CHAPTER 3

METHODOLOGY

In this chapter, the factors to be considered in the conceptual design of the
proposed small-scale biomass solar power plant (BSPP), the analysis & equations
required to develop the mathematical model, the installation of the solar parabolic trough
collector at the Energy Park (EPC), and the subseqguent collector testing & data

measurement needed to validate the collector portion of the BSPP model, are described.

3.1 Design and Description of Proposed Solar Power Plant

As mentioned previously in Chapter 1, it is useful to have a mathematical model
of a solar power plant system before proceeding to a detailed engineering design,
censtruction & actual installation. However, in order to create the model, the basic layout
of the proposed power plant has to be determined so that the necesséry thermodynamic

analysis can be carried out,

3.1.1 Conceptual Design of the Proposed Small-Scale BSPP
There are several factors to consider when designing for a solar thermal power
plant irrespective of its final size and configuration. For a basic conceptual design of the

proposed BSPP, some essential issues need to be considered:

(a) Consider: Output capacity (or size) of the power plant.

For a start, the nominal size of the power plant needs to be established. In this
study, the size of the proposed BSPP is set at 20 kW, (electric) in order to maich the
thermal output of the existing 50-m solar trough coliector at the Energy Park (EPC),
based on solar multiple SM = 1. (At the condition of SM = 1, there is no thermal energy
storage since all the useful gain from the solar collector is used by the power block to
produce electricity at the rated power). The rated power of 20 kW, is determined, on first

approximation, in the following manner. Based on the average hourly direct radiation 1, |
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of 700 W/m® calculated for Phitsanulok for sunny condition {refer to section 3.3.2), and
assuming an overall solar-to-electric efficiency 77, of 11.5% (which is the mid value of
the average 9-14% range reported by Escalante (1998) [16]), the power output B4
from the 50-m EPC {with 240 m” of aperture area) is calculated to be 19.32 kW, (using
equation (3.27), and replacing #, with 77, & Q, with F., ). In this study, the
approximated value of 19.32 kW, is rounded up to 20 kW, for practical reason &
convenience. Other factors that may infiuence the design-size of a power plant include:

the load demand, availabie fand area, and avaiiable capital. However, these factors will

not be discussed in this study.

(b) Consider: Type & source of input energy.

A solar thermal power plant based on CSP technology <an function cnly with
direct radiation and is usually considered for locations with an annual direct irradiation of
at least 1700 kWh/m~.a [33]. Under the insolation condition of Thailand, it is not effective
to operate a solar thermal power plant entirely on solar energy due to the presence of @
relatively high diffuse radiation fraction. To operate such a power plant, ancther energy
source is needed as a backup. Hence, to make good use of the locally availabie solar
and biomass resource patential, the proposed BSPP is conceptually daesigned to uiilize
solar energy as the primary input source & biomass energy as the backup source

(Figure 14}.
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Figure 14 Overall flow and energy transfer of the proposed BSPP
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Figure 15 Section of a parabolic trough concentrator

(c) Consider: Method of energy collection & conversion.

In the proposed BSPP, paraboiic frough technology is used for soiar energy
collection & concentration (Figure 15), and biomass gasification technology is used to
convert agricultural residues into producer gas for combustion. As mentioned in Chapter
2, parabolic trough coilector is the most mature of all the CSP technologies with low
technical risk, and is most suited to operate in the temperature range of 100-400 °C.
Biomass gasification is superior to direct combustion because the producer gas can

burn more cleanly & efficiently than the solid biomass fuel it is derived from.

(d) Consider: Type of heat transfer medium.

The proposed BSPP is designed o operate with a collector field that uses
thermal mineral oil as the heat transfer medium. Such a design will allow for the easy
integration of a thermal energy storage system with the collector field. Besides, the local
insolation conditions also favor an oil-based collecior system since the operating
temperature is not expected to exceed 300 °C. As mentioned in Chapter 2, the full
advantage of direct steam generation (DSG) is realized only if the collector can operate
at or close to 550 °C & 100 bar. In addition, the generally higher operating temperature &
pressure needed for the DSG process would make construction, operation &

maintenance of the power plant relatively more difficult & demanding.
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(e) Consider: Type of power cycle and prime mover.

A solar power plant with trough collector necessitates the use of a Rankine
steam cycle for the power block. The prime mover (or engine) can either be a steam
turbine or steam piston engine. A steam turbine operates best with superheated or dry
steam. Saturated or wet steam tends to damage the blades of the turbine. On the other
hand, a steam piston engine is more robust and can operate well with both dry and wet
steam. A piston engine can be easily fabricated from parts of a car engine and generally
cost less than a similar-size turbine. Although a well-designed turbine may be more
efficient than a piston engine, the efficiency tends to decrease with reducing turbine size
[34]. This makes its comparative advantage less obvious at low capacity. Hence, it may
be more cost-effective to use a piston engine in small power systems, particularly for
those in the kilowatt range. Almanza & Lentz (2001) reported the production of electricity
at low powers using parabolic trough collectors coupled to a 2.24 kW (3 hp) two-piston
steam engine that operated with saturated steam at 165 °C and 7.0 bar pressure [30).
Figure 16 shows the picture of a four-piston steam engine that was medified from parts of
a conventional car engine and which can be assembled locally in Thailand. In this study,
a steam piston engine is suggested as the prime mover in the proposed power plant in

view of the reasons mentioned above.

Figure 16 A 4-piston steam engine coupled with generator
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(fi Consider: Operation under different weather conditions.

The proposed BSPP is envisaged to operate under three possible weather
scenarios: sunny, partly cloudy and fully cloudy conditions. in this study, "sunny”
denotes the solar insolation of a location under the condition of standard “clear sky
radiation”; whereas “"parily cloudy” denotes the insolation of the same location under the
condition of “average radiation™; while “fully cloudy” indicates no direct radiation is
available. The methods to estimate the direct radiation based on “clear sky radiation”

and “average radiation” conditions are described in section 3.3 of this chapter.

{g) Consider: Type of thermal energy storage system and storage capacity.

Ag menticned in Chapter 2, sensible heat storage using thermal mineral oif is
currently the most economical methed for operating temperatures of up to 300 °C [28]. In
this study, a hot tank/cold tank system capabie of providing at least 6 hours of thermal
storage using mineral oil as storage medium is used to extend the generation capacity of
the power plant. Although the capital cost of a single-tank thermociineg system may be
lower than a two-tank system, a perfectly stable thermocline is not easy to achieve in
practice. Also, the discharging temperature from a singie-tank thermociine tends to
decrease with time, while that from a two-tank system is able to remain constant during
discharging. This is significant since a constant exit temperature implies that the load
stream flowrate can remain constant and eiectricity can be produced at a steady rate.
Furthermore, a two-tank system can be very useful during maintenance & repair with the
second tank functioning as a reservoir & drainage tank in the event of a leak. However, it
should be remembered that thermal energy storage (TES) is optional. In reality, its

inclusion in a BSPP-type power plant is mainly a matter of economics.

(h} Consider: The start, end and duration of daily operation.

The proposed BSPP is conceptually designed to operate from 08:00 am to
16:00 pm for an 8-hour operation-day. However, in actual practice, the power plant is
likely to startup at least one hour earlier so that near-steady conditions can be achieved
by the start of the operation-day. In addition, thermal energy storage & biomass backup

energy can be incorporated {o increase the generation capacity of the power plant.
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After considering the issues mentioned above and establishing the relevant

design requirements, the next step is to define a basic tayout for the proposed BSPP.

Importantly, it must be remembered that the purpose of this study is not to create a

detailed design of a power plant with full engineering specifications. But rather, it is an

initial study to introduce the concept of a BSPP and to develop a simplified model of i,

so that future research may build on this work and design a real-life power plant

eventually. Hence, the design of the BSPP used in this study shows only the basic layout

that is sufficient for a thermodynamic analysis to model the main energy transfer &

conversion processes that take place in the power plant system.
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Figure 17 Basic layout of a small-scale biomass solar power plant (BSPP)

The basic layout of the proposed BSPP is shown in Figure 17. It is made up of

four major sub-systems as follow:
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{a) A collector field to collect and convert solar energy info thermal energy.

The collector {or solar) field is consisted of two 50-m long parabolic trough
collectors (PTC 1 & PTC 2). The aperture width & length of each collectoris 5 m & 48 m
respectively, giving a total aperture area of 240 m’ per collector. The heat collecting
element (or receiver), located at the focus of the parabola, is consisted of a cylindrical
absorber enclosed within a glass pipe. A heat transfer fluid (thermal mineral oil) flows
through the inside of the absorber pipe. Both PTC 1 & PTC 2 are located in separate
loops. PTC 1 is in the loop that is linked to the Rankine steam cycle via the steam boiler,

whereas PTC 2 is in the loop that is connected to the thermal energy storage tank (T1).

{b) A thermal energy storage unit.

The thermal energy storage (TES) unit is consisted of two insulated stainless
steel tanks, each having the capacity to hold an amount of oil that is capable of providing
at least 6 hours of thermal storage. The tanks are divided into hot tank (T1) and cold tank
(T2). The hot tank is connected to the outlet of collector PTC 2, while the cold tank is

connected to the inlet of collector PTC 1.

{c) A biomass gasification unit with gas storage.

The biomass gasification system is consisted of a reactor, gas cleaning unit,
hopper, conveyor feeding unit, gas storage tank, and gas heater. The reactor is a fixed-
bed, downdraft, throatiess, open-top gasifier which is suitable for gasifying rice husk.
(Rice husk is one of the most available agricultural residues in Phitsanulok province and
is the example used in this study). The gas cleaning unit is a dry cleanup system
consisting of a high temperature char/ash coarse settler and a high efficiency cyclone
separator. The cleaned gas is piped to the heater of the steam boiler via a gas storage
tank. The capacity of the storage tank is enough to compensate for the startup time of
the gasifier so that instant energy supply to the steam boiler is always available.

Calculation of the minimum volume of the gas storage tank is given in section 3.4.2.
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(cf) A power conversion unit (PCU) or power block.

The fourth sub-system of the power plant is the power conversion unit (PCU) or
power block. The PCU operates on the principle of a Rankine steam cycle and is
consisted of a steam boiler, piston engine-generator set, condenser, and pump. The
steam boiler contains an oil-water heat exchanger and a gas heater. Any energy deficit
in the heat exchanger is compensated by the energy input from the gas heater which is
fired by the producer gas from the biomass gasifier. The prime mover is a reciprocating
4-piston steam engine modified from a conventional car engine. It operates at a
maximum rpm of 900 and is coupled to an electric generator which produces electricity
at the rated power of 20 kW_. The condenser is a cooling tower which can be dry or wet.

The proposed BSPP is envisaged to operate in three possible weather
scenarios: sunny, partly cloudy and fully cloudy. On a typicat operation-day, the power
plant is expected to operate from 08:00 am to 16:00 pm. The operation of the power

plant under each weather condition is described in the following section.

(i} Operation during sunny condition.

During sunny condition, the power plant functions in a “solar” mode. This means
that the thermal cutput from the collector is sufficient to meet the full demand of the
power block and the power plant is able to generate electricity at its rated power. In
normal operation (referring to Figure 17), valves V1 & V2 open to allow the heat transfer
fluid (oil) to flow through collector PTC 1, while valves V3, V4 & V5 are closed. At the
same time, pumps P1, P2 & P4 are switched on and pump P3 remains off. The hot oil
exits from PTC 1 and passes through the steam boiler where steam is produced to
operate the engine-generator set. In a separate loop, HIF is simultaneously heated by
collector PTC 2 to charge the storage tank T1. Once the storage medium (oil) in T1
attains the desired maximum storage temperature, pump P1 deactivates and coliector
PTC 2 stops tracking the sun. When tank T1 is fully charged, it can extend the operation
time of the power block when the collector field shutdown after 16:00 pm. At this time,
valves V1, V2 & V4 are closed, while valves V3 & V5 open to allow the hot oil from tank T1

to flow through the steam boiler. At the same time, pumps 1 & 2 are switched off and
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pumps 3 & 4 are activated. Then the oil exits the steam boiler and returns to tank T2 0
be stored. When all the hot oil from tank T1 has passed through the boiler & transferred
to tank T2, the discharging process stops. Then valve V4 opens to afiow the oil in tank T2

to return to tank T1 where it awaits another round of thermal charging the next day.

(ii) Operation during partly cloudy condition.

During partly cloudy condition, the power plant functions in a “hybrid” mode.,
This means that the thermal output from the collector is insufficient to meet the full
demand of the power biock and the power plant is unable to generate glectricity at its
rated power. in this case, the gas heater fires to provide more heat to the steam boiler 10
compensate for the energy deficit. Sensor S1 monitors the conditions of the steam at the
iniet of the engine-generator and the signat is feedback to control valve C1 to adjust the
gas flow rate accordingly. Thus, by using biomass energy in addition o sotar energy, the
power plant is now able to generate electricity at its rated power. However, with regards
to thermal energy storage, it is possible that tank T1 cannot be charged to its full

capacity since the desired maximum storage temperature may be unattainabie.

(ii)) Operation during fully cloudy condition.

During fully cloudy condition, the power plant functions in a “hiomass” mode.
This means that no useable solar energy is available and the power plant has 10 depend
solely on biomass energy 10 generate electricity at its rated power. In this case, thermal

energy storage is not possible.

3.2 Development and Explanation of Mathematical Model

3.2.1 Characteristics (uniqueness) of the BSPP Model

The mathematical model of the BSPP is developed based on the four sub-
systems of the proposed power plant introduced in section 3.1. Each sub-system
corresponds to one segment of sub-routine of the overall power plant model. The BSPP

model can then be used, in conjunction with the solar radiation (SR) model (section
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3.2.8), as a tool for performance analysis and parametric study (Figure 18). In the course
of developing the BSPP model, the general guideline of using “logical algorithm,
appropriate equations and reasonable assumptions” is followed as far as possible,

In this study, Excel Spreadsheet is the preferred development software {00l
used to encode ali the equations of the mode! because of the following reasons: (a) All
the changes in sun angles & fluid properties are evaluated on an hourly time-interval
basis corresponding o the changes in solar radiation; Excel software can handle this
effortiessly, thus avoiding the loops & iterative steps needed by other development tools,
(b} There are not many requirements for iteration in the BSPP model; iteration is usually
avoided whenever it is deemed unnecessary, (¢) Linear & curvilinear regression
technigues are used in the BSPP model, Excel software has a built-in feature that can
perform this task effectively, (d) Exactness in the quantitative results is not ihe emphasis
of the BSPP model; rather, the qualitative aspect of the results is more useful &
instructive. (In this study, the use of approximated resuits is sufficient 1o indicate
important frends & implications in ali cases), and (e) Most people are familiar with the
Exce! software than with other development iools, thus making the BSPP model more
accessible & user-friendly.

At this juncture, it should be emphasized that the BSPP model created in this
study is not meant lo function as an optimization program by itself. Rather, it is an
analytical tool that is capable of system performance simulation and parametric study,
and which can be used for optimization analysis if required. 1n general, the
characteristics or unique features of the BSPP Mode! can be summarized as follow:

(a) It is formutated hased on standard, uncomplicated thermodynamic
gqualtions.

(b) It has a simple structure and is easy to understand.

(c) No special computing skill is needed to use the Model.

(d) tis developed using Excel Spreadsheet for easy access by most users.

() It can cater to the basic needs of students & researchers in the field of sofar

thermal technology.
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(f) It can be useful in pre-feasibility studies where quick estimates of energy
performance are helpful.

A description of each sub-routing is given in the following section beginning
with the coliector system (CS$) model, which is considered to be the most important part

of the BSPP model.
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Figure 18 Block diagram of a BSPP mathematical modei

3.2.2 Collector System (CS} Model

The collector system (CS) model is the most critical segment in the entire BSPP
mode! because the input values of the other components (i.e. gasifier, TES unit & PCU}
in the power plant model are totally dependent on the output values of the ccﬂ!ec’tor.
Uniike a gasifier where the energy conversion is predictable and based mainily on the
conversion factors of the fuel, a coflector converts solar energy which varies in quality &
magnitude with respect to time. Essentially, this means that once the collector system
mode! has been appropriately formulated and validated, the thermal performance for
the rest of the power plant can be defined, thus implying the validation of the power
plant model, as a whole, as well.

There are many input variables for a parabolic trough coliector and depending
on whether the heat transfer medium is oil or water, two possible thermodynamic models

can be deveioped as follow:
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(a) For a colfector system that operates with thermal oil.

The relevant equations used for the development of this modet are given in
section 3.4.1. The analysis is done on the following assumptions: process is steady-state,
the fluid properties are dependent on temperature alone, and the fiow in the absorber is
a fully developed (hydrodynamically & thermally) turbulent flow in a smoofh circular pipe.

The input & output variables of the CS Model are shown in Figure 19:

input
Ia ! Tﬁ 5 Tamb ! Var‘r ’
Figure 19 Input & output variables of the CS Model (HTF: oil)
where:

——

Direct normal irradiance

A, Aperture area

G, Geometric concentration ratio

C, Specific heat of fluid

V,, Velocity of air

Q, Useful gain

T Ambient temperature

T,, T, Collector fluid inlet & outlet temperatures
7, Onptical efficiency of collector

K, Incidence angle modifier

U, U, Overall heat loss & heat transfer coefficients

Fe Collector heat removal factor

m Mass flux of fluid

m; Collector instantaneous thermal efficiency
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(b) For a direct solar steam (DISS) colfector system.

in the case of a DISS collector which uses water o produce steam directly in
the absorber pipe, the thermodynamic analysis used to create the CS Model is explained
in section 3.4.1: and the input & output variables of the model is similar to Figure 19 but

with a few additional parameters (Figure 20):

Input el Qutput
Ia T Tﬁ * Tamb # Vafr s Tio ’ QU ’ ni
', m, , H,
Figure 20 input & output variables of the CS Model (HTF: water)
where
" Process pressure at coilector inlet
A Saturation temperature of water at P,

H,, H, Enthalpies of fluid at collector intet & outlet

m, Mass flux of steam

3.2.3 Gasifier System (GS) Model

The modeling of the gasifier system is & relatively straightforward process
where the useful output energy from the gasifier can be easily determined once the
properties and guantity of the input solid fuel are known. The relevant equations used for
the development of this mode! are given in section 3.4.2. The input & output variables of

the GS Modei are shown in Figure 21:
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Input ' > Output
mfuel Qu,br‘o
Figure 21 Input & output variables of the GS Model
where:
M et Mass of solid biomass fuel
Y Yield of gas, interms of m° per kg of solid fuel

gas
HHV High heating value of producer gas

gas
Nasifier ~ ETICIENCY of gasifier

Q. vio Useful energy from gasifier

3.9.4 Thermal Energy Storage (TES) Model

The relevant equations used for the development of this model are given in
section 3.4.3. The analysis is done on the basis of a sensible heat storage system with
mineral oil as the storage medium. The medium in the storage tank is assumed to bhe
thermally unstratified and fully-mixed. It is also assumed that there are no heat losses
between the storage tank and collector so that the temperature of the storage medium is
equal to ihe fluid inlet temperature of the coliector. Since a two-tank system is used,
tnermal discharging is assumed {0 take place under constant temperature and mass flux

conditions. The input & output variables of ihe TES Madel are shown in Figure 22:

Input

T

[e]

Q. Q

Figure 22 Input & output variables of the TES Model
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where:

T Fluid outlet temperature of coilector

Q, Useful gain of coliector

Tt initia) Initial temperature of storage medium

Ty Temperature of storage medium at the start of each finite time-interval
T‘Si Temperature of storage medium at the end of each finite time-intervai
Q, Energy removai to the PCU [In this study, Q_=Q, (section 3.2.5)]

(mC )y Mass-specific heat product of the storage medium

(UA),, Loss coefficient — area product of storage tank
n;L Mass flux of the load stream

g, Mass of the storage medium

CH.J Minimum thermal storage capacity, in hours

3.2.5 Power Conversion Unit {PCU) Model

The analysis of the steam power cycle is based on the processes that occur in
an ideal Rankine cycle. During normal operation, the PCU is assumed to deliver a
constant electrical output that is equal to its rated power on an hourly basis. On a typical
operation day, it is possible for the PCU to receive heat addition to its boiler from the
collector field and gasifier system; while heat addition from the thermal storage tank can
take place after normal operation hours to increase the generation capacity of the power
plant. A description of the eguations used to develop the PCU Model is given in section

3.4.4 while the input and output variabies of the model are shown in Figure 23.
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Figure 23 Input & output variables of the PCU Model

Rated power of the electric generator

Thermal efficiency of the Rankine cycle

Efficiency of expander (engine)

Efficiency of electric generator

Efficiency of combustion

Efficiency of PCU

Energy addition to the boiler of PCU

Termnperature & pressure of vapor (steam) at inlet of expander {engine)
Temperature & pressure of mixture at outlet of expander (engine)
Temperature & pressure of fluid (water) at outlet of condenser

Saturation temperature of water in bolier

Mass flux of steam through expander (engine)

3.2.6 Solar Radiation (SR) Model

The SR Model is consisted of two separate sub-routines; one to generate the

daily average hourly direct radiation for sunny condition, while the another is used fo

generate the daily average hourly direct radiation for partly cloudy condition. A detailed

description of the method used to formulate this modet is given in section 3.3. The input

& output variables of the SR Mode! are shown in Figure 24.
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Figure 24 input & output variables of the SR Model

Monthly average daily global radiation of iocation (Phitsanulok)
Day of the year

Latitude of location (Phitsanulok)

Altitudie of location (Phitsanuiok)

Declination angle

Cosine of sunset hour angle

Average clearness index

Ratio of hourly total to daily tota global radiation

Ratio of hourly total fo daily tota diffuse radiation

Cosine of the incidence angle

Cosine of the zenith angie

Clear sky normal beam irradiance on a horizontal surface
Standard average hourly direct radiation of Phitsanulok (Sunny)

Standard average hourly direct radiation of Phitsanulok (Partly cloudy)

3.3 Solar Radiation (SR) Model of Phitsanulok Province

Duffie & Beckman (1991} have described two methods that are used to

estimate direct radiation based on: {a) monthly average daily globai radiation (Appendix

B), and (b) clear sky radiation (Appendix C) [35]. These methods are used to develop

the solar radiation (SR) model for Phitsanulok province. The radiation model is an
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auxiliary part of the main BSPP mathematical model and is used to derive the standard
curve for the daily average hourly direct radiation of Phitsanulok for both sunny and

partly cloudy conditions.

3.3.1 Estimation based on Monthly Average Daily Giobal Radiation

This method uses the monthly average daily global radiation of a tocation to
estimate the clearness index for that same location. The value of the clearness index is
an indication of the probability of cloud cover on a particular site over an exiended
period of time. Hence, the method presented here is analogous to simulating the solar

insolation profile of a location under the condition of partial cloudiness.

(a) Declination.
The declination (&) is the angular position of the sun at solar noon, with respect

to the plane of the equator. Its value in degrees is given by the equation:

5= 23.45*sin[360*(28346“; ”D (3.1)

where n is the day of the year (i.e. n =1 for January 1, n = 32 for February 1, etc.). Table
4 shows the recommended average day of each month and the corresponding value of n
(Kiein 1977). From equation (3.1), the declination angle varies between -23.45° on
December 21 and +23.45° on June 21.

Table 4 Recommended average day of each month & vaiue of n

Month | Jan | Feb | Mar } Apr May | Jun | Jul | Aug Sep | Oct | Nov | Dec

Date 17 16 16 15 15 ol 17 16 15 15 14 10

Day of

17 47 75 105 135 162 108 | 228 | 258 | 288 318 | 344
Year (n) ‘

(b} Solar hour angle and sunset angle.
The solar hour angle is the angular dispiacement of the sun gast or west of the

local meridian; morning negative, afterncon positive. The solar hour angle is equal to
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vero at solar noon and varies by 15 degrees per hour from solar noon. For exampie at 7
am {solar time) the hour angle is equal to -75° (7 am is 5 hours from noomn; 5times 15108
equal to 75, with a negative sign because it is morning). Also, for each hour of the day,
the midpeint of the hour is used. Thus, the hour angle for the hour between 1 1o 2 pm is
equal to 22 5° (1.30 pm is 1.5 hours from noon; 1.5 times 15 is equal to 22.5). The sunset
hour angle (@, ) is the solar hour angle corresponding to the time when the suri sets. It is

given by the following equation:
cos @, =—tany tan o (3.2)

where & is the declination, calculated through equation (38.1), and i is the latitude of

the site, specified by the user.

(c} Extraterrestrial radiation and clearness index.
Solar radiation outside the earth’s atmosphere is cafied extraterrestrial radiation.
Daily extraterrestrial radiation on a horizontal surface {H,) can be computed for day n

from the following equation:

H | :M ]+0.033¢os(360n) (coswcosésina)s Jr«ﬂisfnwsiné) (3.3)
7 365 180

where G,, is the solar constant equal to 1,367 Wim?2, and all other variables have the

same meaning as before. Before reaching the surface of the earth, radiation from the sun

Table 5 Monthly average daily global radiation on a horizontal surface

Location; Phitsanulok

Latitude: 16.78°

Monthly average daily global radiation on a horizontal surface, H (MJ!mz.day)
Jan Feb | Mar [ Apr | May | Jun Jul Aug | Sep | Oct | Nov Dec | Ave

165 | 189 | 206 1222 | 193 18.1 1192 (180 | 178 | 17.0 i7.8 | 167 | 185

is attenuated by the atmosphere and the clouds. The ratio of solar radiation at the
surface of the earth o extraterresirial radiation is called the clearness index. Thus the

monthiy average clearness index (I?T) is defined as:
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s H
k=T,

]

{3.4)

where H is the monthly average daily global radiation on a horizontal surface and ﬁo is
the monthly average extraterrestrial daily solar radiation on a horizontal surface. In this
study, the H values used are shown in Table 5, which can be referenced from [14 &15].
The K, values depend on the location and the time of the year considered; their values
are usually between 0.3 and 0.8 (i.e. < 0.3 for very overcast climates and > 0.8 for very

sunny locations).

(d) Hourly horizontal global, diffuse and direct (beam) irradiance.

Solar global radiation ¢an be broken down into two components: beam
radiation, which emanates from the solar disk, and diffuse radiation, which amanates
from the rest of the sky. First, monthly average daily diffuse radiation (ﬁ 418 calculated

from monthly average daily global radiation (ﬁ ) using the Erbs et al. (1982) correlation:
ﬁd % 72 73
24 . 1391-3.560K; +4.]89K; —2.137 K5 (3.5)
H
when the sunset hour angle for the average day of the month is less than 81.4°, and:
Ha _ 1 311-3.022K, +3.427 K}~ 1.821K7 (3.6)
H

when the sunset hour angle is greater than 81 4° (the monthly average clearmess index,
waT is calculated through equation 3.4). Next, the average daily radiation is broken down
into hourly values. This is done with the formuiae from Collares-Pereira and Rabi (1979}

for global irradiance:

7 =(%}*(a+bcosw)* cos ot (3.7
sinw, — 7% | cos @,
‘ 180

a=0.409+0.5016 sin(ws —m60) (3.8)
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b = 0.6609—0.4767 sin( @, - 60) (3.9)

where r, is the ratio of hourly total to daily total global radiation, with @, the sunset hour
angle, and @ the solar hour angle for the midpoint of the hour for which the calcutation is

made: and with the formuta from Liu and Jordan (1960) for diffuse irradiance:

7 cos @~ cos @
T e s 3.10
g (24) (sina)s—(a)scoscos)} 510

where r, is the ratio of hourly total to daily total diffuse radiation. For gach hour of the

“average day”, the global horizontal irradiance (/) and its diffuse and beam components

(1, and 1,) are given by:

¥k (3.11)
]d=l”d~Hd (312)

(e} Normal beam irradiance on aperiure plane of parabolic trough coflector.
The direct normal irradiance (DN} or the beam radiation that incident normally

on the aperture plane of a parabofic trough coliector {/,), can be calculated from:

1,=1R, =1 *[z;g) (3.14)

where /, is the beam radiation on horizontal surface (calculated through equations 3.11 -
3.13), and R, is the ratio of beam radiation on a moving collector aperture to that on a
horizontal surface. For horizontal surfaces, the angle of incidence is the zenith angle (6,)
of the sun. Its value must be between 0° and 90° when the sun is above the horizon and

is given by:

cos 8, = cosy cos 8 cos @ + siny sind {3.15)
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For a parabolic trough cofiector oriented on a horizontal north-south axis and east-west

tracking, the cosine of the incidence angle is:

0.5
cos @ = [(cos y cos & cos @ + siny sin 5)2 +cos® 8 sin’ co] (3.16)

Using the method described above, the monthly average hourly direct radiation
of Phitsanulok (under partly cloudy condition), evaluated over a year, is found to be 440
win’ (Figure 25). This result is then used to create the standard curve for daily average
hourly direct radiation of Phitsanulok (Figure 26). From the curve, it is observed that the
average hourly direct radiation from 08:00 am to 16:00 pm is approximately 400 Wi
and this standard value (I, ) is to be used for all subsequent analysis of the power

plant under partly cloudy condition.

600 |-
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200

Monthly ave hourly beam, Wim
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|
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%
|

Jan Feb Mar Apr  May Jun Jul  Aug  Sep  Oct Nov Dec Ave

Figure 25 Monthly average hourly direct radiation of Phitsanulok (partly cloudy)
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Figure 26 Standard curve for daily average hourly direct radiation of Phitsanulok

(partly cloudy)

3.3.2 Estimation based on Clear Sky Radiation

The effects of the atmosphere in scattering and absorbing radiation are variable
with time as atmospheric conditions and air mass change. Hence, it is useful to define a
standard “clear sky" and calculate the daily and hourly raciation which would be
received on an aperiure plane under these standard atmospheric conditions. In this
section, a method for estimating the beam radiation transmitted through clear

atmosphere which takes into account the zenith angle and aliitude is presented.

(a) Extraterrestrial radiation.
The method begins with the calculation of the extraterrestrial radiation. The
extraterrestrial radiation measured on the plane normal to the radiation (G,,) on the nth

day of the year, is given by:

(3.17)

G,, = GSC(I+0.033COS ; 60”‘) |

365

(b)Transmittance for beam radiation.
The atmospheric transmittance for beam radiation (7, ) is given by the ratio

G,/G,, and is expressed in the form:
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7, =a,+ayexp(~b/ cosd,) (3.18)

where G,, is the clear sky normal beam irradiance. The constants a, , a,and b for the
standard atmosphere with 23 km visibility are found from, ay . a; and b*, which are

given for altitude less than 2.5 km by:

o =0.4237-0.00821 (6.0-2) (3.19)
& =0.5055+0.00595 (6.5-2) (3.20)
B =0.2711+0.01858 (2.5-A) (3.21)

where A is the altitude of the observer in kilometers. Correction facters are applied to
g, , a; and b" to allow for changes in climate types. in the case of tropical climate, the
foliowing relations are used: 0.95 :ao/a;, 0.98 =a,/a;, and 1.02 =b/b . Thus, the
transmittance of this standard atmosphere for beam radiation can be determined for any

zenith angle and any altitude up to 2.5 km.

(c) Hourly clear sky normal beam irradiance on horizontal surface.

The clear sky normal beam irradiance (G,,) is given by.
Gbn - Gonrb . (322)
and the clear sky normal beam irradiance on a horizontal surface (G,,) is:

G,, =G, 7050, (3.23)
Thus for each hourly period, the clear sky horizontal beam irradiance (/,,} can be

expressed as!
I,, = Gy, =Gty c086, (3.24)

(d) Clear sky normal beam irradiance on aperture plane of trough collector.
The clear sky beam irradiance that incident normally on the aperture plane of a

parabolic trough collector {1,) is given by:
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cos 0

I, =1, R, =G,z,c0s6,* =G,,t,cos6 (3.25)

cost,

Using the method described above, the monthly average hourly direct radiation
of Phitsanulok (under sunny condition), evaluated over a year, is found to be 749 Wim®
(Figure 27). This result is then used to create the standard curve for daily average hourly
direct radiation of Phitsanutok (Figure 28). From the curve, it is observed that the
average hourly direct radiation from 08:00 am to 16:00 pm is approximately 700 wim’

and this standard value (I, J) s to be used for all subsequent analysis of the power

plant under sunny condition.
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Figure 27 Monthly average hourly direct radiation of Phitsanulok (sunny)
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Figure 28 Standard curve for daily average nourly direct radiation of Phitsanulok (sunny)

3.4 Thermodynamic Analysis and Calculation

The following section presents the aigorithm and the mass & energy baiance
equations used to develop the mathematical models for the collector system, gasifier
system, thermal energy storage unit & power conversion unit, which together make up
the entire model of the proposed power plant. The associated flow diagrams are given in

Appendices D, F, G, E & H respectively.

3.4.1 Analysis of the Collector System

The standard procedure for solar collector performance testing and analysis
has been well documented in ASHRAE (1977) [36]. The process for thermal analysis of a
solar trough collector is generally similar to that of a flat-plate collector. In generai, the
instantaneous useful energy gain of a trough collector in terms of the absorber wall

temperature 7, operating under steady conditions can be expressed as
Qu = Aa‘[a (WoKﬂ)mArUL (T;‘ _]:me) (326)

where A_ is the coliector aperture area, A, is the absorber surface area, /, is the soiar

irradiation, 7, is the collector optical efficiency, K, is the incidence angle modifier, U, is



56

the collector heat loss coefficient, and T, is the ambient temperature. Using equation
(3.26) and dividing both sides by A./,, the instantaneous thermal efficiency of a trough

collector with concentration ratio C, is given by

9,

= 3.27

mET (3.27)
U Tr—'Tam

:(%Kg)———c:-w-——m( 7 ) (3.272)

In this study, the effective A, is used in all calculations. The effective A, is derived from
the effective W which is aperture width W minus the outside diameter D, of the absorber
pipe. Performing an overall energy balance on the fluid in the collector in terms of the

fluid outlet (exit) temperature T, and fluid inlet temperature T, will yield

0, =mC,(T,-1;) (3.28)

where m is the mass fiux and C, Is the fluid specific heat. in the case of a trough

collector generating direct solar steam (DISS)

Qu m';’l(Ho”HI) (3.29)

where H, and H, are the. specific enthalpies at the exit and entry points of the DISS
collector respectively.

Apart from the instantaneous performance, it is also useful to know how a
coliector would behave under varying solar radiation conditions over the long term. The
algorithm of the collector modet begins with a simple overalt energy balance relationship
where the thermal output of the collector is dependent on the heat absorbed reduced by

the heat losses of the coliector, such that

Qu = Qabs . Qlass (3~3{))



57

Rased on the classical Hottel-Whillier-Bliss equation which relates Q, to the fluid inlet

temperature T, and ambient temperature T

amb

equation (3.26) can be expressed in a

more convenient form as

0, = A,F;S w«fq—agﬁ#(z’ﬁ ~Tomp ) (3.31)
g
The absorbed heat Q,,, can be estimated from the absorbed radiation per unit aperture
area S and the collector heat removal factor F ; while the thermal losses Q,,, can be
evaluated from F, , the collector heat loss coefficient U, and the concentration ratio Gy
(a) Collector absorbed heat.
The first part of the thermodynamic analysis is concerned with the estimation of
the absorbed heat. The quantity of absorbed heat varies with the aperture area A,, Fq

solar irradiation /,, optical efficiency 77, . and the incidence angle modifier K , where

Qabs =Aa‘FR'Ia'no'Kt9

(3.32)
mAa ‘FR 'S

The solar irradiation /, is the normal beam radiation projected on the aperture, corrected
for the “cosine effect” due to the angular deviation of the sun beam from the normal of

the aperture plane, so that
1,=1,,:cos0 (3.33)

where /. is the direct normal irradiation and g is the incidence angle. For a parabolic

trough collector oriented on a horizontal north-south axis
0.5
cos 8 = ((3032 6, + cos’ 8 sin’ m) (3.24)
and cos B, = cospcosScos o+ singsind (3.35)

The optical efficiency n, of an imaging concentrator, such as the parabolic trough
collector, depends on the material and geometry of the device and is an indication of

how well the collector has been designed and fabricated. 1t is defined as a ratio of the
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ahsorbed radiation by the receiver to the beam radiation projected on the aperture. It
can be expressed in terms of the specular reflectance p of the concentirator,

transmittance-absorptance product (m) of the receiver and the intercept factor y, 80

that

n, = p-(za) 7 (3.36)

The intercept factor is defined as the sraction of reflected radiation that is incident on the
absorbing surface of the receiver. 1ts value is dependent on the receiver geometry and
imaging errors due to surface distortion and misalignment. Kalogirou (1995) [37] has
presented a simplified method for estimating the intercept factor of parabolic trough
collectors based on the “"universal error parameters” corretation of Guven and Bannerot
(1985) [38]. Using the universal error parameters, the formulation of the intercept factor

¥ can be expressed as

1+ cos ¢rim I¢rt‘m sin rim (] + oS ¢n‘m ) (I ~2d" sin ¢rr‘m ) - ﬂ-ﬁ* (1 tcos ¢rim)

2sing,, J276" (1+cos )
SR,y {1+ COS By )(I +2d" sing,,, ) + 728" (1 +¢0s ) g,
\/—2—750-* (I +cos ¢rt'm) (1 T Cos ¢rim)
(3.37)
where:
Brim Rim angle (degree)
o Universal random etfror parameter
ﬁ* Universal nonrandom error parameter due {0 angular errors

&

Universal nonrandom error parameter due to receiver & reflector errors
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According to the study by Kalogirou (1995), the vaiue of the intercept factor for a
carefully fabricated parabolic trough collector was found to be y = 0.9506. However in
this instance, the necessary laboratory setup to measure the universal random &
nonrandom error parameters is not available. Hence for the purpose of this study, the
intercept factor is assumed to be 0.89 (Table 1}, based on the value of the LS-2 collector,
since the LS-2 & EPC collectors share similar dimensions and geometry.

The incidence angle modifier K, is a parameter that groups all the non-normal incident
effects that cause reflected rays 10 he scattered or to miss the receiver into a convenient

factor. Its value can be represented by a polynomial function in the form:
K =] 9 2 _ 3 4
g =1—af-al asf’ —a,0 (3.38}

where a, to a, are empirical constants. Quaschning (2001) [39] reported the incidence
angle modifier for the L8-2 collector as: Ky,=1- 8.84x10" @ - 5.369x10° g%, which is
the value used in this study since the LS-2 & EPC collectors share simitar dimensions

and geometry.

(b) Collector heat losses.
The next part of the thermodynamic analysis is concerned with ihe estimation of
the collector's thermal losses. From equation (3.31), the expression for thermal losses is

given by

Qloss r ﬁJCTRyL (Tﬁ - Tamb) {3.39)

g

The thermal energy of a parabolic trough collector can be assumed to be lost
in the following manner.

(i) Heat loss by radiation and convection from the absorber wal! to the glass
cover, defined by the respective heat transfer coefficients Ay .. 8Nd Aoy, o

(i) Heat loss from the giass cover by radiation to the sky and by convection to

fne ambient, defined by the respective heat transfer coefficients g o, @NG Ayny
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(iii) Heat loss by conduction through the support structure and end bellows.
However in this instance, only the radiation and convection factors are considered since
they account for the bulk of the collector's total losses. The respective radiation and
convection coefficients are then evaluated using the appropriate equations given in
references 135, 40 & 41] and combined into a single factor known as the overall heat loss

" cosfficient U, such that:

-

U, = A + ! (3.40)
(hwind + hrad ,c-—a) Ac (hconv,rmc + hrad.r—c)
Nu-k,
h .o = qir 3.41
wind DC ( )
use N, =0.40+0.54 Reg‘,.fz for 0.1 < Re,, < 1060 (3.41a)
or N, =03Rels for 1000 < Re,, < 50000 (3.41)
Re,,, =Far—ar == Vo Lo (3.41c)
Hair
oo =(5.67x107 o 4T e a (3.42)
N, -k
hconv,r——c = 6—3"_(';3”{%6—)— {3-43)
g 51=0.25
2l (D, ~D 1 I
use N, =031 7(] 0°¢ )0 (~—9~_——--’-] (_,.,_ = ~——~ﬂ~——) (3.43a)
7, Dfé Dg6

(s.67x10%) (T +I2 )T, +T,)

rad pc (344)
18, +I+~(~w{—-m~——w-w—ﬂg“")D"
g gD

¥ ce
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where

A, Surface area of absorber
A, Surface area of glass cover
N, Nusselt number

R, Reynolds number

k. Thermal conductivity of air

Lair Density of air
Velocity of air

Har Kinematic viscosity of air

D, Diameter of apsorber

D, Diameter of glass cover

g8 Emittance of absorber

£, Emittance of glass cover

T, Temperature of absorber
7 Temperature of glass cover

To account for the heat transfer from the surroundings to the fluid in the absorber, a

parameter known as the overall heat transfer coefficient U, is defined, such that

-l
Ul = L +DOI"(D"/D") (3.45)
U, “hD, 2k

where D, and D, are the absorber inside and outside diameters, i1, is the heat transfer
coefficient inside the absorber, and k is the thermal conductivity of the absorber pipe.

For fully developed turbulent flow inside a pipe, the Petukhov equation [35] can be used:

8)ReP 8
Nu = (f/ ) e Pr . (_/ﬁ_] for Re > 2200 (3.46)
1.07+12.7[f[8(Pr Po1) s,
Nu=37 for Re < 2200 (3.47)
Re=_1M_ (3.48)

7-D;p
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where n = 0.11 for heating and 0.25 for cooling and the Darcy friction factor f for

smooth pipes is given by

F=(0.79InRe~1.64)" (3.49)
Nu-k
hy = ;‘) (3.50)
i
where:
Pr Prandt number of fluid
Ju— Kinematic viscosity of fluid
M, Kinematic viscosity of water
m Mass ftux of fluid
n 0.11

The collector efficiency factor £ " which represents the ratio of the actual useful energy
gain to the useful gain that would result if the absorber surface had been at the local fiuid

temperature can now be expressed as

F =g_o.= D”ULD . (3.51)
L lw+_w9_+ Yo p o
U, hD\2k D,

However, it is convenient to define a heat removal factor F, that relates the actual useful
energy gain of a collector to the useful gain if the entire absorber surface were at the

fluid inlet temperature. Thus, from equations (3.28) and (3.31), F, can be expressed as

i;qcp (Tfo ~"_Tﬁ)

Aa [IanoK@ - Eé_@_ (Tﬂ - Tamb )
g

FR;

(3.52)

Alternatively, F, is also a measure of the collector performance as a heat exchanger

since it is the ratio of the actual heat transfer to the maximum possible heat transfer and
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is related to F’ by

fﬁi—zw———-‘?w-,— [—exp —A’GULF (3.53)
FAUF e
P

Hence, once the values of Fy and U are known, they are substituted into equations
(3.39), (3.32), (3.30) and (3.28), whereby the useful energy gain of the collector and the

corresponding fluid outiet temperature can be evaluated.

1 Section 1 + Section 2 + Section 3 ;
E ; i :
1 1 i :
! ; ! i i i Trough
m’”g ': Boiling 1 Superheating » J
1 1 ) -
Tﬁ i ) s Tfo
: T 1 \
! &t | il : Receiver
: ': 3 ':
N L =LA=? L, =Ly =7 :L3$Lsuper:? :L1+L2+L3:‘“Lr

Figure 29 Evaluation sections of a DISS coliector

(c) Special case of Direct Solar Steam (DISS).

However, in the case of a DISS collector where a part of the receiver serves as
a boiler and other parts as fluid heaters, the different sections of the receiver will have to
be considered separately. The analysis begins with the assumption that the receiver is
consisted of three possible sections with length L, . L, & L; corresponding to the
heating, boiling & superheating portions of the collector respectively (Figure 29).

Loat + Looi 1 Logper & Lo refer to the length to heat water to saturation temperature
(T, . length to hoil for complete vaporization, length 10 superheat steam, & length of
receiver respectively. In this instance, equation (3.31) is not used to evaluate the useful
gain of the coliector since the length of the trough to heat the fiuid temperature to the
saturation temperature is not known. instead, equation (3.54) is used which calculates

the useful gain per meter based on the fiuid temperature:
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q, xF'%‘f—[S——ﬁi—UL(Tf wTamb)} (3.54)
where:
T = [T+ Tl /2]
7, = Temperature of water into the trough
T, = Saturation temperature of water at P,
p, = Pressure at collector inlet

Next, evaluating for section 1 (refer to Figure 29) and using equation (3.65}, the length to
heat the water to saturation (L, is calculated by:
C -m

Lsat :(Tsat ""'T;'n) pq' . (3‘55)

where C, is the specific heal of water and m,, is the mass of water. If length L, is
calculated to be > L, then let L = L, and the useful gain can be evaluated in the usual
manner using equation (3.31). ff L is < L, then the analysis wili proceed to evaluating
for section 2 and calcutate length L, using equation (3.56):

Hf /7

Ly = —E = (3.56)
qy

where H % s the heat of vaporization of water. The quality of the steam (x ) can then be

calculated by equation (3.57) and the mass of steam m, can be found by equation (3.58).

x —_-_EQM{‘&L (3.57)
Lbo!!
my=x-m, (3.58)

If the length to saturation L, is greater than or equal to the length of the receiver L, , then
the quality of steam is zero and the mass of steam out of the trough is zero. If steam is
produced, the specific enthalpy of the steam leaving the trough without being

superheated can be calculated by:
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H,=H,+(x Hg) (3.59)

where H I is the specific enthalpy of water at the saturation temperature. Continuing to
ihe 39 section of the analysis, if length L, is > L, , the steam leaves the trough as
saturated steam without superheating. On the other hand, i L, is <L, then Lopper = Lo -
L., and evaluation of the useful gain can proceed in the usual manner since the length
is known. In this instance, the properties of fluid used in the analysis are those of

superheated steam.

3.4.2 Analysis of the Gasifier System

Compared to the parabolic trough coilector, the analysis needed to develop the
model for the gasifier system is relatively less complicated. This is because, unlixe in the
collector system where the input solar energy changes with time & Is uncontroitable, the
energy conversion process in the gasifier system follows a more predictable path, where
the amount of input fuel can be controlled and converted into useful energy based on
known conversion factors. lrrespective of the design and type of gasifier system, the
general equation for the conversion of solid biomass fuel into a combustibie gas mixture

that is burned to produce useful energy, can be expressed as:

Qu,bio = figep Y gas HH Vgas N gasifier (3.60)
where:
M o Mass of solid biomass fuel
Y Yield of gas, in terms of m per kg of solid fue!

gas

HHYV High heating value of producer gas

gas

W gasifier Efficiency of gasifier

In this study, the main purpose of the gas storage tank is to serve as a buffer to
compensate for the supply delay during the startup of the gasifier (Figure 17). If the
gasifier requires a maximum of 15 minutes for a cold start, there must be a minimum

volume of gas in the storage tank that can be supplied to the boiter to enable glectricity
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generation at the rated power for 15 minutes. The minimum gas volume that must be

maintained in the storage tank can be evaluated by the following equation:

_ Praled (36)t ) Ygas
M pete Nane -HHYV

gas

Vol
where:
P... Rated power of electric generator, in kW
t Operation time of PCU, in hours
Mpew  Efficiency of PCU

M e Efficiency of combustion

(3.61)

Applying equation (3.61) to the proposed BSPP on the basis of the following conditions

where: P,g = 20 kW, , t =025, 7y = 0.2343 (from section 3.4.4), 77,

(assumed), HHV . of producer gas from rice husk = 11.11 MJ/kg and ¥,

8gas gas

malkg [26], the minimum volume of gas in the storage tank is estimated to be

(20)-(3.6)(0.29)-(1.60)

] =
Voloes = (0.2343)-(0.75)-(11.11)

=14.75 m

= 0.75
= 1.60

Referring to Figure 14 and taking an overall energy balance on the proposed

power plant, the general energy equation of the power plant when it is operating in the

*hybrid"” mode, can be expressed as:

Prated ’ (3 6) 't

M peu

Qu + (Qu,bfo ) naux) =

where:
0, Useful gain from collector system

Q, o Useful energy from gasifier system

(3.62}
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3.4.3 Analysis of the Thermal Energy Storage System

In view of its reliability, the preferred method for thermal energy storage in this
study is to use sensible heat storage with mineral cit as the storage media. When
considering the energy balance on the storage unit, a conservative approach is adopted
by assuming that the hot fiquid in the tank is well-mixed and the liquid temperature is
always uniform for a given time interval. A schematic of such a thermal energy storage

(TES) system is shown in Figure 30.

[T T, to PCU Energy addition from Energy removal

{ Parabolic | fo
e B —— collector at Tfo to PCU at Tsl

Trough  §
Coliector

: Fully mixed
store at ng

Fully mixed tank with
storage media
atT and{mC)

st pst

5, Enargy losses
< o ambient

Figure 30 Sensible heat storage with thermai ol

From references [35, 40 & 42}, the following equations for a well-mixed liguid, sensible
heat storage system, are obtained. The energy storage capacity of a liquid storage unit
at uniform temperature (i.e. fully mixed or unstratified) operating over a finite temperature

difference is given by:
O™ (mcp )St AT, (3.63)

where Q,, is the total heat capacity for a cycle operating through the temperature range

AT,

o »and (me) is the mass-specific heat product of the storage medium. For a non-

L4

stratified tank, as shown in Figure 30, an energy balance on the tank yields:

dT,
(mcp )s: _jL = Q” - QL —(UA)M (Tst mTamb) (3.64)
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where Q, and Q, are rates of energy addition from the collector and energy removal to
the PCU (load), UA is the heat transfer coefficient — area product of the storage tank, T,
is the temperature of storage medium, and 7, is the ambient temperature. Equation (3.64)
is to be integrated over time to determine the long-term performance of the storage unit
and the solar process. There are several possible integration methods, but Duffie &
Beckman (1091) [35] suggested using simple Euler integration (i.e. rewriting in finite
difference form and solving for the tank temperature at the end of a time increment).
Hence for a finite time interval Af, where the amount of heat addition and removal is

assumed to be constant, equation (3.64) can be written for each time interval as;

T3 =T, + 20, -0, ~(UA),, (T~ Tos)] (3.65)
(mC,),

whereby the temperature at the end of an hour is calculated from that at the beginning,
assuming that temperatures do not change during the hour. The terms Q, and Q, in
equaticn {3.64) are rates; whereas in eguation (3.65) they are integrated quantities for
the hour. In the case where the liquid flows directly intc and out of storage, and
assuming no temperature drop between storage tank and collector, i.e. the temperature
of liquid leaving the storage tank (7.} is equal to that entering the collector (T, then the

rate of heat addition to storage tank during the charging phase is given by:
Qu m[mcp) (Tfo “’"’7:;:) (3.66)
L

where (mcp] is the product of the specific heat and mass flux of fluid through the

[+

collector. Similarly, the rate of heat withdrawal by the load (Q,) during the discharging

phase can be expressed as:

QL = [i;?cp][l (Tst.ac: _Tbo) (3.67)
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where [m Cp) is the product of the specific heat and load stream mass flux through the
L

steam boiler, T, . is the actual storage temperature, and 7, is the fluid (oll) outlet
temperature at the exit of the boiler.

By applying equations (3.65) to (3.67), the charging and discharging processes
of the TES unit can be evaluated. In this study, an example of such an analysis is done
based on the following assumptions: (a) The usefut gain Q, is derived from a collector
similar in design to the EPC, {b) The heat withdrawal by the ioad Q, is equal to the heat
addition to the boiler Q, at rated power, (c) The storage medium is Therminol XP, (d) The
initial storage temperature T,, .., is assumed to be 100 °C at the start of the charging
phase, (e) The desired storage temperature T, ., i set at 250 °C, (f) The saturation
temperature in the steam boiler is set at 165 °C, and (g) The desired minimum storage
capacity Gy, ,, is set at six hours.

Table 6 shows the evaiuation of the charging and discharging processes of the
TES unit in the case of sunny weather condition. It is observed that when the collector
fluid outlet temperature attains 271 °C in eight hours of operation from 08:00 am t¢ 16:00
pm, the corresponding storage medium temperature can reach 255 °C. During the
discharging phase, the storage medium is assumed to exit the tanic at a constant
temperature. This is possible if the storage tank is assumed to be un-stratified, well-

fabricated & well-insulated, and the UA parameter is very small compared to the total

heat capacity of oil in the storage tank. When discharging at the actual storage

&

temperature T, .. of 255 °C, the load stream mass flux m, that is required to sustain
electricity generation at rated power is calculated to be 1,027 ka/r (0.285 kgfs).
Applying this hourly mass flux, the total mass of the load stream m, that is needed for a
Cp mn Of SiX hours is determined to be 6,163 kg. For practical reason, this value is
rounded up to 7,000 kg and this is the mass of storage medium m, that can be
charged during sunny condition to provide another 6.8 hours of electricity generation at

rated power.



Table 6 Charging and discharging processes of thermal energy storage (sunny)
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Charging Phase Discharging Phase
Time of T T, T, Hour of ~ Desired Actual
charge °c) °c) (°C) | discharge storage storage n; ;o my
temp temp
T s °c) Ty °C) {kghry  (kg)
08:00-09:00 137 100 119 1st 250 255 1027 i
09:00-10:66 160 119 140 2nd 250 255 1027
10:00-11:00 181 140 161 3rd 250 255 1027
11:00-12:00 202 161 182 4th 250 255 1027
12:00-13:00 222 182 202 5th 280 256 1027
13:00-14:00 240 202 222 6th 250 255 1027
14:00-16:00 267 222 240 7th 250 255 1027 \ 7? Qb
15:00-16:00 271 240 255 8th 250 255 1027 8217

Table 7 Charging and discharging processes of thermal energy storage {partly cloudy)

Charging Fhase Discharging Phase
Time of T, X T, | Hourof Desired Actual
charge ") o (&) (°Cy | discharge storage s o n; y | my
femp femp
T chgh 7 A c) {kgthr) (ko)
08:00-09:00 121 100 111 st 250 194 1135
09:00-10:00 135 111 123 2nd 250 194 1135
10:00-11:00 148 123 136 3rd 250 194 1135
11:00-12:00 161 136 148 4th 250 194 1136
12:00-13:00 174 149 161 5th 250 194 1135
13:00-14:00 185 161 173 6th 250 194 1135 -
14.00-15:00 195 173 184 7th 250 194 1135 7943 |
15:00-18:00 203 184 194 8th 250 194 1135 9078

Table 7 is similar to Table 6 but in the case of partly cloudy condition. The main

difference is that due to the lower radiation available, the temperature of the storage

medium can only reach a maximum of 194 °C after eight hours of charging. Hence
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during the discharging phase, the actual discharge temperature is 194 °C. This means

that a higher m, of 1,135 kg/hr (0.315 kg/s) and a total m; of 6809 kg is required to
maintain a Cy, .., of six hours. For a my, of 7,000 kg that is charged during partly cloudy
condition, it is possible to provide another 6.2 hours of electricity generation at rated

power.

3.4.4 Analysis of the Power Conversion Unit

In an actual power plant, the design of the power conversion unit (PCU) or
power block can be rather complicated, involving a series of preheating & reheating and
- other processes in order to increase the performance & themmal efficiency of the power
cycle. However in this study, the power cycle is analyzed in terms of an ideal Ranking

cycle in arder to highlight the principai processes of a basic steam thermal cycle.

: A%
S < o Working fluid uh (8
Boiler :; saturation curve # - ¥ pressure
3
N E .::.‘.i :
(4) 3
£ N\
e
F LYy
WP” 3 Pump i
|
|
H
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\\* o 2}
Q
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Figure 31 Flow diagram and T-S diagram of a Rankine cycle

The basic components of a Rankine cycle are shown in Figure 31 along with the
thermodynamic states of the working fluid. The processes of the reversible cycle are:
(@)1-2o0r1 -2 Adiabatic reversible expansion through the expander. The exhaust

vapor at 2 or 2’ is usually in the two-phase region.
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b}y2-30r2'~3 Constant iemperature and, being a two-phase mixture process,

constant-pressure heat rejection ((J, ) in the condenser.
(c)3-4 Adiabatic reversible compression by the pump of saturated liquid at
the condenser pressure, 3, to subcooled liguid at the boiler

pressure, 4.,

(d4-1ord4-1 Constant-pressure heat addition (@, ) in the boiler. Line 4-B-1-1"is

a constant-pressure line,

The Rankine cycle as shown is internally reversible so that the expander and pump are
adiabatic reversible and hence vertical on the T-S diagram; no pressure 10sses occur in
the piping so that line 4-B-1-1" is a constant-pressure line. The thermodynamic analysis

of the processes in the cycle on a unit time-interval basis is as foliow [34]:

L ° P . 36 .
Heat addition Q, =m(H,-H,)= LRGN (3.68)
npcu
Expander work W, = f;i(HI ~H,) = 9 (3.69)
M
Heat removal Q‘R = r;z(Hz—Hj,) (3.70)
Pump work W}p = 1;1(H4 ~H;) (3.71)
Net work AW, = ml[(H,~Hy)-(H, - H5)] (3.72)
Thermal efficiency  7,q, = Mf/"e’ QUK. ) ;) (3.73)
g, (Hy=1,)
= H -, (3.73a)

Hi _H3
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where:
P ed Rated power of electric generator, in kW
t Operation time of PCU, £ = 1 hour
7 peu Efficiency of PCU
O Mechanical energy from expander 1o electric generator
i} Hourly mass flux of fluid {or vapor)

H,, H, H,. H, Specific enthalpies of working fluid at positions 1 - 4 of Rankine cycie

For small units where the difference between P, & P, is not too large and H, = H, such
that the pump work is negligible compared with the expander work, then the thermal
efficiency of the Rankine cycle 7,,., may be simplified with little error to (H, - H/(H, -
H,) [34]. Hence, the overall efficiency of the power conversion unit 77, can be

caiculaied by:

peu = Neyele * e Mgen . (3.74)

where 77, and 77, are the efficiencies of the expander (engine) and electric generator
respectively.

In this study, the thermodynamic states (define by temperature T and pressure
P) of the working fluid at positions 1 o 3 of the Rankine cycle in the proposed BSPP are
assumed to be (165 °C, 7.0 bar), (95 °C, 0.85 bar) and (95 °C, 0.85 bar) respectively.
(This assumption is based on the work of Almanza & Lentz {2001) [30] who had studied
the production of electricity at fow powers with parabolic troughs using saturated steam
at 165 °C and 7.0 bar pressure). Assuming a 50% moisture content in the liquid-vapor
mixture that exit from the expander (engine), the corresponding enthaipies of the working
fiuid at positions 1 to 3 of the cycle are 2766.43 kJ/kg, 1633.24 kd/kg and 398.07 kl/kg
respectively (from water-steam tables [43]). Applying equation (3.73a), the thermal cycie
efficiency 77, is calculated to be 52.07%; substiuting into equation (3.74) and
assuming 77; = 50% & 7, = 90%, the overall efficiency of the PCU n,,, is determined

to be 23.43%.
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Using the above estimations and applying equation (3.68), the hourly heat

addition 0, needed by the steam boiler to enable the PCU to generate at the rated

power P, of 20 kW, is calculated to be 307.3 MJ. (Note: 20 kW, produced in one hour

is equivalent to an energy output Q,,.,, of 72 MJ). Similarly, by substituting Qp = 80

MJ/hr info equation (3.69), the corresponding hourly mass flux of steam m; needed by

the expander {(engine) to generate at rated power is found to be 129.7 kg/hr (0.036 kg/s).

Mechanical energy input into generator Q.E is obtained Dy dVIAING mur OY Tgen -

The steam boiler in the Rankine cycle is consisted of a submerged heat
exchanger (HX) in a water vessel. The HTF, usually a thermal oll, heats up in the collector
field & cools down in th@‘HX, producing vapor in the vessel. By equating the collector
useful gain O, with the boiler heat addition @, the oil temperature at boiler inlet T, that

must be maintained for generation at rated power can be calcuiated by (447

g, = % = FBFRUL (Tbi *—Tsat) (3?5)

2]

FeU,

mC,| exp| Udy /mC, | -1

where F, is the boiler heat removal factor and UAg is the overall heat transfer coefficient
in the boiler HX. In this instance, assuming no heat losses occur between the boiler and
the collector, T,, & oil temperature at boiler outlet 7,, can be equated with the collector
fluid outlet temperature T,, & inlet temperature 7, respectively.

By rearranging equation (3.27), the useful gain of the collector can be expressed as:

Q, =141, | (3.76)
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And from equation (3.28), g,=mC, (Tfo -—Tﬁ)

Similarly, the heat addition to the boiler can be expressed in terms of 7, and T, as:
QA :mcp (Tbi_];)o) (3.77)

Thus, by setting up a mass & energy transfer balance between the collector
and the steam boiler using equations {3.75), (3.76), (3.28) & (3.77), and substituting I,
with I o & Ly 40 in €quation (3.76), the optimal collector (aperture) area A4, needed
for eleciricity generation at rated power under sunny & partly cloudy conditicns can be
determined. Based on the evaluated optimal 4,, the suitable boiler's T, & T,, , and the
corresponding range of fluid mass fiux required to keep them constant for steady boiler

operation can be established.

3.5 Construction and Installation of Solar Parabolic Trough at SERT

As mentioned previously in Chapter 1, the School of Renewable Energy
Technotogy (SERT) installed a 50-m long parabolic trough collector at the Energy Park
{referred to as “EPC") to promote research on high temperature solar thermai technology.
This collector is cansidered o be the largest industrial-scale solar parabolic trough ever
to be built and tested under real solar conditions in Thaitand. The EPC forms the main
part of the solar trough test facility at the SERT that includes a feedwater lcop and a data

acquisition system to monitor the thermal performance of the collecior (Figure 32).



Figure 32 The complete EPC at the Energy Park
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The first step in the construction of the solar trough EPC begins with a study of

the physical characteristics of the LS-2 and LS-3 (LUZ system) collectors used in the

commercial SEGS plants. Whenever possible, some aspects of these characteristics

have been incorporated in the design of the EPC. Tabie 8 highlights some similarities

between the commercial LS-2 & LS-3 collector systems and the EPC at the Energy Park.

The solar trough EPC is designed to consist of eight elements or modules connecied in

series to form a complete solar collector assembly. Each module is comprised of the

following: 2 end-plates, 6 pairs of cantilever arm, 1 torque-box central frame, 10 piecss

of trough-base and 3 receiver supports (Figure 33). Each linear receiver is consisted of a

cylindrical absorber pipe and a glass cover.

Table 8 Main physical parameters of the LS-2, LS-3 and EPC

Collector type LS-2 LS-3 EPC
Aperture length {m) 471 99.0 48.0
Aperiure width (m) 5.00 576 5.00
Aperture area (m”) 235.5 570.2 240.0
Concentration ratio (geometric} 22.4 26.1 22.4
Focal distance {m) 1.49 1.71 1.71
Rim angie (degree) 79.9 802 72.3
Absorber diameter (m) 0.G7 0.67 0.07
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Figure 33 Each EPC collector module is consists of (a) endpiates; {b) torque-box
central frame ; (c) receiver supports; (d) cantilever arms; and

(e) trough-base

The reflective surface of the trough is composed of 80 highly polished anodized
aluminum facets mounted on the trough-base. The design of the central frame is based
on the “torque-box” model of the advance European-design “EuroTrough" which have
shown to provide better structural rigidity compared to the LS-2 and 1.8-3 collectors [45
& 46] (Figure 34). Once the design of the EPC has been determined, the next step is 10
consider the choice of material for the components of the collector assembly. Here again,
reference is made to the successful experience of the commercial LS~2 and LS-3
collectors. However, the final decision is usually based on a compromise between cost,
availability and acceptable quality. Table 9 shows a list of the essential materials that

were used to fabricate the main components of the EPC module.
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Table 9 List of material for main components of EPC module

Component Material

Absorber pipe Carbon steel pipe

Glass cover Borosilicate glass pipe

Receiver support Anodized aluminum

Reflective surface Qutdoocr grade, 0.5 mm thick anodized aluminum, reflectivity = 83%
Cantilever arm 3 mim thick, 38 mm square tubular mild steel

Torque-box central frame | 3 mm thick, 38 mm square tubular mild steel

Trough-base 3 mm thick aluminum sheet

Figure 36 Cantilever arm Figure 37 Assembly of cantilever arm &

framework
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Fabrication of the EPC can begin once the selection of materiai has been
finalized. A simple jig is fabricated based on the standard equation of the parabola.
Once the aperture width and the focal distance of the parabolic frough are determined,
the shape of the paraboiic curve can be formed (Figure 35). Next, the cantilever arms
supporting the trough and the torque-box framework are constructed and assembled
(Figure 36 & 37). This is followed by the placement of the trough-base and reflective
surface, and the partially-completed module is now ready for receiver alignment testing
{Figure 38). if the receiver ié well-aligned, an intense glow of light can be seen on the
underside of the receiver (Figure 39). On a sunny day, it is possible for the temperature
at the receiver to reach up to 175 °C or higher (Figure 40).

When all the individual medules are ready, they are transported to the Energy
Park at SERT and installed on-site (Figure 41). The fully-assembled solar trough is
oriented to operate on a horizontal north-south axis and tracks the sun by a mechanical

drive, from east to west, at an angular velocity of 15° per hour. Water is used as the

working fluid, and direct solar steam is cbtained at the exit of the collecter (Figure 42).

Figure 38 A partially-assembied moGuie Figure 39 Receiver under alignment testing
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Figure 40 Temperature measured at receiver  Figure 41 Installation of the EPC at SERT

Figure 42 Steam produced by the EPC collector

3.6 Data Collection and Measurements

The solar trough test facility is consisted of a closed-loop collector system
where the outlet end of the EPC is connected o its inlet end in a continuous circulating
flow manner. The steam or water-steam mixture that emerges from the collector is piped
to two storage tanks of capacity 10 m® each before it is pumped back into the collector
again. A computerized data monitoring and acquisition system supplied and instalied by
Yokogawa Electric Corporation makes up the rest of the solar trough test-loop as shown
in Figure 43. Table 10 shows a list of instruments of the monitoring system and the
parameters they measured. The location and installation of the pyrheliometer, flowmeter,

temperaiure and pressure transmitiers are illustrated by Figures 44-48.
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Figure 43 Solar trough test-loop with computer

system

Figure 45 Pressure sensor (P1)

Figure 44 Magnetic flowmeter {F1)

Figure 47 Vortex flowmeter (F2)

Figure 46 Temperature sensor (T1)
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Table 10 Instruments of the monitoring system and parameter measured

Instrument Manufacturer | Model Set Parameter measured
Pyrheliometer Kipp & Zonen | CH1 1 Direct solar irradiance
Magnetic flowmeter Yokogawa AXFA14G 1 Inlet fiow rate

Voriex fiowmeter Yokogawa DY 1 Outlet flow rate
Temperature transrnitter Yokogawa YTA 7 Temperature

Pressure transmitter Yokogawa EJAST10A 2 Pressure

Data recorder Yokegawa DX200 1 Data iogging

All the instruments are new and were pre-calibrated by the manufacturers. The accuracy
of the pyrheliometer is +/- 0.5% while the accuracies of the flowmeters, temperature &

pressure transmitters are +/- 1.5%, +/- 1.0% & +/- 1.0% respectively.

Figure 48 Temperature sensor (T2) Figure 49 Pyrheliometer





