
Chapter 5
Design and Simulation of Solar Thermal
Based Trigeneration System with 520 m2

Dish Collector

Manoj Kumar Soni and Aditya Soni

Abstract Use of solar thermal devices has proved a viable option for power genera-
tion in many countries that have abundant solar radiation throughout the year. Power
Tower and Parabolic Trough collectors are the most common and commercially
proven technologies in such solar thermal power plants. This paper presents the
design and simulation of 1 MWe solar thermal power plant in which the steam
is generated by Australian Nation University’s (ANU) 520 m2 solar parabolic dish
concentrators. The plant also powers a vapour absorption-chilling unit that uses steam
extracted from the turbine to produce a cooling effect. This paper discusses the design
of the power cycle, and through the simulation, estimates the annual power genera-
tion from the power block and tonnes of refrigeration produced by vapour absorption
chiller. Apart from the design of the power cycle, the layout of dishes is also designed
for maximum steam generation from the solar field. The waste heat from the vapour
absorption system may be used for low-grade heating applications.

Keywords Solar thermal power plant · Solar refrigeration · Tri-generation

5.1 Introduction

Energy is the major requirement in the development of any country. At the global
level, the demand for primary energy consumption is met mainly by fossil fuels,
which are the major contributor to global warming. In order to mitigate this, renew-
able energy sources which are inexhaustible is the key solution. Amongst various
renewable energy sources solar and wind have the major stake in world energy
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supply through renewables. As per ETP, 2015, these two sources have the poten-
tial to reduce 22% of annual emissions in 2050. In solar energy especially the solar
thermal in general and concentrating solar power (CSP) in particular has the poten-
tial to provide 7 and 25% of the world electricity by 2030 and 2050 respectively
(Ummadisingu and Soni 2011; Sunil 2017; Gakkhar et al. 2016; Soni and Gakkhar
2014; Sunil and Soni 2019).

India with a strong economic growth rate is one of the fastest developing
economies in the world. In order to sustain and accelerate this growth rate further,
the demand for energy will grow simultaneously. The supply of this required energy
should be secured, sustainable, affordable and environmental friendly also. For this
solar energy plays a very important role as India is blessed with 250–300 clear and
sunny days. Most part of the country receiving 4–7 kWh/m2 of solar radiation inci-
dent over India’s land area, which is equal to 5 trillion MWh per year energy (Sunil
2017; JNNSM 2009; Energy Technology Perspectives 2015).

5.1.1 Solar Power Generation

Solar energy is utilised to generate power in two different manners. First is the use
of Photovoltaic effect of light-absorbing materials, for example, silicone, to directly
generate electricity. The second way to utilise solar energy is to use the heat aspect
of the sun’s radiation as a thermal source of energy. In conventional thermal power
plants, coal is used to generate steam. Instead of burning coal, solar thermal energy
can be used to generate steam, reducing the carbon emissions from the power plant
drastically.

Major components of a standard thermal power plant are turbine, condenser,
pumps and boiler. In solar thermal power plants, the steam generation is done by solar
concentrators instead of boilers (Nayak et al. 2015). Auxiliary boilers are usually
present to provide backup thermal power for non-sunshine hours.

5.1.2 Solar Space Cooling

Producing cooling effect from solar thermal energy is possible through vapour
absorption refrigeration system (VARs). The VARs in common use are (1) aqua-
ammonia system with ammonia as refrigerant and water as absorbent, (2) water -
lithium bromide (Li Br) systemwhere LiBr is an absorbent andwater as a refrigerant.
Major components of such units include components like absorber, small pump,
generator, condenser, expansion device and evaporator. In VARs, the refrigerant gets
absorbed in the absorber, the strong solution is then pumped to generator raising its
pressure. In generator, the heat is supplied, which may through solar energy or any
waste heat available. Due to this heat addition, the solution of absorbent and refrig-
erant is heated. As it is heated over the boiling point of the refrigerant, the refrigerant
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gets separated from the absorbent. The refrigerant vapours are then condensed in
the condenser and the condensate is then throttled to the evaporator pressure and
then gets evaporated in the evaporator producing cooling effect. The refrigerant
produces a cooling effect in the evaporator and releases the heat to the atmosphere
via the condenser. Le Lostec et al. (2013) have done a numerical simulation of aqua
ammonia vapour absorption chiller and validated the results with the experimental
data.

5.1.3 Cogeneration

Cogeneration, also called Combined Heat and Power is a systematic way to draw
some minor fraction of steam from the turbine for an application that may require
heat (Sahoo 2018). In this paper, the steam required by the VARs chiller is taken out
of the turbine at an intermediate pressure.

Colonna and Gabrielli (2003) analysed an industrial tri-generation system
producing electrical power, heat and cooling. They analysed VARs with waste heat
recovery from internal combustion engines in the form of pressurized hot water,
which is then supplied to VARs for the cases of Italy and Netherlands. Behnam et al.
(2018) analysed a small-scale tri-generation systemwith a geothermal energy source
to produce power using organic Rankine cycle-based power plant, LiBr based VARs
and heat for desalination.

5.2 Design of Power Plant

5.2.1 Site Selection

The site under consideration is Muni Seva Ashram at Goraj, Vadodara. The site is
adjacent to the existing solar field of 100 Scheffler dishes. Dev river runs nearby
providing water to the ashram. Water from the same river is considered to be used
for running the power plant and its cogeneration elements after treatment. The utility
building of the ashram which houses a boiler, backup diesel gen-sets and centralized
refrigeration system is also adjacent to the site. The building has enough space to
house the turbine, condenser and auxiliary boiler unit. The site has ample solar
radiation for about 300 sunny days. The monthly average direct normal irradiance
(DNI) and monthly average temperature for the site have been shown in Fig. 5.1.
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Fig. 5.1 Monthly-averaged DNI and temperature data

5.2.2 Solar Field

The solar concentrators used in the system are solar generator 4 (SG4) BigDish,
developed by ANU (Lovegrove et al. 2011). These are 520 m2 parabolic dishes with
dual-axis tracking fitted with a high-efficiency receiver (Pye et al. 2016). Analysing
the solar radiation data, it is found that the site has the potential to provide optimum
solar energy from 8 to 16th h of a typical day. As the NREL data counts the hour
between 00:00 and 01:00 h as the zeroth hour, operation from 8 to 16th h will be
08:00–17:00 h, 9 h in total.

The layout of the dishes should be such that the adjacent dishes do not obstruct
and cast a shadow when the sun is on the horizon. For the location Elevation (α) and
Azimuth (γ) angles were calculated. It was found that between 8th to 16th h for each
day throughout the year, the smallest value of α is 14.10°. This was in the morning,
on the 8th h of 11th January. Corresponding γ angle was found to be 58.74°. The
parabolic dishes were arranged with this orientation in mind. At this orientation,
there should not be any shadow being cast on the adjacent dish. All other values of
α and γ will be so that they will not cast any shadow. For 1 MW output from the
system, the solar field designed consists of 14 SG4 solar dishes of 520m2 size will be
required considering designed DNI of 700 W/m2. Figure 5.2 shows the placements
of the proposed solar field near Muni Seva Ashram.

5.2.3 Design of Power Cycle

A power cycle is based on regenerative Rankine cycle with condensing turbine.
Turbine has two bleeds, one goes toVARs chiller and other to the deaerator. The bleed
to VARs depends on the cooling load requirements. Lower the demand more will be
the steam available for the turbine to generate power and condense. Figure 5.3 shows
the block diagram of the power cycle with VARs machine (VAM) and deaerator. The
steam from the solar field enters the turbine at 65 bar(a) and 360 °C. The isentropic
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Fig. 5.2 Placement of the proposed solar field near Muni Seva Ashram

Fig. 5.3 Block diagram of
power cycle with VAM
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efficiency of the turbine is considered as 60%. Though the proposed system is capable
of producing steam at pressure and temperature of the order of 160 bar and 500 °C,
the turbine inlet pressure and temperature were selected based on 1 MW turbine
available in the market. The first extraction of the steam at 8.5 bar(a) and 174.5 °C
with a flow rate of 360 kg/h is supplied toVAM, and second extraction at 4.76 bar(a) is
given to deaerator, remaining steam after expansion in turbine comes out at 0.2 bar(a)
and goes to condenser. The condensate from the condenser is then pumped to the
deaerator where it meets the condensate from VAM and extraction from the turbine.
The condensate from the deaerator is then pumped to the boiler pressure and sent
back to the solar field.
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5.2.4 Vapour Absorption Chiller Calculations

The existing requirement for cooling to be met at the ashram is about 80 tonnes of
refrigeration (TR) so a VAM chiller to provide 80 TR for space cooling is selected.
Looking at the daily temperature profile of the location, the maximum temperature
was found to be 45 °C. The required tonnage of cooling is reduced at lower temper-
atures, assuming that all the other factors that contribute as heat loads do not vary.
The VARs selected is a Double Effect VAM Chiller using LiBr-Water solution as
a refrigerant with an operating pressure of 8.5 bar(a) with the steam flow rate of
360 kg/h at full load.

5.3 Results and Discussion

The proposed system has been simulated using MATLAB and the results of the
simulation are presented in Figs. 5.4, 5.5 and 5.6. Figure 5.4 shows the monthly
average refrigeration supplied, and the results represent a total of 15870 TR, an
average of 43.47 TR each day of the year, with a peak in March, April and May
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Fig. 5.4 Monthly average refrigeration supplied (TR)
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Fig. 5.5 Monthly average electricity generation (MWh)
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Fig. 5.6 Cogeneration cycle efficiency (Fraction)

when it is verymuch in demand. Figure 5.5 represents themonthly average electricity
generation with a total of 2566 MWh of electricity generation throughout the year
with about 250 MWh per month for almost eight months. Figure 5.5 represents
cogeneration cycle efficiency, the results show that the system as a whole is expected
to work within the range of 25–28% efficiency, which is a very good performance
for the 1 MW scale power systems. The waste heat from the absorber and condenser
of VAM may be utilized for low-temperature heating applications like the supply of
hot water, or it may also be used for distillation application. Such a combined system
will give power, cooling as well as heat and hence tri-generation system.

5.4 Conclusion

This paper presents the design and simulation of 1 MWe solar thermal power plant-
based tri-generation system. This system is designed for the location of Muni Seva
Ashram, at Goraj, Vadodara in Gujarat, India. The data analysis shows that the
proposed site has sufficient DNI to run such a system.

The solar-based steamgenerator usingANU’s 520m2 solar parabolic dish concen-
trators is used in the proposed tri-generation system to supply steam at 65 bar(a) and
360 °C producing 2566 MWh of electrical power generation throughout the year.
The steam extracted from turbine powers a vapour absorption chilling unit to produce
15870 tons of refrigeration throughout the year with a peak in March, April andMay
when it is very much in demand. The proposed system is expected to work within
a range of 25–28% of efficiency. The waste heat from the vapour absorption system
may be used for low-grade heating applications.

Apart from the design of the power cycle, the layout of dishes is also designed
for maximum steam generation from the solar field.
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adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
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