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Ihis thesis considers the long terin energy problem and the rele which
active sclar collector systems for building applicaticn might play

1n alleviating this probiem. The majoir part of this thesis describes
the derivation and solution of the mathematical model to simulate

the principal componernts 1n a sclar energy collector system. The
model is based on an implicit numerical technique which allows the
investigation of the simultancous interaction between system com-
ponents in liquid and vhotoveoltalic collectors. A simulation program
called FLARE, based on the aforementioned model, has been developed
for use as a researcn and design model. This program forms the
central core of a suite of interrelating computer programs which
provide sophisticated user participation by means of a hion level

interactive graphics facility.
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INTRODUCT ION

Nature requlates herself by balancing those variables which interact
within a particular environment. As an example consider the balznce
between two species, one predator the other prey. Although many
variables are involved in the predator-prey equilibrium equation, in
general, the growth or deciine of the prey population is normally
followed by a growth or decline in the predator population. Mankind's
interaction with the earth's resources is slightly different because
these resources (e.g. land, water and food) are finite and there will
be a different man-resource equilibrium point for each resource. In
other words, each resource will support a finite maximum number of
people, each individual having access to an adequate supply of the
resource. IThe maximum size of the human population is the smallest
number of people that can be supported by any one of the earth's
resources. Having attained this optimum population, it would have to
be maintained by a zero population growth to ensure man-resource
stability. Unfortunately, many of the world's population die each
year from starvation and diseases associated with malnutrition. Some
experts conclude that we have passed the optimum level of human popu-
lation because present food production techniques cannot support the

existing population, the man-resource equilibrium point 1s exceeded.

Man has access to another earth resource which is becoming increasingly
vital, energy. The sun generates a massive quantity of energy cf which
the earth intercepts only a small proportion, nevertheless, the quantity
intercepted is far greater than the annual global energy consumption.
However, modern man tends to rely on 'stored energy' torms, for

example, fossil fuels and radioactive isotopes to meet his energy
demands. The advantage of this enerqgy form is that it can be controlled
and subsequently released when required, unlike the sun which 1is both

a fickle and periodic source which cannot be readily controlled.

The problem Man faces is that stored energy sources are being used at

a rate in excess of one million times their rate of production. Ine
man-resource equilibrium point has been passed and at the present

rate of consumption, these stored energy sources will be completely

-~ 1

depleted. This problem is more commonly known as the 'Energy (ris:is’.



In order to establish whether an =2nerqgy crisis exists or if it is
an over-reaction, it is necessary to estimate the practical life
expectancy of the stored energy resources. Projections are based

on :nformation such as: the proven and potential reseives of cozal,
natural gas, crude oil and uranium; the world's population growth:
the rate of change of energy demand; the rate of increase in enerqy
supply from nuclear power and other sources; and the cost of
extracting rapidly diminishing resources. This is a highly complcx
1ssue, nevertheless, estimates of existing energy resources range
from 20-25 years of natural gas, over 30 years of uranium (assuming
fast.-breeder reactors are not available), 30-50 years of crude oil,
and 200-500 years of coal (1). Do these values imply a crisis? The
answer depends upon a subjective assessment of the time scales
involved which 1s difficult to achieve with some objectivity and

without bias. C(liearly thougnh energy shortages may occur in the early

part of next century.

At precent the principal sources of energy used 1n the world are
coal, crude oil, natural gas, nuclear power and hydroelectric power.
Table 0.1 1dentifies the basic imbalance in the rates at which o1l
and gas are being consumed compared to coal and uranium. This 1S
primarily because they are not only extremely convenient to use but
oil in particular 1s the only practical fuel 1n some cases, e.dq.
long-haul airflights. Ironically these twc enerqgy forms are liable
to be dEpleted soonest, when in fact there should be strict limi-
tations on their use to preserve stocks. If any one fossil fuel were
to be depleted, or the world's nuclear energy program abandoned, then
the global implications would be a more rapid depletion of the
remaining enerqy sources 1if the existing quality of goods and services
were to be maintained. Hydroelectricity is a relatively limited
source of energy because there are only a few sites worldwide where
thé production of hydroelectricity is practical. Therefore, 1f 1in
30-40 years both o0il and gas supplies are cdiminished, the energy

shortfall will have to be met by nuclear and ccal sources.

Superimposed upon the quantity of the main energy sources available 1s

the pollution aspccts of fossil fuels and nuclear energy. 0Both causc
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thermal pollution due to the release of waste heat in converting

the stored energy into the reguired form, for example, coal to
electricity. The effect of thermal pollution will most probably
increase the average global ambient temperature. Fossil fuels when
burned release carbon dioxide into the atmosphere. Experts disagree
whether this will increase or decrease the average global temperatures,
however, they do agree that the earth's climate will be affected.

With nuclear energy the most significant problem is the disposal of
toxic radioactive waste materials which will be potentially dangerous

for over 20,000 years. The disposal of this waste is a highly emotive

subject causing worldwide concern.

Dzveloped countries have built their national economies on an abundant
supply of 1nexpensive enerqy to ensure both technical development and
a rising material standard of living for its population. Governments
throughout the world came to realise the precarious position of their
“economies when oil prices quadrupled in 1973. The world recession of
the early 1980's cannot be attributed to any single factor, but a
significant reason has been the stress put on the economies of nations
which require large quantities of imported energy, i.e. crude oil.

In such situations developed countries may undertake one or both of

the following courses of action:

(i) reduce energy wastage by cons=srvation techniques,

(1ii) wutilise alternative energy sources.

Energy conservation methods can significantly reduce the primary
energy demand in industrialised countries, however, these techniques
may not preserve fossil fuel supplies due to the increasing demand
for energy, particularly from developing countries. Nevertheless,
most energy conservation techniques are easier to apply and generally
of fer a quicker return on capital investment than alternative or

renewable energy sources,

Governments tend to take either a long-term or a short-term view of
renewable energy sources. Sweden, fer example, has no significant

indigenous energy supply and the nation rejected a full scale nuclear



power programme in a referendum. Over many years Government supported
programmes have succeeded in drastically reducing energy wastage

by promoting energy conservation techniques. As a result, morc
attention is being paid to the commercial exploitation of alternative
energy sources, three times as nuch is now spent on funding alter-
native energy research than on conssrvation (3). The UK, in
comparison, with a well developed nuclear programme and its own
1ndigenous energy supply has not had the same motivation to conserve
energy. Massive energy savings could be made using conservation
techniques, especially in buildings, consequently, three times more
is spent on conssrvation than on alternative energy sources (4).

This ratio 1s bzcoming larger due to the recently reduced funding for

alternative energy projects.

At present there are many alternative energy sources under investiga-
tion worldwide, of these the source with the largest global potential
1s the utilisation of the sun's radiant energy. Solar energy is not
only the principal long-term source cf energy but it is vital to

life on earth. Its commercial use offers a promise of an environment-
ally clean energy source causing no pollution, although slight micro
climatic changes might occur 1f exceedingly large areas are used to
collect solar energy. However, several adverse features of solar

enerqgy collection must be considered:

- the low concentration of solar flux warrants the use of large

solar collection arrays.

- the maximum energy is usually available where and when it 1s
least required. It is normally the case that deserts and
equatorial regions receive mcre energy than the northern
developed countries where a greater propcrtion of the energy

could be utilised.

- there are seasonal and daily variations in the quantity of
energy received, therefore, it is necessary that some form of
storage is used to smooth out the energy supply and load demand

mis-match.



One of the reasons it has taken so long to implement the widespread
use of solar energy is that, while the solar fuel is free, a
considerable capital investment is required to use this enerqy
‘properly. Due to the availability of cheap o01i1l, electricity and
natural gas, there has been no need to utilise solar energy and only
with the recent escalation of primary fuel costs (especially crude
0il), over the last decade, has solar energy become more competitive

with conventional energy forms. This trend should continue with

solar devices becoming cheaper due to mass production.

Solar collectors are devices- which intercept and transform radiant
energy 1into another form, be it low, medium or high grade thermal

energy or electricity. The principal forms of engineered solar

collectors are:

(a) Flat plate solar collector. This type of collector will collect
diffuse as well as direct radiation normally transforming it
into low grade thermal energy. It 1i1s particularly suited to
climates where there i1s a large quantity of diffuse radiation,

for example, the UK.

(b) Concentrating collector. This collector operates bv focussing
the direct solar beam radiation onto a small receiving absorper
area, using mirrors or lenses. Much higher temperatures can be
obtained; the actual temperature depends upon the concentration
ratio. These collectors opezrate best in strong solar beam

conditions.

(c) Photovoltaic collector. This collector converts solar radia-
tion into electrical energy by means of solar cells. It can

utilise both direct and diffuse solar radiation.

It is possible to build a solar energy system capable of supplying
the total annual load of a particular application, however, a system
sized to meet the maximum load could be grossly oversized during
periods when partial load conditicns exist. As solar energy systems

are capital intensive, oversizing can result 1n a severe economlic



penalty. Consequently, most solar enerqgy systems are smaller than
would be necessary to meet the maximum load and they have to cperate
in parallel with a conventional (auxiliary) energy source which can

be designed to meet the maximum demand.

In order to assess the best design for a solar energy system a
physical model could be built and used to assess the thermal perfor-
mance of the system. Physical models are both expensive and time
consuming to construct, consequently, mathematical models have been
developed as an alternative to physical modelling. There are two
types of mathematical models for solar energy systems considered in
this thesis: simple models which analyse the long term dynamics of
the system and detailed models which are suitable to analyse long
term and the short term system dynamics. The precise prediction of
the performance of solar energy systems is complicated due to random
variations 1in climatic conditions and the mathematically complex
relationships between system components. Detailed system simulation
models tend to be more suited to analysing these variations than

simple system models.

Presently there is a debate on the relative merits of simple system
models compared to more detailed simulaticon mcdels, however, both
have qisite distinct area in which they operate best, all things
considered. Consequently, comparisons between these models in terms
of the cost to develop and operate are invalid. Simple system models
are more suited to predicting the long-term performance, usually
annual. 0Only a few variables are considered therefore little
information concerning the dynamics of the system will be obtained,
but that information which is generated will be available quickly
and at little expense. 0On the other hand, detailed simulation models
are generally too expensive with which to conduct long-term
performance analyses, however, the detail available from simulation
mocels allows the short term dynamic performance of the system to

be investigated. A secondary function of detailed system simulation

models is to develop simple system models for use in subsequent

designs (see Chapter 4).

This thesis will describe in depth the mathematical formulation and



solution of a detailed dynamic system simulation model based on
1mplicit finite difference techniques for a flat plate solar enerqgy
collector and its associated system. The techniques employed to
derive and solve the resulting finite difference equations for the

system are similar to those employed in a dynamic building energy
model called ESP (5).

The information available from the solar energy collection system
simulation model facilitates the design of each component in a
system, particularly the flat plate solar collector. The advantage
of this information is that the designer can make rational decisions
regarding the appropriate collector and system design trade-offs

necessary to promote convergence towards a more economic and

efficient design.

Due to the flexibility of the model the designer can analyse the
performance of straigntforward or 'conceptual' designs, for example,
using pnotoelectric solar cells to drive a fan or a pump to collect
solar energy so that the system runs independently of the national
grid unless auxiliary energy 1s required. The solar collector model
can analyse air, liquid and photovoltaic collectors individually or
combined with each other (i.e. hybrid solar collectors). In addition,
collectors may be analysed individually or in array form; collectors
can be static or fully or partially tracking; they can be free-
standing or associated with some object (such as a building); they
can have any physical arrangement and any number of plane transparent
covers -including thin anti-reflection films; and can have associated
external non-concentrating reflectors or shading devices. OSystem
components normally associated with a solar energy system are also
modelled. In particular, the energy storage unit can analyse direct

or indirect liquid tanks and rock bed storage units for thermal

stratification: and change of phase storage units.

The solar enerqgy system collection appraisal model consists of a
suite of interrelating computer programs kinown collectively as FLARE.

Fssentially the FLARE package is concerned with the rigorous

appraisal of any proposed design hypothesis in terms of the thermal
parformance of the solar energy collection system. At the time of
writing (July 1982) the FLARE solar enerqgy system program has been
developed primarily for the design of flat piate solar collectors
and 1s undergoiling extensive testing.

8



CHAPTER 1 Potential of Solar Encray Systems

INTRODUCTION

In order to assess the potential contribution of any alternative
energy source it is necessary to identify both the energy demand

to be satisfied and the quantity of available energy from the alter-
native source. The justification of an alternative resource 1s
normally made in terms of global or national energy demands, therefore,
the world enerqgy demand and the UK national consumption of energy

will be analysed so that the contribution of solar energy collection

can be predicted.



The World Energy Demand

The total world primary enerqy consumption in 1580 was 300x1018

J (6).
This represents an average growth worldwide of 13.75% during the
p2riod 1973 to 1980. The average rate of growth or decline in energy
consumption varies from country to country and year to year. This

can be attributed to a number of reasons:

(a) The world economic recession has resulted in a reduced industrial
output tnroughout the world's industrial nations, lowering

energy requirements,

(b) Many countries have implemented energy conservation projects to

reduce their national energy consumption,

(c) Climatic influences may have an effect on the figures, e.q.

Northern Europe has 11% more degree days in 1980 than in 1973 (7).

(d) Increasing material standards of living may result in a number
of effects: 1ncreased industrialisation in developing couniries;
greater use of energy intensive transportation; g=sneral

improvement 1n quality of goods and services, etc.

Table 1.1 contains values of primary energy consumed during both 1973

and 1980, for 14 individual nations and the remainder of the world.

The 14 nations detailed in Table 1.1 consumed an estimated 48% of the
total world primary energy consumption in 1973 falling to 44% of the
total consumption in 1980. The average growth for these nations,
during the period 1973-80 was 4.1% compartred with the rest of the
world which had a 22.7% increase. A more comprehensive list of
nations may have given a clearer insight into any trend in the
increase in global energy consumption, nevertheless, the increase 1n
consumption of the 14 nations was greatest in the less industrialised
countries of Turkey and South Africa and to a lesser extent Ireland
and Norway. By comparison, both Sweden and the UK consumed consic-
erably less energy in 1980 attributed in particular to a sharp fall

in industrial consumption.

10



YEAR

1973 198
(PJ) (PJ) Change (%)
United States 78,700 80, 400 2.2
West Germany 12,573 13,717 9.1
Canada 8,535 9,431 10.5
United Kingdom 9,236 8,579 -56.9
France 7,700 8,300 7.8
> nations total 116,744 120,427 3.15
Belgium 2,778 2,992 7.7
South Africa 1,901 2,496 31.3
Turkey 1,060 1,466 38.3
Sweden 1,461 1,367 -0.4
Norway 935 1,125 20.3
Finland 913 1,002 9.7
Denmark 768 772 0.5
Ireland 294 347 18.0
New Zealand 302 344 13.9
14 nations total 127,156 132,358 4.1
Rest of the world 136, 584 167,642 22 .7
Global primary 263,740 300,000 13.75

energy consumption

TABLE 1.1 World primary energy consumpticn, 1980 values
compared to 1973 values

i1



The importance of the USA as an energy consumer cannot be ovar-
emphasised. The USA consumed 29.8% of the world's total primary
energy in 1975 and 26.8% in 1980, but has only 5.4% of the world's
population. It is no longer self-sufficient in terms of enerqgy and
depends heavily on imported energy to meet the demand. Federal
financing of alternative energy R&D projects is currently running
at over five hundred million dollars per annum. This 1s slowly
having an affect e.g. solar water heating and space heating systems
in an estimated 300,000 US residences are saving about one million
barrels of o0il (8) p=r annum, representing 0.008% of the US primary
energy consumption. Considerable savings have also been achieved in
building energy consumption due to various conservation techniques.
The annual rate of growth in energy consumption for the period 1975
to 1980 was only 0.27% compared with an annual rate of 4.1% from
1960 to 1973 (9). Significantly, the growth in each of the three
main sectors; transport, industry and domestic was 3.1%, 2.3% and
1.4% respectively for 1973-1980, compared to a growth of 2.2% 1in the
national energy consumption. Unlike other industrialised countries,
industrial recession was not the prime cause for reduced demand as
a low rate of growth occurred in each economic sector, however, the
figures reflect the savings due to conservation and alternative

enerqy sources.

Similar to the USA those countries which rely on imperted energy are
actively persuing reductions in their annual energy consumption. Une
of the more immediate tasks of these countries has been the reduction
of energy used in buildings. Promotion of building energy conservation
falls into two categories viz. 'Requlations' and 'Encouragement' which

normally apply to new and existing buildings respectively.

It is unusual for building reqgulation to be applied retrospectively
to existing building stock due to the difficulty of enforcing the
legislation. Regulations normally apply cnly to new buildings and
vary from country to country. The traditional method of speclfying
maximum 'U' values for individual building constructicn elements
(as used in the UX) is being replaced throughouL the world by new

standards. These are based on the whole building heat loss, allowing

13



factors such as building shape or aspect ratio to be considered.
In Ireland and Belgium, new standards have been proposed which

requlate the overall building heat lcss according to a volume to

surface area ratio.

Much of the emphasis in conservation efforts has been to control the
building fabric heat loss. The Swedish energy policy is simply to
1insulate to a level at which the fabric loss is acceptable for their
climate. Having reached this maximum practical level of insulation,
the Swedes are currently putting more effort into the control and
reduction of ventilation and infiltration heat losses. This policy
will undoubtedly bz followed in more countries as their building
regulations become stricter and no further saving can be achieved

from insulation.

The rate of replacing building stock in most countries is very slow,
therefore, any changes in the building requlation which apply only

to new houses will not have an immediate effect on the national energy
consumption. Consequently, governments encourage conservation 1in the
existing building stock by offering incentives (loans, grants, tax
relief, etc) to building own=rs and occupiers. Several countries
including Denmark, Ireland and the UK offer cheap loans and tax
relief on certain insulation measures, others such as tinland and

the Netherlands award grants for multiple glazing projects. S@veral
countries, other than the USA, including New Zealand and the

Netherlands aid alternative energy projects.

Carroll (7) suggests that the potential saving in most countries with

a reasonable housing stock could be between 20-35% of the biuilding
enerqgy requirements if simple energy conservation techniques are
employed, excluding any alternative energy supplement. It is difficult

however, to assess the quantity of energy associated with this figure.

In order to assess the potential of an alternative source 1n any one
country a detailed breakdown of the energy demands in that country
is required. The UK energy demand will now be considered so that the

potential of solar energy collection can be assessed.

13



The UK Energy D2mand

During 1980 the UK produced and imported a total of 11,900 PJ of
energy. About 28% of this supply was either stored or exported, the
remainder - 8,599 PJ - was the national primary energy requirem=nt
(10). This constituted a fall of 7% in the UK primary energy consump-
tion batween 1973 and 1980, however, the fall has not been steady
because consumption fell from 1973 to 1975, rose from 1975 to 1979
(almost to the 1973 value) and fell from 1979 to the present level of
consumdtion. OUOn the two occasions when encergy consumption fell, 1t did
so by about (7.8%) and was accompanied by a small (2-3%) fall in
economlic output. In both recessions the fall in economic output was
more evident in the energy intensive industrial sector (e.g. iron

and steel) than in other sectors. These fluctuations in energy
consumption make it difficult to forecast consumption trends,
cons=qiiently, any long term prediction of these trends will probably

be i1naccurate.

Considerable losses occur in converting the primary energy 1intoc a
more suitable form, for example, coal to electricity. Some 30% of
the energy contained in these primary fuels 1s lost before tne
energy is converted to its secondary fuel form - solid fuel, natural
gas, electricity or petroleum. The analysis of the secondary fuel
form in four standard sectors of end use (industry. transport,
domestic and other users, the last comprising agriculture, public
administration and miscellaneous) is given in Table 1.2 for 1980,
it is also shown by pie charts in Figure 1.1. The Department of
En=rgy (DEn) estimates that energy losses which cccur after energy
is supplied to final consumers, resulting principally from 1neffi-
ciencies in the multitude of energy using appliances (e.g. domestic
fires and boilers, cars, aircraft, central heating plant etc),

could amount in total to almost 593% of the 5,966 PJ of energy
supplied (10).

The Government has taken several steps to reduce building energy
consumption. Pezzey (4) estimates that 46% of the enzrgy consumed

by final users can be attributed to buildings, however, oy employing

14
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simple energy conservation techniguzs to existing buildings could
achleve a 15% reduction in the primary energy demand (17). New
building regulations were introduced in the late 1970's to improve
the standard of building insulation, these will not have an immediate
effect because Britain has a large building stock that is being
replaced very slowly (2% per annum - DEn (12)). Consequently,

since 1973 the Government have been promoting several measures

aimed at encouraging energy conservation in existing buildings. A

summary of these governmental actions for both domestic and non-

domestic buildings is given in Table 1.3.

self-sufficiency in terms of energy is only achieved when the quantity
of energy exported or stored exceeds the quantity of energy imported.
In 1980 Britain had almost achieved self-sufficiency with a net
balance of 5% of the primary energy consumed needing to be imported.
IThis is in stark contrast to 1973 when this figure was over 50%.

This increasing energy independency is vitally important to the
stability of the British economy. There have been two principal
reasons behind the reducing dependency on imported energy: the first
1s due to the reduction in energy consumption between 1973 and 1980,
the second i1s the increasing quantities of energy produced by the
nuclear industry and much more importantly by the North Sea o0il
industry. Since 1977, UK energy production has increased by 10%
(13). For the UK to maintain this near self-sufficiency status into
the next century its energy consumption cannot be a2llowed to grow at

more than one or two per cent annually.

The significance of the UK's reliance on fossil fuels cannot be
overstressed as fossil fuels constitute over 95% of our primary fuels,
Table 1.4. The total recoverable reserve of fossil fuels around the
UK is unknown aithough 1t appears that naturai gas may be the farst
of the fossil fuels to become scarce. Each year the UK consumes niore
natural gas and significantly, in 1980. imports accounted for about
2% of the total natural gas used. The prime consideration should be
how to replace the natural gas supply by another source other than
by oil, whose 'lifetime' would be drastically reduced if required as
a substitute for natural gas. Imports could solve the problem - but

what would be the cost on the economy? In order to maintain enerqgy



(1)

(i1)

(1ii)

(v)

(vi)

{vil)

(viii)

Energy Pricing:- There has been a considerable gulf between naturzl gas prices and
electricity prices for some time. Steps are being taken to make the costs of these
two fuels comparable, therefore, over a three-year period commencing in 1980/81 gas
prices will increase at 104 per annum above the rate of inflation and electricity

prices will Increase at about 5% per year above increases in generating costs.

Pub]iéity Lampaign:- ~ After the oil crises of 1973, a media campaign, organised by the
DEn under the ''save it' banner was Introduced to raise public awareness of the need

for energy conservation.

Homes Insulation Programme:~ This was started in 1978 to provide a government grant
via local authorities to go towards the provision, in existing dwellings, of loft and
hot water cylinder insulation and lagging of tanks and nipes in the loft. To mid~1931

about one millton grants had been issued.

Energy Conservation Act, 1581:~ This act enables the government io set mardatory

standards of efficiency and safety for all new space and weter heating appliances,.

Energy Quick Advice Service (EQAS):- Provides a free telephcne service for non-

domestic users organised by the DEn.

Energy Survey Scheme (Started by DEn in 1976):- Gran%ts of up to £75 for a one cay
survey and up to 50% of a more comprehensive survey of non-domestic premises, 48,000

ard 1,600 applications respectively to date,

Insulation Tax Allowance:- 100% first year capital allowance given for capital
expenditure, by any business, on new heating and energy saving equipment and also

for the addition of insulation to existing industrial buildings.

Mandatory Heating Limit:= This limit was set at ZUDC in 1874 for all non-domestic

bulldings. A new limit of 19°C was imposed in 1983.

Table 1.3 U.K. government actions to support energy conservation in existing hulldings

1973 - 1981 (&)
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self-sufficiency the energy shortfall induced by the depletion of

gas or oil reserves can only be met by one or a combination of

three options:

(i) Increased use of coal reserves. In some situations coal can
replace gas or oil directly. Also gas cor oil can be processed
from coal, however, this process is less efficient than using

coal directly. Furthermore, coal is becoming more difficult

and more costly to mine.

(ii)  Increased use or primary electrical supply. The primary
electrical supply comes from three sources: coal, hydroelectric
and nuclear power. Hydroelectricity is almost operating at its
maximum capacity in Britain, but theoretically the nuclear
industry should be able to ensure self-sufficiency. However,
this is neither a cheap nor quick solution. Furthermore, at
the present annual rate of growth in nuclear energy supply,
averaged over the last eight years was only 4.4%. If this
annual rate of growth were maintained, it would be 2000 AD
before nuclear energy could supply 15% of our present enerqgy
consumption, therefcre, if gas or oil were to be in short
supply in 20 years, to avoid imports a rapid nuclear energy
programme should be started as scon as possible to meet the

expected demand.

(iii) The third option is the utilisation of alternative energy
sources, e.g. wind, wave, solar, tidal, etc. The BRE (11)
investigated the potential of various alternative erergy
sources 1n the UK. 0One of the more favorable was active solar
collection, Hardacre (14) suggests that a credible potential
contribution of solar heating in the UK over the next 20 years
could be 26 to 105PJ for water heating and 158 to 31é6PJ for
space heating. Based on the lower figures, 2% of the present
UK primary energy requirements could be met by solar heating.

There are a number of problems related to implementing a large

solar heating programme:

o)
’o



As
be

legal rights of unobstructed accesss to solar radiation
local authority planning permission

local authority rates (i.e. solar heating - is it a house

improvement?)

with other alternative energy sources, solar heating must

economically competitive with existing energy sources.



T.1 tnergy Sources

IThere are numerous alternative energy sources to fossil fuels,
nuclear fission and hydroelectrib power which could, by the end of
the century be supplying a small but appreciable quantity of the
world's primary enerqgy requirements. Different countries will
utilise various forms of alternative energy sources to varying
degrees. For example, the torrid zone nations will prefer straight-
forward solar collection devices, whereas in New Zealand and Iceland
geothermal will be very important and maritime nations such as the
UK will be interested in wave power. These are examples and do not
exclude the use of all other sources of alternative energy in these

countries, however, some nations may not have access to geothermal

Or wave energy sources etec.

Most countries worldwide are examining their alternative energy
poctential and financing those schemes which are most suitable to their
needs. From the experience gained due to work being conducted
throughout the world individual nations will be able to make objective

decisions on which alternative energy sources offers them most reward.

At present there are many alternative energy sources under conslder-

ation for exploitation throughout the world. The advantages and
disadvantages of these sources with their potential will now be

briefly discussed:
(a) BIOMASS

Biomass is the term given to any organic material produced by the
nhotosynthesis process, whether or not they are suitable for food.
The process has a very low efficiency and requires a large land

mass for cultivation. As the world's population increases then
there will be more biomass required for food and less for use 1n tne
manufacture of fuels, oils, gases and alcohol. Nevertheless lhere
is a vast quantity of cnergy available, for example, in the UK the
total biomass produced each ycar has an energy content equivalent to

12% of the UK primary cneegy demand.  The mejority of this biomass

L
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went into producing human and animal food but with higher yield
crops and more efficient use of animal wastes there clearly is a
potential for biomass. It has the further advantages that the
photosynthesis process consumes carbon dioxide and that it does not
cause thermal pollution unless burned. This energy source may be

Very important in some countries but its global significance will be

small by the end of the century.

(b) GEOTHERMAL

The process of retrieving energy from thermally active underground or
surface areas is in limited use throughout the world. Unfortunately
there are few sites where these thermally active areas exist. As with
other forms of stored energy it is a thermal pollutant because it is
increasing the rate of energy supply to the earth's atmosphere.

Geothermal energy also has several other environmental hazards:

(1) 1t 1s occasionally found as steam, in such cases problems exist
1n 1ts extraction because of toxic gases which are mixed with
the steam

(1i) geothermal water is exceedingly salty, e.g. 1t contains as
much as six times the quantity of dissolved salts compared to
ocean water. lhis creates an additional problem because the
water cannot pe passed into a stream or river and if it is
re-introduced into the ground then this can only be accomplished
by using energy, reducing the net geothermal energy gain.

(iii) the extraction of vast quantities of water has caused sub-

sidence 1N some areas.

Upon solving the extraction problems geothermal energy should be a
source of a relatively constant supply of energy for certain countries.
It will never be a major energy source, but by the year 2000 several
countries will be utilising significant quantities of geothermal
enerqgy, especially New Zealand and Iceland. In Britain, there are

no thermally active areas at depths less than four miles below the

earth's surface.



(c) NUCLEAR FUSTON

Although scientifically feasible, it has not yet been demonstrated,
although by the end of the 21st century it is conceivable, that all
the energy requirements of Man could be generated by this source.
Nuclear fusion has two distinct advantages over nuclear fission, the
first i1s an unlimited supply of fuel which is hydregen and secondly
1t does not have the same radicactivity problems. The process will

however produce vast quantities of waste heat causing thermal pollution.
(d) OTEC : Ocean Thermal Enerqgy Conversion

This process 1involved extracting power from a turbine driven by the
small temperature gradients present in the ocean between the surface
and the water at depths of hundreds of metres. This has a low
efficiency between one and three per cent (1) but as techniques
improve 1t may eventually produce significant quantities of electrical
power. J[here 1s no thermal pollution problem and OTEC has the further
advantage of operating at the same capacity day and night because the
ocean serves as a masslve energy storage system. There 1s still more
development required and the implications on marine life 1in the
surrounding areas must be considered. Small quantities of energy

might be available from this source next century.

(e) _§pLAR . Extraterrestrial

Projects are being conceived where photovoltaic cell arrays are built
in space and used to collect solar energy. The collected energy 1s
sent to earth in the form of a concentrated beam of microwave energy.
This has numerous advantages, no land required except for the receiver,
ideal operating conditions for photvoltaic cells and a constant

solar flux unaffected by the earth's atmosphere. Unfortunately the
beamed energy will cause thermal pollution duexto the extra heat

load on the earth but a more serious hazard is the concentrated beem
of energy. Some people believe it may damage certain layers of the
atmosphere, furthermore, aeroplanes could not fly in the vicinity of the

beam and it would be necessary to ensure there were safeguards against



the possibility of the beam not coming in contact with the receiver.,
Glaser (15) discusses the potential of solar power satellites and
explains how some of the problems are being overcome. It will

probably be well into the 21st century before significant enerqy

supplies will be obtained from satellites.

(f) SOLAR : Terrestrial

lerrestrial solar collection 1s in limited use throughout the world.
It requires further technical development and it i1s dependent on

site, climate, etc. A storage system 1s normally required and there
may be environmental problems associated with solar energy collection
by large arrays of solar collectors. These problems will be discussed
more fully later 1n this chapter. Despite the problems, solar energy
collection appears to be one possible alternative energy source which
could be a major contributor to the world's primary energy supplies

in the early 21st century.

(g) TIDAL

Energy can be collected from the bi-diurnal tidal movements caused

by the moon's gravitational forces. There are unfortunately only a
limited number of suitable sites in the world. The French have a
small pilot project on the Rance estuary near St Malo. The (anadians
are studying a preoject for the Bay of Fundy. In Britain the Bristo!l
Channel appears to be a favorable site as it is a lrge eduary which
enjoys one of the highest tides in the world. Although there are a
number of different schemes, the principle is that the energy
contained in the flooding and ebbing of the tide in the estuary 1s
used to operate turbines which generate electricity. Tidal energy
has no pollution problems and can generate large quantities of power,
the Bristol Channel alone could produce over 80 PJ per annum ( = 1%

of the UK primary energy demand). However tidal energy 1s unlikely

to be a major global source of energy.

IV,
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(h) WAVE POWER

Wave power is really another form of wind power since waves are
produced due to the wind and the sea acts as a very large ccllecting
area. It 1s possible to generate electricity from the enerqy contained
within individual waves. One of its advantages 1is that the more
inclement the weather the more energy is obtained tending to match
energy demands. However, a back-up device or some storage facility
must be available for calm periods. Experimental models are being
built for use i1n the UK coastal waters. As yet, most of the technical
problems 1n large scale projects have not been overcomz. Although

wave power may eventually be an important alternative energy source,

it will not contribute any significant quantities of enerqgy by the

21st century.

(i) WIND POWER

e S e R ———

A vast secondary source of energy derived from solar energy 1s the
wind. Wind power has been used for tnousands of years to power
seacraft, and for hundreds of years to power mills for grinding

flour and cereals. At present many sites in Britain have been
designated potential wind electricity generating sites. The conver-
sion efficiency from wind energy to electrical energy 1s approximately

34%. The extractable energy has been shown by Rayment (16) to be,

5

50 GJ per annum

E = 0.0148 AV
e S

(i.e. E = 4 ASV3 kwh per annum)

e >0
where
Ee - the extractable energy
AS - the swept cross sectional area of the aerogenerator rotor
arm(s)
VBO - the wind speed exceeded 50% of the year. This is usually

quite close to the mean annual wind speed.

Although an aerogenerator will theoretically operate anywhere, 1t 1s

more practical to operate it under high wind conditions, for examnie,

2 6



1f V50 1s doubled the extractable energy increases eichtfold. The
value of Ee obtained from the equation given above should be considered
an upper limit because there are occasions when the wind speed is
elther too high or too low to operate the aerogenerator. These limits
of wind speed are known as the rated speed and the starting speed
respectively. Wind power causes no thermal pollution but a moderately
large land area 1is required for significant quantities of electricity
to be generated. Wind power 1s potentially one of the most 1important
alternative energy sources. However, itsmain function by 2000 AD

will probably be supplying electrical power to remote isolated
communities. For example, the Western Isles of Scotland has a

value of VSU , twice that of the mainland, the potential for wind

power in this site is already under investigation.

The potential contribution of each of these alternative energy sources
if fully implemented, either per annum or in its lifetime, 1s given

in Table 1.5.

Every country has the potential to exploit wind and solar energy.

This does not involve drilling or advanced technology. 0Of the two,
solar energy ccllection possesses the greater potential energy supply,
although solar energy potential diminishes the further the site 1s

from the equator.



Alternative Energy Source Practical Limit

Biomass 3 = 1021 J/year
18
Geothermal 107" J/year
. 28
Nuclear Fusion 107 J/year
. .18
OTEC 6 * 107~ J/year
Extraterrestial Solar Radiation oL
Terrestial Solar Radiation 3.2 % 1022 J/year ®
Tid al 1048 J/year
Wave no estimate
Wind 6 * 1021 J/year
.. - , 22
Nuclear Fission 6.7 ~ 1077 J
: , 22
Foss1l Fuels 3 % 10 J
: . 20
1980 Global Consumption 3 % 107 J/year

TABLE 1.5 Practical Limit of Alternative Energy Sources
and existing sources (17) assuming technology

available

% this figure 1s based on the collection of 1%
of the mean annual solar flux rate falling
on the earth.

> 8
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Available Solar tnergy

The total energy intensity of extraterrestrial solar radiation
measured just oultside the earth's atmosphere and integrated over tne
entire solar spectrum is called the 'Solar Constant', denoted by Gsc'
The term Solar Constant 1s a misnomer since the intensity of the
extraterrestrial radiation varies throughout the year because of the
eliptical orbit of the earth around the sun. The solar constant
intensity 1is evaluated at the mean sun-earth distance, the maximum
and minimum discrepancy occurring at the Perihelion and Apnelion

respectively (Figure 1.2). Adjustments to the solar constant for the

distance variation can be made using the empirical formula (18):

. 1

=6, [1+0.033Cos (260N, 1 (1.1)

570

where Gsc1 is the corrected solar constant and N represents the year

day number.

Several different values of solar constant existed before a standard
value of 1.355 kwM“2 was proposed by Thekaekara (19). T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>