overall collector heat transfer 
coefficient UL. The thermal network for a two-cover flat plate collector 
is shown overleaf in Figure 3. It is clear that 

R = 1 (13)hc2 + hr2 

R2 = 1 (14)
hcl + hrl
 

R3 = 1 (15)
hcp + hrp 

R4 = Ax/k (16) 

R5 = (17)
hcb + hrb 

andUL = + 1 (18) 

R1 + R2 
+ R 3 R4 + R5 

In some texts, a 'top loss' coefficient, Ut, and a 'back loss' coefficient
 
Ub are specified, where
 

1 
Ut =R +R2 +R3 (19) 

Ub = (20)
+R4 R5 (0 

In general, it is possible to assume R5 is zero and that all resistance 
to heat flow is due to the insulation. However, it may also be necessary 
to consider edge losses. In a well designed system the edge loss should be 
small. It is recommended that edge insulation should be about the same 
thickness as that on the back of the collector. In this case edge losses 
can be included with the back loss to give
 

= k (1 + Ae/Ac) (21) 

Ub x (1 (21
 

where Ae is area of the edge. This formulation assumes R5 is zero and 
that the back and edges are insulated in a similar manner. Edge losses for
 
well constructed large collector arrays are usually negligible, but for 
small collectors the edge losses may be significant.
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The procedure for determining the loss coefficient UL is an iterative
 
process. First, a guess is made of the unknown absorber plate and cover
 
temperatures. This permits the calculation of the heat transfer coeffi­
cients and therefore the resistances to heat transfer. The value of UL 
then follows from Equation 18. The absorber plate temperature is then
 
recalculated from
 

T Qu/AT 

(22)
Tin 	+Q 1A FR)(
p ~~LFR R
 

A new temperature is then calculated for the first cover. This cover temp­
erature is used to find the next cover temperature and so on. For any two 
adjacent covers, the new temperature of cover 2 can be expressed in terms of 
cover I as 

= - Ut(Tp - Ta) 	 (23)
hcl + hrl
 

When the absorber plate temperature and the cover temperatures have been 
recalculated, the overall loss coefficient, UL, is calculated once again.
 
This iterative procedure continues untii calculated and estimated plate and
 
cover temperatures remain the same.
 

However, the calculation of UL depends on estimating the radiative and
 
convective heat transfer coefficients (hr arid hc respectively) for the
 
heat transfer between the absorber plate and the first cover, between the
 
covers if there is more than one, and between the outer cover and the envi­
ronment. The equations used to determine these coefficients are given 
bel ow. 

A) 	PLATE TO COVER
 

T2 +T2 
 T+T
 
= 	 ( +
Radiation: hr 1).( + T1 ) 	 W/m2K (24)
1/p + 	1/ 1 - I 

where 	Tp = absorber plate temperature, K 
Ti = innermost cover temperature, K 
Ep = absorber plate emittance 
El = 	cover emittance
 

a 	 = Boltzmann's constant 
= 5.67 X 10-8 W/m2K4 

Convection: hc = L N 	 W/m2K (25)

d 

where k = thermal conductivity of air, Wm/K 
d = distance between the surfaces 

N = a dimensionless number (the Nusselt number) 
which may be determined here as 

N = 1 + 1.44 [I - z]+[1 - z(sin 1.80)1,6] + [0.664z- 1/3 - i] (26) 
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In 	this equation the meaning of the + exponent is 	that only the positive
values of the term in the square brackets are to be used, (i.e. 
a value of
 
zero is used if the term is negative).
 

Also 	 z = 1708/R coso (27)
 

where 0 is the angle between the collector and the horizontal; R is another
 
dimensionless number, the Rayleigh number and is given by
 

d3p2R = gAT Cp/pkT (23)
 
and here 	 g = acceleration due to gravity, 9.81 m/s2
 

AT = temperature difference between the surfaceK
 
d = distance between the surfaces,m
 
p = density of air, kg/m 3
 

Cp = 
specific heat of air at constant pressure, I/kg K
 
P = viscosity of air, kg/m.
 
k = thermal conductivity of air, Wm/K
 
T = 
the average 	temperature of the air between the surfaces, K
 

B) COVER TO COVER
 

Radiation: Same Equation
as 
 (24) except that the equation is now
 
applied to the two cover surfaces.
 

Convection: 
 Same as for the plate-to-cover situation.
 

C) OUTER COVER TO SKY
 

Radiation: hr = EO(T2 + T)(T2 + Ts) (29)
 

where c = emittance of outer cover
 
T2 = cover teuperature, K
 
Ts = sky temperature, K
 
a 	= Boltzmann's constant
 

= 5.67 X 10-8 W/m2K4
 

Convection: hc = 
4.5 + 2.9 u 
 W/m2K (30)
 

The calculation of heat 
transfer coefficients for heated
flat surfaces
exposed to 	wind is 
not yet well established. For smooth surfaces Equation
(30) is a reasonable approximation. The average wind speed, u, must be in
 
metres per second.
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Exa!mle 2
 

Calculate the overall loss coefficient for a collector (single cover) with
 
the following specifications:
 

Plate to cover spacing 25 mm
 
Plate emittance 
 0.95
 
Ambient air and sky temperature 100C (83 K)

Wind heat transfer coefficient 10 W/m K
 
Mean plate .temperature 1000C (373 K)

Collector tilt 
 450
 
Glass emittance 
 0.88
 
Back insulation thickness 
 50 mm
 
Insulation conductivity 0.045 W/m.K

Collector array dimensions 10 X 3 X 0.075 m
 

Solution
 

Estimate the cover temperature as 350C (308 K). In this example
 
the absorber plate temperature has been specified.
 

A) PLATE TO COVER
 

Radiation: From Equation (24),
 

(Tp2 + T1 2)(T p + TI)
h = 
rp 1/Ep + 1/61 - 1
 

108 X(3732 + 3032)(373 + 308)
5.67X 
 2 2 
= 5.67 X 8 X 1/0.95 + 1/0.88 - 1 

2 K
= 7.60 W/m

Convection: hcp = kN/d where Equations 26, 27 and 28 are to 
be used. 

g AT d3p2C

R PAkT
 

from Table 1 at T = 100 + 35 = 67.5 0C 

2
 
= 340.5 K
 

p = 1.032 kg/m 3
 

Cp = 1.0084 X 103 J/kg K
 
-
U = 2.0575 X 10 kg/ms
 

k = 0.02931 W/m K
 
AT = 100 - 35 = 65 K
 
d = 0.025 m
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so R 9.81 X 65 X 0.0253 X 1.0322 X 1008.4
 
-
2.0575 X 10 5 X 0.02931 X 340.5
 

= 62110
 

From Equation 27, Z = 1708/52110 X cos 450 = 0.0464
 

and (sin 1.88)1.6 = 0.98
 

so N = 1 + 1.44 [1 - 0.0464][1 - -1/3
0.0464(0.98)] + [0.664(0.0464) - 1] 

= 3.159 

hence h = 3.159 X 0.02931 = 3.70 W/m2 K0.025
 

B) COVER TO SKY
 

Radiation: hrl = o(TI2 + Ts2)(T1 + Ts)
 

= 0.88 X 5.67 X 10-8(3082 + 2832)(308 + 283) 

= 5.16 W/m2 K 

Convection: hcl = 10 W/m2 K (given)
 

so resistance, plate to cover 7 1
7.60 + 3.70 

= 0.0885 m2 K/W 

and resistance, cover to sky 5 115.16 + 10 

- 0.0660 m2 K/W
 

= 1 
so Ut = 0.0885 + 0.0660 6.47 W/m2 K 

This is the first estimate of the top loss coefficient. We now check the
 
first estimate of the cover temperature. From Equation 23
 

Ti = T- Ut(Tp - Ta)
hcp + hrp 

= 100 - 6.47(100 -10) 
7.6 + 3.70
 

= 48.50C 

http:0.0464(0.98
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The procedure now is to recompute all 
the film coefficients using this new

estimate of the cover temperature. 
 We do not repeat the calculations here,

but the results are:
 

2 K
hrp = 8.03 W/m

hcp = 3.52 W/mi K 

hrl = 5.53 W/m2 K 
hcl = 10 W/m2 K as before 

1 	 1 10)-1so Ut 	 = (8.03 + 3.52 + 5.53 + 

2
= 6.62 	W/m K
 

The third estimate of the cover temperatur , T1, is therefore
 

6.62(100 	- 10) 
= 100- 8.03 + 3.52 

= 48.4oC 

so the calculation is acceptable.
 

Once the top loss coefficient has been determined, the back loss coefficient 
can be quickly found. 

k Ae 
from Equation 21 Ub = (1 + A ) 

0.045 2(10 + 3) X 0.075
 so Ub = 0.05[1+ 10 X 3
 
= 0.96 W/m2 K
 

so UL = 
 Ut + Ub 	= 6.62 + 0.96 

= 7.58 W/m2 K 
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Minimizing Thermal Losses
 

Assuming the collector to be adequately insulated (including the edges),
there remain two principal modifications to further reduce heat losses from
the collector. The first 
is to add additional covers or glazings, the
second is to incorporate a selective absorber plate. 
 Figure 4 below shows
the effect on thermal losses of double glazing and selective surfaces. The
cover temperatures and the heat flux by convection and radiation 
are shown
for one and two glass covers 
and for selective and non-selective absorber
plates. Note that radiation between 
the inside surfaces is the dominant
mode of heat transfer in the absence of a selective surface. When a selec­tive surface having an emittance of 0.10 is used, convection is the dominant
heat transfer mode between the selective surface and the cover, but radia­tion is still the largest term between the two 
covers in the double-glazed
 
system.
 

qw,.= 384 IqR..=212 qw..-214 qp o 108 
-- T----­=T48.4 

( 
- T 31.4 

qco,=,182 tq Rd=414 qco ,=262 q n.d=60 

(a) (b) 

1SqW.d= 232 fqR.d= 19 ( qw,,d= 147
 
- --- T =33.2 
 T 24.7 

1( q c =124 qR.,d=227 ( qc.,=80 'qn,,d=139 
------------- T=70.3 T=50.84

qc, 0 =90 tqR = 261 qc, =172 q n = 47 

(c) (d) 

Figure 4 Cover temperature and upward heat loss for Ilat-platc collectors operating at 100 Cwith ambient and sky tempcraturcs of 10 C, plate spacing of 25 mm, tilt of 45', and wind heat
Irnsfer coefficient of 10 W/m 2 uC.(All heat flux terms in W/m'.) (a) one cover, plate emiltance = 
0.95, U, = 6.6 W/mr'C;(h) one cover, plateermitancc = 0.10, U, = 3.6 W/m 2 C;(c) two covers, plate
cmittance = 0.95, U, = 3.9 W/m'C; (d) two covers, plate emittance = 0.10: U, - 2.4 W/m'C. 
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Energy Gain from Flat Plate Collectors
 

It is 
now possible to evaluate all the terms necessary to compute the
 
amount of useful energy delivered by a flat plate collector. This quantity,

Qu watts, is found from Equation 12, after FR and UL have been deter­mined in the manner illustrated by Examples 1 and 2. 
However, equation 12
is time-dependent 
since I, the incident solar radiation, obviously varies
through the day. In order to determine, therefore, the useful energy deli-


Q 
vered by the collector and its mean efficiency it is necessary to compute
for short time increments over the period of a day. The procedure is
'llustrated by the following example.
 

Example 3
 

Calculate the daily useful 
gain and efficiency of a bank of 10 solar collec­
tors installed in parallel. The hourly radiation on the plane of the col­lector, I, and the hourly ambient temperature, Ta, are given in the tablebelow. Assume that the combined Tm coefficient is 0.85, the overall loss
coefficient, UL, is 6.6 W/m2 K, and the heat removal factor is 0.8. Eachcollector is 2 m2 in area. 
 If the fluid inlet temperature is 400C and the
flow rate through each collector is 0.03 kg/s, what is the fluid temperature
rise and how does it vary during the day?
 

Time Ta 
 I
 
°C W/m2 

7 - 8 20 5.6
 
8 - 9 24 119.4
 
9 - 10 25 275.0
 
0 - 11 28 788.9 
11 - 12 31 833.3
 
12 - 1 33 
 913.8
 
1 - 2 31 866.7 
2 - 3 30 644.4 
3 - 4 29 336.1 
4 - 5 26 13.9 

4797.1 W hr/m
2
 

Solution
 

We wish to calculate the useful energy delivered from Equation 12 and
the mean efficiency from Equation 3. For each time increment we have:
 

Time I 'a UL(Tin - Ta)
 
W/m2 W/m-

7 - 8 4.5 132.0 
8 ­ 9 95.5 105.6 
9 - 10 220.0 99.0 

10 - 11 631.1 79.2 
11 - 12 666.6 59.4 
12 - 1 731.0 46.2 
1 - 2 693.4 59.4 
2 - 3 515.5 66.0 
3 - 4 268.9 72.6 
4 - 5 11.1 92.4 

W/mz
 
0
 
0
 

96.8
 
441.5
 
485.8
 
547.8
 
507.2
 
359.6
 
157.0
 
0
 

2595.7 W hr/m2
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the mean efficiency _ AEQu/A

El
 

_ 	 2595.7 = 0.54 
4797.1 

The energy delivery by the 20 m2 array over the day is
 

2595.7 X 20 X 3600 = 186.9 MJ
 

The temperature rise for the water will vary according to the period. 
The
 
smallest positive temperature rise is between 9 and 10; the highest between
 
12 and 1.
 

taking Cp = 	4195 J/kg K
 

and = 	0.03 kg/s for each 2 m2 collector.
 

then AT = 	 Qu_
 
mCp
 

so 	from 9 - 10: AT = 96.8 X 2 = 1.50C
0.03 X 4195
 

and from 12 - 1: AT = 547.8 X 2 = 8.70C 
0.03 X 4195
 

Performance Characteristics
 

The performance characteristics of flat-plate collectors are often presented

graphically.
 

Since the instantaneous efficiency is given by
 
Tj Qu 

and since Qu = FRA[ITa - UL(Tin - Ta)] 

the efficiency may be expressed as a function of the fluid inlet
 
temperature, Tin as
, 


n = "FRUL(in I Ta) + FR-ca 	 (31) 

If 	 r. is plotted against (Tin - Ta)/I then a straight line results with 
a negative slope of FRUL. The intercept on the abscissa is equal to
FRTa. A number of typical plots are shown overleaf. It is clear that, in
practice, there is considerable data scatter and that, moreover, the plots
are slightly non-linear. However, a straight line drawn through the data 
points and intercepting the abscissa presents a very convenient indication 
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of collector performance. It will be necessary to calculate or estimate thetransmittance of the covers, - , and the absorptance of the collector plate
surface a. The intercept divided by the product, rta, 
 gives the value of

FR, the collector heat removal factor. 
 The slope of the line divided by

FR then gives UL, the overall heat loss coefficient.
 

lOC j I I 

80 
 _
 

60­

40 
 C 

20
 

0 0.02 0.04 0.06 0.08 0.10 
Ti­1:T mC/W 

Experimental collector elliciency data measured for a type of liquid heating collector
 
with one cover and a selective absorber. Sixteen points are shown for each of five test sites. The curvc
 
represents the theoretical characteristic derived front points calculated conditions.
for the test 

80 
Efficiency curve

for a double-glazed flat-plate 

liluid-heating solar collector with
 
a selective coating on the absorber.
 CU60 

?h 0.0136 kg/sec •m; 
=
Ta 29°C; T in -101C; 

I 590-977 V/cIm' ; wind u 40 
3.1 m/sec. (The tests were run o
 

indoors using a solar simulator.)
 

20 
0 0.02 0.04 0.06 0.08 0.1 	 0.12 

/W )
T in-Ta (K mn 

10
 

60 	 . 

40 -­

20 ­ 0 

o 	 0 
0 	 0.1 0.20 

Lr,-T,) m2 C/W 
IT 

Experimental thermal efficiency curves for two air heaters operated outdoors.
 
Absorbing surface was flat black paint.
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Problems
 

1. The performance curve shown is for a single glazed flat plate col­
lector. The transmittance is estimated at 0.88. Determine:
 

i) The collector heat removal factor, FR
 
ii) The overall loss coefficient, UL
 
iii) The energy collected when the level of insolation on the plane of the
 

collector is 700 W/m2 , and the temperature of the water leaving the 
collector at the above insolation level if the inlet temperature of the 
water is 500C and the ambient temperature is 29°C. 

iv) The collector performance if the fluid flow rate is raised to 0.05 
kg/m 2s. 

COLLECTOR TILT ANGLE, 45080 '
 
INLET TEMPERATURE, 320 TO 60 0 C 

FLOW RATE, 0.0136 kg/(sm 2 ) 

6 SOLAR FLUX, 599 TO 1009 W/m 2
 

).60 -


C-, Tests conducted outside 
Z 1.22 m by 1.25 m liquid-heating collectorW 10.2 cm of glass fiber back insulation 
6 copper absorber, flat-black coating, a 0.97 
IL. 
w 40­

0 

S20 

0 .02 04 .06 .08 .10 

tf, i-to 0C m2 

I 1 ~9 W 

Thermal Efficiency Curve for a Double-Glazed Flat-Plate 
Liquid-fleating Solar Collector 
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SOLAR THERMAL SYSTEMS
 

Solar thermal systems designed to utilize solar radiation for heating
 
or cooling are generally composed of a number of basic subsystems. These
 
are:
 

1. Solar collector system
 
2. Thermal energy stordqe system
 
3. Fluid circulation system
 
4. Heat exchanger system
 
5. Control system
 

The solar collection part of the system has been examined in a previous

section. In this set of notes we want to look at the remaining components

of a solar thermal system: thermal energy storage, fluid circulation, heat
 
exhangers and control.
 

Thermal Energy Storage
 

Solar energy is a time-dependent and variable resource. This
 
characteristic makes thermal energy storage virtually a mandatory component

of any solar thermal system. Thermal storage is used to dampen out diurnal
 
and meteorological variations in the level of insolation and provide a more
 
nearly constant heat source for the system load. The optimal size. of the
 
storage system depends on a number of considerations: the insolation and
 
meteorological characteristics of the area where the system is located, the
 
nature of the system load, and the economics of the total system.
 

Water is by far the most common thermal storage medium for solar
 
powered thermal systems requiring a temperature of less than 1000C. Water
 
has a number of very attractive properties as a thermal storage medium. It
 
is cheap, non-toxic and non-flammable; it has a high specific heat, high

density and excellent transport properties.
 

For some applications heat storage in solid media is a possibility,

particularly when air is used to collect and transport thermal energy.

Solid-phase storage has a number of advantages:they generally permit larger

temperature variations and higher operating temperatures, they stratify

thermally, and they are durable and reliable systems. 
 Table 1 shows thermal
 
properties for a numberof liquids and solids.
 

It is clear that or- both a mass and a volumetric basis, water is an
 
excellent thermal storage medium.
 

An alternative method of thermal 
energy storage takes advantage of the
 
fact that a considerable amount of heat is absorbed or evolved during a
 
change of phase. A thermal energy storage system that uses solid-liquid

phase changes in the storage medium to store heat is called a phase-change
 
storage system.
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There are two kinds of solid-liquid phase change storage systems.

The first is simple melting and freezing; the second involves the chemical

reaction between water and salt hydrates. When the hydrate is heated, the
salt dissolves in its water of crystallization and absorbs heat. On cooling

the anhydrate becomes hydrated and crystallizes with the evolution of heat.

Table 2 gives the melting point and heat of fusion for 
a number of phase

change materials.
 

Although phase-change storage has great potential, it suffers 
from a
lack of reliability and durability, particularly with salt hydrate systems.

After many cycles, the rehydration (crystallization) phase change requires

progressively more subcooling before it takes place. 
 The isothermal behavior,

therefore, deteriorates. In addition, since 
the phase change is not a true

melting, density differences between component compounds may occur which
 
exacerbates the subcooling problem.
 

Table 1. Properties of Heat Storage Materials
 

Specific heat Density 
 Heat capacity

Material ks/kg K kg/m 3 KJ/m 3 K
 

Water 
 4.2 1000 4200

Isobutanol 3.0 808 
 2420
 
Propanol 2.5 
 800 2000
 
Scrap iron 0.50 7850 
 2748
 
Magnetite 0.75 
 5126 2691
 
Scrap aluminum 0.96 
 2723 1830
 
Concrete 1.13 2240 
 1772

Stone 
 0.88 2720 
 1676

Brick 
 0.84 2240 1317
 

Note: The volumetric heat capacity for the solid materials 
assumes a 30%
 

void fraction.
 

Table 2. Properties of Phase Change Materials
 

Meltinq point Heat of fusion
Material 
 0C KJ/kg
 

Calcium chloride hexahydrate 30 
 168

Sodium carbonate decahydrate 33 
 267
 
Disodium phosphate dodecahydrate 
 40 279
 
Calcium nitrate tetrahydrate 47 
 153
 
Sodium sulfate decahydrate (Glauber's salt) 32 
 241

Sodium thiosulphate pentahydrate (STP) 45 95
 
Naphthalene 
 80 149

Naphthol 
 95 163

Paraffin 
 74 230
 
P-116 wax 
 47 209
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Water Storage Systems
 

Water is a good storage medium. A typical system is shown in Figure 1.
 

Qu Load L
 

Collector Tank
 
• at Losses QL 

From load
 

Figure 1. Typical collector and storage system
 

For a well mixed tank of water it is 
not too difficult to accurately model the
system. 
An energy balance over the tank yields the equation
 

Mc dTS Qu - QL -L 

where Ms = mass of water in storage, kg,
 
cp = specific heat of water, J/kgK,
 

= temperature of stored water,
 
t = time,
 
Qu = heat added to the storage, Watts,

LL = heat lost from the system, Watts,

L = heat eytracted by the'load, Watts.
 

Since the t'iermal losses, QL, can be expressed as a linear function of
temperature difference, Ts - Ta*, where Ta* is the ambient temperature

close to the storage system, Equation I can be rewritten as
 

Mscp dTt Qu - (UA) (T - T LS us (2)
d s a
 

where (UA) is the loss coefficient for the storage system. 
 This term can be
readily estimated by determining conduction, convection, and radiation losses
from the storage tank. 
 The example below shows how this equation can be used
to estimate the storage temperature as a function of time 
by the use of a

simple numerical integration procedure.
 



Example 1
 

A well-mixed water tank storage system containing 1,500 kg of water
 
has a loss coefficient of 11.1 W/K. The tank commences a 24 hour day at a
 
temperature of 45°C and is in a room at 200C. Energy Qu 
is added and
 
energy L is extracted as indicated on an hourly basis below. Calculate the
 
temperature of the tank over numerical
the 24-hour period using integra­
tion.
 

Energy Added Energy Extracted
 
Hour Qu, MJ/hr L, MJ/hr
 

1 ­ 12
 
2 
 12
 
3 
 11
 
4 
 11
 
5 
 - 13
 
6 ­ 14
 
7 ­ 18
 
8 
 - 21
 
9 21 20
 
10 41 
 20
 
11 60 18
 
12 75 
 16
 
13 77 
 14
 
14 68 14
 
15 48 
 13
 
16 25 
 18
 
17 2 
 22
 
18 ­ 24 
19 ­ 18
 
20 
 - 20
 
21 ­ 15
 
22 ­ 11
 
23 ­ 10
 
24 ­ 9
 

Solution
 

The differential equation of Equation 2 can be approximately solved by
 
rewriting it as:
 

+
Ts = Ts + At [Qu - (UA)s (Ts - Ta*) - L] 

Mscp
 

The starting temperature (Ts) of 20'C is used to estimate the tank temp­
erature after 1 hr, Ts+. This calculated temperature then becomes the
 
tank temperature, Ts, and a new temperature Ta+ is estimated by

recursively applying the above equation. Substituting the given constants
 
reduces the equation to:
 

Ts+ = Ts + At [Qu - 11.1 X 3600 (Ts --20) -L] 

1500 X 4190
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or Ts+ =T s + At [Qu - 39,960 (Ts - 20) - L] 

6.285 X 106
 

The temperature profile may now be estimated as follows. After one hour:
 

Ts = 45 + 1 [0 - 39,960 (45-20) - i2 X 106]
 

6.285 X 106
 

or Ts+ = 42.9 0C 

After 2 hours:
 

Ts+ = 42.9 + 1 [0 - 39,960 (42.9 - 20) - 12 X 106]
 

6.285 X 106
 

+
or Ts = 40.9 0C
 

This recursive procedure iscontinued through the 24 hour period to produce
 
the approximate time variation of the storage temperature. The calculated
 
temperatures are shown below.
 

Qu L Ts 
Hour MJ/hr MJ/hr °C
 

0 - - 45 
1 - 12 42.9 
2 - 12 40.9 
3 - 11 39.0 
4 - 11 37.1 
5 - 13 35=0 
6 - 14 32.6 
7 - 18 29.7 
8 - 21 26.3 
9 21 20 26.4 

10 41 20 29.7 
11 60 18 36.3 
12 75 16 45.6 
13 77 14 55.5 
14 68 14 63.8 
15 48 13 69.1 
16 25 18 69.9 
17 2 22 66.4 
18 - 24 62.3 
19 - 18 59.2 
20 - 20 55.7 
21 - 15 53.1 
22 - 11 51.2 
23 - 10 49.4 
24 - 9 47.8 
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Equation 2 may be extended by introducing the relationship between Qu,

the energy gain from the solar collector, the temperature of the storage 
system Ts, the insolation characteristics, and the collector overall loss
 
coefficient, UL. We can write
 

Qu : FRA [Ira - UL (TS - Ta)] Watts 	 (3) 

where 	 Fr = collector heat removal factor
 
A -collector area, m2
 

Ta = ambient temperature, °C
 
V= transmissivity of the collector covers
 
a= absorptance of the absorber.
 

If Qu 	is to be calculated from Equation 3 from hourly insolation and
 
temperature data, it should be that it is the
recalled function of the 
system control devices to pump fluid through the collector loop only when 
there is an energy gain. This occurs when the insolation has increased to 
the point where ITa is greater than UL (Ts - Ta). 

Example 2
 

Determine the hourly performance of the large solar heating

installation indicated below
 

2
Area of collectors 	 = 100 m
Storage volume = 7.5 m3 

Collector overall loss coefficient = 5.2 W/m2K 
Storage losses = negligible 

The heat removal factor, FR, is estimated as 0.8, ca as 0.85. The load 
over the period is constant at 25 kW. The insolation levels and ambient 
temperatures are shown below. Assume the initial storage temperature is
 
700C. 

Time 	 I (W/m Ta
1 ) (°C) 

8 	 157.6 20
 
9 516.9 24
 

10 740.7 25
 
11 870.0 28
 
12 914.1 31
 
13 870.0 33
 
14 740.7 32
 
15 516.9 31
 
16 157.6 29
 

Solution
 

The heat balance over the storage system, Equation 2, reduces to
 

7500 X 4190 dTs = Q- 25,000 	 Watts 

dt
 

where Qu = 80 [0.851 - 5.2 (Ts - Ta) ] Watts 	 (4) 
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The differential equation can be solved numerically by rewriting it as
+ 

Ts = T + At [.u[- 25,000]

ss 31.43 X 10 
 2
 

or 
 for At = 1 hr = 3,600s 

T + = T + 1.145 X 10-4 [Q 25,000] (5) 

The calculation proceeds as follows: 

Time = 0800 hrs, 1 157.6 4n2, Ta=200C, Ts = 70oC 

From Equation 4 Qu = 80 [0.85 X 157.6 - 5.2 X 50] 
= - 10,083 Watts 

Therefore there is
no energy gain from the collectors at this point. With 
Qu = 0, (no flow through the collectors) Equation 5 becomes 

T + = Ts + 1.145 X 10- 4 [-25,000] 

or T + = 70 - 2.9 = 67.1°CS 

2 =Time = 0900 hrs, I 516.9 W/m, Ta 24°C, Ts = 67.1C 

From Equation 4 Qu = 80 [0.85 X 516.9 -. 5.2 X 43;1] 
= 17,220 Watts 

From Equation 5 Ts+ = 67.1 + 1.145 X l0
-4 [17,220 - 25,000] 

T + = 66.2 0C 

This calculation procedure can be continued in this 
manner to produce the
 
table shown below.
 

I Ta Qu L Ts 
Time W/m2 °C KW KW °C 

8 157.6 20 0 25 67.1 
9 

10 
11 
12 
13 

516.9 
740.7 
870.0 
914.1 
870.0 

24 
25 
28 
31 
33 

17.2 
33.2 
42.9 
46.3 
43.1 

25 
25 
25 
25 
25 

66.2 
67.1 
69.1 
71.5 
73.6 

14 
15 
16 

740.7 
516.9 
157.6 

33 
31 
29 

33.4 
17.0 
0 

25 
25 
25 

74.6 
73.7 
70.8 

54"8 kWh/n1233.1 KWh F KWh 
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The data used in this example 
are realistic and show some interesting

characteristics. 
 The mean collector efficiency can be estimated for the

100m 2 array as
 

233.1 = 43% 
5.48 X 100
 

which is 
on the low side. The low collector efficiency is due to the high

fluid temperatures at which the collector operates.
 

The energy collected over the course of the day is.
 

233.1 kWh = 839.2 MJ
 

equivalent to 8.39 MJ/m 2 day
 
or 739 Btu/ft2 day
 

These figures are close to the convenient solar 'rule of thumb' for a flat
 
plate collector:
 

Energy collected = 700 - 1000 Btu/ft2 day
 
= 8 - 11 Mj/m 2 day
 

The other thermal characteristic indicated here 
is temperature swing. In
this example the storage temperature fluctuates between about 660C and

750C. These variations can be important depending on the load
characteristics. For example, if the solar thermal 
system is driving an
absorption chiller, temperatures of at least 600C will 
be required in the
 
generator of the chiller. 
 The coefficient of performance of the cooling

system will drop off sharply if such a temperature is not maintained. 
 It
is therefore important that the thermal storage system is designed with the

load thermodynamic requirements in mind.
 

Design Guidelines
 

Computer simulations, experimental investigations, and a great deal
practical experience have yielded some 
of
 

general guidelines for sizing flat

plate collectors and thermal storage systems.
 

The optimum storage size for an 
active solar thermal system will fall
2
in the range of 0.2 to 0.4 MJ/0C m , equivalent to 10-20 Btu/°F ft2.
These ranges are for thernlal 

1 

capacity per unit area of collector, i.e. 

0.2 < Mscp/A < 0.4 MJ/°C m2
 

For water as the storage medium (CD = 4190 
J/kg K) these figures

produce the rule of thumb that thermal storage should be 45-90 litres/m 2
 
or 1.2 - 2.4 gal/ft2.
 

Flow rates through forced-circulation systems generally based
are 
 on
0.02 - 0.04 gpm/ft2 of collector, equivalent to 0.015 - 0.03 
litre/m 2s. 
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As we have previously mentioned, the collector array can be roughly
 
sized based on its ability to collect about 8-11 MO/m 2 day or 700-1000
 
Btu/ft 2 day. These design guidelines permit the rapid sizing of solar
 
thermal systems to drive a specified load. An approximate design based on
 
these rules of thumb provides a convenient and often quite accurate
 
starting point for more detailed analyses and simulations of system

performance. For example, consider again Example 2. Suppose we were told
 
the system load and asked to roughly size the solar collectors and thermal
 
storage requirements for the system. The load extracts an amount of energy
 
equal to
 

9 X 25 kWh X 3.6 MJ/kWh = 810 MJ/day
 

knowing the relatively high storage temperature requirements we would esti­
mate collector energy gain at the lower end of the 8-11 Md/m 2 day scale.
 
Estimating collector area as
 

2
810 MJ m day - 100 m2 collector
 

Storage requirements would be about 75 litres/m2 which gives us an esti­
mated storage volume of 7.5 cubic metres.
 

Stratified Storage
 

When heated fluid from the collector does not mix with the bulk of the
 
fluid in the storage system, the storage system is said to be stratified.
 
This phenomena is made possible because most fluids become less dense as
 
they become hotter. The incoming fluid therefore has a tendency to remain
 
at the top of the tank above the colder fluid below. If the fluid flowing
 
to the collector is taken from the bottom of the tank in a perfectly strat­
ified system the collector inlet temperature will remain constant until one
 
tank volume of fluid has passed through the collectors, at which time the
 
collector inlet temperature will show a step rise in temperature.
 

In practice, perfect thermal stratification is impossible since the
 
inlet fluid velocity always causes some local fluid mixing and also because
 
in mid to late afternoon, as insolation levels decrease, the tank inlet
 
water temperature may actually be less than the highest fluid temperatures
 
at the top of the tank. The fluid therefore descends into the body of the
 
tank again producing a degree of mixing.
 

With a well-mixed storage tank, on the other hand, the temperature of
 
the tank is uniform and will rise slowly throughout the day as the solar
 
collectors absorb solar energy. As the storage temperature rises, the
 
efficiency of the collectors decreases. However, compensating for this
 
disadvantage with well-mixed storage systems is the rather higher heat
 
transfer attained by using a more rapid flow rate than is consistent with
 
an attempt to maintain thermal stratification in the storage tank.
 

In practice, there is little to choose between the two design concepts

for liquid systems. It is useful and convenient to take -dvantage of the
 
degree of stratification that always exists in any liquid thermal storage

tank in the absence of a stirring device or excessively high inlet flow
 
rates. Hot fluid is added or withdrawn from the top of the tank, cold
 
fluid cold fluid added or withdrawn from the bottom.
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Rock Bed Storage
 

Rock bed storage units have been successfuly used to store heat for
 
many years. Hot air from solar collectors flows through a bed of pebbles

and heat is transferred from the air to the rocks. The air leaves the
 
storage unit at a temperature very close to the temperature of the pebbles

adjacent to the outlet plenum. This is the charging mode. To remove heat
 
from the storage system, the flow of air is reversed: cold air enters the
 
cold end of the unit and is heated as it passes through the bed. Since
 
there can be no mixing of the storage media in a rock storage unit the
 
system is always thermally stratified when charged. This means that the
 
collectors always operate with the coolest available 
incoming air, which
 
helps to increase their efficiency. However, it should be noted that in
 
rock bed storage systems, unlike liquid storage systems, heat cannot be
 
added and removed from storage simultaneously. A typical rock bed thermal
 
storage unit is shown in Figure 2. In general, the air flow is downward
 
during charging, and upward during discharging. Although it is not
 
essential that this flow pattern is adopted, such 
a design minimizes heat
 
losses to the ground since the bottom of the storage is at the lowest
 
temperature.
 

Rock bed storage units have several advantages. They are inexpensive,

stable, and easy to construct; they will not freeze or boil; they are
 
virtually maintenance free, and they will last a long time. Their
 
disadvantages include their incompatibility with hot fluid systems, their
 
relative large volume (approximately three times the volume of a water
 
system of equal thermal capacity), and possible problems with dust and
 
particle entrainment.
 

Thermal Stratification
 

One of the principal advantages of rock bed storage units is that, if
 
properly designed, they exhibit a high degree of thermal stratification.
 
The small size of the pebbles provides a large surface area for heat
 
transfer so that the average temperature of a particular rock is close to
 
local air temperature. When hot air is blown into the bed a well-defined
 
thermal wave moves through the bed in the direction of the air flow.
 
Figure 3 shows typical bed temperature profiles during the charging mode.
 
The rock bed in this figure was initially at 21oC; the incoming air was at
 
65.50C. Note that the outlet temperature of the air remains constant at
 
the initial bed temperature of 210C until, at about 9 hours after charging

begins, the leading edge of the thermal wave reaches the bottom of the bed.
 

In a real system charged with hot air from a solar collector, the
 
temperature of the air entering the rock bed varies during the day,

typically reaching a maximum temperature around noon or soon after depending
 
on the location and configuration of the collector (and assuming a clear
 
day). During the afternoon the temperature of the air entering the rock bed
 
will be decreasing. The effect of this daily temperature variation 
is to
 
drive a temperature peak through the bed, a peak that continually flattens
 
as it moves down through the layers of rock. This phenomenon can clearly be
 
seen in Figure 4 which shows measured time-lapsed cross-sectional
 
temperature profiles through a rock bed storage 
system over a 22-hour
 
period.
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Figure 2. Typical Rock Bed Thermal Storage Unit
 



119
 

Initial Bed Temperature Distribution: 210C Uniform 
Air Inlet Temperature = 65.50 Constant 
Bed Operating Mode: Charging 
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Figure 3. Rock Bed Temperature Profiles During Charging. 



120
 

V/ 	 2200 

02 (DiNg eat Stog / 
/ , ', ,," ' 1800 " 

1401 -. ,\ .,/ ... ., 
/AI ,"'/1400 

/rNpgaio,, Pebe.cFigre .	 \f Teprtr rfl 

DEPTH (FT.) 

Figure 4. 	 Propagation of Pebble-Bed Temperature Profile 
(During Heat Storage Charge- Discharge Cycle), 



121
 

The 	time required for a thermal wave to traverse a rock bed is
 
important to the performance of solar heating systems. The rock bed size
 
and 	air flowrate should be selected so that the air returned to the
 
collector remains at the minimum temperature for most of the heat collection
 
period, thus maximizing the efficiency of the solar collector. The time
 
taken for the thermal 	wave to traverse the rock bed should not be longer

than 	the heat collection period since this would mean that part of the bed
a 

would remain unused. The time taken, t, for the thermal wave to traverse
 
the rock bed can be estimated from
 

t = 	Lcs seconds (6)
 
Vca
 

where 	 L = rock bed length in direction of flow, metres 
cs = rock storage heat capacity MJ/m 3 K. 
ca = heat capacity of air, MJ/m K 
V = rock bed face velocity, m/s 

The heat capacity of a rock bed storage system is generally about 1.4
 
MJ/m3 K. This figure assumes a typical 40% void fraction. The kind of
 
rock used does not markedly affect the heat capacitance of the storage
 
system.
 

If left undisturbed, a thermally stratified rock bed will progressively

destratify until the bed reaches a uniform temperature. This decay of the
 
thermocline is undesirable since it both raises the temperature of the air
 
flowing to the collectors during charging, thereby reducing their
 
efficiency, and lowers the temperature of the air going to load during the
 
discharge cycle. However, the rate of thermal destratification is typically

quite slow. It takes several days for an undisturbed rock bed to reach a
 
uniform temperature. Figure 5 shows rock bed temperature profiles as a
 
function of time. Reasonably good thermal stratification was maintained
 
for at least three days in this experiment. Thus, decay of thermal
 
stratification in rock bed storage units has only a minor effect on system

performance. Charging the bed from the bottom as opposed to the top 
also
 
has little impact on performance.
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Sizing the Rock Bed
 

Studies suggest [5] that system performance improves as the rock bed
 
storage volume increases up to about 0.2 cubic metres of storage volume for

for each square metre of flat plate collector (m3/m2). Above this value
the performance of the system does not 
change markedly with additional
 
storage volume. The volume of storage recommended for air systems is 0.15
 
to 0.3 m3/m2 (0.5 - 1.0 ft3/ft2 collector).


If storage sizes greater than this range are 
used, the performance of
the system may actually decrease because heat losses from the storage system

will increase, and the temperature of the air going to the system load will
 
decrease.
 

Tc minimize heat losses and material costs, the shape of the rock bed
should be such that its surface area isminimal. However, inpractice, rock

bed storage units are usually constructed as square or rectangular bins with
the air passing vertically through the pebbles as shown in Figure2. Amaximum depth of about 2.5 m is recommended to limit the pressure dropthrough the bed. For active solar systems, the flow rate of air through the

rock bed isdetermined by the collector area. 
The design value istypically

0.01 m3/s per square metre of collector. Combined with the recommended
 
storage volume of 0.15 - 0.3 i3/m2 , these figures indicate a flowrate of
0.03 - 0.07 m3/s per cubic metre of rock storage, with 0.05 m3/s a good
rule-of-thumb. For a
bed depth of 1.5 to 2.5 metres, the bed face velocity

should be approximately 0.075 to 0.1 m/s regardless of the 
size of the
 
storage system.


Rock bed storage systems with horizontal flow can be constructed if
vertical space is limited. However, horizontal flow rock beds are not
 
recommended because of problems with air flow distribution and channeling.

When the bed is loaded, smaller pebbles tend to move to the bottom of the
bed creating greater resistance to the horizontal flow of air through the
 
lower portion of the bed. The air therefore has a tendency to channel

through the upper part of the bed causing a loss in storage capacity and a
reduction in system performance. Attempts have been made to ameliorate
 
these problems as 
shown in Figures 6 and 7. Baffles can be installed
 
perpendicular to the air flow or, alternatively, horizontal sheets of
impervious materials such as 
plastic sheets can be used to encourage uniform
 
horizontal flow.
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Figure 6. Horizontal Flow Rock Bed (Alternative 1)
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Figure 7. Horizontal Flow Rock Bed (Alternative 2)
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Rock Bed Pressure Drop
 

The size of the pebbles or rocks used in the bed affects two important

design parameters. Decreasing the rock size increases the rate of heat
 
transfer but also increases the pressure drop across the bed. The rock
 
diameter should be small enough to ensure that heat is conducted into the
 
centre of the rock as fast a- heat is transferred to the rock from the air
 
flow. For typical flow rates a rock diameter of 25 mm or less is
 
recommended.
 

Too high a pressure drop across the bed means high system electrical
 
energy consumption, whereas too low a pressure drop makes uniform flow
 
distribution difficult. A pressure drop of 30 to 50 Pa across the bed is
 
considered acceptable (0.0044-0.0073 psi, or 0.12-0.2 inches water).
 
Accurate prediction of rock bed pressure drop, however, is never very

precise since it varies according to how the storage container is filled.
 
Differences inpressure drop of up to 20% have been measured in laboratory
 
tests of the same rocks in the same container [9]. The shape of the rocks
 
also has an effect on the bed pressure drop. Generally, one can distinguish
 
three varieties of rock bed fill:
 

(1) Round stones; obtained from gravel pits, no
 
sharp edges.


(2) Crushed stones; obtained by crushing round
 
stones, sharp and round edges.
 

(3) Crushed rock; obtained from quarries, no round
 
edges - all sharp.
 

These varieties are screened. The grade classified as 'clear' is the
 
appropriate type for rock bed storage units since the clear grade has only a
 
narrow range of particle sizes [5].


Nine samples of different kinds of rocks and stones were tested for
 
their pressure drop characteristics [9]. The results are showi in Figure 8.
 
The curves shown inthis figure are for randomly packed beds and for clean,
 
washed rocks. Unwashed rocks can have twice the pressure drop of clean
 
rocks.
 

Fan Requirements
 

In order to select the size of fan required for the system, the
 
designer must determine the overall pressure drop through the rock
 
bed-collector loop. The total static pressure drop is the sum of the
 
pressure drops through the rock bed, plenums, ducting and solar collectors.
 
The pressure drop through the solar collectors can usually be obtained from
 
the manufacturer. As a rule-of-thumb, fan power requirements will be
 
approximately 2.5 Watts per square metre of collector area.
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Figure 8. Plot of Rock Bed pressure Drop Versus Face Velocity,
 

where ,P is static pressure loss (Pa)
 
L is rock bed length in the flow direction (m)
 
V is rock bed face velocity (m/s) (total flow rate
 

divided by bed cross-sectional area)
 

A 19 mm Rounds (clear) F 12.7 mm Rounds (clear)
 
B 19 mm Crushed Rock (clear) G HL6 Crushed Rock
 
C 19 mm Crushed Stone (clear) H HL Crushed Rock
 
D HL4 Crushed Stone I 9.5 mm Rounds (clear)
 
E HL Crushed Stone
 

Note: 	 Although this figure is an approximation based on a
 
very limited sampling, it is entirely adequate for the
 
purpose of ensuring a pressure drop that leads to a uniform
 
flow.
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Pump Selection
 

In an active solar hot water system a pump will be required to circu­
late a fluid within the system. It is important that the pump selected for
this task is carefully chosen. Pumps are selected by matching their per­
formance curves with the pressure drop-flowrat characteristics of the sys­
tems itself. A typical performance curve for a small centrifugal pump isshown below in Figure 9. The curve indicates that this pump will lift water 
to a maximum height of 8 feet, but at this point there is 
no flow. As the

head against which the pump is working falls, so the flowrate increases up

to a maximum of about 1300-1700 gallons per hour depending on the size of
 
the fittings. Inactual operation, the pump will operate somewhere between
 
these two extremes at a point which depends on the system curve.
 

10 

Teel Magnet Drive 
Hot Water Pump8 No. 1P761 

0 

I, 
4 
6 \F 

2 .75" 1.5" connections 

1.0" 1.25" 

0 400 800 1200 1600 2000 2400 
Flow, GPH 

FIGURE 9# Pressure-flow characteristic curve for a magnetic drive centri­
fugal pump. 
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To construct the system curve it is necessary to calculate the system
 
pressure drop at the design flowrate. The system curve then follows from
 
the relationship between flowrate and system pressure drop:
 

(7)
*Q
4 

where:
 

H = pressure drop or head,
 
Q = volumetric flow rate.
 

A system curve is shown in Figure 10. Where the system curve inter­
sects the pump performance curve defines the operating point of the system.
 
A pump istherefore selected so the estimated operating point is at a system
 
flow rate close to the design value.
 

4c should be noted that the system curve shown is for a closed-loop
 
syst,m where the pump is required only to overcome fluid friction at the
 
design flowrate. In open-loop systems, the pump must also lift the fluid to
 
an elevation which will depend on the system configuration. The system
 
curve will be displaced upwards on the graph by a head equal to the lift
 
required of the pump.
 

Figure 11 shows performance curves for several small pumps frequently
 
used in solar heating systems. This figure illustrates how the shape of the
 
performance curve can vary. Centrifugal pumps used in closed loop piping
 
circuits should be selected for a mid-curve operating condition, and should
 
have relatively flat performance curves. Pumps with a steep- curve charac­
teristic should not be used because they tend to limit system flow rates.
 

PUMP CURVE 
NO. I 

I-POI OPERATINGNT-PUMP 
xJ NO. I 

IL 

z 

4w PUMF CURVE 
z NO.2POINT-PUMP 

• IY|TE . NO. 2 

CURVE 

FLOW INGPM
 

Fig 10. 	 Typical System Curve for a
 
Closed-Loop System.
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Parallel Pumping
 

Pumps are often used in parallel. For parallel operation, each pump 
operates at the same head and provides one half the system flowrate. The
 
pump curve for parallel operation can be established by doubling the flow
 
rate of the single pump curve as shown in Figure 12. The operating point
for both single and parallel operation can be determined by drawing in the 
system curve as indicated in Figure 13. When only a single pump is in 
operation the system flow rate is reduced, not by half, but by an amount 
dependent on both the characteristics of the pumps and the system. When 
only a single pump is operating, the flowrate is higher than that through
each pump when they are operated together in parallel. When possible, the 
pumps should be selected to permit single-pump operation. This allows 
single-pump operation in the event one of the pumps fails.
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Pumps in series
 

When pumps are placed in series, each pump provides one half the total 
system pumping head at equal pumping rates. The pump curve for pumps in 
series can be constructed from the performance curve of a single pump by
doubling the head at each point of the curve as shown in Figure 14. Figure
15 shows the system curve drawn in and the system operating point. It 
should be noted that each pump draws maximum power during the series opera­
tion. During single-pump operation, the pump draws minimum power. 

It should be emphasized that both parallel and series configurations
 
require close attention to pump and system characteristics in order to
 
accurately determine the expected operating points. The use of safety fac­
tors, the use of improper or inaccurate pressure drop charts, inadequate
 
pressure drop calculation, etc., may lead to inappropriate pump selection
 
and consequent operational difficulties.
 

-PUMP 
SEIE 

CURVE FOR 
PER ATION 

... 
-"PUMP CURVE -
SERIES OPERATION 

SYSTEM OPERATING 
POIN0?T.BOTH , PUMPS ON 

WtL 
S 
PUMP AND SYSTEM 
OPERATING POINT. 

ONE PUMP ON 

PUMP ".-EACHI.UM 

CURV /OPERATES
S LTHIS 

PUPTH AT 
POINT-

PUMPS ON 

Fig. 

LFLOW 

_______Installation 

FLOW IN 

Pump Curve for Series Operation 

Fig. i5 

14 

Operating 
IN GPM 

Conditions for Series Pump 

OPM 



132
 

System Pressure Drop
 

In order to establish the system curve it is necessary to determine the
 
system pressure drop at the design flowrate. The volumetric flowrate is 
determined from heat transfer considerations, but the system pressure drop

will depend on fixing the diameter of the pipework and accounting for all
 
fittings, bends, and other equipment in the piping system. The pipe diam­
eter can be determined by observing some simple design criteria. The gen­
eral range of pipe friction losses in hydronic systems is between 1 3nd 4
 
ft. of head per 100 ft. of pipe length. A value of 2.5 ft/100 ft. is a mean
 
value to which many systems are designed [10]. A further constraint is
 
velocity. Closed loop hydronic systems are generally sized so that the
 
fluid velocity does not exceed 4 fps (1.2 m/s). Above this velocity the 
system becomes noisy and erosion can start to become a problem especially at
 
elbows. 

It is also recommended that fluid velocity should not fall below 2 fps

(0.6 m/s). These limits on fluid velocity and pressure drop closely con­
strain the selection of an appropriate pipe diameter. The central area of 
Figure 16 shows the region of permissible pipe sizes for a specified fluid
 
flow. One would generally select the smallest available pipe diameter that
 
falls within this central region.
 

For valves, bends, functions, and other elements, pressure drop is
 
usually listed in elbow equivalents. The elbow equivalent is then used to
 
estimate an equivalent pipe length from Table S. Elbow equivalents for
 
valves and fittings for iron and copper pipes are shown in Table 4. 

Table 8.Equivalent Lenitth in Feet of Pipe for 90-Deg Elbows 
Pipe Size 

Vel. Fps 
V, Y 1 1V4 IV 2 2V 3 3V 4 5 6 8 10 12 

! 1.2 1.7 2.2 3.0 3.5 4.5 5.4 6.7 7.7 8.6 10.5 12.2 15.4 18.7 22.2
2 1.4 1.9 2.5 3.3 3.9 5.1 6.0 7.5 8.6 9.5 11.7 13.7 17.3 20.8 24.8
3 1.5 2.0 2.7 3.6 4.2 5.4 6.4 8.0 9.2 10.2 12.5 14.6 18.4 22.3 26.5
4 1.5 2.1 2.8 3.7 4.4 5.6 6.7 8.3 9.6. 10.6 13.1 15.2 19.2 23.2 27.6
5 1.6 2.2 2.9 3.9 4.5 5.9 7.0 8.7 10.0 11.1 13.6 15.8 19.8 24.2 28.8 

6 1.7 2.3 3.0 4.0 4.7 6.0 7.2 8.9 10.3 11.4 14.0 16.3 20.5 24.9 29.6
7 1.7 2.3 3.0 4.1 4.8 6.2 7.4 9.1 10.5 11.7 14.3 16.7 21.0 25.. 30.3
8 1.7 2.4 3.1 4.2 4.9 6.3 7.5 9.3 10.8 11.9 14.6 17.1 21.5 26.1 31.0
9 1.8 2.4 3.2 4.3 5.0 6.4 7.7 9.5 11.0 12.2 14.9 17.4 21.9 26.6 31.6

10 1.8 2.5 3.2 4.3 5.1 6.5 7.8 9.7 11.2 12.4 15.2 17.7 22.2 27.0 32.0 

Table 4. Iron and Copper Elbow Equivalenis 

Fillng Iron Pipe Copper Tubiu 
Elbow, 90-deg .......... 1.0 1.0 
Elbow, 45-deg .......... 0.7 0.7 
Elbow, 90-deg long turn... 0.5 0.5 
Elbow, welded, 90-deg .... 0.5 0.5 

Reduced coupling ....... . 0.4 0.4 
Open return bend ........ 1.0 1.0 
Angle radiator valve ...... 2.0 3.0 
Radiator or convector .... 3.0 4.0 

Boiler or heater ......... 3.0 4.0
 
Open gate valve ......... 0.5 0.7
 
Openglobc valve ........ 12.0 17.0
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Example3
 
Determine the pressure drop for a 1-inch open gate valve and 20 ft. of
 

1-inch type L copper pipe at a flow velocity of 2.5 fps.
 

Solution
 
.From Table 4-, an open gate valve is equivalent to 0.7 elbows. From 

Table 3, a 1-inch elbow at 2.5 fps fluid velocity is equivalent to 2.6 feet 
of 1 inch pipe. Therefore, the gate valve is equivalent to 0.7 x 2.6 = 1.8 
feet of pipe. 

The pressure drop for the system is therefore based on 20 + 1.8 = 21.8 feet
 
of 1-inch type L copper pipe. From Figure 17, the pressure drop at 2.5 fps
 
can be estimated as 3 feet of water per 100 ft. of pipe. For 21.8 feet of
 
pipe the pressure drop would be
 

3 x 21.8 = 0.65 ft H20
 
ToU 

= 0.28 psi
 

The following rule of thumb is often used: the equivalent length of pipe
 
for an elbow (in feet of pipe) is approximately twice the nominal pipe
 
diameter in inches.--Tus, a 1-inch elbow is equivalent to 2 feet of i-inch
 
pipe, a 4-inchelbow is equivalent to 8 feet 6f 4-inch pipe, etc.
 

Pressure drop through pipe tees varies with flow through the branch. 
Pressure drops through the functions for tees of equal inlet and outlet 
sizes are shown in Figure 1t. 
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Heat Exchangers
 

Heat exchangers are often used in solar hot water systems to transfer
 
heat from one fluid circuit to another, to transfer heat from the collector
 
loop to thermal storage, or to transfer heat from storage to the system
 
load. The analysis of heat exchanger performance is therefore an important
 
component of the overall system design.
 

A convenient method for sizing heat exchangers and estimating their
 
performance uses a parameter called the heat exchanger effectiveness, E .
 
Heat exchanger effectiveness is is the ratio of the actual rate of heat
 
transfer, QHX, to the theoretical rate, QTH, that would occur if
 
the heat exchanger area of heat transfer were infinitely large. Consider
 
the simple counterflow heat exchanger shown below. For this configuration
 

QHX = Cc (t2 - t1 ) = Ch (T1 -,T2 ) Watts (8) 

where Cc = cold fluid heat capacitance rate, W/K 

Ch = hot fluid heat capacitance rate, W/K 

The fluid heat capacitance rates are simply the product of the fluid heat
 
capacity, in J/kg K, and the mass flow in kg/s.
 

Hot fluid, Tl
 

t2 Cold fluid, t1 

t 2 2
 

T2
 

I­

0. 

IhJ 
I-I
 

Figure lto Single-Pass Counterflow Shell-and-Tube Heat Exchanger 
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The maximum rate of heat transfer that could theoretically occur,
 

QTH' is given by
 

QTH = Cmin (TI - tl) Watts (9)
 

where Cmin is the smaller of C and Ch.
c 

since 6 = 9HX 

QTH 

we have QHX = E Cmin (TI - tl) Watts {|0) 

This is a very convenient formula since once the heat exchanger
effectiveness, F , is determined, the performance of the heat exchanger is 
only a function of the incoming fluid temperatures, which are usually known 
with some certainty. 

It can be shown that the heat exchanger effectiveness can be found from 

= 1 - exp [ -NTU (1 - C*)] (l ) 
T - C*exp [ -NTU (1-C*)] 

where C* is the ratio of the fluid heat capacitance rates so that C* is
 
always less than unity, i.e.
 

C* = Cmin/Cmax
 

and NTU is parameter called the number of transfer units, abbreviated as
 
NTU. This parameter is given by
 

NTU = UA (I2.) 

min 
where UA is the heat transfer coefficient and area product for the heat
 
exchanger.
 

Equation ii is presented graphically in Figure 2n' and is valid for
 
counterflow heat exchangers only. Typical values tor the overall heat
 
transfer coefficient, U, for shell-and-tube exchanger made of metal range

between 80 and 120 Btu/hr ft2 OF (450-680 W/m K) depending on fluid
 
temperatures, flowrates, and the type of fluid used.
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If the heat capacitance rates are equal, then C* = 1 and Equation It
 
becomes indeterminate. 
 Inthis case the heat exchanger effectiveness is
 
given by
 

£ = NTU (13) 

where NTU is determined as before, by Equation 12 When one flow rate is
much larger than the other ( > 15:1), the equations may be simplified to 

= 1 - exp ( -NTU) (14) 

This equation also applies for situations where one side of the heat
exchanger surface may be considered isothermal; for example, a coil inside 
or wrapped around a tank.
 

Ex amp Ie 4 

An array of collectors of 90 2 transfers via heatarea m heat a exchangerto a a well-mixed storage tank holding water. A 50% ethylene glycol
solution (C = 3.52 KJ/kg K) circulates through the collector loop at a 
rate of . kg/s. Water circulates through the exchanger from storage at a 
rate of 0.5 kg/s. The exchdnger is rated at UA ­ 5033 W/K. The temperature

of the fluid the is 65.5 the
leaving collectors "C; temperature in the
 
storage tank is 600C. What is the temperature of the fluid returning to
 
storage and going to the collectors?
 

65.5 'C 

Thirty

collectors 
 ' 

Well.mixed storage 

60°C 

50% ethyhaw glycol Water 
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Solution
 

For the collector loop we have
 

Ch = 0.36 kg/s x 3.52 kJ/kg K
 

= 1267.2 W/K
 

And for the storage loop
 

Cc = 0.5 kg/s x 4.19 KJ/kg K
 

= 2095.0 W/K
 

so Cmin = 1267.2
 
Cmax = 2095.0
 
C* = 1267.2/2095 
= 0.6
 

therefore NTU = UA 
 = 5033 = 3.97 
Tm in 

From Figure 2.0, the heat exchanger effectiveness can be estimated as 0.9.

The rate of heat transfer in the heat exchanger can therefore be determined
 
from EquationlO as
 

QHX = 0.9 x 1267.2 x (65.5 - 60)
 

= 6272.6 Watts
 

From Equation 8 we can now determine the exchanger outlet temperatures as
 

t2 = tI + QHX/Cc 

= 60 + 6272.6/2095.0 = 63.0°C
 

T2 = T1 - QHXCh
 

= 65.5 - 6272.6/1267.2 = 60.6°C
 

Heat Exchanger Factor
 

A useful and convenient analytical treatment of heat exchangers 
in
solar thermal systems has been developed by deWinter [14]. It can be shown

that the effect of the exchanger in the collector loop is to reduce the

collector heat removal factor, FR, by a factor, Fx, called the heat
 
exchanger factor.
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rhe useful energy gain from the collector loop with a heat exchanger is then
 
given by:
 

Qu = Fx FR Ac [I7K - UL (Tin - Ta)] (|5) 
The heat exchanger factor is found from
 

Fx 11 (16) 

1 + ACFRUL (Ccol -1) 

where Ccol = heat capacitance rate of the collector loop 

It is customary to define a modified heat removal factor,
 
FR' = FXFR, and then to write Equation I as 

(17)Qu= FR' A [I7a- UL (Tin - Ta)] 

where FR' accounts for the heat transfer penalty imposed by the 
presence of the heat exchanger. Since the performance of the collectors
 
is reduced by a factor Fx due to 
the heat exchanger, the collector area
should be 
increased by a factor equal to the reciprocal of F in order for
x
the system to produce as much energy with the exchanger as a similar system

without an exchanger.
 

Example 5 

Select a heat exchanger for a liquid system with a collector area of 
50 m2. The collector has the following characteristic parameters: 

FR (CTa)n = 0.7 
FRUL = 5.4 W/m2K 

Assume a time of day when the insolation on the plane of the collector is
950 W/m2, inlet fluid temperature is 55"C, storage water temperature is
5WC, and ambient temperature is O°C. The collector fluid is a 50 percent
mixture of ethylene glycol (specific heat 3.4 kJ/kgK, density 1048 kg/mJ). 

Solution
 

The energy collected is given by
 

=Qu FRAc [ITo- UL (Tin -Ta)]
 

= 50 [0.7 x 950 - 5.4 (55 - 0)]
 

= 18.4 kW
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To size the heat exchanger, flow rates in both the collector and the storage

loops are required. These are not given but the rule-of-thumb for the
 
collector loop is 0.015 
 L/m2s, so the total flow should be

50 x 0.015 = 0.75 L/s. The rate of storage water through the axnkianer is
 
typically twice the rate through the collectors, or 1.5 L/s.
 

collector 	loop: C : 0.75(L) x 1.048.(k.)x 3400(g) 

= 2672 W/K 

storage loop: C = 1.5 (L) x I(k_) x 4190(_) 

= 6285 W/K
 

so 	 Cmax = 6285 W/K
 
Cmin = 2672 W/K

C* = 2672/6285 = 0.43
 

We can find the heat exchanger effectiveness, E , from Equation 10 
rewritten as 

QHX
 

Cmin (TI - tl)
 

We know tI = 54°C and can find T1 from
 

=
QHX Ccol (TI - T2) 

where Ccol is the heat capacitance rate of the collector loop.
 
Since Ccol = 2672 W/K and T2 
= 550C 

T= 18400 + 55 = 61.9°C 

2672
 

thus 	 = 18400 = 0.87 
26'72 (61.9-54)
 

From Figure 20, with f- = 0.87 and Cmin/Cmax 0.43 we can estimate
 
NTU as 2.8
 

Since NTU 	= UA
 

min 

UA = 2.8 x Cmin = 2.8 x 2672
 

or UA = 7482 W/K
 

This parameter defines the performance of the required heat exchanger

and permits the selection of an appropriate unit from manufacturer's
 
catalogues.
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System Control and Configuration
 

The function of the control system is to control the solar thermal
 
system in such a way that the collection and storage of heat is accom­
plished as effectively as possible. The basic components of the control
 
system are the temperature sensors, the differential temperature control­
ler, and the output system. The differential controller starts the pump
 
whenever a temperature sensor on the absorber plate of the collector indi­
cates a temperature a few degrees higher than the temperature in the middle
 
or at the bottom of the storage tank. The controller turns the pump off
 
when the temperature differential falls below a preset level. Typical dif­
ferentials are 15'F (8°C) for turn on, 5°F (3°C) for turn off. It is
 
important that the collector sensor be mounted to a section of the absorber
 
where it is thermally buffered from the temperature drop caused by the flow
 
through the collector when the pump is first switched on. Otherwise, the
 
pump may cycle on-off for a considerable period of time. Temperature sen­
sors may also be used to monitor both freezing conditions and excessive
 
storage temperatures. In each case the control system is designed so that
 
the differential controller makes an appropriate response to the signals it
 
receives from the sensors.
 

The output system delivers the appropriate control voltages from the
 
differential controller to the pumps, valves, fans, or dampers that control
 
the fluid circulation.
 

A typical system configuration is shown in Figure 21. This is a 
drain-down system, which means that in the event of freezing conditions the 
system is designed to drain away to a sewer. The vacuum breaker above the 
collectors permits air to enter the system while draining. Horizontal 
piping is avoided. When the temperature rises sufficiently the solenoid 
valves isolating the storage tank open, the dump valve closes, and the 
system is refilled from the cold water supply. The air vent on top of the 
system allows air to escape as the collectors fill with water. This kind
 
of system is exposed to main line pressures and must be designed accord­
ingly. The biggest disadvantage with this design, however, is that drain­
age is dependent on the combined action of an electrical dump-valve and a
 
differential controller. If either fail in freezing conditions the system
 
is likely to be damaged.
 

Figure 22 shows a similar system except that here the system drains 
back into the storage tank. This configuration is called a drain-back 
system. Whenever the circulation pump is off the fluid in the collectors 
drains back into the storage tank. The storage tank is vented to permit 
air to enter the system. Note that the collector loop is not exposed to 
main supply pressure which would prevent the system from draining. The 
collector return line must enter the storage tank above the fluid level in
 
order for the system to drain.
 

Figure 23 shows a typical closed-loop solar thermal system. Since the
 
collector loop is closed an expansion tank becomes necessary. If freezing
 
is a potential problem the heat transfer fluid must be a water/glycol mix­
ture or some other freeze resistant fluid. Figure 24 shows a similar
 
closed-loop system, this time employing two tanks. This system will return
 
cooler water to the collector thereby improving their efficiency. However,
 
thermal losses from storage will be greater.
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By far the simplest solar thermal system is the thermosyphon system.
 
Figure 25 shows a typical system. No control system is required. However,
 
the storage system must be at a higher elevation than the collectors. This
 
is often an impractical arrangement with large solar thermal systems.
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DESIGN PROBLEM
 

Develop a preliminary design for a solar hot water system for a100 room hotel. The hotel has a restaurant that serves about 400 meals
each day. A local manufacturer can supply flat plate colletors with dimen­sions 1.25 m by 2.47 m. The effective area of each colletor is 3 m2 .
Tests on the collectors indicate they produce a pressure drop of 4 cm water
 gauge at a flow of 0.06 litres/sec. The system is to be a drain-back sys­tem. The collectors are to be located on the roof of the hotel whichis 13
 m above ground. There is no basement so storage will be at ground level.
 

The table below shows typical hot water demands for various types
of buildings. 
 Design the system to provide hot water at 600C.
 

Hot Water Demands and Use for Various Types of Buildings 
Type of Building Maximum Hour Maximum Day Averoge Day 

Men's Dormitories 3.8 gal/student 22.0 gal/student 13.1 gal/studentWomen's Dormitories 5.0 gal/student 26.5 gal/student 12.3 gal/student 

Motels: No. of Units,20 or less 6.0 gal/unit 35.0 gal/unit. 20.0 gal/unit60 5.0 gal/unit 25.0 gal/unit 14.0 gal/unit100 or More 4.0 gal/unit 15.0 gal/unit 10.0 gal/unit
 
Nursing Homes 
 4.5 gal/bed 30.0 gal/bed 18.4 gal/bed 
Office Buildings 0.4 gal/person 2.0 gal/person 1.0 gal/person 

Food Service Establishments:
Type A-Full 1.5 gal/max 11.0 gal/max 2.4 gal/avgMeal Restaurants and Cafeterias meals/hr meals/hr meals/day*Type B-Drive-Ins, Grilles, Lunch- 0.7 gal/max 6.0 gal/max
eonettes, Sandwich and meals/hr meals/hr 

0.7 gal/avg

meals/day*

Snack Shops 

Apartmcnt Houses: No. of Apartments20 or less 12.0 gal/apt. 80.0 gal/apt. 42.0 gal/apt.50 10.0 gal/apt. 73.0 gal/apt. 40.0 gal/apt.75 8.5 gal/apt. 66.0 gal/apt.100 38.0 gal/apt.7.0 gal/ap,. 60.0 gal/apt.130 or more 37.0 gal/apt.5.0 gal/apt. 50.0 gal/apt. 35.0 gal/apt. 
Elementary Schools 0.6 gal/student 1.5 gal/student 0.6 gal/student* 
Junior and Senior High Schools 1.0 gal/student 3.6 gal/student 1.8 gal/student* 

Perlnterpolateday of operation.for intermediate values. [source: ASHRAE] 
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SOLAR THERMAL ELECTRIC SYSTEMS
 

Solar thermal electric systems include the following:
 

* 	 Central receiver ("power tower") systems (CRS) which are
 
composed of a field of heliostats (mirrors) which are
 
controlled to reflect incoming direct solar rays to a
 
common absorber (receiver) elevated above the field by a
 
central tower. The energy, in the form of heat, is

transferred From the absorber to a working fluid (steam,

air, helium, sodium potassium eutectic or salts), which in
 
turn is the source of heat for a thermodynamic cycle

(Rankine, Brayton, or combined Rankine/Brayton) to convert
 
the heat into electricity.
 

* 	 Line concentrators which are fields of distributed (discrete)

parabolic concentrating collectors which focus direct insolation
 
upon a line with single axis tracking and an open or cavity

receiver or absorber. The heat is transported from the array

via the absorber pipeline and is transferred to the working

fluid of a Rankine power cycle.
 

Point concentrators which are fields of distributed (discrete)

paraboloidal concentrating collectors which focus direct sun
 
rays at a point, with dual axis tracking and a cavity receiver
 
(absorber). The heat is transported from the array in 
one
 
concept via steam, oils, 
or chemical mixtures to a central

Rankine power conversion system. An alternate concept is to
 
use individual power converters (Brayton or Stirling engines)

for each collector module, to produce electricity, and then
 
transport electric current to the power conditioning facility,

then to the busbar.
 

Flat plate collector systems could also be used but they are

uneconomical when used to produce electricity. 
There are essentially three
thermodynamic cycles that can 
be used separately or in combination for
 
energy conversion: Rankine, Brayton, and Stirling.
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DISTRIBUTED COLLECTOR SYSTEMS (DCS)
 

1. COOLIDGE
 

An experimental solar irrigation project sponsored by the U.S. DOE
 
and run by the University of Arizona has been in operation since 1980.
 
It provides electricity to pump water from three 91 m deep wells at 
Coolidge, Arizona to irrigate cotton crops. 
 The power plant uses 2140

2
m of parabolic trough concentrating collectors to focus sunlight on
 

receiver tubes within which circulates the primary circuit heat
 
transfer fluid: Caloria HT-43, a synthetic oil stable at high

temperatures. The primary fluid vapourizes a low-boiling point

secondary fluid (toluene) that drives a Rankine-cycle turbine that
 
generates electricity.
 

Electrical power is fed into local electric-utility lines, from
 
which power is drawn as needed to pump about 5300 litres per minute
 
from the three wells, each of which requires about 50 KW. Maximum
 
power output is rated as 175 KW of which approximately 25 KW is for 
power plant pumps and motors. Figure 1 shows schematically the
 
elements of the system. The Acurex collectors raise the temperature

of the Caloria HT-43 oil 
to around 290 0C. The oil is then circulated
 
through a 30,000 gallon (114 m3) thermal storage tank. A
 
disadvantage with this particular thermodynamic cycle is that the
 
pressure in the condenser is below atmospheric, thus raising the
 
possibiity of 
air leaking into the system. Toluene forms explosive
 
mixtures with air at low conce-rations.
 

Tur1.Dgol i Turbine 

Caloria Oil 150 Kw 

Solar Collector s) 

OilnStorageT 

Water 

Toluene 
Liquid 

:"=ump 

_Condenser 

-­ = = 

Figure 1. Diagram of Coolidge Pumping System
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2. 	ALMERIA
 

As another example of a OCS system we look at the Small Solar
 
Power Systems Project (SSPS) initiated by the International Energy
 
Agency (IEA). Supported and funded by eight European countries and the
 
U.S., the SSPS is part of the IEA Research and Development program

which is aimed at applying and demonstrating those new or improved
 
energy technologies that offer significant potential for contributing
 
to future energy needs.
 

The principal objective of the SSPS project is to examine in some
 
detail the feasibility of using solar radiation to generate electric
 
power for possible application either in established grids or in
 
communities whose geographical situation renders conventional
 
electrical supply techniques difficult and costly. Evaluation is to be
 
performed with respect to two dissimilar engineering approaches. A
 
solar farm or DCS using parabolic trough colleLtors is to be located
 
adjacent to a central receiver system (CRS) using a field of
 
heliostats.
 

The technical and operational objectives are to compare both
 
technological concepts, based on the same design philosophy and
 
operated under the same environmental conditions. The SSPS-DCS plant,

which has a rated output of 500 KWe, utilizes the pilot-system
 
experience of Acurex in building irrigation plants in New Mexico and
 
Arizona, as well as of the German company M.A.N. in operating similar
 
systems in Spain, Mexico, and Australia. The plant has two collector
 
fields of approximately equal size (see Table 1). One field is made up

of 10 loops of 60 collectors manufactured by Acurex; the other field
 
consists of 14 loops of 6 collector modules developed by M.A.N. Both
 
of these collector designs are line-focusing parabolic trough types.
 

The 	Acurex collector is arranged to track the sun in a single-axis
 
mode, the rotational axis being oriented in the east-west direction.
 
The M.A.N. collector modules employ two-axis tracking for orientation
 
in azimuth and elevation. Application of the two design concepts in
 
the same location offers the opportunity to compare life-cyclecosts
 
versus annual energy output under realistic conditions.
 

The heat transfer and power conversion systems of the DCS have
 
been designed with three heat transfer loops.
 

1) 	The first loop takes low temperature oil, Caloria
 
HT-43 at 225°C, from the bottom of a thermal storage

tank, circulates it through the collector fields, and
 
returns it at a temperature of 295 0C to the top of the
 
storage tank.
 

2) In a second loop, a boiler takes the hot oil from the
 
storage tank, discharges the thermal energy to the
 
steam loop, and returns the oil to the thermal storage
 
tank.
 

3. 	The third loop circulates water through the boiler and
 
then expands the generated steam through a turbine
 
generating electricity. The low-enthalpy steam is
 
condensed and pumped back to the boiler.
 
Figure 2 shows a simplified diagram of the DCS process
 
flow.
 



154
 

Table 1.SSPS Distributed Collector System-Performance Data 

Design 	 day 80,12:00 (equinox noon) 
point: solar insolation 0,92 kW/m2
 
Collector ACUREX collector,model 3001 2674 m2
 
fields: 60 groups in 10 loops
 

MAN collector, 
model 3/32, "HELIOMAN" 2688 m2 

84 modules in 14 loops 
total aperture area 5362 m2 

concentration ratio ca. 40 
land-use-factor (ACUREX/MAN) 0,27/0,32 
heat transfer medium thermal-oil (HT-43 
collector inlet temperature 2250C 
collector outlet temperature 2950C 

Thermal 	 one-tank-thermocline, 
storage: 	 storage medium thermal-oil (HT-43) 

capacity equivalent to 0,8 MWhe 
hot/cold temperature 2950C/2250C 

Steam 	 HT-43 inlet temperature 2950C 
generator: 	 HT-43 outiet temperature 2250C 

steam outlet temperature 2850C 
steam pressure 25 bar 

Power solar insolation 4933 kW 
(at design thermal 2580 kW 
point): gross electric 577 kW 

net electric 500 kW 
Efficiencies thermal/gross electric 22,4% 
(at design thermal/net electric 19,4% 
point): Insolation/net electric 10,1% 

COLLECTOR STORAGE SYSTEM POWER CONVERSIONFIELDS 	 I TRG IYTE SYSTEM 

II
ACUREX FIELD I 

. sOOLIN 

JDSpoesf E.~~ ~ ceai~ ~ iga~~~RHAE OWT..Smlfe 



F i Ur" ". The parabolic-trough single-axis tracking collector by Acurex. 

4.* The two-axis tracking concentrator b'v M.AXN, in stow position with faces down. 
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CENTRAL RECEIVER SYSTEMS
 

Eight central receiver system experiments and pilot plants are now in
 

operation or under construction throughout the world, each with the output
 

or more of thermal energy. Two of these systems are
 power of one megawatt 

now operating in the United States and France, and six more--located in the
 

and Spain--are under construction.
United States, France, Italy, Japan, 

All told, they represent an investment of at least $250 million.
 

a 1 MWt solar furnace con-
One of the first relatively large systems, 

at Odeillo in the Pyreness Mountains, was converted
structed by the French 


in the late 1970's to generate electricity for demonstration purposes. In
 

this application, the thermal power was removed from the receiver by means
 

of a hot-oil heat-transfer loop to thermal storage, or directly to an oil­
a steam turbine coupled to an electric
to-steam heat exchanger to operate 


generator.
 

plant develops temperatures up to
As a solar furnace, the Odeillo 

3,000°C without the need for direct flame-firing of test specimens or use
 

of heat-exchanger enclosures. Sixty-three heliostat mirrors, controlled by
 

computers, reflect the sun's radiation onto a parabolic mirror which in
 
area.
turn concentrates the radiation on the fixed-focus 


The Central Receiver Test Facility (CRTF) installed in 1977 at Sandia
 
a test bed for components and sub-
National Laboratories in New Mexico is 


systems for the Barstow, California, pilot electric plant. Its sophisti­
test bays served by an elevator. The field
cated tower contains three 


consists of 222 heliostats which can focus five megawatts of thermal power
 

into a test bay.
 

The 1OMWe Barstow steam plant now under construction will be connected
 
and is expected to serve the
 to Southern California Edison utility grid, 


Its storage system will be designed to
needs of a community of 6,000. 

provide 7MWe for four hours.
 

A two-megawatt electric plant is under construction at Targasonne,
 

Two towers will allow the testing of one receiver subsystem
near Odeillo. 

while another subsystem is being installed or modified. Molten salt will
 

site, is receiving assistance from the United States in the use of newly­

be used as the heat-transfer fluid and also as the thermal-storage 

material. 

A third Spanish plant, a 1MWe facility to be built at the Almeria 

All three plants
developed design methodologies and computer programs. 


are expected to be operational by 1982.
 

Under Japan's Project Sunshine program, two pilot plants with
 

approaches are under construction at Nio, Kagawa
different design 

one of Japan's major southern island. Capable of
Prefecture, on Shikoku, 


now operational.
producing 1,000 kWe each, the two plants are 


Figure 5 shows the basic components of a central receiver system.
 



FIGURE 5. 
CENTRAL RECEIVER SOLAR THERMAL POWER SYSTEM 
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Source: ERDA, Central Receiver Solar Thermal Power System - Phase I, 10 MWe Pilot Plant, Washington, D. C.,

1976.
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1. ALMERIA 

The SPSS -
CRS plant has a rated output of 500 kWe. Solar radiation i
concentrated about 450 times by a heliostat field with approximately 4000 m
of reflective surface. The Martin Marietta first-generation heliostats
track the sun both in asimuth and elevation, with a maximum pointing error
of about 2 mrad whenever the wind speed is less than 13 km/h. The field isdesiqncd to survive wind speeds of up to 144 km/h, seismic activities of0.6 m/s 2 , and the impact of 20' mm hail at 20 m/s. Additional perfurinance
data is indicated below in Table 2.
 

Table 2. SSPS Central Receiver System-Performance Data 

Design day 80, 12:00 (equinox noon)

point: solar insolation 0,92 kW/m2
 
Heliostat total reflective surface area 4000 m2
 
field: concentration ratio 
 450 

land-use-factor 0,22 
Cavity heat transfer medium Sodium
receiver: aperture size 9 m2 

active heat transfer surface 16,9 m2 
inlet temperature 2700C 
outlet temperature 5300C 

Thermal two-tank-system, storage medium Sodium 
storage: capacity equivalent to 1,0 MWhe 

hot storage temperature 5300C 
cold storage temperature 2750C 

Steam sodium inlet temperature 5250C 
generator: sodium outlet temperature 2750C 

steam outlet temperature 5100 C 
steam pressure 100 bar 

Power solar insolation 3675 kW
(at design thermal 2283 kW 
point): gross electric 600 kW 

net electric 517 kW 
Efficiencies thermal/gross electric 26,3%
(at design thermal/net electric 22,6%
point): Insolation/net electric 14,1% 
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Transfer of thermal 
energy in the sodium cooled system is performed at

high temperature 
(530C) and low pressure (4 bar). The incoming energy
(2.7 MWt at the design point), which produces peak fluxes on the tube bundle
of the receiver of 0.63 MW/mn, is passed through a storage system to theboiler. The third loop generates steam and delivers it 
to the turbines at
 
510C and 100 bar.
 

The German designed cavity-type receiver has a vertical octagonal
aperture of 9.7 2
m . Sodium flows in six horizontal parallel tubes which

wind back and forth from the bottom to the top of the cavity. Sodium enters
the inlet header at 270C at the bottom of the panel 
and leaves the outlet
header at 530C near the top. The receiver is mounted on top of a 43 m high

steel 
tower with a concrete foundation.
 

A cold sodium vessel and a hot sodium vessel, each having a volume of
3
70 m , provide storage for the CRS. 
 Sodium enters the hot storage vessel
from the receiver at 530'C, is pumped to 
the helical-tube steam generator,
then is returned to the cold sodium vessel 
at 275°C. The power conversion
unit is a steam-driven five-piston motor coupled to a three-phase generator.

The operating conditions of this unit are indicated below.
 

Thermal input (steam) 2200 kWt
 
Inlet pressure i00 
- 102 bar
 
Inlet temperature 500 - 520 0C
 
Back pressure 0.3 bar
 
Speed 
 1000 rpm

Motor 
 845 Hp

Gross output 600 kWe
 
Net output 
 562 kWe
 
Efficiency (gross/thermal) 27.3 %
 
Efficiency (net/thermal) 25.5 %
 

HELIOSTAT SODIUM HEAT-TRANSFER I POWER CONVERSIONFIELD SYSTEM SYSTEM SYSTEM
 

PUMP STA 
STEAM
 

NGENERATOR 

I HOT SIORAGE COOLING 

I I 

COLD STORAGE 

Fi b. Simplified srhcuatie ditqrwt of C/?S processflow 
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p 

The 43-meter-high receiver tower 
as seen from the ground, with a
view of the back of tihe sodium 
receiver. 
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'N A
 
The cavity-type sodium receiverof the CRS is shown mounted on the receiver 
tower. In thisphotograph,the receiverdoors are closed, showinga single
heliostatimage. 
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4. -A'm 

. . ..... , ..... 

Closeup of the CRS heliostat field shows the Martin Marietta first-generation­
type heliostats, some of which are in the stowed position with the reflecting 
surface facing downward (foreground). 
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2. BARSTOW
 

Construction of a CRS pilot plant capable of generating 10 MWe is inthe process of being completed near Barstow, California. This project isthe first of its kind in the U.S. and will be a pilot operation for judging
the feasibility of central receiver systems.
 

Seven major systems are involved in total plant operation: the collec­tor, receiver, thermal 
storage, master control, plant support, beam charac­terization, and electric power generating systems. 
 (The first six of these
make up the solar facility.) The heliostats of the collector system reflect
solar energy onto the receiver mounted on a 90.8 m (298 ft) tower. In thereceiver, water is boiled and converted to high-pressure steam (516 0C and10.3 MPa; 960°F acid 
1465 psia), which is then converted to electrical energy
by the turbine/generator. Any steam from the receiver in excess of theenergy required (35.7 MWt) for the generation of 10 MWe net power to theutility grid is diverted tc thermal storage for when output
use from the
receiver is under that needed for rated electrical power.
 

When the turbine operates directly on steam from the receiver, the
pilot plant's rated output is 10 MWe plus 1.8 MWe parasitic loads (internalplant loads). When operating from the thermal storage system alone (2740C
and 2.7 MPa; 525°F and 385 psia), the net electrical output is 7 MWe.Overall efficiency of the system ranges from 13.5% (full insolation day) to
11.1 % (full energy storage operation).
 

Collector System 

The collector field, consisting of 1818 Martin Marietta sun-trackingheliostats, has a total reflecting area of 72,538 m2 
(781,740 ft2) and
is divided into four quadrants. Each heliostat is made of 12 slightly con­cave mirror panels totaling 40 m2 (430 ft 2 ) of mirrored surface thatfocus the sun's rays on the receiver. The mirror assembly is mounted 
on a
geared drive unit for azimuth and elevation control. 

There are a total of 1240 heliostats in the two northern quadrants and
578 heliostats in the two southern quadrants. 
 In the southern quadrants,
the heliostats are focused on each of the 6 preheat panels under optimumconditions. 
 In the northern quadrants, the heliostats are focused on each
of the 18 boiler panels so that the heat is distributed over the length of 
the panels.
 

The collector control subsystem consists of a micro-processor in eachheliostat, a heliostat field controller for groups up to 32 heliostats, and
a central computer called the heliostat array controller. The annual anddiurnal sun position information for pointing each heliostat are storedwithin this control subsystem. The heliostats can be controlled indivi­dually 
or in groups in either manual or automatic modes. The heliostat
array controller is located in the plant control room and is functionallytied into the master control system. The plant operator can control thecollector field through either the heliostat array controller or the master

control system. 
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The heliostats are designed to operate in winds up to 36 mph and will
 
be stowed in a mirror-down position in higher winds. Design specifications

include survivability in a stowed position in winds up to 90 mph. Several
 
heliostats have satisfactorily passed tests inwhich wind-induced structural
 
loads were simulated. 

Receiver System 

The receiver system consists of a single-pass to superheat boiler with
 
external tubing, a tower, pumps, piping, wiring, and controls necessary to 
provide the required amount of steam to the turbine. Steam demand can be
varied from the control room by the operator, or the receiver system can 
react to a demand from the electric power generating system up to the 
receiver's rated output.
 

The receiver is designed to produce 516 0 C (960 0 F) steam at 10.3 MPa 
(1465 psia) at a flow rate of 112,140 lb/h. The receiver has 24 panels (6

preheat and 18 boiler), each approximately 0.9 m (3 ft) wide and 13.7 m
 
(45 ft) long. The panels are arranged in a cylindrical configuration with a
 

2
total surface area of 330 m (3252 ft2). Each panel consists of seventy

Incoloy 800 tubes through which water is pumped and boiled. The external 
surface temperature of the recei,er tubes at rated output will be approxi­
mately 621'C (1150*F). Each 4eceiver tube is 0.69 cm (0.27 in.) inside
diameter and 1.27 cm (0.5 in.) outside diameter. These boiler tubes are
made with thick walls and special metal in order to withstand the effects of 
diurnal cycling, wich can cause premature metal fatigue. In contrast to a
 
solar boiler, conventional boilers are kept heated even when steam and/or
electrical demand is low. In a solar receiver, the heat source disappears

when the sun is obscured or not shining, and the boiler cools. When insola­
tion returns, the boiler is reheated.
 

Within each panel, all tubes are welded to the adjacent tubes for their
 
full length on the outside surface only. The receiver panel exterior is 
painted with a special black paint ("Pyromark") to increase thermal energy
absorption. The interior surface of the receiver panels is insulated.
 

The tower, holding the receiver 90.8 m (298 ft) above the desert floor,

has a 7.6 m (25 ft) deep footing and a 1500 ton concrete base. The tower is
 
equipped with a temporary crane for installation of the receiver panels.

The wide area of the tower beneath the receiver houses air-conditioned rooms
 
where the receiver computer controls and some of the beam characterization
 
system are located.
 

Thermal Storage System 

The thermal storage system provides for storage of thermal energy to 
extend the plant's electrical power generating capability into nighttime or 
during periods of cloud cover. It also provides steam for keeping selected 
portions of the plant warm during non-operating hours and for starting up
the plant the following day. Sealing steam is required in the turbine 
casing even when it is not running. Even though the primary source for this
 
turbine sealing steam is thermal storage, a small auxiliary electric boiler
 
is standing by in case the thermal storage system is depleted or not 
operati ng. 
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The storage tank is 13.7 m (45 ft) high, 19.8 m (65 ft) in diameter
(inner), and built on a special lightweight, insulating concrete for reduc­
ing heat loss to the ground. The walls are made of steel and 30.5 cm (I ft)
of insulation and the roof is aluminum plus 61 cm (2 ft) of insulation.JThe 3581 m (946,000 gal) capacity tank, filled with rock, sand and about3908 m (240,000 gal) of thermal oil (Caloria HT 43), acts as a heat stor­
age vessel or unit.
 

Desuperheated steam from the receiver is routed through 
dual heat

exchangers in which thermal storage oil is heated. The heated oil 
is pumped
back into the tank and thermal energy is transferred to the rock and sand.
When fully charged, the temperature of the thermal storage mixture (oil,
rock, and sand) will be approximately 302'C (5751F). When discharging, the

heated oil is pumped through another heat exchanger to boil water. Steam at
274°C (525*F) and 2.7 MPa (385 psia) can be delivered to the turbine at a 
rate of 105,000 lb/h. The rated electrical capacity of the plant operating
on thermal storage energy is 28 megawatt-hours (28 MWe-h) net output, i.e.,

7 MWe power for 4 hours. After discharging, sufficient thermal energy will
be available for heating, sealing steam, and roestarting the plant the next 
day.
 

As do other plant systems, the thermal storage system has its own con­trols and also can be controlled both manually and automatically through the
 
master control system.
 

View of the tower with the boiler re­
ceiver mounted at its apex. A man is 
standing be'ieath and to the left of thc 
receiver hehind the railing. 



168 

"Yi. , " 
I~ f 

4. 

4 

4~~ ~4n 
- 44­

r- I 

4 4 .J 4 4 
t ~~ ~ i 4 wk4.4.~4 -V 

4 

~ 
4~~ 

~4 
,*' 

.r 
'4' . 4 :54~t~4SJ 

4 43 ~ L-4't 

.4 I- i- . 4 -j IA~I 
rf, t, 

S .i~*'4~' -~ 4-L 

VS Y 444~ 4'i' % 

V. 141 
4' 'A 

9N , 

s ~~~~~~I& 4 .. 4 ~ ' : ,k4*4 4 4 

'4~1 4 

~, *V~4~'''' 4444 
4 4 

*~f,~4.4 
-wasS';~<44 ~, 4 , , 4 ~ ' 

4 S 

4 .W 

,44 4. 

*, 444w 44 4 45 , IV!''~ 4_ 

'4 *.* 
44 44 

4 
-41 ~ ~~9%5 A4.4 

4~~44~'*4.:',-.....- ~ '*YIN* 
~ 

-. ,4' 
~.4 ~ ~ ~ ~ C tlVl4 ,"%~''I 

L'4'4~" 4~444 

14, 
4 



167
 

The capital cost of the Barstow 10 MWe CRS plant is estimated at 141 M$.
Annual operating and maintenance costs are estimated as 3.7 M$. Construc­tion took 5 years. These data permit us to make an 
estimation of the cost

of the electricity that will be produced by the plant.
 

The capital cost of 141 M$ does not 
include interest charges on the loan.

Construction costs are 141/5 
= 28.2 M$/yr for 5 years. We assume interest
is charged at 15% annually. The total capital cost, including capital

charges, is therefore given by:
 

I = (I+ 0.15)-i x 28.2 = 190.14 M$ 

The capital recovery factor (CRF) for this debt, based on 
15% interest rate
 
and a 40 yr lifetime, would be:
 

CRF (0.15, 40) = 0.15 = 0.15056 
1 - (I + 0.15)-40
 

So the amount paid annually in capital charges is 190.14 x 0.15056 
= 28.63
 
M$/yr.
 

Operation and maintenance costs are 3.7 M$/yr, so total annual costs may be
 
estimated as 32.33 M$/yr.
 

How much electricity will the plant produce? 
 This is very difficult to
estimate at this stage inthe development and demonstration of CRS plants.
 

Data for California suggest that the direct insolation is about 3200 kWh/m 2
 per year. Using this 
figure and the total heliostat area of 72,538 m2,
the gross insolation is about 232.12 x 106 kWh/yr.
 

The efficiency of the Almeria CRS plant is estimated as about 14% (insola­tion kWh to net electric kWhe). So an approximate estimate of net electric
 
output for the Barstow 10 MWe plant would be:
 

0.14 x 232.12 X 106 = 32.5 x 106 kWhe/yr
 

Assuming that all routine maintenance is performed night, so that the
at

daytime plant factor is 100%, the cost of electricity produced by the sys­
tem is approximately:
 

32.33 x 106 $/yr 0.995 $/kWhe
 

32.5 x 106 kWhe/yr
 

or very nearly $1 .r kWhe.
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Wind Power
 

Wind power technology is one of the very oldest of the renewable energy

technologies. The first windmills are mentioned at the beginning of the
 
Moslpm era, inthe second half of the seventh century. The earliest systems
 
were primitive devices consisting of a vertical rotating shaft turning a
 
millstone. Attached to the shaft were simple wings or paddles probably

constructed of woven matting. The device was positioned inside a circular
 
wall with a large opening facing the prevailig wind in such a way that the

wind impinged on one side of the windmill blades. Mills of this type (called

panemones) were certainly constructed on the plains of Persia which are swept

by steady winds.
 

In Asia and China, in the tenth century, windmills came into use for
 
irrigation and drainage. By the thirteenth century the technology was in
 
evidence across Europe from Portugal to Holland and beyond. At this time the 
windmill in Europe was used almost exclusively for the grinding and milling
of grain (hence its name). Only in Holland, at a later time, was the 
technology used to pump water - an application in which there remains 
considerable interest,particularly inthe developing countries. 

The earliest windmills in the New World were modeled on the European

machines. But by the middle of the nineteenth century Daniel Halliday had

begun to experiment with the design that developed into the familiar multi­
bladed water-pumping machine still to be seen across the American plains.

More than six million small multibladed windmills have been built and used in
 
the United States to pump water. It isestimated that over 150,000 are still
 
in operation.
 

During the 1930's small wind machines that generated electricity came
 
onto the market. Between 1930 and 1960, thousands of wind-powered Plectric
 
generators were sold and installed inmany countries. Production faltered in
 
the 1960's after the Rural Electrification Administration succeeded in sup­
plying most American farms and rural homes with inexpensive electricity from
 
a central power station and transmission system.
 

Many of the old wind electric systems are now being renovated and
 
pressed back into service as escalating oil prices spark a renewed interest
 
inthis technology.
 

Wind energy conversion systems (WECS) come in a wide variety of shapes,

sizes, and configurations. Many of the different types of wind machines are
 
shown diagrammatically overleaf.
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HORIZONTAL AXIS WIND MACHINES 

LIFT TYPE 

single-bladed three-bladed 

double-bladed U.S. farm windmill bicycle 

multi-bladed multi-bladed 

down-wind 
up-wInd 

I sail-wing 

enfleld-andreau 

multi-rotor counter-rotating blades 
DRAG TYPE AUGMENTED 

cross-wind 
Savonius 

cross-wind 
paddles 

diffuser congentrator unconfined vortex 
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PRIMARILY DRAG TYPE 

VERTICAL AXIS WIND MACHINES 

Savonius multibladed 
plates 

seld 

cupped 

LIFT TYPE 

Oarrlus 
Darrleuus 

(egg beater) 

COMBINATIONS 

Orturbine 

giromll 

Savonius-Darrieus 

Savonlus 0 

Magnus airfoil 

AUGMENTED t 

deflector 

.. .......... 

sunlight 

. . . . . . . . . 

venlturl 

. . . . . . . 

.......................... . 

. . . . . 

.. ... . .. 

confined vortex 



171
 

i 
f. 

A
 

I 

r 
-tY

 

~ 

'Ir4 
',,4, 

Jil
*
, 

'' 
"

?
 

4 
4 *,-x

 

l 
-' 

is' 
IY

,, 

-~
~

~
~

 Y
4

Q
 

t~
 

I 

tt 
?'IlkI:/* 

-S 
' V

 A
 

~~w~kj'$. 1
'k

x
~

'4
; 

~Nc%
 

~
Q

 
t 

--. 
-If. "I. 

VA
, P

4 
t 

4
~

~
~

~
~

~
i 

U
 

44_ 

I -

~ft i,
't~

t~
il 

'1
 

t, 

.2 



172
 

Basic Princples
 

Wind is a fluid in 	motion, its energy is kinetic. The power in the 
wind, Pw, istherefore given by
 

Pw = 1/2 r V2 	 Watts (1) 

where h= air mass flow rate, kg/s
 
V = air speed, m/s
 

This expression isusually rewritten as
 

Pw = 1/2 p AV3 	 Watts (2) 

where 	 p = air density, kg/m 3 

A = flow area, m2 

The density of air 	varies with both temperature and pressure. At, 200C
and atmospheric pressure the density of air is 1.2 kg/m 3 . Since the air 
pressure dcreases with increasing altitude the temperature correcteddensity
should also be corrected for altitude. The density of dry air at atmospheric 
pressure is tabulated below.
 

Density of Dry Air at Atmospheric Pressure
 

Temperature Densit Temperature Density°C 	 kg/m j 0C kg/ml 

0 	 1.29 20 1.20
 
5 	 1.27 25 1.18
 
10 	 1.25 30 1.16
 
15 	 1.23 35 1.15
 

The correction factor for variation in altitude, CA, is shown below. This 
factor should be multiplied by the density at atmospheric pressure to deter­
mine the correct air density. 

Altitude Correction 	Factor, CA
 

Altitude, ft 	 CA Altitude, ft
 

0 
 1 	 5000 0.832
 
1000 0.964 6000 0.801
 
2000 0.930 7000 0.772
 
2500 0.912 8000 0.743
 
3000 0.896 9000 0.715
 
4000 0.864 10000 0.688
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It can be shown that an ideal wind turbine can extract a maximum of
 
exactly 59.3% of this potential power. In practice, wind energy conversion
 
systems (WECS) can 	convert at most about 45% of the power in wind. The

efficiency of a 
wind system is often called the Coefficient of Performance.
 

It is important to note that the available wind power is proportional to
 
the cube of the wind speed. If the wind speed doubles the available power

increases by a factor of eight. Small differences in average wind speed

between potential sites can-t-erefore make a great deal of difference in
 
terms of power generation.
 

Wind system performance is often correlated in terms of a dimensionless
 
parameter called the Tip Speed Ratio, TSR. 
 The tip speed ratio is the ratio
 
of the speed at which the blade tip istravelling to the speed of the wind.
 

TSR = 2wrN 
 (3)

V
 

where 	 r = radius of the swept area, m
 
N = revolutions per second
 
V = wind speed, m/s
 

The efficiency of a wind turbine (the fraction of the power in the wind

that is extracted by the turbine) varies with tip speed ratio. 
 The effi­
ciency curve shows a well-defined peak for each type of machine. Figure 1

shows the efficiency of the different types of wind systems as function of
a 

tip speed ratio. The American farm multiblade windmill is an example of a
 
machine which has low efficiency and turns no faster than the wind. 
 One

advantage of this design 
is its high torque at low speeds: essential for

pumping water. The Dutch four-arm windmill is a lift-type thdt shows poor

performance because 	of the crude design of its sail-like rotor. 
 However, it
 
also produces high torque at low wind speeds. The Savonius rotor, which

looks like a vertical cylinder with the two halves displaced in opposite

directions, is cheap and simple to fabricate but 
relatively inefficient.
 
Modern high performance wind machines have blades with carefully designed

airfoil sections and perform best when they are moving faster than the wind.
 
Ingeneral, a low tip speed ratio means greater torque (suitable for pumping

water and mechanical work), and a high tip speed ratio means lower torque but

higher rotational speed (suitable for generating electrical power). These

characteristics are related to the solidity of the 
rotor. Solidity is the

ratio of total blade area to the swept area of the rotor. Figures 2 and 3
 
show how torque and solidity vary with tip speed ratio.
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type windmills 

40.	 -Arican multi-blade type 
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.4-0 

ratio of blade tip speed to wind speed 

Figure 001* Typical performance of several wind machines. 
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0. 

single 
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0-
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Figure 2 Relative starting torque. Figure 3 Solidity of several wind machines. 
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Example 1
 

A high speed two-blade rotor has a blade length of 3 metres. What is
 
the maximum power the rotor will produce in 10 m/s wind and what is the
 
rotational speed at this power output?
 

Solution:
 

From Figure 1,for a two-blade rotor, the maximum efficiency occurs at a
 
tip speed ratio of about 5.5. At this point the efficiency is about 0.47.
 
The power inthe wind is
 

Pw = 1/2 pAV3 	 Watts
 

assuming 	 p = 1.2 kg/m 3
 

A = 28.3 m
 
V = 10 m/s
 

therefore 	 fw= 0.5 X 1.2 X 28.3 X 103= 17000 Watts
 

The power produced by the rotor is 0.47 X 17000 = 8 kW. 

The optimal tip speed ratio is 5.5
 

since TSR = 2wrN
 
V
 

N = 5.5 X 10 = 2.92 rev/s
 
2n X 3
 

= 175 rpm
 

Wind Machine Characteristics
 

All wind turbines exhibit certain fundamental characteristics which are
 
related to wind speed. At low wind speeds the rotor does not turn until the
 
wind reaches a value called the cut-in wind speed. Since the energy in the
 
wind is proportional to the cube of the speed, there is very little energy in
 
the wind at wind speeds below the cut-in speeds. As the wind speed increases
 
the rotor generates power at a level proportional to the cube of the wind 
speed until, at the rated wind speed, the wind system produces its rated 
output. At wind speeds above the rated wind speed most wind turbines produce
 
approximately constant power by the employment of some kind of governor,
 
until at high wind speeds, the wind system is designed to cut-out or furl.
 
The wind speed at which the system is designed to shut itself down is called
 
the furling windspeed. These characteristics are illustrated in Figure 4
 
which shows the power produced by two different wind machines as a function
 
of windspeed. Machine A is rated a 2 kW machine at a wind speed of 25 mph;
 
machine B is rated at 1 kW machine at a wind speed of 15 mph. Both machines
 
have a cut-in speed of about 7-8 mph.
 

The rotational speed of the rotor at a given wind speed will depend on
 
how the rotor is loaded. At zero load the rotor will attain a high rota­
tional speed but will produce very little power. As the load is increased,
 
the rotational speed drops as the rotor produces power until, at high load
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levels, the rotor 	speed is slowed to zero. 
 These curves can be plotted for
different windspeeds as shown in Figure 5. For each windspeed the powercurve shows a well-defined maximum. 
 The loads of the 	maxima defines the
maximum power output of the wind machine as 
a function of windspeed, and the

optimum rotor loading at a particular wind speed.
 

Rated Furling windspeed
2000 windspee Wind machine A 

150- Rated Furling windspeed 

1 -ndspeed Wind machine B /-c../ 
00 

00_ \:w , I I I I I I.' 

0 10 20 30 40 50 60 70 

Windspeed (mph) 

Figure 4. Output power for two typical wind machines. Arotor produces its maximum power at windspeeds
between the rated and furling windspeeds. 

,15mph 

15 mph 

00 Rotor rpm 

Figure 5. 	 Variation of power output with rpm for atypicalrotor. At each windspeed, there is a point of 
optimum performance (heavy line). 
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Energy Production
 

Manufacturers of wind turbines 
will generally provide promotional

material showing power output curves similar to the curves 
shown in Figure 6. 
Both curves are for 1 kW systems but at different rated windspeeds. Machine 
B is rated 1 KW at 20 mph; machine A is rated 1 kW at 32 mph. How much 
energy will each of these machines produce?
 

To answer this question we need to know something about the wind regime.

Ideally we would have available a wind duration curve, which has the charac­

determine the 


teristic profile shown in Figure 7. The wind duration curve in this case 
covers a period of one month only; 720 hours. 

From the information shown in Figures 6 and 7 it is possible to 
energy produced over the 30 day period by both machines.


Divide the abscissa of Figure 7 into 20 hour increments and read off the 
average wind speed for each 20 hour period. From Figure 6 estimate the power

produced by each machine at this wind speed in 
watts. This value multiplied

by 20 gives the energy produced ( Wh) during the period. Table 1 shows the 
results of such a calculation. 

What can be clearly seen is that machinc B produces more than twice the
 
energy produced by machine A. 
Even though both machines are nominally 1 kW,
the difference in their rated speeds makes 
a very large difference to the
 
amounts of energy each wind turbine produces. A lower rated speed implies a
 
higher energy yield.
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rated speed wind turbine B 
rated speed wind turbine A 

900­

800 

7W0 
wind turbine B wind turbine A 

L 500 

300 

200 

100 

10 20 
wind 

Fcut-in 

30 
speed 

40 
(m.p.h.) 

50 

FIGURE 6 Power curves for two example wind turbine generators. 
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40­

30 
- alted wind speed A 

,,0,at wind speed B 

10 , 

, 

t- in sp~eed 
cutt-in 

A 
spwped B 

1C0 2C. 300 4CO 500 600 70 800 

time (hours) 
FIGURE 7. Example wind duration curve. 
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Table 1. Energy extracted per month from the wind distribution
 
shown in Figure 7 by wind turbines A and B.
 

WIND TURBINE A WIND TURBINE B 

V Power 
"10. mph watts Watts x 20 Hrs. Power Watts x 20 Hrs. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

40 
35 
26 
22 
20 
19 
17.5 
17 
16.5 
16 
15.5 
15 
14.5 
14 
13.5 
13 
12.5 
12 
11.5 
11 
10.5 
10 
9.5 
9. 
8.6 
8 
7.5 

1000 
1000 
650 
320 
250 
238 
162 
150 
138 
125 
113 
100 
90 
80 
70 
60 
50 
45 
40 
35 
30 
25 
0 
0 
0 

20,000 
20,000 
13,000 
6,400 
5,000 
4,760 
3,240 
3,000 
2,760 
2,500 
2,260 
2,000 
1,800 
1,600 
1,400 
1,200 
1,000 

900 
800 
700 
600 
500 

0 
0 

1000 
1000 
1000 
1000 
1000 
950 
650 
600 
550 
500 
450 
400 
360 
320 
280 
240 
200 
180 
160 
140 
120 
100 
95 
87 
70 
50 
0 

20,000 
20,000 
20,000 
20,000 
20,000 
19,000 
13,000 
12,000 
11,000 
10,000 
9,000 
8,000 
7,200 
6,400 
5,600 
4,800 
4,000 
3,600 
3,200 
2,800 
2,400 
2,000 
1,800 
1,740 
1,400 
1,000 

0 
28 7 
29 6.5 
30 6 
31 5.5 
32 5 
33 4.5 
34 4 
35 3.5 
36 2 

Total watt hours 95,420 = 95.4,kWh 229,940 = 229.9 kWh 
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Example 2
 

The table below shows annual wind data for a very windy site. Construct
 
the wind duration curve for this location.
 

S PEED MEAN
 
MPH 1-3 4-6 7-10 11-16 17-21 22-27 2-3-33 34-40 1 41-47 48-55 .--56 
 % WIND 
DIR. I SPEED 
N .1 .3 1.3 1.1 I.o -- 5 .2 1 .1 .017 0 .1 4.8 15.8
 

NNE .2 .1-- .7 91 .8 I .-- '-I1 K 0 .0 3.8 19.8
 
NE .2 1 6.8 1 : .7 1 .0 .19. 4. 


ENE.1 .5 1.2 1. L _31~ 3~8 .2 .9 7.7 30.0E _A.4 1. 1 i1.5,1 .. 9 1.0 1.0 _ .3 ..2 9.5 23.7 
ESE •1 • .5 1.0 1.3 1., _ .] I . 8 . J .1 7.9 27.4
 
SE .I .3 
 i A 1 1.3 .9 1 .4 .3 1 7.6 25.1 

-"... .... .I- ' T
SSE .0 .2 . 3 I-- -- -:: - •. A .. . . . . ... . .6_ . _,1 .. ! 5 . . .3 3.9 32.1 
s .3 .3; .G .9 j1.o .7 i .7 .5 .A .2 6.4 24.9
 

ssw .1 .1 .5 .G .4 .71 .7 .3 .0 
 .2 3.7 24.9
 
sw .1 2 6 1.2 .q 1 .1 5 .3 .2 1.2 6.3 
 23.9

WSW _.2 .8 J .9 1.13 I 9 . . 6.1 23.0w_ .2. . .. . j .. . 7_.. .. : 4. 1.. .3; . •9 . •...+ - . . -. . ...2 .31 .7. A6. .30.7_ 3 

WNWNW .2 .3 5111.0 1.1l3 , .. - . r ! -i - - --[-. ...7 - , .61.2- -. ... :i - - .1;- r .. 6.0 21.3 
NW . . 0 8.7 18.1
 

NNW .0 .2 .8 1.7 S1.5 1. .4 ~. 0 .1 
 6.0 18.6 
VARBL . I I I . . . . - .. . . 

CALM 9 
3.. 1.4- 164 1 .- 12.3 37 1.114 ____~. G . j87 -14.8 3.7 

--

2.1 00.0 0-

Sol ution 

The wind duration curve is a cumulative frequency diagram. Starting at 
the highest windspeed group, determine the time the wind blows at this level.
We assume here that the highest windspeed is 65 mph. The calculation 
isshown below.
 

range mid-point frequency time cumulative

mph mph % hrs hrs
 

56-65 60.5 ?.1 184 184
 
48-55 51.5 3.7 
 324 508
 
41-47 44 4.8 420 
 928
 
34-40 37 8.7 
 762 1690
 
28-33 30.5 12.2 
 1069 2759
 
22-27 24.5 16.6 1454 
 4213
 
17-21 19 17.3 1515 5728
 
11-16 13.5 16.4 1437 
 7165
 
7-10 8.5 11.4 999 8164
 
4-6 5 
 3.7 324 8488
 
1-3 2 2.3 201 
 8689
 

Calm 
 0 0.8 71 8760
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Windspeed Distributions
 

Winds at many locations exhibit some remarkably similar characteristics.

A typical windspeed distribution for a site with 12 mph average winds is 
shown in Figure 8. Note that the average windspeed is greater than the most
 
frequently occurring windspeed, which in this case is about 9 mph. 
 However,
 
one is primarily interested in the amount of enrc in the wind, where this 
can be calculated from Equation 2. Figure 9, for example, shows windspeed
and wind energy distributions for a typical site. At this particular site a 
windspeed of 8 mph occurs frequently, yet the amount of energy in the wind at
this speed is much less than the amount of energy available at windspeeds
between 10 and 25 mph. 
 There is very little energy available below 8 mph or
 
above 30 mph at this site.
 

How does one go about measuring the windspeed distribution at a partic­
ular site? There are essentially three options:
 

1. 	Measure and record the windspeed at the site for a period of at least one
 
year.
 

2. 	Measure acid record the windspeed for a shorter period and try 
to corre­
late the data with long-term data taken from a nearby weather station or
 
airport.
 

3. 	Determine only the annual 
average windspeed and use a mathematical dis­
tribution function to estimate the duration at each windspeed.
 

SMean windspeed:12nmph 

E 

00 5 10 15 20 25 30 

'A ds peed (uph 

Figure 8. Windspeed distribution for a typical site with12-mph average winds. This grapTh indicates the 
percentage of titne, over :;perro,j of one year, that the 
wind blows at any given speed. 
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Windspeed (mph) 

Figure 9. Windspeed and wind energy

distributions for a typical wind site.
 

From an overall planning point of view, the annual windspeed distribution is
the most important information to determine. This distribution may be esti­mated from the annual average windspeed by using the Rayleigh distribution.
 

The Rayleigh distribution takes the following form
 

t 8760 w V exp [-V2/4V2J 
 (4)
 

where 	 t = time, hours per year 
V= windspeed, mph
V = annual mean windspeed, mph 

This equation will predict the total number of hours per year, t, that the
wind will blow at windspeed, V, at a 
site where the mean windspeed isV. At
mean windspeeds below 10 mph the Rayleigh distribution starts to become inac­curate. 
 Itshould not be used for sites where the mean annual wlndspeed is
below 8 mph. 
Figure 10 shows predicted windspeed distributions for mean
annual windspeeds between 8 and 16 mph. Accuracy should be better than 90%for " ;ical sites on unobstructed terrain. Table 2 shows Rayleigh wlndspeed
distributions inhours per year for a 
range of annual mean windspeeds [3].
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Figure 10. 
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The Rayleigh distribution versus windspeed for sites with mean windspeeds between 8 and 16 mph. 
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Comparison of Rayleigh and measured wind­
speed distributions for St. Ann's Head, England. 



TABLE 2 

RAYLEIGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS RAYLEIGH DISTRIBUTION FOR VARIOUS MEAN WINDSPEEDS 

Windspeed 

mph 8 9 10 
Mean Windspeed, mph 
11 12 13 14 15 16 17 

Windspeed 

mph 8 9 10 
Mean Wlndspeed, mph 
11 12 13 14 15 16 17 

8 784 731 666 601 539 484 435 391 353 320 27 .8 4 12 27 48 74 102 130 155 177 
9 716 697 656 605 553 503 457 415 377 344 28 .4 2 8 20 37 60 85 111 136 158 

10 630 644 627 594 554 512 470 431 395 363 29 .2 1 5 14 28 47 70 94 118 140 

11 536 578 585 570 543 510 476 441 408 377 30 .1 .8 4 10 21 37 57 79 102 124 
12 441 504 533 536 523 500 473 443 415 386 31 0 .5 2 7 16 29 46 66 87 108 0% 

13 351 429 474 494 494 483 464 441 416 391 32 0 .3 1 5 11 22 37 55 74 94 
14 272 356 413 446 459 458 448 432 412 31 33 0 .1 .9 3 8 17 29 45 63 81 

15 204 288 353 396 420 429 427 418s 404 387 34 0 0 .5 2 6 13 23 37 53 70 
16 149 227 295 345 378 396 403 400 392 380 35 0 0 .3 1 4 10 18 30 44 60 

17 105 175 242 296 336 361 375. 379 377 369 36 0 0 .2 .9 3 7 14 24 36 51 
18 73 132 194 250 294 325 345 355 358 355 37 0 0 .1 .6 2 5 11 19 30 43 

19 49 97 153 207 253 289 314 330 337 339 38 0 0 0 .4 1 4 8 15 24 36 
20 32 70 119 170 216 254 283 303 315 321 39 0 0 0 .2 .9 3 6 12 20 30 

21 20 50 90 136 181 220 252 275 291 302 40 0 0 0 .1 .6 2 5 9 16 25 
22 12 34 68 108 150 189 222 248 268 281 41 0 0 0 0 .4 1 3 7 13 20 
23 7 23 50 84 123 160 194 222 244 260 42 0 0 0 0 .3 .9 3 5 10 17 
24 4 15 36 65 99 134 168 197 220 239 43 0 0 0 0 .2 .6 2 4 8 13 
25 3 10 25 49 79 111 143 173 198 218 44 0 0 0 0 .1 .4 1 3 6 11 

26 1 6 18 37 62 91 122 150 176 197 
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Windspeed distribution curves can be used to determine energy distribu­
tion curves. The energy in the wind is the power available at a particular

windspeed, calculated using Equation 2,multiplied by the time the wind blows
 
at that speed, as either measured or predicted by a Rayleigh distribution.
 

Since Pw = 	1/2 pAV3 Watts 

and t = 4380 w V exp 	 hrs/yr 

then E(t) = 	Pwt kWh/yr 
1000 

The graphs below show 	windspeed distribution curves and energy distribution 
curves for two sites with average annual windspeeds of 10 mph and 14 mph.
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Figure 11 	 Rayleigh wIndspeed distributions fu, sites with 10
 
mph and 14 mph average winds. The available
 
wind energy is far greater at the windier site.
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It is possible to calculate the windspeed at which the peak of each 
curve will occur. It can be shown analytically that for a Rayleigh distribu­
tion the most frequent windspeed, Vf, occurs at
 

Vf = o.8 V 

where 'V is the mean annual windspeed, and that the maximum energy available 
(the peak of the available energy curve) occurs at a windspeed, V(Emax)

given by
 

V (Emax) = 1.6 V 

The latter relationship is especially important since it permits 
a quick

calculation of the windspeed at which the maximum energy is available, know­
ing only one parameter, the mean annual windspeed. The peak-energy windspeed

should be about the same as the windspeed at which the system produces its

rated power. In this way the wind energy conversion system is matched to the
 
wind regime.
 

The Rayleigh distribution gives rise to a wind duration curve similar to
the one shown in Figure 7. The curve can be constructed using the equation 
below 

to = 8760 exp [-TrV2/4V2 ) hours (5) 

where t D is the time the wind blows at a velocity greater than V for a 
distribution with a mean annual windspeed V.
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Lift and Drag
 

Wind machines use a combination of lift and drag forces to convert the
 
kinetic energy in the wind into a torque applied at the axis of the rotor.
 
The drag force on an airfoil occurs in a direction parallel to the relative
 
wind. The lift force acts in a direction perpendicular to the relative wind.
 
The forces are shown in the diagram below.
 

CHORD LINE%/ 

BLADE ANGLE 

-. ,BLADEMOTION=u 

PLANE OFROTATION 

-f 

> 

lo, 0SPEED RATIO= u/V 

lo, Z 

Q. 
V. • 

Figure 12. Vector diagram of the airflow at a single rotor blade.
 
The lift force pulls the blade along its rotary path.
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The principal attribute of the airfoil is the ability to produce a high 
lift while incurring only a small drag. Airfoils characteristically have a 
blunt nose and a finely tapering tail. They can be symmetrical or cambered 
as shown below. 

READJSEDGE4 TRAIJM3EDGE 

CAMBER5%CHORD 

Fig. i3 Geometry of symmetrical and cambered aerotbil 

The airfoils above illustrate the characteristic features of (1) the 
nose radius, (2) the position and magnitude of the point of maximum thick­
ness, and (3) the angle of the trailing edge. These parameters are usually
expressed in terms of the chord length. The upper airfoil is symmetrical; it 
will produce no lift until the airflow makes an angle with the chord line as 
depicted in Figure 12. This angle is called the angle of attack. Symmetri­
cal airfoils, used on boats for rudder and keesare essential for lift­
dominated vertical axis wind turbines like the Darrieus rotor. If the air­
foil is to develop lift at zero angle of attack, then it must be cambered as
 
shown by the lower airfoil in the figure above.
 

The airfoil properties of interest to the wind system designer are, of 
course, the lift and the drag, and sometimes the turning moment which the 
flow exerts on the airfoil. Typical curves of lift and drag, plotted against
the angle of attack for a low-speed airfoil are shown in Figure 14, together
with the ratio of the forces, called the lift to drag ratio or L/D ratio. 

As the angle of attack is increased, the lift increases at a faster rate
 
than the drag does until the blade stalls: the angle of attack at which the
 
lift falls dramatically and drag rapidly ncreases.
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100 200 Angie of attack 

Fig. 14" Properties of'an acrofoil 

The forces on the blade due to lifit and drag may be calculated from 
Lift = 1/2 CLpSV2 Newtons 

Drag = 1/2 CDPSV2 Newtons 

where CL and CD are the dimensionless coefficients of lift and drag
 

respecti vely.
 

also p = air density, kg/m 3 
s = blade surface area, m2 

V = airspeed, m/s
 

Generally, the higher the blade L/D ratio, the faster the rotor will

spin, and the greater will be the coefficient of performance. But high L/D

ratios arise only from sophisticated blade design which generally means an
expensive rotor. We find, therefore, in windmill blade design the usual
 
trade-offs between complexity, sophistication, performance, and cost. The
table below shows how these trade-offs are 
usually resolved for different

applications for typical horizontal axis wind systems.
 

Wind Machine Design TSR Blades Blade Type 
 Blade L/D
 

Water pumper 1 6-20 
 Flat Plate 10
 
1 6-20 Curved Plate 20-40
 
1 4-10 Sail wing 10-25
Small wind-electric 
 3-4 4-6 Simple airfoil 10-50
 
4-6 2-4 
 Twisted airfoil 20-100
 
3-5 3-6 Sail wing 20-35
Large wind-electric 5-15 1-3 Twisted airfoil 20-100
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Rotor Configurations
 

There are basically four common types of wind machine: the Savonius
 
rotor, the Darrieus rotor, both vertical axis configurations; multibladed
 
low-speed rotors like the U.S. farm windmills, and high-speed propellor-type
 
rotors, both horizontal-axis configurations. These rotors have different
 
aerodynamic and power characteristics and a particular rotor configuration
 
can be selected that is well-suited for the mechanical task at hand.
 
Savonius rotors and the multibladed hign-solidity rotors are low-speed rotors
 
that have a high starting torque and are appropriate for mechanical work such
 
as pumping water- or milling and grinding grain. The vertical-axis Darrieus
 
and the propellor-type rotors spin much faster and have little or no starting
 
torque. Their high rotational speeds make these rotor types appropriate for
 
driviny electric generators.
 

Savonius Rotor
 

The Savonius rotor is an extremely simple and robust wind energy conver­
sion system. Sometimes called the S-rotor because of :ts dinstinctive shape,
 
it looks rather like an oil drum that has been cut in half along its length
 
and the halves separated sideways. More often than not, this is exactly how
 
it is built. Figures 15 and 16 show a couple of typical configurations.
 

The advantages of the Savonius rotor include its simplicity and ease of
 
construction, and its high starcing torque which permits it to start up under
 
load. However, it suffers from rather low efficiency (a coefficient of per­
formance of about 10-20 per cent), and difficulties with overspeed control.
 

Savonius rotors come in all shapes and sizes. Figure 17 shows some of
 
the more common design configurations. The more simple two-vane design seems
 
to work as well as the multivane types. The aspect ratio, the ratio of vane
 
height to rotor diameter, has an effect on the torque produced. Higher
 
aspect ratio rotors (taller and slimmer) will generally run at higher rota­
tional speeds and lower torque than those systems with a low aspect ratio.
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A low-technology Savonius rotor. Easily fabricated A three-tiered Savonius rotor designed to generate electricity.

from surplus oil drums, this drag-type machine offers
 
only limited power.
 

Figure 15. Figure 16. 
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Savonius rotor design options include the intervane gap, number of vanes, aspect ratio, and tip plates.
Option Ehas a much higher aspect ratio than F,and the tipplates inoption Gimprove the rotor performance at

low rpm. 

Figure 17. 
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Multibladed Horizontal Axis Rotors
 

The multibladed horizontal axis rotor is by far the most common wind energy conversion system. In the United States 
the old farm windmills can
still be seen in operation doing what they do best: pumping water. 
 The

desirable features of the multiblade rotor are:
 

* High starting torque
 
e Simple design and construction
 
* Simple control requirements
 
e Durability
 

Among its disadvantages are:
 

* Poor compatability with high rpm loads
 
* High rotor drag load on the tower
 

The basic components ,of the American farm windmill arc shown in Figure 19.Multibladed rotors are high-solidity low-speed rotors. 
 Their optimal tip

speed ratio is about I 
at which point their efficiency may be as high as 30
 
per cent, but 15-20 per cent is more realistic.
 

TAIL VANE 

CRANK 5HAFT 

\0
 

SUCKER ROD 

LOLLY BEARING AND 
TOWER ADAPTOR 

~BEARING, 

Figure 19. 

Components of an American Farm windmill. Gears and crankshaft convert rotary
power into the up-down motion of the sucker rod. 
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Many kinds of multivane wind turbines suitable for pumping water have
 
now come into use in the rural areas of many developing countries. Figure 20
 
shows a design offered by VITA which uses a recycled automobile axle as a 
transmission system. The design has flat blades.
 

r 
shartcontrol 

_ 
~ ~ ~/ ,~ a axle turntable l

i' ~fI!~ ~ ,"~ '. 

broke handle 

Figure 20. Windmill design suggested by VITA
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Perhaps the most simple type of horizontal axis windmills are the sail
 
windmills. This type of windwheel has 4-12 radial 
arms to which are attached

triangular sails. These machines are common on the islands of the Aegean and

in other parts of the Mediterranean. The mountain plateau of Lasithi inCrete boasts so many sail windmills that it has come to be known as the 
"Valley of 10,000 Windmills".
 

A feature of these windwheels is the forward extension of the axial 
shaft to provide an attachment for wire stays bracing the radial arms. Stays

also extend from tip to tip of the arms. 
 The stays brace the windwheel and

generally stiffen the structure. One side of each sail is attached along the
 
rotor arm while the opposed corner is attached at a point along the circum­
ferential bracing in the manner shown below
 

Two views of a sail windmill 

In the traditional Cretan design, the circumferential bracing is com­
monly made of chain, and the setting of the sails is effected by engaging 
a

hook, attached to the corner of the sail, 
with an appropriate link in the

chain. 
 When the wind is strong, and reefing is required, the sails are wound
 
around the poles so as to reduce their area.
 

The sail mill has many advantages. It has great strength, the aero­dynamic surface is self-forming and flexible, and 
it shows a high degree of
 
self-regulation. It is also a simple and inexpensive machine.
 

It is interesting to note that the traditional Cretan windwheel design

has been successfully used in Africa. 
 The American Presbyterian Mission at

Omo Station in Ethiopia has introduced a water pumping version of the sail
 
wind turbine to the local 
people with great success. The windwheel is used
 
to pump water from the River Omo and irrigate small plots of land along the
banks of the river. The project is interesting because the people involved
 
compared a modified Cretan windwheel with a Savonious rotor with respect to

their ability to pump water. The sail windmills were found to be superior.

The first wind systems used were imported U.S. multibladed farm windmills,

(Dempsters), but these proved 
too expensive a proposition for the local

Geleb farmers. The locally fabricated sail wind rotors were produced 
for
 
about one third the cost of the Dempster water pumpers and were built almost
 
entirely of locally available materials.
 



The Arusa windmill and a sail cloth-'j .j"- ' i windmill at the UNICEF village 
= •technology unit display in Nairobi, 

IKenya. 

1 7. 

Ot 
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Darrieus Rotor
 

In 1925, G. J. Darrieus applied for a U.S. patent for a wind energy con­
version sysLem designed to generate electrical power. Figure 21 shows the
basic system configuration. Each blade is a symmetrical airfoil and is

curved in the shape that a perfectly flexible cable of uniform density 
and

cross-section would 
assume if rotated about a vertical axis. The blade shape

is called a troposkien. The advantage of this unusual shape is that rotation

does not cause the blade to bend and thus the stresses will be only tension.
 

The swept area of the Darrieus rotor is approximately 2.67 X radius X
half-height. Generally, the height is about equal 
to the
 
diameter.
 

The Darrieus rotor exhibits some rather unusual aerodynamic characteris­
tics. At low rotational speeds the airfoil is stalled over 
an appreciable

portion of a revolution. The rotor therefore produces almost 
no torque at
low rotational speeds. 
 The Darrieus rotor must therefore be provided with a

starting system. 
 This can be an electric motor that disengages when the
 rotor gains speed or, more simply, one or more small Savonius rotors mounted
 
on the main rotor shaft. Since the Savonius develops maximum torque at
 
start-up it is a useful complement to the more sophisticated and efficient
 
Darrieus rotor.
 

One version of the Darrieus rotor uses straight blades held parallel to

the vertical axis of rotation. Such a machine is sometimes called a cyclo­
giro or a giromill. 
 The straight bladed Darrieus has the advantage that the
blades can be easily hinged. By changing the blade pitch the low-speed stall
 
region can be reduced.
 

The performance 
of a Darrieus rotor is very sensitive to tip speed

ratio. At low rotational speeds the blade is stalled, at high speeds torque

falls off rapidly. The optimal tip speed ratio is about 6 at which point the
 
rotor efficiency is about 35 per cent.
 

't .", , wV 


-.. TAX,".; '.; I '-. '".":-. 

, 4.L'' . .4 

' . '..' ' 

A straight-bladed Darrieus rotor. The pitch angle of 
the blades isch&aned automatically 
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Figure 21. Darrieus vertical axis wind turbine 
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Small Savonlus rotors along the axis help acceler­
ate this straight-bladed Darrleus rotor through the 
stall region. 

The Darrieus rotor used for irrigation in Bushland, 
Texas. 
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High Speed Rotors
 

High speed propeller-type rotors represent the most sophisticated form
 
of the wind energy conversion technologies. The aerodynamic characteristics
 
of the blade are fundamentally important. Rotor efficiencies of up to 45 per

cent are possible and 40 per cent is common. High rotational speeds produce

the high tip speed ratios shown in Figure 1. High rotational speeds are

desirable for electrical power generation since they reduce 
the need for
 
gearing systems and their associated losses. The high efficiency is
attained, however, at some cost. 
 The blades are aerodynamically complex and
 
must be precisely fabricated. 
 Long slender blades may suffer from vibration
 
problems; starting torque is low.
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Water Pumping
 

There are two principal tasks 
for which wind machines arr designed:

pumping water and generating electricity. Each task requires a different 
type of wind machine. The water-pumping system must develop a high torque at
 
start-up. Low speed multibladed rotors operating at tip speed ratios 
of
 
about 1 are used. Figure 23 shows a typical wind driven water pumping system

of the kind still common in the U.S.
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Figure 23. Typical water pumping wind system
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Irrigation methods fall into two categories: surface irrigation and
well irrigation. In surface irrigation, water is led from rivers, lakes,
tanks, etc. to the land to be irrigated by means of gravity flow or low-lift 
irrigation pumps. Well irrigation utilizes ground water resources by tapping

underground aquifers through the construction of shallow open wells or deep

tube wells.
 

Designing 
a water-pumping wind system is relatively straightforward.

The first calculation is to determine how much 
water needs to be supplied,

and how much power is required to pump the water from its point of supply to

its point of use. Table 3 shows water requirements for rural communities and

should be applicable to developing countries; Table 4 shows water require­
ments for farm animals based on U.S. experience.
 

TABLE 3.
 
Approximate water requirement for various purposes 

Daily

Use 
 requirement 

Domestic 
minimum for survival 5 /person
 
water carried home from distant communal supply 10 I/person
 
water carried home from nearby communal supply 30 I/person
 
one tap in each house 50 I/person 
multiple tap connections 200 I/person 
Livestock 
cattle 35 I/head
horses, mules and donkeys 20 I/head
sheep and goats 5 I/head
poultry 25 1/100
pigs 15 1/head 

Irrigation
including conveyance and field application 	 5 to 10 mm or 
losses 50 to lOOm/ ho 

The power, P, required to pump water is given by
 

P = rhgH Watts
 

where 	 I = mass flow, kg/s 
g = acceleration due to gravity, 9.81 m/s2 
H = total head, metres 

Inthis expression, the total 
head must also include friction losses in

the piping system.
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TABLE 4. Water Requirements for Farm Animals
 

Effect of External Temperature on Water Consumption 

Water Consumption of Hogs
(Pounds per Hog per Hour) 

Temperature 75-125 275-380 Pregnant 

(*F.) lb. hogs lb. hogs Sows
5 0 . . . , . . . . . 5B

50 	............ 0.2 0.5 0.95 

0 ............ 0.25 0.5 

70 

8 
... 0.30 0.85 

0.85 

......... 	 0.85, 0.95
0.3 	 0.95, 

90 ............ ..0.35 	 0.80
100 ............ 0.80 0.850.85 0.90 


Water Consumption of Dairy Cow 
(Gallons per Day per Cow)

Lactating Lactating Dry

Temperature Jerseys Holsteins Holsteins
 

50 ............ 11.4 18.7 10.4 

5u-70 ......... 12.3 21.7 11.5

75-85 ......... 14.7 21.2 12.3 

9j-100 ........ 20.1 19.9 10.7 


Water Consumption of Hens 
(Milliter per Sird per Day) 

White Rhode Island
Temperature Leghorn Red 

70 ............ 286 . 294 

80 ....... 272 341 

90 ............ 350 408
100 ............ 392 371 

70 ............ 222 216 

70 ............ 246 286 


Water Consumption of Sheep
(Pounds of Water per Day) 

On range ordry pasture ........................ 

On range(saltyfeuj ,. .........................

On rations of hay and grain or hay, roots and grains .
On good pasture .............................. 


Class of Cattle 

Holstein caices (liquid milk or dried milk 
and water supplied) 

Dairy' telfers. .D teers..................................
Steers .............................................. 


RangeCattle 

Little (if any) 

5-13
 
17
 

0.3-6 

Water Consumption of Pigs
(Pounds of Water per Day) 
Conditions 

od y W e ig h t- 30 lbs . . . .. . . . . . .. . . . . . 5 - 10 
Body Weight-60-80lbs......................... 

Body Weight3-75-125 lbs ........................ 

Body Weight-200-380 Ibs ,,,0*.3,
 

Pregnant Sows ..........................

Lactating Sows ...........................
. . . . . . . . . . . . . . . . 

Water Consumption of Chickens(Gallons per 100 Birds per Da) 

Conditions 

1-3 weeks of age ................................ 

3-6 weoks of age ................................ 

6-10weeksofage..........................

9-13weeksofage ................................ 4.0-5.0
 
Pullets ........................................ 3.0-4.0

Nonlaylng hens ................................ 5.0

Laying Hens (moderate temperatures) .............. 5.0-7.5


0Laying Hens (temperature g F) ................... 9.0
 

Water Consumption of Growing Turkeys 

(Gallons per 100 Birds per Week) 
Conditions 

1-3 weeksof age ............................... 8- 18
 
4-Tweeksofage ............................... 26- 59

9-13 weeks of age ............................... 62-100
 
15-19weeks of age .............................. 117-118

21-26 weeks ofage .............................. 95-105
 

16
 
12-30
 

30-38
 
40-50
 

0.4-2.0 
1.4-3.0 
3.0-4.0
 

Water Consumption of Cattle 
Conditions 	 Pounds perDay 

4weeks of age ................................ ... 10-12
 
8weeks of age .................................. ... 13
 
12weeksof age .......................................... 18.20
 
16 weeks of age .......................................... 
 25-28
20 weeks of age .......................................... 
 32-36
 

a ge .. ...................................... 33-48
Pregnant......................................
Maintenance ration ...................................... 	 60-70
35
 

Fattening ration ......................................... 
 70
.............................................................................

CerseYCows 	 ... 35-70
.........................................
 

y
Ml k 110 .. ........6160-102
HoltenCows ....................................... 
Milk Production 20-50 lbs/day .............................. 6 5-182
 
Milk Production 80 bs/rl..y ................................. 190
 
Dry ...... ...................................... 
 90


SOURCE: Water, Yearbook otAgriculture, U.S. Department of Agriculture 1955. 
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Some interesting results from the field are presented by Fraenkel [11] in
the chart shown below. The 16 ft. diameter four bladed sailwing rotors

driving twin pumps clearly perform much better than the other systems. The

vertical axis Savonius rotors are notably inefficient.
 

Test results on wind-mills 	 >(16 (2 pumps) 
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Example 3
 

Suppose we want to irrigate 4 hectares of land, supplying water at a
 
rate of 100 mm of water per month throughout the year. A water source is
 
available that can provide water at a maximum rate of 30 gpm. The water must
 
be lifted a height of about 6 metres. The monthly average windpower is shown
 
below in Watts/square metre. 

J F M A M J J A S 0 N D Ave 

148 106 155 141 123 115 75 74 86 120 132 127 114 

What size wind system is required
 

Solution
 

The amount of water to be supplied eacl, month is given by 4 X 10,000 m2 X
 
100 mm = 4000 m3/month.
 

Assume a 30 day month, the average rate at which water i: to be pumped, m,
 
is
 

= 4000 X 1000 =1.543 kg/s
 
30 X 24 X 3600
 

This water must be pumped against a head of about 6.6 meters (adding 10% for
 
head lo-ses); the power delivered to the fluid is therefore
 

P = 1.543 X 9.81 X 6.6 = 99.9 Watts 

We assume that a pump is available with an efficiency of about 60%, and
 
that the coefficient of performance of a simple water pumping rotor is about
 
10%. Then the wind power required to pump the water is given by:
 

99.9 = 1655 Watts 
0.6 X 0.1
 

The site wind data is given in Watts/m 2. The rotor area is therefore given

by dividing the power required, 1665 Watts, by the average monthly windpower
 
in Watts per square meter. Based on the average monthly figure of 114 W/m2
 

the required rotor area is
 

A = 1665 = 14.6 m2
 

114
 

rotor diameter = 4.3 metres
 

Based on the minimum monthly figure of 74 W/m2 the required rotor area is
 

A = 1665 = 22.5 m2 

74­

rotor diameter = 5.4 metres
 

It now becomes a matter of economic analysis and judgement whether to select
 
the larger or smaller system. It will depend on the kind of crop under irri­
gation, whether auxillary power sources are available, the influence of
 
seasonal rains, and the relative cost of the different size wind systems.
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Electric Power Generation
 

Wind electric systems 
are generally low-solidity designs that operate
at high tip speed ratios. Some 
of the early wind turbines
direct-drive generators used

where the generator armature turned the
at same
speed as 
the rotor. However, low speed generators, although robust
durable, and
are heavy and expensive. Modern wind electric systems usually
have a gear system designed to gear up the 
rotor speed to a higher level.
This permits the use of a 
smaller, lighter, less costly generator, but this
saving is offset by the cost 
 and maintenance requirements of the


transmission system.
 

Generators installed in wind electric systems can produce either
direct 
current (DC) or alternating 
current (AC). Alternating current is
generated in 
an AC generator or alternator. The frequency of the generated
current 
is governed by the rotational speed of the generator. To produce a
constant frequency output 
the wind turbine must therefore spin at a
constant speed even when the 
 wind velocity is changing. This is
accomplished by automatically altering the pitch of the blades; however,
this is 
an expensive mechanism for small wind-electric systems.
 

Generators used to produce 
AC power at the same frequency as the
utility 
supply are called synchronous generators. This type 
of system
increases the complexity of the blade c 
 roT mchTianism and thus the
of the wind machine. On cost
 
very large wind turbines, synchronous generators
are 
a practical concept. Generators 
that produce a constant frequency
output under 
variable speed conditions are under development. These
generators 
are called field modulatedgenrators.
 

Generation of direct current, in the past, usually involved generation
of AC inside the generator, then conversion 
to direct current by means of
brushes and a commutator. 
 The method commonly used now is 
to rectify the
AC output of an alternator to 
direct current. This 
technique eliminates
the need for brushes and a commutator and takes advantage of the superior
low-speed characteristics of alternators. 
 The three basic generator
configurations are shown schematically in the figure below.
 

F ac generator, dc generatoro' ac generator
with diodes 

Figure Three types of generators. 
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Output Regulation
 

Generally, three methods 
are used for regulating or controlling the
 
electric output of the generator:
 

1. Voltage regulators are used on field wound units to 
control the
strength of the field, which in turn controls the output voltage.
 

2. 	Voltdge controllers may be used on permanent magnet units to

adjust voltage levels according to the output of the o'-nerator
 
and 	 the needs of the system. 

3. 	No regulation at all. 
 The 	output of the permanent magnet

generator is used as is, while that of the wound field is
fed back to the field either directly, or through a resistor
 
to give a variable-strength field according to the strength of
 
the generator output.
 

Figure is a schematic wiring diagram for 
a simple DC system with a back
 up 	generator. The 
upper load monitor senses situations when the wind
system generates more power than the batteries and loads A and B canaccomodate, and responds by switching in 	 load C. This load could be aresistance heater heating water, another battery bank, or 
any 	load that can
take the excess 
power. The other load monitor is coupled to an automatic

starting system for 
the 	auxiliary generator. When this monitor senses a
low-voltage condition, which could occur during periods of light winds arid
heavy energy demand, the monitor starts up the generator to supply the load
 
and to charge the batteries.
 

dc 

loa A 

m ntrbattery 	 storage 

auxiliary generator 

Figure Complete wind-electrical system with backup generator. 
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Problems
 

1. A wind electric machine 
is rated 2 kW at a windspeed of 10 m/s. The

cut-in windspeed is 3 m/s and the furling or 
cut-out windspeed is 20 m/s.
The mean annual windspeed at the site is 6 m/s. Assume that the output
increases linearly between windspeeds of 
3 m/s and 10 m/s and then
remains constant until the machine cuts out. 
 If the windspeed follows a
Rayleigh distribution estimate the annual energy production in kWh/yr.
 

2. If the machine in problem I costs $3,600 calculate the cost of energy
produced if the system lifetime 
is 15 years. Assume the machine is
financed with a loan charged at 10% per annum. 
 The system includes an
inverter and batteries costing an additional $3,000. Annual operation

and maintenance charges are estimated at $200 
 per year.
 

3. The figure below shows 
the output from the Sencenbaugh Model 1000 wind
generator as a function of windspeed. The system is rated I kW at 9.8m/s. How much energy does this system produce annually if site mean 
annual windspeed is 8 m/s ? 

1200 

MODEL 1000 

1000 

600 

400 

0 
* 200 

IDD 

0 
0 o 5 

MPH
1 20 a5o0 ILI 40 46 so 

WIND SPEED
 

0 10 ~2
 

4. The data below pertain to the VITA designed multibladed windmill shown on
page Determine the coefficient of performance 
and the tip speed

ratio at the operating point indicated.
 

Windspeed 4 m/s
 
Rotor speed 21 rpm
 
Rotor torque 8.8 m-kgf
 

The rotor diameter is 4 metres.
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5. 	Show analytically that for a Rayleigh distribution the most frequently
occurring windspeed, Vf, occurs at 80% of the mean annual windspeed, V. 

6. 	Show analytically that for annual windspeeds following a Rayleigh distri­
bution, the energy available in the wind peaks at a windspeed equal to
 
1.6 	times the mean annual windspeed.
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BIOGAS
 

Biogas is produced by the anaerobic digestion of biomass material.

Animal wastes, when fermented by methane-forming bacteria in the absence of

air, will produce over a period of a month approximately 30 - 60 litres of gas per kilogram of dung. 
 The gas, which is predominantly methane, can be
used for heating, lighting, cooking, and for operating gasoline or diesel
 
engines.
 

There is now considerable interest in this 
simple technology. There
 
are reportedly 7 million 
biogas units in China (including the world's
largest biogas plant which generates 90 kW of electrical power), 90,000

units in India, 30,000 in Korea, 9,000 in Taiwan, over a thousand in Nepal,

and lesser numbers in Japan, Philippines, Vietnam, Indonesia, Thailand,
Pakistan, Bangladesh, and Sri Lanka, 
as well as throughout Africa and

Central and South America.
 

The Digestion Process
 

In anaerobic digestion, organic waste 
is mixed with large populations

of microorganisms under conditions in which 
air is excluded. Under these
conditions, bacteria grow which 
are capable of converting the organic waste
 
to carbon dioxide (C02) and 
methane (CH4). The anaerobic conversion to
methane yields relative little energy to the microorganisms themselves.
 
Thus, their rate of growth i§ low and only a small portion of the degradable

waste is converted to 
new bacteria, most is converted to methane. Since
this gas is insoluble it escapes from the digester fluid where 
it can be

collected and used as fuel. 80
As much as - 90% of the degradable organic
portion of a waste can be stabilized in this manner, 
even in highly loaded
 
systems.
 

Anaerobic treatment of complex organic materials is normally considered
 
to be a two-stage process, as indicated in Figure 1.
 

COMPLEXORGANIC IImIII llORGANI 

ACID METHANE 
FORMATION FORMATION 

FIRST STAGE SECOND STAGE 
WASTE CONVERSION WASTE STABILIZATION 

Figure 1.The tvm stg of anaerobi methane digestion. 
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In the first stage, there is no methane production. Instead the com­plex organics are changed 
in form by a group of bacteria commonly called
"acid-forming bacteria". 
 Complex materials such as fats, proteins, and
carbohydrates are 
converted 	to more simple organic materials - principally
fatty acids. Acid-forming bacteria bring about 
these initial transforma­tions to obtain small 
amounts of energy for growth and reproduction. This

First phase is required to transform the organic matter to a form suitable
for the second stage of the process. This is the stage that produces the
 
methane.
 

During the second stage the organic acids are converted by a special
 
group of bacteria into carbon dioxide and methane. The methane-forming bac­
teria are strictly anaerobic and even small amounts of oxygen are harmful to
them. There are several types of these bacteria, and each type is charac­
terized by its ability 
to convert a relatively limited number of organic
compounds into methane. Consequently, for complete digestion of the complex

organic materials, several different types are required. 
The most important

variety which utilizes acetic and proprionic acid, grows quite slowly and

hence must be retained in the digester for four days or longer; 
its slow
rate of growth (and low rate of acid utilization) usually represents one of
the rate-limiting steps around which the anaerobic process must be designed.
 

The methane-forming bacteria have proved to be very difficult to iso­late and study, and relatively little is known of their basic biochemistry.

Figure 2 indicates schematically the general biochemical anaerobic digestion
 
process.
 

INORGNIC FRACT'1Oi) INERT MATERIALS
 

W 	 N.DIGESTIB IGNIN TYPE
ORGANIC 	
EL 

9IOII 

WA E ORGANIC
 

MAU 	 MATERIALS 

FRACTIO NAC 

VOLATILE 
ACIDS 
SIMPLE 
COMPOUNDS 

METHANE-PRODUCING BACTERIA 

METHANE 	 CARBON WATER 
DIOXIDE AND 

OTHER
CH4 C02 GASES 

Figure 2 °The biological breakdown of organic material in a methane 
digester. 
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The amount of gas produced and its composition will depend on the 
characteristics 
of the feed material and the conditions under which the
 
digester operates.
 

Animal manures, when slurried with water, are excellent feed materials
 
and under optimal conditions produce good quality gas. Tables 1 and 2
 
indicate the estimated gas production from the dung of cattle, pigs and
 
poultry. T'_ e figures (Table 1) imply biogas generation rates as follows:
 

Dairy cattle 30 litres gas/kg dung
 
Beef cattle 42 litres gas/kg dung

Swine 53 litres gas/kg dung

Poultry 116 litres gas/kg dung
 

Carbon - Nitrogen Ratio
 

The ratio of carbon to nitrogen (C:N) in the digester feed critically

affects the operation of the digester and the composition of the gas. Gas
 
production can be increased by supplementing substrates that have a high

carbon content with substrates containing nitrogen, and vice versa. If the
 
C:N ratio is too high, the process is limit-' by the availability of nitro­
gen; if the C:N ratio is too low, ammonia may be produced in quantities

large enough to be toxic to the bacterial population. For optimum produc­
tion of methane the C:N ratio should be about 30:1. 
 Tables 3 and 4 show C:N
 
ratios for many common animal and agricultural wastes. Further qualitative

information on the influence of 
the C:N ratio on digester performance is
 
shown in Table 5.
 

It should be noted that in order to evaluate the feasibility of using a
 
particular biomass material for biogas production, both the C:N ratio and

the biodegradability need to be known. 
The wide range of values reported in
 
the literature is an indication that a degree of caution is advisable in
 
designing digesters utilizing waste materials for which 
no direct experi­
mental or nperating data are available.
 

pH Level
 

The bacterial population in anaerobic digesters is sensitive to pH

levels. The optimal pH 
range lies between 7.0 and 7.2 but gas production

will proceed satisfactorily between 6.6 and 7.6. When the pH falls below
 
6.6 there is an inhibitory effect on gas production. Acid conditions below
 
about 6 will suppress the methanogenic bacteria and shut down gas produc­
tion. Under normal operating conditions, however, the biochemical reactions
 
tend to automatically maintain the pH level in the proper range.
 

During the start up of the digester acidic conditions may sometimes
 
occur since the acid-forming bacteria at first multiply much more rapidly

than the methanogenic bacteria. To alleviate this problem artificial
 
means to raise the pH to about 7 may be required. Bicarbonate of soda is
 
reportedly an effective anti-acid agent. It should be mixed with the feed
 
slurry: about 10 grams of bicarbonate to 30 litres of slurry.
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Table I Estimated manure and bio-gas production from animal
 
wastes ()
 

Dairy 
Cattle 

Beef 
Cattle Swine Poultry 

Manure production 
(lb/day/1000 lb live weight) 85 58 50 59 

Volatile solids 
(lb dry solids/day/1000 lb 
live weight) 8.7 5.9 5.9 12.8 

Digestion efficiency of the 
manure solids (%) 35 50 55 65 

Bio-gas production 
(ft3/lb VS added) 
(ft3/1000 lb live weight/day) 

4.7 
40.8 

6.7 
39.5 

7.3 
43.1 

8.6 
110.9 

(lb x 0.454 = kg: ft3/lb x 0.062 = m 3/kg) 

" Gas yield of some common fermentation materials. (17) 
Amount of gas produced per Percentage 
tonne of dried material in content of 

Material cubic metres methane 
General stable 
manure from 260-280 50-60 
livestock 
Pig manure 561 
Horse manure 200-300 
Rice husks 615 
Fresh grass 630 70 
Flax stalks or hemp 359 59
Straw 342 59
Leaves from trees 210-294 58 
Potato plant 
leaves and vine 260-280 
etc.
 
Sunflower leaves 300 58 
and stalks 
Sludge 640 50 
Waste water from 
wine or spirit 300-600 58 
making factories 
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Table 3. Nitrogen Content and C/N Ratio ' (2) 

Total Niirogen
Material (%dry weight) C/N Ratio 

Animal wastes 
Urine 16.0 0.8 
Blood 12.0 3.5 
Bone meal - 3.5 

,Animal tankage - 4.11

Dry fish scraps -- 5. 1h
 

Manure 
Human feces 6.0 6.0-10.0 
Human urine 18.0 -
Chicken 6.3 15.0 
Sheep 3.8 
Pig 3.8 
Horse 2. , 25.0 
Cow 1.7 18.0 b 

Steer 	 1.35 25.3 

Sludge 
Milorganite - 5.4 b
 

Activated sludge 5.0 6.0
 
Fresh sewage - 11.0b
 

Plant meals 
Soybean - 5.0 
Cottonseed - 5.0 b 

Peanut hull - 36.0b 

Plant wastes 
Green garbage 3.0 18.0 
Hay, young grass 4.0 12.0 
Hay, alfalfa 2.8 17.0 
Hay, blue grass 2.5 19.0 
Seaweed 1.9 19.0 
Nonleguminous vegetables 2.5-4.0 11.0-19.0 
Red clover 1.8 27.0 
Straw, oat 1.1 48.0 
Straw, wheat 0.5 150.0 
Sawdust 0.1 200.0-500.0 
White fir wood 0.06 767.0 

Other wastes 
Newspaper 0.05 812.0 
Refuse 0.74 45.0 

Notes: a 	 From "Araermbic rFtemol, of Sohd W, es" (t~nn) and Methane Dgesters for 
Fuel Ca und Ferrjlter (Mrmil and FrVt. 

b. 	 Nittio ,n is the p.rceraqe of tutal dry ,veightwhile carbon Iscalculatedhorn either 
tie total carbon pericentagyeof dry wiojhlt or the percentage of dry weight ot 
nonligniir cabon. 
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Table 4. Approximate values fcr the carbon/nitrogen ratios of some 
of the common materials used for biogas pits. (W7) 

Nitrogen as a Carbon/ 
Carbon as a percen. percentage of nitrogen 

Material tage of total weight total weight ratio 
% I - % 

Dry straw 46 0.53 87:1
 
Dry rice stalks 42 0.63 67:1
 
Maize stalks 40 0.75 53:
 
Fallen leaves 
 41 1.00 41-1 
Soya bean stalks 41 120 32:1 
Wild grass: i.e.
 
weeds etc. (in 14 0.54 27:1
 
China often narrow,
 

a	thin leoved)
Peanut vine stalks 11 0.59 19:1 
Fresh sheep manure 16 0.55 29.1 
Fresh cow/ox manure 7.3 0.29 2 5:1
 
Fresh horse manure 10 0.42 24:1
 
Fresh pig manufe 7.3 0.60 13 1
 
Fresh human manure 2.5 0.85 2.9:1 

Table 5 CIN Ratio and Composition of Bio-gas4 (2) 

Material Gas 
Methane COt Hydrogen Nitrogen 

C/N low (high nitrogen) little much little much 
Blood 
Urine 

C/N high (low nitrogen) little much much little 
Sawdust 
Straw 
Sugar and starch 

potatoes 
corn 
sugar beets 

C/N balanced (near 30:1) much some little little 
Manures 
Garbage 

Notes: a omrnAdapted Methane Digesters br FueJGas and Fenihzer (Menit and Fry). 
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Temperature Effects
 

The temperature of an aerobic digester strongly effects 
its perfor­
mance. The optimum temperature for mesophilic anaerobic digestion is about
35°C. Gas production and digestion will 
proceed at lower temperatures but
the rate of digestion is reduced. 
 An example of the relationship between
residence time, temperature, and gas production that was obtained in one
study is shown in Figure 4. As a rough approximation, for every ± 50Ctemperature change (mean daily ambient) from 250C, the daily gas production
will vary by about 20%. This applies to a temperature range between 10%and 350C. Below 10C gas production drops off rapidly. As long as thedigester volume is not too small, there is sufficient thermal capacity tosmooth out diurnal variations in ambient temperature. The slurry tempera­
ture will be approximately equal 
to the mean 24 hour ambient temperature.

Small digesters (less than 1 cubic metre) can 
be expected to show stronger

temperature variations throughout the day.
 

12 86F (30"C) 
77-F(2S5C) 

68-F(20-C) 

C 59*F(15*C) 
0
 

Stime (days) 

Figure 3. Bio-Gas Production as Related to the Temperature
of the Digester and the Time of Digestion (1) 
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It:1y be difficult,especially in colder climates and inthe winter, to
 
maintain mesophilic temperatures inthe anaerobic digestor. Supplemental heat
 
can be used to maintain the necessary microbial activity. Note that this in
 
an ideal application of a simple, cheap, flat-plate solar collector. Where it
 
isfound necessary to heat the digestor, it should be well insulated.
 

Insummary, factors that cause poor digestor performance or even coriplete
 
failure include: 

1. 	Sudden change in temperature (either due to climatic changes or failure of
 
the heating system ifone isused).
 

2. 	Sudden change in the rate of loading.
 
3. 	Sudden change inthe nature of raw materials.
 
4. 	Presence of toxic materials
 
5. 	Extreme drop in pH (acidic conditions)
 
6. 	Slow bacterial growth during start-up.
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SLUDGE UTILIZATION
 

The residue from a methane generation process will contain lignin, li­
pids, material protected from bacterial degradation, synthesized microbial
 
cells, metabolic degradation products such as volatile acids and other sol­
uble compounds, inert material in the original waste, and water. 
The resi­
due wi be a liquid with a solids concentration of 4-8 percent. Anaerobi­
cally digested sludges can be stored and spread on 
land with less risk of

creating conditions for odor and insect breeding problems than exists with
 
similar handling procedures for untreated or partially treated organic waste
 
materials.
 

Methane generation conserves the nutrient elements needed for crop pro­duction. The only materials removed from the system, other than in the
 
sludge, are the generated gases. Practically all of the nitrogen present in

the waste entering a digester is conserved. If the sludge is properly

stored, and when applied to soils is immediately incorporated to reduce the
loss of nitrogen by volatilization, most of the nitrogen present in plant

residues can be available for use 
by the growing plants. To minimize am­monia nitrogen losses, the digested sludge should 
be stored in lagoons or
 
tanks which present a minimum of surface 
area for ammonia evaporation.

Other chemical elements contained in the added waste will 
be conserved in
 
the digested sludge.
 

The end result of applying digested sludge on soils is the same as that

resulting from the application of any other kind of organic matter. The

humus materials can improve soil physical properties such as aeration, mois­
ture'holding capacity, increase cation exchange capacity, and improve water
 
infiltration capacity. 
 The sludge can serve as a source of nutrients for
 
crops grown on the soil. When human, animal, and agricultural wastes are

used for methane generation, there is little likelihood that any items in

the sludge will cause adverse conditions to the crops or to animals fed the
 
crops grown on land where digested sludge is used as a fertilizer.
 

The application of the digested sludge to the crop land should be done

in an environmentally sound manner, generally 
at rates consistent with the

need of the crops being grown. Runoff that can contaminate surface waters

and loadings that result in ground water contamination must be avoided.
 

An important aspect to be considered with methane generation 
is that
 
the total volume of sludge that must be handled for final disposal is equal

to or greater than the initial 
amount of dry wastes that are to be digested
because 
of the liquid added to obtain a solids concentration that can be

mixed. 
 Although considerable solids decomposition occurs in a digester,

approximately 50%, little reduction the volume be
of total to handled
 
results.
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Gas Utilization
 

Pure methane is a colorless and odorless gas which generally consti­
tutes between 60 and 70% of the gas produced by anaerobic digestion. The

other constituents are primarily carbon dioxide and 
smaller quantities of

other gases such as hydrogen sulphide and hydrogen. Biogas burns with
 
a blue flame and has 


. 
a heat value of about 600 - 700 Btu/ft3 or 22 - 26MJ/m 


Many options exist for utilizing the digester gas. It can be used
directly in gas-burning appliances 
for heating, cooking, lighting, and

refrigeration, or it can be used as 
a fuel in internal combustion engines.

It may be necessary to 
remove the hydrogen sulphide from the biogas. This
 
may be accomplished by passing the biogas through 
a box filled with iron

filings (18). If 
a gas with a higher heating value is required, the carbon
 
dioxide may be removed by bubbling the biogas through limewater. Tables 6

and 7 indicate the amounts of biogas required for various applications and
 
for utilization in internal combustion engines.
 

Gasoline engines will run on biogas producing about 80% of their rated
 power. Diesel engines can be converted to dual-fuel engines, again

producing about 80% of their rated output. 
 Biogas substitutes for about 80
 
- 90% of the diesel fuel: anywhere from 2 - 4 cubic metres of biogas will
 
substitute for a litre of fuel 
[23, 24]. Biogas consumption falls in the
 
range of about 0.35 - 0.5 cubic metres per HP-hour [23, 24]. For electrical
 
power generation, biogas consumption is generally between 0.6 to 1.1 cubic
 
metres per kWh electric.
 

Table 6. Quantities of bio-gas required for a specific
 
application (1)
 

Quantity of Gas Required
 
Use Specification ft3/hr m3/hr
 

Cooking 2" burner 
 11.5 0.33 
4" burner 16.5 0.47
 
6" burner 22.5 0.64
 

Gas lightinq 
 per mantle 2.5-3.0 0.07-0.08
 
2 mantle lamp 5 0.14
 
3 mantle lamp 6 0.17
 

Gasoline or (a) Converted to 16-18 0.45-0.51
 
diesel engine bio-gas per hp per hp
 
Refrigerator per ft3 capacity 
1 0.028
 

Incubator per ft3 capacity 0.45-0.6 
0.013-0.017
 

Gasoline 1 liter 47-66 (b) 1,3- |,q
 

Diesel fuel 1 liter 53- 73 (b) 1.50-2.07 (b)
 

Boiling water 1 liter .2 (c) 0.62 (c)
2
 

(a)Based on 25 percent efficiency
 

(b)Absolute volume o:v bio-gas needed to provide energy 

equivalent of I liter of fuel
 

(c)Absolute volume of bio-gas needed to heat 1 liter of
 

water to boiling
 

http:1.50-2.07
http:0.45-0.51
http:0.07-0.08
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BIO-GAS CONSUMPTION RATE PER HOUR IN CUBIC FEET AND AIR REQUIRED FOROPERATION OF DIFFERENT TYPES OF ENGINES (4)
 
NAME OF 
 FUEL CYLINDER BRAKE HORIZ. SPEEDTHE ENGINE SYSTEM DIA. OF GAS PRESSUREAND CYCLE HORSE- OR IN THE GAS IN WATERDETAILS POWER VERT. RPM SUPPLY COLUMN INCHESOF ENGINE LINE REQUIRED FORStuart engine cou- petrol Single- I bhp Vertical High 3/8" 2" to 4"pled with 250 engine cylinder 4- Speedwatts, 110 volts, cycle 1,800

D.C. generator 
made in England
 

Onan engine cou-
 " " 3 bhp Vertical Highpled with 1 K.V.A. 
Speed110 volts. A.C. gen- 1,500

rator made in U.S.A.

Kubota engine made powerine single-cylinder 
 5 bhp Horizontal Low 900 1/2" 1" to 3"in Japan. engine 2 stroke 
Kubota engine made Kerosene single- 10 bhp Low 600 3/4"in Japan. or oil cylinder 1" to 3" 

to 700 
engine 4-cycle 

SYSTEM OF 
 GAS CONSUMPTION AIR IN CU. FT. WORKING EFFICIENCYOF (CU. FT.) PER HR. REQUIRED FORCOOLING OF THE ENGINENORMAL FULL 
 NORMAL FULL 
 LIQUID BIO-
LOAD LOAD 
 LOAD LOAD 
 FUEL 
 GAS
 

Air-cooled 16.5 18.5 
48.0 58.0 

95 108 250 watts 225 watts
264 
 318 1,000 wattsWater-cooled 850 watts82.0 95.0 5hp 4.03hp

155 17E 
 - -1hp 8.2 hp 

TftLE 7.
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INDIAN GOBAR GAS PLANTS
 

A typical Indian gobar (cow-dung) gas plant is shown below.
 

FAILY SIZE GOBAR GAS PLANT (M) 

H 

9,. . TER biSe BUCKETS 
C- 5UPPOZT1NG. WLIRE 
D_ IRON PULLF-Y5 
E_ F._EiN& PIPE
 
F- OVFRFL.OW C ,HANNF.L_
Ci .. FE.EOINc_, FU*NeL. 

P -H_.&A.SHOLM>--


5p-)_TRAz PipesPpe 

M_ C. NDENSED WA'TrM.TpAP prT-
P- FRtY\FITA'T1ON WFLL. 
R_ L EC:G,,r-

T_ &A. MND \VrrA JHEEL 

VI _SE.PPS.r 
.C' EN"Tr S-_-%VR.S .Y IZC ¢,a 

14 pnT 
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The cow-dung (gobar) slurry enters the digestor through the loading tank,

G, and spent slurry overflows into pit W. The flow is by gravity: the base
 
of tank G being a little above the overflow pipe leading to pit W. The biogas

is collected under the mild steel or galvanized iron drum, H, and taken off,

via a flexible pipe, V, through a water trap and a flame trap. 
 The pressure

of the gas, in the system shown in Figure 4, may be controlled by adjusting

the counter poise weights B.
 

The design of the gas - holder system has recently been improved as
 
shown in Figure 5. 
 This design removes the need for.a flexible gas pipe­
generally a source of leaks. The structure of the metal drum is shown in
 
greater detail in Figure 6. 
Another innovation is the two-chamber system

shown in Figure 7. This produces rather better digestion and therefore
 
improved gas production.
 

i t­
4,
1_
 

i;Ti-*
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THE GAS DRUM (9) 

A gas drum is generally made of mild steel sheeting or galvanized-iron sheeting of any thickness from
SWG 16 to SWG 30 (1.63 - 0.32 mm). 
India favours the heavier gauge further strengthened with angle iron
 
or iron rods; Taiwan often uses gauge 30 fixed to a rectangular wooden framework for rigidity. (their fer­menting tanks too are often rectangular). 
There is no point in making the drum too heavy and then having to
counterbalance it. Except in plants where the whole day's gas has to be stored for use at one time, it is 
customary to make the drum one-third the depth of the pit, and its diameter 10-cm less than that of the pit.A 2 " G.I. pipe almost double the height of the drum passes through it and is welded to the top centre; itslower end is held firmly by thin iron tie-rods. The top of this pipe (called the "slide pipe" is cfosed).A few holes are drilled in the pipe, inside the drum and just below the top. Note that the 2' G.I. pipe
is suitable for small family-size plants; larger installations of course require surdier pipes of bigger
 
diameter. 

front I cross side I cross 

TOP CLOSED----, 
- HOLES, INSIDE top

DRUM, GAS EXIT 
o 

V-HANDLES 10 MMOM.S. ROD 

--i , it F ; 


BARS- FOR CON-


STANT BREAK-

ING OF SCUM
 

PIPE. BOTTOM OPEN \LDRUM OPEN BELOW 1=FEre- 6. 
-CROSS BARS
 

This pipe slips ontg al2",-G.I. pipe held perfectly vertical in the dead center of the pit by two
 
strong cross-bars, or imbedded in a ferro-concrete beam. As the drum fills and'empties 
it rides up and

down on this center guide pipe, the top of which should stand at least half of the height of the drum aboveoverflcw level. Make sure the drum is perfectly airtight. Attach hazdles to the outside on top for lifting.
Weld for metal rods from the tie-rods to the slide pipe sloping sideways. Stagger them. With a slight ro­
tation of the drum, or with its mere rise and fall, these break up a troublesome scum that forms on theslurry and tends to harden and prevent the passage of gas. Protect the outside and inside of the drum with 
a coat of paint. 
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TWO CHAMBER CONSTRUCTION 

F{re 7. 
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Gobar digestors range from about 2 - 12 cubic metres in size - this is
 
the volume of the pit. These units would produce about 1 - 6 m of gas per
day - an amount of gas approximately equal to one half the volume of the pit.

Table 8 3ives some indication of the size of these small scale systems and the
 
number of people served by each.
 

Size number 
 1 2 3 4

Pit diameter, m 
 1.2 1.5 1.75 2.0

Pit depth m 3.3 
 3.4 3.8 3.82

Volume, m 3.73 6.0 9.0 12.0
 
Feed (slurry), 1/day 90 150 225 300

Gas production, m3/day 
 1.5-2 2.5-3 3.5-4.5 4.5-6
 
Cattle required 2-3 4-5 6-7 8-9
 
Persons served 
 3-4 5-7 8-10 11-14
 

Table 8
 
Gobar Gas Plant Capacities
 

These figure are approximate and assume:
 
1. A 40 day retention time.
 
2. Digester temperatures of 300C or more.
 
3. Per capita gas use of 425 litres daily.

4. Feed slurry of 1 part water; 1 part cow dung.
5. Animals produce about 18 litres of dung per day.
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ECONOMICS
 

Estimates of the cost of Indian gobar gas plants vary widely. 
The

table below is from the KVIC booklet (ref. 3) and applies to construction in
 
Nepal:
 

Capacity 1978 Cost 
m4'day fti/day RS $(8Rs = 1$)
2 70 2800 350 
4 140 4035 500 
6 
 210 5010 626
 
8 280 6000 750
 
10 350 7320 915
 
20 700 13800 1725
 
45 1237 22080 2760
 
60 2120 31200 3900
 

140 5000 67500 8440
 

Ram Bux Singh gives these figures:
 

Capacity Installed Cost (1975 $)

m3/day fti/day In India In U.S.
 

100 140 
 400
 
7 250 350 900
 

14 500 
 600 1800
 
34 1200 1500 4000
 
57 2000 2250 
 5500
 

According to one recent article (6)the 'typical' Nepalese gobar plant

(which would be about 2 m3/day capacity) costs about $400. A larger plant,

constructed in southeast Nepal and designed to produce 14 m
Tday of biogas,
 
cost $3000 in 1978.
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An intereing communal system has been projected for, the village of
Pura in India (M. A biogas system generating 37 m3/d of gas is to be

employed. All village cooking can be accomplished with 26 m3/d, leaving 11

m.Yd for water pumping and electric lighting. Inaddition, 3 kg/d of
nitrogen will be obtained from spent slurry. 
The total capital costs for
the system is estimated at approximately $7500 (1978), compared to the

'typical' capital costs of $10,000 for village electrification. The $7500
 
cost includes the cost of the biogas plant, piping, the biogas fired
 
generator, electrical distribution, a 
water pump, storage tank, building

costs, a cement mill to use rice-husk ash, and a calcium carbonate
 
extraction plant.
 

Capacities and Costs of Biogas Plants (1O) 
Size of Plant(n) Estimated Cost Approx. No. Grant Loan 

3 
as of Feb. 1975 Animals (25% of esti- (75% of esti­ft3m Rupees Required mated cost) mated cost) 

2 70 2,332 2-3 583 1,749
3 105 3,016 3-4 754 2,2624 140 3,360 4-6 840 2,520
6 210 4,175 6-10 1,044 3,132
8 280 5,000 12-15 1,250 3,750

10 350 6,100 16-20 1,525 4,575
15 525 8,500 25-30 2,125 6,375
20 700 11,500 35-40 2,875 8,625
25 875 12,800 40-45 3,400 9,400
35 1,237 18,400 45-55 4,600 13,800
45 1,590 20,740 60-70 5,185 15,555
60 2,120 26,000 85-100 6,500 19,500

85 3,004 38,800 110-140 9,700 29,100


140 4,948 58,000 400450 14,500 43,500 

(a)Volume of gas produced daily. 
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Cost/income Analysis of a 6-m3 /day Biogas Plant(s) (16) 

Basis: 	 Cost of Gas Holder Rs 1,670 
Pipeline and Appliances 450 
Civil Construction 2,056 

Total Cost of Plant Rs 4,176 
Subsidy (25%) 1,044 

Cost Basis Rs 3,132 

Previous Use of Cattle Dung 

Annual Working Costs 	 Farmyard Manure Fuel 

Interest on capital @ 15%(b) 	 Rs 281.88 RS 281.88
Gas holder (10-yr life) 10% 125.25 125.25
Pipeline and appliances 	 11.14 11.14 

(30-yr life) 3.3%
 
Civil work (40-yr life) 2.5% 38.55 
 38.55Painting gas holder 	 100.00 100.00
Maintenance 100.00 100.00 
Cost of dung as manure 592.00 -

(14.8 tons)
 
Cost of dung as fuel (in terms
 

of kerosene equivalent @

Rs 1.01/liter) 
 711.00 

Total Costs 	 Rs 1,248.82 Rs 1,367.82 

Annual Income 
Manure (22.4 tons @Rs 50/ton) 1,1 12.00 1,112.00 
Gobar gas (2,190 m3/yr @Rs 1.01/

liter kerosene equivalent) 1,371.30 1,371.30 

Total Income 	 Rs 2,483.30 Rs 2,483.30 

Income Costs Net inccme 

Dung formerly used as manure 2,483.30 1,248.82 1,234.48
Dung formerly used as fuel 2,483.30 1,367.82 1,115.48 

Notes:
 
(a)Adapted from Fernandez.
 
(b)Five equal payments of interest on declining balance.
 
(C)Note that the loan. repayment of Rs 3,132 - S = Rs 626.40 will have 
 to he 	paid an. 

nually. For the first 5 years, therefore. the net income for the two bases are RIs 608.08
and R3 489.08, respectively. lowever, after repayment of interest installments, the
figures increase to Rs 1,516.36 and Its 1,397.36, respectively. 

Material drawn from: Fernandez, A., ed. 1976. Gohar gas plant-why and how. Seva 
Vani (May-June):15-21. Further information available from: The Director, Gohar Gas 
Scheme, Khadi and Village hIdustries Commission, Irla Road, Vile Parle (W), Bombay
400056, India. 

http:1,397.36
http:1,516.36
http:1,115.48
http:1,367.82
http:2,483.30
http:1,234.48
http:1,248.82
http:2,483.30
http:2,483.30
http:2,483.30
http:1,371.30
http:1,371.30
http:1,112.00
http:1,367.82
http:1,248.82
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Biogas Cheaper than Kerosene or Electricity [is]
 

Costs of Biogas (1976 dollars)
 

Item 
 Private Owner+ 
 -- Community Scale*
 
Capital Cost 
 200 
 21,111
 
Annual Cost 
 31 
 5,589
 

Fertilizer Credit 
 23.7 
 1,111
 

Net Energy Output Per Annum 
 8 x 109 10 12 j
 
Net Annual Cost 
 7.3 
 4,478
 
EnergyCost Per kWh(t) 
 0.003 
 0.0016
 

Per Bbl-equivalant 
 $5.29 
 $2.60
 

fhree authors' estimates of biogas costs for 
 small and
large biogas plants. 
 It is apparent that biogas at $0.01-O.02/kWh(t) is
competitive on an enthalpic basis (for heating, cooking and probably pumping)
with currently subsidized Indian electric power at $O.01-0.06/kWh(e) and
kerosene at $0.013/kWh(t). Marginal electrical supply is estimated to cost
much more, from $O.046-O.085/kWh(e).
 

+ From Parikh and Parikh. 
a plant with 1.8 m /d output.
with a 12% The annual cost is computed
cost of money, 15 year depreciation period, and $5.00 per year paint cost. The
fertilizer credit assumes 52.6 kgs of nitrogen fertlizer are produced and sold annually

at $0.45/kg.
 
* From Makhijani, for a plant with 150 m3 
average daily output anda 400 m
3 total capacity.
 
Note that Makhijani's scheme includes compression, land, distribu.ion equipment and
 
farmer extension services for the irrigation fuel biogas unit.
 

Sources: R Bhatia, "Economic Appraisal of Bio-Gas Units in India Framework for Social
Benefit Cost Analysis", Economic and Political Weekly, August !977. A Makhijai,
Energy Policy for Rural 
India", Economic and PoliticalWeekly. August 1977.
K.S. and J.K. Parikh, "Mobilization and Impacts of Biogas Technologies", Energy,
volume 2, no 4 December 1977.
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SOCIO-ECONOMIC IMPACTS
 

Problems associated with individual gobar units relate primarily to the
investment and operating costs for the economically least well off village
members. As 
a low cost energy option to be used on a wide scale, biogas
plants are still too expensive for most rural 
families. Some 70% 
of the
Indian population earn less than $100 per year, or one-third Lo a 
quarter of
the investment costs required for a gobar gas plant. 
 In addition only about
10% of India's rural households own the 3 
- 4 cattle needed to provide the
manure to run the biogas plant. "Costwise this scheme (gobar gas plants)
cannot be extended to a significant majority of the rural population. 
At
best, it can only cater to the cattle-owning upper-income stratum of the
rural population which accounts for not more than 8 to 10 per cent of the
total rural population. In fact, it was found in a recent survey in
Gujerat, one of the most successful 
states in the gobar gas scheme, that the
 average landholding size of the gobar gas plant owners was 
as high as 26
 
acres". (7)
 

According to Subramanian (12), 
Indian banks insist on ownership of 5 ­6 animals and 2 hectares of cultivated land before extending credit. 
Many

observers feel 
that the solution to this problem is the construction of
village scale plants. 
 However poor villagers do not necessarily perceive
the new technology as beneficial. For example, Bhatia (8), studied a
community biogas plant in
a village in Uttar Pradesh, designed to serve the
landless as well 
as the landed. The only incentive to collect dung was to
receive equivalent amounts of slurry. 
 Street lighting was the free payoff
for the village, while each home received cooking gas and gas for two lamps
of 100 candle power. Apparently the villagers felt they were only replacing
one form of cooking fuel with another, one which required longer walking by
the women. 
The result from better fertilizers was not quickly apparent to
them. 
The cost of the plant seemed therefore only an added expense. 
Bhatia
 argues that soft coke is
a cheaper solution for cooking since few villagers

actually used the gas for lighting.
 

A potential problem with community-based or village-scale plants
concerns ownership and control. 
 Who owns the digester? Who controls the
amounts of gas and fertilizer available? 
How does one ensure cooperation
from "rich" families who could set up their own plants and also involve poor

families who spend hours collecting fuel? Some observers feel that "the
installation of biogas units by rich farmers would result in
an increasing
tendency to have stable-bound cattle in order to augment the collection of
dung and urine. 
This would deprive the poorer sections in rural society
(landless labourers and marginal and small farmers) of a cheap source of
 
fuel for their energy needs." (14)
 

A biogas plant is also likely to raise the value of dung. 
 It is then
possible that poor landless people will find it increasingly difficult to
get access to this fuel. 
 "Ifa biogas plant is established, then cow dung
would not be used directly but would be transformed into another type of
fuel and fertilizer. One could anticipate that many of the types of tensions
associated with commercialization of the village economic system and with
the adoption of new farm technologies would recur. 
As in these previous
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cases, the new development provides novel opportunities for gain for some
 
and threatens to deprive others of existing income rights. 
 Inturn, these
 
economic changes will interact with caste and status relationships and with
 
the village political system. At present, dung is a non-marketed commodity

subject to the rules and rights that govern its sharing. As with
 
crops, labour, land, and water, dung will become a marketed and priced item
 
subject to distribution through the market system. It is reasonable to
 
suppose that the village cattleowners, who are likely in the main to be the
 
wealthier farmers, will attempt to assert latent property rights to their
 
beasts' dung. Their power and status are likely to enable them to get their
 
way. The losers will be the poorer families whose women and children
 
collect dung for use as a cooking fuel. 
 They will have to seek alternative
 
sources of fuel. Some may even lose small incomes from the sale of dried
 
dung." (15)
 

The problems that may arise from the introduction of biogas plants are
 
not entirely economic. For example, an 18-stall women's community

latrine/gas digester system was installed in 1977 in 
an urban suburb of
 
Kathmandu, The system was 
designed to generate gas while mitigating a
 
serious sanitation problem. For both cultural and technical reasons, the
 
gas from this digester was less valuable than anticipated. The Hindu people

of the village considered food cooked on any sewage byproduct to be ritually

polluted, and could therefore use it only for cooking animal food or for
 
lighting. The gas that was produced had too high a concentration of carbon
 
dioxide to burn continuously.
 

As a local sanitation facility the system operated well for over a
 
year, mostly through the efforts of a janitor whose monthly wage was paid

out of the development project fund. When his salary was discontinued, the
 
city government was unable to supply funds, So community residents arranged

with the ward representative to levy a small tax (about four cents per month
 
for each patron) to pay the janitor directly. This procedure, however,

worked only for two months, and when the jan4 tor left, water supply problems

and lack of maintenance made the latrine unusable (6).
 

Another community biogas project, in the village of Dobare in southeast
 
Nepal, faced 
a different set of problems. The $3000, 14 m3/d digester was
 
designed to serve the cooking and lighting needs of five households. Most
 
of the labour for plant construction was donated by the five beneficiary

families, who also agreed to supply it with their daily wastes.
 

One year after the plant's completion only two of the mantle lamps were
 
in working order. Corrosive elements in the gas (presumably hydrogen

sulphide) and inadvertent improper usage made mantle burnout common. 
Two of
 
the five households were using neither gas lamps nor stoves, and had
 
withdrawn from the cooperative arangement. Waste collection and gas

distribution systems had not worked smoothly. In addition, many Nepalese

people feel that the burner does not emit a sufficient flame, though it is
 
in fact hot enough for most cooking. Evidently it is the smoke that is
 
missed. Firewood smoke cures and protects the thatch of their homes and its
 
structural members (6).
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CHINFSE BIOGAS SYSTEMS
 

Only a limited amount of information is available on the Chinese biogas

plants. Although the Chinese have been experimenting with biogas since the
 
1950's itwas only inthe last ten years and mainly inSzechuan that there
 
was a movement to develop and extend the practice on any scale. 
The biogas

systems built inSzechuan are of two kinds. The first type, by far the most
 
common, isbased on a pit size of 8 - 10 cubic metres, built and used by an
 
individual family. The second type is built by a 'production team' and has
 
a capacity of about 100 cubic metres. The gas produced frQm the latter unit
 
isused to power agricultural machinery, machine tools, to pump water and to
 
generate electricity (17). The diagrams below show some of the more common
 
designs.
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The principal difference between the Indian and Chinese designs is that
 
the Chinese design does not incorporate a floating gas-holder. This makes
 
the Chinese units very c1-"ap since almost the whole system can be built by
 
hand with locally available materials.
 

"The capital cost of a digester is low - roughly 1 Yuan per cubic metre 
or per person when using home-made concrete, and 5 - 6 Yuan or &1.50 per 
cubic metre when using commercial cement. Thus, for a pit for a family of 
seven, the cost of materials ranges from 12 - * 3. It is,however,
impossible to translate these figures to other currencies. In assessing the 
cost of building a biogas pit, it is the labour time which is significant.
Usually, 35 working days are required - and these can extend well beyond 10 
hours each - to build a 7 cubic metre pit for a family of seven." (17) 
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4m3 DRUMLESS BIOGAS DIGESTER
 
(Erected at Cazanove Garden)
 

Base diameter 3m, dome base dia. 2.6m,
 
dome height 60cm, cylindricalmortion
 
170cm high. Total volume 12 m and gas
 
volume 4.0m3 . (Using 80kgs of cow dung
 
per day.)
 

CONSTRUCTION DETAILS, MATERIALS & COST
 

INTRODUCTION:
 

Biogas on farms is an autonomous means of obtaining power, and fuel from the
 
animal and farm wastes and fertilizer as a byproduct. On an integrated
 
farm, it is a distinct and effective possibility. A design has been tried
 
with the following objectives:
 

1) 	To study the feasibility of replacing compost pit with a drumless
 
biogas plant.
 

2) 	To study the feasibility of constructing a drumless biogas plant
 
with village level expertise and suiting local conditions.
 

3) 	To explore the possibility of using slurry for growing animal
 

food, fish, etc.
 

METHOD OF CONSTRUCTION
 

A. 	FOUNDATION:
 
1) 	Foundation is dug to a depth of 2m of 3.6m diameter. The bottom is
 

rammed to make it approximately level. Over this brickjelly is laid.
 

2) 	Brickjelly: Use 2cm to 2.5cm brick bats. Mix with stone lime
 
in proportion 2 brick bats 1 lime. Dry mix them first then add
 
sufficient water to make it workable. Place this initially, 23cm to
 
24cm thick which when consolidated properly by ramming will settle to
 
20cm.
 

3) Cement concrete: This should-be 1:2:4 proportion (1cement, 2 sand,
 
Tebbles). This should also be thoroughly dry mixed and water added
 
approximately 25 to 27 litres per bag of cement. Place this mixture
 
first in a layer of 3cm thick. Over this place the grid (6mm bars at
 
15cm centres both ways). Over this place the remaining 7cm
 
concrete. Use 1% soap water for mixing instead of plain water (1kg of
 
soap in 100 litres of water. The soap is easily dissolved in boiling
 
water).
 

B. 	DIGESTER SUPERSTRUCTURE
 
4) 	Brickwork: It should be started after one day of laying the cement
 

concrete. The base circle should be drawn first (3m inside diameter
 
and 3.5m outside diameter). The brick layer should follow theso
 
circles. Usual english bond and 1:1:8 combination mortar with soap
 
water should be used for the br;ckwork here. As the wall is sloping
 
inside (for reducing the gas pressure on the dome and increasing earth
 
pressure on the walls), which reduces the base diameter by 40cin at the
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base of the dome, each layer of bricks should project inside by 8 mm.
 
It would be better to make a template as shown which should be
 
used for checking the slope of the brickwork. Over the openings for the
 
inlet and outlet, 1Ocm deep R. C. lintel with three 6 mm bars should be
 
provided. The inlet and the oLutlet chamber brickwork up to ground level
 
should now be done and left till the last, i.e., till all 
inside work is
 
over. This will provide easy access to the inside. At the base of the
 
dome 	the brickwork is extended in the form of a cornice as 
shown in the
 
drawing, this is for the rigidity of the dome at the base.
 

5) 	Construction of the dome: First build a small temporary pillar, 30 x
 
30 x 70cm high at the centre of the base. This should be removed after
 
the dome construction. A nail should be driven exactly at the centre
 
with 	a small projection where 
a nylon or cotton string can be attached.
 
The string should be about 2 metres long and a mark should be
 
prominently made at a distance of 160cm from the nail by tying, say a
 
coloured thread. This is the radius of the dome. 
 Next 	get 7 to 8 thin
 
bamboo strips. The nail should be partly driven, i.e., it will project

nearly 1" from the bamboo. This is for the support of freshly laid
 
bricks on the dome. Now the construction may be started. The
 
inner face of the cornice, which has been provided at the base of the
 
dome, is now plastered at the proper angle in line with the centre, in
 
1:4 cement mortar, with soap water. Two 6mm bars should be laid all
 
round in
a circle at the outer edge of the base and embedded in this
 
mortar. The brickwork for the dome should also be carried out
 
in 1:4 cement mortar, but here add 200 gms of washing soda per bag of
 
cement for quicker setting. Ordinary bricks should be laid in this
 
mortar and during laying each brick should be first checked with the
 
mark of the string for its correct position and then should be supported

by the bamboo strip, the projecting nail supporting the brick.
 

After laying 5 to 6 bricks in this manner it will be found that

the cement has set sufficiently for the second brick to carry its 
own
 
weight. The bamboo support may be removed and may be used for thern
 
seventh brick. The support for the first brick should not be removed
 
until the ring is complete. Ifthere is some difficulty experienced

regarding the setting then some more time should be allowed for the
 
cement to set before removing the support. Obviously, it would be much
 
better if the bricks are cut to shape and size beforehand to follow the
 
curvature of the dome. (Shown in the drawing). But it md be rather
 
laborious to do it, so one can use two or three ordinary bricks and then
 
cut one brick to shape and size for the layers near the base of the
 
dome. It will make the curvature slightly undulating and which can be
 
corrected by plastering. Thus each layer of brick will be concentric
 
circle following the dome curvature. The dome construction can be
 
carried out 
like 	this without preparing any form-work beforehand. It
 
takes nearly 2 days to complete the dome of this size with one mason and
 
two helpers. Of course, as the radius of the opening of the dome
 
becomes smaller and smaller, the bricks will require shaping more
 
frequently. The nail on the bamboo should support the freshly laid
 
brick so the bamboo may have to be placed on bricks to obtain the
 
correct height. The 2 1/2" G.I. pipe for stirrer should be fixed at the
 
centre of the dome. 2cm thick plaster in 1.4 cement mortar with
 
Accoproof should be applied on outside of the dome. Then one layer
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of chicken wire mesh should be placed over the whole area and another
 
layer of 2cm thick, 1:4 cement mortar should be applied over it. Over
 
this, one layer of acchakal bricks should be laid, not in layers but in
 
a criss-cross way, in combination mortar (1:1:8) and plastered over it
 
with the same combination mortar, using soap water instead of plain
 
water. It is understood that scaffolding should be provided wherever it
 
is necessary. No weight should come on the dome until it is set and
 
complete.
 

C. 	 FINISHING & SEALING
 
6) 	 PlaSter'ng: Before starting inside plastering of the digester, all
 

Joints should be raked with a thick nail to a depth of at least 1cm all
 
over, including the dome. Then 1:4 cement mortar with Accoproof should
 
be used for plastering the inside including the walls and the dome and a
 
neat 	cement finish should be given all over. The plastering should be
 
cured for at least 3 days with frequent spraying of water all over. It
 
should then be allowed to dry for 3 days and then hot bitumen in liquid

form should be applied to the dome and the walls. This will make it
 
fully gas and water-tight. Now complete the inlet and the outlet
 
chambers in combination mortar. Inside plastering should be finished in
 
neat cement. The outside of the digester need not be plastered and
 
should be filled with excavated earth and the dome also should be
 
covered with 15cm of earth. Now loading may be started if it is ten
 
days after completion of the dome. Otherwise allow at least 10 days

after completion of dome.
 

Note 	I: The digester is designed to take gas pressure of 100cm water
 
Fhad. Although the pressure will be released from the digester if the
 
slurry level goes down, it would be better to provide additional safety
 
arrangement.
 

For this purpose, there should be one water manometer provided to check
 
the gas pressure inside the digester and it should be so designed that
 
it also acts as safety valve.
 

The design shown in the drawing may be adopted and connected at any

convenient point on the gas line, where it could be observed easily.
 

Note 	II: Gas is likely to leak slowly and continuously if there is the
 
slightest crack or porosity in the space where gas is collected. This,

obviously ismost undesirable as the output of the digester will be
 
reduced and even it may become nil. All masonry and plastering work
 
should therefore be done properly under good supervision so that there
 
is no chance of having any porous area or cracks.
 

Drawing Office Date: 28.10.81
 
Sri Aurobindo Ashram, Pondicherry
 

http:28.10.81
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4m3 Drumless Biogas Digester Cost as on July_1981
 

A. MATERIALS
 

1. Bricks 
 - - - 4300 nos = Rs. 623.502. Achhakal - - 400 nos-
 = Rs. 32.00

3. Cement 
 - - - 32 bags = Rs. 900.50

4. Sand -(8.5m 3 ) - 1.5 lorry 
 = Rs. 120.005. Lime -(2.3m3 ) - 3 carts 
 = Rs. 288.00

6. Pebbles -(.5m3) 2 carts = Rs. 50.00
7. Accoproof 

-

­- 12 pkts = Rs. 84.00

8. 6mm M.S. bar - - 120 m 
 = Rs. 145.00
9. Binding wire ­- 1 kg = Rs. 7.5010. Chicken wire mesh - 10m x 1m 
 = Rs. 50.00
11. Washing soap ­- 10 kgs = Rs. 30.00


12. Bitumen ­- - 3 kgs 
 = Rs. 13.50
13. "Araldite" ­- I pkt = Rs. 16.00''
14. G.I. pipe - size 21/2 - 1.5m 
 = Rs. 50.00
15. Plastic pipe 2" dia. 
 - 6m with fittings = Rs. 235.00
16. Sundries . . .
 . .
 = Rs. 10.00 

Rs. 2655.00
 

B. LABOUR
 

1. Excavation - - 20m 3 = Rs. 100,00

2. Mason . .. 
 25 man days = Rs. 375.003. Helper - ­- 80 man days = Rs. 400.00 

Rs. 875.00
 

A. Materials .
 . .
 .- = Rs. 2655.00
 
B. Labour .
 . . . = Rs. 875.00
 

Rs. 3530.00
 

Manometer cost 
 - = Rs. 100.00 

Total... Rs. 3630.00
 

Drawing Office, 
 Date: 29.10.81
 
Tata Energy Research Institute
 
Field Research Institute
 
Sri Aurobindo Ashram,
 
Pondicherry 605002
 

http:29.10.81
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IMPROVED STOVES AND SOLAR COOKERS
 

There is another 'energy crisis' in many of the developing countries.
 
This is a crisis that arises, not from the insecurity and expense of
 
securing an adequate supply of oil, but from the decreasing availability,

and rising costs, of the traditional fuels -- particularly of fuel wood. 
Shortages of traditional fuels are not new. 
But in the past, urban dwellers
 
and industrial users have typically been 
able to shift to the commercial,
 
more efficient fuel sources. Today, while the costs of traditional fuels
 
are high in many areas, those of petroleum and other commercial sources are
 
often higher still. One response has been to increase consumption of
 
traditional fuels, further endangering this renewable, but always insecure,
 
resource base.
 

Wood is the preferred traditional fuel in developing countries. In
 
most cases people only burn crop or animal residues when wood is unavailable
 
or expensive. Because fuel wood c,nnot usually be economically transported
 
over long distances, large demands for wood fuels 
by urban dwellers and
 
industrial users (including charcoal making) can quickly place stress on
 
forests in local regions. In drought-prone regions such as the African
 
Sahel, even relatively small and scattered populations can outpace the
 
ability of fragile ecosysteis to renew themselves sufficiently rapidly to
 
sustain fuelwood production. Cities located in these areas are particularly
 
prone to creating desert-like conditions. While land-clearing for
 
agricultural use and overgrazing 
are probably more important causes of
 
deforestation a:wd desertification, fuel wood collection has been an
 
exacerbating factor in North Africa, the Indian subcontinent, and the Andean
 
and Caribbean regions of Latin America.
 

Although globally, 97 million hectares or 2 percent of forests 
were
 
added between 1965 and 1975, tropical forests are under much greater stress,

being lost at a rate 
of perhaps 16 million hectares annually. The
 
preliminary results of a study of fuelwood supply and needs indicate that
 
about 100 million people in developing countries live in areas where there
 
is already an acute shortage of fuelwood. About another 1 billion are able
 
to meet their minimum firewood requirements only by cutting in excess of the
 
sustainable supply. According to this report, with current 
trends of
 
population growth, 
of fuelwood demands, and depletion of tree resources,
 
over 2 billion rural people in developing countries will need, within two
 
decades, to be provided with large supplies of alternative fuels [1].
 

Growing populations increase the demand for food and farmland and push

agriculture into previously forested regions. Between 1900 and 1965 half
the forested area in developing countries was cleared for agriculture.
 
Between 1950 and 1970 the rural population in India alone expanded by 136
 
million and cultivated land increased by 22 million hectares. During the
 
same period, forest reserves in India declined by 3.4 million hectares.
 

In Africa and parts of Latin America, the deforestation problem is

complicated by transition shifting cultivation to
a from sedentary

agriculture. Slash-and-burn farming, which was appropriate as long as the
 
people-to-land ratio 
was low, now contributes to progressive deforestation
 
as rotations are shortened and forest regeneration is prevented. Recent
 
droughts in Africa have accelerated this process, especially in the Sahel.
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In the Chittagong Hill tracts of southeastern Bangladesh, about 40% of
 
the total forested area of the country is being rapidly destroyed by illicit
 
timbering and by shifting cultivators who have reduced the traditicnal 10­
year slash-and-burn rotation to 
3 years [2]. In the hills of Nepal,

forests are being depleted for fuel and cattle feed at an annual rate of
 
more than 3 percent. This could lead to total depletion within 30 years.

Between 1963 and 1971 in Thailand the total land area covered by healthy

forests was apparently reduced from 53% to [4]. In Sri Lanka,
39% the

forest cover has been reduced from 44% in 1956 to about 20% of the total
 
land area by 
a combination of clearing for settled agriculture, slash-and­
burn cultivation with progressively shorter rotation times, and exploitation

of trees for construction and household and 
industrial fuels-chiefly in
 
manuufacturing tea, ceramics, bricks, and tobacco [5]. Sri Lanka's major

development program the Mahaweli River development scheme will 
reduce the
 
area of forest still further to about 17% 
of total land area. In India,

potntially usable 
forests are said to cover around 66 miliion hectares,

mainly in mountainous regions, and in four states that 
have less thai 20
 
percent of the population. The forests are being cut down faster than they

can grow, partly to make room for new farmlands and partly for use as fuel.
 
In consequence, the upland areas are 
subjected to destructive erosion, which

in turn results 
in rapid silting of irrigation and power reservoirs and
 
serious flooding of downstream areas [6]. In India, people clearly

recognize the growing crisis as fuel for 
 cooking becomes increasingly

scarce. Carpenters making wheels for bullock carts 
near Bardole in Gujerat

complain that the rising costs of wood are jeopardizing their livelihood.
 
Sweepers in the streets of New Delhi collect and sell leaves swept up

outside offices [7].
 

The problems discussed above strike the poor particularly hard. It is

the poor who are the largest users of traditional fuels and the poor who
 
have the least access to their means of production. For them, the only

possible responses to difficulties in obtaining fuels are to reduce their
 
energy consumption from their already very low levels, to more
or devote 

time and labour to collection. When traditional fuels become scarce they
 
may start to be bought and sold in markets and to take a growing proportion

of family incomes. Buying wood fuels in 
some cities in the wood-short Sahel
 
has been estimated to require as 
much as a third of the average labourer's
 
income [8]. Distances of 100 to 500 kilometres and more have been reported

for the transport of both fuelwood and charcoal 
to cities in a number of
developing countries. 
 In parts of upland Nepal and central Tanzania, 200 to
 
300 person-days of work per year are required to gather 
a family's fuelwood.

In other cases landowners may exact more services from the landless in order
 
to permit them to gather wood or crop residues on their property. rhe added

burden and drudgery of this labour usually fall women
on and children, the
 
traditional gatherers of fuel.
 

Another response to rising fuel prices has been to reduce 
energy

consumption and to lower nutritional standards, in some areas of West
 
Africa, the number of cooked meals per day has been reduced. In some hill

regions of Nepal and Haiti, fuel shortages even appear to have influenced
 
the choice of crops produced in favour of those requiring less cooking. In
 
Guatemala, Indians in the high plateau have stopped cooking beans 
as often

because they require longer cooking. The food substituted is lower in
 
protein and has resulted in visibly lower nutritional levels. In Upper
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Volta women used to cook millet twice a day, then once a day. Now many
 
women cook only every other day or so. In between they feed their families
 
on flour mixed with water. In the Senegal there has been a switch from

millet to rice because the latter does not take as long to cook. But the
 
rice now used is inferior and nutrition levels have suffered accordingly

[7].
 

Where shortages of traditional fuels exist, the poor forced
are to
 
exert even greater pressure on the sustainability of renewable energy
resources. People may cut fruit trees 
and other economically valuable
 
species for wood, reducing both food and income. Seedlings, and tree roots
 
may be destroyed for fuelwood; leaves 
and grasses may be raked from
 
hillsides leaving only bare earth. 
 Crop and dung residues may be stripped

from fields, reducing agricultural yields and creating further pressures for

expansion of agricultural 
land. In a vicious cycle soil fertility and

agricultural productivity reduced, fuel
are and supplies become ever more
 
difficult to obtain.
 

There are three main approaches to ameliorating the problems of

deforestation and shortages of fuel wood. 
 These are:
 

(1) Resource augmentation: managing silvicultural resources in a more
 
efficient manner; for example, by introducing fast-growing tree
 
species.
 

(2) Efficiency improvements: introducing more efficient end-use devices;

for example, improved -toves, and more efficient energy conversion
 
technologies, for example, improved methods for making charcoal.
 

(3) Resource substitution: switching from biomass to another energy
 
source. Direct solar energy is 
a source that could potentially

substitute for biomass used for cooking. 
 Biogas produced from the
 
anaerobic digestion of crop and animal wastes is also a potential

substitute for fuelwood.
 

In this Chapter we look at improved cook stoves: principally

the Lorena stove, and the relatively new technology of solar cooking.
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Traditional methods of cooking indeveloping countries, which have been
 
used for centuries with little modification, involve burning wood in an open

fire, sometimes enclosed by a horseshoe-shaped alcove made of mud or bricks
 
to act as a windshield. Insome cases, three stones placed around the
are 

fire to serve as supports for the cooking vessels. This technique is
 
commonly known as the three stone cooking method. Open-fire cooking is very

inefficient because only 5 to 10% of the potential energy in the wood fuel
 
isutilized in the cooking process.
 

Traditional cooking over 
an open fire also has a number of undesirable
 
characteristics, for example:
 

(1) control -- intensity or rate of burn of open fires is 
difficult to control which may restrict the preparation of 
some kinds of food or limit the choice of cooking methods;
 

(2) unhealthy conditions -- family members, especially the cook 
are exposed to the constant emission of smoke and soot into
 
the kitchen area and, inmany cases, throughout the house;
 

(3) hazards -- open fires subject family members and especially
unattended children to possible burns and scalds from sparks

from burning logs or from unstable cooking pots and expose

combustible structures to possible fire damage;
 

(4) unsanitary food preparation -- build-up of soot in che
 
kitchen work area and roaming animals, such as dogs, may

bring filth in contact with food cooked close to the ground
 
over an open fire;
 

(5) lack of cooking space -- often only one food item may be 
prepared at a time and a supply of hot water cannot be kept

heated while preparing food items;
 

(6) fatigue -- open fires often require constant tending or 
fanning by the cook who isexposed to the heat emitted by the 
fire; 

(7) indirect costs -- family members expend considerable time,
labor, or money to obtain the large amounts of firewood 
needed for open-fire cooking because of the poor efficiency
of wood use.
 

The main advantaqe of open-fire cooking is that the cooking device is
 
essentially free. In addition, the smoke from open fires often creates a

welcome deterrent to insects and predatory animals, which could devour food
 
stores and/or dwelling structures and harm family members. Infact, insome
 
areas wood is burned, in part, specifically to provide protective smoke.
 
However, open-fire cooking methods leave considerable room for improvements

to make the chores of food preparation and firewood collection and use
 
easier, more efficient, and less time consuming.
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THE LORENA STOVE
 

Since its conception in 1976, the Lorena stove has been introducedprincipally among the indigenous people of 
western Guatemala. The stove
 
was developed at the Estacion Experimental Choqui-ICADA, a small

appropriate technology centre near Quezaltenango in highland Guatemala, to
 
meet the cooking needs of rural people using readily available construction

materials. Formed out of a large monolithic block of clay and sand 
(hence

the name: lodo plus arena) the stove is designed to contain the heat of the
fire and channel if through a system of internal flues thus reducing the 
amount of firewood required for cooking and eliminating smoke build-up in

the kitchen. The stove can be built in a few days using only a shovel,
machete, and kitchen spoon as construction tools. In Guatemala, a cottage

industry has developed around the new stoves. 
Trained stovemakers have been

able to make a living by building stoves in people's homes. An estimated
 
2000 stoves have been built inthe last 2 or 3 years [9]. 
 The Lorena design

has been replicated or adapted for use 
in West Africa, Java, Nepal, and
 
throughout Latin America.
 

lell
 

*-fi e-
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Figure 1. Lorena Stove inGuatemala [10]
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The function of an efficient cookstove is to transfer the maximum
 
amount of heat from the combustion process to the cooking pots. Lorena
 
stoves, if designed and used properly, can be very efficient:
 

1) 	The thick sand-clay material keeps the firebox walls very hot, which
 
improves the combustion of firebox gases.
 

2) The tight fit of the pots in the potholes reduces air leaks, helps
 
prevent heat loss, and increases control over burning rate.
 

3) 	The firebox is designed for control of combustion processes and is
 
shaped to direct maximum heat to the pot.
 

4) 	A chimney and set of dampers can be used to control the air flow
 
through the stove, for more complete burning of fuel, and to hold
 
residual heat in the stove body.
 

5) 	Potholes are designed to allow the pots to sit low into the stove to
 
capture as much heat as possible, and to avoid losing heat from the
 
sides of the pots.
 

6) 	In areas where more than one pot is used, multiple cooking potholes
 
can 	be incorporated to allow simultaneous cooking with heat from one
 
fire; heat not used by the first pot can be used by the second pot,
 
and 	so on.
 

7) 	Baffles underneath each pothole create turbulence in the flow of hot
 
gases, so that heat is transferred more effectively to the pots;

offset tunnels also contribute to this effect.
 

8) 	The flexibility of lorena as a material allows 
stoves to be designed

for maximum efficiency in many differing situations. For example:
 

(a) In areas where long, slow cooking is done, the body of
 
a large Lorena stove stores much of the heat, which can
 
then be used for extending cooking time of slow-cooking
 
foods or for baking, after the fire has died out. This
 
heat will also gently heat the outer surface of the stove.
 

(b) In areas where cooking is done quickly, small Lorena
 
stoves heat up to efficient operating temperature in a
 
short time because they have less firebox wall and tunnel
 
surface area.
 

9) 	Water containers, 
if used, absorb some of the heat that would otherwise
 
escape up the chimney, reducing the need for additional fuel to heat
 
water. [10] However, field testing of Lorena and traditional stoves in
 
Indonesian villages [11] has shown that Lorena stoves are not always
 
more efficient than the traditional designs. The results of these
 
tests indicated that the reasons for poor performance were:
 

1) 	Incorrectly placed chimneys causing inadequate draught;
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2) Flues blocked by ash or pieces of ceramic pots. These pieces had
 
originally been used to raise the pot above the hole to allow
 
more heat to reach the cooking pot. This indicates that either the
 
draft was insufficient or the combustion chamber and flues were
 
the wrong shape or dimensions;
 

3) 	Incorrectly placed flues, resulting in poor heat transfer.
 

4) 	Damaged dampers or damper slots -- the users were unable to control
 
the flow of air and hot gases into and out of the stove;
 

5) 	Incorrectly shaped pot holes. The hole over the combustion chamber
 
was too small, thus reducing the area available for heat transfer.
 
Some of the pots did not fit properly into the second, third and
 
fourth pot holes. Since only a limited contact with the hot gases

could occur, heat transfer to these pots was markedly reduced;
 

6) Incorrectly made combustion chamber. 
 Often the combustion chamber
 
was either too small or too large. This led to poor combustion
 
(indicated by low C02 levels and high excess air) with a
 
consequent increase in creosote and soot formation.
 

Another conclusion from this study was that smaller mass Lorena stoves

showed consistently better performance than large mass stoves, which were
 
only more efficient when used constantly throughout the day.
 

Figure 2. Lorena Stove in Guatemala [10]
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STOVE CONFIGURATIONS
 

It should be noted that there is 
no single design of Lorena stove.

The stove should be designed to suit local cooking practices and

traditions. Some examples are shown below. 
 These sketches are from
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Guatemala: Slow cooking in several pots re­
quires a stove with 2 or more pot holes, an 
effective damper system, and a chimney. Note the 
sharp bends in the tunnel to create turbulence 
under the pots. The large size of this stove allows 
food preparation on the stove top surface. 

Guatemala " 

Nepali: A variation of a Guatemalan lorena 
showing the influence of the Indian Herl Chula. It 
has a tiny firebox and appears to be well-adapted 
to the small pieces of wood commonly used as fuel 
in Nepal. 

Nepal 



257
 

Louga (Senegal): The single 
pothole of this outdoor stove also 
acts as a chimney. Smoke es­
capes through a narrow gap all 
around the pot, heating its sides. 
The small firebox entrance pre­
vents too much air from reaching 
the fire. The stove is built using 
the pot itself as a form. The 
lorena material is packed around 
it, then carved out a little more to 
make the smoke passage. The 
pot rests on supports, which may
be rocks or small cans. 

,i10
 

Louga (cross section) 

Loug 

Louga (top view) "-0 



258
 

Twin Fireboxes (Senegal): This simple stove without dampers allows 
cooking over one or two fires. It might be agood design to introduce in an 
area without traditional stoves. After people have become accustomed to 
cooking on a simple stove, a more sophisticated design with dampers 
might be introduced. 

Twin Fireboxes (cross section) 

.0 

N....o 

Twin Fireboxes (top view) 
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Upper Volta Guitar Stove: Another lorena a-aptation for cooking out of 
doors in an area with scant rainfall. Smoke escapes around the elevated 
second pot, which acts as the chimney. 

Upper Volta Guitar (top view) 
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Upper Volta Guitar (cross section) 
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F:
 
Java Stove with chimney (top view) 

• . . ...• . ° . . . . 

*5 *... .. .............. 
 . .. .*** 

Jv S. ( piew) 

Java Stove withu chimney (top view) 

.. .
 

Java Stove without chimney (cross section) 
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10POTHOLES 

SECOND DAMPER 

CHIMNEY 

FIREBOX 1 
F0 FIRST DAMPER 

Recommended Distance Between: 
Mouth of firebox and first damper ....... 15 cm is best, 12 cm minimum 
First damper and pothole over firebox ... 10 cm 
Firebox and outside edge of stove ....... 15 to 25 cm 
Two potholes ......................... 5 cm minimum 
Tunnel and outside edge of stove ....... 10 cm minimum 
Pothole and outside edge of stove ....... 10 cm minimum 
Chimney and firebox ................... 10 cm minimum 
Second damper and pothole ............. 5 cm 
Second damper and chimney ........... 5 cm 
Top of firebox entrance and top of stove.... 10 cm minimum 
Bottom and top of firebox entrance ....... 10 to 15 cm, depending on 

whether dampers are used 
and height of chimney

Bottom of firebox entrance and base ..... 5 cm minimum, unless base 
is not flammable. 

F~gLA Ie. 
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Sketch Showing Major Components of 
Japanese Kamado Cooker. 

Figure 4. BASIC COMPONENTS OF JAPANESE KAMADO COOKER 

Photograph of aJapanese Kamado 
Cooker. 



DAMPER TOP
 

LID
GRILL 


5-GALLON
 

PAINT CAN
 

RING
 

GRATE
 
DRAFT OPENING
 

Figure 5. 	 Schematic of Wood Burning Cook Stove Constructed from
 
a 5-Gallon Paint Can.
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Technology Extension [16]
 

Drastic forecasts of potential total deforestation in some regions
before the turn 
of the century have at last promoted both high- and 
low­level government organizations, as well as private organizations, 
 to
consider the active dissemination of improved cookstove 
designs as an
important tool for relieving some of the ecological stresses resulting from
deforestation. Included 
in this group of institutions are large and
influential organizations such as 
the World Bank and Appropriate Technology
International 
 (ATI) who are involved either directly or indirectly in
financing efforts to expand the use of more efficient cookstoves. The World
Bank includes introduction of more efficient wood 
burning stoves as a
possible component of 
financed forestry projects for developing countries
and ATI is currently funding 
efforts by the Centro Meso Americano de
Estudios Sobre Technologia Apropiada (CEMAT) in Guatemala 
and Save the
Children Federation (SCF) in Honduras to encourage the widespread 
use of
Lorena stoves 
in these Central American countries. This kind of high-level
support and institutional commitment on 
an international and national 
level
to more efficient use of firewood for cooking has been largely missing until
recently, which could be 
a major reason why there has been 
only moderate
 success in the dissemination of more efficient cookstoves since the improved

designs were first developed in the 1950's.
 

The main factor required for 
the success of cookstove dissemination
efforts is to ensure that 
the improved cookstove not only has advantages
from the viewpoint promoters also benefits
of the but has that can be
perceived by rural villagers as 
being worth the time and investment required
to change from a traditional form of cooking which, while inefficient, may
be simple to 
understand and culturally acceptable. The new designs must be
capable of demonstrating a substantial 
improvement in performance, which is
readily translated into noticeable improvements in village life, because the
introduction 
of improved cookstoves will inherently mean making basic
changes 
in cooking practices which are often constrained by traditional,
religious, and economic factors. example, in parts
For 
 of Africa, where
 women collect the firewood as well as cook, men may have little desire to
spend time or 
money to help obtain a more efficient stove which might 
cut
firewood collection time by one-half. 
 In some regions, women have control
 
or responsibility for the household budget covering 
firewood and cooking
utensils. 
 In this case, women must spend money to acquire a better stove.
All of these considerations illustrate the unique problems that will have to
be dealt with in each local 
region to successfully extend the 
use of more
 
efficient stoves.
 

The success of a cookstove dissemination program may be enhanced by the
involvement of an influential and knowledgeable person or group in the local
village that understands the needs 
of the local people, including skills,
materials limitations, 
and cultural requ; 'ements, as well as the basic
principles behind 
the workings of a more efficient cookstove. ('areful
consideration of this 
type of information may produce a modified cookstove
design which is attrctive to the potential users while still performing
with a better efficiency and having the necessary durability. For example,
one adaptation be to
which might useful aid the acceptance of improved
cookstoves in 
areas where villaqers value the smoke from traditional cooking
devices would be to develop an efficient stove without a chimney.
importance of the adaptability of improved cookstoves local 
The
 

to conditions
 



and/or limitations in materials supply without 
completely compromising

design principles essential 
to achieving a better stove performance should
 
not be underemphasized. Questions surrounding the adaptability issue should
 
provide a fertile area for future cookstove research efforts.
 

Perhaps an appropriate vehicle for 
cookstove extension efforts is an
 
organized program operating through, or in connection with, persons already

involved in other development projects in the region, particularly fuel wood

plantation or reforestation projects. However, once an improved cookstove
 
design has been selected and presented to villagers, emphasis must be
 
directed toward assisting villagers in thoroughly understanding how to build

the stove and how the stove operates so that the technology will find a
 
permanent place in village life. The extension effort in Guatemala where

the input of the local reforestation personnel stimulated Lorena stove
 
dissemination is a good example of 
incorporating these considerations into
 
the extension program.
 

Although active cookstove dissemination efforts are only in the early

stages of development, of appear be to
a number elements to necessary

achieve the goal of widespread use of improved cookstoves in developing

countries. Some of these elements are:
 

(1) communication channels should be established between vil­
lagers and extension workers to identify any required adap­
tations for cookstove designs to be compatible with local
 
conditions;
 

(2) 	involvement of village community 
leaders and any development

institution representatives stationed in the village should be
 
encouraged in the promotion efforts;
 

(3) financing opportunities for villagers who could not otherwise
 
pay to have a stove built should be made available as part of
 
the extension effort;
 

(4) whenever possible, extension efforts should be tied in with
 
other community-based development activities occurring in the
 
village;
 

(5) 	communication 
links between extension personnel and technical
 
support groups should be established to ensure that adaptations

of an improved design to local conditions do not result in
 
cookstove safety, durability, or performance problems;
 

(6) feedback from users of improved cookstoves should be used to
 
make improvements in the stove design or dissemination tech­
nique and to record the impacts of cookstove dissemination on
 
village life;
 

(7) commitments from high-level agencies in governments to efforts
 
to ease firewood shortages, through combined efforts of fores­
try extension workers and cookstove promoters at the village
 
level should be sought.
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SOLAR COOKERS
 

Solar cookers may be classified as:
 

a) Concentrating parabolic, 
 and spherical dish or trough
collectors 
where the heat generated at the focus 
of the
collector directly heats either 
a vessel containing the

food or the food itself.
 

b) Ovens or food warmers which are insulated boxes with
transparent covers 
 in which 
 solar energy is collected

directly or from a reflective surface.
 

Direct Concentrating-Cookers
 

Perhaps the most familiar type of solar cooker 
is the parabolic dish
collector which heats food either directly or in a 
bowl or pan placed at the
focus of the collector. Some typical systems 
are shown overleaf. These
cookers permit frying, broiling, and boiling to be done. 
 These
concentrators may be either rigid or collapsible. 
The concentrating cookers
utilize direct solar radiation only, and 
therefore are sensitive to short
term variations in solar 
 intensity due cloud
to movement and haze.
Refocussing is required at 15 - 30 minute intervals depending ,on the sizeand shape of the pot and on the area of the beam at the focal point.
 

i. Fixed Soil-Cement Spheroidal Reflector
 

A fixed, spheroidal reflector may be by forming
made a spheroidal
depression inthe ground. 
 This depression is lined first with a 
mixture of
soil and cement to stabilize the shape 
and then with aluminized plastic.
The symmetrical depression 
is formed by swinging a pendulum, or blade,
fastened to a wire which is secured at a fixed point 
above the ground on a
tripod. After the rough shape 
is hollowed out, a shallow layer of an
aggregate and cement mixture is placed in the depression, smoothed with the
blade and wetted. When this has 
set, and after some further smoothing of
the surface, a 
reflective lining or aluminized Mylar pressure-sensitive tape

is applied.
 

The advantages of this reflector 
are its simplicity and ease, of
construction inthe field. 
 The orientation can be Fixed during construction
so as to make the reflector usable during the desired time of day. 
The cost
of material 
for the laboratory models, exclusive of the reflective lining
was reported to be less than a 
dollar.
 

The disadvantages of this cooker are 
its lack of mobility, which might
result in physical damage 
in certain weather conditions, and the limited
period of time during which itcan be used (estimated at 4 hours a day).
 

ii. Ligtweight Molded Aggregate Reflector
 

The most successful reflector oF this type is 
a dish 1.07 meter (42
inches) in diameter with a focal length of 0.46 meters 
(18 inches). It is
formed over a mold and 
is made of a vermiculate 
aggregate reinforced with
wire with a supporting rim of thin-wall tubing. 
 The surface is lined with
aluminized plastic and plastic tape. 
 The total weight is about 23 kilograms
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(50 pounds). The reflector mount is a wooden post in the ground, arranged

to pivot about its axis. The top edge of the reflector leans against. the
post and its lower edge is supported at variable distances from the post on
 
an arm secured to the post.
 

The advantages of this type of cooker 
are the simplicity of the mount­ing device and its component parts and the possibility of using locally

available materials and labor for its construction. Major disadvantages are
the weight of the reflector, which makes it cumbersome to handle, and the
fact that the reflective lining isdifficult to apply.
 

Another inexpensive method of fabricating this 
type of reflector has
been suggested. A convex, wire-reinforced, plaster paraboloid die 
is cast

from a centrifugally formed concave parabolic mold. 
 The surface of the die
is coated with a layer wood pulp, or
wax, then of paper mache laminated
 
newspaper is spread over 
it. After a few layers are built up, they are
pressed to squeeze out excess The process
liquid. is repeated until the
compressed laminate is 3 to 6 millimeters (1/8 to 1/4 inch) thick. Then the
rim of a wooden "wagon wheel", reinforcing framework is glued in place.
Woven basketry is suggested as an alternative method of reinforcement.

After removal from the die, strips of aluminum foil are pasted on the sur­
face. Finally, a stiff hoop is cIainped to the front surface. 
 The process
would require about 6 to 8 hours of labor. 
 The cost of materials in this
reflector is estimated to be about $10 in the United States.
 

iii. Spun Liquid Plastic Reflector
 

A liquid in a revolving horizontal pan takes the shape of a parabol­
oid, and a liquid resin suitably catalyzed to harden after this form is
taken will retain this shape. With the development of the epoxy resins,

satisfactory material has become available. 
EPON 828, catalyzed with 5 per­
cent piperidine and cured at 800 
and 900 C has been found to give satisfac­
tory results.
 

The focal length of the finished reflector is controlled by the speed
of rotation of the pan. The formula for the focal 

to 

length may be simplified
f = 38.4/rpm, where f is the focal length in feet. 
 Additional esin may
be poured onto the first surface after it has set. In general, superior

surfaces are obtained on the second or third pour. Reinforcing material such
 as fiberglass can be 
placed on the surface before the second 
surface is
 
poured.
 

The quality of the reflectors produced to date is better than anything
that can presently be made without the 
use of grinding and polishing tech­
niques. This not
is, however, a significant factor in cooker considera­
tions. The estimated weight of such a 
0.91 meter (36 inch) diameter reflec­
tor is about 14 kilograms (30 pounds) for a 12 millimeter (1/2 inch) thick­ness. 
 The cost of the epoxy resin for this size reflector is estimated at
$25 - $35. Although this technique could perhaps be used for making amaster mold, it does not appear that this offers a practical solution for
 
low cost solar cookers.
 



iv. Fresnel-Type Reflector
 

The use of the principle of the Fresnel reflector in a solar cooker is
 
thought to be unique among the various known 
solar cooker designs. The
 
Fresnel reflector concentrates light and heat by means of several simple

curved reflecting surfaces. This is in contrast to the doubly-curved

reflecting surfaces of the typical parabolic dish reflector. This reflector
 
was developed and tested by VITA and is constructed of 3 millimeter (1/8

inch) Masonite to which aluminized Mylar is cemented. By cutting a series
 
of rings out of the Masonite, removing sectors and rejoining, a series of
 
nesting collars are formed that focus light. 
 These collars are supported in
 
a simple wooden frame. The design is simple enough to permit construction
 
with the tools, skills and materials (except for the aluminized Mylar) that
 
are locally available throughout most of the world. Figure 10 shows the
 
basic structure of the reflector and the method of construction.
 

The most serious drawback of this cooker is that which plagues other 
designs as well: the deterioration of the aluminum reflecting surface of 
the cooker due to weathering. Even b'.jV- aluminum loses its high reflec­
tivity on exposure to the elements. On tK2 other hand, this design allows 
convenient replacement of the reflect.ive material whenever dictated by a 
loss in perforamnce.
 

v. Drape Formed Polyester Parabola
 

Only one example was found of a solar concentrating cooker which was
 
fabricated by village labor using essentially locally available material and
 
which also found considerable use in the village itself. The basic unit
 
consists of a parabolic concentrator developed at the University of
 
Wisconsin. These collectors were introduced into three villages in Mexico
 
during 1959 - 1961. Construction of the parabola was accomplished in 
several stages. First a male mold was formed from a concrete mound with the 
parabolic contour developed by rotating a wooden template of the proper pro­
file on a vertical axis projecting through the center of the mound. After 
the concrete mold cured it was coated with a parting agent and covered with 
newspaper. Alternate layers of polyester resin and fabric were drape formed 
over the mold until a shell thickness of about 1/16 inch was obtained. The 
shell was stiffened by incorporating a locally forged metal band into the 
rim of the plastic shell during the shell forming operation. After the 
shell had been left to dry (cure) for several hours it was lifted from its 
mold and the inside surface lined with reflective material. In this case 
small squares of glass mirrors were cemented to the shell. The basic con­
struction of the cooker was the same as that presently used in Niamey,
Niger. In the Mexican village situation the horizontal axis cooking support 
was 
formed from iron strips by the village blacksmith. The "U" frame sup­
port was fabricated from wood by local carpenters. With the exception of
 
the polyester resin which was obtained in Mexico City, all other materials
 
were provided locally. The process of cooker building took between 8 and 32
 
hours of labor and the cost of materials was about 415.
 

Advanced Solar Cookers
 

In order to overcome the problems of cooking in the direct sunshine and
 
of cooking only when the sun is shining some advanced solar cooking concepts

have been developed. The first involves the use of a heat transfer system
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to permit cooking to be done in a shelter. The second involves the use of
 
some type of energy storage system which permits the cooking to be done in
 
the evening or at other times when the sun is 
not shining.
 

Heat Transfer Systems
 

Various types of heat transfer systems have been proposed for bringing

the heat generated in a solar collector into a sheltered area where the heat
 
can be used for cooking. As previously discussed, heat transfer systems

form the basis for most solar thermal systems used to operate mechanical
 
devices. For example, in the SOFRETES water pumping system the hot water
 
from the flat plate collector is transferred to the evaporator where the
 
collected heat is used to vaporize an 
organic liquid. In a similar manner,

flat plate collectors have been used to heat water to produce steam which in
 
turn heats a remote hot plate. However, the maximum temperature obtainable
 
with a flat plate collector is of the order of 140' C and at this tempera­
ture the efficiency of the system is very low. One example of such a system

is illustrated in Figure 6. This photograph was taken at the solar energy

laboratory of the University of Khartoum, Sudan. The heat transfer pipe

leads from the top of the sloping collector down to a hot plate located to
 
the left of the collector support structure. The collector consists of 
a
 
series of longitudinal pipes which run the length ot the collector and 
are
 
connected in parallel by headers at the top and bottom. 
Water is permitted

to fill about three quarters of the length of the tubes and is sealed off by
 
means of a valve. The system is then allowed to reach thermal equilibrium

which is about 1400 C at 3-1/2 atmospheres absolute pressure. By opening a
 
valve leading to the hot plate the steam 
is allowed to condense on the

hotplate releasing the heat of vaporization to the plate. The problems

associated with this collector are (a)the relatively low hot plate tempera­
ture which would be suitable only for light stewing or water heating chores
 
(b) the low efficiency of the system and (c) steam under pressure presents

potential safety hazards in the village environment. A similar system was
 
developed at Brace Research Institute. In this case the heat from the steam
 
passes directly into a cabinet heater or oven.
 

In order to increase the temperature of the cooking unit, concentrating

solar collectors, usually parabolic or cylindrical trough, have 
been pro­
posed to heat oil which is circulated through a pipe or tube type receiver
 
(heet exchanger) located at the focal line of the trough. The heated oil is
 
then used to transfer the collected heat to a hot plate or stove located in
 
the dwelling or other sheltered area. Oil is proposed instedd of water in
 
these heat transfer systems because it will remain a liquid at atmospheric
 
pressure at the temperature provided by the trough collectors (175 - 2000 C)

Because line-focus, linear trough collectors 
are used in this concept some.
 
type of one-axis tracking is required 
in order to keep the concentrated
 
energy focused on the heat transfer pipe. This may be provided through a
 
weighted pulley arrangement in which the downward movement of a driving

weight is caused to coincide with the speed of flowing sand in an hour-glass

(Figure 12). Through this pulley action the rotation of the trough follows
 
the east-west motion of the sun at 15 degrees per hour. Figure 13 shows a
 
concept which uses an "automatic" tracking system. A bimetal "heliotrope,"

in the axis of the trough, reacts to direct heat from the sun to rotate the
 
trough until a "sun-shade," attached to the trough, between the
moves 
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"heliotrope" and the sun, casting its shadow on the "heliotrope."
 

Figure 11 is an artist's rendering of the solar cooking heat transfer/

storage system proposed by Farber. This system differs from the previous
two in that two separate heat transfer loops are used. One loop receives 
energy from the collector and transfers it to a thermal storage medium 
(phase change material). The second loop receives heat from the storage

medium and transfers it to the cooking area. This system is more complex
than the others shown and involves pumps and valves which would provide the
"automatic" type of operation required in a technical society where solar 
energy was being used to replace or augment energy sources such as
 
electricity or gas. However, such systems are 
likely to be too complex and
 
expensive for the rural people. Unfortunately, this cannot be determined at

this time since these systems are only in the design stage and prototype 
systems have yet to be built.
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Figure 7. 	Photograph of Parabolic Dish Solar Cooker at the
Solar Energy Laboratory in Bamako, Mali.
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Figure 8. Photograph of Multi-Mirror Solar Cooker at the Solar
Energy Laboratory in Bamako, Mali.
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Figure 10(a)
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Figure 11. 	 Artist Concept of the Solar Cooking Heat Transfer/Storage
 
System Proposed by Farber.
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FNgire 12. Artist Concept of a Heat Transfer Solar Cooking System
Proposed by Stain.
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Figure 13. Artist Concept of an "Automatic" Tracking Solar Cooking 
System Proposed by Swet. 
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Fiqure 14. 	 Artist Concept of Heat Transfer Solar Cooking System Using

Automatic Tracking Proposed by Swet.
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Ovens and Food Warmers
 

Solar ovens or food warmers typically use some concentration of solar
 
radiation in an insulated chamber with 
a transparent cover, preferably

glass, used to trap thermal infra-red radiation. Although the temperatures

attained are 
lower than those achieved with solar concentration, solar ovens
 
and food warmers have several advantages:
 

o They can be used for baking.

" They require less focusing and orientation.
 
o 	Cooking pots are protected from the wind, and also from
 

insects.
 
" 	Several pots or pans can be used at the same time.
 
o 	They trap diffuse radiation as well as direct, therefore
 

permitting cooking in partly cloudy and hazy conditions.

" 	Food can be kept warm after sunset.
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Fiqure 16. Photograph of a Solar SOven Designed by Tel kes.Fiqure 15. Photograph of a Solar Sove Designed by Telkes. 
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Figure 17. Schematic of a Solar Oven Designed by Prata. 
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Fiqure 18. Schematic of a Solar Oven Designed by Telkes.
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Figure 19. Schematic of a Solar Stove Designed by Telkes. 
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Figure 20. Perspective View of Solar Steam rooker Developed ByBrace Research institute.
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Cooker Type Focusing Focusing 

Reflector Type Parabolic P? abolold 
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Table 1. (Continued) 

SURVEY OF SOLAR COOKERS 

Sam 
(Proposed) 

Duffie 

Loff 
Beck 

Lof. 
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Abou-
Hussein 

Telkes 
Andrasay Prata Ghai Tabor 

Farber, 

Ingley 
(Proposed) 

Swt 
(Proposed) 

Minimm Tine 
Req'd to Heat 
one Liter of 
Water 200 to 
1000 C 

n.r. 15 min @ 
15 rain 
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22 ain n.r. '-30 min 
@ 46 rain 
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Cooking 
Power kW 
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Computed or Estimated by Lof. 
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Table 1. (Concluded) 

SURVEY OF SOLAR CO0oMS 

Duffie 

Portability 

Need for 
Positionig 
During Cooking 

Suitability 

For Baking 

Stem
(Proposed) 

None 

hone 

Fair* 

Lof,
Beck 

Good* 

Frequent 
(15-30 
mn) 

Poor' 

Lof, Abou- Telkes 
JEKL-s~d __Itk -.a..IV41y 

Fnster Husse in Andrassy 

Excellent* Good* Good* 

Frequent Occasioual Occasional 
(15-30 (30-60 mn) (30-60 mi)
mi) 

Poor* Good Good' 

Prata 

Fair 
Far 

Moderate 
(25 mi) 

Good* 

Chef 

Far 
ai*Fi 

Frequent 
(15-30 
mi) 

Poor 

Tabor 

Fair 

None 

Poor 

Farber,(Prooe 

(oe 
None 

None 

Goodo 

Svet 

_ (Proposed) 

(o se 
None 

None 

Gooo 
& Roasting 

Suitability 

For Stewin 

Good* ood* Far* Fa* * * 
d Goo 

aFrying Goo 
Durabiluiy 

Use of Native 

Materials 

n.r. 

Poor 

Good* 

Fair* 

Fair* 

Fair' 

Very Good* 

Fair* 

Very Goods 

Fair* 

#Good* 

Good' 

Fair' 

Good' 

Goods 

Good 

Good 

Good 

Good 

Good 

Good 

Full-Scale 

Cookers 

so Hundreds See Below Yes yes Yes Yes yes No 
Constructed 
A Tooted 
Field Testing 

Commercial Scale 

Approximate Cost 

or Price 

No 

No 

n.r. 

Extensive 

No 

$16 

(Factory) 

See Beim 

Hundreds 

$30 

(Factory) 

No 

No 

n.r. 

Solo 

No 

n.r. 

No 

No 

-$35 

(Factory) 

so" 

No 

$IA-18 

Yes 

No 

$7-9 

No 

no 

n.r. 

No 

No 

$100 

Computed or Estimated by Lof. 
o.r. - Not Reported. 

- Approximately. 
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M
 
ENERGY USE IN AGRICULTURE
 

According to the World Food Council [8], despite significant increases
in food production and improved distribution in some countries in the last
few years, the food situation remains precarious for millions of people in
many developing countries. Global production of cereals has fallen since
1978/79 and, to
according estimates 
 by the Food and Agricultural
Organization (FAO), world stocks of grain as a proportion of consumption
are at their lowest level in five years. 
 While some developing countries
have achieved notable gains 
in production, others, including some of the
least developed and 
most seriously affected countries, have actually
experienced a decrease in per capita food 
production. In 1974, the World
Food Conferences-et agoal of eradicating hunger within a 
decade [9]. That
goal is no longer considered 
feasible. The international Development
Strategy now projects 
the achievement of the goal by 
the end of this
 
century.
 

In many parts of the world, agriculture d'pends primarily on 
energy
from animals, people, and of course, the sun. 
 If conditions are favourable
traditional agricultural practices 
can 
produce very high yields. Modern
agriculture, however, 
is much more energy intensive. It is primarily
because of its large energy subsidy that agricultural yields have increased
so rapidly in the U.S. and Europe during 
this century. In 1900 in the
U.S., 
a single farmer could feed about five people. By 1940 he could feed
ten, and in 1960 he was feeding 25. 
 Today, food for almost 50 people 
can
be provided by just 
a single farmer--with 
a little help from fungicides,
herbicides, rodenticides, insecticides, antibiotics, vaccines, fertilizers,
irrigation systems, and 
a large assortment of fuel-burning mechanical
 
equipment.
 

In the developing countries 
crop yields are generally lower than in
North America and Europe; 
agriculture is labour-intensive 
and inputs of
commercial energy are small.
usually However, the contribution from
traditional fuels and from animal power may be significant.
 

According to the World Banl, 
 there is no readily identifiable yield­increasing technology than
other 
 the improved seed-water-fertilizer
approach that has been dubbed the Green Revolution. Increased production
is unlikely to 
come from the cultivation of larger areas of land.
According to the Global 2000 report F7], arable land per capita is expected
to actually decrease over the 
next twenty years as population rises from
4.5 billion at the present time to about 6.5 billion by the year 2000.
 

The introduction of high-yielding varieties (HYV's) wheat
of and
especially rice is 
an essential part of agricultural policy in areas, such
as most of Asia, where land is scarce. In the next two 
decades it is
expected that close to 
75% of all increases in the output of basic staples
will have to come from yield increases. However, the performance cf these
high-yielding varieties of wheat and rice is dependent on adequate supplies
of fertilizers, pesticides 
and water. The HYV's demand a large energy
subsidy in order to achieve their spectacular yields. The Green Revolution
 
means energy-intensive agriculture.
 

In these notes 
we want to examine some basic issues: 
 Can agricultural
productivity in the 
developing countries be significantly improved by
shift to of a
HYV's whe.at 
 and rice, supported by more energy-intensive

agricultua

wgrill practies
were will it come Tom?
itcm es? And, if so, how much energy will be required and
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To examine these questions we will compare and contrast the structure

of the agricultural systems in the 
U.S. with those of certain developing

countries.
 

THE U.S. FOOD SYSTEM 

The United States food system is highly productive. Yields of rice
 
are nearly five times larger inthe U.S. than those achieved by traditional

methods in the Philippines; yields of corn (maize) are also five times
larger than achieved by traditional methods inMexico [1]. Itis generally

accepted that these gains and improvements are a result of the development

of fast growing, high yielding strains of plants and animals, whose

productivity, inturn, depends on energy-intensive agriculture.
 

For example, Figure 1 shows how farm output has
in the U.S. varied
 
over the last fifth years when plotted against energy inputs to the food 
system. 
 The curve suggests that food output cannot be indefinitely raised

by increasing the level of energy inputs. Productivity per unit of energy

consumption is subject to diminishing returns.
 

The other notable characteristic of the U.S. and other industrial

countries' food systems is an apparently matching decline 
in the labour
 
intensity of food production. Figure 2 plots man-hours of farm work

against energy use for U.S. conditions. This curve suggests that energy

has been substituted for labour in agricultural practice. But again one
 
can conclude from this graph that reductions in farm labour resulting from
 
increasing energy inputs cannot continue indefinitely. Figure 2 is
deceptive, however. While 
it is true that the labour force on the farm
 
itself has fallen, the labour employed by the food processing and

distribution industries has markedly increased. In effect, labour 
has

shifted from food production to food processing, distribution, and
 
marketing.
 

1970

S120 - 16 

g ~ l l O 1 9 608 

&19. 41961
 
00./o 
 ,1959 

1997 

41'95.4 

so 
194 7 

60 -4 -. 

a92o 1940

60
 

11920 1930
 

00 a 4 6 8 
ENERGY INPUT TO FOOD 5Y5jEM I. 

Figure L Farm-output as a function ofenergy input to the U.S. food system, 
1920-1970. 
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Figure 2 Labor use on farms as a function of energy use in the food system. 

The food system in the U.S. uses approximately 16% of the nation's
energy. Of this 
amount only about one-fifth is used for the production of
food, i.e. on the arm. The remainder is used for processing, packaging,

distribution and marketing.
 

Only a tiny fraction of the incident solar 
energy is eventually
converted to food energy by plants. 
 For example, it takes about 28,000
units of solar energy to produce one unit of food energy [4].
 

The atmosphere absorbs or reflects all 
but 16,000 units and less than
half of this is in the photosynthetically active range. Much of this
either misses the plants or is reflected. Even the portion absorbed is
converted only partially to chemical energy in the form of food, feed 
or
fibre. Approximately 16 units of plant energy 
are ultimately synthesized
from the initial 28,000 solar units. 
 Figure 3 shows how these 16 units of
energy become one unit of available energy for human consumption. Of the
potentially available plant energy, about 31% 
is in nonfood crops such as
cotton and tobacco, in crop residues such as corn stalks or straw, and in
exports. Of every 16 kcal 
of potential plant energy in food, feed, 
and
fibre, only 11 actually enter the U.S. food chain, 1.2 kcal 
being used
directly for food 9.8 animal
human and 
 for feed. After processing,
transport, marketing and final food preparation, 62% is consumed as vegetal

products and 38% as 
animal products.
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FIUR R Energy flow in the U.S. rood chain to produce one kilocalorie ofhuman food energy 
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If one looks only at food production, the use of energy in this partof the food system is shown in Figure 4. The high energy cost offertilizer production isevident. 
 The characteristic is further indicated
by Table 1, which details the energy inputs into a crop that is fairlyrepresentative of U.S. agriculture, namely corn (maize).
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Energy consumption 

(MJx iO 9 ) 
N 
00 

.4 
00 

0)
00 

Fertilizer Prod. 
Irrigation

Harvest 
P replant

Farm Pickup 
Crop Drying 

Pesticide Prod. 
Form Truck 
Farm Auto 

Cultivate 
Frost Protection 

Plant 
Pesticide Applic. 

Fertilz er Appllc. 
Miscellaneous 
Elect. Overhead 
Grain Handling 

FIG. + CONSUMPTION OF 
From CAST (1977) 

ENERGY IN DIFFERENT 
ASPECTS OF CROP PRODUCTION IN THE UNITED 
STATES, 1974 

TABLE I ENERGY INPUTS (MJ. ha-') IN CORN PRODUCTION' 

Input 1945 1950 1954 1959 
Labr y 129 101 96 79Machinery 1,862 2,586 3,103Gasoline 3,6205,621 6,370 7,120 7,494Nitrogen 608 1,303 2,346 3,562Phosphoru3 110 157 188 251Potassium 54 109 521 624Seeds for planting 352 418 195 378Irrigation 197 238 279 321Insecticides 0 11 34 80Herbicides Or 6 11 29Drying 103 310 621 1,034Electricity 331 559 1,034 1,448Transportation 207 310 465 621 

Crnotal inputs 9,574 12,478 16,013 19,241Corn yield (output) 35,450 39,620Output/input 42,750 56,3003.70 3.18 2.67 2.88 
Source: Pimentel et of. (1973).

'Authors give a very complete discussion and source of data for this table.
21n this analysis, energy for labor is taken as a portion of the food energy consumed by the worker. 

1964 

62 
4,344
7,868 
5,039 

283 
703 
314 
352 
114 
43 

1,241 

2,100 


724 


23,187
70,900

3.06 

1970 

51
 
4,344
8,244 
9,731 

487 
703 
652 
352 
114 
114
 

1,241 
3,207 

724 

29,964
84.450 

2.82 
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From Table 1 it can be noted that over the 25 year period 1945-70, the
 
productivity of corn increased by a factor of 2.4; labour inputs were more
 
than halved, and the use of nitrogen fertilizer, one of the most
 
energy-intensive of all agricultural inputs, increased 16-fold. In 1970,
 
36.4% of the total energy inputs was for fertilizers; nitrogen alone
 
accounted for nearly one-third of all inputs.
 

Energy Ratios
 

It is of interest to compare the food energy available in a crop with
 
the amount of energy required to produce it. The ratio of the energy
 
output (in the food) to the energy inputs represents a kind of energy

efficiency. However, there are serious limitations to 
this type of
 
analysis:
 

* The comparison is between different kinds of energy.
 
* The caloric content of food does not fully describe its
 

food value-protein content is also important.
 
@ There is little agreement on what is to be included in the
 

energy inputs. Some analysts include animal and human
 
work, some do not; some include solar energy, some do not.
 

@ The boundary of the system across which inputs are to be
 
measured is usually ill-defined and varies according to who
 
does the analysis.
 

e Traditional fuel inputs are often ignored or neglected.
 

Nevertheless, the calculation and examination of energy ratios is of
 
interest, particularly for industrial societies with highly energy­
intensive food systems which are threatened by insecurity of energy supply

and rising prices for oil and natural gas.
 

Figure 5 shows energy ratios for certain food production techniques.

It can be seen that the energy ratio for primitive and subsistence
 
agricultural systems is very high--there is very little energy input. As
 
agriculture and food production become increasingly mechanized and energy

intensive, the ratio falls steadily,. This shift is further illustrated by

Figure 6 which plots the decline in energy ratio as the socio-technic
 
structure shifts from the agrarian to the industrial.
 

Some analysts, notably the Steinharts [2, 3] use energy subsid
 
instead of energy ratio. The energy subsidy is the amontOf energy
 
required to produce one unit of food energy. It is, therefore, simply the
 
reciprocal of the energy ratio shown in Figures 5 & 6. Figure 7 shows the
 
energy subsidy for a number of widely used foods at different times and by
 
different cultures.
 

It can be seen that high protein foods such as mild, eggs and meat
 
have a far poorer energy return than plant foods. The position of soybeans

is noteworthy. Soybeans possess the best amino-acid balance and protein
 
content of any widely grown crop.
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The message of the preceding tables and charts isclear. Inprimitive
 
societies, 5 to 50 calories of food are obtained for each calorie invested.
 
Some highly civilized cultures have done as well. In sharp contrast,
 
industrialized food production requires an input of 5 to 10 calories of
 
fuel to produce one calorie of food energy.
 

Itwould be incorrect to infer that in industrial agriculture a ratio
 
of less than unity is unacceptable. Industrial societies burn fuel to
 
produce food energy. The single important exception are systems designed
 
to produce energy--energy crops and energy plantations--rather than food
 
or other agricultural products. For these systems an energy ratio
 
significantly larger than unity isdesirable.
 

Figure 7 points out the high energy cost of meat, eggs and milk. It
 
takes about nine kcal of food to produce one kcal supplied by beef or
 
mutton. The rich countries (including the USSR) feed more grain to
 
livestock than isconsumed by all of the developing countries put together:
 
people, livestock, and all.
 



TYPE OF FUEL USED
 

Fifty percent of the energy used in the U.S. food system in 1970 was
petroleum--primarily diesel fuel, gasoline and liquified petroleum gas(LPG). Natural gas supplied 30% and electricity another 14% of the total.
Table 2 shows the types of fuels used in 1970, including a comparisonbetween production agriculture and the 
total for the food system.

that food production 

Note 
per se is almost totally dependent on petroleum.However, when the food system as a whole is examined, natural gas is theprincipal fuel. In the U.S., natural gas is critical to at least threeinputs in production agriculture: fertilizers, irrigation and crop drying.
Natural gas is used as a feedstock for almost all of the nitrogen
fertilizer produced in the U.S. 
 It has even been suggested that natural
 gas is so important to fertilizer production that it should be reserved

entirely for feedstock, rather than burned as a fuel.
 

TABLE 2 FUELS AND QUANTITIES USED INTHE UNITED STATES FOOD SYSTEM
 
IN 1970
 

Fuel TJ Production Food and Fiber Sector'TV % 

Gasoline 530,837 809,91047.9 16.1Diesel 394,500 35.6 1,19,,00 3 24.3Distillate fuel oil 196,640 4.0
L1,gas 130,978 11.8 262,344 5.3
 
Residual fuel oil
Natural gas 102,890 2.11,492,253 30.3Electric power 52,914 4.8 678,403 13.8Coal 174,892 3.6Other 12,196 0.2 

Total 1,109,229 4,923,531 

'Includes production, farm family living, processing, marketing and distribution, and
 
manufacturing of inputs
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AGRICULTURE IN THE DEVELOPING COUNTRIES
 

In the absence of an industrial infrastructure, food prodution must

necessarily rely more 
on human and animal labour than on the commercial
 
forms of energy. One of the first agricultural practices

developed--shifting agriculture--is still 
widely used. About 30% of the
 
world's arable land is farmed by this method, producing food for about 250

million people [1]. Each hectare of land can provide food for one person.

At higher population densities, shorter 
fallow periods and eventually

annual cropping become necessary.
 

Annual cropping by traditional methods is labour intensive and yields

are usually not high. Animal power 
can help reduce human labour and
 
provide manure for fertilizer; however, draught animals must either be fed
 
some of the crop or pastured, thereby increasing the land area required per

capita.
 

Tables 3 and 4 provide estimates of the commercial energy required for
rice and maize production at different levels of technology, as well as the 
respective yields. The enormous differences in energy use can be easily
seen. The U.S. system uses 375 times more commercial energy per hectare
than traditional agricultural practice in the Philippines to produce nearly

five times the yield. The situation is similar when one examines 
the

production of maize. The U.S. system uses more than 170 times 
more
 
commercial 
energy per hectare than traditional agricultural practice in
 
Mexico to produce five times the yield.
 

TABLE 3 - COMMERCIAL ENERGY REQUIRED FOR RICE PRODUCTION BY MODERN, TRANSITIONAL AND TRADITIONAL METHODS 
WITH RESPECTIVE YIELDS 

Modern Transitional Traditional
(U.S.A.) (Philippines) (Philippines) 

Quantity/ia Energy/ha(11jue)(100 (06Energy/ha Quantity//a Energy/hajoules) (106 joules) 

Inputs: 

Machinery ............... 4.2 x 109 joules 4200 335 x 106 joules 335 
 173 x 106 joules 173Fuel .................... 224.7 litres 8988 40 litres 
 1600 -

Nitrogen fertilizer ........ 134.4 kg 10752 
 31.5 kg 2 520Phosphate fertilizer .......-

Potassium fertilizer ....... 67.2 kg 605 
 - -
Seeds .................... 112.0 kg 
 3360 110 kg 1650 107.5 
Irrigation ................ 683.4 litres 27 336 .
 
Insecticide ............... 5.6 kg 
 560 1.5 kg 150 -
Herbicide ................ 5.6 kg 560 ­1.0 kg 100 
Drying .................. 4.6 x 10' joules 4600 
Electricity ................ 3.2 x 109 joules 3200 - -

Transport ................ 724 x 106 joules 724 31 x 106 joules 31 -


TOTAL ................... 
 64885 6386 173 

Yield (kg/ha) ............. . . 800 
 2700 1250 

SouRCE: 
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Inputs: 
Machinery .......... 
 4.2 . 109 joules 4200 173 X 106,joules 173
 
Fuel ............... 
 206 litres 8240 -.
 

Nitrogen fertilizer ... 125 
 kg 10000
 

Phosphate fertilizer .. 34.7 
kg 586 -_
 

Potassium fertilizer .. 67.2 kg 605 
 -

Seed ............... 
 20.7 kg 621 10.4 kg
 
Irrigation ........... 351 y 10' joules 351 -


Insecticide .......... 
 1.1 kg 110 -

Herbicide .......... 1.1 kg 110 
)rying ............. 10 ,
1 239 x joules 1 239 -. 

Electricity........... r,3 2,18>: 10 joulcs 3 248 -

Transport ........... 724 x 101' joules 724 -

ToTAL............... 
 30034 173 

Yield (kg/ha) ...... 5083 950 

SOURCE 

However, 
these tables account only for commercial 
energy supplies.
When the traditional fuel 
 are included, and when the 
contribution from
human and animal labour 
 is factored

different. in, the results are strikingly
Table 5 shows energy use in rice cultivation when all inputs
are included. 
 The traditional agricultural practices 
of India and China
now appear 
 to be even more energy intensive than 
modern industrial
 
agricultural practice.
 

Data for six prototypal

presented 

villages in some developing countries are
in Table 6. Gross energy input per capita varies from 3.7
million kcal 
(15.5 GJ) per year in India to 15.5 million kcal (64.8 GJ) per
year in Mexico. The efficiency of converting gross energy inputs 
into
useful work was 
about 5% in India and 25% 
in Mexico.
 

The question arises: 
 if the developing countries use 
in fact more
energy per unit of land 

countries, why 

area to support agriculture than the d'eveTvoped
are their yields not substantially higher? 
 The data of
Table 6 suggest part of the 
answer--energy 
appears to be
inefficiently. There are used very
other reasons: most of the 
energy expended
traditional agricultural practice is human and 
in
 

animate energy used for
ploughing, seeding and harvesting; very little is used for fertilizer
production and irrigation--vital contributors 
 to higher crop yields.
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TABLi 5 - ENIRGY INrINSIY (1 RI(' CULTIVAIOIN IN 
I(OUR MAJOR PROI)UCIN(; ('t)UN IRIES 

Farm Iri igation 

Country Inaclrnes
and 

draught 
atlillls 

opera-
lions 

.arand 
nitrogen 
fertil i/r 
llanufac-

Total 
input 

Rice 
yield 

Energy 
use per 
nietrie 
toll 

li'/hi. ........ I0,' /ho ........ BI)a" acl 
India .......... 0.7 5 2 7 1 400 5 
ChIma ......... 0.7 5 3 8 3000 3 
Japar ......... 1.6 3 6 9 56( ) 2 
I.J.S.A........... . I 5 2 6 8 5 100 2 

SOURCE: 

TALE 6 - COMPARISON Or ENERGY USE PER YEAR IN SIX IROTOTYPAL VILLAGES IN DEVELOPING COUNTRIES
(1I01kilocalorics) 

Agricultural use for 
farm work, irrigation,Domestic use Use per Caputchemical fertilizers for transport, crop Totalper caput processing and per caputVillage other activities use 

Per caput Per hectare 

Useful Energy Useful Enrgy Useful Energy Uscful Energy Useful Energyenergy I input energy input energy input energy input energy input 

Mangaon, India ....... 5 101 13 194 40 645 3 86 20 370 

Peipan, China ......... 25 504 35 209 164 I 050 3 81 63 794 

Kilombero, Tanzania 28 554 2 58 3 96 >1 18 30 630 

1atagaara, Nigeria .... 19 378 4 60 10 184 I 23 23. 466 

Arango, Mexico ....... 40 428 3,10 I 030 375 I 150 3 91 383 1 550 

Qucbrada, Itolikia ...... 13 839 8 169 45 I 010 8 166 58 i 170 

Sot t(1.:
I Uw;'fulenergy is detined as the amount developed at the plough or the shaft of the punip: it depends on the eficiencies of the various tech­nologies of energy use. 
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FERTILIZERS
 

Chemical fertilizers are generally credited 
with about one-half to
two-thirds of the production from industrialized agriculture. The primary
nutrients are nitrogen, phosphorus, and potassium (N, P, and K). 
 Chemical
fertilizers are 
energy intensive; it requires considerable quantities of
energy to produce them on a commercial 
scale. Of the three nutrients,
nitrogen 
is by far the most important. 
 It is also the most energy

intensive: approximately 60 MJ/kg.
 

There are enormous difficulties barring the development of fertilizer
technology on 
the scale required by the developing countries if they hope
to match the yields attained by the industrial nations. 
 The agricultural
achievements of Japan and the 
Netherlands are often cited as offering
encouragement, but 
 if India, 
 for example, were to apply inorganic
fertilizer as intensively as 
Holland, India's fertilizer needs would amount
to one-third the present world output. 
 In fact, India has tried very hard
to increase its productToncapacity. 
 India had hoped to attain a
fertilizer production of 2.4 Mt by 1971. 
 But in 1975 production stood at
only 1.3 Mt, some 60% 
of consumption. Even so, fertilizer 
production
within the developing countries has been doubling about every five years.
It would have increased even 
faster if the cost of fertilizer (which is
strongly affected by the price of oil), 
had not trebled between 1971 and
1974. Figure 8 shows some past trends 
 in fertilizer costs and
 
consumption.
 

1971 1972 173 1971 
NITROGEN U.S.$311 1341 900912 


million tons, 23 25 261 20 

PHOSPHATEmillion U.S. $ 126 183 27! 380
,millon tons - 10 121 1 "i 1 11 

POTASIf .;,lion US $'t 161 11 f 170 
mil l o n lIns 5
 

450 

875 

C;2"1525 
TOTAL 5j,. 

m illion U _S 5 H 

ljli Ions 7l 

'11 C C O Sl f %'Jc iIV: 'h I ilO rt ( i" n hnla l r d f r i l i zer s 
hy dcvcoping cot,lriL..'Ilcigurs for I1972-t197.1 are 
esliIn.11le%. (,.di ,ijincLile,r-,Ioud and :\grhlmttire 
Or,,,1 /Ma'o, Marci April 1)75.) 
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Ni t r oge_n 

Nitrogenous fertilizers 
 are produced by combining hydr-ogen

atmospheric nitrogen to* form synthetic ammonia (ttie Haber 

with 
process).

Ammonia is the base for at least 90% of all nitrogen fertilizers. In theU.S. the hydrogen is obtained from natural gas-methane. In Europe fuel 
oil, coal and naphtha are widely used as a hydrogen feedstock. It is

interesting to note that approximately 60% of the natural gas produced by

the OPEC states in 1972 was flared. This represents a loss equivalent to

five times the nitrogen fertilizer consumption of the developing countries
 
in 1978 [1].
 

In the U.S. about 40% of the anhydrous ammonia produced is used 
directly as fertilizer, and the remainder is used to produce urea, ammonium
 
nitrate, or compound fertilizers. Urea is rapidly becoming the world's 
major source of solid nitrogen. This popularity is due to its high
arialysis (46% N) and its safe handling characteristics.
 

The greater use of fertilizers in the industrial 
 countries has.

significantly improved yields per hectare. 
 Figure 9 shows thE relationship

between the consumption of nitrogenous fertilizers and the yield of cereal

grains in both developed and developing countries from 1956 until 1971. 
Experiments with maize show optimum yields with the application of 225 kg

of nitrogen per hectare as suggested by Figure 10. However, the optimum in
 
terms of energy efficiency occurs at about 135 kg per hectare. Figure 11
 
shows the effect of nitrogen fertilizer on both wheat and rice. Again,

maximum yield occurs at around 225 kg of nitrogen per hectare.
 

2 500 
-197­

196619 

2000 
C­

x x 17 

> 1 956 

S1961 
K fd,'f developed countries, 

t.... 1956 0 Less develapcd countries 

25 50 75 I00
 
Total nitrogen fertilizer (kg) per hectare 

under cereal cultivation
 
IL:, I 9. Itclioiiolip between the use of nillogen

fe lilli/mil a ld ci' tid ce'ielea la ill;s ill devcled and
 
developing co.Ulrics, 195( 71. Note that the total 
uitio.en hlctilizcr use onl all cilItivated land is divided 
by the aica undei cereal grain,; thus ther actual appli­
cat ion rates would bc about one half the rates shown 
he,,! as only one half of thc total land arca is under 
cereal grains
 

http:uitio.en


305 

8000 

1 .. - X . . . 

7 0 00 .. . . .. . . . .' ... . . . ... .. 

S2 70006000 

Yil 

000 

-" ,,; . . . . . ,,
1000 .,,20/.,. I ::"' '.. . ! . 

1000 '+ 

. " / . .,..... . . ¢ !;3.0 

0 45 90 135 180 225 270 31 
Nitrogen (kg) per hectare 

FIGURE. 10. Yield and kiloealorie return pcr input kilocalorie for maize at differentrates of nitrogen fertilizer application. Maize showed optmum yields with the ap­plication of about 200 kilograms of nitrogen fertilizer per hectare, whereas the op­timum kilocalorie return per input kilocalorie resulted from an application of about135 kilograms of nitrogen fertilizer per hectare 
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Phosphates
 

Phosphorus compounds comprise the second largest group of fertilizers.
 
The consumption and production of phosphate fertilizers increased about
 
150% between 1960 and 1973--considerably less than the increase in
 
nitrogenous fertilizer production. The principal method of producing
 
phosphate fertilizers is the decomposition of phosphate rock with
 
sulphuric, phosphoric or nitric acid. Sulphuric acid is efficient, but
 
large quantities of sulphate waste are produced (gypsum). The use of
 
nitric acid requires further treatment, usually with ammonia, to produce a
 
suitable fertilizer product. Phosphate fertilizers require about 12-20 MJ
 
of energy per kilogram of fertilizer. Considerable reserves of phospoiate
 
rock are available--predominantly in the U.S. and Morocco.
 

Potassium (Potash)
 

About 95% of the world output of potash cumes from u;iderground mines.
 
Canada possesses almost half of the world's potassium resources followed by
 
Germany and the U.S.S.R. Potash is relatively cheap and plentiful. Its
 
energy intensity is approximately 6 MJ/kg.
 

Because chemical fertilizers account for such a large and increasing
 
proportion of the total use of commercial energy in agriculture it is
 
important to examine ways in which fertilizers might be used more
 
efficiently. An important factor is the relative proportions of available
 
supplies used in the developed and developing countries. In general, it is
 
the initial applications of nitrogen fertilizer which produce the largest
 
marginal yield. Therefore, the use of additional fertilizer will generate
 
far reater increments in yield in the developing countries since current
 
consumption is low.
 

There are other ways to improve the efficiency of fertilizer use,
 
including well-timed sowing and better wider management. Improved methods
 
of fertilizer application, including proper placement and timing to
 
coincide with the nutrient demands of crops, will also increase efficiency.
 
Experiments at the International Rice Research Institute in the Philippines
 
show that when fertilizer is placed close to the root zone, application
 
rates can be halved without any reduction in yields.
 

Chemical fertilizers are a comparatively recent phenomenon in
 
agriculture. Until chilean nitrate and Peruvian guano were introduced into
 
European agriculture in the 1830's and until 'superphosphate' manufacture
 
began in the 1840's, "artificial" fertilizers were united to soot, bones,
 
hoofs and horns, saltpetre and lime. The maintenance and restoration of
 
soil fertility depended on such practices as shifting cultivation,
 
fallowing, crop rotation, catch-cropping (especially with nitrogen-fixing
 
legumes) and the recycling of crop and animal residues.
 

Because chemical fertilizers have become available at low prices and
 
present the advantages of concentration, portability, and adaptability to
 
different soil conditions and crop requirements, the use of crop and animal
 
residues to maintain soil fertility has steadily declined in the developed
 
countries. In many developing countries, especially where there is no
 
tradition of mixed crop and Westock farming, crop and animal residues have
 
generally been used as fuel rather than as fertilizer. In these countries
 
agricultural modernization has sometimes proceeded directly to the use of
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eriergy-intensive chemical fertilizers. A major exception, however, is
 
China where, despite a rapid increase infertilizer application, the use of
 
crop, animal and human wastes isstill substantial.
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ORGANIC FERTILIZERS
 

For centuries man has used organic matter to maintain or increase soil
 
productivity. Manure and fertilizer were practically synonymouF terms. 
 In
 
China, the land has been cultivated without a loss of fertility by careful
 
soil management. The use of nitrogen-fixing legumes and the application of
 
animal and human wastes are traditional methods of maintaining the nutrient
 
balance in the soil.
 

Animal and human wastes contain elements essential to plant growth.

The specific nutrient content of animal dung depends on the species and the
 
kind of material the animal eats. In the U.S. manure generally contains
 
about 30 kg of nitrogen, 6 kg of phosphorus, and about 22 kg of potassium
 
per dry metric ton. Table 8 compares the nutrient content of manure and
 
inorganic fertilizer, and further data on manure production are given in
 
Table 9. Human waste contains the highest percentage of nitrogen, and
 
horse, mule, and donkey manure contains the least.
 

Table 10 shows the results of studies carried out in six villages to
 
determine the nitrogen fertilizer potential of their plant, human, and
 
animal wastes. Careful management and use of organic wastes and could
 
provide a significant amount of nitrogen, but not enough to ideally support

the new strains of wheat and rice.
 

TABLE 2 - COMPARISON OF NUTRIENT CONTENTS OF MANURE AND FERTILIZER,
 

U.S.A., 1973 

Nutrient content 
Nutrient Total 

(101 metric tons) Kilograms per dry Pounds per wct 
metric ton English ton 

Nitrogen
 

Man ure 7 367 31 10 

Fertilizer 7 540 191 -

Phosphurus 

Manure I 463 6.2 2 

Ferfilizer 2 222 56 -

Pulassium 

Manure 5 342 22 7 
Fertilizer 3 836 97 -

SOURCE
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TABLE to- EXCREMENT PRODUCTION DATA 

Nitrogen content 
Produc- Assumed Produc- (percent of 
tion per average ton Moisture dry matter)1 (M0 kg aiverger hed content ­000wg liveweight per hcad (percent) Solid and S
(kg/yr) (kg) (kgyr) liquid Solid 

_ _ __ - _ _wastes wastes 

Cattle ......... 27000 200 5400 80 2.4 1.2
 

Horses, mulcs, 
donkeys ..... 18000 150 2700 80 1.7 1.1 

Pigs ........... 30000 50 1500 80 3.75 1.8 
Sheep and goats 13 000 40 500 70 4.1 2.0 

Poultry ........ 9000 
 1.5 13 60 6.3 6.3 

Human faeces 
without urine . - 40-80 50-100 66-80 ­ 5-7 

Human urine ... . 40-80 18-25 
(dry - 15-19 ­

solids) (urine 
only) 

SOURCE: 

TABLE 10. - ANNUAL ORGANIC NITROGEN SUPPLY IN CASE-STUDY VILLAGES 

Excluding human excrement 
Nitrogen Total NitrogenHectares of . collectable nitrogen available 

cultivated Nitrogeni Nitrogen in in solid and collectable per hectare
land available Nitrogen in collectable liquid human in solid and cultivated

in net collectable solid and excrement 2 liquid wastes land 
residues solid wastes liquid wastes 

Mangaon, India ................ 300 
................................ 

10000 4000 
Kilogram s ................................ 

7000 3000 10000 33 

Peipan, China 3 ................ 200 13000 7000 9000 4000 13000 65 

Kilombero, Tanzania ........... 60 1 000 500 800 300 
 1100 18
 

Balagawara, Nigeria ............ 530 13 000 6 000 9 000 4200 13 200 25
 
..............  
Arang, Mexico 3 380 7000 5000 6000 1700 7700 20 

Quebrada, Bolivia (one parcela) , 70 40 50 18 68 68
 

SOURCE: 

Assuming a n itrogen content of 0.2", for crop residues. -'Assuming that a maximum of 80% of the nitrogen in human excrement can heCollected. For Arango and Peipan, intermediae values for the total nitrogen excreted per person per year have been used, and for the othervillage., lower figures have been used. The rationale is that people in Arango and Pepan have more adeuate diets, which Produce ex­creent with a higher nitrogen protein) content. - 3The nitrogen igures for lPeipan and Arango are probably .Uderestimatcs a crops there arev ell f rtilized. The nitrogen content ofcrop rcsidues is probably considerably highcr, especiall) because maize, which has a higher iiroen contentin the residue, is a major crop in both areas. 
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END USE MATCHING
 

1. INTRODUCTION
 

Energy is used to perform certain tasks. At the point of final use,

these tasks and activities are often referred to as 'end-uses'. Examples

include cooking, lighting, water pumping, drying, and other tasks. Figure

1 indicates schematically the relationship between rural energy and
use 

energy technologies. Since it is relatively easy to convert 
one form of
 
energy into another by the use of energy conversion technologies, there are
 
a multitude of ways in which a particular end-use activity may be supplied

with energy. Figure 2, which shows most of the comnon routes from energy
 
source to end-use, illustrates how any energy source, when coupled with the
 
appropriate conversion technologies, may be used to supply energy to a
 
specified end-use. 
 But this diagram indicates only that the technology is 
feasible -- not whether it is desirable, appropriate, efficient, or most 
importantly, cost-effective. 

For a number of reasons it is desirable to carefully match the
 
characteristics of renewable and alternate energy technologies with the
 
characteristics of a specified energy-using activity or end-use. First,

the output of most renewable energy systems is intermittent and variable.
When the quantity or timing of energy output diverges from the pattern of
demand, some form of energy storage must be used. This can adversely
affect the cost, reliability, and maintenance of a renewable energy
 
system. A careful 
matching of the energy output of the supply technology

with the energy demand characteristics of the end-use can minimize storage

requirements.
 

Second, each end-use generally requires a particular form of energy:

either heat, mechanical shaft power, or electricity. Some tasks can use
 
more than one energy form, i.e. lighting can be provided by electricity, a
 
liquid fuel lantern, or a combustible gas. Other end-uses require a parti­
cular energy type. Energy can be changed from one form to another through

conversion, but this increases the total cost, decreases the overall system

efficiency, and 
increases the complexity and maintenance requirements of
 
the system.
 

Third, the acceptance and use of a new technology is likely to be more
 
rapid, particularly in rural areas, if its introduction causes little dis­
ruption of the existing practices and customs of the local people. By
,irst carefully investigating end-use characteristics, the matching process
 
can assist the analyst in selecting a technology whose output fits tradi­
tional patterns, or at least has minimal 
impact on the social and cultural
 
norms of the society.
 



Figure 1 - RELATIONSHIPENERGY BETWEEN VILLAGETECHNOLOGIES ENERGY AND 1. Source Mod!Uication/Augmentation 
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Fiorure 2 RENEWABLE ENERGY PATHS: FROM SOURCE TO END-USE 
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2. SYSTEMATIC END-USE MATCHING
 

Inthese notes we present a methodology of matching energy sources and 
conversion technoloqies to end-uses based on a procedure recently developed 
by the Solar Energy Research Institute (SERI). A five-step matching 
process is outlined. The systematic procedure is intended to guide the 
choice of a renewable energy technology for a given basic rural energy need 
[2]. The SERI report focuses specifically on village-level energy needs: 
what the authors refer to as the 'basic human needs' approach; but the 
methodology is applicable to end-use matching in general, only the program
 
objectives and the ranking of energy needs will change.
 

The matching procedure is shown schematically in Figure 3.
 

Step 1: Choice of Froject Goals
 

The energy technology selection process must consider a country's
 
development goals and program objectives. National leaders and planners
 
determine the energy needs of the country and from these perceived needs
 
they determine the long-term goals of the devlopment program. The broad
 
objectives of national development plans miqht include, for example:
 

* promoting economic growth

" rapid agricultural development
 
• attaining energy self-sufficiency
 
* reducing population growth
 
" reducing foreign exchange expenditures
 
• eliminating illiteracy
 
• decreasing urban-rural inequities.
 

Where the development of renewable and alternate sources of energy has
 
been identified as a component of one or more of these development objec­
tives, it will be necessary for planners to rank energy and other
 
priorities in order of importance.
 

Since scarce resources such as capital, foreign exchange, skilled
 
labour, management expertise, and raw materials are normally rationed, this
 
weighting of objectives allows the planner to allocate the available re­
sources to the most important tasks first. This process determines what
 
resources will be devoted to the energy projects. However, it is important
 
to remember that energy is an intermediate good, not an end in itself. For
 
each energy project, the planner must keep in mind one central question:
 
to what end am I introducing one or more energy technologies? Without the
 
specification of program objectives it is impossible to fully evaluate the
 
success of a technology introduction. In the final analysis, the important
 
question is not how did the system perform, but how close did it bring the
 
user to the initial development goals.
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Figure a NEEDS/TECHNOLOGY MATCHING PROCESS 
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Step 2: Identification of Energy Needs
 

Having defined the development goals, the next task for the planner is
 
to determine which needs are of prime importance to the target group and
 
what particular activities require energy. Consultation with members of

the target group is essential at this stage. All too often, project plan­
ners unilaterally decide what is needed, for example: street lights, gas

for cooking, or an educational television receiver. If members of 
the
 
recipient group do not have a substantial role in selecting what needs will
 
b- >-t first, this group is not 
likely to actively support the technology

i-,.roduction process, 
assist in any necessary modifications, or maintain
 
the system once it is installed. In fact, there is substantial project

data suggesting that local financial participation in the building or pur­
chase of a system may be crucial to system maintenance and adaptation.
 

Broad based participation also helps 
to ensure that the benefits pro­
vided by the energy technology are not appropriated by a small number of
 
local people as a result of an existing monopolization of factors such as
 
land, capital, elected or traditional authority, education, etc.
 

A brief analysis of the fundamental characteristics of the energy

needs--how much, when it is required, where 
it must be delivered, and in
 
what form--should begin at this point to facilitate the preliminary screen­
ing of technology options. 
 A much more detailed assessment of the charac­
teristics of the energy needs is undertaken in Step 4.
 

Step 3: Preliminary Screening of Technologies
 

Having defined and ranked the energy needs that 
should be satisfied,

the planner and energy analyst 
can begin to narrow the range of alternate
 
energy technologies capable of producing the required energy.
 

For this preliminary screening it is useful 
to identify certain
 
discrimination criteria. These 
basic criteria are used to characterize
 
energy needs and technologies and are relatively insensitive to site­
specific variations or social and cultural 
patterns. Once the character­
istics of the energy need are defined in terms of these criteria, the ener­
gy technologies 
can be examined with reference to the same criteria and
 
preliminary matches can be identified. 
 The advantage of this approach is

that the discrimination criteria 
can assist in eliminating inappropriate

technologies before extensive site-specific data have been collected. 
 The
 
three essential discrimination criteria for each need are:
 

1. type of energy output required
 
2. quality or quantity of energy required.
 
3. spatial distribution required.
 

Each criteria imposes a different screen on the full list of technol­
ogy options. 
 The first criterion selects those technologies that provide

the required energy form to ineet the end-use need without energy transfor­
mation. The second criterion identifies energy systems that produce a suf­
ficient temperature of power 
output to perform the identified task. The

third criterion, spatial distribufion, addresses the problem of providing

the energy where it is required. If energy is to be delivered to several
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sites, the technology options are reduced rapidly to those sources whose
 
output can be moved efficiently from a central location that can be located
 
at each site.
 

By 	using these criteria, the planner and energy analyst can reduce the
 
technology options for each identified need. The criterion for the energy

type is particularly useful in identifying technologies that do not require
 
energy transformation. The spatial distribution criterion helps ensure
 
that technologies are selected that most easily and efficiently serve the
 
required locations. An ideal technological option includes all three need
 
characteristics. 
 Most feasibe technology choices match the characteristic
 
of the energy need on two of the three discrimination criteria.
 

Step 4: Matching Technologies with Need and Resources for Each Site
 

This step constitutes the fundamental matching process. It provides

the data on energy needs and technologies that determine their compati­
bility in a particular location. Planners and technologists survey and
 
inventory the local sources of energy, both renewable and non-renewable.
 
The energy resource base isevaluated on the basis of th6-fllowing general

criteria:
 

• physical availability - size of the resource base and
 
current demands on the resource.
 

" 	variability - changes inthe resource on a daily, weekly,

seasonal, and annual basis; size of swings as a percentage

of average resource availability.


" 	constraints on use - ownership of the resource; historical,
 
cultural, or economic restrictions on use; conflicting or
 
multiple claims on the same resource.
 

Acquiring accurate resource-availability information covering 
 an
 
entire year can be a formidable task, particularly for renewable energy

systems whose sizing is highly dependent on the level of the local
 
resource, such as wind energy conversion systems and small-scale hydro­
electric systems. At this stage, preliminary observations can be made and
 
simple measuring instruments installed. Data collected over several months
 
or longer greatly assist in the final design of the selected technologies

and in the sizing of any storage and energy conversion devices.
 

While the resource assessment is being conducted, other, members of

the project team can detail the characteristics of each of the local
 
energy needs. The criteria used should be virtually identical to those

used to characterize the output of the technologies so that energy needs
 
and energy technology options can be easily compared and matched. The
 
focus of the data collection program is the current pattern of energy use:
 
what quantities of fossil and renewable fuels are needed and what human and
 
animal energy is used, in what form, 
at what time, and for what purposes.

In a small rural community, this information can be gathered by various
 
survey methods, community discussions, and the like.[2]
 

The information and data collected during this phase of the project

should be useful not only for the selection of technologies for a specific­
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project but also for the later evaluation of the social and economic
 
changes produced by the introduction of the new energy systems. If pos­
sible, this information should be collected uniformly and systematically

and in a manner that permits and facilitates comparison between projects.
 

With detailed information now at hand on the local resource base and
 
the characteristics of the local energy needs, the project manager and
 
enerqy technologist can use a systematic process to select the energy sys­
tems that. most closely match the needs. At the same time the project team
 
can identify any research and development work, field-testing, or technol­
ogy adaptations that may improve the match between the needs and the candi­
date technologies.
 

Step 5: Technology Choice
 

Using the de 'iled local data, the planner and technologist can esta­
blish a preliminary design for each energy system under consideration.
 
This includes sizing each system, calculating the storage required (ifany)
 
to reliably meet the energy needs, designing energy transmission systems,

and specifying any changes in existing end-use devices that may be
 
required. For locally designed and fabricated systems, detailed designs ­
incorporating readily available materials should be developed and tested.
 

Once the detailed specifications of the systems have been completed

analytical tools for assessing project feasibility and desirability, such
 
as social cost-benefit analysis and economic analysis, can be employed.

Major problems may arise in quantifying certain factors, particularly bene­
fits, because of the lack of information, particularly of site-specific
 
data. Nontheless, even rough estimates of the cost-benefit ratio will
 
assist not only in the final selection but also in comparing these systems
 
with fossil-fueled and tradionally powered systems.
 

The ranking of the candidate technologies and the final selection of
 
the most appropriate system is by no means an easy task. There is likely
 
to be a numiber of sources and systems that appear equally matched to the
 
end-use. Moreover, the scale of the system has to be decided, and this
 
variable will introduce an additional degree of complexity into the
 
selection procedure. Each technology, designed for a particular scale,
 
must be treated as a distinct technology option and assessed and evaluated
 
individually.
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3. CHARACTERIZATION CRITERIA
 

It is necessary to develop a set of criteria that are capable of
 
describing the essential characteristics of both the energy technologies
 
and the energy needs. Presented here are thirteen characteristics that
 
describe each energy need based on the physical and temporal requirements
 
for meeting the need, the amounts and kinds of energy that have been and
 
could be used, the traditional social and cultural context of meeting the
 
need, and the cost of fulfilling the need in a new manner. As explained
 
earlier, three criteria were selected as discrimination criteria, since
 
they are less sitespecific than the oLher characterization criteria. These
 
criteria are used for the preliminary screening of the technology options.
 
The remaining ten characterization criteria are divided into three further
 
categories. In sum, the set of criteria fall into four categories.
 

1. discrimination criteria.
 
2. temporal and climatic criteria.
 
3. cultural/environmental criteria.
 
4. economic criteria.
 

Table 1 lists the thirteen criteria, explains how the characteristics
 
apply to energy needs and technologies, and gives the unit of measure for
 
each characteristic.
 

It should be emphasized that the majority of these criteria are highly

site-specific. This is true not only for each characteristic, since the
 
pattern of energy use and the availability of the energy sources will vary

betwee, locations, but also for the relative importance of each criterion.
 
In some locations, the time of day may override all other considerations
 
for certain tasks (cooking, for example) while in other places the key

consideration may be The spatial distribution. Such priorities can be
 
determined only by direct consultation with the energy consumers.
 

The criteria presented in Table 1 are by no means an exhaustive list,
 
but they cover most of the important characteristics of energy sources and
 
end-uses that should be considered in the end-use matching procedure. As
 
an illustration of the way that the criteria may be used, Table 2 shows
 
their application to some of the principal alternate energy technologies.
 



TABLE I 


Criteria 


1. 	Type of output 


2. 	Quality or quantity 


3. 	Spatial distribution 


4. 	Seasonality 


5. 	Time of day 


6. 	Duration 


7. 	Sensitivity to 

interruption 


END-USE MATCHING CHARACTERIZATION CRITERIA
 

End-Use Energy 

Technologies
 

I. Discrimination Criteria
 

Form of energy that can Form of energy produced. 

satisfy demand.
 

Level of heat or power Range of temperature of 

required, energy system output or
 

power available.
 

The number of locations Capability to distribute 

needed for the task. the energy output pro-


duced by the technology.
 

II. Temporal & Climatic Criteria
 

Time of year when the Time of year when the 

energy demand occurs, resource produces useful 


energy output. 


Time of day when energy Time of day when the useful 

is required. energy is produced.
 

Duration of tinge per day Duration of time the tech-

required. nology provides useful
 

energy during the day.
 

Length of time the per- Variablity of output of the 

formance of the task 
 energy source, 

can be halted. 


Unit of Measure
 

Not 	applicable.
 

°C or Watts.
 

Number of sites required
 
and degree of dispersion.
 

CD 

Growing season, non­
growing season, or
 
all year long.
 

Morning, daytime, night.
 

Number of hours per day.
 

Can be interrupted or can­
not be interrupted. Variable
 
or not variable.
 



TABLE 1 END-USE MATCHING CHARACTERIZATION CRITERIA (continued) 

Criteria End-Use Energy Unit of Measure 
Technologies 

III. Cultural/Environmental Criteria 
8. Usage by type of person 


9. End-Use technology 


10. Historical, social 

and religious 

factors 


11. 	 Environmental and 

ecological factors 


12. Capital cost 


13. Annual cost 


Persons workinq with the 


end-use device or involved 

with energy supply 

procedures, 


Traditional and commercial 

sources of energy used 

and the type of end-use 

device utilized.
 

Historical, social, and 

religious influences and 

customs that affect how 

the need is met. 


Climatic or environmental 

factors that influence 

energy needs, 


Persons likely to be involved 


in operating the energy
 
technology and their
 
necessary skills.
 

Changes in end-use device or 

modifications required by 

new energy source, 


Traditional patterns that 

could create resistance 

to the use of the energy 

source. 


Factors that influence 

performance, durability
 
and maintenance of the
 
technology.
 

IV. Economic Criteria
 

The cost of fulfilling 

energy need with current 

practice. The cost of 

the end-use device, 


Operating and maintenance 


costs 	for the current 

end-use device, 


The projected cost of the 

technology's local 

application, including
 
modifications to the
 
end-use device.
 

Operating and maintenance 


costs 	for the technology
 
and its associated
 
end-use devices.
 

By sex, age, and class.
 

Energy consumption per capita
 
and per task. Description
 
of end-use devices.
 

Description of historical,
 
social and religious
 
customs that influence
 
technology.
 

Qualitative descriptions
 

Costs given in dollars per
 
unit output, or person-days.
 

Dollars, person-days.
 



TABLE 2 CHARACTERIZATION CRITERIA FOR ALTERNATE ENERGY TECHNOLOGIES
 

Characterization 
Criteria 

Wind Photovoltaics Flat Plate 
Collectors 

Concentrating 
Collectors 

Biogas 
Generators 

Biomass 
Combustion 

Small-scale 
Hydro 

1. Type of 
output 

Shaft power, 
with conversion: 
electricity, 
heat 

DC electricity, 
with conversion: 
heat, shaft 
power 

Heat, with 
conversion: 
electricity, 
shaft power 

Heat, with 
conversion: 
shaft power 
electricity 

Heat, 
with conversion: 
shaft power 
electricity 

Heat, wilh 
conversion: 
shaft power 
electricity 

Electricity 
with conversion 
heat, 
shaft power 

2. Quality or 
quantity 

kW scale A few kW Air, max 75"C 
water, max 90°C 

Line focus 300°C, 
point focus 400"C 

100 ° -400
0 C 100°-500°C kW scale 

3. Spatial 
distribution 

Good for 
electricity 

Good Poor for heat, 
good for 
electricity 

Poor for heat, 
good for 
electricity 

Moderate for gas, 
good for 
electricity 

Poor for heat, 
good for 
electricity 

Good for 
electricity 

4. Seasonality Varies insolation 
varies 

Insolation 
varies 

insolation 
varies 

Supply may vary Supply may vary May vary unless 
water storage 

5. Time of day Varies Daytime, but 
variable 

Daytime, but 
variable 

Daytime, but 
variable 

Anytime, if 
supply Is 
constant 

Anytime, If 
supply Is 
constant 

24 hr/day 

6. Duration Highly variable, 
8-24 irs with 
storage 

Varies, 24 
hrs If adequate 
storage 

Varies, 24 
hrs if adequate 
storage 

Varies, 24 
hrs If adequate 
storage 

24 hrs, If 
adequate storage 

24 hrs If 
supply Is 
constant 

24 hr/day 

7. Sensitivity 
to 

interruption 

Interrupted 
unless adequate 
storage 

Interrupted 
unless adequate 
storage 

Interrupted 
unless adequate 
storage 

Interrupted 
unless adequate 
storage 

May be inter-
rupted if waste 
supply decreases 

Minimal 
Interruption 
if supply Is 
good 

Minimal 
Interruption 
if water flow 
is good 

8. Use by type Site specific Site specific Site specific Site specific Site specific Site specific Site specific 

of person 

9. End-use 
technology 

Depends on 
end-use 

Depends on 
end-use 

Depends on 
end-use 

Depends on 
end-use 

Depends on 
end-use 

Depends on 
end-use 

Depends on 
end-use 

10. Historical, Site specific Site specific Site specific Site specific Site specific Site specific Site specific 

Social and 
Religious factor! 

11. Environmental 
and ecologicafactors. 

Moderate, 
system & sitedependent 

Little or no 
impact 

Little or no 
impact 

Little or no 
Impact 

Fertilizer as 
coproduct 

Potential pro-
blem if not 
well managed 

Can be serious 
with water 
impoundments 

12. Capital cost System & site 
dependent 

System & site 
dependent 

System & site 
dependent 

System & site 
dependent 

System & site 
dependent 

System & site 
dependent 

System & site 
dependent 

13. Annual cost System & site 

1 dependent 

System & site 

dependent 

System & site 
dependent 

System & site 

dependent 

System & site 

dependent 

Systoni & site 
dependent 

System & site 
dependent 
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4. SCALE
 

The notion or concept of 'scale' does not refer merely to size-­
whether a system is large or small in an absolute sense. The scale of an

object is a measure of proportion- how that object stands in relation 
to

another object or to its surroundings. In the context of an energy supply

technology, the scale of the system refers to the relat4,nship between the
 
output of the supply system and the energy need of its dependent end-use
 
devices.
 

Clearly, if an energy supply system is to service a single end-use
device (for example, an industrial machine) one carefully matches 
he power

output (and other characteristics) of the supply system to the rate 
at

which the end-use device requires energy. However, where an energy supply

system is to service many end-use devices at different sites, the analyst

or 
planner is faced w1ta number of choices. One can scale the supply

technology to the site-specific er-d-use and locate a small supply system at
 
each site thereby obviating the need for energy transmission. Or one can
scale the technology to the total projected energy demand and locate a

single larger system in the vicinity of a central energy source and trans­
mit power to each locality and site. Clearly, in this case it isnecessary

to construct, operate, and maintain an 
energy transmission system the cost

of which is likely to be substantial. Inbetween the extremes of the fully
decentralized supply system and the large centralized operation, are
 
systems which are a combination of the two. At the lower end of the scale
 
fall community-scale systems serving a 
small number of sites. At the upper

end of the scale fall regional-scale systems consisting of a number of

regional energy 
supply facilities each serving a number of communities.
 

Economies of Scale
 
In general, a single large energy system is cheaper to build and to
 

operate per 
unit of output than a number of small systems with the same

total rated output. For example, if you double the size of an electrical
 
generating plant, the capital costs will increase by an amount which is
less than twice the cost of the original plant. This non-linear charac-

Teistic is often referred to as an economy of scale. Figure 4, which
 
shows the unit capital costs of different kinds of power plants as a

function of size, is typical. If we examine the figures for the LightWater Reactor (LWR) it can be estimated that the capital cost of a 600 MWeunit would be about 600 x 700,000 = 420 M$; but doubling the size to
1200 MWe only raises the cost to about 1200 x 565,000 = 678 M$, only 61% 
above the cost of the 600 MWe unit.
 

Although the cost of electrical power transmission lines is substan­
tial (about 6,000 $/km in the U.S.), the tendency in the industrialized
 
countries has been to rely on large regionally-centralized energy supply

systems, with extensive electrical power transmission systems.
 

The three graphs shown in Figure 5 show economies of scale in central

service plants, economies of density indistribution systems, and economies
 
of location inservice transmission systems [4].
 

Scale also has some bearing on the efficiency with which energy

conversion devices operate. 
 Figure 6 indicates the efficiencies that may
be generally expected. It is noteworthy that the conversion between
 
electrical and mechanical (rotational) energy is very efficient for large

generators and electric motors.
 



TABLE 3 CHARACTERISTICS OF ENERGY SYSTEM SCALE
 

SCALE 

CHARACTERISTICS
 

Single-
 Energy system scaled to match end-use device at the site. 
 Generally
site a small system located at, 
or close to, the site. Transmission of energy
not required between system and end-use except for very short distances.
Large number of systems required, therefore possibility for rural
industry and employment. 
Maintenance work is distributed over
of the sites. Control the area
is at the family level.
 

Community 
 Energy supply system scaled to community needs. Generally a larger system
located centrally among many end-use sites. 
 Energy transmission over short
 
distances will be required; therefore, energy form must be electricity, or
hydrocarbon fuels. 
 Possibility of rural, industry, and emplo3iient but
fabrication and construction may be difficult. 
 Local infrastructure
required for financing, management, operation, maintenance, supervision.

Some economies of scale.
 

Regional 
 Energy supply system scaled to meet regional energy demand. Probably a
a large and complex system located in an 
urban area. Efficient energy
transmission over 
long distances will be required, therefore energy form
must be electricity or 
liquid fuels. Limited possibility for rural
people's participation in construction, operation, and maintenance of the
system. 
Economies of scale may be significant but cost of transmission
system and infrastructure may be high. 
 Highly trained personnel required

for project management.
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5. SYSTEM FLEXIBILITY
 

Itmay be important to consider the flexibility of the energy techno­
logy under consideration. Can the system be used to perform other tasks?

Can it be easily adapted to perform other functions? Table 4 below shows

the extent to which a renewable energy technology may be potentially

utilized to satisfy an alternative end-use.
 

Table4,. Solar energy applicability matrix. Animals are included as a solar technology (based on photosynthesis). For many villages the use ofanimals would represent a modernizing step. It includes the use of dung for burning or fertilizing. Source: r1.63 
Symbols: ++, applicable; +, potentially applicable; -, not applicable. 

Energy use 

Solar WHeating 
technology Water Ught- Cool- Cook- tc ig ig pr ietehooy pomp- ing ing muni- desalt- nins ingComn- Water Spin- Saw- Domes- Grind- Dry- Trans- Ferti-

P_ications ing ing Space tic ing ing port lizer 
water 

Solar cells + + + + + - + . . . . + _ _ _
(flat plate) 

Flat-plate + - + - ++ - - + ++ ++ - + ­
collectors 

Concentrating + + + - + - _ + . . . . . .

collectors 

Solar, Stirling .+ + + - - + + - - - + _ - _
Solar, Rankine + + + - - +, + - - - + _ _ _

Wind (mechanical) ++ .- + + - - - ++ _ - _
Wind gencator ++ + + + ++ - + + ­ - - ++ _ - -
Water (me,:hanical) ++ . .. . ++ ++ - - - ++ _ 
 _ 
 -
Hydroelectric ++ ++ ++ ++ ++ ++ - - - ++ - -
Bioconversion - + . . . . . ++ + + ++ - + + + 

wood/pyrolysis 
Biogas + ++ + . . . . ++ ­ + - + + ++ 
Draft animals + + . . . . . . + - + ++ - + + + + 
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6. SOCIO CULTURAL FACTORS
 

It was suggested at the beginning of these notes that one of the
 
reasons for carefully matching a technology with an end-use activity was to
 
try to minimize the disruption of existing practices and customs of the
 
people utilizing the new technology. It is useful, at this stage, to
 
examine this idea rather more closely and to consider some aspects of its
 
complexity.
 

It should be made clear from the outset that some degree of disruption 
of traditional practice, custom, and organization is intended. Any inter­
vsutilfai In the structure of a village or community has as its objective 
omfe kInd of change - suoposedly for the benefit, one way or another, of 

all or a s-ct:or of the local people. When we say we want to minimize 
disruption what we mean then is that we want to confine the changes brought 
about by a shift in technology to those consistent with the project 
objectives. 

However, viewed as a system, a village economy is a quasi-autonomous,
 
complex, and dynamic structure that functions, like all human communities
 
no matter what the scale, by using energy and other physical resources to
 
create an artificial synthetic environment within which people live and
 
work. It is instructive to map the flow of resources and energy within
 
such a system. Figure 7 shows energy-related resource flows for a village
 
in Thailand [1]; Figure 8 shows resource flows for a village in Bangladesh
 
[7]. Both diagrams illustrate the complexity, the circularity, and the
 
inter-dependency of the resource flows.
 

So what happens when this system - a system essentially in equilibrium 
- is disturbed by the introduction of a new technology? What happens to 
these resource flows when we intervene in the structure? 

Consider, for example, the Thai village depicted in Figure 7. There 
are a number of ways to intervene in this system, the intention being to 
modify the structure in such a way that benefits accrue to a specified 
sector of the community - perhaps the poorest class. Figure 9 shows how 
three technologies might be potentially integrated into the structure. 
Technology A could be charcoal production, improved stoves, microhydro, or 
simply a village wood lot. Technology B could be a biogas plant, or a 
pyrolysis unit producing both charcoal and pyrolytic oils. Technology C 
could be a solar-powered irrigation pump, a photovoltaic system, a solar 
dryer, or a solar-driven absorption refrigeration system. 

As an example, consider the introduction of a pyrolysis unit using a 
mixture of crop residues as feedstock. A one-ton per day unit operating 
for I50 days a year will require a feed of 150 tons of residues annually: 
about 70 tons of paddy husks and 80 tons of paddy straw. About 37.5 tonF of 
charcoal and 22.5 tons of pyrolytic oils will be produced [1]. Figure 10 
summarizes the resource flows affected by the technology. Inputs to the 
pyr(l,'is tunt divert 30 tons of straw from animal feed, thereby requiring 
80 m-ove tons of feed from pasture land. The charcoal produced is equiva­

m3lent to about 225 of wood supplied for fuel to households. This 
diminishes the fuelwood required from the forest land and private land from 

3825 to 600 m .
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Figure 9.- VILLAGE ENERGY-RELATED RESOURCE FLOWS: NORTHEAST THAILAND 
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Moreover, the pyrolysis unit requires capital but the pyrolytic oils
 
may be sold to outside markets, which will generate some cash income. In
 
sum, the introduction of the pyrolysis unit reduces 
the need for forest
 
resources, but at the expense of an increased demand for pasture 
land or
 
fodder. Another example is presented in Figure 11 which shows the effect
 
of introducing a biogas unit into the village. In this case the

introduction of this technology diverts the use of dung from direct use as
 
fertilizer. 
 The unit requires capital and labour from the household but,

in turn, provides fuel gas and fertilizer. In addition, biogas decreases
 
the demand for wood from forest land and increases crop production thereby

either raising cash income or reducing food purchases.
 

These examples illustrate that the introduction of a new technology

into the social structure has a broad impact on village resource flows.
 
The impact of the intervention cascades through the system. Resource

demands shift, prices change, material that was once free may come to be
 
valued as a resource and denied to the poor and tOie landless. The

relatively wealthy, 
having greater control over local resource&, may

benefit significantly from the new technology while the poorer people may

become even 
worse off than before. Figure 12 identifies some of the
 
impacts that may potentially occur.
 

It is not easy to include these considerations in the process of

matching a technology to an end-use. 
 But one should recall the project

objectives. If it is intended that, as a result of the project, economic

evaluation of the benefits predominantly accrue to a target sector of the
 
community, then the careful evaluation of the long-term 
socio-economic
 
impacts of the intervention may be crucial to the success of the project.
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Figure 12. 
Potential Impacts Resulting From New Technology.
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7. EXAMPLES OF END-USE MATCHING [2]
 

We examine here four end-use activities: 

1) Cooking 
2) Crop dryinq/Food preservation 
3) Food processing 
4) Refriqeration 

1. Cooking
 

Best Matches: Biomass combustion and biogas generation. (Table 5)
 

Bioqas and biomass energy systems do not depend directly on climate 
variations, but they do require a secure supply of organic materials, 
annual wastes, or agricultural residues. These materials can be stored, 
eliminat.imq the need to shore output energy. Biomass combustion is pro­
bably the most acceptable and convenient technology, providing that
 
sufficient cu pplies of fuel can be easily obtained without environmental 
damage. In ,reas where there is widespread reliance on dung or crops 
residue comhuL;tioii, hiogas production is probably preferable despite its 
greater compl,xity and capital costs. A potential problem with biomass 
combustion is its general inefficiency although the development of new
 
stoves is improving this aspect of the technology.
 

2. Crop drying/Food preservation
 

Best Matches: Flat-plate collectors and biomass direct combustion.
 
(Table 6)
 

Flat-plate collectors and biomass combustion directly produce low to
 
moder.- ate tenperature hot air without any energy transformation or storage 
devices. Both require only small amounts of capital and are simple to 
maintain and operate. Both technologies are considerably cheaper than the 
other potentially acceptable technologies, namely biogas generators and 
concentrating collectors. However, where biomass is scarce, or where its 
utilization exacerbates an existing environmental problem, biogas systems
 
should be considered. 

3. Food Processing (e.g. grinding)
 

Best Matches: Hydro-mechanical power generation (with water storage), wind
 
turbines--(m-echanical), and biogas generators with modified internal combus­
tion engines. (Table 7)
 

All three technologies can provide high torque, low-to-medium rpm 
shaft power for traditional processing techniques (stone grinding, seed 
crushing, shelling, etc.). These technologies can also be easily adapted 
to power higher rpm modern hammer or burr mills. Biogas generators and 
hydromechanical systems can provide shaft power on demand, providing there 
is sufficient resource base and adequate storage.
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4. Refrigeration
 

Best Matches: Small-scale hydroelectric generation, biogas generators.
 
(Table 8)
 

Refrigeration requires a constant energy source on a daily and sea­sonal basis. A technology must have either a constant output 
to fuel the
refrigation or sufficient storage to compensate for periods of 
inadequate

or nonexistent output. Small-scale hydroelectric generators ca, meet these

criteria in many locations with moderate inpoundment of water, and will

provide electricity for existing DC or AC refrigeration systems. Biogas

generators produce a gas capable of driving an absorption chiller.
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Table 5. Cooking: Matching Technologies to the End-Use 
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Cooking 	 2c LcV 
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Table 6. Crop Drying: Matching Technologies to the End-Use
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Table 7. Food Processing: Matching Technologies to the End-Use
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Food Processing 
(continued) 
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Table 8. Refrigeration: Matching Technologies to the End-Use
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Refrigeration 
(continued) S i tIN Biomass 	 Small 

Blogas ODirect 	 Scale 
Generators Combustion 2 Hydro "
 

A. Discrimination 
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. - power
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Anytime when5 Tme of Day waste is yes yes Anytime Anytime yes yes 
eadable 

24 hourslday 24 houts it 
6. Duration it fuelsupply biomass fuelsupply 24 hours/day

it constant isconstant 

Mmumil inter. Win not be 
7. Sensitivity to Wil Ie interrupted uption it 	 inleoupted it 

Interruption it waste supply adequate tuel Is srlem lOWis
 
decrease$ anariabte and ted wate stoane
 

to slove 
 aaiabtesae 

Conclusion on
 
the above criteria, 0 ®1 No(
 

C. Site-Specific 
Social/Cultural/ 
Environmental 
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Type of Person
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10. Tradilional 

Energy Soulces
 
Used
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Costs & Beneits 

Combuslion unit
 
12 Cost S4 82 l o plus deece to t AW MoppeS
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or gas stotage or energy water siralge 

Conclusions mul 
be made on a 
site by sitle basis 
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THE COST OF RENEWABLE ENERGY SYSTEMS:
 

SOME CASE STUDIES [1]
 

SMALL-SCALE WATER PUMPING
 

Water pumping for irrigation is one of the major agricultural energy

uses inthe developing countries. 
 For small cultivated plots in the 1 to 5
.hectare range, the most common pumping methods rely on traditional manual or
animal-powered devices 
or on small internal combustion pumpsets. Where

there isno supply of electricity, and the power required for irrigation is

modest, renewable energy powered pumping methods 
may be cost competitive

with present practice.
 

We will compare the economics of six alternative systems for pumping

water from shallow sources. The technologies are:
 

1) 3 HP gasoline engine and pump

2) 250 Wp photovoltaic water pump
 
3) U.S. manufactured wind system

4) Locally built sail-wing wind pump

5) 1 kW SOFRETES solar irrigation pump

6) Biogas plant with pumpset
 

It is assumed that we wish to pump 15,000 gallons per day. The dynamic

head isassumed to be approximately 20 feet. This quantity of water pumped

in one day (57 m3) would 
cover a one hectare plot with just over one-half
 
centimeter of water.
 

1. 3.HP Gasoline Engine and Pump
 

A Briggs and Stratton 3 HP pump has been selected (model MFE-30). It
isone of the smallest readily available gasoline-fueled pumpsets. Although

small diesel pumps are available in this size or slightly larger, they are
not 
so common and they are more costly. This pumpset has a capacity of 110
 
gpm and can pump to a head of 100 feet. It is therefore oversized for this

application, but smaller pumps are not readily available.
 

The capital cost of $490 includes the cost of the engine, pump, hoses,

and mounting frame. We estimate that at the reduced head of 20 ft. the pump

will deliver about 200 gpm. The fuel consumption is 1.1 litres per hour.
 

To deliver 15,000 gallons per day the pump must operate for
 

15,000 - 1.25 hrs/day

7MTO 
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The pump will consume, therefore, 1.375 litres of gasoline each day.
If it. op(eraLes for, 200 days each year, the annual fuel consumption will be 

/ itr~e' of rasoline a year. 

The following data therefore apply:
 

Capital cost $490
 
Transportation $300
 
Annual maintenance 75 $/yr.
 
Fuel use 275 litres/yr.
 
Useful life 5 years
 

If we amortize the cost of the pumpset over its useful life (5 years),
 
discounting at 10% per annum, we can determine a capital recovery factor
 
(CRF) as:
 

0.1
 
CRF(O.1,5) 1-(I+0.1)-5 : 0.2638
 

So the annual charges resulting from capital cost and transportation 
charges are equal to 0.2638 x 790 = 208.40 $/yr. Gasoline is assumed to 
cost 604/litre in 1980 and escalates at 5% per year in real terms. The 
1990 cost will therefore be 984/litre. We can therefore arrive at the 
following estimates of present and future costs: 

1980 1990
 
Fuel costs (4/litre) 67- 9"--

Annual fuel cost 165 $/yr. 270 $/yr.
 
Annual maintenance 75 $/yr. 75 $/yr.
 
Capital charges 208 $/yr. 208 $/yr.
 

Total 448 $/yr. 553 $/yr.
 

The output of water is 3 million gallons per year. So the cost of
 
irrigation is estimated as
 

1980: 15 '/1000 gallons
 
1990: 18 4/1000 gallons
 

2. 250 Watt (Peak) Photovoltaic System
 

The system under consideration here is the Tri-Solar Corporation Model
 
SEI-15M Portable Sun Pump with a 250 Wp array. It will pump about 12-15,000
 
gallons per day to a height of 8-15 feet, using a submersible centrifugal
 
pump. No electrical storage is provided. The present price is $5,250. The
 
expected lifetime is 15 years.
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The following data are assumed to apply:
 

1980 1990
 
Capital cost $= $=
 
Transport 
 800 500
 
Maintenance 
 75 75

Useful life pump 
 10 yrs 10 yrs 

- array 15 yrs 15 yrs
Salvage value after 10 yrs $50 $50 

The salvage value should be discounted over 
ten years at 10% and deducted
 
from the capital cost. The capital costs therefore become:
 

1980: $5231
 

1990: $1794
 

We amortize the cost of the system over its lifetime of ten years.
 

CRF(O.1, 10) = 0.16275 

We therefore have the following estimates for present and future system 
costs. 

1980 1990
 

Capital charges 982 $/yr 373 $/yr

Maintenance 75$/yr 75$/y

Total iT$/lyr 4 s
 

If the system pumps 3 million gallons of water each year, the cost is given
 
as:
 

1980: 35;/1000 gallons
 
1990: 15;/1000 gallons
 

3. U.S. Manufactured Wind System
 

We make the optimistic assumption that we have a site with, on average,

15 mph winds. The machine selected is an Aeromotor WECS with 8 ft diameter
 
swept area. 
 It is mounted on a 27 ft tower and is expected to pump an
 
average of 1875 gallons per hour for 8 hours each day. 
The cost of the wind
 
system is $2670 FOB Dallas, Texas. The system weighs 900 pounds. It is
 
further assumed that by 1990 a similar system will be available locally at a
 
lesser price. The following data then apply:
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1980 
 1990
 
(U.Tmade) (locaTTy'made)
 

Capital 	cost
 
Wind turbine 
 $1136
 
Tower 
 980
 
Cylinder 
 437
 
Misc. equipment 117
 

Total capital 
 $'7M 	 $1781
Transport 
 $ 800 	 $ 400

Installation 
 $ 450 	 $ 450

Salvage value 
 $ 700 	 $ 400

Maintenance 
 I00 $/yr 100 $/yr

Useful life 
 i0 yrs 	 10 yrs
 

We need to discount the salvage value back to the present (at 10% per year)
and subtract 
that 	amount from the capital cost. The discount factor is
 
2.5937. The capital costs then become:
 

1980: $2400
 

1990: $1627
 

We know CRF(O.1, 10) = 0.16275
 

So we have the following cost data:
 

1980 1990
 
Capital charges 
 594 $/yr 403 $/yr

Maintenance 
 100 $/yr

Total 
 694 $/7r
 

The cost of water supply (3 million gallons a year) is therefore given by:
 

1980: 2311000 qallons
 
1990: 171/1000 gallons
 

4. 	Locally Built Sail-Wing Wind Pump
 

The system taken here as typical is based on 
the machines described in
reference 2. Since the output of the pumper below
wind is well 15,000

gallons per day (assuming the 15 mph - average wind) we have taken costs for­
3 wind systems. The costs are estimated as follows.
 

Capital cost (3machines) $2940
 
Maintenance 
 I00 $/yr

Useful life 
 I0 yrs
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Since CRF(O.1, 10) 0.16275
 

we have capital charges of 478 $/yr

and maintenance costs of 
 100 $/yr
 

The cost of water supplied is therefore 19 /1000 gallons.
 

The cost of the locally fabricated sail-wing wind pumper is expected 
to
 
remain relatively constant.
 

5. 1 kW SOFRETES Solar Irrigation Pump
 

The basic system developed by SOFRETES (Societe Francaise d'Etude

Thermiques et d'Energie Solaire) 
uses flat plate collectors to heat water
which 
passes through a heat exchanger (evaporator) in which an organic
liquid such as butane or Freon is vaporized. The vapour drives a Rankine
cycle reciprocating engine or 
turbine. The vapour is condensed in another

heat exchanger using the pumped irrigation water at coolant. The first 1 kW
SOFRETES system cost as much as $50,000. The company now claims to be able
to provide a similar system for $25,000 [3]. We make the additional

optimistic assumption here that the capital cost of this system will fall by

a further 50% by 1990. The following data therefore apply.
 

1980 
 1990
 

Capital cost 
 $25,000 $12,500

Maintenance 
 100 $/yr 100 $/yr

Useful life 
 15 yrs 15 yrs
 

CRF(0.1, 15) 0.1 0.13147
= 

1980 
 1990
 

Capital charges 3287 $/yr 
 1643 $/yr

Maintenance 
 100 $/yr
 

The cost of irrigation water as produced by 
a SOFRETES pump is therefore
 
given by:
 

1980: 1.13 $/1000 gallons
 
1990: 0.58 $/1000 gallons.
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6. Bioqas Plant with Pumpset 

Gasoline engines will run on biogas at about 80% of rated output. The
 
engine usually needs to be started on gasoline and then switched over to
 
biogas. We assume the pump will now deliver 0.8 x 200 = 160 gpm. To 
deliver 15,0O qallons per day the pump must operate for
 

15,000 1.56 hrs/day
160 x 60 

The consumption of biogas should be approximately 0.5 m3 per HP-hr rated. 
Using the same 3 HP Briggs and Stratton pumpset that was analyzed before, we 
can estimate the daily biogas consumption as 

3
1.56 (hr) x 3 (HP) x 0.5 (m3/HP-hr) = 2.34 m

We have good cost data on a Chinese-type biogas system that generates about 
4 m3/day of gas (see Chapter 8). Although the system is over-sized it 
will provide a conservative estimate of the cost of pumping water using such
 
a system. 

The fol lowing data apply: 

3 HP Pumpset
 

Capital cost $490
 
Transpurtation $300
 
Annual maintenance 75 $/yr
 
Useful life 5 yrs
 

Im3/day Biogas Plant 

Capital cost $454
 
Operation and maintenance 50 $/yr
 
Useful life 10 yrs
 

Amortizing the cost of the pumpset over 5 years and the biogas plant over 10
 
years, both aL 10%, gives the following estimates for annual costs.
 

Capital charges - pumpset 208 $/yr
 
Maintenance - pumpset 75 $/yr
 
Capital charges - biogas plant 74 $/yr
 
Maintenance - biogas plant
 

The cost of pumping water (3 million gallons a year) is therefore 14j/ 
1000 gallons. 
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3. The value of wind-pumping is highly site-specific. For areas with
 
average winds 
better than 15 mph it is possible that locally-produced

wind systems should be considered. They have the advantage of minimal
 
foreign-exchange costs.
 

4. An important conclusion from this analysis concerns 
the question of
scale. As we have mentioned, the 3 HP gasoline pumpset is oversized for

this application. One of the advantages of many renewable energy

technologies is that they can be sized for small-scale applications such
 
as irrigating the one hectare area of land used in this example. 
 As the

task becomes larger-scale, however, the gasoline 
and diesel-powered

systems become increasingly economic. For example, if the area of land
 
were to increase by a factor of 
four, the same 3 HP engine could
 
accomplish the same task 
simply by being operated for 5 hours a day

instead oF the present 1.25 hours. The annual fuel costs would rise to

660 $/yr; total yearly expenses to 943 $/yr, but because the system now
 
pumps 12 million gallons of water a year the unit cost falls to 8 /

1000 gallons. 
 Even at the 1990 gasoline price of 98/gallon the cost of
 
irrigation is still only 11/iOOO gallons.


With the exception of the biogas 
system, all the other pumping
technologies would not be expected 
to show any significant decline in
 
the cost of pumping.
 

With the biogas plant, it will be necessary to scale up the size of
the digester but the pumpset can 
remain the same. A digester about
 
three times as large should be sufficient for the task. The annual
 
charges would now appear as
 

Capital charges - pumpset 208 $/yr

Maintenance - pumpset 75 $/yr

Capital charges - biogas plant 222 $/yr

Maintenance - biogas plant 150 $/yr
 

This is equivalent to 5.5 /1000 gallons -- a substantial reduction over
 
the previous cost.
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Cost of irrigation
 
T/1000 gallons
 

30
 
SOFRETES system
 
is off-scale
 

25­

20- sail-wing wind system­

3 HP pumpset 

15- 15 commercial wind system 

--- _biogas system 

1 photovoltaics
10­

5­

1980 
 1990 
 2000
 

Figure 1 Base Case (3million gallons/year)
 

Conclusions 

1. 	Because of its rapidly declining capital costs and low recurrent costs,the photovoltaic system appears to be economically competitive with
gasoline powered pumpsets by However, this1990. 	 scenario is based on
several precarious assumptions concerning the future price of
photovoltaic systems. It remains to be seen whether these cost
 
projections will prove to be accurate.
 

2. 	 The hio!jas system appears to be an attractive option. Its viability
will depend on a numher of factors one of which is the availability of 
sufficient dung. 
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Cost of irrigation 
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SOFRETES system 
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sail-wing wind 

15 - commercial wind 
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3 HP pumpset 

"photovol tai cs 

5 - biogas system 

1980 1990 2000 

Figure 2 12 million gallons/year 



356
 

VILLAGE ELECTRIFICATION
 

This case study examines five technologies for providing electricity to
 
rural areas. haditionally, rural economies have opted for national grid

extensions, where these have not been prohibitively expensive, or have
 
employed small-scale diesel generators to generate electricity. As petrol­
eum fol'; heome increasingly expensive, particularly in the rural areas of
 
developing countries, there is strengthening interest in generating electri­
city from 'arali-scale renewable energy systems.
 

We will compare the economics of five alternative systems for
 
rlenerating ,lectrical power. The technologies are:
 

l) 4 Qi diesel generator
 
2) 3.4 kWp photovoltaic system
 
3) vertical axis wind system
 
4) nmal I-scale hydropower
 
5) c nity-scale blogas system
 

Tie lase load we consider here is relatively small-scale, providing
approximiately 14 kWh/day. This amount of electrical energy would be 
sufficient f.o provide lighting for 20 - 30 homes or to run perhaps 10 
refrigerators. 

1. 4 kW Diesel Generator
 

Winco nivision of Dyna Technology, Inc. (Minneapolis) produces a
 
variety of lie.el generator systems available in 
a wide range of sizes. A
 
small unit israted at 4 kW and weighs 624 pounds. In this application, it
 
has been estimated that the generator will be run for 5 hours each day at
 
,i%efficiency for 350 days each year to give
 

( x 350 days x 4 kW x 0.8O ) = 5600 kWh/yr 

rrtinet 
costs for the system are shown below. These costs assume a
 
10 year useful lifetime with oil changes every 60 hours, tune-ups every 1000
 
hours, and overhauls every 5 years.
 

Capit! coqt (including overhaul) $4743
 
Shipping $1000
 
Instatl ation 
 $1000
 
Maintenance 700 $/yr

Fuel use 2782 litres/yr

Useful life 10 years
 

We amortize the cost of the generator over its useful life discounting at 
]0% per annum. 

Since CRF (0.1, 10) = 0.16275, capital charges will be 0.16275 x 6743 
1097 $/yr. The cost of diesel is taken as 50 I/litre and escalates at 5% 

per year Lo -each 81 I/litre by 1990. The oil change is estimated to cost 
$1.63 in 1980, $199 in 1990. Tne annual expenses associated with this system 
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can therefore be estimated as follows.
 

Capital charges 

Maintenance 

Fuel 

Oil changes 

Total annual costs 


1980 1990
 

1097 $/yr 1097 $/yr
 
700 $/yr 700 $/yr
 

1391 $/yr 2253 $/yr
 
163 $/yr 199 $/yr'
 

3351 4249 $yr
 

The cost of the generated electrical energy (5600 kWh/yr) is therefore:
 

1980: 604/kWh 
1990: 76 /kWh 

2. 3.5 kWp Photovoltaic System 

Costs and other data associated with this system are shown below:
 

Module cost ($/Wp) 

Balance of system ($/WF) 

Invertor 

3.5 kW cost 

Transport 

Operation and maintenance 

Useful life - array 

Useful life - battery 

Salvage value - array ($/Wp) 

Salvage value - battery ($/Wp) 


1980 1990
 

$10.00 $2.00
 
$16.50 $8.00
 
$5,500 (DC system)
 

$98,250 $35,000
 
$4,500 $2,500
 

1000 $Iyr 350 $/yr
 
15 yrs 15 yrs
 
5 yrs 5 yrs
 
1.00 0.25
 
1.75 1.00
 

Although the balance of system (BOS) costs indicated above include the cost
 
of the battery, the battery cost is estimated as 3.30 $/Wp (1980) and
 
2.75 $/Wp (1990). We now need to deduct the present value (PV) of the
 
salvage values from the system capital cost. The future income is
 
discounted at 10% per year.
 

PV of array salvage value 

PV of battery salvage value 

Adjusted system cost ex-battery 

Adjusted cost of battery 

Transportation 


1980 .1990
 

$838 $209
 
$3,803 $2,173
 

$85,862 $25,166
 
$7,747 $7,452
 
$4,500 $2,500
 

The cost of the battery and the cost of the rest of the system are amortized
 
over different time periods. The battery cost is amortized over 5 years at
 
10% per year.
 

CRF (0.1, 5) 0.1 
1 - (1.1)7 - 0.2638 
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So the annual charges due to the battery are given by
 

1980: 0.2638 x 7747 = 2044 $/yr 

1990: 0.2638 x 7452 = 1966 $/yr
 

The rest of the system has a lifetime of 15 years. Since
 

CRF (0.1, 15) = 0.1 = 0.13147 
-1 - (.1) 15 

the annual charges due to the rest of the system (plus transportation) are
 
therefore given by:
 

1980: 0.13147 x 90,362 = 11,880 $/yr
 
1990: 0.13147 x 27,666 = 3,637 $/yr
 

Annual expenses therefore amount to: 

1980 1990
 

Battery 2,044 $/yr 1,966 $/yr
Rest of system 11,880 S/yr 3,637 $/yr

Operation and maintenance 1,000 $/yr
 

14,924 $/yr 
 _,_____yr 

The cost of electrical energy (5600 kWh per year) is then:
 

1980: 
1990: 

2.67 $/kWh 
1.06 $/kWh 

3. Vertical Axis Wind System 

An option for remote village electrification is the use of a wind 
driven generator. Wind machines are available from several manufacturers in 
the United States. The Pinison Cycloturbine (Marston Mills, Massachusetts)
has been selected here as an example of the modern wind technology. The 
machine is a vertical axis wind turbine (VAWT) with 10 foot blades. The
machine is rated at 4 kW in a 20 mph wind. The following technical data 
apply.
 

1980 1990
 

Capital cost $7200 $5800
 
Invertor 
 $2500 (DC system)

Batteries $4000 $4000
 
Installation $1000 $1000
 
Transport $3500 $1500
 
System weight 4600 lbs 4600 lbs
 
Annual output 5412 kWh 5412 kWh
 
Useful life - VAWT 10 yrs 10 yrs

Useful life - batteries 5 yrs 5 yrs
Salvage value - VAWT $1500 $1500
 
Salvage value - batteries $1000 $1000
 
Operation and maintenance $685 $615
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We need to adjust the capital cost to reflect to present value (PV) of the
 

salvage values. We have
 

1980 1990
 

PV of VAWT salvage value $578 
 $578
 
PV of battery salvaqe value $621 $621
 
Adjusted VAWT cost $6622 
 5222
 
Adjusted battery cost $3379 
 $3379
 

We amortize the batteries over 5 year and the rest of the system (VAWT + 
invertor + installation + transport) over 10 years. Using CRF (0.1, 5) = 
0.2638 and CRF (0.1, 10) = 0.16275 we arrive at the following estimate of
 
annual expenses.
 

1980 1990
 

Batteries 891 $/yr 
 891 $/yr

Rest of system 2217 $/yr 1257 $/yr

Operation and maintenance 685 $/yr 615 $/r

Total annual expenses M 3763 
 $/yr
 

The cost of electrical energy (5412 kWh per year) is therefore given by
 

1980: 704/kWh
 
1990: 51 /kWh
 

4. Small-Scale Hydropower
 

The cost of small-scale microhydro installations are site-specific and

highly variable. The cost per installed kilowatt ranges from about $350 
to
 
around $2000. As an approximate estimation for a '4kW system we will use
 
the following figures.
 

Capital cost $8000
 
Operation and maintenance 800 $/yr

Useful life 15 years
 

Capital charges 1052 $/yr

Operation and maintenance 800 $/yr
 
Total annual expenses
 

Assuming the same energy usage as with the previous systems, 5600 kWh/yr, we
 
can estimate the cost of this energy as 1852/5600 = 33S/kWh.
 

5. Community-Scale Bioas System
 

The last technology we shall consider is a biogas system coupled with a
 
diesel generator converted for dual-fuel use. We assume biogas can be
 
substituted for 80% of the 3
diesel fuel, and that approximately 4 m of

biogas will substitute for I litre of diesel fuel [4].
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Using the same 4 kW diesel generator as before we estimate fuel use as
 
follows:
 

diesel fuel 0.2 x 2782 litre/yr = 556 litre/yr
 
biogas 0.8 x 2782 x 4 = 8902 m3/yr
 

The system operates for 350 days each year so the output from the 
biogas plant should be 8902/350 = 25 m3/day. It is estimated that a 
4m3/day biogas plant (Chinese type) costs $454 or 124 $/yr in capital 
charges and maintenance costs. Neglecting any economies of scale, it will 
be assumed that a 25 m3/day system will cost 124 x 25/4 = 775 $/yr. 

Annual charges for the combined system therefore become
 

1980 1990
 

Capital charges - generator 1.097 $/yr 1097 $/yr
 
Capital charges - biogas 775 $/yr 775 $/yr
 
Maintenance 700 $/yr 700 $/yr
 
Fuel (diesel) 278 $/yr 450 $/yr
 
Oil changes 163 $/yr
 
Total annual costs 3013 $/yr
 

These expenses indicate the cost of electrical energy (5600 kWh/yr) as
 

1980: 54c/kWh
 
1990: 584/kWh
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Cost of electrical energy
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3.5 kWp photovoltaic
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60 ­ biogas generator
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40­
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Figure 3 Projected Cost of Electricity
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Conclusions
 

1. 	Small-scale hydroelectric installations appear to be the most cost­
effective technology for supplying electricity. However, many countries
 
doPnol have an adequate resource base.
 

2. 	 *he vertical axis wind system appears attractive but the analysis is 
Iwd.('l on /ery optimistic assumptions about both the wind regime and 
futurf- copitjl costs. This cost projection must be viewed as extremely 
uncerfL. in. 

3. 	The photovoltaic system, although often touted as a potentially viable
 
technology, still does not look like a near-term option, except in very
 
specialized applications.
 

4. 	The biogas system is an interesting option. Many developing countries
 
manufacture diesel engines. Foreign exchange costs with this technology
 
would be minimal.
 

5. 	A further step in this analysis would be to examine the cost of supply­
ing electricity by extending a powerline to the village from a grid
 
system. The cost of powerline extensions is often quoted at about 6000
 
$/km. We make the following assumptions:
 

Cost of power generation 0/kWh
 
CRF (10%, 20 yrs) 0.11746
 

The cost per unit of electricity is shown in the table below for increasing
 
extension distances and increasing energy consumption.
 

ENERGY COSTS PER UNIT $/kWh
 

20 km 40 km 60 km
 

5600 2.62 4.13 7.65
 
10000 1.51 2.92 4.33
 
20000 0.80 1.51 2.21
 
30000 0.57 1.04 1.51
 
40000 0.45 0.80 1.16
 

Power line extension can only compete with decentralized sources when the
 
electrical energy consumption is substantial. This is not usually the case
 
with rural communities in developing countries.
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TABLE I 

(A) APPROXIMATE PROPERTIES OF SOME GASES 

Density f2013C.
 Gas Contant R
Gas D 1.t p013 , lsenropic Kinematic Viscosity vatGbaortn setoikg/m 3 20'C, 1.013 barJ/kg K Exponent k m2/S 
Air 1.204 287.1 1.40 -Ammonia 1.486 x 10 '0.718 481.5 1.32Carbon dioxide 1.5331.841 187.8 1.30 0.845
Methane 
 0.667 518.5Nr',rge~n 1.32 1.7931.165 
 296.8 1.40 1.589 
xyp.n 
 1.329
Sulfur (huide 260.1 1.40 1.5892.720 127.1 1.26 0.520 x 10- 1 

(B)SOME PROPERTIES OF AIR AT ATMOSPHERIC PRESSURE 

Temperature Density p Kinematic Viscosity v Dynamic Viscosity it0C (.F) kg/m m 2/s Pa s 
-17.8(0) 1.382 1.171 " x 10 1.57 x 10'- 6.7(20) 1.326 1.263 1.684- 4.4 (40) 1.274 1.356 1.73
15.6 (60) 1.222 1.468 1.7920.0(68) 1.202 1.486 1.8026.7(80) 1.176 1.570 1.8437.8 (100) 1.135 1.672 1.9048.9(120) 1.109 ­1.756 x 10 ' 1.95 x 10-­

(C) MECIIANICAL PROPERTIES OF WATER AT ATMOSPHERIC PRESSURE 

Tempraur Density Viscosity Surface Elastic°c ("I) knsy ,Dynamic Tension VaporPressure Modulus
k Pa s N/n Pa N/m 2 

0 (32) 1000 -1.796 x 10 0.0756 552 1.98 x 1094.4 (40) 1000 1.550 0.0750 827 2.0410.0 (50) 1000 1.311 0.0741 1170 2.1015.6(60) 1000 1.130 0.0735 1 790 2.1621.1 (70) 1000 0.977 0.0725 2480 2.2026.7 (80) 995 0.862 0.0718 3 520 2.2432.2 (90) 995 0.761 0.0709 4 830 2.2737.8(100) 995 0.680 0.0699 6620 2.2848.9(120) ­990 0.560 x 10 0.0680 11700 2.29 x 109 
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TABLE 2 

SPECIFIC GRAVITY AND KINEMATIC VISCOSITY OF CERTAIN LIQUIDS 
(Kinematic Viscosity = tabular value x 10-') 

Water Commercial Carbon MediumSolvent Tetrachloride Lubricating Oil 

Temp. Relative Kin. Vise. Relative Kin. Vise. Relative Kin. Vise. Relative Kin. Vise. 
°C (OF) Density m2/s Density m2/s Density m 2/s Density m2/s 

4.4 (40) 1.000 1.550 0.728 1.50 1.621 0.752 0.905 44310.0 (50) 1.000 1.311 0.725 1.37 1.608 0.697 0.900
15.6 (60) 0.999 1.130 0.721 1.27 1.595 0.650 0.896 

260 
175

21.1 (70) 0.998 0.984 0.717 1.17 1.582 0.604 0.891 11626.7 (80) 0.997 0.864 0.713 1.09 1.569 0.564 0.888 87.4
32.2(90) 0.995 0.767 0.709 1.02 0.5201.555 0.885 64.137.8 (100) 0.993 0.687 0.705 0.96 1.542 0.492 0.882 45.7
43.3(110) 0.99 1 0.620 0.702 0.89 1.520 0.465 0.874 34.8
48.9 (120) 0.990 0.567 0.866 27.2
65.6(150) 0.980 0.441 0.865 15.0 

Dust-Proofing Medium Heavy Regular
Oil * Fuel Oil* Fuel Oil# Gasoline* 

Temp. Relative Kin. Vise. Relative Kin. Vise. Relative Kin. Visc. Relative Kin. Vise.
°C (OF) Density m2/s Density m2/s Density m 2/s Density m2/s 

4.4(40) 0.917 75.2 6.080.865 0.918 412 0.738 0.752
10.0(50) 0.913 52.5 0.861 5.16 300O.915 0.733. 0.711
15.6(60) 0.909 37.9 0.858 4.41 0.912 205 0.728 0.67821.1 (70) 0.905 28.4 0.854 3.83 0.908 146 0.724 0.64126.7 (80) 0.902' 21.7 0.851 3.39 b3.905 106 0.719 0.613
32.2(90) 0.898 17.2 0.847 2.96 0.902 77.7 0.715 0.585
37.8(100) 0.894 13.8 0.843 2.58 0.899 58.2 0.710 0.557
43.3(110) 0.890 11.3 0.840 2.11 0.895 44.6 0.706 0.530 

Some Other Liquids 

Liquid and Temperature Relative Kin. Vise.D*.nsity m2/s 

Turpentine at 20'C 0.862 1.73 
Linseed oil at 20"C 0.925 • 35.9 
Ethyl alcohol at 20'C 0.789 1.53 
Benzene at 20'C 0.879 0.745 
Glycerin at 20'C 1.262 661 
Castor oil at 20'C 0.960 1030 
Light machinery oil at 16'C 0.907 137 

tASCE Manual 25. 

University
Keuler & Lent. ofWisconsin, Madison. 



TABLE 3 Properties of Dry Ai at Atmospheric Pressures between 250 
and 1000 K' 

7" p Cp (kg/m sec (mr3 /sec (m I /see 
(K) (kg/n') (kj/kg K) X 10') X 10') (W/m . K) X 10') Pr 

250 1.4128 1.0053 1.488 9.49 0.02227 0.13161 0.722
 
300 1.1774 1.0057 1.983 15.68 0.02624 0.22160 0.708
 
350 0.9980 1.0090 2.075 20.76 0.03003 0.2983 0.697
 
400 0.8826 1.0140 2.286 25.90 0.03365 0.3.760 0.689
 
450 0.7833 1.0207 2.484 28.86 0.03707 0.4222 0.683
 
500 0.7048 1.0295 2.671 37.90 0.04038 0.5564 0.680
 
'5'0 0.6423 1.0392 2.848 44.34 0.04360 0.6532 0.680
 
600 0.5879 1.0551 3.018 51.34 0.04659 0.7512 0.680
 
650 0.5430 1.0635 3.177 58.51 0.04953 0.8578 0.682
 
700 0.5030 1.0752 3.332 66.25 0.05230 0.9672 0.684
 
750 0.4709 1.0856 3.481 73.91 0.05509 1.0774 0.686
 
800 0.4405 1.0978 3.625 82.29 0.05779 1.1951 0.689
 
850 0.4149 1.1095 3.765 90.75 0.06028 1.3097 0.692
 
900 0.3925 1.1212 3.899 99.3 0.06279 1.4271 0.696
 
950 0.3716 1.1321 4.023 108.2 0.06525 1.5510 0.699
 
1000 0.3524 1.1417 4.152 	 117.8 0.06752 1.6779 0.702
 

"From NatL. Bureau Standards (U.S.) Orc. 564. 1955. 
bSymbols: K = absolute temperature, degrees Kelvin; v = p/p; p = density; Cp = specific heat 

capacity; a= cpp/k; p = viscosity; k = thermal conductivity; Pr = Prandtl number, dimensionless. 
The values of p, k, Cp, and Pr are not strongly pressuredependent and may be used over a fairly 
wide range of prc.sures. 

TABLE 4 Properties of Water (Saturated Liquid) between 273 and 533 K1 

T 	 gp'Cp 

Cp p A k 	 ph
" K OF °C (kJ/kg .C) (kg/m') (kg/m sec) (Wr-m 0C) Pr (m- .C") 

273 32 0 4.225 999.8 1.79 X 10-3 0.566 13.25 
277.4 40 4.44 4.208 999.8 1.55 0.575 11.35 1.91 X 10' 
283 50 10 4.195 999.2 1.31 0,585 9.40 6.34 X 10' 
288.6 	 60 15.56 4.186 998.6 1.12 0.595 7.88 1.08 X 1011 

X 10-4294.1 70 21.11 4.179 997.4 9.8 0.604 6.78 1.46 X 1010 
299.7 80 26.67 4.179 995.8 8.6 0.614 5.85 1.91 X 10"0 
302.2 90 32.22 4.174 994.9 7.65 0.623 5.12 2.48 X 10"6 
310.8 100 37.78 4.174 993.0 6.82 0.630 4.53 3.3 X 10't

316.3 110 43.33 4.174 990.6 6.16 0.637 4.04 4.19 X 10"0 
322.9 120 48.89 4.174 988.8 5.62 0.644 3.64 4.89 X 10"0 
327.4 130 54.44 4.179 985.7 5.13 0.649 3.30 5.66 X 10"0 
333.0 140 60 4.179 983.3 4.71 0.654 3.01 6.48 X 10"0 
338.6 150 65.55 4.183 980.3 4.3 0.659 2.73 7.62 X 10"1 
342.1 160 71.11 4.186 977.3 4.01 	 • 0.665 2.53 8,84 X 10"1 
349.7 170 76.67 4.191, 973.7 3.72 0.668 2.33 9.85 X 1010 
355.2 180 82.22 4.195 970.2 3.47 0.673 2.16 1.09 X 10" 
360.8 190 87.78 4.199 966.7 3.27 0.675 2.03 
366.3 200 93.33 4.204 963.2 3.06 0.678 1.90 
377.4 220 104.4 4.216 955.1 2.67 0.684 1.66 
388.6 240 115.6 4.229 946.7 2.44 0.685 i.51
 
399,7 260 126.7 4.250 937.2 2.19 0.685 1.36
 
410.8 280 137.8 4.271 928.1 1.98 0.685 1.24 
421.9 300 148.9 4.296 918.0 1.86 0.684 1.17 
449.7 350 176.7 4.371 890.4 1.57 0.677 1.02 
477.4 400 204.4 4.467 859.4 1.36 0.665 1.00 
505.2 450 232.2 4.585 825.7 1.20 0.646 Q.85 
533.0 500 260 4.731 785.2 1.07 0.616 0.83 

'Adapted from Brown, A. I., and S.M. Marco, 'Introduction to Heat Transfer," 3d ed 
McGraw-Hill Book Company, New York, 1958. 
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NOMOGRAPH TO DETERMINE TYPICAL OUTPUT 
POWER FROM A MICRO-HYDRO SYSTEM 

(Assumed system efficiency of 53 percent) 

HEAD 

40I PIPE CLASS REQUIRED 

EI
 
.
 

GENERATED KW -. wn -4 q Q
POWER KWH/ONTH 100 ­ % , V 

PEAK OUTPUT 'So 12 r1 9Kw 6KW 3kw 

K. /a

- C I
 

FL GPMW CFM I I I" 
 ' ,'
 

NOMOGRAPH TO DETERMINE LOSSES 
DUE TO FRICTION IN PVC PIPE 

" VELOCITY 

1 10 N W FEET PER SECOND~/ 

10~ HEAD L05S IN FEET 

IN ~ PCR /00 Fr OF PIPEFRICON~ 1Il.,I , ,.,~JI11 

A 
II
 

PIPE SIZE I II I 

fr~'~ ~ (60 PSI PVC PIPE) 

"' r)III -­,,FLOW 
FLO 

crC.... ,o " .. i. .....' ; 7. I I . .. '...... '.. 
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Physical Quantity 


Area 


Density 

Energy 


Enthalpy 

Force 

Heat transfer coefficient 

Length 


Mass 

Power 


Pressure 


Radiation 


Specific heat 

Thermal conductivity 

Thermal resistance 

Time 


Velocity 


Viscosity (dynamic) 


(kinematic) 

Volume 


Volumetric flow 


Conversion Factor
 

1 ft2 2
= 0.0929 m

2 2
1 m = 10.764 ft


1 ha = 2.471 acres
 
2
4074 m
1 acre = 


1 lb/ft 3 = 16.018 kg/m 3 

1 Btu = 1055.1 J 
1 cal = 4.1868 J 
1 kWh = 3.6 MJ 
1 hp-hr = 2.685 MJ 
1 MW-yr = 31.5576 TJ 
1 Btu/lb = 2326.0 J/kg 
1 lb-force = 4.4482 N 
1 Btu/hr ft2 °F = 5.678 W/m2K 
1 ft = 0.3048 m 
1 inch = 2.54 cm 
1 mile = 1.6093 km 
1 lb-mass = 0.4536 kg 
1 hp = 745.7 W 
1 Btu/hr = 0.2931 W 
1 Btu/hr ft2 = 3.1548 W/m2 

1 psi = 6894.8 Pa 
1 in.W. G = 0.0361 psi 
1 atm = 101325 N/m2 (Pa) 
1 atm = 14.696 psi

2
I Langley = 41860 J/m

1 kWh/m2 = 316.95 Btu/ft2 

1 Btu/lb°F = 4187 J/kgK 
1 Btu/hr ft°F = 1.731 W/mK 
1 hr OF/Btu = 1.8958 K/W 
1 year = 8766 hr 
1 year = 31.5576 Ms 
1 ft/s = 0.3048 m/s 
1 mph = 0.44703 m/s 
1 lb/ft sec = 1.488 Ns/m 2 

1 cp = 0.001 Ns/m 2 

1 ft2/s = 0.09029 m2/s' 

1 ft3 = 28.317 litre
 
1 gallon (US) = 3.785 litre
 
1 m3 = 35.314 ft3
 

1 ft3 
 = 7.481 gallon (US)
 
1 ft3/min = 0.472 litre/s
 
1 gpm = 0.06308 litre/s

1 gpm/ft2 = 0.67903 litre/, 2s 
1 gal/ft 2 = 40.742 litre/m
 
1 ft3/lb = 62.30 litre/kg
 


