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Solar Parabolic Trough Collector Hot Water System

A. Vaan Arasu® and T. Sornakumar

Abstract — Several parabolic trough solar thermal systems have been built and operated throughout the world for
different applications. In this paper, a complete description of a newly developed FRP solar parabolic trough collector
(PTC) hot water generation system with a new embedded electronic controlled one axis solar tracking system is
presented. The performance of the new PTC system and the new tracking system is evaluated and compared with the
theoretical values. An economic analysis of the new PTC system in comparison with an existing conventional electric

water heating systemis carried out.

Keywords — Collector performance, life cycle cost, parabolic trough collectors, solar hot water generation, tracking

mechanism.

1. INTRODUCTION

PTCs are the most mature solar technology to generate
heat at temperatures up to 400°C for solar thermal
electricity generation or process heat applications. The
state-of-the art of this type of system is the Southern
Cdlifornia power plants, known as solar electric
generating systems (SEGS), which has a total installed
capacity of 354 MWe [1]. Another important application
of this type of collector isinstalled at Plataforma Solar de
Almeria (PSA) in Southern Spain mainly for experimental
purposes. The total installed capacity of the PTCs is equal
to 1.2 MW [2]. Industrial Solar Technology (IST)
Corporation erected several process heat installations in
the United States with up to aperture area 2700 m? of this
type of collector [3]. The recommendation of Bird et al.
[4] is that the PTC concept should receive the highest
priority for commercial development for low temperature
(65-177°C) solar process heat applications. This paper
presents performance and economic analysis of a newly
developed solar FRP parabolic trough collector (PTC) hot
water generation system with a new embedded electronic
controlled one axis solar tracking system.

2. PARABOLIC TROUGH COLLECTORS

A parabolic trough collector, as shown in Figure 1,
consists of a reflecting surface mounted on a reflector
support structure having the profile of a parabola. A
receiver assembly, comprising of a circular absorber tube
with suitable selective coating and enclosed in a
concentric glass envelope, is centered along the reflector
focal line. With suitable end supports, the PTC module is
supported on two end bearings mounted on two pylons. It
is also provided with a precise driving system in order to
track the sun and, thus, to maintain focusing of the solar
radiation on the receiver assembly. The incident energy is
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absorbed by the working fluid circulating through the
absorber tube. PTCs are built in modules that are
supported from the ground by simple pedestals at either
end. PTCs are made by bending a sheet of reflective
material into a parabolic shape. Based on environmental
test data to date, mirrored glass appears to be the preferred
mirror material although reflective materials with 5 to 7
years of life exists in the market [6]. The trough of the
newly developed PTC is made of fibre glass and the
method of fabrication of it is described in [7]. A recent
development in this type of collectors is the design and
manufacture of EuroTrough, a new PTC, in which an
advanced lightweight structure is used to achieve cost
efficient solar power generation [8]. The surface of the
absorber or receiver tube is typically plated with selective
coating that has a high absorptance for solar radiation, but
a low emittance for thermal radiation loss [9], [10]. In the
present work, the absorber tube surface is coated with heat
resistant black paint of 0.9 absorptivity. A glass cover tube
is usually placed around the receiver tube to reduce the
convective heat loss from the receiver, thereby further
reducing the heat loss coefficient. A disadvantage of the
glass cover tube is that the reflected light from the
concentrator must pass through the glass to reach the
absorber, adding a transmittance loss of about 0.1, when
the glass is clean. For maximum transmittance of
insolation, glass of low iron content should be employed
[11]. The gdlass envelope usualy has an antireflective
coating [12] to improve transmissivity. One way to further
reduce convective heat loss from the receiver tube and
thereby increase the performance of the collector,
particularly for high temperature applications, is to
evacuate the space between the glass cover tube and the
receiver [13]. The design of a PTC system has been
accomplished by performing an optimization of the
collector’s aperture and rim angle and the selection of
receiver's diameter [14]. Design of other aspects of the
collector is given in [15]-{16]. The design and simulation
analysis of a PTC hot water generation system has been
accomplished by the authors [17].
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Fig. 1. Parabolic Trough Collector

3. PARABOLIC TROUGH COLLECTORS

In the present work, a new parabolic trough collector
system, which has been developed for hot water
generation, is presented in Figure 2. The PTC system for
hot water generation includes a PTC, a hot water storage
tank (HWST) of well-mixed type and a circulating pump.
The parabola of the present collector with a rim angle of
90° is very accurately constructed of fiberglass [7]. A
flexible solar reflector material from Clear Dome Solar,
San Diego (SOLARFLEX foil) with areflectance of 0.974
[18] is used in the present work. The solar receiver
consists of a copper tube, a glass envelope and rubber cork
seals at both ends of the glass envelope. The copper tube
is coated with a heat resistant black paint and is
surrounded by a concentric glass cover with an annular
gap of 0.5 cm. The rubber corks are incorporated to
achieve an air-tight enclosure. Water from the storage tank
is pumped through copper tube, where it is heated and
then flows back into the storage tank. It is assumed that
the water in the storage tank is aways well mixed and

consequently is at a uniform temperature, T, , which varies
only with time. The PTC rotates around the horizontal
north/south axis to track the Sun from east to west as it

moves through the sky during the day. The specifications
of the PTC system are detailed in Table 1.
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Fig. 2. PTC Hot Water System

Table1l. PTC Hot water system specifications

Items Vaue
Collector Aperture 0.8m
Collector Length 1.25m
Rim Angle o0°
Focal Distance 0.2m
Receiver Diameter 12.8 mm
Glass Envelope Diameter 22.6 mm
Concentration Ratio 19.89
Water Flow Rate 1.0lpm
Storage Tank Capacity 35 liters
Tank Material Stainless Steel
Tank Insulation Material Glass Wool

4. TRACKING MECHANISM

Because of the presence of an optical system, a parabolic
trough collector usually has to follow or track the sun so
that the beam radiation is directed onto the receiver tube
and the collectors operate at its optimum [19]. Parabolic
trough collectors require single axis tracking of the sun.
The collector can be orientated in an east—west direction,
tracking the sun from north to south, or orientated in a
north—south direction and tracking the sun from east to
west. Over the period of one year, a horizontal north—
south trough field usually collects slightly more energy
than a horizontal east—west one. However, the north—south
field collects a lot of energy in summer and much less in
winter. The east—west field collects more energy in the
winter than a north—south field and less in summer,
providing a more constant annual output. Therefore, the
choice of orientation usually depends on the application
and whether more energy is needed during summer or
during winter [20]. A tracking mechanism must be reliable
and able to follow the sun with a certain degree of
accuracy, return the collector to its original position at the
end of the day or during the night, and also track during
periods of intermittent cloud cover. Additionally, tracking
mechanisms are used for the protection of collectors, i.e.
they turn the collector out of focus to protect it from the
hazardous environmental and working conditions, like
wind gust, overheating and failure of the therma fluid
flow mechanism. The required accuracy of the tracking
mechanism depends on the collector acceptance angle
[21]. Various forms of tracking mechanisms, varying from
complex to very simple, have been proposed. They can be
divided into two broad categories, namely mechanical
[22]-[24] and electrical/electronic systems. The electronic
systems generally exhibit improved reliability and
tracking accuracy. The electronic systems can be further
subdivided into the following: i) mechanisms employing
motors controlled electronically through sensors, which
detect the magnitude of the solar illumination [25]-[28]
and ii) mechanisms using computer controlled motors
with feedback control provided from sensors measuring
the solar flux on the receiver [29]-[31].

A tracking mechanism (Figure 3) developed by the
authors [32] uses three light dependent resistors which
detect the focus, sun/cloud, and day or night conditions
and give instruction to a DC motor through an embedded
electronic control system to focus the collector, to follow
approximately the sun path when cloudy conditions exist
and return the collector to the east during night. The
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position of Sun is successfully detected using light
dependent resistors, with an accuracy of 0.1°. The
accuracy is much greater than the required 0.5°, which is
determined from the collector acceptance angle test.
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Fig. 3. PTC — Tracking system

Collector Acceptance Angle Test

Since collector acceptance angle characterizes the effect
of errors in the angular orientation of the tracking
mechanism, a test to determine the collector acceptance
angle is carried out according to ASHRAE standard 93-
1986 [21]. With the tracking mechanism disengaged, the
collector efficiency is determined at various out of focus
angles as the Sun travels over the collector’s plane.

The angle of incidence measured from the normal to
the tracking axis is plotted against the efficiency factor.
The efficiency factor is computed as the ratio of thermal
efficiency at a particular out of focus angle to the
maximum thermal efficiency at normal incidence. The
collector acceptance angle is defined as the range of
incidence angles measured from the normal to the tracking
axis in which the efficiency factor varies by not more than
2% from the normal incidence angle [21]. Therefore from
Figure 4, the collector half-acceptance angle, is 0.5°. This
angle determines the maximum error of the tracking
mechanism.
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Fig. 4. Callector acceptance angle

5. OPTICAL AND THERMAL PERFORMANCE
OFPTC

The parabolic trough collector dimensions are shown in

Figure 5. The concentration, also called as geometric
concentration or area concentration, is defined as ratio of
absorber areato receiver area
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Fig. 5. Parabolic trough collector dimensions

Closely related to the concentration is the
acceptance angle (246, ), that is, the angular range over
which all or amost all rays are accepted without moving
all or part of the collector.

The concentration ratio achievable in practical
systemsis[33]:

i)
o 2)__sng, _sng

© 2Mr, Msing, I

Cideal )

whereC,., is the theoretical limit of concentration (=
1/siné, ) and ¢, is the collector rim angle. The collector

rim angle (@, ) is defined as the angle subtended by the

edges of the reflector at the focus. The maximum occurs at
¢, = 90° and falls T1 short of the ideal limit. All practical

collectors reach only one-fourth to one-half of the
thermodynamic concentration limit. The new PTC has
concentration ratio of 19.89 and an acceptance angle of 1°.
One measure of the performance of a PTC is the
optical efficiency (n,), defined as the ratio of the energy
absorbed by the receiver to the energy incident on the
concentrator’ s aperture [34]. It is expressed as [14]:

To = PmTet; Y1~ A; tan8)coss] (3

where p isreflector reflectance, 7, is transmittance of
glass cover, «, is receiver absorptivity, ¥ is intercept
factor and @ isangle of incidence. The optical efficiency,
1, of the new FRP PTC was eval uated as 0.694.

The most complex parameter involved in
determining the optical efficiency of aPTC isthe intercept
factor,y. It is defined as the ratio of the energy
intercepted by the receiver to the energy reflected by the
focusing device [34]. The value of intercept factor
depends on the size of the receiver, the surface angle

errors of the parabolic mirror and solar beam spread. For
the evaluation of the intercept factor ¥, a closed-form
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expression developed by Guven and Bannerot [35] is
used:

_ 1+ cosg, “j- Erf[sin¢,(1+ cosg)l— 2d" sing) — (78 L+ cos¢,)j_

2sing, 3 V2rd (L+ cosg,)
Erf[— sing 1+ cosg)(L+ 2d" sing) + (778 (L+ cos¢r)] dg
V276 (1+ cosg,) (1+ cosg)
4

where d’ is universal nonrandom error parameter due to
receiver dislocation and reflector profile errors, B~ is
universal nonrandom error parameter due to angular errors
and ¢ is universal random error parameter. A simple
MATLAB program, which numericaly evaluates the
above expression, is presented in [17].

Thermal efficiency (n) of a PTC is defined as the
rate at which useful energy (Q) is delivered to the
working fluid per unit of aperture area divided by the
beam solar flux (I) at the collector’s aperture plane. The
thermal efficiency n may be calculated from an energy
balance on the receiver [34], [36], which is given by:

- Q_WAUTTA _(UL(r, —Ta)J:r'rcp(rfo—Tﬂ)
1A 1A L IxC 1A
®)

The thermal efficiency of a concentrating collector
operating under steady state conditions can be described
by ASHRAE 1986 [21]:

T]_FT] _FRUL (Tﬁ_Taj
R1lo C I

The thermal efficiency from Equation 6 is plotted
against (Tfi -T, )/I , a straight line will result provided

(6)

U, is constant. The intercept is Fz77,and the slope is
FU, /C.

The theoreticall and experimental performance
curves of the new PTC, located in Madurai (Latitude 9°
50 and Longitude 78° 10'), as derived from a series of
tests carried out according to ASHRAE standard 93
(1986) [21] on the new solar PTC hot water system on
seven days [37], and the other from the simulation
program [17] are shown in Figure 6. An equation for the
experimental curve is obtained using the standard
technique of aleast squares fit as given below.

n = 0.6905 — 0.3865(A|T) M

There is a minor difference between the theoretical
and the experimental results with respect to the test slope
(5.92 %) and a moderate difference is for the test intercept
(9.37 %).
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Fig. 6. Thermal efficiency curves

A simulation model based on MATLAB program is
developed to determine the hourly storage tank water
temperature. For the estimation of hourly storage tank
water temperature, the following equation is used.

[Qu -Q - (UA)t (T| od ~ T, )]

! (ove,) +(ove,) ]

I,new

:TI,old +

8
where (UA), the product of the overall heat transfer

coefficient between the tank water and the ambient air and
surface area of the tank and (pVCp )| represents the heat

capacity of the water in the tank, (,OVCp)t the heat

capacity of the tank material. In the present work, Q, is

taken as zero and At =1 hour. The variation of the storage
tank water temperature values with respect to time for a
sunny day is presented in Figure 7. The storage tank water
temperature, both predicted (T, gm) and experimental data
(Ti ep), increase steadily with the collection time as no
energy is withdrawn from the tank to the load during the
collection period. The difference between the predicted
(Ti sm) and the actual storage tank temperature (T p) IS
reasonably small.
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Fig. 7. Storage tank temperatur e variation with time
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6. ECONOMIC EVALUATION OF PTC SOLAR
HOT WATER SYSTEM

The method employed, in the present work, for the
economic analysis of solar PTC hot water system is called
the Life cycle cogt. Life Cycle Cost (LCC) is the sum of
all the costs associated with a solar thermal energy system
over its lifetime in terms of money value at the present
instant of time and takes into account the time value of
money.

In order to evaluate the economic viability of a solar
system, one has to calculate the savings or cost, which
will accumulate annually and on a long term basis as a
result of installing the solar system. On annual basis, the
solar system would help in saving conventional energy in
the form of fuel or electricity. The annual cost (AC) such
as annua fuel cost savings (AFS), annual maintenance
cost (AMC), annual electricity cost (AEC), and annual tax
savings (ATS) in any year N is estimated using the
following equation with an appropriate first year cost
(FYC) and interest rate (IR).

AC=FYC{1+ IR ©)

The mortgage payment is the annual value of
money required to cover the funds borrowed at the
beginning to install the system. This includes interest and
principal payment. Assume that the solar system requires
atotal initia cost (IC) of which either full or afraction is
taken as mortgage (MA). The estimation of the annual
mortgage payment (AMP) can be found by dividing the
amount borrowed by the present worth factor (PWF) [38].
The present worth factor in any year N is:

L+ MIR)" -1 (10)
MIR( + MIR)"

PWF =

where MIR is the mortgage interest rate, which varies
from country to country.
Thus the annual solar savings (ASS) is:

ASS= AFS— AMP- AMC - AEC+ ATS

The present worth of annual solar savings
(PWASS), for the annual market discount rate is MDR, in
any year N is[38]:

_AS (12)
(1 + MDR)"

(11)

PWASS =

The life cycle solar savings over lifetime (LT) of a
system is the sum of present worth of annual solar savings
over the period plus the present worth of resale value at
the end of its lifetime minus the initial down payment
(DP) made at the time of installation of the solar system
[11]. Thus,

LT
LCS = )’ PWASS(N) + PWRS - DP (13)
N=1

where the present worth of resale value (PWRS) is given
by [39]:

RS (14)
1+ MDR)""

The initia cost (IC) of the new PTC hot water
generation system is Rs. 25,000/-. One US$ is about 43.62
Indian Rupees (Rs.) as on August 2005. The heater of the
existing electric water heating system is on for about thirty
minutes until the water in the tank attains a sufficient
temperature so as to keep the dish warm. The average hot
water temperature was measured as 65 °C. The heater is
turned on at regular intervals over the canteen working
hours of 8 hours and is observed to be consuming 5 kWh
in a day. At the tariff of Rs. 5.8/- per kwWh, the cost of
electricity is Rs. 29.0/- per day. The heater is in use for
275 days in a year. So the annual electricity cost for the
electric heater is Rs. 8 000/-. The LCS of the new FRP
PTC hot water generation system, replacing an existing
electric water heating system is evaluated taking the
mortgage interest rate (MIR) as 12.5 %, annual market
discount rate (MDR) as 8 % and the optimal operation life
time (LT) as 15 years. The life cycle solar savings (LCS)
increases rapidly and becomes positive at the end of six
years because of the electrical energy cost savings and
attains the value of Rs. 23171.66/- after 15 years, which is
a significant saving. Thus, the new solar PTC hot water
generation system is more economic than the existing
electric water heating system.

PWRS =

7. CONCLUSION

In this paper, a complete description of a newly developed
FRP solar parabolic trough collector hot water generation
system with a new embedded electronic controlled one
axis tracking system is presented. The performance of the
PTC system and the tracking system is evaluated and
compared with the theoretical values. The small difference
between the predicted and experimental values
demonstrates that the design procedure followed is correct
and therefore the simulation model can be used for long
term prediction of parabolic trough collector hot water
generation system performance An economic analysis of
the new PTC system based on LCC method replacing an
existing conventional electric water heating system is
carried out. The new FRP based solar PTC hot water
generation system is found to be more economic than the
electric water heating system.

NOMENCLATURE

Collector aperture area (m?)

Geometric factor (m?)

Receiver tube area (m?)

Concentration ratio

Specific heat capacity of water (J/kg-K)
Receiver tube outer diameter (m)

Receiver dislocation distance (mm)
Universal nonrandom error parameter due to
receiver didocation and reflector profile

errors[d' = dr/D, ]

A,
Af
A
C
Cp
Dr,o
dr
d
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Heat removal factor

Focal distance (m)

Parabola height (m)

Direct solar radiation (W/m?)
Collector length (m)

Mass flow rate (kg/s)
Useful energy (W)

Rate of energy discharge to the load (W)

Rim radius (m)
Ambient air temperature (K)
Water inlet temperature (K)

Water outlet temperature (K)
New storage tank water temperature (K)

Old storage tank water temperature (K)

Mean receiver surface temperature (K)
Overall heat loss co-efficient (W/m?K)
Aperture width (m)

Receiver absorptivity
Misalignment angle error (degree)
Universal nonrandom error parameter due to
angular errors[B =B C]
Collector rim angle (degree)
Intercept factor

Thermal efficiency

Optical efficiency

Angle of incidence (degree)
Acceptance half-angle (degree)
Mirror (or) reflector reflectance

Total reflected-energy standard deviations at
normal incidence

Universal random error parameter [6 =6 C]
Transmittance of glass cover

Abbreviations

AC
AEC
AFS
AMC
AMP
ASS
ATS
FYC
IC
IR
LCC
LCS
LT
MA
MDR
MIR

Annual Cost in Rupees

Annual Electricity Cost in Rupees
Annual Fuel Cost Savingsin Rupees
Annual Maintenance Cost in Rupees
Annual Mortgage Payment in Rupees
Annual Solar Savingsin Rupees
Annual Tax savingsin Rupees

First Year Cost in Rupees

Initial Cost in Rupees

Interest Rate

Life Cycle Cost

Life Cycle Savingsin Rupees

Life Time of the systemin Years
Mortgage Amount in Rupees

Market Discount Rate in percentage
Mortgage Interest Rate in percentage

MP
N

PTC
PWF

PWASS

PWSV

RS

(1]

(2]
(3]

[4]

(5]

(6]

(8]

[9]

[10]

[11]

[12]

[13]

Mortgage Period in Y ears

Operation life of the system
consideration in Year

Parabolic Trough Collector

Present Worth Factor

Present Worth of Annual Solar Savingsin
Rupees

Present Worth of Salvage Value in Rupees
Resale Vaue in Rupees

under
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