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ABSTRACT

A solar heuting system under the climatic conditions of Hebron/Palestine is
sludied from both technical and ecanomics points of view. The analysis of the solar
heating system which obeys the fchart model, is performed by using a developed
computer program. The results are presented for a common prowivpe building (house)

with an estimated heating load loeated in the climatie repion of Hebron.

In the cconomic analysis, cumulated cost flows of the selected svstem is
compared throughout the lifetime of the svstem by using the present worth value
rechnique. Optimum design magnitudes such as collector area, yearly solar heating
fraction, cte., are determined for the maximum lite-cyele savings. Total savings and
solar heating fraction are lfound for the optimum conditions. Variation of the system
performance is studied within the forecastable range of changes of the most influcatial

unstable sconomic parameters.

In the lechnical analysis, elfects of the primary desipn paramcters such as
collector (tilt nngle. Fa{ta) and FpU,, storage tank (its volume per square meler of
collector area), heat-exchanger (effectiveness, and the flow ratc of primary and
secondary working fluids), and the design heating load (building overall heat loss
coefficient and arca product, and the number of heating hours per day), on the system
performance are studied within the valid range of changes. Finally, the economics of the

solar heating systemns in Palestine as general are discussed.
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INTRODUCTION




INTRODUCTION

1.1 General Introduction

The uliimate source of energy the planet Earth may has is the sun. It produced
=mergy for billions of years, providing our planet about 3850 zettajoules (ZJ=10"")
per year' However, oceans absorb about 285 ZJ, leaving 3565 ZJ. While the
waridwide energy consumption of energy reached” 0.471 ZJ in 2004

Resources of energy are divided into non-renewable energy and renewable
- Non-renewable resource is called 50 because it exists in a fixed amount or is
up faster than it can be made (by nature). We also use the name “fossil fuels”
mon-renewable resources since they are hydrocarbons found within the top layer
e =arth’s crust’; such as coal, petroleum and natural gas. It was estimated that in
86% of human-produced energy came from burning fossil fuels’. Bumning of
fuels produces around 6.3 gigatons of carbon dioxide per year (worldwide),
satural processes can only absorb about half of that amount®

_-mm- [ Sl ryrdro 5A2%, || Wind powar 4585 7| Biomass slec
: AN
' Gevltwermal wiee [ Seotovelizic 42 J) Other olec™ 0.05% I Blomess hasl®
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Figure 1.1: Worldwide renewable energy 2005



Renewable resources of energy are effectively utilizes natural resources such

= tides sunlight, wind and geothermal heat, which are naturally replenished, and are
Emown to be clean resources of energy.
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Figure 1.2: Salar hot water/heating capacity existing in 2005

1.1 shows® the worldwide percentage of renewable energy resources of usage

the year 2005. This case study is interested in solar heating which is 6.83% of

use. Figurel.2 shows® solar hot water/heating capacity existing in 2005, and
1.3 shows® Solar hot water/heating capacity added in 2005
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Figure 1.3 Solar hot water/Heating capacity added in 2005
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As scen in the last two ligures; 13 gigawatts-thermal (GWith) were added o
e X5 ((Wih of worldwide heat capacity exist in 2005, That means it's increased by
shout 14% cach year®. China leads the deployment of solar hot svstems. while Israel
‘ncluding Palestine) is the per capita leader in the use of solar hot water with 90

percent of homes using this technology.

1.2 Deseription of the Project

Computer simulation programs are extremely useful tools in the design und
sechmical-economic analysis of solar heating systems. With the aid of a valid
somputer simulation model, the effects of various design parameter changes on the
performance of 4 given system can be casily determined. as well as the economic

Seasibility of the solar system in comparison with 2 conventional alternative.

Feconomic optimization procedure in a particular solar heating design is hased
o the estimation of the size of 4 solar system that will yield the highest economic
Semcfit on behalf of the solar system. This is usually made by comparing the cost
Sows recurring throughout the lifetime of the solar and conventional alternative
wstem. One of the major tasks in such analyvsis is the estimation of the best set of
salues for design parameters that will maximize (he erilerion function in a solar

Sesting systen.

Generally, there are two lypes of design parameters: fixed and variable
pur=neters. The fixed design parameters have specific values and do not change for a
gen solar syslem. For instance, the collector characteristics such as Fr(ta) and
53\ are the fixed parameters, and can be obtained from collector performance tests.
% varinble design parameters are dependent on the size of the solar systen, their

Setmum values are found from technical-ceonomic analvsis. Among these. collector

= storage value, and load heat-exchanger size or capacity can be accounted.




Although, a criteria such as minimum payback period, mavimum internal rate
of return, ete. may be chosen, the maximum saving produced on behall of the solar
heating system during its lifetime is olien chosen as a criterion function lor the

oplimization.

ECO-COLLECTOR computer program is developed to serve for the needs of
this technical-economic analysis. The hasic climatic data needed for the analysis
which are relawed W the concerned climatic region are fed to the program, then
several different communicating modes with the computer are introduced to obluin

e required specific data which are used to perform the technical-economic analysis.

The main focus of this project is on the sconomics of solar heating systems
wnder the conditions of Hebron region. Also, this may be extended to any climatic
sgion or any protolype building in Palestine. Tn addition, the effects ol some
wnportant design paramelers are considered in order to evidence the fundamental
“=lation between the technical and economic aspeets of solar heating systems.

The major contributions and studies made in each chapter can be resumed as
llows:-

Chapter two brieflv explains the classical methadology for the caleulation of
o radiation incident on inclined surfaces. The estimarion of the monthly mean
S5 rudiation are explained. Basic equations used in the calculation procedure are

- gwen and their relations are describad.

Caleulation of the building heating load using the degree-day method is
duced in the third chapter. monthly degree-day values on the base of 17°C are
estimated. The characteristics of the selected climatic region (Hebron) and

protolvpe are resumed.



One of the mostly used design methods in solar hicating systems is the f-chart
methad, The fourth chapter accounts lor the use of this medel, system conliguration.

characteristics and the modifications which cun be made for some special cases.

Chapter five discusses the life cycle costing technique using the present valug
method. Basic economic concepts and criterion used in the technical-economic
analysis of solar healing systems are described, A number of comparisons are made
between the conventional systems using fuel oil and liquefied petroleum gas (LPCH)

and the solar energy heating system.

The following chapters account for the economical and wchnical resubts of
comparison studies for the selected region and prototype building, discussion of the
seonomic feasibility of solar heating systems under the climatic conditions of

Hebron, Conclusions and recommendations are made in the final chapter.

The appendices give the details of the tables and heating Ioad calculations,

(i) caleulations and the details of the inputs and outputs of the program.

1.3 Project's Feasibility. Benefits and Industry Correlation

Today's sky-rocketing of the fuel pricc make such a study neccssary and
worth (o search for and find any possibility of reducing the cost of energy. especially
o the heating sector which constitutes a considerable portion ol the national as well
= the per-capita budgel, Solar energy is considered as the most clean and friendly 10
S envirenment. Fortunately. the sun is available in our country Palestine in a better
wanner compared o other countries, which increases and encourages the feasibility
of such a study.

Phere are several factories producing the solar collectors in vur country

Suicsting. And Hebron city has the biggest contribution in this sector. |hus, a




competitive price of such product is alwavs available. and in casc of getling a
reasonable resuhts from the study, the industry sector would benefit in two ways,
their production capacity would increase and the quality of their products wiould also
be increased by trying to enhance and develop their products towards the bast.

Although this analysis can be extended to all climatic regions in Palestine,
another reason for choosing Hebron city is due (o the ¢older winter of this ity so as

w0 make the analysis more feasible.

The results of this unalvsis are presented in a wide range change ol unstable
sconomic parameters, and the correet fulure panorama would most probably be one
of the expected cases presented in this analysis. Despite the fact that, prediction of
% luture success or failure of the solar heating in Palestine would require
mowledge ol the fulure price fluctuations of conventional fuels, all the worldwide

seen and given indications or panoramas emphasize that (art least for the nex1 coming

future), the situations of fuel price would not be better than today's situations.
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CHAPTER TWO

SOLAR RADIATION




SOLAR RADIATION

1.1 Introduction

The operating efficicney of a solar system should be judged on its long-term
performance rather than on its instantaneous virtue. The design of a solar system
requites 4 knowledge of long-term. say monthly, average solar radiation data lor the
‘ocality under consideration,

Solar radiation polential is dependent on the latilude. tme, and the position of
solar energy collectors. For many locations in the world the average daily radiution
on a horizontal surfuce can be looked up, However, solar energy collectors are often
wocated with an inclination from the horizontal surfaces so as to reecive maore
mdiation. For @ more aceurme indication of how much energy is lulling on such tilted
collectors, a series of caloulations must be done. This present chapter briefly explains
e classical methodology to estimate the monthly average daily total radiation on

thied surfaces, and explains the angles we are imterested in.

1.1 Solar Geometry

‘The angles and position of solar energy collector are important to gain the
saximum amount of solar radiation. In this study we are interested in three angles:
collector tilt (slope) angle (f7), azimuth angle (A4,) and incidence angle (8,).

However, o find these angles. other angles should be known,

10




lilt angle (7). is the angle botween the plane of the collector aperiure and the
horizonial. [t can be a monthly average values, bul we will take it as a fixed valuc,

Till angle is be given by :

B=0—5 (2.1)
where.
@ labilude,

4 solar declination angle.

Latitude anple (@) is the angle between the line from the colleclor o the
center of the Farth and the line from the center of the Farth to the cquator.
Declination angle (6) is the angle between the earth-sun line and the equatorial
plane. Solar declination varies throughout the year, and can be approximated by®;

360

& = 23.45 si
345 sin 365 I8

(284 + n]l (22)

where nis the number of the days in the vear.

Table 2.1: Recommended average davs for months and ol n by months’

7 for it" Dg For the Average Day of the Month

Month ¥
of Month Date n, by of Year &, Declination

January i 17 17 29.9
Febraary 3L+ 16 47 -13.0
March i 1 s 24
April 90 + 15 103 04
May 120 +i I5 135 4.8
June 3] +4 11 |62 23.1
July 181+ 17 198 213
August 212+ 16 228 b3S
September 243+ 15 258 e
Deluber A |5 288 4.5
November g b 14 IR -18.9

December 334 414 10 344 230




The day of the year (n) can be conveniently obtained by the help of Lable 2.1.

Azimuth angle (A.), is the angle between collector axis and south. east

megative, wesl positive.

Hour angle () is the angle on a horizontal plane between the local solar nioon
smeridian which contains the south-north ling) and the horizontal projection of the
san's tays and given by: [15% x (hours fram solur noom)], being afternoons

positive, mornings negative.

Iicidence angle (8;), is the angle between the sun's rays irradiated on a surfoce

and the line normal to this surface. ¢, is given hy'™:
58, =sindsin@cos f —sind cos @sinff cos 4,

+ cosd cos @ cos ff casw + cosd sin @sin ff cos 4, cos

+ cos & sin fsin A, sinw (2.3)

2% Total Radiation Tilt Factor

Monthly average daily radiation (Hy) on a tilted surface is given h}'ﬂ :

S =RxH [kl/m? (2.4)

WICTC,

5 sotal radiation oo hortzontal planc [&] fm?].

& 1otal madiation ult factor [Dimenstonless].




Both arc written on monthly mean (average) daily hasis. Toral radiation tilt
factor is the ratio of the toral radiation on tilted surface 10 that on a horzontal

surface. I can be writien on monthly average duily basis by the following cquation®:

" BY. (I+ceosf)P (1—cosf)p
'ﬁ_(l_ﬁ)ﬁ'b"' > H_+ 3 (2.5)

where,

D: monthly average daily diffuse radiation [k] /m?].

£y ratio of the average beam radiation on the tilted surface (o that on the horizontal
surface for each month [Dimensionless].

£ tilt mngle of the surface from the horizontal.

p: ground reflectance |Dimensionless].
The ground reflectance (p) varics between 0.2 and 0.7 depending upon the
extent of snow cover'”. However. in our study. p is taken as 0,2, The ratio (Ry) is

given h}":

cas(@ — B) cos Hsin g + == @l sin{@ — f) sind

- 60

» cos{@) cos & sin w, + 755w sin(@) sin § S
Where,
& latitude.

&: declination angle.

&2 sunsel hour angle for a horizontal surface and is given bys:

&, = o5 [—tan @ tan &) (2.7)

. sunset hour angle for 4 tilted surface and is given by™;




w. = min{m,,cos ' [—tan(0 — f) ran 5|} (2.8}

2.4 Extimation of D¥iffuse Radiation

The measurements of monthly mean dilfuse radiation are rarely available at a
given location. T1 should be estimated from the measurcments of monthly megan total
radintion. The ratio (H/Hy) has been correlated as a function of cleamess index K.
Clearness index is the ratio of the monthly mean daily radiation received by a
Bonzontal surface on the ground to that of the extraterrestrial radiation H,. So.
clearness index is given by™:

|] |

Ry = [Dimensionless] (2.9)

=
—
L=}

Monthly mean daily extraterrestrinl radiation is given hy":

5 Bﬁdﬂﬂ’ [1 o (Sﬁﬂn)]
8= G| P TUOees e

Lrdh, 2T abe | .
* [cc:-s Pcosdsinaw, + (m—) sin P sin ﬁ] []/m*] (2.10)

where Jo.: solar constant (approximately equals w 1367 W/m*)". Note that

“EA400" is the number of seconds in 22 hours,

Kr values caleulated in equation (2.9) are valid in the range® 0.3 <K< 0.8
Serween @ = <35% Ky can be used lo Find the manthly average daily diffuse
:tliﬂtinu(ﬁ)ﬂ:




D=H(1-113Ky) (2.11)

Monthly mean Lol radiation is the sum of the beam (Hp) and difluse (D)

components,
A=H,-D (2.12)
Introducing the ahove fact in equation (2.4), Hy becomes:

i = .F_F(1 - —ﬂ_—) Ry + %fl + cos ff) —1-%[—[] —eosff)p  [k]/m?] (2.13)

Using tabulated values of monthly mean (average daily) solar radiation on a

Sorizontal surface, 1o the selar radiation on tilted surfaces (collectors) can be

calculared by the aid of equation (2.13)
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DEGREE-DAY METHOD AND
HEATING LOAD CALCULATION

A1 Introduction

Unlike conventional heating systems, both the efficiency and the economics of
solar heating depend greatly upon the size of the solar heating system in relation to
®e size of the space and/or water heating loads. For conventional systems. it is
suflicient to estimaie the design heating load (ie., the maximum probable heating
wad) in order 1o size the heating equipment. In contrast, estimatcs of the long-lerm

#verige heating load for cach month are reguired to design solur heating systems,

htierent factors affect the heating load of u building, such as the geopraphic
‘cation. its architectural design, orientation, construction quality, and the particular
“Sstyle of the oceupants. Many different methods of caleulating space loads have
Seen developed, ranging in complexity from the simple degres-day method o
Setuiled computer simulations using hourly metcorological data. All of thesc

mehods involve some degree of uncertainty'”,

The Degree-Day Method

In general, a degroe-day is delined as a measure of the depariure ol the mean
ture for a day from a given base temperature. The accumulation of such
€S OVer @ scason or up o any day can be used as an indication of past
cffect on some quantiy™, The degree-day method of estimating Lhe
Beating load of a building is bused upon the fact that the amount of heat
% muintain a comfortable indoor temperature is primarily dependent upon

nce between the indoor and outdoor temperatures.




The monthly space heuting load (L,) for a building maintained at a comfort
femperature is assumed Lo be propartionzl to the number of degree-day during the

month.

Li=11Ax DD {3.1)

whers,
DD: the number of degree-days in a month [°C-day].
{JA: the building overall energy loss coefficient-area product [W /°C].

The number of degree-days in a single day is the dilference between the
selected base temperature and the daily mean lemperature (calculated as the average
of the maximum and minimum daily remperatures). If the daily mean temperature is
above comfort temperature, the number ol degree-day is taken to be zero. The
number of degree-days for a month is the sum of dailv degree-days.

For instance, for 17/17 hase, the degree-day of a given month will be the sum
of the differences between 17 PC and the daily mean ambient temperature. When the
daily mean ambient temperature is greater than or equal to 17 °C, this day will not be

considered in the summation process.

Nm

DDygprr = Z[i'? = Lm,). when t,, <17°C (3.2)
¥-1

where,
DDy 74y7: the degree-days of a given month based on 17°C.

tmr: the daily mean ambient temperaturc.

18




3.3 Domestic Hot Water and Heating Load

The actual water heating load is the amount of encrgy required to heat water
for domestic purposes. |'he monthly water heating load (L,,) ean thus be estimated

a5:

L = Ny X Np X W % oy X Cp (T — 12) (3.3)

where,

N, : the number of persons,

¥,z volume of hot water required per person, assumed to be 30 [Liter /day].
o, the densily ol water, 1 [kg/liter].

Co waler specific heat, 4,18 |k /kg. "Cl.

T,.: the temperature of the hot water supply, approximately 60 | °C].

T.: the temperature of the cold water must be heated (main supply water).

One of the important parameters that need 1o be used is the water main supply
temperature T,.. The Rritish standards (BS5918) of’ 1982 referenced correlation for
computing this temperature, and (he correlabion modilied o swl the Palestine
climatic', and rcads:

2
T.=18 —55c¢cos [(

3_]55_5_) x (n+ 1 1.25:.] (3.4)

where 7 1% the number of day in the year.

So, the monthly total heating load (L). is the sum of the space and domestic

Bot water heating loads:




L! = L-_.; - - L‘w (3.5)

The losses from the storage tank L, are considered in caleulating the solar

[raction using the following equation”

br = (UA) 5 (T = Ta) (3.6)

where
(74 ) storage tank overall heat transfer coefficient-aren product [W /°C).
T,.: storage tank water temperature [°C].

T;: monthly average ambicnt temperature [ €]

3.4 Selection of Prototype Building

A 150 m? flat apartment in the second (loor of a building was chosen as a
prototype for the analysis. The overall heat transfer coefficient of the building U4 are
caleulated as in Appendix A,

The monthly average daily climatic data in Hebron. are shown in Tahle 3.1,




Table (3.1): Monthly average daily climatic data.'® 1

i o, H

Maonth 19C] (%] [M]]

January 938 63 11,165
Febrary 340 72 11.939
March 1.75 70 18.255
April 12.20 50 18.894
May 20.15 38 26.643
June 21.20 51 27326
July 2265 49 27,597
August 21325 60 24 416
sSeptember 19.95 52 19.941
October 19.45 50 14,727
MNovember 1505 58 11.906
December 10.13 70 10017

@, is the outside relative humidity,
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F-CHART METHOD




F-CHART METHOD

4.1 Introduction

Using the sollware simulation programs in design of solar heating systemns
became more common in system desipn procedures. Simplified analysis methods
fave many advantages as compulational speed, low cost, rapid umaround, and ease
of use by persons with little technical cxperience. There are many simulation
programs which are developed 1o design solar water heating svstems such as: f£
chart, TRANSYS. WATSUN, EMPG2... etc.

A Developed program based on the £Chart method is used 10 evaluate space
neating and serviee waler healing under Hebron region elimates and conditions. The
results of these annlyses correlate the fraction f of the heat load met by solar energy,
1he comelations give the fraction f ol the monthly heating load (for space heating
and domestic hot water) supplied by solar energy as a [unction of collector

characteristics, healing luads, and weather.

Twa principle categories of solar heating systems are used in the f~Chart
method: the first one is the active systems, which use pumps L0 move the liguid
through the collector, and the second one is the passive svstems which use the

gravilty and tendency for water 1o circulate it naturally, Combine clements of hoth

active and passive systems are called Hybnd systems.




4.2 Water Storage Space and Domestic Water Heuting Svstem

This study deals with water storage space and domestic waler healing system
which use flat plate collectors to heat a fuid, storage unit to store solar energy until
il's needed . and distribution equipment to provide solar energy for both demestic hot

water and space healing.

A solar heater includes @ solar culleclor that absorbs solar radistion and
converls it to heat, which is then ahsorbed bv a heat transfer fuid (water, a
nonfreezing liquid, or air) that passes through the collector. The heat transfer is
stored or used directly. In the active systems heat transfer fluid is transported by
forced circulation, whereas forced circulation uses pumps or fins, that means of
course these systems need electrical power (or may be from another power source) to

drive these motors during the operation of the system lor the recirculation process.

Air heating systems circulate air through ducls to and from an air heating
collector . and use a pebble bed 1o store heat . However air systems are effective for
space heating applications (because a heat exchanger is not required and the collector
inlet temperuture s low throughout the day), do net need protection Irom freezing.
overheat. or corrosion. Also air costs nothing and does not cause disposal problems,
but the use of air ducts and air-handling equipment in the collector array require

more space than pipes and pumps.

Liquid heating systems cireulate a liquid. ofien a waler-hased fuid, through a
solar colleclor, and it uses a storage tank 1o store energy as a sensible heat. In Figure
4.1, a liquid-to-liquid heat cxchanger is used 10 wransfer heat trom the collector array
to the storage tank. Pwo distributions are used. one for a direct circulation of the
figuid in the storage tank to the space heating coil and the other 15 a liguid-to-liguid
heat exchanger which used to transfer energy from the main storage tank o the

domestic hot watcr. A conventional heating unit (furnace. beal pump, or a bumer) is




wsed o meet the space-heating and domestic hot water (DHW) loads when the
energy in the storage tank is depleted.
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Figure 4.1: Selar callection, storage. and distribution system
lor space heating and DHW

The liguid in solar colleclors must be protected against freezing, which could
Samage the system. Freezing is the principal cause of liguid svstem lailure. For this
meason, frecze tolerance is an important factor in selecting the heat transfer fluid and

squipment in the collector loop. A salar collector radiates heat to the cold sky and

Seczes at air temperatures well above 05C"
In this s¥stem, antifrecze heat transter fluid is assnmed to eireulate through the
cosed collector loop of the collector array. The mast commonly used heat transfer

Suids are water/ethylene glycol and waler/propylene plycol solutions.
P

To protect the collector against excessive pressure and temperature, a relief

walve is placed on the line between the heal exchunger and the storage tank. A check




walve should be installed in the retum line to prevent reverse thermosiphon action

durng eold nights.

4.3 Dimensionless System Variables

An overall energy balance on a solar heating svstem over 4 ene month period

can be writlen as’;

O —L+E =AU (4.1)

where,

;- the total usclul solar energy delivered during the month.

L° the sum of the space. waler heating loads and storage tank heat loss per month.
£. the total auxiliary cnergy required during the month.

Ali- the energy change in the storage unit.

For the storage sizes commonly used in solar heating svstems, AU for a month

= small with respect 1o @p. L and E and it can be rearranged so that®

i U B (42)
L L

where f s the fraction of the monthly total heating load supplied by solar cnergy.

Equation 4.2 cannot be used to calculate f direetly since Q5 is complicated
Smction of (he muident radiation, the ambient temperature, and the heating load.

Sowever, by considering the parameters on which @y depends. equation 4.2 supgests

Wt f may he empirically related to the two dimensionless groups”:




y _ Collector heat loss _ A Fa Uy (Trer — Ta) At (4.3)

heating load L

e absorbed inselation A Fj Uy (T&) HyN,,

(4.4)
heating load L

where,

A: the collector area [m?]

Uyt the collector overall energy loss coefficient [W /m? ).
At the total number of seconds in the month.

Trepta reference temperature determined 1w be 100 °C,

T.: the monthly average ambient temperature [°C],

L: the monthly total heating load [/].

H,: the monthly average total radiation incident on the collegtor surface per unit arca
U/m?].

N numbers of days in month.

{7@): the monthly average transmittance-shsorptance product.

2 the collector-heal exchanger efficiency factor which is expressed as™:

L e 111—1 e

(?ﬁ.f:p)

By ) [fatus
¥ (m’:p]ﬁ

T

where,

{s'u-p}:: flow rate times specific heat of fluid cireulating through the collector
W /°Cl.

lfﬂ'icpjmm: the minimum flow rate times speeific heat of the fluid in the heat
exchanger (W /°C|.

¥, the collector heat removal factor,

& the heat exchanger effectiveness,




As mentioned above, these dimensionless groups have some physical
significance. X is related to the ratio of a reference collector energy loss to the total
Seating load during the month, ¥ is related to the ratio of the total energy ahsorbed
on the collector plate surface to the total heating load during the month. For

convenience in ealculation. equations 4.3 and 4.4 can be rewrilten as”:

X =FoU, % (?) X (Trey — Ta) X At x% (4.6)
'
¥ =F(ra), x (;—i) % ({%Tjr) xiiﬁ (4.7)

Folly and Fg(1ar), are obtained from collector test results. Fj; /Frcorrects for various
Semperature drops berween the collector and the storage lunk and is caleulated by the
#d of equation 4.5. T, is obtained from metcorvlogical records for the month and
Scation desired. Ay is found from H and R by the methods of Chapter 2. The
monthly loads. L. are determined as noted in chapter 3, Values of 4, the collector

wea, are selected for the caleulation.

4.4 Liquid-Based Solar Space Heating System

A correlation was obtained between the f-factor and the dimecnsionless
per=meter X and ¥ for both liquid and air based systems. In this study a liquid-based

westem is considered. The relationship between X and ¥ and £ can be expressed as'

0 = 1.029Y — 0.065X — 0.245Y% + 0.0018X% + 0.0215y* (4.8)




For0<¥Y<3und0<X <18

The graphical representation of equation 4.8 is shown in Figure 4.2. The

correlation is valid for the following range of design parameters:

0.6 < (ta), =09
S5=FRA=120 m?
21<U, <83 W/m*.°C
0=/ =90 degrees

The energy contribution for the month is the product of the monthly fraction
supplied by solar energy f; and the monthly total heating load L,. The fraction of the
heating load supplied by solar fraction F is™

L (4.9)
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Figure 4.2 £~Chart for Liguid Systems®




4.5 Muodifications on the ~<Chart Model

JChuart curves were numerically pencrated using lixed nominal values for
storage capacity per unit collector area [75 liters /m?], collector liquid flow rale per
unit collector area [0L015 liters/s.m®], and load heat exchanger size relative to
space heating load”. In practical design of solar heating systems it is important to
take into account the sensilivity of these desipn parameters on the long-lerm
pertormance of the system and to make correlations when necessary, The following

corrections were developed for the dimensionless parameters X and Y.

Storage capacity: the methaod was developed for a storage capacity of 75 liters
of stored water per square meter of collector and can also be used 1o estimate the
vearly performance of the syslems with slorage capacitics in the range of 37.5 to 300
liter per square meter of collector we must multiplying the dimensionless parameter

X by the following correction factor’;

( Storage size J _ (M)‘ﬂ'?'s (4.10)

correcliom factor 75

where M is the actual storage capacity in liters per square meter of eollector area,

Load heat exchanger size: A dimensionless 7 is a measure of the size of the

load heat exchanger needed to supply heat 1o a speeified building.

o E.(MCp ) min (4.11)
74

where £; is the effectiveness of the load heal exchanger. A value of z = 2 was used

mn the development of the f~Chart. This chart can be used to estimale the vearly




performance of systems having other values of z by multiplying the dimensionless
parameter ¥ by the following correction factor’:

(Lﬂﬂd heat exchanger (4.12)

0.139
correction factor ]

) = 039 + 0.65 exp (-T

Jor 05 <z<50

To use system in Figure 4.1 for domestic hot waler heating only using the /-

Chart model, X must be multiplied by following correction factor’-

(.!}'E'J"::‘ir.‘ﬂ water heatfng) _ 116 + L1A8T, + 3.861;, — 2.32T,

: 413
correction factor (4.13)

100 -T,
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ECONOMIC ANALYSIS

5.1 Tntroduction

Feonomic viability of solar energy healing systems are usually the liletime of
the solar (SI) and conventional (CI) installations. The analvsis estimate the best set of
vitlues for design parameters that will minimize (he criterion function in a solar
installation. The criterion function here taken to be the maximum saving produced on
behall of the solar installation during its lifetime. Economic optimization procedure
in 8 particular solar heating design is oftenly basad on the estimation of the size of a

solar system in terms of collector arca, as it is the most costly design component,

5.2 Time Value of Money

A sum ol money al hand is worth morc than the same sum in the future;
because the money at hand can be invested at some compounding inferest to gencrate
a bigger sum in the Muure. Conversely, o sum of money or cash flow in the (uure
must be discounted and is worth less as the present-day value. Cash flow occurring n

vears [rom now can be reduced o its present value by equation'”:

F

ot 5.
(X +a)" it

e

where,
£: the present worth or present value.

F: Lhe fiture ¢ash flaw,

d: the discount rate;




Mearwhile, during inflationary times the amount of money needed 1o
purchase a certain item is increasing because the value of money is decreasing. A

futare cost I al year n awwording wo the relation':

F=E(1+em (5.2)

where,
£': the purchase cost,

g: yearly increase rate.

The future value F as given by equation 5.2 is alse suhjected to discount,

resulting in present-worth as expressed by'':

E(14 )" :
e i 5.3

0 +d)n i)
The above equalion gives present worth of a single future pavment, Summing

up all the present warth of n such future payments results in the total present worth' -

= r1+ey
Total present worth = E Z (m) = EP(e,d,n) (5.4)

=1

where P(e,d,n) is the present-worth factor and is given by'™:

far e=d (5.5)

1+¢ L (1+E g
Ple.din) ={d—¢ 1+d)

n fore=d




5.3 Life Cycle Savings Anualysis

Life-cyele savings is the net present worth, representing the difference of life-

evele costs between a ST and CT'®

. The life-cyele cost of the system is determined by
discounting ecach required annual cash [low or net payment to its present worth and
finding the sum of these present worth. For a series of regularly varving vearly cash
low, the life-cyele cost can be caleulated by using equation 5.4, In a life-cyele
saving analysis. the present worth of all costs. present or future, is determined for
each of the alternative systems under condition, including nonsolar and dillerent

combination of solar-auxilinry systems.

In this study, primarily the initial investment, fuel and maeinlenunce costs are
comsidered. If the total capital cost of the systern is not paid at the purchasing time.
the morigage payments at annuifies are also considered, Mortgage payments include
mitial investment and interest on loans for the purchase of the systems. Fuel
expenses are [ossil-fuel energy purchase for CI and the auxiliary part of ST,
Maintenance is the cost needed to keep the system in operating conditions.

5.4 Conventional System Costs

1. Initial Investment: For the general case, percent of total inilial investment

I+, 15 assumed to be paid al vear zero and the rest of the loan with equal annuities.

Annuity s the equal mortgage payments or receipts paid in equal time periods, The

annuity (@), can be expressed as'™:

B 1l + mp)te (5.6)

U e — 1




whcre,
¥y the present value,
7y eredil nterest rare,

%, - number of credit years,

The amount of each equal annual instaliments of the rest of the initial

mvestment becomes'™:

T'{], [1 - 'I"n}"“'

(1471, —1 (54

& = (1— 'EEII.”r:

where gy is percent of total initial investment assumed to be paid at year zero.

Considering these annuities paid al the end of each period, the present value of

e initial investment for CI can be written as™:

- Qo g 5
R R aEn i R v o
fhn
S = eyl +z {1—?5:7 (5.8)
i=1

Substituting cquation 5.7 in to equation 3.8, §, beecomes:

o

ra(1 415t 1
5= cle+ ) (A—e)l, 2% l
i (l+r)o—1 (1+d)

=l in terms of function P from cquation 5.5:




ity

rall 47yt
5= gl + Z[l —gg5) I: ol 0)
i=1

(1+ )0 — 1

% P(D,d, ny) (5.9)

2. Fuel cosls: Annual fuel consumption cast is Py (1) Q1)

where,
Pyli): the conventional luel price al year { [NIS/G]],

Cy: percent of vearly increase rate.

Fhus:

where Fy is the actual fuel price at vear zero.

Decrease of the installation cfliciency by the time is cguivalent o an
merement of percent in the snnual heating load. Thus the annual heating load"®:

e
ﬂ{i} = m (5.1]_]'
whete,

8- percent decrease of the installation efficiency.

£ the annual heating lead at the vear zero.

Thus the total fucl cost throughout the svstem life time, can be written as'™




Fo(1 +Cy) @ Po(l+ En}?' ¢
(1+d) (1=Ry) (1+dP (1-Ry)?

Pall + Co)? Q
A+d7 =Rt

'F
.l 1+6n' 1
5, =FR0Q+ FQ ; [1 — Rﬂ) a+d (5.12)

SE=FDU+

A

where £ is the system lifc time [years].

and in terms of function P:

ot Ba f)] (5.13)

5 = B0 [1+F(—i'T, s
0

3. Mauintenance and operation costs: Combined yearly cost for maintenance
and operation is expressed as a determined proportion of the initial investment of
installation in the year considered”:

F
_xomld+d)
3= Z T Mgl (€ — Gg) (5.14)

where
niy: mainlenance and operation costs fraction of the initial investment of CL

Gy guaranty period of CL

Thus the wotal cost [or €1 is:

E:Z = Sl i .{I‘z + 5_]




Ly +R
£, = ol + aoP(0,d,mo) + Po + PoQP (=t 0, ) 4 maly(6—Go)  (5.15)
D

5.5 Solar System Costs

Analogously. the costs for 81 are as follows:

1. Initial Investment: Initial capital cost of 8L (1.). consists of:
(a) fixed solar svstem costs (/;7) including auxiliary heating system. piping, duects,
pumnps and controls,

{B) solar collector costs (1., ).
1) starage tank cost (1)

L= "sj' + L + L (5.18)

Siwed solar system costs are assumed to be independent of collector arca, and solar

costs are proportional with the collector area is.

L =U.A (5.17)

where U, is the unit collector price.

Swomge tank price is considered o be a function of collector area™.

(5.18)

5

AX, )z,-'a
ADD0T

l,,=lﬂrr(




where,
U/ : the storage tank cost per square meter of storage tamk surface.
X;: Lhe slorage tank volume per square meter of collector area,

Percent of toral imitial investment [, is assumed to be paid at vear zero and the

rest of the loan with equal annuities. so the present value of the initial investment for

CT1is given bv:
S =ef, + aP0,d,ny) (5.19)

where
€y« percent of total initial investment /; is assumed to be paid al vear zer.
1yt number of credit years:

@, the equal annuities of the rest loan. expressed as:

T X (1 + ?'1}”1
@ = (1—e)l A+ -1

(5.20)

where ry 15 the credit interest rate.

2. Fuel costs: Efficiency loss duc to aging in 81 is considered from two points
of view: decrease of vearly solar heating fraction ¥, due to depreciation of the
components, and deercase of the efficiency of the nuxiliary part of SL Thus. the
annual auxiliary heating load at wear [ is:

) 1
m Qll—?fl—ﬂz]xjm (5.21)
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where,
Ity : percent decraase of solar heating fraction.

Ra: pereent decrease of the efficiency of auxiliary part of SI.

The cost of auxiliary fuel consumption per G/ is;

Py(i) = Pi(1+ €)'

where,
{7y: yeatly increase of the auxiliary luel price.

Py the actual anxiliary fucl price at the year zern.

Thus the cost ol auxiliary fuel consumed is:

' '3
B SN e T ¢ Y A = NG (1= R
2 =600 =T+ ;. METH O Ry e ; (1+d) (1-1)

and in terms of function P:

GiLR,
1-R,

| FG)A-R)—(1—Ry) B
T‘”l =i .

5 =P00 —:F}Pit,’l{P( ,r:!,f)

(5.22)

3. Maintenance and operation costs: If combined vearly costs lor maintenance

and operation are expressed us a determined fraction of the initial investment. the

present value of the yearly maintenance and operation cost is:




Si=ml{{-G,) (5.23)
where,

my: maintenanee and operation costs fraction of the initial investment of S1.

(x; - guaranty period for SI.

Thus the tatal eost fior ST is

(o= S + 55+ 8,

C=el;+a,P0,d ) +m (8- G+ P01 -F)

C.+ R, ' (1+C)1-R)—(1—-R.) .
+ R0 {P(l_ﬂz ,d,#)-.‘FP S 220 (524
Finally the life-cycle saving will be:
S=(.~—C, (5.25)

Substituting for cquation 3.25 gives:

= enl. — eyl + agP(0, d, ng) + a PO, d, ny) + PoQ — P.Q(1 = F)

Co+ R
+ PP (222, d,8) + mol. (£ = Go) — o€ — 61)
a
€ + R; (1+6)1-Ry)—(1—R,)
+ PiQP ( 1-R, .4, f) +PIQ:FP[ =) A (5.26)




CHAPTER SIX

ECONOMICAL AND TECHNICAL
RESULTS

43




ECONOMICAL AND TECIINICAL RESULTS

4.1 Introduction

System design parameters and lile-cycle economic analysis were explained in

chapters 4 and 5, respectivelv.

Under the first section of this chapter, life-cyele economic analysis is used Lo
delerming the effects of cconomical paramelers (for the optimum design conditions)
on the system performance. The study is performed by changing economical

parameters in a wide range.

The effects of the most important design parameters when they deviate from
the optimumn conditions (within their accepted ranges given in chapter 4) on the
system performance arc issued under the second section of this present chupler.

6.2. Economical Resulis

Bath the conventional heating system (C1) and the solar healing system (ST)

purchasing cost and fuel prices are determined from the present market conditions.

The lifetime of the systems 1s assumed 1o be 20 years,

6.2.1 System Purchasing and Fucl Costs

‘The design of conventional fuel using system [or a given building is based an
the total heatmg load of that building at the design conditions. Hundred percent of
this load should be covered by the heating system. Total space heating load for the




this load should be covered by the heating svstem. Total space heating load for the
selected region and prototype building is calculated as shown in Appendix A. The
domestic hot water heating load is caleulated by the program using cquation 3.3,

An average cost of conventional healing svslem in the markel is determined.
Similar inquiry is also made for the determination of conventional boilers costs (fuel
oil and fuel pas) and the control system devices costs, too. Finally, the cost of
conventional systems for the prototype building and climatic region is determined in

aceordance wilh the present actual market conditions (see Table 6.1).

Purchasing cosl of solar energy system includes; fixed solar system costs
which is the conventional installation with the additional pump, and control devices

needed (see Table 6.1). Also the cost of solar collectors and storage units,

A similar inguiry is also made among (he various companies producing solar
energy equipment in order to determine the unit collector and storage prices. These
are determined o be 300 NIS per meter square of collector area and 2500 NIS per
square meter of surface arca of storage tank™,

Table (6.1): Fixed costs of solarand conventional installations [NJ'.S'T“

Conventional Installment Solar Installment
Fuel Oil 29,000 31,000
Fuel Gas 30,500 32.500

Fuel oil and fuel pas heating values' are 41.8 and 495 MJ/m?, respectivelyl“".

with B8% and 90" of boiler burming efficiency cost res:pel:.tivel}fn. The actual price
for fucl oil is 5.75 NI§/Liter. whereas the price of fuel gas (LPG) is 4.6 NI15 kg™
The unit fuel prices then becomes 156 and 104 NIS/G) Tor fuel oil and [uel gas,




respectively. The maintenance and operating costs ol Cl and 51 are around 3% and

4%, respectively, from their initial cost™,

6.2.2 Economical Results Under the Optimum Conditions

The study at first aims to determine the oplimum collector arca under the
given technical. economic and climatic conditions, which makes the total life saving
maximum. Optimum colleclor area, optimum solar heating fraction and maximum
suving are then calculated using the developed computer program. In accordance
with the actual economic of the countrv an average of 15% discount rate™ and 11%
average fucl price increment throughout the past twelve years™". The results for the

calculated parameters are shown in Table 6.2.

Table (6.2); Results under the optimum conditions

Optimum Collector Solar Fraction Total Saving
ol 1%] [N1S]
Fuel Ol 46 70.52 41,060
Fuel Gas 28 55,30 15,384

¢.2.3 Graphical Representation of Economical Results

The mast economic results compiled in this study are presented in the form of
eraphs which can ease the understanding ol their contents just by visualizing, Almost
all resulty are given lor the prototype building using fuel oil and fuel gas systems in
the climatic region of Hebron, This will lead the reader (o make [ulure comparison

studies between the chosen systems.



6.2.3.1 Optimum Callcetor Area and Solar Heating Fraction

In the graph of Figure 6.1, the variations of solar heating [raction and the total
saving versus the collcetor are shown. In the preparation of this graph, all desian
parameters ure kept fixed os in the actunl conditions, and the collector arca is varied.
Optimum collector area corresponds 1o the maximum saving. For instance, when
solar installation is compared with fuel oil in the prototype building. the oplimum
collector arca becomes approximately 46 m” corresponding to yearly solar heating
fraction of 70.52% and a maximum saving of 41,060 NIS. Figure 6.2 shows that the

optimum area for fuel gas becomes approximately 28 m’ corresponding to yearly

sotar heating fraction of 55.3% and a maximum saving of 15,384 NJS,
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Figure 6.2: Varations of solar heating fraction and total saving versus the collector
aren for fuel gas using system

£.2.3.2 Fffcet of Colleetor and Storage Unit Price

Collector and storage tank unil cost determing the initial investment of a SL
The level of initial investment influences the oplimum design conditions. The
variations of optimum colleclor area and saving are thercfore studied versus the

collector and storage tank unit prices. These results are shown in two ligures.

Figures 0.3 and 6.4 show the variations of optimum collector area versus storage tank
and collector prices, respectively. Optimum collector arca decreases with the
wmcrease in unit price. High unit price of main solar sysiem components resulls in an
sxpensive SL From economic point ol view, lower collector arcas have to be used o
compensate the high unit price of storage tank (Figure §.3). The cost ol unit collector
area is the most influential parameter as seen from Figure 6.8, there is a sharp

Secrease in the optimum collector area by increasing the collector umit price.
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3,2.1.3 Effects of Fuel Tnercase Rate

Increase rute of conventional fuel price is an inportunt economic parameter.
Figure 6.5 represents the wide range of total saving with fuel price increase rate in
fuel oil and luel gus using systems for the prototype building. In this curve. the
discount rate is taken to be fixed. by increasing the incresse rate of conventional fusl

price, tolal saving increases.
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6.3 Technical Resnlts

Collector filt angle, characteristics (Fg(rear), and FlJ, ), storage tank volume,

primary and secondary fluids' Now rate, and the number of heating hours per day
were used o test their effects on total saving and solar heating fraction.




.

6.3.1 Tilt Angle

Optimum tilt angle ol the collector is the angle with which the solar heating
systcm provides the largest fraction of the annual heating load. This doesn’t
necessarily correspond te a Lill with which the annual solar radiation on the collector
is maximum. The relative time distribution of the solar radiation and heating loads

are important factors.

Figure 6.6 show thal the maximum solar heating fraction occurs for a callector
tilted with angle equals to 43", and the maximum total saving corresponds to the

same tilt angle.,
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Figure 6.6: Variations of total saving and solar heating lraction versus collector tili
angle

6.3.2 Collector Characteristics

The parameters Fp(ta), and Fpll, reprosents the operating cfficicney of solar

collector. In Figure 6.7 effects of Fyp(ta), are shown. An increase in the




lransmittance-absorptance product will sharply increase the solar heating fraction,
since this factor represents the amount of energy ahsorbed by the colloctor. By
changing Fg(ta),, (rom (.5 1o 0.9, a 28% of incrcasc on the solur heating fraction is
observed. The value of the parameter Fz(re), for a flat-plate collector is hetween’
0.60 w 0.70. However, throughout the analysis the value of Fp(ta), is assumed to
be 0.63.

The effect of Fy[J, are shown in Figure 6.8. Since this parameter indicates the
energy losses from the colleclor, by increasing its value. both uselul energy pain and
the solar heating fraction along with the total saving will decrease. For Fpll, ranping
from 1 10 7.3 W /m*, “C, the decrements are aboul 20% in solar heating fraction and
32.000 NI§ in total saving. The actual value for this parameter is taken to be 4.7
W/m2 %~
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Figure 6.7: Variations ol lotal saving and solar heating fraction versus Fy(ta),
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Figure 6.8: Variations of total saving and solar healing fraction versus FpU;

6.3.3 Storage Tank Yolume

Figure 6.9 is gencrated to ohserve the effects of storage tank volume in liters
pur syuare meter of collector area on the same variables, Ineresse in storage volume
draws a slight increase in the solar heating fraction. The increase in the solar heating
fraction decreases the amount of auxiliary fuel consumed, which, in turn. will
decrease the accumulated cost o 81 against the accumulated cost of convenlional
installation (CI). This results in the decrease on the tolal saving. Figure 6.9 evidences
that an increase in the storage tank volume over 150 Liter/m?® will produce a
negligible effcet on the solar heating fraction. So that, the installation of a larpe
volume of storage tank will be useless and do nothing more than increasing the cost

of 81, The actual value for the storage wnk volume is 37.5 Liter/m? which

corresponds the maximum saving,
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6.3.4 Heat Exchanger

As il's explained in chapter 3, an f~Chart design for liquid-based collectors
heating system has one heul exchanger. This heal exchanger is characterized by its
effectiveness and the flow rate of the fluid. Thus. the variations of the same variables
with the effectiveness ol the heat exchanger and the ow rate af the fluid as shown in
Figure 6.10. Ellects of the both are negligible when compared 0 the other design
purameters studied. ‘Ihe actual values used in this study are 0.7 and 0.015 kg/s.m?
Lor heat exchanger effectiveness und the Mow rate, respectively.
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6.3.5 Number of Heating Hours

The effects of number of heating hours on the variables studies are shown in
Figures 6.12 and 6.153. solar heating fraction sharply affected by the number of
heating hours. For a whole day heating (24 heating hours), the solar heating fraction
is about 30% less than for a heating period of 8 hours per day as can be seen in
Figures 6.12 and 6.13. A value of 10 hours per day is tuken as an actual case
throughout the analysis. The increase of heating hours will naturally increase the
heating load of the building against the energy supply from the collectors, and in
turn, will reduce the solar heating fraction. Figures 6.12 and 6.13 proves that the total
saving is indeed increasing by increasing the number of heating hours. This is
actually due to the higher increase in the building heating load when higher heating

hours are applied. However, higher heating hours also in higher optimum collector
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CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

This project aims to open a discussion on the economic teasibility of solar
energy healing system against the common conventional heating systems in
Palestine. To this end, the performance of a sclected solar energy heating system
operating in climatic region of Hebron is investigated. The effeets of the primary
design parameters on the svstem operating performance and the economics are
studied. These are the collector (slope. Fy(ta),, and Fplly), storage ank (its volume
per square meter of collector area), heat-exchunger (effectiveness and the mass flaw
rate of primary and secondary fluid) and the design heating load (building overall
heut loss coefficient-area product. and the number of heating hours per day).

The most important economic parameters such as life-cycle savings, fuel price
increase rate. collector area and storage volume for the expected range of chanpes.
economic feasibility of the solar encroy heating system versus the conventional
heating system vsing either fuel oil and uel gas is analyzed under the climatic repion

ot Hebrog.

[n this chapter, the main conclusions are taken within the elaboration of the
results [rom chapter 6. Energy demand per square meter of the collectar ared for the
studied system is normalized for the conditions ol Hehron. The solur encrgy cost for
heating iy also discussed. Finally, some general conclusions about the feasihility of

sulur energy heating svstem are expressed wnder (he last section.




7.2 Elahoration of Economical Results

From the results of the economical analysis under section 2 in chapter 6, the

following points can be concluded:

1= Optimum collector area is fbund to be very semsitive to the type of fuel
consumed. Lncrements on the collector area pver the oplimum values result in fow
increments «m the solar heating [raction. So, it's clear unceonomic to install mare

collectars in the syster,

2- Increase ol conventional fuel price is found to be & dominant parameter for
choosing the solar energy system. which exporentially increases the lile-cyele

savings and the optimum collsctor areq,

3- Collector and storage tank unit price are the determinant parameters of the
initial investment of a sulur encray system, Collector price per syuare meter is found
to be an cffective parameter as well as the conventional fuel price, especially in the

determination of optimum collector area.

7.3 Elsboration of Technical Resulis

From the results of the technical anulysis under section 3 in chapter 6, the

[ollewing points can he concluded:

I- Collector characteristics Fy(ra),, Fpi, and slope are the most critical
parameters on the system economics, since the absorbed solar radiation potential by
the collectors can be maximized with the optimum values of these paramelors.

Deviation from the oplimum values sharply decrease the {otal saving amd solar

]




heating fraction, The changes of these design parametcrs within the accepted ranges

may unlavorably change the solar heating fraction and roral saving up (o about

27%.

2- Valid range change of stotage tank volume from a low of 37.5 Liter /m® 10 a

high of 300 Liter/m? sharply decreases the total saving and

solar heating fraction

3- The changes of number of heating hours per day from 6 10 2
drop the solar healing fraction about an average of 359
increases the heating load of the building, thus, sharply

encrey utilization,

slighily increuses the

4 hours strongly

- This change clearly
reduce the fraction of solar

4- Against the other desipgn parameters studicd. the effects ol heat-exchanger
efficiency and flow rate are negligible in the valid range,

7.4 Cost of Solar Energy

Solar encrgy cost can be delined by:

(Ext:-"u Expenses for Using .‘in.f.ar)
; - Space Heating System 71
Solar energy cost = ‘otal energy :-:an.?umpﬂ'un) - (Snia:r heatbzg) G
during the life time fraction
43,543
Solar ENerygy cost =

Actual conventional fuel costs are comparexd
heating in Table 7.1,

20 X 54.268 % 0.7052 ¢ INLS/G]]

with the solar enerpy cost for




Table (7.1); Comparison of conventional fuel costs with solar ¢nergy cost

[NIS/G]
Fuel Oil Fuel Gas Solar Energy
156 104 57

7.5 Mscuzsion Recommendations

Although the maintenance and operating cost of solar heating systems (S1's)
are penerally low, the inftial cost for such system is aboul twice a8 much as to the
common conventional heating svsiems (Cl's) used in Palestine. On the other hand.
the life-cycle savings duc to the low consumption of conventional fucl in the
auxiliary part of 81 are observed to be about 1.2 times the initial cost of the same S1.

This shows that solar energy use can be an attractive decision [rom cconomics paint

ol view,

Tahle 7.1 shows that using C1 with fuel gas is economically cheaper than
using fuel oil by ahout 33%. However, the use of §1 with fuel oil costs less than CI
with the same fuel by about 63%, while the use of S with [uel gas costs less than Cl

with same fucl by about 45% under the same conditions.

When SI's become more common in the communily, their initial costs might
well decreaze, especially when it comes (o cellector unit price; since cvery 81 needs a
number of collectors to reach the optimum collector area. For instance, if the
collector price per meter square dropped by 20%, life-cycle savings would increase
by ahout 12% in this case study.

e 1o the lack of tests on the Nat-plate eollectors in Palestine, this study used

testing results for only one faciory taken from previous study®. IU's highly
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recommended to make more Lests for at the other lactories producing such type of
collectars to get more accurate results for system parameters. and to wigger the
competition between the various manufactures. The competition will lead the
manufacturers to improve their production quality. Thus, production capacity would
increase and the quality of their products would alsy he increased by trying to
enhance and develop their products towards the hest.

B1 is not restricted 1o water storage and domestic hot water. il can also be used
m pool heating systems as an example. Swimming pool season usually beging with
spring; when the sun shines almost during the hole day, shich makes such system of
heating very useful. However, another study should be done to insure the feasibility
for 81 as a pool heating system.

Passive solar heating (PSH) was not considered in this study. The use of PSH
improves comfort, permits smaller heating plant, reduces heating costs, and thus. can
inerease the fotal saving™.
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UA-VALUE CALCULATIONS FOR THE BUILDING

A1 Design Conditions

The wseful outside desien conditions are shown in Table 3.1, The inside
design conditions are assumed 1o be: 20 [C| inside dry bulb temperature and 50%
wnside relative humidity,

Table (A1) Dimensions of windows

] N Width  Height
W1 Al single glass 100 120
W2 Al, single glass 200 120
W3 Al single glass | 40 120
W4 Al single glass 140 100
W3 Al single glass 60 6
Wa Al, sing]&glasu 160 100
Table (A.2): Dimensions of doars
) _ 2 Width  Height
Window I'ype [em)] [em|
D1 Al, single glass 100 200
D2 Al single glassy a0 200
D3 Wood, 40 mm B0 200




Figure A.1: A protutype building
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A.2 Heat Loss Calculations

A.2.1 Conduction Heat Loss

The conduction heat transfer include hear transiir through the roof, floor.
walls. doors and windows as a sensible heat using the equation:

Q. =UxAXAT (4.1)

where,
U: overall heat transfer cocfficient, [w/m?" ],
A: surface area, [m*).

aS INT

LWy

(&) U-value

The overall heat transler coefficient, can he expressed as:

= (4.2)
1

- A2
% T, + i (4.3)

Rey: thermal Resistance, [m° /1),
% layer thickness, [m)|
ki thermal Conductivity, [W /m." €]




¢ L-value for the roof

Figure A.2 shows a section in the roof. The construction of the roof and their -
values are shown in Table A 3.
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Figure A 2: Construction of the roof

Table A.3: Overall heat transfer coefficient for the roof®

k x
Dutside air film - - 060
{1) Mastic asphalt 010 0.02 0.200
(2) Cement 175 0,08 (L0406
{3) Reinforeed concrete 1.75 0.07 0.040
(4) Cement brick Il 0.18 0.163
(5) Plaster 1.2 0.02 0.017
Inside Air film -- - 0,120

U= LS5[W/m*° (]




=  L-value for the Moor

Figure A.3 shows a section in the foor. The construction of the floor and
their U-values are shown in Table A4,

l::.I‘:-l_| T T r. l|_|_I| 'I'Il 1[ T [ T [|
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e e e~ — &
/AR /A

Figure A.3: Construction of the floor

Table A.4: Overall heat transfer cocfficient for the Hoor™

Materiul _
[w/m’c| [ c/W]

Inside air film o = 0.120
(1) Tiles 1.10 0.02 0.018
(2) Cement 0.54 0.05 0.092
(3) Reinforced concrele 1.75 0.06 L034
(4) Cement brick 0.95 0.18 0.190
(5) Plaster 1.2 0.02 0.017
Outside Air film 0.060

U= 1L88[W/m* " C]

s U-value for the walls

Fipure A 4 shows a seetion in the wall, The construction of the walls
and their U-values are shown in Table A LS.
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Fipure A 4: Construction of wallg

Lable A.5: Overall heat transfer coefficient [or the wall='™®

s W/m c] ] % ¢ /W]
Dutside air film - - {0,060
(1) Stone 1.70 (.07 0.040
{2) Concrere 1.75 .15 0.049

(4) Cement brick (.09 0.07 0.080
{5) Plaster 1.2 0.02 0.020
Inside Air film - = 0.120

U= L70[W/m"° (]

» L-valuoe for the windows and doors

Table A.6: Overall heat transfer coefficient through windows and doors™

Material Type U [W/m*"" ]
Aluminum windows with single glass 5.6
Wood doors 40 mm (without wond storm door) 15

Aluminum doars 7.0




(if) A-value

The inside area for both the surfaces adjacent to the atmospheric outside air
(), and the surface adjacent to the unheated space (b) are listed in Tahle A 7.

“Table AT Area of the heal transter surfaces

o A [m?)
Wall Walls Windows Doors
- a 1] o u : h
(n 32 g 6.4 2.0 —
(2} 26 - 3.2 — ==
(3) B - | 1.8 -
i4) 12.3 13.8 - 24 1.6
Roofand Flogr L

(1} AT-value

The temperature difference for the roof, and the walls which are exposed to the
amasphere expressed as:

AT =T, -1, (4:4)

Also temperarure differcnce for unheated adjacent rooms is given by**

Li=T,
ETH.‘.':] ==

(4.5)

The manths in which we need 1o calculate space heating load are in which the dry
Bulb temperaturs is less than 17 9C. the AT in these munths are listed in Table A 8.
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lahle A8 Monthly average outside dry bulb temperatures, Tpge | °C]

Moith Tpo.o AT AT,
& [°C] [%¢]
January 4.4 15.6 7.80 '
FEhI'I.IﬁI‘}" 24 17.6 .80 I
March 6.5 13.5 6.75
April 7.8 12.2 6.10 |
November 12.5 7.5 175
December 7.B | Do 610 l
;

(vi) Total Conduction Heat Loss

Table A.9: Monthly conduction heat loss

Conduction Conduction heat loss [W]

r : Month

Ptihce Jan. Feb. March Apiil Nov. Dec.
Wall (1) 349 957 734 6054 408 664
Wall (2) 690 778 397 539 393 539
Wall (3) 928 1047 803 726 446 726
Wall (4) 509 575 438 398 343 398
Rool 2128 2401 1841 1664 1664 1664
Flaot 1290 1456 (117 1009 620 1009
Windows 1284 1449 1014 L0t4 617 1004
Doors 434 481 375 339 204 339

TotlQ,  B1I2 9144 6919 6343 1639 6343

A.2.2 Infiltration Heat 1.0ss:

Air change method is a simple method to find the infiltration load, building

which assumes that air volume in a space 1s replaced by oulside air at certain number of

times per hour. The number of air changes depend on the type of space. which ig given
in the Tables of @ir changes .




Iable A.10: Air change per hours in residences and commercial application™

Kind of Room ur Building ACH per Hour
Rooms with no widows or exterior doors 0.5
Rooms with widows or exterior doors on one side only 1.0
Rooms with widows or exterior doors on two sides 1.5
ltooms with widows or exterior doors on (hree sides 2.0
Entrance halls 2.0
Classrooms. dining rooms, lounges, toilets, hospital 3.0
Rooms. kitchens, laundrics. ballrooms, hathrooms. 1
Toilets, audilorium 3.0

Ihe total heal loss due to infiltration Qp is given by®:

@'I = anr(Hin = Hﬂur}

where,
Hin: indoor enthalpy, can be abtained from the psychometric chart.
Haue: cutdoor enthalpy. can be cbiained from the psychometric chart,
P oulside air density [kg/m’].

Ve the infiliration rate [m? /5], expressed by:

(Na. uf ACH

) ¥ Room Velime
hr

the values ol the used parameters arc shown in Table A.11.

(4.6)

(A.7)



Table A 11: The values of infiltration parameters

Parameter Value

1o [kg/m*| 118

No.ef ACH hr 20

Raoms Volume [m’] 262.5

Vy [/ 525

Chitdoor RH %] 65 |
Hi [k)iky] 385

the total heut loss due to infillration have a monthly values shown in Table A 12,

Table A.12: Monthly cnthalpy and total heat loss due o infiltration J

. Hoy Qf |

[k}/ke] (W1 .
January 7 5421
February 1 6305
March 10 4904

April 1% 3528
MNovember 24 1635
December 18 31524

A.2.2 Total Heat Loss and UA-valuey

Total heat Toss is the sum of conduction, and infiltration heat loss. And the

overall heat transfer coefficient-arca product is the design heating load per design
temperdlure differcnce. and the results arc in the Tahle A 13,




jﬁ A.13: Monthly total heat Joss and UA-values =

Manth b Or e =4
(W] [W] W] W/ c
January 8112 3421 13333 R6g
Febhruary 9144 6505 13649 &R9
March 6919 4004 11823 876
April 6343 3528 9871 809
November 4619 1635 627 837
December 6343 3528 a871 H0G
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AVYARAGE TRA NSMI TANCE-ABSDI{PTANCE PRODUCT

Teansmittance and absurptance of collectar depend on the incidence ansle of
solar radiation on the eollector surface. It g not possible 1o determie their sepurate
values from the collector Wwst, I'he product of Fu- T, and & determined Irom the
collector tests corresponds to the lransmiltance and absorptance valuag for radiation
al normal incidence, Fa(ra), . Depending on the collector orisntation and the time of
the year, the monthly average valyes of transmittance and absorplance can he
significantly lower thay the values for radiation al normal incidence, The ratin ot the
monthly average Lrﬂﬂsnnittuu:e-absnrptancc product, (Ta) . ta the transimittance-
apsurbtance produet at normal incidence. (7@),. can be caleulated as a funciog of

weighted avemnge for the beam, diffuse. and reflecred components of the radiation”

(fa) H,R, (ma), s D (7a), (1 + cos ;r) e mm), (-1 — cos ﬂJ
(va), K E} (7a),, Hr (Tﬂ.}n 2 H_r (Ter), 2 (5.1)
where (Ta@),, {Ta),. and (7@), are the monthly average values of transmittance-

apsorblance prodyct corresponding to beam. diffuse. and ground-reflected radiation.

I'he ratio of nansmittance for radiation at a known incidence unple to the
transmittance for radiation ar normal mcidence is piven as a funetion of incidence

angle™

(ri) = 09998530947 + 277399 x 107 1, - 2,0993 104 6,2
n'g,
(B.2)
+8.02554 % 107099 _ 7.21636 x 1078 g, *




In a same manner, the ratio of the col leetor

known incidence angle 1o the apsorhrance for radiation at normal incidence

by:

3
(—-) = 0989501758 + 7.34668 x 102 ¢, - 630122 x 10-1 0,7

ﬂ’}i &'

+1.52771 x 10762 — 116131 » 106t

plate apsorbtance for radiation at a

1S given

(B.3)

50, in order 1o determine (7g) flza), it is DECCSSArY 1o specify the monthly

average incidence angle for beqm. diffuse and reflected radiation. For surfices facing

direetly to wards the equator™, the average incidence an
approximately the anple at which radiation strikes the collector surface 2.5

from solur noon on a day in the middle of the month, @, is given by:

cusy = sin & sin @ cos B =sindcos@sinf + cos & cos @ cos f cos (37.5)
+ 005 8 sin @ sin f7 cos (375"

The average angle of incidence for diffuse and pround

taken to be 60 °, §o.

o~ &), <(2),

and

e e () ()

(ra), (ta), \r. su Ml

78

gie for beam radiation By is

howrs

(R.4)

rellected radiation i

(B.5)

(B.6)




After being caleulated the above values, the month

ly average transmittance-
absorptance product (FF)/(xa),, can be fo und from equatio

nhl.|l,
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APPENDIX C |
STORAGE TANK UA-VALUE AND 1
LOAD HEAT-EXCHANGER SIZE
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STORAGE TANK UA-VALUE AND LOAD HEAT-FIHCHM\'(TEH SIZE

C.1 Storage Tunk Overall Heat Transtey Cnefﬁtientﬁrna Product ( va)y,,

Overall heat wransfar coctlicient is taken (o be’” (.50 W/m?.%. and the
surface areq of the STOREC tank was found to he 3.3 square merer Per eubic meter of
starage lank volume. Thus, the storage volume needed fiyr fuel oil system i 1725
Liter, and the Storage volume needed for fuel gas system 1050 Liter | 5o, (U4),, =
S6W/C for fucl oif S¥stem, and (1/A),, = 3.3 W/ for Riel HAS SVstemn.

C.2 Load Hent-h'x:hauger Size (2)

The load I1c.—:rt-t::~cchangn:r size depends on the minimum thid flow raie fngd
specific heat, Pritnary and secondary fluids’ Nlow rate ape taken to he 0.015kg /m?2, s,
which is vary according 1o the Optimum collector areq, and it's 0.7 and (.42 ky/s for
el oil and [ue] 585, respectively. The primary flujd specific heat for | pog ethylene
elycol with warer i cqual to 3.04 kI /Rg. °C M Also it depends on he clfectivensgg
ol load heat exchanger, which is axsumed ) be 0.75 and the average value of the
overall heat transfer coellicient areq praduct of the huilding caleylgieg in Appendiy
Als 845 W /oc,

- £, (rhf'.t:-}mm
S —
4

Using equation 4 1) the load heay exchanger size is abpyr 23 und 1.5 in the

fuel oil and fiyel £as systems. respectively,
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ECO-COLLECTOR PROGRAM
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ECO-COLLECTOR PROGRAM

D.1 ECO-COLLECTOR Program

This program aims to find life-cycle savings throughout system effective life,
which is assumed to be 20 years as 2 masimum value. The program is developed
using Microsoft Visual Basic 6.0, due to its simplicity to leam and use. The main
input data consist of the technical, economical and meteorological parameters.

The structure of the main program consists of five forms and a splash screen.
The forms are arranged as follows;

Splash Screen: [t pops-up whenever the program is launched, it shows the name of
the program and the other information about it The user must press on the splash
jcreen lo start the program. The splash screen of the first version of ECO-
COLLECTOR is shown in Figure D |

Graduation Project Software
ECO-COLLECTOR

Version
1.00

Prenarad By
AT lordiben Shalaieh
hiohammeand VWalid Khamaja
SLpETvITIon

Eng Hinhsmmad Swsd

Figure D.1: Splash screen in the first version of ECO-COLLECTOR







w Wealher Daig

anmual values (from left to nght). monthly average daily radiation on tilted surface
(Hr), number of degree days in every month (DD), monthly space heating load (L,),
monthly domestic hot water demand Joad (L), total hesting load (L), storage tank
heat loss (Ly) and monthly solar fraction (f). The shape of form 3 15 shown in Figure

B85
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Figure D.4: Shape of form 3 in the first version of ECO-COLLECTOR

Form 4: This is the last form of outputs, it shows the annual cash flows according to
the parameters were input in form 1. Output columns are arranged (from left 1o right)
as follows; initial cost of conventional installation (IC), initial cost of solar
installation (TS), vearly consumption of conventional installation {Cons. C.), yearly
consumption of solar instalfation (Cans. S.), yearly maintenance and operation of
conventional installation (Maint. C.), yearly maintenance and operation of solar
installation (Maint, S.), yearly solar heating fraction (F) and the accumulated total
saving throughout the effective life of the system. Also, two more outputs are shown

m the bottom of this form: storage tank volume and collector flow rate. The shape of
form 4 is shown in Figure D.3.

Form 3: Although this form is hidden, it's used to make calculations havent space in
their original forms.
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CTOR

D.2 Future Developmenty
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This program was set to be free for everyone to benefit or to modify any part
of it as needed, including

the name of the original programmers of ECO.
COLLECTOR as long as the name "ECO-COLLECTOR”" is kept the same. The
program will be soon available online along with its source code on a website
designed for that purpose.
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