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PREFACE

The purpose of writing this three volume 'Advances in
Solar Energy Technology' is to provide all the relevant
latest informationm available in the field of Solar Energy
(Applied as well as Theoretical) to serve as the best source

material at one place. Attempts are made to discuss topics
in depth to assist both the students (i.e. wundergraduate,
postgraduate, research scholars etc.) and the professionals

(i.e. Consultancy, design, and contracting firms).
Chapter 1 starts with a brief history of solar houses
(active heating), one of the oldest and still the widely

used application of Solar Enerxrgy. Various methods of build-
ing heating and other general aspects such as building form
and functions are also described. Various components of

active solar heating of building 1like solar <collector,
storage system, control umnit, auxiliary heat source, etc.

are discussed very briefly. Three types of solar active
heating of buildings like Solar air systems, solar 1liquid
systems, and solar assisted heat pump systems are discussed
in detail in this chapter. Design details and performance

of nine typical solar houses which are in use in different
climatic conditions and using some newer concepts are also
discussed in depth in this chapter.

Solar energy can play a significant role in providing
process heat in industries thus saving conventional fuels
like =electricity, gas, oil, etc. This topic of recent
interest is discussed in detail in chapter 2. All the three
industrial process heat systems like hot water, hot air, and
steam industrial process heat systems are described here. A
few typical examples of solar process heat systems which are
in wuse are discussed briefly and advantages derived are
presented. Some of the problems of industrial process heat
systems (IPHS) and a simple design method for solar IPHS are
also discussed briefly.

Solar furmnaces can provide very high temperatures and
can be used for some specialised Research and Development
work. The topic of solar furnace is discussed in detail in
Chapter 3. Different types of solar furnaces and their
components are also discussed in this chapter. A few
typical solar furnace designs along with measuring
intrumentation are also described. Various material
properties both physical and chemical which can be studied
and other applications of solar furnace are discussed in
detail in this chapter.

Conversion of solar energy into mechanical power is the

Xiil
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most important application of solar emnergy. Considerable
effort in this direction has been made and the progress is
reviewed in chapter 4. The principle of solar engines and
their limitations along with different solar engines 1like
steam engines, turbines, stirling engines, and Brayton
engines are discussed in this chapter. A few typical solar
power plants using linear parabolic concentrators, para-
boloidal dish, central tower receiver, etc. of different
capacities are briefly described here. For comparison a 6

MWe solar photovoltaic power plant is also discussed.

In developing countries, the use of solar energy for
producing cold either for comfort or for preservation of
food <can go a long way. This topic of solar refrigeration
and airconditioning is discussed in greater detail in
chapter 5 of this volume. Various methods of producing
airconditioning or refrigeration like absorption <cooling,
desiccant cooling, vapor <compression cooling, and passive
cooling are discussed in somewhat greater detail in this
chapter. In each <case a couple of typical examples are
discussed. Various problems and successes achieved in each
type of cooling are also presented.

The subject matter of chapter-6 is the passive solar
house heating - a topic of the world interest and an
application which does not need any moving part and wused
widely. 1In this chapter the building functions and forms
typical passive ©buildings, design characteristics, and
prediction models are discussed in depth. The various
critical parameters affecting the performance of a passive
building and which should be kept in mind by an engineer or
an architect while planning the buildings are also briefly
described.

Attempts are made to discuss important items in detail
in each volume giving as many as possible graphs, illustra-

tions, tables, equations to make the subject clear and
useful. It is hoped that this volume also will be used as a
reference book and as a text book for higher studies. In

the end any comments / criticism which may help me in
improving the other volumes in the series are also welcome.

New Delhi H P GARG
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CHAPTER 1

SOLAR HEATING OF BUILDINGS: ACTIVE SYSTEMS

1.1 INTRODUCTION

The function of a building or a house is to provide shelter
to its occupants from weather. Since the weather conditions
vary widely over the year and in different places, and the
humans feel comfortable within certain range of air tempera-
tures and humidities, the houses are made to provide
everyday living comfort. The heating of houses in winter to
provide <comfort by the use of solar enmergy is an ancient
concept and 1is in use since man started to build habita-
tions. Basically the solar heating systems are divided into
two categories: the passive heating and active heating.
Passive systems do not need any mechanical system and are
designed such that the glazed area, walls and roofs are made
use for collecting, storing, and distributing the heat indo-
ors by mnatural processess of convection, radiation, and
conduction. Four basic concepts for passive solar heating
are: direct gain, collector-storage wall, sunspace, and
collector-storage roof. These concepts will be discussed in
a separate chapter in volume 3. In active heating systems,
separate solar collectors are used to heat a fluid; storage
devices are used to store heat for use at night and on
intermittent days; auxiliary heating systems to supply heat
when required; and distribution systems alongwith controls
to supply heat to required spaces.

Active heating of buildings can be done using either of
the following three ways:

(1) Solar heating of water in liquid collectors and
transferring the heat to living space from storage
unit by means of liquid or air.

(ii) Solar heating of air imn air <collectors and
transferring the heat to living space from storage
unit by means of air or liquid, and

(iii) Using solar energy 'stored' in the environment in
the form of heat (ambient heat) by means of heat
pumps. '

Any of the above active space heating systems if
coupled with an appropriate auxiliary heating arrangement
can provide the same comfortable conditions as by the conve-
ntional space heating system canm be installed in existing

1



2 CHAPTER 1

buildings and thus will be termed as 'retrofit system' Dbut
such system generally turns out to be costly. The buildings
which are specially designed for providing comfortable con-
ditions using solar active heating systems are such that
they get more solar energy in winter and less in summer and
thus reduce the heating and cooling loads, are better known
as 'Solar houses'. Such houses are adequately insulated;
properly oriented; optimally glazed; adequately sealed
against air leakages; and appropriate materials and combina-
tion of materials used to admit, absorb, store, release, and
distribute solar energy to reduce the heating 1load and
thereby the size of the heating system. 1In different count-
ries the climate is different and varying, building codes
are different, economic prosperity is different, different
kind of building materials are available, and therefore the
structure and thermal characteristics of the buildings are
different. Therefore, there cannot be a common 'solar house’®
design for all the places.

Indeed the greatest need of the day is to develop a
cost-effective active solar heating system. Therefore the
problem is of two fold, the improved thermal perfromance at
lower overall system cost. The initial cost and area requir-
ed for a active solar heating system may be higher compared
to the conventional heating system but the operatiomal cost
will be much lower. Therefore, a system analysis based on
parametric studies should be carried out to predict the cost
effectiveness and thermal performance of a system for diffe-

rent system configurations, climates, building types, and
load. 1In this <chapter some of the requirement of solar
houses, solar active heating systems, a few typical solar

houses, design methods, and ecnomics are discussed.

1.2 HISTORY OF SOLAR HOUSES

Solar active space heating is the oldest and matured
technology and many thousands of solar heating systems are
now operational in several countries and reliable design
methods are now available. Although research on solar space
heating has continued for the last forty years, most of the
reliable and engineered installations based on early systems
are made only during the last one decade. Perhaps the idea
of solar space heating was first[l] given by Professor E.S.
Morse of Salem, Massachustts (USA), in 1881, where a black-
ened slate properly glazed was fixed near the wall facing
south and its function was almost similar to the modern
"Trombe wall'[2], presently practised all over the world.

Systematic studies on solar heating began in 1938 at
the Massachusetts Institute of Technology (MIT), Cambridge,
Massachusetts, USA, by Dr.H.C.Hottel and his group under a
grant from Godfrey L.Cabot Foundation. The first classic
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paper[3] dealing with solar flat-plate collectors and liquid
heating was published in 1942 by Dr.H.C.Hottel and his
graduate student Mr.B.B.Woertz. Later analytical and experi-
mental studies on solar collectors and fluid heating were
carried out in USA[4,5) U.K.[6], Australial[7], 1Israell[8],
South Africa[9], and India[10].

Perhaps the first 100 percent solar heated solar house

known as MIT Solar House No. 1 was built at Lixington,
Massachusets by Hottel[11l] in 1939, The house was consisted
of two rooms, one office and one Laboratory with a total

floor area of 46.5 m2, Liquid flat-plate collectors instal-
led on the sloped roof with a total exposed area of 33.5 m
with triple glazing were used along with a large hot water
storage tank of 65.86 m3 capacity placed in the basement.
Based on its experience, Solar House known as M.I.T. Houses
NO.2, 3 and 4 were built in 1947,1949, and 1958 respective-
ly. The M.I.T. Houses No.4 was built{12] in 1958 and the
solar system provided 44 percent space heating load and 57
percent domestic hot water load. It was a two storey build-
ing having 135 m? of usable living area. The heating system
consists of solar water having liquid double glazed flat
plate <c¢ollectors (59.5 m? installed on sloped roof, insu-
lated hot water storage tank (5.7 m3), oil fired auxillary
furnace and hot-air supply arrangement to the rooms.

A solar house was designed in 1948 by Talkes and
Raymond[13] under a grant from Miss Amelia Peabody and was
constructed at Dover, Massachusetts, USA. The solar heating
system consists of double glazed solar air heater (66.9 m2)
in a vertical position on the south wall of the ©building,
storage bins (13.3 m3) containing Glauber's salt (sodium
sulphate decahydrate), and fans for distributing the heat
from storage to the rooms.Only the ground floor area of
135.3 m2 was heated. The entire heating load was to be met
by the system as per design and the storage system is desig-
ned to provide heat for 5 days.

Seven houses were constructed by Thomason[1l4,15] in
Washington D.C. with the first single storeyed built in 1959
with a floor area of 139 m2, 1In this system, simple and
inexpensive 'trickle' collectors[16] (78 m2) were used. The
hot water is-stored in a water storage tank (6.1 m3) surrou-
nded by 50 Tons of small, 100 mm diameter rocks, which gets
heated by conduction and convection heat transfer from the
tank. This system had provided 95 percent of the heating

load of the house. The seventh house uses the three princi-
pal innovations (i) use of 'Pancake' under the floor heat
storage, (ii) use of shallow solar pond on the roof with a

booster reflector, and (iii) draining hot water from shallow
solar pond each night to underfloor 'Pancake' heat storage
area where it warms the floor and living space. Since these
Thomason houses are widely studied for many years, it has
given a confidence and many new houses in USA are made on
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the principles of Thomason houses.
The pioneer work on Solar House Heating was done by
George 0.G.Lof at the C@lorado State University, Colorado,

USA. Lof designed a nine room resdence[l17,18] in Denver,
Colarado with a total Living area of 296 m2, and heated with
solar energy, in which he and his family have lived since

1959. The solar system consists of overlapped glass plate
solar air heaters[19] (49.1 m2); a rock bed storage system
with 10651 Kg granite rock (13-25 mm diameter); an air to
water heat exchanger; an auxiliary natural gas fired furn-
ace; and associated fans, blowers and controls. The heating
system "is completely automatic with provisions for water
heating in addition to space heating. The solar system is
fully instrumented and very systematic performance data for
the last 22 years is obtained and the decline in performance
has been only 1.88 percent per year which has given a great
confidence in the installationm of solar active heating

system.
R.W.Bliss[20] in 1955 constructed a solar heated house
at Amado, Arizone having floor area 62.43 mZ, matrix air

heaters (29.26 m2) and a rock bed storage system (36.8 m3).
The solar collectors not only work as heat receiver but also
as a heat radiator for cooling purposes. Auxiliary heat 1is
supplied by a small heat pump. Although it was claimed at
that time that this is the first 100 percent solar heated
home in USA but the economics were adverse.

Perhaps the first single storeyed cffice building was
heated by solar energy im 1956 at Albuquerque, New Mexico,
USA, and the same was designed by Bridgers and Paxon[21].
Single glazed 1liquid flat plate collectors (70 m2) were
installed on the sloping south wall of the building having
approximately 400 m2 useful floor area. An underground hot
water storage tank of 22.7 m3 was used in this system. Space
is heated by passing hot water from hot water storage tank
to the tubes embeded in the ceiling and floors of the rooms.
Auxiliary heat is supplied by a heat pump which performs the
dual function of supplying part heat in winter if required
and cooling in the summer season.

Yanagimachi{22,23] did pioneer work on solar house
heating and «cooling and designed Solar House I and II 1in
1958 and 1961 which used unglazed collectors for <collecting
heat during daytime and radiates heat during night time and
this hot or cold is stored in water storage tanks to supply
heating or cooling to the building and heat pumps to maint-
ain adequate temperature difference between the two tanks.
This priciple is in use in several buildings in Japan.

The Institute of Energy Conversion, University of Dela-
ware, New york, Delware, USA[24] in 1973 designed a 'Solar
One' which uses solar air heaters (70 m2) for heating the
storage unit and space; and photovoltaic panels made of
Cadmium sulphide/copper sulphide (CdS/Cu,S) which generate
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electricity which is stored in 120 volt d.c. storage batte-
ries for use at night to run a heat pump which <cools the
building; and two types of heat of fusion materials for
energy storage. One storage unit contains sodium thiosulph-
ate pentahydrate (NajpS04.5H70) with a change of phase of
49 C and stores heat for use when building requires heating
and the second storage contains a eutectic salt, mainly
sodium sulphate decahydrate (NajySO4.10H50) with a change of
phase at 12.8 C to store coolness in summer produced by a
heat pump during the day when the solar cells are producing
electricity, for use at night. More than a day's storage of
heat and cold can be done in these systems.

Lof et al[25,26] have designed NSF/CSU house No.I and
No.II in 1974 and 1976 respectively for heating and cooling
of space. CSU I is a two-storeyed residence of 128 mZ2 heated
area with liquid flat plate collectors (67 m2). The Colorado
State University (CSU) Solar house II is of identical confi-
guration except it uses a flat-plate sloar air heating

collector (68.4 m2), a 20 ton rock bed storage umnit, an
auxillary hot water heater, a day-night evaporative exchange
cooler with outside air inlet and exhaust duct, blowers,
fans, automatic dampers and controls etc.

Recently Schreitmuller[27] has described 'Solarhaus
Freiburg' a l12-apartment house constructed in 1978 in the

Rhine Valley 141 Km west of Freiburg, South West Germany and
which is one of the biggest residential building equipped
with a solar plant for hot water supply and partial space
heating in West Germany. This house not only make use of
active solar heating but also incorporates a number of so-
called passive energy saving measures. The house is equipped
with two arrays of evacuated tube collecters each of about
30 m net solar absorbing area. The auxiliary energy is
supplied by an o0il fired heating system and is needed only
during particularly cold weather and extended periods of

poor sunshine. The house is fully instrumented and control-
led and more than 40 different operational modes can be
realized in the Freiburg Solar House. This is a joint Vent-

ure of Bundesministerium fur Furschung and Technologies,
West Germany and U.S. Department of Energy, USA.

Kazuhiro Aiso[28] has designed in 1982 a Yazaki solar
House II for Nagaoka, Niigata, Japan which is a 190 m2
hybrid Solar House of two floors, the first made of reinfo-
rced concrete and the second of wood. The heating system
consists of 48 high efficiency solar collectors (56.2 m2), a
2-tons heat storage tank surrounded by 40 m3 of soil storage
media, a hot water fired absorption chiller, a gas fired
auxillary boiler, 14 snow melting panels, 6 Ceiling mounted
radiant heating panels, a floor heating system, and 7 fan
coil wunits for room heating, and several passive design
features. 1Inspite of poor insolation levels in winter, the
system is able to provide comfortable, safe and convenient
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living environment.

Recently, in many countries of the world, demonstration
Solar Houses with solar active space heating system have
been built by Research Institutions, 1Industrial Companies
and private Owners because of serious shortage and rapidly
rising prices of petroleum products. A few impotant pioneer
solar houses in Chronological order are listed in Table 1.1.
Several review articles on solar active house heating have
appeared in journals and books[29-46] which described the
design features and performance characteristics of some of
the Solar Houses.

Table 1.1 Typical Solar Houses around the world

1. MIT Solar House No.l in Massachusetts, USA by
H.C.Hottel (1939).

2. Boulder Solar House in Colorado, USA, by Lof (1945).

3. MIT Solar House No.2 in Massachusetts, USA by
H.C.Hottel (1947).

4, Dover Solar House in Massachusetts, USA by M.Telkes,
E.Raymond and A.Peaboy (1948).

5. MIT Solar House No.3 in Massachusetts, USA by
H.C.Hottel (1949).

6. New Mexico State College Solar House, USA, by
Gardenshire (1953).

7. Lefever Solar House in Pennsylvania, USA, by
H.R.Lefever (1954).

8. Amado Solar House in Arizona, USA, by Denovan,
E.Raymond, R.W.Bliss (1956).

9. Bridgers and Paxon Solar House, Albuquerque, New

Mexico, USA (1956).
10. Solar House in Bristol, U.K. by L.Garden (1956).
11. Richmansworth Solar House, U.K. by E.Curtis (1956).
12. Solar House in Tokyo, Japan, by M.Yanagimachi (1956).
13. University of Toronto Solar House,Canada, by E.A.Allcut

(1956).

14. MIT Solar House No.4 in Massachusetts, USA, by
H.C.Hottel (1958). ,

15. Solar House in Casablanca, Marocco, by C.M.Shaw and

Assosiates, (1958).
16. Solar House in Nagoya, Japan, by M.Yanagimachi (1956).
17. Denver Solar House in Colorado, ©USA, by G.0.G.Lof

(1959).

18. Princeton University Solar House in New Jersey, USA, by
A.O0lgyay (1959).

19. Solar Office House in Tucson, Arizona, USA, by Bliss
(1959).

20. Thomason Solar House No.l in Washington D.C., ©USA, by
A.Thomason (1959).
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21.

22.

23.

24,

25.

26.
27.

28.

29.
30.

31.

32.
33.

34,

35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.
47.

48.

Thomason Solar House No.2 in Washington D.C., USA, by
A.Thomason (1961).

George School Building, Wallasey, U.K., by A.E.Morgan
(1962).

Henry Mathew Solar House, Coos Bay, Oregon, USA, by
H.Mathew (1966).

Hoffman Solar House, Surrey, British Columbia, Canada,
by Hoffman (1971).

Kimura Solar House,Tokorazawa, Japan, by K.Kimura
(1972).

Solar One House at Newwark, Delaware, USA (1973).
Phoenix of Colorado Springs Solar House in Colorado
Springs, Colorado, USA (1973).

NSF/CSU Solar House 1,Colorado State University,
Colorado, USA, by D.S.Ward and G.0.G.Lof (1974).

OSE Project Solar House, Tokyo, Japan (1974).

Copper Development Assosiation Decade 80 House, Tucson,
UusA (1975).

Milton Keynes House at Milton Keynes, U.K., by
S.V.Szokoley (1975).

Higher Bebington Houses,Liverpool, U.K. (1975).
Building Research Establishment Houses, Watford, U.K.
(1975).

Ashi Kuzuha Solar House, Hirakata, Japan, by Yazaki Co.
(1975).

Soka Solar House,Koka,Japan by S.Tanaka (1975).

Toshiba Solar House, Kawasaki, Japan, by Toshiba Co.
(1975).

Pepper Solar House, Granton, Ontario, Canada by Pepper
(1975).

Zero Energy House, Technical University of Denmark,
Lyngby, Denmark (1975).

Philips Solar House, Philips Research Laboratory,
Aachen, Germany (1975).

Solar House of Eindhaoven University of
Technology, Eindhover, The Netherlands (1976).
Ishibashi Solar House, Kosai, Japan, by T.Ishibashi
(1976).

LASL Mobile Solar House, Los Alamos Lab., New
Mexico, USA (1976).

Granada House, Macclesfield, U.K. (1976).

NSF/CSU Solar House II,Colorado State University, Fort
Collins, Colorado, USA, by D.S.Ward and G.0.G.Lof
(1976).

Konishi Solar House,Kobubunyi, Japan, by Y.Nakajima
(1976).

Solar House in New Zealand (1976).

Lorriman Solar House, Mississauge, Ontario, Canada, by
Lorriman (1976).

La Macaza Solar House, La Makaza, Quebec, Canada, by
Shelter Systems Group, McGill ©University, Montreal
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(1976).

49, Provident Solar House,Ontario, Canada, by F.C.Hooper
and J.Fix (1976).

50. IVES House, Hudson, Canada, by Natiomal Research
Council of Canada (1977).

51. Solar House 'Helios I' in Trapeza Aigialeias, Greece,
by N.Alexandros (1978).

52. Solarhaus Freiburg, Freiburg, West Germany, by
K.R.Schreitmuller (1978).

53. Solar House in Studsyik, Sweden, by R.Roseen and
B.Perers (1979).

54. Yazaki Solar House 1II, Japan, by Kazuhiro Aiso
(1982).

1.3 BUILDING FORM AND FUNCTION

Everybody needs a comfortable house where activities
like sitting, sleeping, dining, food preparation, storing,
studying, recreation, bathing, hobbies, etc can be conduct-
ed. In the house the rooms should be located in such a way
that the rooms which are more frequently required should be
towards the south side of the house making efficient use of
winter sun. The rooms required for morning activities should
be located towards the east side. For late-afternoon use,
the rooms should be towards the west side of the house. The
rooms facing north receive little sun and therefore remain
cooler and can be used for storage and sleeping. For living,
required for major duration, the room facing South-West may

be better. Energy comnservation in building play a signifi-
cant role which not only make a comfortable 1living but
energy saver also. It is true that if there is a choice,

then one should go to energy conservation measures and then
to solar. A hybrid system is now preferred due to its econo-
mics which combines ©passive heating of ©building and an
active solar heating system. In such a hybrid system[47] the
indoor temperature <can be controlled more precisely than
with a purely passive or active design.

Building site and location is important not only from
convenience point of view but from comfort also. The natural
topography and micro-climate may significantly affect the

solar performance. Building sites get affected by sun and
prevailing wind, site slope, hills, vegetation, frost and
drifting snow, soil types, and proximity of water ponds or

water canals.

Building morphology can significantly reduce the heat-
ing load. Rectangular shaped houses with the length not more
then 1.5 times the width and elongated in the east-west
direction would minimize heat loss in winter and overheating
in summer[48]. This is due to the fact that east and west
faces receive more radiation in summer and should have less
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area while south face receive more radiation in winter and
should have larger area. The large glazing area or windows
should be in the south wall to permit the entry of winter
sun. All other walls should contain minimum glass area. Such
considerations has led Wright{49] to propose 'heliothermic'
site planning. But the south facing windows design and area
should be such that their energy balance at a place is
positive 1i.e. the total solar heat gain during the winter
seasons may exceed their total heat loss[50]. Therefore, it
is necessary in winter to have double or triple glazed
windows or even heat mirror coatings on glazing may be used.
Movable insulation can also be used to reduce heat loss at
night and on cloudy days.

Multistoreyed ©building should be preferred than the

single storeyed building with the same volume, since it
would have less exposed area and therefore comparatively
less heat loss. Moreover, mnmultistorey building 1is best
suited for central hot air systems[51]. A part of the buil-
ding if sunken in the ground will also be energy efficient
[52], since the temperature in the underground at a 3 m

depth remains constant and is generally equal to the annual
average of air temperature.

The colour of roof and walls have tremendous effect on
the 1indoor <climate of absorption and reflection effect of
solar radiation. In colder climates, the heating load can be
reduced by using dark colours particularly on the southern
wall which helps in the reduction of heat loss from building
interior. 1In Israel it is a practise[53] to white wash the
roof in the spring season. This reflects summer sun and
allows more heat in winter because the raims in autumn
removes this whitewash and leaves the roof dark inm colour.

Vegetation near the house may also significantly change
the indoor environment. Small and dense vegetation near the
northern, western and eastern wall will change the wind
pattern and thereby changing the external surface <coeffici-
ent of wall resulting in increase in effective thermal
resistance of the wall. This will also reduce to some extent
the air infiltration through leaks in windows and walls.
Deciduous trees if planted near the wall facing north will
provide warmth from sun in winter and coolness due to
shading in summer.

The three thermophysical properties, the thermal resis-
tance, heat capacity and solar absorption of surface are of
importance for energy conservation in buildings. A building
material or a combination of building materials for walls,
roofs, floors, and intermnal partitions should be so chasen
that they should provide a high thermal resistance together
with a high heat capacity. The thick and heavy structure of
walls and roofs not only suppress the amplitude of the
external temperature and thus smoothing out variationm 1in
inside temperature but also stores sufficient amount of heat
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which is useful for night time. 1In this respect 'Trombe
wall' which is high mass wall on the south side of the
house, blackened and glazed, will be very useful which not
only serves as solar energy collecter but also as storage
and built in radiant heating panel. It is recommended that
walls and roof should be well insulated with double sided
reflective aluminium foil.

Since the payback period of energy consevation features
as discussed above is less compared to active solar heating
system, it is recommended that these features should be
included in the building design from the outset. There is no
thumb rfule or standard method to find out the optimum mix of
solar and energy conservation features. This can only be
done by using economic methodologies and performace predict-
ion methods[54] wusing computer simulation, although this is
an expensive design process.

1.4 CONVENTIONAL SPACE HEATING SYSTEMS

Heating of ©building space is required for providing
comfort to the occupants. The heat for heating the space in
the building should be supplied at a rate equal to the rate
of heat loss by conduction through the building elements to
outdoors and by convection due to air exchange from outside
to inside. There is a widely varying standards[55] of hea-
ting in different countries, but these can be categorised in
the following three forms:

(i) Complete house heating,

(ii) Partial house heating, and
(iii) Single room heating.

Depending on the above standard forms of heating, the
heating methods may be different. Generally the space hea-
ting methods are radiant fires, convection stoves, hot water
or steam radiator or convector system, and forced warm air
heating. Heating fuels which are generally used are natural
gas, fuel o0il, electricity, coal, and wood.

For heating small rooms or where central heating faci-
lities are not available, the unit type of radiant fires in
individual rooms can be used. Radiant fires are generally:
open fire place where wood is used as fuel, carefully desig-
ned grate where brown Coal is used as fuel, radiation ovens
where gas 1is used as fuel, electric resistance type radia-
tors where the element is exposed and electricity is used as

fuel, and electrical radiator where the element is con-
cealed. 1In such unit type of radiant fire systems, the heat
is transferred by radiation, and therefore <considerable

temperature gradient exists.

Convection stoves in small rooms provide much uniform
temperature compared to radiant fire systems. Here fuels
like caol, electricity, oil, and gas can be used. In case of



SOLAR HEATING OF BUILDINGS: ACTIVE SYSTEMS 11

coal fired stoves burning rates can be controlled by adjus-
ting the amount of input air. Heat transfer air generally
passes through the ducts within the stove either by natural
convection or by a small propeller fam. Better distribution
of heat in the room can be achieved with fan but the fuel
consumption in this case increases.

In some central heating systems, hot water or steam is
used which passes through radiators or finned tubes instal-
led in the space being heated. The space gets heated due to
heat delivered from the fins by natural convection. Some-
times the long pipes or fins are embeded in the floor,
walls, and ceiling of the room and the space gets heated due
to mnatural convection and radiation heat loss from these
panels. Generally hot water at a temperature of about 80 °C
is supplied to these panels. If the surface area of these
panels are large such as in case of floor, walls or ceiling
embedded panels, hot water at a temperature between 40-50"°C
can be supplied.

In most of the centrally heated buildings, hot air is
used to heat the spaces. In such systems the cool room air
is passed over a heat exchanger of a furnace by means of a
blower fan. Sometimes steam or hot water boilers are used to
heat the air which is then supplied through ducts to the
rooms of a building. The heat exchanger is heated by burmning
of coal, o0il, gas, or wood. The hot air generally supplied
to the living space is at a temperatue of 50-60°C which gets
mixed with the cool room air which is later pumped back to
the heat exchanger for further heating. Optimum arrangement
of discharge points are as follows[56]:

(a) Hot air should be discharged in a room close to

the floor and in a horizontal direction.

(b) 1Inlet height for the return air is not very

important.

(c¢) The hot air in the room should be supplied at a

rate that the supplied hot air temprature should
not be more than 20 °C.

1.5 GENERAL ASPECTS OF SOLAR ACTIVE HEATING OF BUILDINGS

There is a large variety of solar active space heating
system ranging from small size heaters with only a few m2 of
collector area to large and sophisticated systems used for
heating community and industrial buildings where the collec-
tor area may be several thousands of m2. Yet there 1is a
large similarity in the basic layout of these systems. A
typical active solar space heating system is shown in
fig.1.1. All these active systems may be small or big
consists of mainly the following five subsytems[59]:

1. The solar energy collectors generally the flat-
plate 1liquid or air <collectors, converting the
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solar radiation into heat.

2. A suitable heat storage device, generally water or
pebble bed or mix of these two or sometimes latent
heat storage materials, synchronisation of heat
supply and heat demand.

3. An auxiliary heat supply arrangement required in
case of poor sumnshine.

4, Control system and fluid flow devices, controlling
the various operations.

5. Pumping and ductwork or the distribution systems
supplying the heat at an appropriate place.
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FIG.1.1 SIMPLE BASIC LAYOUT OF AN ACTIVE SOLAR HEATING
SYSTEM

It has been seen earlier that in most of the solar
space heating systems, the temperature requirement of the
fluid is in the range of 50 to 80 <€, which makes the system
much simpler in terms of fluid selection and the obvious
choice is water or air, in terms of solar energy collectors
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and the choice is liquid or air heating collector, and in
terms of storage device and the most obvious choice is water
or rock bed storage system.

Apart from the above main components of a active solar
heating system, there are many other additional components
that are generally required and which depend on the climatic
and operating conditions, materials used, purpose and size
of installation, and preference of the individual designer.
Some of these additional components are as follows:

(i) A heat exchanger in the collector and storage
loop. This is required when the fluid in the
collector loop and the storage tank is different
such as water in the storage tank and antifreeze
solution in the collectors or air in the collector
loop and water in the storage tank.

(ii) Drain-down type of collectors where the water is
drained in the evenings to protect it from damage
due to freezing.

(iii) A heat exchanger in the delivery and storage loop
which is also required when the fluids in the
storage tank and the delivery pipe are different.

(iv) The distribution system can also be quite <complex
which may not only supply heat for space heating
but also for hot water supply making the system
more reliable.

(v) Multilayered and multiplex storage system, sto-
ring the heat at different temperatures for diffe-
rent applications and for different periods 1like
diurnal or seasonal.

(vi) Use of heat pump along with the collectors opera-
ting at lower temperature difference and thereby
increasing the efficiency.

(vii) A device for exhausting the surplus heat avoiding
the boiling of water.

(viii) A suitable liquid to air heat exchanger or pipe
work or panels in the load loop for dissipating
heat to the space required for heating.

These eight additional components and many other compo-
nents along the main five subcomponents discussed above
makes a solar heating system quite complex and therefore an
understanding of each of these components and their optimi-
zation is required to make a system cost effective. Various
modes of operation of the heating system are

(i) When solar energy is available, the energy collec~-
ted by the collectors can be directly supplied to
the buildings without storing it. If required .the
energy can be augmented by auxiliary heating arra-
ngement. This mode may also be possible when the
storage unit is fully charged and the solar colle-
cted heat is directly supplied to the building.

(ii) 1In this mode of operation, solar energy is availa-
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ble, but heat is not required in the building and
therefore the solar collected heat is stored in
the storage unit.?

(iii) In this mode of operation solar energy 1is not
available, and the heat required in the building
is supplied from the storage unit which was stored
earlier.

(iv) In this special mode of operation, mneither the
solar energy is available nor the heat is stored
in the storage unit, and hence the required heat
in the building is supplied from the auxiliary
heating source.

(v) 1In some special cases, mneither the heat in the
storage unit is required nor in the building 1is
required and therfore the collector goes on colle-
cting the solar heat. 1In such cases some energy
dumping machanisms or pressure relief valves are
used or otherwise a steady state condition reaches
where the rate of absorption of heat equals the
rate of heat loss.

(vi) 1In some special mode of operations, solar heat is
not only used for heating the space but also for
heating the water for domestic use.

As discussed earlier, solar space heating systems are
of two types; the active heating where solar energy collec-
tor, storage system, and distribution system are separate
units and pumps and fans etc. are used for circulating the
fluid and distribution of heat etc.; and the passive heating
systems where the solar energy <collector, storage, and
distribution are combined in the building envelope itself.
Passive systems are much simpler and generally economical
and can be incorporated only at the time of design of
buildings. A photograph of a typical passive solar heated
building[58] in U.K. is shown in fig.1.2. This 1is a
St.Georges's School Building at Wallasey, U.K. completed in
1961 and is the oldest and probably the largest direct gain
passive solar building in the U.K. The entire south wall of
the building acts as solar wall and measures 70 x 8 m and is
double glazed. The entire roof and north wall is well insu-
lated. Observations have shown that solar radiation alone is
able to heat tQF school building. 1In winters average tempe-
ratures of 16 C and above are observed in the building and
24.5 C in summmer.

Even the active heating systems are of three types: the
one in which liquid flat-plate collectors are used, the
second in which solar air heating collectors are used, and
the third makes use of a heat pump system alongwith flat-
plate <collectors. These systems will be discussed later in
this chapter.

In a liquid heating system, a liquid flat plate collec-
tor generally a tube in plate type of collector, a trickle
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collector or evacuated tube collector is used and a working
fluid either water or antifreeze solution is used. The same
liquid <can also be used to supply the heat to the space
which required heating. Altermnatively different liquids can
be wused in the collector loop and storage system. If hot
water 1is used as storage material then the same may be used
to dissipate the heat through radiators, or radiant floor or

ceiling panels, baseboard heating strips, etc. Sometimes
liquid to air heat exchanger is used and hot air is distri-
buted in the occupied space. If air is used as a working

fluid in the collector than this hot air cam directly be
supplied to the space or through a rockbed storage system.
Therefore, in such air heating systems, air can be the
working fluid and this hot air cam directly be supplied to
the rooms. The fluid temperature and its flow rate in the
room depends on the heating load as well as on the collector
type and area, storage size and capacity, auxiliary heating
arrangements, etc.

1.6 COMPONENTS OF SOLAR HEATING SYSTEM

The major components of an active solar heating systems
are shown in fig.1.1. These five subsystems will be discus-
sed here in brief.

1.6.1 The Solar Heat Collector

There is a large variety of solar energy <collectors
both of liquid and air heating type that are used for space
heating purpose. A good review of both liquid and air colle-
ctors are given by Yellott[59], Kreith et al[60] Garglé61l],
Selcuk[62], and Garg et al[63]. The liquid collectors range
from simple zigzag tube welded on a metal sheet to the more
sophisticated evacuated tube collectors, and a few commonly
used are listed below:

(i) Corrugated sheet type flat-plate collector[6,10]

(ii) Roll-bond type of flat-plate collector[64].

(iii) Tube-in-plate type of flat-plate collector[65,66].
(iv) Water trickle type collector[67].

(v) Evacuated tube type collector[68].

Similarily solar air heaters are also of different
designs but are comparatively simpler and a few commonly
used air heaters are as follows:

(i) Simple conventional air heater[69,70].

(ii) V-corrugated type air heater[71].
(iii) Finned type air heater[72].
(iv) Overlapped glass plate air heater[73].
(v) Matrix type air heater[74]
(vi) Porous bed air heater[75].
A systematic comparative analysis of typical liquid and
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air collectors is made by Kreith et al[60] and the results
in respect of these two collectors for .a typical space
heating are shown in Table 1.2. From this Table it is seen
that at high insolation values both the 1liquid and air
collectors operate at the same efficiency while at 1low
insolation values air <collectors operate at much higher
efficiency which is due to the low return air temperature in
case of air collectors. Similarly air collectors supplies
air at high temperatures reulting in lower <cost in heat
distribution.

TABLE 1.2 Comparison of typical solar heating systems
employing 1liquid and air collectors (From
Kreith et al[60]

DESIGN CHARACTERISTICS

liquid air
Heat removal efficiency factor, Fk 0.9 0.7
Overall heat loss coefficient, UL(w/m2 ) 4.26 4.26
Cover transmittance, g 0.85 0.85
Collector plate absorption, g 0.95 0.95
E (za) 0.73 0.57
FR(UL)(w/m2°C) 3.86 3.01
OPERATING CONDITIONS
Atmospheric temperatures, Ta( %) -1.1 -1.1 -1.1 -1.1
Fluid inlet temperature, Ti( ) 54.4 54.4 21.1 21.1
Solar insolation, ITt(whﬂ ) 947 473 947 473
Fluid flow rate (l/m2min) 0.814 0.814 0.61 0.61
(Ti-Ta)/I, (w/m2c)y? 0.059 0.117 0.023 0.047
CALCULATED PERFORMANCE
FRUL(Ti-Ta)/ITt 0.23 0.43 0.07 0.14
FR(Ca)-FRUL (T:'L-Ta)/ITt 0.50 0.27 0.50 0.4?
Collection efficiency (Percent) 50 27 50 43

Computed Outlet temperature( °C) 63 59 57 52
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There are several other practical advantage of air
collectors over liquid collectors such as freezing, corro-
sion problems and superheating are almost absent and
durability 1is better and maintenance and repair is easier .
For handling large amount of air, a large air duct work is
required compared to a liquid heating system. Similarly the
size of the rock bed storage system in case of air heating
systems is 3 times more compared to a water storage system

for storing the same amount of heat. But these two, the air
duct system and rock bed storage can easily be integrated in
the design of the house. However in large active heating

system like in commercial and industrial buildings, the heat
distribution <can <conveniently and economically be done by
hot water and therefore liquid collectors are preferred.
Moreover, if «cooling and other multiple use like domestic
hot water supply etc. are also required, them it is possible
only with liquid collectors. Although liquid type collectors
have drawn more attention and widely used and <requires a
compact storage size and flow conduits etc. the possible
disadvantage of a liquid collectors are high initial cost,
possibility of leaking because of many pipe joints, freezing
of collector water, corrosion effects of water, and boiling
under occasional conditions. All these problems can be sati-
sfactorily solved but at an added cost. Evacuated tubular
collectors either of liquid or air type are now manufactured
commercially in many countries and are successfully used in
many solar active heating systems. These collectors outper-
form in performance the conventional liquid and air collec-
tors and with the setting up of large volume production
lines, it is expected that very soon the cost will go below
100 $/m2 and therefore it is expected that in the coming
decade these evacuated collectors will oust many flat-plate
collectors.

The non-imaging concentrators which are low concentra-
ting, stationary, and upto a concentration ratio of 3 and
costing only 25 $/m?2 can also be advantageously used for
space heating systems.

1.6.2 The thermal storage system

Thermal storage is an essential part of an active solar
space heating system due to anticyclic nature of heat demand

and solar radiation, and also due to diurmal variation of
solar radiation due to weather variability and also from
season to season. The size and type of heat storage media

depends on the weather conditions and the percentage of
total heating load to be supplied. Therefore, the thermal
storage can be a short term storage say from 1 day to 8 days
and long term storage or generally termed as seasonal sto-
rage., Several storage media have been used in solar house
heating systems. The most obvious choice with liquid colle-
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ctors 1is water in tank and sometimes with some antifreeze
liquid additive is used. The water has a high specific heat
of 4.2 KJ/Kg K but a heat exchanger is required to transfer
energy from stored water to the point of use[76,77]. Rock is
another choice for use as sensible heat storage media[78,79]
and has specific heat of 0.8 KJ/K. The rock bed system is
used alongwith air collectors. Air can be used as a heat
transfer media in rock bed system without heat exchanger.
This combination has an additional advantage that it cannot

freeze and a little 1leakage will not be a problem.
Properties of some of the sensible heat storage materials
suitable <£for space heating applications are shown in

Table 1.3. Rock for a storage system should be carefully
selected. It should be hard, of optimum size and the storage
bin should be of proper voidage.

Table 1.3 Properties of sensible heat storage media

Storage media Density Specific heat Heat capacity
(Kg/m3) (KJ/Kg K) MJ/m3  KWh/m3
Water oo w2 126 s
Rock 2240 0.8 54 15
Iron 7860 0.45 106 29.5
Mineral oil 900 1.8 48.5 13.5
In some buildings, storage space is limited, and in

such <case phase change storage materials [80,84] have merit
over the sensible heat storage materials. Extensive research
and development work for a suitable phase change storage
material for building heating is carried out but no prac-
tical solution appears to be found out. Several problems
and possible solutions with phase <change materials are
discussed by Garg[85]. Materials which have been tested for
solar space heating are listed in Table 1.4. Although
several materials have been tried, but the only phase change
storage device which is commercially sold in a few countries
for solar house heating is the eutectic salts commonly known
as 'Glauber's Salt' and is sodium sulphate decahydrate.
This material has a latent heat of about 251 KJ/Kg and melts
and solidifies at approximately 32°G This material was used
by Dr. Telkes in her first solar heated house and here only
she realised several difficulties with this well known and
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Table 1.4 Typical latent heat storage media
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Storage media Melting point Density Heat of fusion
( °c) (Kg/m ) (KJ/Kg)
Nay; S0,.10Hy 0 32 1458 251
CaCly .6Hy O 28 1634 174
Na, HPO, .12Hy 0 36 1552 265
Na, CO3 .10H,; 0 32 1442 247
Nay S5 03 .5H,0 48 1669 209
Capric acid 36 - 153
Lauric acid 49 - 177
n-Eicosane 37 - 251
Paraffin 56 - 209

Table 1.5 Thermal Storage
temperature rise

of

1000 MJ with a 20°C

useful

Rock Water Phase change
material
Specific heat (KJ/KG K) 0.8 4.2 2.1
Heat of fusion (KJ/Kg) - - 250
Density (Kg/m3) 2240 1000 1500
For storage of 1000 MJ
Weight (Kg) 62500 11900 3450
Volume (m3) 28 12 2.3
Weight ratio 18.1 3.5 1
Volume ratio 12.2 5.2 1
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inexpensive heat storage material. Many problems with sodium
sulphate decahydrate and too with all the salt hydrates
tested for solar space heating were encountered. A tendency
for <crystals to settle out and nonuniformity with numerous
cycling of heating and cooling are the general problems.
Several ways are suggested to overcome these difficulties.

* Use of nucleating agent, such as 3 to 5 percent
borax/sodium tetraborate decahydrate (NagB, 07.10H 0)
to sodium sulphate decahydrate.

Use of thickening agents having thixotropic gel-type
structure 1like clay (Bentonite, Attapulgite) with
sodium sulphate decahydrate to prevent setting.

3k

* Encapsuling the latent heat material in multiple
shallow containers.

* Occasionally agitating the phase change material
container.

* Using extra water in the salt hydrate.

Tests using 3 per cent borax and 8 percent thickening
agent with sodium sulphate decahydrate contained in 1.52cm
0.D. plastic tubes of 0.15cm wall thickness were conducted
in the laboratory[83]. No observable change or deteriora-
tion in the material is reported even after 1000 cycles.

So far as the energy storage capabilities are concer-
ned, the phase change material is superior to rock and water
storage systems as is evident from Table 1.5. It is seen
from this table that so far as volume is concerned the water
storage system and rock bed storage system (no voidage)
occupies 5-times and 12-times spaces compared to phase chan-

ge storage system. Based on these facts increased attention
is diverted towards the use of latent heat storage system.
but it is still an open question. Therefore, it appears
that for the time being, the rock bed and water storage

system will continue to be used for solar house heating
applications.

1.6.3 Auxiliary heat supply system

Auxiliary heat supply arrangement is to be provided 1in
all solar active house heating systems. This auxiliary heat
can be supplied through a furmace which can be gas or oil
fired, or electrically supplied or through a heat pump
system in case of air heating systems. While in case of
liquid heating systems auxiliary heat is supplied =either
directly through electric coils or through a boiler which is
fired by oil, gas, electricity or amny other fuel. Generally
electricity is not preferred in such cases due to economical
reasons.

As discussed earlier, in liquid systems, either hot
water from the top of the solar storage system is directly
supplied to the radiant panels in the rooms or it exchanges
heat to the air in a liquid to air heat exchanger and the
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hot air 1is supplied to the rooms. In both the cases the
cooled water or air from the rooms is collected and returmned
to the ©bottom of the solar storage tank. While in air

heating systems hot air from the solar storage tamnk 1is

directly supplied to the rooms and the cooled returm air

from rooms is supplied to the bottom of the storage tank.
Whatever type of storage system or auxiliary system is

used, it 1is essential that the solar collectors should be
supplied with the coolest possible liquid or air so that the
collectors operate at maximum efficiency. The hot liquid orx

air from the top of the solar storage tank should be sup-
plied to the load loop and the cooled room liquid or air
should be supplied to the bottom of the tank. Stratifica-
tion in the storage tank helps in the performance of the
solar collectors but it is difficult to maintain due to
several operational parameters.

There are several modes of supplying auxiliary heat to
the solar heating system as shown in fig.1.3. Auxiliary
heat should be supplied to the load loop and not the collec-
tor loop. This will help in augmenting the solar heat or
replace it when required. In collector loop this will
unnecessarily raise the fluid inlet temperature to the col-
lector.

The conventional way of providing auxiliary heat in the
load loop is shown in fig.l1.3(a) where the auxiliary system
is in series. In this system the auxiliary heater works as
a booster, adds required amount of heat to the solar heated
fluid, supplied to the load, and returned to the solar
storage system. Here the possibility is there that the
returned fluid temperature from the load is higher thamn the
temperature in the ©bottom of the solar storage and thus
adding heat to the storage and resulting in reduced <collec-
tor efficiency and increase in the use of auxiliary energy.

Another auxiliary arrangement in a solar heating system
which is generally preferred over as shown in fig.1.3(a) is
shown in fig.1.3(b). Here the auxiliary arrangement is
provided in parallel to the load loop and is used only when
the desired temperature in the radiant panel or convector is
not met by solar storage. If the solar storage temperature
is low then with the help of special automatic valve only
the auxiliary heat is supplied to the rooms to meet the
requirement. In this parallel arrangement solar heat is not
wasted, since it goes on adding up in the solar storage and
can be used when desired.

An auxiliary system with a separate auxiliary heat
storage and solar storage system will perform even better
since in this the off-peak electricity is used in charging a
separate auxiliary storage system. The auxiliary storage
will ©be charged whenever there is a generating capacity and
will ©Dbe used only at the end of the each off-peak period.
This arrangement is shown in fig.1.3(c). Alternatively a
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COMBINED

STORAGE LOAD

AUXILIARY HEATER

(d) COMBINED HEAT STORAGE WITH AUXILIARY HEAT

THOTAm

SOLAR
STORAGE ‘

AUXILIARY HEATER

L
__%

COLD AIR

(e) SEPARATE AUXILIARY HEAT SUPPLY SYSTEM

FIG.1.3 POSSIBLE MODES OF AUXILIARY HEAT ARRANGEMENTS
IN SOLAR ACTIVE SPACE HEATING SYSTEMS.

combined storage for storing solar and auxiliary heat can
also be used as shown in Fig.1.3(d). Here during off-peak
periods, the electric energy is used to charge the storage
sytstem and is used for room heating. Whenever, solar energy
is available it is used to charge the storage system. This
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combined storage system results in lowering the <collector
performance due to increase in inlet temperature. Mechanica-
lly single storage system is simpler compared to the two
tank system, but suffers from performance penalty.

If air heating system is employed thenm still a Dbetter
auxiliary arrangement is suggested by Hunn and Lof[35] where
two separate heating coils, one heated with solar heated
fluid and another heated by auxiliary arrangement is kept
one over the other in the path of return air duct as shown
in fig.1.3(e). Here the solar coil works as a preheater coil
and the air is further heated to the desired level by auxi-

liary heating coil. This system appears to be simple,
inexpensive, and efficient since solar energy is used even
when it is very low and whenever it is available. An  air

furnace can also be used in place of auxiliary heating coil.
The air furnace 1is generally designed to take the peak
heating load.

The wuse of heat pump in series with the solar collec-
tors can reduce the auxiliary electrical energy use in both
liquid and air heating systems. With the heat pump combina-
tion a coefficient of performance (COP) of about 4 to 5 is
generally obtained which means that it supplies 4 or 5 times
of heat energy as is supplied by electric energy. Thus a
heat pump offers a good solution in those areas where the
ambient air temperatures are not too low but the system 1is
expensive and it becomes complex.

Hughes et al[86] conducted a simulation study of three
auxiliary heating options (Fig. 1.3(a), 1.3(c) and 1.3(d))
using conventional flat-plate collectors and evacuated col-
lectors and concluded that the separate heat storage system,
fig.1.3(c), 1is superior to combined storage, fig.1.3(d),
irrespective of the collector types. It is also found that
the combined storage unit can be small in case of evacuated
tube collectors and the performance difference between sepa-
rate and combined storage unit is relatively small at
elevated temperatures of operation.

1.6.4 Control systems

A control system is a must for any active space heating
system whether it is a liquid based or air based. A control-
ler consists of three components, the sensors which sense
the state of affair and communicate to the control unit, a
control unit meant for taking decisions as per preprogrammed
based on sensor inputs, and actuators which carry out the
decisions based on the control unit. The requirement of the
controller is that it should be low in cost, dependable, and
provide energy at a maximum efficiency. Generally, contro-
llers turn off and on pumps, blowers, dampers, valves, etc.
Now-a-days various kinds of control units are available for
solar active heating operations but one should be careful in
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deciding the type of control unit required for the system.

Although numerous operating and control procedures are
possible, but generally in solar heating systems, following
four modes of operation are required:

1. Transferring solar heated air directly from solar air
collectors to the rock bed storage system from the top
and supply the cold air from the bottom of the storage
to the inlet of the solar air collectors. In this mode
there is no heating load.

2. Transferring solar heated air directly from solar air
collectors to the load and the return cold air from
load directly to the inlet of the solar air collectors.

3. Transferring stored heat from the storage system to the
load and cold air from the load directly to the Dbottom
of the storage system. In this case the solar collec-
tors are ineffective.

4., In this mode of operation both the solar storage and
solar collectors are ineffective and the <cold return
room air is directly passed through the auxiliary
heater and then to the room.

A typical solar air heating system[87,88,89] is sche-

matically shown in fig.l.4 and for this system, various
control modes are depicted in fig.1.5. In the simplest
mode of operation, when the house does not require any heat
and the sunshine is available, then the solar heat can be
collected through the solar collectors and stored in the
solar storage tank. For this mode of operation two types of
controller, the differential controller[90] and proportio-
nal controller[91] are available. Differential controllers
are more widely used in which there are two sensors, one

sensor is fixed on the absorber plate at the exit of the
collector and the second in the bottom of the storage unit.
A temperature difference of about 6 °C between the collector
outlet and storage bottom turm on the blower and opens the
dampers which circulates the air at a flow rate of about 10
1/m2s (2 cfm/ft2) and collector and turn off the blower when
this difference reaches 2 °C and repositions the directional
dampers. In a proportional controller, the lower speed is
variable and either the outlet temperature or temperature
difference ©between collector outlet and inlet is maintained
constant at a predetermined value. This type of controller
performs slightly better compared to the differential con-
troller but consumes more electric energy to circulate the
fluid.

In the second simplest mode of operation when the
building requires heating and solar collectors are able to
supply the required heat, the room thermostat gives a signal
to the control unit, which direct the flow of air directly
from control through dampers, blower, auxiliary heater (Off)
etc. to the building bypassing the storage unit and the cold
air from the Dbuilding returns to the solar <collectors
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turn on the auxiliary heater and maintain the building
temperature. All these processes take place turn by turn
e.g. the room thermostat will first try the solar heat
directly from solar collectors to maintain the room tempera-
ture, if it is not sufficient then it will try the storage
unit to supply necessary heat, and finally it will maintain
the room temperature through auxiliary heat.

A schematic representation[92-94] of a typical 1liquid
heating system with control positions is shown in fig.1l.6.
As is seen from this figure, there are five sensors T1, T2,
T3, T4, and T5 located at the collector outlet, storage tank
top, storage tank bottom, middle of preheat tank, and middle
of room (load) respectively. The sensors Tl and T3 is a
part of differential controller which turm-on and turn-off
the pumps 1 and 2 at a preset temperature difference of 10°C
and 3°C respectively. The ratio of turmn-on and turn-off
temperature difference should be 5:1 to 7:1.

The room thermostat T5 is a conventional two-stage
thermostat of which the first stage (upper set temperature)
controls the pump-3 and circulates liquid through storage
tank and the radiant or convective panels inside the buil-
ding. If the heat from the storage tank is not sufficient
to maintain the room temperature then the second stage
(lower set temperature) of the thermostat actuates the auxi-
liary heater which supplies the heat to the liquid circula-
ting through the radiant or convective panels. The heated
liquid from the solar collectors <can also be directly
supplied (not shown in fig.l1l.6) to the radiant or convective
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panels in the building as is done in air heating system.
Finally the sensor T4 in the preheat tank controls the
pump 4 and 5 which help in heating the water in the preheat
tank. This preheat tank supplies hot water to the hot water
heater where the water is further heated to the desired
level by auxiliary heater. From hot water heater, hot water
is supplied for household use. Thus there can be following
five operational modes in any solar heating system.
1. Heating the space directly from the solar collectors.
2. Heating the space partly from solar collectors and
additional heat supplied from auxiliary heater im case
of low solar intemnsity.
3. Heating the space from storage.
4, Heating the space partly from storage and additional
heat supplied by auxiliary heater.
5. Heating the space from auxiliary heater alone.

1.7 THREE WAYS OF SOLAR SPACE HEATING

As discussed earlier there are three distinct ways of
solar heating (active) of space:
1. Solar air systems
2. Solar liquid systems
3. Solar heat pump systems
All the three systems have been widely tried and are in
use for space heating. However, there are advantages and
disadvantages of each system, and an appropriate system is
to be selected based on the type of application, economics,
geographical location, and the technology available. Salient
features of each system will be discussed below.

1.7.1 Solar air systems

A typical solar air heating system is schematically
shown in Fig. 1.4. As seen from this figure and discussed
earlier also, a solar air heating system consists of solar
air <collectors, a storage system (generally rock Dbed
system), auxiliary heater, automatic air dampers for direc-
ting air flow, air handing unit, blowers and pumps, control
unit with necessary sensors, relays, etc., and heat distri-
bution system in the rooms. If domestic hot water is also
required then an air to water heat exchanger and hot water
storage tank is also required. Details of air based solar
systems for space heating are discussed by Lof[37] in depth
and typical design parameters[35,46] for solar air heating
system are listed in Table 1.6.

There are several advantages of air-based solar heating
systems compared to liquid based systems. The main advantage
in air system is that the same medium (air) is used for heat
collection from solar air heaters (collectors) and space
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Table 1.6

Reference 35 and 46)
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Solar air heating design parameters (From

Parameter

Value

Solar Collector

1.

2.

6.

7.

Collector tilt from horizontal
Collector orientation

Number of glazings

Collector heat capacity
Collector heat transfer
coefficient from metal

to air flowing inside

Collector air flow rate

Collectors pressure drop

Thermal Storage

Latitude + 15

Due south + 15°

(In North hemisphere)
1 or 2

8 to 15 KJ/m? ¢

20 to 25 W/m?2 %

5 to 20 liters/m2s

50 to 200 Pa

1. Storage capacity 200 to 250 Kg rocks/m2
2. Storage thermal capacity 180 to 250 KJ/m? &
3. Rock size 2 to 5 cm
4. Storage length (flow direction) 1.5 to 2.5 m
5. Pressure drop in rock bed 60 Pa minimum
6. Maximum entry air velocity 4 m/s
in rock bed
Air flow rate in heat distribution 10 liters/mzs
system
Pressure drop in duct work 10 Pa
heating. Thus there is no need of a heat exchanger. The
heat storage system consisting of small sized rocks acting

as

heat storage and heat exchanger and the high

degree of

stratification in the storage leads to lower inlet collector
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temperature resulting in higher collector efficiency. The
combination of thermal and operating parameters of air 1like
specific heat, flow rates, density, 1low inlet temperature
results in higher collector outlet temperature. Apart from
the above advantages, there are small-small other advantages
also like, air systems are more durable, corrosion is not a
problem, air leakage is not serious, air collectors can be
made cheaply, control systems are readily available, most of
the space heating systems use hot air and in air systems
there is no freezing and boiling problems. There are disad-
vantages also with air based heating system such as: relati-
vely high pumping cost since large volume of air is to be
handled, relatively large volume of storage size and diffi-
culty in combining with airconditioning systems.

1.7.2 Solar liquid systems

A typical solar liquid space heating system is schemati-
cally shown in fig.1.6. So far as the mode of operation is
concerned both the liquid-based and air-based solar heating
systems operate identically. Here in case of liquid-based
system atleast three heat exchangers, one in the collector
storage loop, second in the load and storage loop, and the
third in the room in the load loop meant for dissipating
heat into the room are used. Like air heating systems, the
liquid systems also consist of liquid flat-plate collectors,
storage system, auxiliary heater, radiant or convective
panels, heat exchangers, pumps, valves, and automatic con-
trol unit. In liquid collectors, water or antifreeze liquid
or some other heat transfer fluid is circulated and the
building can be heated either by a hydronic system or air

distribution system using liquid to air heat exchanger. The
main advantage of a liquid heating system is that they are
widely studied, wused and can readily supply combined space

heating and cooling and domestic hot water supply and there-
fore 1liquid systems are suitable for commercial ©buildings.
For the same collector inlet temperatures, the liquid colle-
ctors operate at higher efficiencies and can provide domes-
tic hot water efficiently compared to air collectors. The
liquid systems occupy less space. The disadvantages 1in
liquid systems are: freezing of collector water; corrosion
at joints and collector tube and plate; boiling of water at
some times; hazard due to leakage; air binding; high cost
due to additional heat exchangers, leak proof joints, corro-
sion resistant metals, etc.; 1low overall efficiency due to
several heat exchangers; and comparatively low durability.

The type and size of liquid collectors, storage system,
heat distribution system, control etc. depend on the system
heating load and geographical location. However typical
design parameters[35,46] for a liquid-based solar heating
system are listed in Table 1.7.
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Table 1.7
Reference 35 and 46)
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Solar liquid heating design parameters (From

Parameter

Value

Solar Collector

1. Collector tilt from horizontal

2. Collector tilt from horizontal

3. Number of glazings
4, Collector heat capacity

5. Collector heat transfer
coefficient from liquid

6. Collector water flow rate
7. Collectors heat exchanger
Thermal storage capacity
Load heat exchanger

Design water temperature
distribution

Water preheat tank capacity

Latitude + 15°

Due south i'15°
(In North hemisphere)

1 or 2
20 to 25 KJ/m? °C

150 to 250 W/m? °C

70 to 100 liters/m?s
FR/FR > 0.9
50 to 100 litres/m2

\
1 <ey Cpin/(UAdy <5
50 to 70 °C

1.5 x capacity of water
heater

1.7.3 Solar heat pump systems

Heat pump 1is a mechanical device which provides heating

or cooling by using a reversible refrigeration
the heat pump extracts heat at low tempe-

the heating mode,
rature from
temperature to the room air.
sing valve

outside air and rejects this heat at
In the cooling mode, a rever-
reverses the roles of evaporator and

cycle. In
higher

condensor

and therefore in this mode the heat is extracted from indoor
air providing cooling and rejected to the outside air. If

the source temperature increases,

mance (COP) of the heat pump increases and
solar assisted heat pumps may operate at higher
cies.

the coefficient of perfor-

therefore the
efficien~

The coefficient of performance (COP) of a heat pump
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in the heating mode can be as high as 4 which means that for
every watt of electrical energy supplied to the heat pump in
the heating mode, 4 watts of thermal energy will be transfe-~
rred from outdoors to the indoors.

The 1idea of heat pump was given by Lord Kelvin in the
1850's who named this machine initially as 'heat multiplier'
and he proposed this scheme for heating houses by extrac-
ting heat from the earth. Since then several hundred of
papers and few books are written on heat pumps. These are
generally known as refrigeration or cooling machines. Only
during the last 30 years heat pumps are in use for heating
the space also and only very recently[99-117] studies on
solar assisted heat pumps are conducted.

Fig.1.7(a) shows a basic circuit of a simple heat pump
which includes four main components: compressor, condenser,
evaporator, working fluid generally one of the freons, and
expander. In this figure a reversing valve is also shown by
means of which the roles of the condenser and evaporator cam
be reversed. By using appropriate valves and controls the
heating in winter and cooling in summer camn be provided by
the same unit.Most small commercial units use four-way sole-
noid valve as a reversing valve. Heat is —continuously
pumped from lower to higher temperature by periodic compres-
sion and decompression of the working fluid using compressor
run by electricity. The working fluid in the gaseous state
is compressed and sent to the condenser, where it gets
cooled to liquify and releases large amount of heat to the
surroundings. This liquified working fluid gets vapourised
in passing through expansion valve. This evaporation in the
evaporator requires large amount of heat which is drawn from
the surroundings. This large amount of low-temperature heat
is supplied to the evaporator by sourrounding air, wunder-
ground water, earth, river water, waste water or solar
heated air or water.

A simplified refrigeration/heat pump cycle can be best
shown on Pressure-enthalpy diagram as is shown in fig.
1.7(b). Compressor at point B takes the saturated vapour
compresses it to point C and in doing so because work 1is
done increases its enthalpy, pressure and temperature. Now
the high pressure vapour goes to condenser where the heat is
rejected and the vapour comes to liquid form and this pro-
cess 1s shown by line CD. This high pressure 1liquid in
passing through the expansion valve at <constant enthalpy
converts into low pressuring liquid and its pressure and
temperature gets reduced as shown by line DA. Now this low
pressure liquid which contains about 75 percent liquid and
25 percent vapor enters to evaporator and gets evaporated
for which heat is taken from outside (source) and this
evaporation process 1is shown by line AB indicating the
refrigeration effect. This working fluid takes heat, it get
varourised, becomes low pressure vapour and then goes to the
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compressor and in this way cycle continues. When the evapo-
rator temperature is in the range of 17-22 C, a heat pump
with a coefficient of performance of 3.5 can provide heat on
condenser side at a temperature of 71-82 c.
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(a) Simple heat pump circuit.
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FIG.1.7 HEAT PUMP PRINCIPLES

A heat pump in combination with solar heated air or
water 1is an economically attractive and viable system. In
winter season, when the solar intensity is low, and ' the
solar collected heat from solar flat-plate collectors is at
a low temperature for space heating, and can be used as a
source for the heat pump which will improve its performance
considerably. At low collector inlet temperature, the col-
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lection efficiency will be higher, and at this higher colle-
ctor outlet temperature the COP of heat pump will be higher,
and therefore the combination of heat pump and solar sup-

plied heat is a good combination. Even inexpensive solar
air collectors can be used to supply heat and can improve
the heat pump performance. This idea suggests the series

combination of heat pump in which the evaporator of the heat
pump gets heat from the solar heated air or water.

The heat pumps are often referred as air-to-air, air-
to-water, air-to-earth, etc. according to the placement of
evaporator and condenser respectively. But the most common-
ly heat pump system for domestic applications is air-to-air.
Similarly solar assisted heat pump can be used either in
parallel or in series and or dual source type, depending on
the convenience, type of use and availability.
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HOT WATER ~ L HOT AR
x ! :
2 HOT Lo
Q WAT ER I %1 HEAT PuMP HOUSE
HEATER
i
< Z [P c
S S COLD WATER SUPPLY =Sy
) »

<«— ROOM AIR

FIG.1.8 SCHEMATIC OF PARALLEL SOLAR HEAT PUMP SYSTEM

The simplest solar assisted air-to-air heat pump system
as shown in fig.1.8 is the parallel system in which solar
heating, heating hy heat pump, and auxiliary heating are
independent and either of these three can be independently
or unitedly used depending on the heating load of the house.
Direct solar heating will be used whenever it is available
and is able to supply required heat. Whenever the solar
energy is not adequate, the heat pump, using ambient air as
heat source, comes into operation and supplies mnecessary
heat. Auxiliary heater <can be pressed to service when
neither of the source are adequate. In this parallel sys-
tem, the heat pump does not take advantage of the solar heat
and it works only as an auxiliary energy supplier.

Fig.1.9 shows a series system where the heat pump
takes advantage of the solar heat and boosts the low tempe-
rature of the solar heat. Here the heat pump 1is placed
between the solar system and the load. The evaporator of
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the heat pump can be placed directly in the solar storage
tank or as shown in fig.1.9. Whenever the solar storage
tank temperature reaches very high, the heat can directly be
supplied to the load by bypassing the heat pump. The conde-~
nser or the heat pump supplies heat to the load. An auxi-
liary heater is also provided which can provide heat to the
load if required. The series system has the advantage that
it increases the COP of the heat pump by supplying solar
heat to the evaporator and eliminates the mneed for coil
defrosting and also the solar collector efficiency improves
because the system operates at a lower temperature.
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FIG.1.9 SCHEMATIC OF SERIES SOLAR HEAT PUMP SYSTEM.
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FIG.1.10 SCHEMATIC OF DUAL SOURCE SOLAR ASSITED HEAT PUMP
SYSTEM

In a dual source system which is an improvement of the
series and parallel system as shown in fig.1.10, the heat
pump uses low evaporators one receiving heat from solar
energy and another from ambient air. Here the heat pump
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uses either the collected solar energy or ambient air energy
depending which gives higher COP. When the solar storage
tank temperature is quite high (higher than predetermined
control value) the building load is directly supplied by
this stored heat, when the storage temperature drops from

this control value, it supplies heat to the evaporator of
the heat pump as is dome in a series system. But if the
storage temperature goes below the outside ambient air tem-
perature the operation becomes like a parallel system. The

auxiliary heater <can be pressed into service if required.
The service hot water can be supplied in all the three
cases. It 1is seen that this dual source system takes all
the benefits of series and parallel systems but requires
complex controls and the system becomes expensive.
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FIG 1.11 AIR TO AIR HEAT PUMP DESIGN CURVE

A typical design curve for air-to-air heat pump is

shown in fig.1.11. From this figure it is seen that as the
outside air temperature increases, the building heating load
decreases, but the coefficient of performance (COP) and the
capacity of heat pump both increases. At the cross, point
known as balance point where the building load curve and
heat pump capacity curve crosses, the building demand and
heat pump supply matches. At lower temperatures below the

balance point, the heat pump will not be able to supply the
required heat and therefore supplimental heating is requir-
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ed. This is where the addition of solar energy can pay off.
At higher temperatures above the balance point, the heat
pump will ©be of higher capacity and therefore it is to be
used only part of the time. Therefore, a air-to-air heat
pump is so chosen that for a design outdoor temperature, the
heat pump meets the requirement of the maximum heating load.

Several simulation studies[96,103,104,106,111,112,116]
on the solar assisted heat pumps for house heating are
carried out for series, parallel, and dual source heat pump
systems for different climatic regions of the world. But
the most comprehensive and widely used simulation program is
the TRNSYS simulation program[118]. 1In a quasi steady state
model developed to study the performance of solar assisted
heat pump[103,104,116] a 3-ton air source unit is considered
and a paramter F which is defined as the fraction of the
total load that is met by the free energy 1is used. The
energy balance of the whole system is:

Qload = QSolar+ QAir+ EHP + QAux

vhere

Q1oad
QSolar
Air

Total heating load of the building
Heat supplied by solar energy
Heat extracted by heat pump from ambient
air or water
EHP = Electrical energy required by the heat
compressor and fans, and
Auxiliary energy required to meet the hot
water and space heating loads.
The terms Q and Q,._ can be termed as free energy

. Solar Alg
vhll? EHP and QAux as purchased energy. Now the parameter F
is given as:

QAux

Heating load Qioad

Now the values of F will be different for different
combinations of heating systems and solar energy collectors.
For a system where there is no heat pump and solar energy
system, value of F will be zero. For a system where there
is only a heat pump, F will be the ratio of QAi to Qioad
only and in case F will be constant equal to 35 percent.
The value of F for different heating systems and collector
are determined[104] for a typical house in Madison, Wiscon-
sin (USA) and the same are shown in fig.1.12.

These simulation studies are carried out for a residen-
tial house with 150 m2 floor area, and an annual space
heating load of 18000 KWhr and an annual water heating load
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[104])

of 5800 KWhr in a climate like Madison, Wiscomnsin (USA).
The solar collector properties are assumed to be independent
of temperature and time and a solar storage tank with a
capacity of 0.075 m3 /(collector area)2. From this figure it
is seen as obvious that F is independent of collector area
in case of conventional heat pump and conventional furmnace.
It 1is also seen that the minimum area required in case of
conventional solar system to consume less auxiliary energy
than a conventional heat pump is about 17 m2.The performance
of a series system is better than the conventional solar
system at all collector areas and is zero in both cases for
zero collector area. For smaller collector areas say below
30m2 , the solar energy will not be able to supply heat to
the heat pump and it will be working at its lowest COP. In
this case, the storage temperature will not be at a usable
temperature and more heat will be supplied by heat pump
only. As the collector area is increased, the difference
between the series and conventional solar system becomes
constant which is about 10 percent. It is seen that with a
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series heat pump about 60 to 70 percent of the heat load can
be met by these free energies.

The performance of parallel system is better tham the
dual system, the series systen, and also the conventional
solar system. In a parallel system, if the area is increas-
ed from 0 to 20 mZ, the fraction of the free energy sup-
plied 1increases from 40 to 60 percent. The performance
further increases with collector area but not at a faster
rate as in <case of series system or conventional solar
system and this fraction becomes 80 percent at a <collector
area of 60 m2. When the collector area is large, most of the
load is met by the solar and less by heat pump and therefore
the dual system will perform just like a conventional solar
system and therefore in such cases the cost of heat pump is
not justified. Inspite of lower collector efficiency and
lower COP of heat pump, the parallel system performs better
than the series and dual source systems. This is due to the
fact the heat pumps in series and dual source systems must
operate to deliver all stored solar energy below 20°C and
therefore the extra electerical energy required to deliver
this energy more than compensates than the advantages
obtained due to higher collector efficiency and higher heat
pump COP. In case of a series system, there is hardly any
heat which can usefully be added to the space for heating.

It is seen above that solar, heat pump and solar assis-
ted heat pumps all save energy compared to <conventional

furnaces. A combined solar heat pump system should be
designed in such a way that the use of auxiliary energy is
minimum. The combined heat pump system will be more effec-

tive and economical at those places where either the elec-
tricity 1is very expensive, cooling is required or it can
improve the collector efficiency. However, if cheap Dbut
efficient <collectors are produced then the series heat pump
design can be used economically.

From the above, it appears that from economic conside-
rations, there is hardly any justification in using a com-
bined solar and heat pump system compared to pure solar and
conventional heat pump systems separately.

1.8 SOLAR HEATING PRACTICAL SYSTEMS

As discussed earlier several thousand practical solar
heating systems are installed all over the world for demon-
stration, simulation, experimentation, and for actual use.
All these houses use some kind of auxiliary heating arrange-
ment for making the heating system fool proof and completely

dependable. These houses use either liquid collectors, or
air <collectors, or evacuated tube collectors with wvarious
kinds of auxiliary heating and cooling combinations. As an

example, design and performance of few typical solar houses
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which are architecturally or design wise are different are
described here:

1.8.1 The MIT Solar House

Systematic studies on Solar Heating began in 1938 at
the Massachussetts Institute of Technology (MIT), Cambridge,
Massachussetts under the leadership of Prof. H.C. Hottel.
Prof. Hottel and his associates designed[11,12,119,120]
several Solar Houses known as MIT House No. I,II,III, and
Iv. These houses were built in the year 1939, 1947, 1949,
and 1958 respectively. The MIT Solar House No. I built in
1939 was of two-rooms and approximate living area of 46.5m2 .
Flat Plate collectors of about 33.45 m? area consisting of
blackened copper sheet to which copper pipes are welded were
installed on the roof slopped about 30 southward. A large
hot water storage tank of 65.8 m 3 capacity was kept in the
basement of the house. This was the first 100 percent solar
heated house, but the storage size was bigger than required
and was enough to accumulate summer heat for winter use and
therefore this system was highly uneconomical and was wused
only for test purposes. Extensive instrumentation provided
accurate determination of solar collector performance and of
the house.

The second house (MIT House No. II) constructed in
1947 was Dbungalow-style laboratory building divided into

seven cubicles with south windows, each provided with a
different type of collector and storage system directly
associated with the window. Each collector was having an

area of about 10m2. The dimensions of the house were about
4.28 x 13.40 x 2.44 m. With this type of combinations
various type of storage systems, several type of shading
devices, etc. were compared. Later during the year 1947-49
this house No. II was converted into house No. IITI.

The solar house No. III was the same structure, enlarged
and remodelled for occupancy as a dwelling. The solar
collectors used have the same specifications as in House No.
I but with an area of 37.2 ng double glazed, and installed
at the roof with a tilt of 57 to the horizontal. Under the

roof, a 4.5 m3 hot water cylindrical storage tank was
provided. Auxiliary Energy was provided wusing electric
resistance heating. More than 80 percent of the heating

load was supplied by solar energy. This house was destroyed
in fire during the year 1955.

One of the most modern solar house, making fullest use
of solar energy availability and to comnserve as mnuch of
energy as possible to provide comfort, was built[12] during
the year 1958-59. This house known as MIT house IV is a two
storey building with a living space of about 135 mZ. The
south side of the house is completely occupied by 60 solar
collector penels each of 1.21 m high and 0.81 m wide with a
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total area of 59 m2 at an angle of 60° to the horrizontal.
The house had a functional structure and pleasant look. The
heating system as schematically shown[12] in fig.1.13, con-
sists of an array of flat plate liquid collectors mounted on
large slopping roof, a large storage tank (main tank), oil
fired auxiliary furnace, auxiliary tank, and hot air supply
system to the rooms.

The liquid flat plate collectors with a total area of
about 59 m2 consist of black painted aluminium absorbing
surface on which copper tubes are mechanically <clipped,
double glazed with low iron content glass, and fibre glass
insulation on the back. The overall measured absorptivity
of the absorbing plate being 0.97, overall heat loss coeffi~
cient being 3.97 w/m?2 °C, and heat removal efficiency factor
being 0.86. The water is pumped through the collectors and
storage tank and hot water is stored in a hot water storage
tank of capacity 5670 litres.. An expansion tank of 760
litres —capacity 1is also used which helps in draining the
collectors when these are not in use. An auxiliary water
heater storage tank of 1041 litres capacity is also used.

Domestic hot water is also provided with this system by
passing the city main water through the coils passing in
series through a coil in the main storage tank and also
through a coil in the auxiliary tamk. TIf the temperature in
the main tank is quite high then the water will pass through
the <coil in it and then through the coil in the auxiliary
tank. If the temperature of the water in the large tank is
not enough then the water bypasses it and goes straight to
the auxiliary tank for heating and then mixed with the main
water to obtain the desired temperature (60 °C).

A differencial controller is used to <circulate the
water through the collectors and the main storage tank. One
sensing element of the differential controller is fitted at
the <collector plate and the second sensing element in the
storage tank. A pre-set temperature difference between col-
lector outlet and storage tank which is generally 6°C will
"turn on' the collector pump and *turn off' when the tempe-
rature difference drops to 2 C. To control the space hea-
ting, a two-set point room thermostat is used which calls
the energy either from the main storage tank if the heat 1is
sufficient to meet the heating load of the house or from the
auxiliary storage tank if the main storage tank is not able
to meet the heating load.

Various parameters like temperature at various points
in the house as well as at the collector array, flow rates
in the ducts, electric energy consumpation, solar radiation,
etc. were measured to determine the energy balance on
all the components as well as on the system as a function of
time. Thorough analysis of system performance for two winter
seasons i.e. 1959-60 and 1960-61 was carried out and the
integrated energy balance for these two heating seasons 1is
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FIG.1.13 SCHEMATIC OF SOLAR SYSTEM FOR MIT HOUSE IV
(From Enebretson[12])
Table 1.8 Energy Balance on MIT House IV during the two
heating seasons 1959-60 and 1960-61
1. Total solar radiation available on 60 deg 238 GJ
2. Useful heat collected 102 GJ
3. Net collector efficiency 43 YA
4, Space heating demand 143.2 GJ
5. Water heating demand 32.2 GJ
6. Total Heating demand 175.5 GJ
7. Heat supplied for space 73.8 GJ
heating by solar
8. Heat supplied for space 18.1 GJ
9. Total heat supplied by solar emergy 91.9 GJ
10. Percent of heat load supplied by solar 52.5 %

(included for water heating).
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shown in table 1.8. From this table it is seen that the net
collector efficiency is of the order of 43 percent. During
these two heating seasons 56 percent of the domestic hot
water load and 52 percent of the space heating load was met
by the solar energy system. About 52.5 percent of the total
heating load including for domestic hot water supply is met
by solar energy which appears to be quite low. This may be
due to severe winter conditions experienced during these two
years and more particularly during the year 1959-60. This
system was to be abandoned after two years due to large
maintenance problems.

1.8.2 The Colorado Solar House

A nine room residence mnear Denver, Colorado, and 1its
associated Solar Heating System was completed during 1958 to
1959. This house was earlier designed to be used without any
active solar heating systems but the solar system was later
incorporated into its final designs. The house is of conte-
mporary architectural[17,18,121] style flat =roof having
about 296 mZ of living area; 194 mZ on the main level and
102 m in the basement. Large window areas are employed to
admit the direct sun in winters., In the house, two banks of
solar collectors (air type), two vertical heat storage cyli-
nders, hot water pre-heater, mnatural gas furnace, blower,
control equipment, air ducts, etc. are used. At an outdoor
design temperature of -18°C and wind speed of 3.9 m/sec.,
the heating load for the house was computed as about 31.8
KW.

Figure 1.14 shows[121] the complete heating system for
this house. The solar collector is an air heating type with
the overlapped glass plate construction. Two collector
banks each <consisting of 10 cold pemnels and 10 hot panels
located alternatively are used. The total area of the two
collector banks containing 40 <collectors is 55.74 m2 of
which about 49.24 m‘is effective heat collgction area. These
collectors are installed at a slope of 45 from the —roof.
The cold panels have a single cover glass, 0.76 m x 1.83 m,
whereas double cover plate are used on the hot panels. Each
panel has 6 black plates 3.05 x 6.75 m. and seven clear
glass plates, 5 of which are 6.1 x 6.75 m and two are
3.05 x 6.75 m. They are made out of ordinary window glass
of 2.5 mm thick and spaced 6 mm apart.

The heat storage unit consist of two fibreboard cylin-
ders each of 0.91 m in diameter and 5.5 m high extending
from the basement floor to the roof. In the centre of  the
cylinder, a 28 cm diameter duct extends from the top to the
bottom. These <cylinders are filled with about 10650 kg of
mixture of crushed and uncrushed rock, primarily granite
with a specific heat of O.75KJ/kg'%, closely sized to 25 to
40 mm equivelent diameter. The storage unit is charged by
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allowing solar heated air to the bottom of the <cylinders.
For heating purpose the direction is reversed and heated air
is withdrawn from the bottom plenum chambers.
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FIG.1.14 SCHEMATIC OF COLORADO SOLAR SPACE HEATING SYSTEM
(From Lof et alf121])

For the supply of service hot water for domestic pur-
poses an air to water heat exchanger is used which is conne-
cted in the hot air duct entering the blower, and is connec-
ted to 300 litre water storage tank. This tank serves as
pre-heater and the balance heat required is met by a conven-
tional fuel-fired heater.

A centrifugal blower with a 23 cm inpeller is driven
with a 2-speed motor of 1120 watts. The blower can supply
air at low and high speed. A natural gas furnace rated at
168800 KJ output was used which can supply the gas at two
rates i.e. 5.2 m3/hr. and 2.65 m3/hr. The blower is contro-
lled based on the temperature difference between the collec-
tor plate and the heat storage unit which is senced 'by two
resistance thermometers, one placed on the metal plate of
the air collector and the other at the top of the heat
storage unit.

There are two ducts with variable flow dampers which
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supply air to the rooms in the two different =zones. A
double contact thermostat in each zone controls the blower,
the main dampers, and one of the modulating dampers. The

first contact of the thermostat closes if the temperature in
one of the zones decreases below the set-point and the
appropriate modulation damper opens slowly. At this stage
the two main dampers allow the air to flow from the <collec-
tor or the storage unit and the blower motor is rumn at the
low speed if the air is supplied through the collector or a
high speed if it is through the storage. If the heating
demand of the rooms is not met for 10 to 15 minutes then the
hot air 1is supplied from the furnace first at the lower
rate., Even if at this rate the room temperature i's not met,
the second thermostat contact closes, and the gas to the
furnace 1is supplied at a high rate and meets the heating
load. Four swing type dampers are used to check the reverse
flow of air and to stop the air leakage.

The heating system can operate in any of the following
modes;

1. House heating with the collectors alone. In this mode
of operation the air route will be: £from collectors to
vertical duct to water preheater to blower to furmnace
to hot air registers to rooms to cold air returm gril-
lers to top plenum chamber and then back to collectors.

2. When house heating is not required then the solar heat
can be stored in the storage cylinders. Here the air
route will be: from collectors to vertical duct to
water preheater to blower to bottom plenum chamber to
storage wunit to top plenum chamber -and then back to
collectors.

3. If the solar collectors are not able to supply heat to
the house then the stored heat can be used for house
heating. In this case the air route will  ©be: from
rooms to cold air return grilles to top plenum chamber
to storage unit to bottom plenum chamber to blower to
furnace to hot air registers and then back to rooms.

In summer the solar energy is used for water heating
only. In this case the air route will be: ambient air to
top plenum chamber to collectors to vertical duct to water
preheater to blower to furmace to summer bypass duct to top
plenum chamber.

This house was completely monitored from September 1959
to 1960 for its thermal performance. Parameters like solar
radiation; ambient air temperature; wind speed; air and room
temperatures at various positions of duct, storage cylinder,
rooms etc.; air flow rates im the ducts and air pressure;
and gas and electricity consumption were continuously recor-
ded for the above period. The results of these measurements
for the period from 18 September 1959 to 10 Jume 1960 are
shown in table 1.9. From this table it is seen that the
solar heating system 1is undersized and meets only 25.7
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percent of the house heating load including water preheating

and heating.
The

monthly variation of useful solar

heat <collected

[121] for the Colorado Solar House is shown in fig.1.15. It
is seen from this figure that in winter months, the heating
load requirement of the house was even greater than the
total solar radiation available on the solar collectors and
it 1is much more than the collected heat. In spring and
early falls only the solar radiation on the <collector was
more then the heating load. These figures very <clearly

indicate

that small collector area was used compared to the

heating demand of the house.
The Colorado Solar House was tested for its performance

during the year 1959-1960 and also again during the
1974-75 with no maintenance and the results

season of
reported in a paper by
even after 15 years of
maintenance the system

performance point of
output remained 72
this study it can be
properly designed and
tely sized to
heaters are

for longer ruration.

meet the heating load
more durable and can work without

heating
are
Ward and Lof[18]. It is reported that
continuous operation and without much
is not deteorated from stability and
view and after 15 years the solar
percent of its initial value. From
concluded that the house should be
the solar system should be appropria-
and the solar air
maintenance
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Table 1.9 Energy balance in Colorado Solar House During
Winter 1959-1960 (From Lof et al[121])

Energy GJ

1. Total solar incidence on 45 deg collector 239
area (55.74 m2)

2. Total solar incidence available on 45 deg. 170
collector area when collection cycle
operated (55.74 m2)

3. Useful heat collected 59

4. Net Collector efficiency (percent) 35

5. Solar heat absorbed by storage 27

6. Solar heat absorbed by water preheater 4

7. Heat delivered by natural gas for house 150
heating

8. Heat delivered by natural gas for water 22
heating

9. Total heat load 230

10. Percent of useful collected heat absored 7.09
by water preheater

11. Percent of total water heating load 16.25
supplied by solar energy

12. Percent of house heat load supplied by 28.20

solar energy (including water preheating
water heating).

13. Percent of house heat load supplied by solar 25.7
energy (including both water preheating and
heating)

1.8.3. The Thomason House

Thomason designed and built several solar heated houses
[14, 15, 122, 123 ] in USA. The first house was built during
the year 1959 in Washington, D.C. with a floor area of
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139 m2 and solar collectors of area 78 m? installed on the
roof and sloping south wall. The basic system in the hea-
ting mode is shown in fig.1.16. Special 'Trickle type'
collectors <consisting of blackened <corrugated aluminium
sheet placed over an 7.5 cm thick rock wool and glazed with

one or two layers of plastic film and glass are used. The
corrugations in the aluminium sheet were spaced 3.2 cm.
apart and were running vertically from top to bottom. The

main hot water storage tank consists of galvanised steel
with a capacity of 6.1 m3 and is surrounded by 50 tomns of
small 10 cm diameter rocks. Whenever the sun is shining,
the water from the main hot water storage tank is pumped to
the top of collectors and flows along the corrugations in
thin film. During its passage it gets heated due to solar
radiation and this hot water is collected at the bottom in
channel from where it flows to a 1040 litres domestic water
preheater tank and then to the main water storage tank.
When the house needs heating, the thermostat automatically

/
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Overtiow for rain woter
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Furnoce for Sediment trap
euxiliary heat
'c"ting circulating

Heat out Into stone

FIG.1.16 THOMASON SOLAR HOUSE NO.1 IN THE HEATING MODE.
(From Thomason and Thomason[15])

starts a 200 watt blower which blows air through the warmed
stones and around warm water tank and thereby heating the
air. This heated air is directly supplied to the 1living
rooms. When the heating is not required, the thermostat
stops the ©blower and the solar heat is stored in the hot
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water and stored for future use. If the heat supply is not
adequate, the storage system is bypassed, and an auxiliary
0il furnace supplies heat to the air stream.

The day-night temperature difference is made wuse for
providing cooling in summer. In summer nights, water 1is
directed to flow over the unglazed north facing roof chan-
nels, which gets cooled due to evaporation, convection, and
radiation, and 1is stored in the water storage tank from
where the stones get cooled. The living rooms get cooled in
summer by passing the room hot air through the stones (sto-
rage bin) and then to the living rooms. This is automatica-
lly domne by a reverse acting thermostat controlling the
blower. This system is shown[15] in fig.1.17.

Performance data on this system has indicated that 95
percent of the heating load is met by solar energy alone and
the rest 5 percent is met by 190 litres of fuel oil.
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FIG 1.17 THOMASON SOLAR HOUSE NO.1 IN THE COOLING MODE
(From Thomason and Thomason[15])

The basic features of solar house No.2 built in 1960
and 1961 are the same as of solar house No.l except that it
had collector area of 52m2 and living area required heating
of 63m2. However, in this design, ordinary aluminium relec-
tors of 31m3 area extending from the base of the south
facing collector is wused which increased the solar heat
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collection by about 15 percent. Initially the solar reflec-
tivity of this reflector was 70 percent and after 10 years
of use the solar reflectivity remained 30 percent. For
summer cooling, additional cooling is produced by using a
560 watt refrigeration compressor which chills the tank of
water and stores at night. This is done by putting a large
length of copper tube in the tank and used as the evaporator
coil for the cooling system.

In the solar house No.3, all the solar collectors were
installed on the roof of the house and therefore the winter
sun shines directly into living room and swimming pool
windows on the south side. In this design instead of a
galvanised steel water storage tank, a tank made out of
concrete blocks is used making it inexpensive and more
durable. For cooling operations, a standard 2240 watts
compressor unit is used and the cooling coil is placed 1in
the duct work ahead of the heat (cold) storage bin. Here
the air gets dehumidified and chilled and then cold 1is
stored in the storage bin. This cold dry air chills and dry
the stones while the cold air temperature is moderated and
becomes only cool. This cooled and dehumidified air is then
supplied to the space for cooling. Like this, several other
houses were built with some minor modifications in the solar
part like collector material was different in few cases,
collector itself served as roof in some other cases, storage
tank has coil for providing auxiliary heat directly into the
storage tank, etc.

1.8.4 Colorado State University Solar House, CSU Solar
House I

On receiving a grant from National Science Foundation
in September 1973, the Solar Energy Applications Laboratory
of Colorado State University started a comprehensive progra-
mme on the design, construction, and testing of a Residen-
tial Solar Heating and Cooling System. As a result four
Solar Houses known as CSU-I, CSU-II, CSU~-III, and CSU-IV
were builtf[25,26,124-126] in the campus of Colorado State
University in Fort Collins, Colorado, USA. Three of the
houses are of identical construction having same floor area
but each is heated and cooled by different type of solar
system. The CSU solar house=-IV is smaller than other three
houses and is a dwelling and greenhouse combination.

The solar heating and <cooling system in CSU Solar
House I became operational[124] on July 1, 1974. This house
was designed with many new idea of emnergy savings such as
very few and small north and west windows and south window
provided with shading devices such that the windows —remain
exposed in winter while shaded in summer. The house is of
modern construction with three bed rooms, with a total floor
area of 140 m? each for the main level as well as the heated
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basement. The slope of the south roof is 45° from horizontal
and is having an area of 93 m . The area of the roof facing

north is about 120 m . The walls and ceiling are insulated
with fibre glass insulation of about 9.0 cm and 14.0 cm
thickness Trespectively. The design heating load of the

house is 16.1 KW at =23 °C and the design cooling load 1is
about 10.5 KW. Both floor of the house (living and basement)
are heated and cooled using solar energy. The south wall of
the Dbasement is above grade while the north wall is Dbelow

grade.
The solar heating and cooling system used in the house
is schematically shown in[125] fig.1.18. It uses an array

of 1liquid flat-plate collectors, main water storage tank,
lithium bromide absorption cooling unit, gas-fired auxiliary
water boiler, and associated piping, ducts, pumps, blower,
etc.
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FIG 1.18 SCHEMATIC DIAGRAM OF SOLAR HEATING AND COOLING
SYSTEM IN CSU SOLAR HOUSE I (From Lof[125])

Sixteen liquid flat plate collectors, each 0.9 m wide
and 4.9 m long with a total area of 71.0 m2 and absorber
area of 67 m2 are used and installed on the roof facing
south at an angle of 45°. The solar collector consists of
aluminium absorber plates with built in expanded tubes known
as 'Roll-Bond panels', with a non selective paint, double
glazing of glass, and fibre glass insulation on the rear
side. A flow rate of 3632 litre per second through the
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sixteen collectors is maintained. The performance data on
these site built collectors show FpU; of 3.3 Ww/m2 °c  and
F (Ca)e of 0.58 when the wind speed is about 0.3 m/s. During
November and December, 1976 another collector array of eva-
cuated tube collector (made by Corning Glass Works) was used
adjacent to the solar house. In this collector array 36
modules in which each module is having 6 evacuated tubes
with a total absorber area of 1.11 m2 are used. When mounted
on the test bed, the gross area required for collectors and
manifolds is 75.2 m although the total absorber area is
39.9 m~. A separate storage tank of 4275 litres capacity is
used for evacuated tube collectors. The pipings etc. in the
heating system are arranged in such a fashion that either of
the two collector array i.e. the liquid flat plate collector
or evacuated tube collector can be used and can deliver heat
to the same space of the house. In October and November 1976
the 1liquid flat plate collectors are used while in subse-
quent months the evacuated tube collectors are put to ser-
vice. The evacuated tube collectors had R Up of 2.03W/m2 °C
and %.(Ca)n of 0.97 based on the absorber area. A 60-40
mixture (by weight) of Elthylene Glycol (with Corrosion
inhibitors) and water is used as working fluid which flows
through the <collectors and is separated from the storage
tank fluid with a counterflow heat exchanger.

The energy is stored in water in storage tank made of
16 gauge, vertical galvanized steel cyliner, 1.83 m high and
1.68 m in diameter. The capacity of the storage tank 1is
about 4275 litres. The tank is heavily insulated by 15 cm of
fibre glass on the sides and 5 cm of fibre glass and 15 cm
of <concrete block tank supports. The service hot water 1is
pre-heated in a 300 litre hot water tamk and transferred on
demand to a standard 150 litre gas-fired hot water heater.
Cold water from the main enters the pre-heater tank and 1is
heated through a heat exchanger by the main tank.

Single pass, counterflow, shell and tube heat exchanger
are used to transfer the heat from the collector to the main
storage tank and to the preheater tank for domestic
use[126]. The <collector heat exchanger is two units in
series mounted horizontally in front of the main tank while
the single service hot water heat exchanger 1is positioned
vertically between the main storatge and pre-heat tanks.

An Arkla Solaire-3 ton nominal capacity LiBr-H,0 absor-
ption air conditioner is used for providing cooling in the
house. Hot water either from the main storage tank or auxi-
liary 1is used as a source of heat to the generator and a
cooling tower outside the house provides the source of <cold
water for the absorber and condensor. The chiller has a
capacity of 50 MJ/hr and a coefficient of performance of
about 0.8 and it can be operated at generator temperature as
low as 66 °C with a corresponding capacity of 20 MJ/hr.

The auxiliary gas fired hot water boiler is sized such
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that it can alone meet the total heating demand. Several
centrifugal pumps which run at a constant speed of 1750 1zrpm
are used in the system. Only one pump is in the ethylene
glycol loop while others are in the water 1loops. The air
handling wunit is located in the enclosure of absorption
airconditioner and 1is rated at 1200 cfm.

There are only two modes of operation for heating the
house. If the room temperature drops by 1 ° below a desired
level, mode 1 comes into operation, in which the entire heat
is supplied through the main storage tank heated by solar
energy. If the room temperature continues to fall further,
the mode II comes into operation in which case the entire
heating load is supplied by auxiliary source. A few limited
experiments are also conducted for mode II operation in
which even the 1low temperature solar heat stored in the
main storage tank is to preheat the air and the remaining
heat is boosted by auxiliary source.

The absorption air-conditoner also works in two modes.
In mode I, if the room air temperature rises 1 °C above the
desired 1level and storage tank temperature is above 83 °C,
the mnecessary heat to the generator is supplied by solar
energy.If the room temperature continues to rise and storage
temperature drops below 83 °C, the necessary energy to the
generator is supplied by the auxiliary system. Flow of hot
water in the heat exchanger of preheat water tank starts
only when its temperature is below 41 °C and the main tamnk
temperature is 11 °C warmer than the preheat tank.
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FIG.1.19 SOLAR AND AUXILIARY CONTRIBUTION TO TOTAL SPACE
HEATING AND DHW HEATING, SOLAR HOUSE I, 1976-77
HEATING SEASON. (From Lof[125])



56 CHAPTER 1

The results of monthly means of energy supplied by
solar and auxiliary source for space heating and domestic
hot water heating during the heating season of 1976-77 are
shown[125] in fig.1.19. 1In the months of October and Novem-
ber 1976, flat plate collectors were used while evacuated
tube collectors were used in all other momnths. 1In November
1976, the performance of the heating system was quite low
i.e. only 50 percent of the heating load was met by solar
energy while in earlier years in November only more than 80
percent load was met by solar energy. This exceptional
behaviour 1is due to very bad weather during November 1976.
The =evacuated tube collectors have improved the solar con-
tribution <considerably. It is seen that out of 51127 MJ
required for space heating and domestic hot water supply for
January-April period, about 38595 MJ is provided by solar,

making the solar contributionm as 75.5 percent. The results
of performance of cooling system are summarised[125] in
fig.1.20.

The data on solar cooling is not extensive. It is seen

that although the <cooling load varies <considerably from
month to month the cooling load supplied by solar energy is

always more tham 40 percent. This poor performance and high
cooling 1load of the house is due to the heavy heat 1losses
from the storage tank, high electric consumption by -equip-

ments, and high heat generation in rooms due to several

[JAuxitiary supplied
m Solar supplied

833
—

b 934
1000 ]

g

600

55
ay, ;%4%

&~
3
8

AVERAGE ENERGY SUPPLY RATE (MJ/DAY)
N
8

] 1 L L7A1
JUN  JuL _ AUG  SEP
1977 1877 1977 1977
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AND HOT WATER HEATING, SOLAR HOUSE I, 1976-77
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FIG.1.21 COLLECTOR PERFORMANCE LIQUID SYSTEM, SOLAR HOUSE 1
(From Lof[125])

reasons. The performance of two types of collectors: flat-
plate liquid collectors, and evacuated tube collectors is
compared[125] in fig.1.21. From this figure it is seen that
evacuated tube collectors show high <collection efficiency
and supply more heating and cooling load to the house com-
pared to conventional liquid flat-plate collectors.

1.8.5 ULorriman Solar House

A single family, two-storey, three bed room solar assi-
sted house was designed by Doug Lorriman[127-129] and the
same was built at Mississauga, Ontario (Canada) in November
1975. The heating system mainly consists of flat-plate
liquid collectors, two storage tanks, solar water preheater
for domestic hot water supply, a solar assisted heat pump
system, electric auxiliary heating system, automatic con-
trols, ducts, pumps, blowers, necessary heat exchangers,etc.
(fig.1.22).

The house is a 2-storey, 3-bed room, 2-bath rooms, and
single car attached garage with a total heated floor area of
184 m2. The complete house was well insulated and was having
double glazed windows with area of 20.9 m2, 70 percent of
which is facing south. The heating load was estimated as
35000 KW hr/year.



58 CHAPTER |

Thirty three liquid flat-plate collectors (each 2.2 «x

0.9 m) supplied by Sunworks, Inc., Connecticut, made of
copper pipes on copper sheet with selective ©black chrome
coating were used. Single glazing of tempered glass was

used over the collectors and the system is drained when mnot
in use so that freezing does not occur in the pipes.

Two steel-reinforced concrete tanks each of 9.im3
capacity are wused which are kept in the basement of the
home. One tamk is for high temperature storage and is used
for direct heating of house through water to air heat excha-
nger put in the duct. The other tank is for low temperature
storage and is used to supply water to the collectors. The
hot water from the solar collectors can be supplied to
either of the storage tanks or to both depending on the
temperature of hot water. When the temperature of water in
the storage tank is lower thamn 50 ¥, the hot water is
supplied to the heat exchanger of evaporator of heat pump
and thus this low temperature heat is utilized by heat pumps
which augment this heat and supply the same to the house
through duct.

Domestic hot water is supplied only when the system has
excess capacity. The auxiliary electric heating arrangment
is also provided to supply the balance heat required for
house heating. Cooling in summer is also provided by rever-
sing the operation of heat pump. All the controls are
automatic and an electronic differential controller with a
set temperature difference of 6 °C between collector plate
and cool tank is used in the heat collection loop. A double
set house thermostat is used to control the <circulating
pump, fan, heat pump, and auxiliary heater.
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Table 1.10 Details of the Lorriman Solar House

1. Floor area (excluding basement) of house 135 n?
2. Heated floor area 184 m?
3. Total solar collector 65 m?
4. Storage tank capacity 2x9.1 m3
5. Solar Energy added to the storage 40.16 GJ
(From Oct. 1976 to April 1977)
6. Thermal Energy extracted from Storage 23.25 GJ
7. Energy supplied by heat pumps 13.69 GJ

8. Energy supplied by auxiliary energy source 9.64 GJ
9. Total Energy supplied to the heating system 46.59 GJ
10. Percent of house heat load supplfed by 50

solar energy (Excluding heat supplied
to water parameter)

Hot water from the high temperature storage circulates
through the heat exchanger located in the hot air plenum of
the central heating system as well as for preheating the
water for domestic use. Hot water is circulated only when
its temperature is above 45 T, below this temperature the
heat pump gets activated till the water temperature reaches
to 14 %. When the water temperature in the low temperature
storage drops below 14°C, the auxiliary heater gets acti-
vated. After the collector pump stops, water drains from
the collector back to the storage tank.

This house was kept under complete observation
during the heating season of 1976-77 i.e. from October 1976
to April 1977. All the necessary climatic parameters, solar
contribution, electrical energy consumption, etc. were mea-
sured for this period and summary results for this period

are given in table 1.10. On seasonal basis the solar con-
tribution was about 50 percent while it has ranged from 34
to 76 percent in different months. These results were not

to the expectations of 60 to 70 percent which is attributed
due to high heat loss from the storage tanks.



60 CHAPTER 1|

1.8.6 Colorado State University Solar House, CSU Solar
House II

The CSU Solar House II is similar in physical size,
orientation and thermal characteristics to Solar House I
except that it uses site built Solar air heaters and the
system became operatiomnal from February 1, 1976. The sche-
matic diagram of solar heating system for CSU II is shown
[130] in fig.1.23. The main features[26] of the solar
system here are as follows:
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FIG.1.23 SCHEMATIC DIAGRAM OF SOLAR HEATING SYSTEM IN CSU
SOLAR HOUSE II (From Karaki[130])

1. Flat plate solar air heating collectors which are site
built and occupy an overall roof area of 68.4 m2 with
68.4 m2 net collector area are used. The air passes
beneath a black painted steel plate, internally mani-
fold and insulation and glazed with two glass sheets.

2. The storage unit consists of a tamnk of 10.2 m3 capacity
filled with about 18200 kg of <roundish and crushed
pebbles with 1.9 to 3.8 cm equivalent diameter. This
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1

storage unit has supplied solar heated air in winter
and evaporatively cooled night air in summer.
The system is also used to supply solar preheated water
to the conventional domestic hot water tank (150
litres) fitted with auxiliary heater. The heat to the
water in the preheater water tank (300 litres) is sup-
plied through an air-to-water heat exchanger.
A day-night evaporative exchanger cooler with outdoor
air inlet and exhaust air.
The auxiliary heat is supplied by a gas-fired duct
furnace which is sized to supply the total heating load
of the house.
The air handling module consists of automatic dampers,
necessary ducts, filters, and only one blower for the
heating operation.
The system shown in fig.1.23 was replaced by a new
system in June 1978 as shown[130] in fig.1.24 where the
gas~fired furnace is replaced by a heat pump. The site
built solar air heaters were also changed to the fact-
ory built solar air heaters and were used during the
1978-79 heating season. Here instead of one blower,
two air blowers are used one in the air handler and the
other in the heat pump air handler.
In the new system provision is also made to store cold
and hot.

There are following five operational modes for
heating with solar energy:
Heating the rooms directly from solar collected heat
from solar collectors directly.
Charging the storage with solar energy when heat is not
required by rooms.
Heating the rooms partially from heat directly coming
from solar collectors and further boosted by auxiliary
energy. This system is applicable when solar intensity
is low or heating load is high.
When sunshine is not available, heating the rooms from
the heat stored in the storage unit.
When the heating load is high or less heat is stored in
storage unit, heating rooms from heat stored in storage
tank and also from auxiliary energy.
Three possible modes have been tried in the expe-

rimental heat pump system shown in fig.1.24 in the <cooling

mode:
1.
2.

Cooling the rooms directly with the heat pump.

Charging the storage unit with cold during off-peak
hours.

Cooling the rooms from storage unit during the daytime
only wusing only the blower in the heat pump air
handler.
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Performance data for several heating and cooling sea-
sons have been collected through a data acquisition system
which is a Doric Scientific Model Digitrand 220 and a

Kennedy incremental tape deck. The desk top computer is a
Wang Model 2200 with 32 K-byte memory. The solar heating
results[130] are summarised in table 1.11, It is seen from

this table that during the entire season, more than 80
percent of the space heating load is borme by solar energy
and more than 72 percent DHW load is met by solar energy.
It 1is also seen that the electricity consumption for the
operation of blowers and pumps for collecting solar heat and
distributing it to rooms heating and for hot water supply 1is
about 13 percent of the total solar heat supplied to rooms
and to hot water. Therefore, the coefficient of performance
(coP) for solar space heating and domestic hot water heating
defined as ratio of solar energy delivered to electrical
used to operate the system is 10.5.
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(From Karaki[130])

1.8.7 Mobile Modular Solar House

The Los Alamos Scientific Laboratory (LASL) of USA has
developed a solar heated mobile/modular home which is suita-
ble for assembly line production of factory-built mobile/



SOLAR HEATING OF BUILDINGS: ACTIVE SYSTEMS 65

modular housing. This mobile/modular system is claimed to
be the country's first air-type solar energy system suitable
for such wunits and can have far reaching effects for the
housing industry. The house alongwith the solar heating
system was completed in the summer of 1976 and since then it
is in operation. This mobile/modular[131-132] home is a
factory built residential unit 13.41 m lomg and 7.31 m wide.
The house has a conventional wood frame construction with
a specially designed truss sStructure to accomadate the solar
Collector at an angle of 60° from horizontal. The house was
heavily insulated with 10 cm of fibre glass insulation in
the wall, about 17.5 cm in the ceiling, and 15.0 cm in the
floor. All doors and windows were provided with double
panes of glass to minimize heat loss. A photograph of the
house is shown in fig.1.25.

Seventeen solar hot air collectors each of 0.60 m wide
and 3.05 m long with a total collector area of 31.11 n? are
used. The solar collectors are fastened directly to the
sloping south wall of the home and attached together by a
steel cap strip to form a weather tight roof/wall structure.
They are insulated from the house by a 5.0 cm fibre glass
matte, the plywood deck fastened to the trusses, and a 15 cm
layer of fibre glass within the truss space.

A special storage[131] system comnsisting of 870 liters
glass jars filled with ordinary tap water and sealed is
used. These jars are spaced 1.6 cm apart and fitted in a
space of 0.9 m high, 1.2 m wide, and 2.4 m long which is a
furnace 7room and is insulated. Heat from the solar heated
air is transferred to the storage unit by passing it around
the jars. It is expected that this storage unit will store
heat which is sufficient for 6 to 8 hours omn a cold anight.
The auxiliary heat is provided by an electric furnace.

The solar heat 1is also used for heating water for
domestic purposes by using an air to water heat exchanger
fitted in the collector hot air returm duct. This hot water
is stored in a 196 litres solar preheated tank from where it
goes to a 113 litres tank which is a hot water storage tank
and supplies the necessary hot water for domestic use. The
necessary temperature 7rise 1is supplied by the electric
furnace. The hot water system is designed with a capacity of
83 litres/person/day at 50 ¥ for meeting 85 percent of hot
water requirement for an average family size of 3.7 persons.

The heating system can be primarily[131] operated in
four ©basic modes: heating the house directly from solar
collectors, heating (charging) the storage bin only, heating
the house from storage, and in summer heating the water for

domestic use only. There are three primary independent
control logic circuits controlling the dampers, the fan, and
the furnace heating coils. The first circuit employs an

electronic differential controller used to charge the sto-
rage unit and at a set temperature difference, opens the
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collector damper, closes the storage return damper and turns
on the fan. The second circuit employs the room dual set
point thermostat which depending on the heating load requi-~-
rement and availability calls the heat either from the solar
collectors directly or from the storage unit. The third
circuit controls the auxiliary heating coil and employs a
room thermostat.

TOTAL HEATING DEMAND
DEMAND MET BY SOLAR

AUXILIARY
e REQUIRED
NN

95 ) v
,//

7%

RN
N

ENERGY (GJ/month)
~
T

p.

OCT NOV DEC JAN FEB MAR APR MAY

FIG.1.26 PERFORMANCE OF MOBILE MODULAR HOUSE SOLAR SYSTEM
DURING THE HEATING SEASON OF 1977-78 (From
Reference[132])

The heating 1load for the house for the outside and
inside design temperatures of -18 °c and 21 °C respectively
is 582 MJ/day and the heating system was designed to meet
about 80 percent of this load. Extensive performance data
of this house is available since October 1976. The house
has a total of 63 sensors of various types. The summary of
measured performance[132] is shown in fig.1.26. From this
figure it is seen that about 74 percent of the heating load
is supplied by solar energy. This departure from the design
heating load is attributed to several reasons. This is due
to small storage mass, heating demand of the house is lower
than the predicted, 1large unexplained losses in the attic,
etc. Therefore, the house was further redesigned based on
these experiences to get more solar contribution.

1.8.8 National Security and Resources Study Centre (NSRSC)
The Natiomal Security and Resources Study Centre

(NSRSC) in Los Alamos, New Mexico is a multizone ©building
with three floors of 5574 m? and is both solar heated and
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cooled. The solar system provides about 94 percent of buil-
dings heat and 70 percent of its airconditioning. The
heating degree days for the place calculated on long term
basis is 3500 C~day per year. The first and the second
floor house the library and the third floor houses the
meeting rooms, offices, and conference areas. The entire
facility is designed to enhance the efficiency of the solar-
energy system by incorporating several energy conserving
design features.

* The walls and roof are heavily insulated wusing 10 cm
fibre glass insulation.

* Very few windows are used and that too are tinted and
double glazed,

* TFor the speedy and efficient transfer of heat from one
location to another, a heat pipe with a heat recovery
unit is used. This system preheat outside air im the
heating mode and precool outside air in the cooling mode.

* A controlled, balanced air circulation is achieved for
providing heating, cooling, and ventilation using signals
from 53 building thermostats.

* The heat generated by light fixtures is returmed to the
system by allowing the return air to <circulate around
them.

* The air conditioning is provided by evaporative cooling
using air washers.

The energy system is shown[133] schematically in
fig.1.27. The photograph of the NSRSC building is shown in
fig.1.28. The energy system mainly consists of a flat-plate
collector array, two storage tanks, and two water chillers -
a lithium bromide absorption chiller and an experimental
solar Rankine Cycle Chiller. Either of these chillers can be
used in series with the <c¢old storage tank, an 85 ton
absorption unit, or a 77 ton Rankine Cycle unit.

Four hundred liquid flat-plate collectors each of 0.6 m
wide and 3.0 m long with a total area of 720 m are used in
the system. The collector array is architecturally and
structurally integrated into the building, forming the roof
of the mechanical equipment room. The collector steel panels
are electroplated with chrome black coating and using single
glazing of tempered plate ﬁlass (3 mm thick). The collector
array faces south at a 35 tilt from horizontal. The heat
transfer fluid used is light paraffin oil, Shell Thermia 33.
This heat transfer fluid flows through the collectors and
transfers its heat through a heat exchanger in the water in
a 3785 litres storage tank located in the equipment room.

Hot water is stored in a low pressure 3785 litres tank

for heating in winter. Hot water is stored in a 1892 litres
pressurized tank which is used in summer for producing cold
by operating either of the chillers. The cold water for

summer use is stored in 3785 litres tank which is chilled to
about 15 € by circulating it through the cooling tower at
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night or by using one of the chillers. This chilled water
is then circulated through the cooling coils in series with
the <chillers during the daytime. The two cooling systems

Soler Collectors

e e .,H“' y - [Air Washer
Cooling H
Heot H Unit Heating
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FIG.1.27 SCHEMATIC OF HVAC SYSTEM FOR NSRSC, LOS ALAMOS,
NEW MEXICO (From Hedstrom et al[1331])

are used to compare their effectiveness and reliability. 1In
a Rankine Cycle Chiller, the solar heated water at 70-80 %
boils the organic fluid which drives a turbine conmnected to

a conventional airconditioning compressor. The 1lithium
bromide absorption chiller works similar to a cooling mecha-
nism in a gas refrigerator. The two systems share a common

fluid, condenser, and cooling tower. The auxiliary heat for
heating water either for heating the space or to power the
chillers 1s provided by steam heat exchanger system. Hot
water for domestic use is also provided through a solar
water preheater tank of 378 litres capacity connected to the
solar hot water storage tank. There are two basic modes of
operation: the winter mode (for heating), and summer mode
(for —cooling). In winter mode there can be either solar
heating mode or auxiliary heating mode. In summer mode
there can be four modes of operation: solar cooling, auxi-
liary cooling, cooling from cold storage, and night evapora-
tive cold storage. If the outside air temperature is -18
then the hot water temperature required is 60 °C and if the
outside air temperature is 21 °C then the hot water tempera-
ture required is 21 ° for building heating purposes ' and

controls will work accordingly. The auxiliary system for
heating will automatically be turned on if the hot water
temperature drops below this required temperature. The

cooling control system for providing the cooling will
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operate in the sequence: (i) Full fresh air (ii) Air
washers start (iii) Exhaust spray (iv) Chilled water from
cold storage (v) Water chiller starts.

For evaluating the system performance about 160 chan-
nels of instrumentation are used in the building. All the
parameters like flow rates at various points, temperatures
at various junctions, energy flow, electrical power consum-
ption by various fans and pumps, and solar radiation etc.
are recorded. The heating and cooling system is in opera-
tion since October 1976 to yield background data to LASL/DOE
on solar heating and cooling of large buildings and since
then extensive data is being recorded. Performance summary
of the solar heat supplied to the building for the year 1978
and 1979 is compared[134] in fig.1.29.

Y7/ - 7] AUXILIARY 7
r % % [J soLar 7
A |

ENERGY (MJ/mZday)

7879 7879 7879 7879 7879 7879 7879 7879 7879 7873 7879 T8
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

FIG.1.29 PERFORMANCE SUMMARY OF SOLAR HEATING SYSTEM FOR
NSRSC, LOS ALAMOS, NEW MEXICO (From Reference

[134])

It is seen that solar contribution varies in different
months due to variation in solar intensity and building
heating demand. The average collector efficiency was worked
out to be about 34 percent. The heating system has delivered
about 680 GJ of energy in a heating season which comes out
to be about 80 percent of the heating demand.

1.8.9 Solarhaus Freiburg

Solarhaus Freiburg[27] is a 12-apartment house located
in a Rhine Valley 14 Km west of the city of Freiburg (South
Western Germany) and was constructed in 1978 and is comple-
tely monitored since March 1979. This is one of the biggest
housing complex wusing solar energy for space heating and
domestic hot water supply. Apart from using active solar
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FIG 1.30 PHOTOGRAPH OF SOLARHAUS FREIBURG
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heating system several passive concepts are .employed to keep
the house requirement as low as possible. The Freiburg
solar house experiment is a joint cooperative venture
between the U.S. and German governments.

The 12-apartment house , 'Solarhaus Freiburg' is occu~
pied by 12 families or 24-27 inhabitants. The structure is
made with a high thermal capacity. The specifications of
the building are given in table 1.12.

Table 1.12 Specifications of Solarhaus Freiburg Building

1. Apartments-rooms 6x1, 4x2, 2x3
2. Total floor area 641 m2
3. Volume of interior space 4284 m3
4. Slope of south facing roof 55 deg.
5. Slope of north facing roof 28 deg.
6. Thermal conduction coefficients of
i) Outer wall 0.34 w/m2K
ii) Partitions and roofs of apartments 0.43 w/mZK
iii) Insulation of the loft 0.24 w/m2K
iv) Roof of the attics 0.36 w/m2K
v) Windows 1.86 w/m2K
7. Window comnstruction Three glass panes
8. Total heating load (outdoor 47 KW

design temperature -12°C)

A photograph of the house is shown imn fig.1.30. 1In the
present system as is schematically shown[27] in fig.1.31,
two completely separated load systems i.e. the DHW system
and space heating system have been installed which can
either be <connected with two different make of evacuated
tube collectors i.e. Philips evacuated collectors or Corning
glass works evacuated collectors. The design details of
these collectors are shown in table 1.13.

The domestic hot water heating system consists of  two
tanks, one preheater tank (Warm water) of 1500 litre capaci~-
ty and one hot water storage tank of 1000 litre capacity.
Built-in-tubular heat exchanger is used to supply the heat
in the preheater tank and auxiliary energy to the hot water
storage tank is provided by a electric resistance heater of
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12 KW capacity controlled by thermostat to supply hot water
at a temperature of 46-48 c. For space heating also two
tanks, a preheat tank and hot water storage tank each of
15000 and 5000 litres capacity are used. It is hoped that

AUXILIARY !
ELECTRIC 11}
Y

|
I
o

OPERATION MODES OF
L’;(EZHCA%GLECB{%RS s N —~—+—COLD WATER INLET

SOLAR DOMESTIC HOT WATER

SOLAR HEATING

FIG.1.31 SCHEMATIC OF SOLAR HEATING SYSTEM IN SOLAR HOUSE
FREIBURG (From Schreitmuller and Vonoli[27])

Table 1.13 Specifications of evaluated tube collectors used
in the Solarhaus Freiburg.

Corning Philips

1. Total aperture area of collectors(m2) 33.1 29.5
2. Total absorber area of collectors(m2) 26.8 27.1
3. Effective transmittance-absorptance 0.81 0.74

product.
4. Overall heat loss coefficient(w/m2K) 1.7 1.9
5. Tilt from horizontal (deg.) 55 55

6. Heat transfer fluid Water - glycol solution
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this two tank system in the space heating mode and DHW
supply mode consumes less auxiliary energy. The auxiliary
energy for space heating is provided by oil fired furnace
with a maximum heating capacity of 72 KW. The heat to the
rooms is supplied through radiators. An inlet temperature
of about 54 € to these radiators is sufficient to provide
comfortable conditions in rooms even when the outdoor tempe-
rature is -12 %. Each radiator is fitted with its own
thermostat to operate at its maximum efficiency. The rooms
can be heated through storage during the tranmsitiom periods
between warm and cold weather and on cool summer days.

A sophisticated data acquisition system alongwith about
180 sensors are used inside and outside the house to get the
information on the house operation, collector behaviour,

energy flows, etc. More than 50000 observations per day are
collected which are further analysed by computer to arrive
at a concise description of the house energy system. The

data is still being recorded and concluded for making final
recommendations.

1.9 PREDICTION OF HEATING LOADS

The size of the solar heating system depends on many
parameters of which the most important ones are: local
climatic conditions, solar intensity, building type and
size, thermophysical properties of materials used, degree of
building wuse, hot water requirement and its frequency of
use, capacity of auxiliary heating system, etc. Since many
of these parameters are time dependent and hence the heating
load, it therefore becomes difficult to give a simple Dbut
accurate method to determine the building heating load. For
accurate computation of heating 1loads, complex computer
programs which will calculate thermal losses through various
components of a building (wall, roof and floor structural
details and their areas; window and door material specifica-
tions and their areas; air leakages through doors and
windows; orientation of the building and tilts of roof;
occupancy; surface colour and finish of outer surfaces,
etc.) using detailed hourly weather data (like temperature,
windspeed and direction, humidity, solar insolation, etc.)
are availabale[136,137,138] but these are time consuming and
require expertise services. For active heating systems and
for places where the amplitude of the outside diurmnal
variation of temperatures are not large, simple steady state
methods are adequate for heating load calculations.Standard
heat 1load <calculation procedures are given in details in
ASHRAE Handbook of Fundamentals[139] and the same is
described here in brief.

Heat from the building takes place by conduction,
convection, radiation, and infiltration. Typical heat losses
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are: 15 percent through the roof, 30 percent through the
walls, 30 percent doors and windows, and 25 percent by
infiltration. The heat loss is directly proportional to the
temperature difference between the indoor temperature and
outside ambient air temperature. Analytical expressions
used for the computation of various heat losses are given in
table 1.14. The overall heat transfer coefficient U is the
reciprocal of the total resistance offered by a wall or roof
structure:

v = (1.1)

Since a wall or roof does not consist of single material but
of layers of different materials with different thicknesses
and the loss is from air to air, the total thermal resis-
tance Ry 1is given as:

1 1
Ry = + +R1+R2+R3+._.____(1.2)

fo £y

where £, and f are the thermal conductance for outside and
inside surfaces due to air, and Ry, Ro, Ryeon.. s are the
thermal resistances of various layers. For a single layer
the resistance Rq1 is given as:

L
Ry = 1 (1.3)
Ky
where Lj is the thickness of a single layer and Ky 1is the
thermal conductivity of the material in the layer. Values
of thermal conductivities of various building matereials are
given by Garg[é61l]. Values of surface conductance[140],%

and fi are given in table 1.17.
The indoor air temperature is maintained at constant
value and is known as design indoor temperature and is

independent of building type. This design indoor tempera-
ture for United States is 18.3° (65 °) and for UK 15.6 °C
(60 °F). The outdoor design temperature is not the lowest

minimum temperature which will unnecessarily increase the
heating load but is taken as the hourly minimum temperature
which are exceeded 95 percent of the time. Since here for
simplicity, the outdoor temperature is not assumed to be
varying, hence a constant outdoor design temperature, gene-
rally the 1lowest minimum temperature is considered for
design purposes.
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Table 1.14 Analytical expressions for heat load

calculations for a building

Symbols used

Type of heat loss Expression
1. Conduction heat UA AT U
loss
A
AT

2. Air charge Ventila- &1$CPAT Py

tion heat loss

v

C

3. Infiltration heatpanVCpAT n
loss v

4. Basement floor heat UfAfATg U
loss

5. Exposed floor heat F_ P AT F
loss

P

f

overall heat tran-
sfer coefficient
from indoor air to
outside air through
walls,roof, window,
door, etc (w/m?2 %)

Area of walls,
roof, window, door
etc. (m?2)

Temperature diffe-
rence between in-
door air and out-

side ambient air
()

density of air
(Kg/m3)

volumetric exchange
rate (m3/hr.)
specific heat of
air (KJ/Kg C)

Air change per hour
Volume of building
(m3)

Heat transfer coef-
fieient from floor
(burried) (w/mz)
which depends only
on the ground water
temperature and not
the air tempera-
ture. Values are
given{139] in table
1.15.

Area of floor (m?2).

Heat loss coeffi-

cient (w/m2°%).
Typical values are
given in Table
1.16.

Edge perimeter (m)
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Table 1.15 Conduction heat loss rates from basement floors
and floors and walls (from ASHRAE[139])

Ground water temp Basement floors Basement walls
(°c) (w/m2) (w/m?)
5 9.5 18.9
10 6.3 12.6
15 3.2 6.3

Table 1.16 Values of Fe at floor for various values
of inculation (From ASHRAE[140])

U-value of insulation Fe
(w/m2 °C) (w/m &)
0.85 0.43
1.13 0.57
1.42 J 0.73
1.70 0.87
1.98 1.02
2.27 1.16

Since the total heat loss from a building is propor-
tional to the indoor-to-outdoor temperature difference, the
losses are approximately calculated using *degree-day'
method. If the outside temperature is 3°C and indoor air
temperature is 18.3°, then the temperature differemce 1is
15.3°C. If this summation of daily average temperature dif-
ferences over a month is done, then this total 'degrees
difference is called the degree-days for the month. Since
both heating and degree-days are proportional to the indoor-
outdoor temperature difference, the number of degree days is
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Table 1.17 Values of surface conductances (From
Harkness and Mehta[140])
Surface Conductance
(w/n2 °C)
Internal Surface (F )
Walls 8.4
Roof, heat flow up 9.4
Roof, heat flow down 6.8
External surface (f )
Sheltered 8§.0
Normal 10.0
Sever exposure 13.2
Walls facing north
Sheltered 13.6
Normal 19.9
Severe exposure 32.0
Walls (all other)
Sheltered 10.0
Normal 13.6
Severe exposure 19.9

a measure

heating

for that month.

of the energy required or fuel

Thus the number of heating

déys[141] for a given day is

consumption for

degree
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V] ifT>Tb
d = ’ (1.4)

Tb-T ifT(Tb

where Tp 1s the design indoor temperature taken as 18.3 °%
and T is the mean of outdoor air temperature

T = 0.5 (T + T (1.5)

max min)

Here T and T . are the maximum and minimum temperature
1

of the outdoor alr respectively. For a month or a season of

N days, the number of degree days, DD, is given as

DD = (1.6)

aallde 24
o

Thus the monthly space heating load (Qg) is now given as:
Q = UA(DD) (1.7)

where UA is the loss coefficient and area product of the
building.

The heating degree-days for various places are given in
text books[42,43,46,88,89]. The above calculation procedure
in steps is given below:

(i) Select a design outdoor and indoor air temperature

from the local weather data. The design indoor
air temperature can be taken as 18.3 °C.
(ii) Calculate areas of walls, roof, floor, windows,

doors etc.
(iii) Calculate the thermal resistance values, R'S, for
each component of the building.

(iv) Calculate total conduction, infiltration, and
ventilation loss and sum it to get the total
heating load of the building.

(v) Express this as a design heat loss rate per degree
day.

1.10 SIZING OF ACTIVE SOLAR SPACE HEATING SYSTEMS

In recent past, several simulation and design proce-
dures are developed which can be used to optimize the colle-
ctor array size for most economic conditions. These methods

range from simple <rules of-thumb aimed at builders and
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designers to the sophisticated simulation methods used by
researchers. These design procedures are reviewed by Hunn
[142), Gargl[143], and in a publication from SERI, USA[144].
The most widely used and accepted design procedure which is
based on detailed simulation studies is the f-chart method
[145-148] and the same will be described here in short.

The f-chart method is used to determine the solar load
fraction, £, i.e. the total heating load supplied by solar
energy for a solar heating system. The main design variables
are: collector type and its area, storage capacity, heating
load, various heat exchangers type and size, and fluid flow
rates.The space heating systems used in this study wusing
liquid and air as the medium are schematically shown[46] in
fig.1.32 and 1.33 respectively. The monthly solar load
fraction, f, is correlated with two dimensionless paramteres
X and Y which are ratios of collector losses and heating
load, and collector gain and heating 1load respectively.
These two parameters are given as:

1
Collector losses F, U, (T -T_)AzA
X = _ R°L" "'ref “a c (1.8)
heating load L
Collector gain FE'{HTN(Z;OL)AC ,
Yy = = (1.9)
heating load L

1
]
Fp Fp (1.10)
Fr UL A (mC)C
1+ - - -1
(_(mcp )e €e(mCy Inin

Fp A modified collector heat exchanger efficiency
factor that takes into account the penalty due
to the use of heat exchanger in the collector-
storage loop.

Fp = Heat removal efficiency factor of collector.

A = collector area (ml)

U, = collector overall heat loss coefficient
(w/m2 °C)

Tref = reference temperature = 100°C

T, = monthly average ambient temperature ( °C)

AL = number of seconds in a month
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FIG.1.34 DESIGN CURVES FOR LIQUID BASED SOLAR HEATING
SYSTEMS (From Beckman et al[1471])
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FIG.1.35 DESIGN CURVES FOR AIR HEATING SYSTEMS
(From Beckman et al[147])
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These <correlations or design curves for 1liquid heating
system and air heating systems are graphically shown[147]
in fig.1.34 and fig.1.35 respectively. The f-chart for
liquid systems is developed for the following <conditions
(1481

0.6 < (ra)y < 0.9

5 < FpA. < 120 m?

2.1 < < 8.3 w/ml’c
30 < B < 80 deg

83 < (uA)y, < 667 w/t

37.5 < Storage Capacity < 300 1/m2
L(me dmin
(UA)n

where

tilt of collector from horizontal (deg.), and
(UA)h = product of heat loss coefficient and area of bldg
Similarly the f-chart for air heating systems is deve-
loped for the following conditions[148]

. < < .
0.6 < (C/x)n < 0.9
5 < Fr A < 120 m2
= R = "
2.1 <y < 8.3 w/m2°C
30 < B < 90 deg
83 < (uA)y, < 667 w/'C

125 < Storage Volume < 1.0 m3 /m2

5 Volumetric flow < 20 1/m2s

| A

The terms (FRUL) and FR( Cahl can be obtained from the
slope and 1intercept of the standard test curve of the
collector at a particular flow rate. The term (ga)/(ca)n
can also be determined from standard correlations or can be
taken as 0.96 for single glazed system and 0.94 for double

glazed system. For liquid loop the collector fluid capaci-
tance rate can be taken as 210 KJ/m2 hr °C which corresponds
to a flow rate of 50 1/m2hr of collector area. For air

systems, the collector fluid capacitance rate is 45



SOLAR HEATING OF BUILDINGS: ACTIVE SYSTEMS 85
KJ/m? hr °C which corresponds to a flow rate of 0.6 m’ /min. m?
of collector area. If an antifreez solution is used as heat
transfer fluid in the collector, then €. can be taken as
0.7 for the collector-storage loop heat exchanger. 1In case
of air-rock and water drain down systems, € wil be unity
and hence FE'{/FR and (me)c/Ec(mC )min will also be unity.

, Thus ?n the £ - chatrt method, the parameters FR/FR’
FpU;, and FR(goc)e are first determined and then by estimating
the values of X and Y for a particular system the average
monthly solar load fraction f is detrmined wusing either
fig.1.34 or 1.35 for each month. The annual solar 1load
fraction F is then determined from the following relation.

Y Monthly solar load fraction
F = (1.11)
Z monthly loads

Recently Duffie and Mitchell[146] have used the above
method and did detailed calculations and determined annual

solar load fraction for 10 liquid heating systems, 10 air
heating systems and 13 water heating systems. The places of
installations are distributed in various parts of USA. It

is found that in most of the cases the agreement between the
measured and predicted annual solar load fraction is within
15 percent. The agreement is pretty close in those systems
where the heating system is similar to those considered 1in
the formulation of f - chart.

1.11 SIMULATION OF SOLAR HEATING SYSTEMS

Simulation program is a powerful tool in designing a
most economic heating system and several simulation programs
are developed in the recent past including those developed
by Butz et al[149], Howels and Marshall[150], Sillman[151],
Chang and Minardi[151] Brandemuehl and Beckman[153], Klein
et al[154], Hunn et al{155]}, Buchberg and Roulet[156], Winn
and Johnson[157], and solar scientists at the Winsconsin
University[118] which is based on modular approach in which
each component of the heating system is modelled independen-
tly and the governing equations are solved in a serial
fashion and therefore make use of iterative techmnique. Rece-
ntly Howells and Marshall[150] have developed a generalized
simulation program for solar heating systems which shows a
significant improvement over the fixed step iterative simu-
lation program like TRNSYS. Here the main features are that
all the differential equations[150] appearing in the <closed
loop form are simultaneously solved, and the technique for
advancing the simulation form 'control function' to Control
function'. Using this improved simulation program, the per-
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formance of two solar systems, one the domestic solar water
heating system, and the second a combined space heating and
service hot water, is predicted.

Table 1.18 Simulation data for solar heating system
including service hot water supply (from
Howells and Marshall[150] )

Parameter Value
Collector Area 50 m 2
Overall collector heat loss 6.0 w/m2K
coefficient

Mass flow rate per unit area in 0.017 Kg/sec m?
collector loop

Collector plate efficiency factor 0.9

Collector heat capacity 10.0 KJ/m2K
Transmittance for diffuse radiation 0.76
Transmittance for direct radiation 0.84

Specific heat capacity 4,2 KJ/Kg K
Absorptance for solar radiation 0.9

Heat exchanger effectiveness 1.0

in the collector loop

Volume of preheat tank 200 liters
Volume of thermal store 75 liters/m2
Heat loss coefficient of 0.4 W/m2K
preheat tank

Mass flow rate in the domestic 0.068 Kg/sec.
hot water loop

Domestic hot water demand 60 c
temperature

Heat loss coefficient of 0.4 W/m2K
thermal store '
Space heating demand temperature 20 C

Room temperature 20 °c
Building heat loss coefficient 400 W/K

and its area product

Heat exchanger effectiveness 0.8

of space heating loop

Mass flow rate in the space 0.017 Kg/sec m?
heating loop

Specific heat of air 1.007 KJ/Kg K
Mass flow rate of air per unit 0.008 Kg/m?sec.
area

Integration scheme RIKM

Weather data kew (England)
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The combined space heating system and service hot water
used for simulation studies is the same as shown in fig,
1.32. The simulation data is given[150] in table 1.18.
Performance of this solar heating system is predicted using
hourly values of meteorological data for one complete year
for differnt values of the user-specified error tolerance.
For one complete year's simulation, the computer (ICL-470)
took only 9 seconds and yield the yearly energy balance
correct to within 1 percent. The predicted results are
shown[150] in table 1.19. It is seen from this table that
about 27 percent of the space heating load and about 58
percent of the service hot water requirement is met by solar
energy.

Table 1.19 Performance date for solar heating system inclu-
ding service hot water supply (from Howells and
Marshall[150])

Collector imput 177.3 GJ
Collector output 32.87 GJ
Thermal store input 32.87 GJ
Thermal store output 28.6 GJ
Thermal store loss 4.3 GJ
Preheat tank input 8.4 GJ
Preheat tank output 8.0 GJ
Preheat tank loss 0.4 GJ

Auxiliary energy required by hot water system 5.4 GJ

Hot water load 13.7 GJ
Space heating heat exchanger input 20.2 GJ
Auxiliary energy required by space heating - 53.6 GJ
sytem

Space heating load 73.9 GJ

Hot water load supplied by solar energy 58 percent

Space heating load supplied by solar energy 27 percent
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1.12 ECONOMICS OF SOLAR SPACE HEATING SYSTEM

The combined system for active space heating and domes-
tic hot water supply has been proved as technically
feasible. Its widespread use depends now on its economic
feasibility. The economics of a solar heating system depends
on many parameters and on individual circumstances of the
user. In this direction attempts have been made by Butz
et al[149], Brandemuehl and Beckman[153], Hunn et al [155],
Lof and Taybout[158,159], Kreith and Kreider[160], Silman
[161,162], Drew and Selvage[163], Esbansel and Korsgoard
[164], ®Baylin et al[165], Barley[166], Lunde[167], and
Auh[168]. Here the —results as presented by Auh[168] are
discussed.

The f-Chart method[147] is used to predict the solar
load fraction which in turn depends on meteorological condi-

tions, building location, collector type, collector area,
annual load, and the annual load distribution. For economic
analysis the parameters used are given in Table 1.20. The

annual heating cost of any system is expressed as:

Annual heating cost = Mortage payment + Fuel cost
+Maintenance/Insurance expance
+Property tax - Tax saving (1.12)

Table 1.20. Values of Parameters used in Economic Analysis
(From Auh[168])

Parameters Value
Term of mortgage (yrs.) 20
Term of Economic Analysis (yrs.) 20
Term of Depreciation (yrs.) 20
Salvage value as Fraction of Investment 0
Effective Income Tax Bracket 0.46
Property Tax Rate as fraction of Investment 0.013
Extra Maintenance/Insurance costs as 0.01
fraction of investment

Down payment as Fraction of Investment 0.1
Market discount rate 0.08
Annual Mortgage interest rate 0.09
General inflation rate per year 0.06
Fuel inflation rate per year 0.1
Collector area Dependent costs ($/m ) 200
System fixed costs (§$) 1000
Annual Total Heating load (GJ) 73.55
Cost of delivered energy ($/GJ) 16.67

(.06$/kWhr)
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The most appropriate parameter for economic comparisons
is the 1life cycle costs of solar heating system and life
cycle <cost of conventional heating system. The difference
of first with the later will be the life cycle solar cost
savings and is expressed as:

Life cycle solar cost savings = Fuel cost savings - Extra
mortgage payment - Extra
maintenance/insurance
expence - Extra property tax
+ Tax savings

(1.13)

The negative value of life cycle solar cost savings
will show that the solar heating system is not cost effec-
tive compared to the conventional heating system. The re-
sults of this economic analysis for a house with annual
domestic hot water load of 24 GJ and UA (Building heat loss
coefficient x area) of 216 W/ C which is applicable to the
well insulated building for different values of delivered
energy or fuel cost (FC), collector cost (CC) capitalization
period in years (CP), and annual mortgage interest rate
(MIR) for wvarious collector areas are shown in fig.1.36,
1.37, 1.38 and 1.39 respectively.

+16

+12

+8

*4

1
—_
N

UA =216 W/°C

LIFE CYCLE SOLAR COST SAVINGS, $x107

-16 + FC FUEL COST
L (¢/kWh)
__20 ] 1
0 50 100 150

COLLECTOR AREA, m?

FIG.1.36 LIFE CYCLE SOLAR COST SAVINGS VS COLLECTOR AREA
WITH COST OF DELIVERED ENERGY AS PARAMETER (UA =
216 w/°C) (From Auh[168])
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From fig.1.36 it 1is observed that as the fuel cost
increases the advantage of solar heating system increases.

As the fuel cost increases, the optimum collector area also
increases and the solar 1load fraction supplied also
increases. The cost of the solar heating system increases
with the <collector area and the collector cost per unit
area. If the collector cost per unit area (CC) decreases
the 1life cycle cost savings increases resulting the solar
system more cost effective as shown in fig.1.37. If the

capatalization period is increased then the life cycle cost
savings also increases and the heating system becomes more

=20 r ya=216 W/°C
F CC=COLLECTOR COST
=24 } ($/m?INSTALLED)

1 1
0 50 100 150
COLLECTOR AREA, m?

LIFE CYCLE SOLAR COST SAVINGS, $x103

FIG.1.37 LIFE CYCLE SOLAR COST SAVINGS VS COLLECTOR AREA
WITH COLLECTOR AREA DEPENDENT COST AS PARAMETER
(UA=216 W/ ) (From Auh[168])

and more reliable (fig.1.38). As the mortgage interest
rate decreases, the life cycle cost savings increases$s as is
seen in fig.1.39. The annual solar load fraction increases

nonlinearly with the increase in collector area, hence the
solar system will ©be cost effective only at an optimum
collector area.
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FIG 1.38

FIG 1.39
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CHAPTER-2
SOLAR ENERGY FOR INDUSTRIAL PROCESS HEAT

2.1 INTRODUCTION

Industrial process heat 1is the thermal energy used
directly in the preparation or treatment of materials and
items manufactured by an industry. Presently, the heat
required by these industries is met by o0il, mnatural gas,
coal or electricity, but a large portion of industrial
process heat is at sufficiently low temperatures which can
easily be supplied by solar energy. The year round need for
energy 1in industries allows a maximum utdilization of solar
equipment. Some advantage and disadvantage of using solar
energy for providing process heat are listed in table 2.1.

Recent industrial surveys[l - 5] show that wupto 24
percent of all industrial heat is directly used in processes
at temperatures below 180 °c. In the remaining 76 percent,
where higher temperatures are required, considerable amount
of heat can be supplied to preheat it upto 180 °C. Thus about
40 percent of all process heat is found to be needed in the

Table 2.1 Characteristics of Solar Industrial Process Heat
(From Kreith et all4])

Advantages

% It can replace scarce fossil fuels like o0il and gas.

* Many processes are in temperature range well suited for
solar technologies.

*¥ Year-round loads give good wutilization of solar
equipment.

* This is 3-times as effective as heating applications.

* Many end wuses are possible without thermal storage
requirements.

* Larges installations may give economics of scale.

* Experts field maintenance staff are available in
industry. '

% Industry is accustomed to life cycle costing and long-
term financing.

% No heat engine required and therefore higher efficiencies
are obtained.
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Disadvantages

* Industry gets favourable rates from utilities.

* Process requirements, such as temperature control, may
make integration with solar system difficult.

* Variable nature of insolation required solar systems to
have full auxiliary backup or long term storage.

* Lack of familiarity with soalr equipment and solar system
operation.

* Size of system may be limited by land availability and
maintenance.

* Solar industrial process heat 1is a new and still a
unproven technology.

* Industry expects rapid pay back of investments(3 to 5
years).

* Lower temperature operation gives lower efficiency.

* 1Industrial environment affects the life of the system due
to surface contamination.

* Unfavourable economic criteria taxes, investments.

temperature range from ambient to 180 °C. In several indus-
tries 100 percent process heat isorequired in the tempera-
ture range from ambient to 180 C which <can easily and
economically be supplied by flat-plate <collectors, solar
ponds, evacuated collectors, and linear concentrators where
the technology is sufficiently advanced. Thus this 1low
temperature process heat requirement in industries makes the
solar system quite attractive.

2.2 INDUSTRIAL ENERGY USE

The demand of the industrial energy in industrialized
countries is about 35 to 40 percent of the overall energy
consumption, while in developing or less developing

countries this value is even higher, in some cases this is
upto 50 percent. Figures 2.1 shows[3] the share of the 1980
industrial energy consumption: total industiral energy use
was 30.6 quad (1 quad = 1015 Btu), which counted for 39
percent of the 1980 total U.S. energy consumption. It was
found that 39 percent of this industrial energy was consumed
in process steam, 26 percent in direct heat, 19 percent in
electric drive, and 16 percent in feedstock. It is seen from
Figure 2.2(a) that in U.S.A. this industrial energy 1is
supplied by electricity, mnatural gas, oiland coal with the
major contribution by electricity, mnatural gas and oil. The
pattern of industrial energy <consumption in developing
countries with an example of India is shown in figure
2.2(b). From this figure also it is seen that even in a
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developing country like India the energy consumption in the
industrial sector is also about 39 percent of the total
energy consumption but the total amount consumed is signifi-
cantly low compared to U.S. One interesting observatiomn 1is
that the major share of energy supply in India in the
industrial sector is met by electricity, and coal.

1975 ENERGY CONSUMPTION (10'*Joulles)
INDUSTRY 0 200 400 600 800 1000 1200 1400
1 1 1 i 1 1

PETROLEUM REFINING
ORGANIC CHEMICALS
STEEL

PAPER, PAPERBOARD
AGRICULTURAL CHEMICALS
INORGANIC CHEMICALS

GLASS
PLASTICS
CEMENT
FUEL OIL AND
TEXTILES NATURAL GAS
MOTOR VEHICLES
SUGAR Y COAL ELECTRICITY

24 AND OTHER ENERGY
FRUITS AND VEGETABLES

GRAIN MILL PRODUCTS
BEVERAGES

METAL FORGINGS, STAMPINGS
PRIMARY ALUMINIUM
PRIMARY COPPER

MEAT PRODUCTS

GRAY IRON FOUNDRIES

FIG.2.3 ENERGY CONSUMPTION IN FEW INDUSTRIES IN USA
(From David Hu[3])

The energy consumption by some of the industries in
U.S. is shown[3] in figure 2.3. From this figure it is seen
that the most basic industries such as petroleum refining,
chemical, steels, paper, glass, plastics, cements and tex-
tiles, consume most energy and are heavily dependent on
fuels like oil and natural gas. In particular the following
four major groups consume nearly 60 percent of all industr-
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ially used oil and natural gas[3]:
- Tour key chemical industries: 23 percent.
- Petroleum refining: 15 percent.
- Steel Industry: 10 percent.
- Paper Industry: 9 percent.

Figure 2.4 shows the industrial energy consumption percen-
tage by the 6 major energy consuming industries. Figure
2.4(b) shows the process heat consumption by these 6 largest
energy consuming industries.

(a)
Chemicals and Allied Products 2%
Primary Metals 18.6%
Petrotium and Coal Products
Paper and Allied Products
Stone Clay and Gkss Products
Food and Kindred Products

(b)
Primary Metals
Petroleum and Coal Products
Chemicals and Allied Products
Paper and Allied Products
Stone. Ciay and Glass Products
Food and Kindred Products

26.8°%,

FIG.2.4 APPROXIMATE DITRIBUTION OF (A) INDUSTRIAL ENERGY
CONSUMPTION AND (B) PROCESS HEAT CONSUMPTION AMONG
THE SIX LARGEST ENERGY CONSUMING INDUSTRIES (From
NA-58-31293 contract report)

The energy required by industries vary considerably.
Apart from energy requirement, the thermodynamcis quality or
temperature level is also important since it determines the
type of solar <collector which can meet the requirement.
Figure 2.5 shows[1l] the fraction of energy required below
various temperatures for a group of industries that use some
48 percent of the total energy conmsumed by U.S. industry. It
is seen from this figure that slightly less than 5 percent
energy 1s used at temperatures below 100 °c. But if prehea-
ting is also included then about 30 percent of the total
consumption occurs below 100 C. The preheating curve from a
initial temperature of 16 °C is also included in the same
figure. Thus even a simple solar collector like flat-plate
collector can play a significant role for preheating in
industries. For some selected industries, table 2.2 shows[6]
the range of process temperature and the total demand of
energy in that temperature ramge. It is estimated that in
USAoabout 1018 7 of process heat is consumed annuallyobelow
100 C*-and 3.7x1018 J is used annually between 1000 C and
175 C. This gives a good estimate of industrial solar appli-
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FIG.2.5 DISTRIBUTION OF PROCESS HEAT USE AT A TEMPERATURE
LEVEL IN USA (From M.D.Fraser[1])

cation potential. Table 2.3 shows [7] some typical examples
of thermal processes that seem especially interesting for
the application of solar process heat generation. It is
certainly wunrealistic to assume that solar emnergy cam meet
all the process heat demand in large or small industries due
to general limitations &e.g. by the unrealiability of
sunshine, insolation profile, and available land. The cove-
rage rate of solar industrial process heat (SIPH) system
will be limited by a maximum of 40 to 50 percent by the
above factors and the user's profile, in most cases it will
be less than 40 percent due to practical reasons. Therefore,
most SIPH systems will require complete backup, so the solar
equipment will get credit only for saving fuel, mnot for
displacing boiler capacity. It can also be said that solar
energy 1is a poor match for a capital intesive energy source
with cheap fuel like electricity from nuclear energy or heat
from coal. But solar energy as IPH has a better potential
compared to oil and gas.
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Table 2.3 Examples of medium temperature industrial
process (From Feustel[7])

Industry/Process Medium Temperature range ( °C)

Food Industry

- Cooking Steam 120 - 185
- Drying air, steam 120 - 230
- Canning water, steam 80 - 130

Textile Industry

- mercerizing water, steam upto 100
- drying steam 60 - 135
- finishing steam 60 - 150

Chemical Industry

- drying air 60 - 125
- dissolving, steam 85 - 170
distillation,
thickening,
leaching, etc

Pulp and paper Industry

- kraft pulping steam 185
- kraft bleaching steam 140
- drying steam 180

Stone-glass-clay-Industry

- brick curing steam 75 - 180
- gypsum calcining air 160
- gypsum curing steam 300
- glass fibre drying air 100 - 180

Solar Industrial process heat (SIPH) systems are simple
and consist of a suitable solar collector field, storage
system, heat exchanger, fluid flow pipes, pumps, and con-
trols. The size of any SIPH system depends on the Solar
insolation, requirement of process heat, its demand battern
and temperatures and the size is generally decided based on
cost-benefit analysis. The most important and most expensive
single component in any SIPH system is the solar collector
field and a general procedure for deciding the type of
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collector is as follows[8]:
1. Determine the solar insolation, ambient
temperature, and duration of sunshine for the
location[9].

2. Determine the heating 1load, load pattermn, and
temperature of the process under consideration.

3. Devise the flow schematic and conceptualize the
solar system.

4. Determine the <collector efficiency of a given

collector from the standard curves of efficiency
versus (T3 - T, )/Iry as described by Garg[9].
5. Determine the system performance using standard

computer simulation models or simpler design
models described in Vol 1 of the book[10].

6. Determine the annual solar load fraction for
different collector array sizes.

7. Determine the most cost effective collector system

using the economic optimizing procedure omn several
collector systems.

The procedure described above is more systematic, accu-
rate, and elaborate but time consuming and hence simpler
procedure based on simplified assumptions and thumb rules is
used[8] in designing a solar industrial process heat (SIPH)
system.

2.3 SOLAR COLLECTOR TECHNOLOGY

Solar energy collector is a heart of any solar energy
utilzation device. The solar collector technology is
summarized[4,5] in table 2.4. Solar energy collectors as
discussed by Garg[9,10] are flat plate type and concentrator
type collectors.Flat plate collectors are characterized by

durability, dependability, simplicity, and high solar
collector efficiency. At low temperatures, the flat-plate
collectors operate at high optical and thermal efficiency
compared to concetrators. However, as the collection temp-
erature goes on increasing, the efficiency of a concentrator
decreases very slowly while the flat=-palte collector

efficiency decreases very fast. Therefore, at a slightly
higher temperature, a concentrator will outperform a typical
flat-plate collector. This cross over temperature depends on
many design, operating, and climatic <conditions. In
practice, the choice Dbetween a concentrating and a flat-
plate <collector is based on cost difference (both initial
and operating) and local insolation characteristics as well
as the load temperature requirements and the performance of

the particular collector. Therfore, the most obvious choice
for low temperature applicatioms ( < 100°C) is the flat-
plate collectors and solar ponds. Flat-plate collectors are

extensively studied [9,10] and used with water or air as
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working fluid. But water or liquid flat-plate <collectors
are preferred since they are more efficient compared to
flat-plate collectors using air as the working fluid.

Solar ponds are of two types: convective type or shal-
low solar pond and non-convective type or deep solar pond.
The shallow solar ponds are extemnsively studied [11,12] for
supplying industrial process heat upto a temperature of 60°C
and generally consist of a plastic horizontal water bag,
insulated by one or more plastic films and air layers. There
is no storage provision and hot water is drained for use 1in
the evening. Because of ultravoilet degradation of plastic
material, the covers etc. require periodic replacement. The
deep non convective type or popularly known as salt gradient
solar pond provides built-in long-term storage and can
provide heat upto 90°C in sunny locations and therefore can

be wused for providing large industrial process heat. An
inverse salt gradient layer with more concetration at the
bottom prevents the heat loss by convection. Such salt

gradient solar ponds have been built and tested extensively
[10,13-15] in many countries including Israel, Canada, USA,
Australia, India, and New Mexico. So far no quantative data
or cost analysis of salt-gradient solar pond for the supply
of industrial process heat is available.

Evacuated tubular collectors are suitable for operation
upto a temperature of 200°C but recommended for use in the
temperature Tange of 100 - 150°C. They do not need any
tracking arrangement but use some reflective arrangement.
They accept diffuse radiation also and can outperform trac-
king collectors particularly in cloudy regions. These eva-
cuated tube collectors are pioneered by Owens-Illinois and
General Electric of USA but are now produced commercially in
many countries[16,17,18]. Evacuated tubular collectors are
currently mnot economically competitive at low temperature,
but their high effieciency at high temperature coupled with
a potential for substantial cost reduction makes them
candidates for future use. For getting higher temperatures
both reflective type or refractive type concentrators are
employed. A variety of geometric shapes have been proposed
[19,20] and prototype or production units built in each
category. The <concetration ratio(CR) is considered to be
the most pertinent parameter in deciding the type of concen-
trator for a particular application, since higher the CR
higher will be the temperature. The CR may range from 2 - 10
for compound parabolic comncentrator (CPC) or V-trough to
2000 for a parabolic dish. The affect of CR on absorber
(receiver) temperature for various concentrator type is
shown in fig.2.6. The same figure also indicates the rela-
tive merits of concentration ratio anhancement vis-a-vis
improving the selective coating performance for a contrast
25 percent energy loss. Increasing the absorptivity /emissi-
vity ratio (g/¢) from 4 to 10 is comparable to changing the
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concentration ratio from 100 to 250 at (a/e) = 4 interms of
achieving the same rate of absorber temperature.
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FIG.2.6 EFFECT OF CONCENTRATION RATIO AND ABSORPTIVITY
EMISSIVITY RATIO ON ABSORBER TEMPERATURE FOR SOLAR
CONCENTRATING COLLECTORS (From Gervais and Box[21])

Compound parabolic concentrator (CPC) collectors[22,23]
with 1low CR can operate easily upto a temperature of 200°C.
From a practical view point this so called 'full' CPC deisgn
requires an excessive reflector area per unit of aperture

area. For example, a CR of 9.4 can be attained with a total
acceptance angle of 12°, but the reflector area is approxi-
mately six times larger than the aperture area. The reflec-
tor area <can be reduced by trumncating the CPC without
significantly degrading performance. The parabolic trough
concentrator (PTC) collectors are commercially available,
quite versatile, and can be used both for medium and high
temperature applications{24]. PTC collectors are operated in
the temperature range of 120 to 300 °C. PTC collectors

usually track the sun with one degree of freedom using one
of the three orientations: east-west, north-south, or polar.
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The east~-west and north-south configurations are the sim=-
plest to assemble into large arrays but have higher inciden-

ce angle and cosine losses than the polar mount. However,
the polar mount intercepts more solar radiatiom per unit
area., PTC collectors are manufactured by several companies

in USA and are used for providing industrial process heat in
series with flat-plate collectors. These collectors require
continous and accurate tracking and recommended for tempera-

tures upto 200°C. Regular cleaning, perhaps every week may
be mnecessary in dirty environments. An alternative to the
parabolic trough is a segmented mirror system, which

replaces the large <curved surface of the trough with a
series of narrow segments that are tilted to approximately
the surface angles of a trough. The advantages of the
segmened mirror reflector are that the receiver is fixed and
the mirror stats are small and presumably relatively
inexpensive and the concentrator can be made easily. The
mirror segements can be made flat so that the concentration
is simply the number of stats. Losses in segmented mirror
collectors are caused by a variety of contributing effects
like shading and screening by mirror stats, end losses,
cosine losses and losses due to imperfect reflectivities.
Another potential candidate collector for process steam is
the 1linear Fresnel reflector collector in which individual
tracking mirror stats focus solar radiation onto a common
linear receiver. The Fresnel reflector collector can have
either tracking mirror (TM) with fixed receiver or fixed

mirror (FM) segemnts with tracking receiver. The FM design
is a fixed aperture device and hence is subjected to cosine
losses at off-normal incidence. The TM collector can be

considered as a series of small rim-angle tracking collec-
tors with a common absorber. Linear Fresmnel lens[25] collec-
tor made of plastic is another <candidate <collector for
industrial process heat. The grooves in a Fresnel lens may
either face toward or away from the sun, but the later is
preferred because the facet edges are protected and it is
easier to keep the lens clean. These collectors can be used
in a non-tracking mode aligned east-west, so long as north-
south tilt adjustments are made. However, off-axis aberra-
tions experienced early and late in the day cause severe
defocussing. Therefore, a north-south alignment with east-
west axis tracking, possibly with seasonal tilt adjustments,
is preferred. Further improvements in the linear concentra-
ting collectors can be made by using high technology such as
evacuated receiver, 1improved coatings, etc. At the present
time, only parabolic trough, evacuated tube and linear
Fresnel lens have achieved a large degree o£ market penetra-
tion and are used upto a temperatureoof 300 cC.

Very high temperatures (>500 C) can be obtained by
using two axis tracking system by parabolic dish or spheri-
cal dish or Fresnel lens or large heliostat system. Dish
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type concentrators have the advantage of higher concetration
and much greater utilization of solar intensity at off-noon
hours. There are mainly two disadvantages in using dish
concentrators. One 1is that two axis tracking is required
which is more complicated, expensive and unwieldy than the
single axis tracking used for linear systems. Second is
that when used as a distributed field of modular dishes, the
heat 1losses in the field can be great at high operating
temperatures, Moreover, it is very difficult to <collect
high temperature heat from a field of parabolic dishes or
Fresnel lenses. The alternative could be to use a single
very large dish in a fixed configuration with a tracking
receiver. An interesting concentrator known as FMDF(fixed
mirror-diffuse focus) has been proposed by Reichert[26]
which 1is similar to SRTA (stationary reflector-tracking
absorber) concentrator[27], in which a large dish of about
61 m diameter is built into the ground to resemble a foot-
ball stadium. Unlike the smaller dishes, which are parabo-
loids of revolution, the large dish has been proposed as a
spherical mirror. These dishes are very expensive and are
again only capable of concentrating the direct components of
solar radiation. Recently Nix[28] has studied the feasibili-
ty of using a parabolic dish solar collectors using various
energy transport processes. The system delivers 1.0 MW to a
single user at 4.14 MPa, 400°C superheated steam. He also
compared thermochemical methods of transporting energy with
direct sensible methods of transporting energy for a small
Industrial Process Heat system wusing parabolic dish
receivers.

The popularized central receiver collector or power
tower provides concentation ratios of several thousand and
is an ideal system for providing high temperature heating
from perhaps 500°C to 1000°C. The Central receiver system is
a distributed set of fixed mirrors (with adjustable orienta-
tion) that can concentrate their reflected rays on to a
receiver located atop a nearby tower. Each of the fixed
mirror is called a heliostat which is either of metallized
plastic reflector or silvered glass mirror with each helios-
tat having an area of about 37-74 m2, Such heliostat-power
tower systems are intended to be large thermal power plants,
and are not easily scaled down for modest energy demands

(e.g., a single factory). These systems also do not utilize
the diffuse component of solar radiation. The temperature
that can be obtained by these collectors are shown[4] in
fig. 2.7.

It is concluded by Grimmner and Herr [29] that looking
to the complexity and operational and maintenance problems,
the mneeds of industrial and commercial sectors for process
heat can be met most economically by the 1installatiom of
concentrating flat-plat <collectors. These concentrating
flat-plate collectors include reflective side panels (boos-
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ters), which produces a concentration ratio of 2 to 4; and
the winston <collector or CPC collector which <can produce
concentration ratios of 4 to 10. The chief advantages of

these collectors are that minimal or no tracking 1is
required, direct and diff%se radiations are utilized, and
that temperatures upto 250 C are achievable. Even higher

temperatures can be obtained by using selective coating and
evacuated receiver tube alongwith the above collectors.
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FI1G.2.7 OPERATIONAL TEMPERATURE FOR VARIOUS COLLECTOR TYPES
(From Kreith et alf[4])

2.4. SOLAR THERMAL ENERGY STORAGE TECHNOLOGY

Thermal energy can be stored in the form of sensible
heat, latent heat, chemical reaction or in combinations of
these. The thermal storage is required, if solar industrial
process heat (SIPH) system do not simply operate as fuel
saver being directly coupled to a conventional boiler system

and if the consumer requires a certain load profile. The
major problem in thermal storage is the selection of mate-
rials having suitable thermophysical characteristics. Seve-

ral articles [30-34] both of research and review type  and
recently a book by Garg et al[35] are written recently des-
cribing the thermal storage technology. Table 2.5 1lists
briefly the various processes and materials for thermal
energy storage both at low temperatures and high tempera-
tures. Selection of a particular solar thermal energy
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Table 2.5 Heat storage capacities of some common
materials
Process Materials Heat Transition Heat of
Capacity Temp. fusion
(KJ/KG K) (°*C) (KJ/Kg)
A. Sensible heating
Water 4.190
Calorie HT 43 2.300
Rock 0.820
Brick 0.840
Concrete 1.130
Cast iron 0.837
B. Phase Change
i) Solid-Solid
Fo S - 138 27
V2 05 - 72 52
KNO 5 - 128 51
L;S0, - 575 125
Cross linked high - - 125
density polyethylene
ii) Solid-Liquid
a) Pure
Water (Ice) - 0 335
Aluminum bromide - 97 42
b) Inorganic
LiNO3.3H,0 - 30 296
Na,SO,.10H,0 - 32 241

274 2



SOLAR ENERGY FOR INDUSTRIAL PROCESS HEAT

CaC12.6H20
Mg(NO3 ),y .6Hy0
MgCly .6H,0
NacCl
MgCl,
Al
c) Organic
Steric acid
Capric acid
Bees wax
Paraffin
Napthalene
d) Eutectics

(41-10-49%)

Ca(NO3)2 b H20
+ Mg(NO,),.6H, 0

2 2
(46-33%
iii) Liquid vapour
a) Aquous solutions

HyS0, + Hy0
NaOH + H,0
LiBr + Hy0

b) Solid hydrates
Silcagel + Hy0

NiCly.6NHj3

30

90

117

804

714

659

70

36

62

74

80

25

30

40-60

40-60

40-60

175

170
167
165
486
452

401

203
152
177
230

149

95

136

653
904

750

990

250

121
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C. Heats of solutions

Ammonium nitrate - 80-100 113
in water

D. Chemical reactions
N, 04 = 2NO - 21 830
NO = NO +% 0, - >60 632
Ca(OH); = Ca0 + HypO - 580 837
CHs+ HpO = CO + 3Hj - - -

storage mode and basic technology for a given application,
and the resultant system performance and economics, will
depend on detailed engineering effort. In some cases, the
techniques are in arrested state of development, in others,
they are developing rapidly, and basic design and operating
experience 1is inadequate. In general, development of a
broad spectrum of thermal storage technology appears to be
warranted.

With air collectors, solid semsible heat storage mate-
rials like rocks, sand, bricks, cast iron, magnesium oxide,
etc. are the best materials but require large volume and
they cause additional problems 1like heat exchange and

dynamic behaviour. Water is the best heat storage medium
for 1liquid collectors below its boiling point, but above
100 °C tanks require pressurization so that they Dbecome
quite expensive. Organic oils, molten salts, and 1liquid
matals circumcent the vapour pressure problem but their
storage capacities are less. Moreover, the cost of these
fluids are far higher than that of water. In some cases a

combination[35,36] out of liquid and solid storage media may
be appropriate such as thermal oil combined with a <rock
storage system. In this case cost may be positively affected
by reducing the mass of thermal oil, on the other hand the
technical complexity increases.

Considerable work has been done in identifying suitable
phase change materials (PCM's) for low and intermediate-
temperature solar energy storage. Although significant quan-
tities of energy are usually involved in any change of
phase, since a high volumetric energy storage density is
essential, only solid-liquid or possibly solid-solid tranfo-
rmations are of practical interest. Material requirements
include 1low cost, high heat of transition, high density,
approapriate tramnsition temperature, low toxicity, and
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longterm performance. However, development of materials for
high temperature applications has only recently begun. The
solid-solid phase transition gives an additional advantage
of efficient heat exchange. Lithium sulphate has a solid-
solid phase tramsition with a very high heat release,
three times larger than the heat of melting and comparable
with the latent heat of melting of many materials. This
high value is related to the onset of rotational disorder of
the sulphate groups, demonstrated by neutronm diffraction and
fast ionic motion of the lithium ions. The high transition
temperature _of LiyS0O, can be significantly reduced by allo-
wing with other sulphates. In this type of transitiomn where
there is mno melt or volume change, the <containment and
corrosion problems are much reduced.

Thermal energy can also be stored in chemical bonds by

means of reversible thermochemical reactions. For example,
Ca(0H), will endothermically decompose to Ca0 and water
vapour if it is heated to 520°C at one atmosphere. The

water vapour is condensed for storage. When heat is to be
supplied from storage, the water is simply mixed with the

Ca0, and the exothermic reverse reaction of Ca0 with H30
produces energy. These reversible chemical reactions are
conveniently categorized in terms of applications: Thermo-

chemical energy storage (primarily long-duration storage of
thermal decomposition products), thermochemical energy tran-
sport (closed loop' chemical heat pipes), and 'chemical heat
pump' storage. Current research on thermochemical reactions
is on 'Solchem process' proposed by Chubb[37] which uses the
reaction 2S03=2502+0 to transmit thermal energy from a
field of high concentration parabolic collectors to a molten
salt heat of fusion energy storage system. Here S03 decom-
poses into S0, and 0, at temperatures in the range 800-
1000 C range with absorption of energy; in turn Oy and SOy
can be catalytically recombined at 500-600°C to produce SO03
plus 23 Kcal/mol of chemical reaction energy. The ammonia
dissociation reaction has also been proposed for this
application by Carden[38]. Some studies{39] have also been
conducted on the wuse of reforming/methanation reaction
CH, + H,0 =CO0 + 3H, to transport solar generated energy for
industrial process heat. In this process known as Adam/Eve
concept, the reaction is driven to the right hand side by
heat (950°C )in a high temperature reactor, and the products
frozen and piped at room temperature over long distances to
the point of use where the action of a suitable catalyst
will release the stored emnergy. The methane is piped back
to the heat source for water addition and regeneratiomn. Use
of ammoniated salts are also proposed [40] to perform ' the
dual function of thermal energy storage and heat pumping.
Here two thermochemical reactions which have a common vapour
species are needed. in the example, NH3(g) is the transfer-
ring gas species, and the two reactions are:
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Heat + 4MgCly .2NHg3 4MgCly .NH + 4NHg4

CaCl2.4NH3 + 4NH3 CaCl 2.8NH3 + Heat
Dischrging mode:

4MgCly .NH3 + 4NH4 4MgCl,.2NH; + Heat

Heat + CaCly .8NH3 CaCly, .4NH3 + 4NHg

In the charging mode solar heat is supplied to the
high temperature salt bed (MgCl,) from where the NH3 1is
driven to the low temperature salt bed (CaCl, ) where it
combines with the salt. Heating this low temperature bed
slightly will dissociate the NH3 which returns to the high
temperature bed, reacts with the salt exothermally, freeing
almost the same amount of heat and at the same temperature
absorbed by the high temperature salt bed. The size of a
storage system can finally be determined by the characteris-
tics of the delivery profile of the solar collector field
and the required consumer profile .

2.5 TINDUSTRIAL PROCESS HEAT (IPH) SYSTEM

The detailed knowledge of the way heat is supplied and
used in industrial processes is required for economic use of
Solar Energy. It is essential to know that how the heat is
supplied to each process, the quantity of heat required
daily, the temperature at which the heat required, the fuel
used and the heat transfer fluid required for transferring
the heat. Generally this type of information required for
the design of process heat systems is not available. The
economic and technical feasibility of any solar industrial
process heat system depends on four factors, mnamely: (i)
heat must be supplied in sufficient quantity, (ii) heat must
be of adequate quality i.e. at an appropriate temperature,
(iii) heat must be transferred directly from the solar
collector to the process where it is to be used, and (iv)
Solar Energy must be used profitably.

Each industrial plant has unique requirement and hence
the SIPH system is to be carefully designed. Because of the
specific intermittent nature of solar radiation, SIPH must
be backed up with alternate fossil-fuel systems so that the
industry gets uniterrupted supply of process heat. Generally
SIPH has one of the following three possible modes :

1. Solar Augmentation without energy storage.

2. Solar Augmentation with emnergy storage.

3. Solar Pre-Heating with and without storage.

The first system appears to be quite attractive because
the <cost of storage is eliminated but can work only during
the day time and can save only upto 30 percent of the total
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process heat load. If more fraction of the total process of
the heat load by solar energy is required then the second
alternative 1is preferred but it will be a <costly system.
The third alternative can universally and profitably be used
in many industries to supply pre-heat boiler hot water or
hot air. The pre-heat possibilities exist practically for
all process applications.
The process heat in various industries is supplied
generally in the following three modes :
(i) Process hot water
(ii) Hot air
(iii) Process steam
In hot water ©process systems both the direct solar
water heater system (Once through type) where the heated
water from the solar collector is directly supplied as
process heat and indirect solar hot water system where a
heat exchanger is used between the collector loop and deli-

very loop are used. In cold climates, an indirect water
system is used with some antifreez mixtures in the collec-
tor and storage loop. Direct systems although work at

higher efficiency are preferred only in hot <climates or
during the day time or in special process industries or with
some precautionary measures for protecting it against damage
due to freezing.

Hot air systems are employed for drying or dehydration
processes in industries and such systems are safe from
damage due to freezing. The hot air if sufficiently heated
by Solar Energy can be directly supplied for drying/dehydra-
tion or can be further heated by an auxiliary heater Dbefore
it goes to the process load. An additional advantage of hot
air system is the use of rock bed storage system which can
simultaneously be used for charging and discharging of heat.
An alternative to the direct hot air system is the use of
liquid <collectors (since they are better than air collec~
tors) and a liquid-to-air heat exchanger (which reduce the
efficiency) and finally heated air can be supplied to the
process load.

In process industries, the steam is most common commo-
dity particularly the low pressure steam. The steam can
easily ©be produced using solar energy collectors and which
could directly be fed into the industrial steam distribution
system without any change in the existing processing prac-
tices. All the three options, the flash-steam system, Unfi-
red-boiler-system, and direct steam generation system can be
employed to meet the requirement of the process heat in
industries. Some of the systems using the above modes will
be discussed here in brief. '

2.5.1 Hot Water Industrial Process Heat System

The Department of Energy, USA, has funded the design
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and construction of several IPH systems for various indus-
trial applications ranging from drying of fruits to curing
of building materials. In some projects hot water is produc-
ed while in others hot air is produced while in few others
steam 1is produced using solar energy for different indus-
trial applications. The aim of building these systems were
to demonstrate the potential for solar IPHS to the indus-
trial sector and to encourage their widespread acceptance.

In industries large amounts of hot water in the tempe-
rature range of 50-100 °C is required for applicatiomns 1like
cooking, washing, bleaching, anodizing, etc. The solar pre-
heated water can also be used as feedwater to boilers. For
cleaning or curing purposes, large amounts of hot water 1is
required in food processing and building material indus-
tries, and recycling of hot water is not preferred because
of contaminations picked up by the water during the process.
Hence for such applications, Once-through industrial water
heating systems are used. This once through system which is
simple in operation can be used with or without any interme-
diate storage system.

832.4 m? SOLR uw:7 BOILER
YORK'S
BOILER/ ROTOCLAVE
:j PIPING CIRCUITS

SHELL/TUBE TYPE
HEAT  EXCHANGER

AAl's SOLAR ARRAY/ - - ROTOCLAVE
ROTOCLAVE PIPING cmcun\\

YORK’S MAKE-UP
WATER CIRCUIT

FIG.2.8 SCHEMATIC OF EXPERIMENTAL YORK BUILDING PRODUCTS
SOLAR HOT WATER SYSTEM (From Wilkeningl[41l])

An example of the York Building Products; Middetown,
USA, solar industrial process hot water system for curing of
concrete blocks (41) is shown in fig.2.8. This particular
system supplied over 1514 litres/min of hot water in the
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range of 55 to 85°C to the York Building Products concrete
block curing plant. A shell-and-tube heat exchanger is used
to transfer heat from the water/ethyleme glycol (50:50)
collector loop to the process water. The system utilizes 35
linear slat concentrating collectors having concentration
ratio 24 and with an effective area of 832.4 m2with single

axis tracking. The concentrator is composed of individual
reflectors which are 2.2 m long and 0.3 m wide. The receiver
is an unglazed steel tube fixed at its focus. A unique

feature of this application is that the large wunderground
concrete curing area or 'rotoclave' contains about 189250

litres of water and serves as built-in storage. Over thirty
percent of the curing energy is supplied by the solar
system.

Another example of once through industrial water hea-
ting system is at Compbell Soup plant in Scramento, Califor-
nia[42], where solar heated water is used to wash empty and
full soup cans on one of the production lines. The system
is schematically shown in fig.2.9. Solar energy is collected
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FIG.2.9 SCHEMATIC OF EXPERIMENTAL CAMBELL SOUP PLANT SOLAR
HOT WATER SYSTEM (From Vindum and Bonds[42])

using an optimum mixture of flat-plate and concentrating
solar collectors. The flat-plate collectors with an area of
413.9 m2 are single glazed with ordinary blackened absorber
plate. These flat-plate <collectors preheat the water to
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60°C. Final heating of water to 88°C takes place in Acurex
(An American firm) model 3001 trough-shaped parabolic conce-
ntrating collectors. The trough axis is east-west and the
concentrator array area is 267.6 m% This installation sup-
plies hot water at a rate of 45420 litres per day during
peak season. At other times during the year, the same
amount of water is supplied at a 1lower temperature and
brought upto the required 88 °C by a steam heat exchanger. A
storage tank of 75700 litres capacity is used to ensure a
continuous supply of water for two 8-hour shifts, energy
working day-demonstrating that solar energy can provide this
important industrial need. This system is designed to pro-
vide 74 percent of the energy required for one canline of 20
in the plant and therefore the requirement met by the solar
system is very small compared to the energy demand by the
whole plant.
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FIG.2.10 SCHEMATIC OF THE SOLAR ENERGY SYSTEM AT LA.FRANCE
TEXTILE MILL (From Trice and Cohen[431)

A schematic diagram of a solar hot water system for dye
back application in a textile industry in LaFramnce, South
Carolina is shown[43] in fig.2.10. The system is comprised
of three independent circulating loops, connected thermally
by means of heat exchangers:

% The solar collector loop (extreme left in fig.2.10)
transfers the energy collected by the solar array to
the collectorloop heat exchanger (HX-1). The freeze
protection is done by using ethylene-glycol/water
mixture as heat transfer fluid.

* The thermal-energy storage loop (middle in fig.
2.10), containing 30280 litres sorage tank (TES),
transfers the energy eithéer to storage or to the
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plant process heat exchanger (HX-2). Energy is appo-
rtioned between the two as appropriate, by automati-
cally switching the flow.

% The stainless steel dye-systems loop (extreme right
in fig. 2.10) thermally couples the solar system to
the dye back water.

The solar system consists of 396 General Electric
TC-100 evacuated tube collectors which provide a net area of
544.5 m2 . Solar energy is wutilized in a 1%2°C maximum
temperature water/glycol loop which produces 88 C water used
in a dye beck. A dye beck is a special vat used in the
batch process dying operations of a textile plant. According
to the estimate this system can provide 80 percent of the
energy trequired by the dye beck during summer and spring
months. Even in mid winter, about half of the energy can be
supplied by the solar system.

2.5.2 Hot air industrial process heat system

Large amounts of hot air is used in industries particu-
larly in food industries. The two most common ways to
supply heated air are: to heat air directly in the colectors
or to heat a liquid in collectors and use a liquid-to-air
heat exchanger. An example of the first type is schematical-
ly shown[44,45] in fig.2.11 which is installed by Lamanuzzi

66°C
DEHYDRATOR

TL :

6°C
ROCK STORAGE

INLET GUIDE WANE CONTROL

FIG.2.11 SCHEMATIC OF THE SOLAR CROP DEHYDRATION SYSTEM AT
LAMANUZZI AND PANTALEO DEHYDRATIONS, FRESNO,
CALIFORNIA. (From Carnegie et al[44])
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and Pantaleo Dehydrators at Energy Eresno Califormnia for
drying grapes. This solar dehydrator principally consists of
the following four elements:

* A large array of air conventional flat-plate, single
glazed and unglazed collectors of 1950 n* area.

%* A crushed 7rock bed storage bin of about 396 m3
volume used to supply heat during the second work
shift at the plant.

* A heat recovery wheel of about 3.65 m in diameter
and 0.3 m thick fitted with wedge sections of
knitted and corrugated aluminium wire, rotates at
about 3 rpm. This wheel transfers heat from the
tunnel exhaust to the collector array imnlet.

* Air ducting to connect the dehydrator and solar
collector array, the heat recovery unit and the heat
storage facility, complete with fans and an automa-
tic air movement control system.

The wunique feature of this dehydrator is the wuse of
heat recovery system in which a portion of the warm moist
air leaving the dryer is mixed with the cooler ambient air
and recirculated through the collector air while the rest of
the warm air is wasted to the atmosphere. Although, this
arrangement, vraises the collector aray temperature and thus
lowers collector array efficiency, the heat recovered more
than makes up for the lowered <collector efficiency.
Experiments conducted on the dehydration of primes have
shown that about 84 percent of the energy i.e. 44.7 Giga
Joules of natural gas per day can be saved using the solar
dehydrator.

An example of heating water in order to supply hot air
is shown[46] in fig.2.12, which illustrates the system at
the Gilroy Foods Onion and garlic dehydration plant at

Gilroy, California. The solar field consists of 432 modules
of Owens-Illinois evacuated tube collectors with a total
area of 562 mZ. Water is passed through the <collector
modules in parallel and supplied to one of the two

continuous-operation belt dehydrators. A liquid-to-air heat
exchanger delivers solar energy to the drying air stream.
An inline natural gas burner then heats the air to operating
temperature. The cool outlet water from the heat exchanger
is then pumped back to the collector array. No storage is
provided in the systenm. When heat 1s not required by the
primary ©process, the solar energy is used to preheat the
plant's steam boiler feed water. Out of the eight continuous
drying unit in the factory, solar system was used in one of
the units and as such contribute very little towards overall
energy saving in the factory.

One of the most cost effective but time consuming
process for drying agricultural produce and timber etc. is
the use of direct drying houses like greemn house. In such
systems sun light directly impinges on to the product to be
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dried. This arrangement results in relatively low tempera-
tures and long drying time and larger areas to spread the
product.

HEADER
SURGE
EVACUATED TUBE COLLECTOR ARRAY TANK
{432 MODULES)
AREA = 562 m?
8 TUBES EACH HEADER _
Xl Y ORYER BrPAss
AIR
10
DRYER
ICONDENSATE
TANK

bl

FIG.2.12 SCHEMATIC OF THE WATER HEATING SYSTEM FOR GILROY
FOODS ONION DRYING FACILITY (From Graham et
al[a6])

2.5.3 Steam industrial process heat system

In industries the largest share of process heat (two
thirds of all industrial process heat) is met by steam.
Significantly different approach is used for producing steam
using solar energy then that for air or water process hea-
ting. Following three possible ways to supply steam with
solar collectors are tried:

* Circulation of pressurized water in the <collectors

with subsequent flashing to steam in a flash tank.

* Use of high temperature fluid in the collectors with

heat transferred to an unfired boiler.

% Boiling of water in collectors.
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In a flash steam system, water under pressure, to
prevent boiling, is circulated through collectors and flas-
hed to steam across a throttling valve into a seperator.
Flashing 1is a constant enthalpy process that converts the
sensible heat of the water into a two-phase mixture of
saturated water and saturated steam at conditions prevailing
in the flash tank. Steam separated in the flash tank 1is
recirculated through the collector field. To maintain the
necessary liquid level in the flash tank, boiler feed water
is injected into the pump suction. A schematic diagram[47]
of a flash-steam system designed for Johnson and Johnson
Company, Sherman, Texas for providing process steam for the

STEAM CONTROL
VALYVE

’z‘mm

EXISTING

PRESSURZED STEAM
WATER MAIN
STORAGE/

FLASH BOLIﬂ
CONCENTRATING I l

COLLECTOR FELD j jr
—~{ 3@ X FEEDWATER I

COLLECTOR FEEDWATER FROM EXISTING
PUMP CONTROL FEEDWATER
VALVE PUMPS

FI1IG.2.13 SCHEMATIC OF THE SOLAR PROCESS STEAM SYSTEM USING
A FLASH TANK AT JOHNSON AND JOHNSON COMPANY
TAXAS. (From Youngblood[47])

manufacture of gauge and baby products is shown in fig.
2.13. Acurex model 3001 parabolic relfectors with orienta-
tion north east-south west to align with the building orien-
tation with a total aperture area of 1070.2 m2 are used to
generate steam. Pressurized water is circulated with a pump
of 18.5 KW through collectors and into a flash boiler. High
temperature and pressure water is stored in 18920 litre
flash boiler. The heated, pressurized water is flashed to
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steam and supplied to the plant steam main through a pres-
sure regulating valve. Makeup water to the system is sup-
plied from the existing plant boiler feedwater system.
Freeze protection 1s accomplished by <circulating boiler
water at a reduced rate through the collectors; the throt-

tling valve is bypassed in this mode.
the technical and economic feasibility

tion

low-pressure steanm,
demonstrated.

is

FIG.2.14
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able to save 51.67 m3 of oil and 56640 m3 of natural gas
per year. The advantage of the flash system is that relati-
vely simple <controls are used and boiler water <can be
preheated. The disadvantage being that relatively 1little
steam is produced efficiently by this process.

In the unfired-boiler steam system, some organic fluid
is pumped through the collector field and then to the un-
fired boiler. This hot organic fluid vaporizes the water in
the wunfired Dboiler. This saturated steam is fed to the
existing steam header, which delivers the energy to the
industrial process. As the steam is generated, additional
condensate 1is supplied to the boiler. One should be very
careful in deciding the heat teansfer fluid. Fig. 2.14
shows the heat transfer efficiency factor[48] for some 20
heat transfer fluids generally used in solar energy collec-
tors. From this figure it is seen that water is the Dbest
heat transfer fluid but is not recommended in the wunfired
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FIG.2.15 SCHEMATIC OF SOLAR PROCESS STEAM SYSTEM USING AN
UNIFIED BOILER AT HOME LAUNDRY CALIFORNIA (From
Eldridge et al[49])
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steam system because of its high vapour pressure and free-
zing. Therefore, a low-vapour-pressure and non-freezing
hydrocarbon or silicomne oil is preferred. But these fluids
may create other problems such as leaking, poor heat tran-
sfer properties, becomes viscous at low temperatures, expen-
sive, etc. A schematic diagram[49] of a wunfired steam
system located at Home Laundry, Pasadena, California, for
the supply of water and steam for commercial laundry is
shown in fig.2.15. This system is designed for The Home
Laundry to meet 25 percent of the Laundry's annual steam and
21 percent of its annual, combined steam and hot water
requirements. The final design[50] consists of 951 m2 of
Del, single axis tracking, parabolic trough concentrating
collectors. The solar energy collection loop is a closed-
circuit piping system, pressurized with nitrogen. Water is
used as a heat transfer fluid which is circulated by a pump
through the collectors to a steam generator, then back to
the collectors. The system is designed to produce hot water
at a temperature of 250 C and at a pressure of 2895 KPa.
When solar energy is strong, it is used to generate steam
which is not stored and directly used. When there is insuf-
ficient solar energy for the generation of steam, it is used
to heat water in a 90840 litre process hot water tank for
further use in the laundry. It is estimated that this system
will be able to save about 95.4 m3 of oil every year.

There are several controls in this system and each
control has to play its own role. When the gluid tempera-
ture at the outlet of the solar array is 215 C, the steam
generator c%ntrol valve CV6 and CV8 modulate to produce
steam at 170 €. If the collector fluid temperature drops to
182 €, the ©back wup boiler provides the required 1load.
Another control inverts the collector array for overnight
storage or for a loss of coolant episode or for power or
pump failure. Storage fluid is circulated through the col-
lectors when the ambient temperature is less than 1 C to
protect them from damage due to freezing.

Another simple and more dependable solar steam system
named as solar boiler-auxiliary boiler system is described
in reference 51 and the same is schematically shown in
Fig.2.16. This system is quite flexible and solar heat 1is
independently and continuously collected unconcerning with
what is taking place at the end. The controls are relatively
simpler and maximum solar energy is collected since because
of the advantage of boiler auxiliary preheat. In this
design minimum energy is used by the auxiliary boiler.
Generally the flow rate from the solar storage to the boiler
is maximum except when the flow controller FC2 shows that
the steam produced by the auxiliary boiler is below the
minimum required value, then the valve V4 gets activated by
FC2 and supplies the reduced amount of energy from the solar
storage. In this case of reduced flow rate in the solar
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boiler, the water level in the boiler rises. The increased
water level 1is sensed by level controller  LC which opens
valve V2 increasing the flow rate through auxiliary system
as required.
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FIG.2.16 SCHEMATIC OF SOLAR PROCESS STEAM SYSTEM INTERFACED
WITH A CONVENTIONAL AUXILIARY BOILER (From
Reference[51])

During sunny days under normal conditioms, the supply
of solar heat may exceed the process demands. Hence solar
boiler <could boil dry which is prevented by means of 1low
level shut down (LLSD) operating delivery pump P2. As the
temperature in the storage tank reduces, the boiling ceases
and the water level in the boiler rises. The liquid level is
sensed and high level shutdown (HLSD) switch closes valve V3
preventing the further rise of water level. At this point
the auxiliary boiler supplies the required steam (100 per-
cent) and the solar heater works only as a preheater until
TCl > TC2, shutting off the solar pump P2. With the help of
flow controller FCl and valve V1, the process flow require-
ment can be adjusted..

Direct steam generation through solar collector array
appears to be attractive but has not been seriously attem-
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pted. Only some recent investigations by Murphy and May
[52], and Pederson and May[53] have proven its significance
for the supply of heat to process industries. Presently
there 1is =no working system on this concept. The system
schematic would be similar to that of flash-steam system but
without a flash valve.

The idea of wusing heat pump alqgng with flat-plate
collectors to boost hot water upto 90 C temperatures for
providing process heat for a cleaning tank in the aluminium
anodizing line of General Extrusiomns, 1Inc. Youngstown,
Ohio, USA[54, 55] has already been tried. The system insta-
lled at General Extrusions consists of a solar collector
array (304 m2) of their own model LTC-367 with a concentra-
tion ratio of 3.67 and a high temperature heat pump called a
Templifier made by Westinghouse[55]. The output of this
Templifier is 70560 Kcal/hr, and the source water from the
solar collector storage is at a minimum temperature of 40 C.
All the five following possible modes can be switched from
the main control board to provide heat to the cleaning tank
of the anodizing line:

* Heating directly from solar collectors.

% Heating incorporating the solar <collectors, heat

pump and storage.

% Heating from solar collectors and heat pump.

* Heating from storage.

* Heating storage from solar collectors.

It has Dbeen estimated by performing computer studies
that for a given fraction supplied by solar, the solar-only
system requires about twice as much collector area as does
the Solar-Assisted-Templifier (S-A-T) systems. In some-
cases it has also been shown that S-A-T system can save over
50 percent in the initial investment.

The U.S.Department of Energy (DOE) has given several
contracts to advance the state of the art the solar indus-
trial process heat ranging from small collector area to
large collector area and for different solar applications
like hot water, hot air, low-temperature steam and interme-
diate temperature steanm. A list of SIPH projects imn USA
which are either funded by DOE or due to private efforts is

given[48] in table 2.6. Some of these projects are fully
operational while others are only at the design or near
operational stage. Many experiences are gathered anmd prob-

lems encountered in these projects. These will be discussed
later in this Chapter.

2.6. EXAMPLES OF SOLAR PROCESS HEAT SYSTEMS
Although application of solar energy to industrial

process heat systems is one of the most 1logical solar
thermal applications in the near-term and in many countries
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including Germany [56], Isreal[57], Australia[58], U.K.[59],
Japan[60], 1India[61] and U.S.A.[62],work in this direction
is in progress but very little information on the actual
system, performance, data and experiemnces available. Here
examples of three solar industrial process heat systems
which are fully operational are described.

2.6.1. Shallow solar pond water heaters

The shallow solar pond (SSP) is a solar energy
collector and storage system that is intended to supply
large amount of heat for industrial applications at a cost
that is competitive with fossil fuel. Its use for the
conversion of solar energy into low grade thermal energy has
been a subject of intensive investigation for a number of:
years in USA[63,64], Israel[65], and India[66].

CORRUGATED CLEAR PLASTIC TOP GLAZING

CONCRETE
CURBING

CROSSBOW GLAZING SUPPORTS
AT 1.7 m INTERVALS WITH
;:iC:IA;Z:1::G STEEL STRAPPING

CLEAR TOP

FOAMED GLASS
BOTTOM INSULATION

FIG.2.17 SCHEMATIC DIAGRAM OF A SHALLOW SOLAR POND WATER
HEATER (From Dickinson et al[631])

A shallow solar pond 1is schematically shown in
fig.2.17. It essentially consists of a large (as large as
3.5 m x 60 m) plastic bag or pillow comstructed from a

clear wupper plastic film and a black lower film, placed in
an enclosure with a clear plastic upper glazing and foamed
glass insulation on the rear side. The depth of the water
within the bag is normally in the range of 4-15 cm. Typical
peak temperatures for a shallow solar pond range from 60 °C

in the summer down to 40 °C in winter. With a nominal 7.5 =~
10 cm depth, the annual efficiency of the shallow solar
pond system 1is about 50 percent. With smaller depths,

higher temperatures can be obtained resulting in lower
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collection efficiency. The water should be withdrawn from
SSP before sunset ( or more precisely when the <collection
efficiency approaches zero) for utilization or storage.

The Lawrence Livermore Laboratory has built and ope-
rated a shallow solar pond facility at the Sohio-Uranium
milling plant near Grants, New Mexico. Uranium is dissolved
from the ore in a chemical leaching process requiring dilute
hot sulfuric acid. This process requires about 30 litres/s
of water at 60 C for 24 hours a day. The factory is using
the o0il for the supply for hot water and had plans to sup-
plement with solar heating. The Sohio facility consisted of
three full size, 3.5 m x60 m, SSP modules of different
designs alongwith <cold and hot water storage facility and
instrumentation for monitoring the performance. Each module
heats about 25000 litres of water per day between 54-60°C in
summer afternoons and 29-32 C in the winter aftermoomns. The
system is used in the batch process in which the pond is
filled in early morning with cold water and drained in an

insulated storage reservoir in the aftermnoon. The annual
collection efficiency was calculated to ,be 48 percent. With
this annual collection efficiency, and to provide about 80

to 90 percent of the required process heat in the mill, the
total SSP area required is about 2.1 hectares, which corres-
ponds to 100 SSP modules with dimensions 3.5 m x 60 m. The
whole facility will require about 4 hactares of land inclu-
ding service roads, curbings, and water storage reservoirs.

2.6.2. Solar beer pasteurizer plant at Adelaide, Australia.

Several solar demonstration systems for the supply of
process heat in industries are being used in Australia<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>