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Abstract—The main objective of the present puper is to investigate the economic viability of the solar
domestic hot water systems {or industrial processes in Khartoum. Sudan. The industries covered in this
study are soft drinks and vegetable oil. The economic viability investigation is based on life- cycle savings
calculations. The economic analysis and the performance of the solar domestic hot water systems were
predicted using the f-chart design method. Monthly average meteorological data are used to caleulate both
the annual solar fraction and the life-cycle savings. The results showed that the solar energy systems have
a great potential in industrial process, and significant life-cycle suvings cun be uchieved with solar heating

systems.

INTRODUCTION

In most African countries where the price of fuel is
very high. solar heating may be economically com-
petitive with conventional heating systems. This paper
investigates the possibility of using solar heating sys-
tems in the food industry in Khartoum. Sudan instead
of the conventional heating systems. A survey has
been made of 25 factories to determine the hot water
demands. The industries covered in this study are soft
drinks and vegetable oil. Results of the study showed
that there is a high demand for hot water at tem-
peratures approximately equal to 80°C. The average
hot water consumption loads are 3000 and 2000
kg/day for soft drinks and vegetable oil industries.
respectively.

In the soft drinks industry, the consumption of hot
water is mainly in the preparation of the syrup (water
and sugar) and washing of the bottles. Steam is used
in both processes to give the heating effects (Fig. 1).
In the preparation room a mixture of water, sugar
and syrup is heated together in a tank with steam
passing in a coil around the tank. The temperature of
the mixture ranges between 50 to 60°C. The washing
process includes two steps. The first step is to wash
the bottles with a mixture of sodium hydroxide and
water. The second step is to rinse the bottles with

water only. These processes are done in the washing

machine which consists of a series of tanks. Most of
the energy consumed in the soft drinks industry is used

* Faculty of Engineering, University ' of Alexandria.
Alexandria, Egypt.
t Energy Research Institute. Khartoum. Sudan.

649

to produce hot water at temperature approximately
equal to 80 C. In the vegetable oil industry (Fig. 2).
the hot water at 80~90 C is used for washing the oil
from the remains of soda and other chemical residuals.
The economic feasibility of solar domestic hot water
(SDHW) systems will be investigated in this paper.
SDHW systems are simple. easily maintained. and
relatively inexpensive. In addition, in this type of ther-
mal energy storage. heat is added and removed from
the storage unit by transport of the storage medium
itself, thus eliminating the temperature drop between
transport fluid and storuge medium. Unlike con-
ventional hot water systems. SDHW system per-
formance is dependent on local climatic conditions,
such as solar radiation and ambient temperature.
" main objectives of the present paper are:
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Fig. 1. Steam and water process in soft drinks industry.
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Fig. 2. Washing the vegetable oil from the remains of sodu
and other chemical residuals using hot water.

(1) to investigate the economic viability of a solur
domestic hot water system designed to provide
the hot water needs for industrial processes in
Khartoum, Sudan based on life-cycle savings
calculations:

(2) to determine the optimum domestic solar hot
water system parameters.

SOLAR SYSTEM DESCRIPTION AND
CONTROL STRATEGY

Figure 3 shows a schematic representation ol the
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study. This system was chosen because it is one of the
standard system configurations used in the develop-
ment of the f~chart design method. [t consists of a
preheat tank containing water which is circulated
through the solar collectors when the incident solar
radiation is sufficient to provide thermal cnergy. When
solur radiation is not enough Lo sutisty the load. water
is tuken (rom the auxiliary tank. This water is repluced
by salar heated water from the preheuat tank.

The water in the auxitivry tunk is maintained at o
specified set temperature by an internal heater. The
svstem also contains a tempering valve which limits
the temperature of the delivered water to the set tem-
peraturc by mixing with mains water us needed. The
circulation of water is controlled by a differential con-
troller. When water temperature at collector outlet
exceeds the water temperature in the bottom of the
preheat tank (deadband upper limit) the circulation
pump is activated. When this temperature difference
fulls below a certain value (deadbund lower limit)
circulation of the water is stopped. Relief valve is used
for dumping excess energy.

ANALYSIS

In the present study. the weather data for
Khartoum. Sudan (latitude 15 ) was used. The data
file of Khartoum [1] contains monthly average values
of daily radiation on a horizontal surface. clearness
index. ambient temperature, wind speed. and relative

direct two-tank SDHW system chosen for the present  humidity.
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Fig. 3. Solur water heating system,
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The economic calculations for this study are based
on life-cycle suvings calculations developed by Brande-
muehl ¢r al. {2]. The life-cycle savings (LCS) of a solar
heating system over a conventional heating system
can be defined us the difference between the reduction
in fuel costs and the increase in expenses resulting
from the additional investment for the solur system.

LCS = P\C,LF=PAC,4+Cp) th
where P, is the factor relating life cyele Tuel cost
savings to first year fuel cost savings. und P, is the
factor relating life cycle incurred by additional capitul
investment to the initial investment. C,. C,. und C,
are the solar energy system investment costs which are
directly proportional to collector area (4). the solur
cnergy system investment costs which are independent
of collector area. and the unit cost of delivered con-
ventional energy for the first year ol analysis. respec-
tively. L is the hot water load. Fis the annual solar
fraction which is defined as the fraction of the water
heating load met by solar energy.

Detailed computer simulation programs. such us
the transient simulation program ({(TRNSYS)
developed by Klein ¢r af. [3] at University ol Wis-
consin-Madison. can be used to estimate the long-
term annual thermal performance of solar domestic
hot water systems (i.¢. the annual solar fraction). The
advantages of detailed simulations are Hexibility und
accuracy. Simulations. however. are not convenient.
They require a high computer cost. hourly meteoro-
logical data. and a lot of experience. So. the detuiled
simulation programs are impractical as a long-term per-
formance design tool. An interesting alternative 10
the use of detailed simulation programs is the /~churt

design method [4. 5]. which provides estimates of

monthly average system performance using monthly
average weather data. Ammar er «/. [6] have made
comparison between the annual solar fraction predic-
ted by both f~chart method and TRNSYS. Their results
showed a great resemblance between both predictions.

Comparisons with measured performance in many
other places have shown that f-chart design mcthod
provides reliable estimates of long-term performunce
for SDHW systems. Fanney and Klein [7] have mea-
sured the performance ol six different types ol do-

mestic hot water systems at the National Bureuu ol

Standards (NBS) in Gaithersburg, Marylund. Their
measurements were conducted over a | year period
and compared to the performance predicted by the /-
chart method. The annual solar fraction estimated
by the f-chart design method was within 3°% of the
measured value for five active heating systems (the
sixth system was a thermosyphon system. to which
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the f~chart method does not apply). Duffie and Mit-
chell [8] stated that there is a general agreement
between the meusured performance and the per-
formaunce predicted by the f~chart method for systems
with configurations close to the standard con-
tiguration used in developing the f~chart correlations,
For these reasons. the following results were gen-
eruted using the f~chart design method to predict both
the performunce of solar domestic hot water system
and the ife-evele savings to ke advantage of its
huge reduction in computer cost over the detailed
simulation programs,

The f~chart design method [4] provides a fust meuans
of estimating the fraction of the heating load that will
be supplied by solur energy for a specified stundard
syatem contiguration. The f~chart method hus been
developed for three standard system configurations.
air and liquid-based systems for spuce und domestic
water heating. and domestic hot water system only, It
suggests that f (the fraction of the monthly heating
load met by solar energy) is empirically related to the
two dimensionless groups :

XN=Ad F,UT.y—

TJAr L (2)

Y= A Fplen) A, N L (3

where

s the area of the solar collector. (m7)

F. is the collector-heat cxchanger efficiency
fuctor

', isthe collector overall energy loss coetficient.
tkJ hm*K)

At is the total number of seconds in the month

T... s a reference temperature determined to be
100 C

T, isthe monthly average ambient temperature,
(C)

L is the monthly total heating loud. (kJ)

trz) is the collector monthly uaverage trans-
mittance-absorbtunce product v
I, is the monthly average daily radiation inci-

dent on the collector surfuce per unit area.
tkJ m*)
Y- is the number of days in the month.

These dimensionless groups have some physical mean-
ing. ) is proportional to the rutio of the total energy
absorbed on the collector plate surface to the total
heating load during the month. .\ is proportional to
the ratio of a reference collector energy loss to the
total heating load during the month. The equations
for VY and Y can be rewrilten in a more convenient
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form for calculations:

X = FuU(Fp Fa) (Tor— T A At L (4)

V= Folon) (Fi Fad [(T2) (1), )4, BN L (5)

where F, is the collector heat removal factor. und
(t), is the collector monthly average transmittance-
absorptance product at normal incidence. The
detailed calculations of the parameters on the right
hand side of ¢gs (3). and (4) can be found in 3.
For domestic water heualing system. the mains water
supply temperature (T,,..) and the set point tem-
perature of the hot water (T,) affect the collector
energy losses. So. the dimensionless group Y. which
is proportional to the collector cheray losses must be
corrected to account for this effect. The corrected
dimensionless group .Y, becomes

Xo=FRUi(FpFp) (11.6+1.18T,+3.86T,,,,

T4 At L. (6)

The correlation between Y., Y. and / lor domestic
hot water is

f=1.029Y~0.065X, —~0.245¥* +0.0018.Y?
+0.0215¥° (N
and 0 < ¥V < I8

Also. the life-cycle savings calculations are built in the
[f-chart method.

for 0<¥<3

RESULTS AND DISCUSSION

There are many parameters which affect the solar
system performance and consequently the life-cycle
savings. The results of optimizing these parameters for
soft drinks and vegetable oil industries are discussed
below. Table | indicates the water storage system
parameters, flat plate collector parameters. and econ-
omic parameters which have been fixed during this
study. The economic parameters used in this study
are taken from Solaron Corporation catalog [9)].

Soft drinks industry

The main solar heating system design parameter is
the collector area. The variation of both annual solar
fraction and life-cycle savings with collector area is
shown in Fig. 4. As the collector aren increases the
solar fraction increases. This increase is not so pro-
nounced for collector areas higher than 140 m-. Also.
as the collector area increases. the LCS increases until
reaching a maximum at the optimum collector area
which is approximiately 84 m* in this case, As the collec-
tor area is further increased the excessive system costs

IBRAHIM ¢t «l.

Table 1. Solur domestic hot wuter system parameters

Waiter storage system

City Khartoum
Latitude I3

Water volume collector area V.5 liers m-
Fuel Qil

0"

Eflicieney of fuel usage

Daily hot waiter usage 3000 fiers

Wauter SEU temperuture X0 C
Environmental temperature 2 C

LA ol auxiliany storage tunk 4O0W ¢
Inlet pipe UA 20w ¢
Outlet pipe UA 130w C
Relative foad heat exchanger size 2.0

Tank-side lowrate uren 0.018 kg sec-m*

Heat exchunger effectiveness 0.75

Flat plute collector

Collector punel areu 277 m”

Fitl)) {test slope) 4,650 Wm-- C
Faltz) (test intercept) 0.74

Collector uzimuth 0
Incidence-angle modifier caleulation Glazings
Number of glazings 2

Collector lowrate urea 0.018 kg sec-m*

Collector fluid specific heat 4.20 kJ kg- C
Econentic parameiers

Cost per unit area 2508 m*
Arey independent cosl 12008

Price of electricity 0.068.kW-hr
Annual %o increase in electricity 10%

Price of fuel oil 0.328 liter
Annual % increase in fuel oil 10%

Period of economic analysis 30 veurs

Yo Down payment 50%
Annual mortgage interest rate 10%

Term of mortgage 10 years
Annual market discount rate 9.2%

%% Extra insurance and maintenance

in year | 1.3%
Annual increase ininsurance i

and maintenance : 40,
Effective state income tax rate 10%

%y Resule value 50%
Commercial depreciation schedule 10%%

force the solar savings to decrease as shown from the
figure. The results indicate tHat with solar heating
system a life-cycle savings ol approx. $22.500 can be
achieved (i.e. about S1125 vear). The following results
are generated using the optimum collector area (84
m°) since the collector area is the most important
fuctor affecting the performance of solar heatme
system. and hence the LCS.

Figure 3 shows the variation of annual solar frac-

- tion and life-cycle savings with collector slope (orien-

tation). Collector orientation affects performance in ‘
two ways. Most importantly. it directly affects the
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Fig. 4. Solar fraction and life cycle savings vs number of

collector panels (2.77 m* panel) for 3000 kg day hot water
consumption.

transmittance of the transparent covers and the
absorbance of the collector plate since both are func-
tions of the angle at which radiation strikes the col-
lector surface.” The optimum collector orientation
from Fig. 5 is approx. equal to the latitude (15 ).
However. the collector orientation is not critical.
Deviation from the optimum by as much as 10" has
little effect on both the solar system performance and
the life-cycle savings.

Vegetable oil industry

The variation of both annual solar fraction and life-
cycle savings with collector area is shown in Fig. 6.
The optimum collector area in this case is 55 m". The
collector area in this case is smaller than the optimum
collector area required by soft drinks because the hot
water load in this case (2000 kg.day) is smaller than
the hot water load required for soft drinks industries

o Solar Fraction
1.00 r Y

» Life-Cycle Savings
r T 23.0

Solar Fraction

T
i
[
EN

0.20F

Life-Cycle Savings {10 $]

i 1 ! l
09%0 10.00 15.00 20.00 25.00

Collector slope [degrees]

ot
ia
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Fig. 6. Solur fruction und life cycle savings vs number of
collector panels 12.77 m* panel) for 2000 kg day hot water
consumption.

13000 kg day). The results indicate that with a solar
heating system a life-cycle saving of approx. $14.500
citn be achieved (i.e. about $725 year). Figure 7 shows
the variation of annual solar fraction and life-cycle
suvings with collector slope (orientation). The results
and conclusion obtained for the soft drinks industry
arc obtuined again for the vegetable vil industry.

In conclusion the solar domestic hot water system
is u preferable alternative to the conventional heating
systems currently used in-the food industry in Sudan.
Significant life-cycle savings can be achieved with
solur heating systems. Solur heating systems seem to
be more favorable for factories with a problem of [uel
shortuge. which is a common problem among the
factories covered in the survey. Great attention should
be puid to install real solur systems in food industries
and examine the economic viability predicted in this
puper.
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NOMENCLATURE

U collector area
C, the solar energs system msestment costs which
are directly proportional to collector urea ()
¢, the solar energy system investment costs wiuch are
independent of collector area
¢ specitic heat of circulating Nuid
C,  the unit cost of delivered conventionul energy for
the first vear of anulyvsis
{ monthly solur fraction
Fannual solar fraction
F o collector efficieney luctor
 Fp collector heat removal fuctor
Ay monthly werage duily radiation incident on the
cotlector surface per unit area
L hot water foud
o mass flow rate
V' number of days in the month
£, Tactor relating life eycle fuel cost 1o tirst year fuel
Cost savings
P, factor relating life cycle incurred by additional
capital investment to the initial investment
T, reference temperature (100 C)°
monthly uverage umbient temperature
L) collector overall loss coeflicient
Ar total number of seconds in the month
p fluid density
(rz), trunsmittance-ubsorbance product

I

"

-1

(rx)  collector monthly averuge transmittance-ahsorh-
ance product.
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