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Chapter 1
State of the Art of Desalination Processes

Nomenclature

Acronyms

DE External diameter

DEAHP Double-effect absorption heat pump

DI Internal diameter

ED Electrodialysis

HTE Horizontal tube evaporator

IDA International Desalination Association

LT-MED Low-temperature multi-effect distillation

MED Multi-effect distillation

BF-MED Backward-feed multi-effect distillation

FF-MED Forward-feed multi-effect distillation

MVC-MED Mechanical vapour compression multi-effect distillation
PF-MED Parallel-feed multi-effect distillation

P/C-MED Parallel/cross multi-effect distillation

MED-TVC  Multi-effect distillation with thermal vapour compression
MES Multi-effect stack

MSF Multi-stage flash

MVC Mechanical vapour compression

OECD Organisation for Economic Co-operation and Development
RO Reverse osmosis

PSA Plataforma Solar de Almeria

TVC Thermal vapour compression

VTE Vertical tube evaporator

© Springer International Publishing Switzerland 2015
P. Palenzuela et al., Concentrating Solar Power and Desalination Plants,
DOI 10.1007/978-3-319-20535-9_1



2 1 State of the Art of Desalination Processes

Variables

GOR  Gain output ratio

PR Performance ratio

TDS  Total dissolved solids (mg/L)
TBT  Top brine temperature (°C)

1.1 Introduction

The integration of the desalination processes into Concentrating Solar Power Plants
(CSP+D) is nowadays the best alternative to solve simultaneously the water scar-
city problems and the depletion of fossil fuels. Most of the regions facing fresh
water shortages have high insolation levels and are located close to the sea, with
more than the 70 % of the world population living in a 70 km strip bordering the
sea. Therefore, the use of solar energy for the simultaneous fresh water and
electricity production is maybe the most sustainable solution. The combined pro-
duction can be made either by using electricity from the CSP plant for a mechanical
desalination process or by using the thermal energy to drive a thermal desalination
process. This chapter presents the state of the art of desalination processes more
suitable to be used in the simultaneous production of electricity and fresh water by
concentrating solar power and desalination plants.

1.2 Available Technologies for Large-Scale Seawater
Desalination

Many regions of the world are now suffering from water scarcity, and forecasts
suggest that this will reach a critical level within the first half of this century as a
result of a variety of factors, such as the increase in world population, living
standards and water resource contamination. Nowadays, around 25 % of the world’s
population has no access to fresh water, and more than 80 countries are facing water
scarcity issues serious enough to risk their economic development. Moreover,
climate change and climatic variability can have a dramatic impact on water
supplies, the most obvious being drought (US DoE 2006); this might even affect
countries that, as yet, are not experiencing problems. By 2030, 47 % of the world’s
population will be living in areas of high water stress, and more than five billion
people (67 %) may still be without access to adequate sanitation (OECD 2008).
Desalination is considered to be one of the most suitable options for tackling
these water scarcity issues. Of the 1.4 x 10> m® of water reserves on the planet,
97.6 % is salt water. Of the remaining 2.4 % of fresh water, only 1 % is in the form
of liquid on the earth’s surface and therefore available for human consumption—a
mere 0.024 % of global water resources (Manahan 1997). Seawater desalination is
particularly crucial for Middle-Eastern countries such as Saudi Arabia, the United
Arab Emirates and Kuwait (Alawadhi 2002). According to the International Desali-
nation Association, the worldwide contracted capacity of desalination plants has
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reached 90.1 x 10° m>/day. This is a rise of 1x 10° m*/day compared with
80.47 x 10° m*/day for the previous period (Pankratz 2014). Figure 1.1 shows the
total worldwide capacity by feedwater category.

The desalination process consists of separating salt water flow (seawater or
brackish water) into two output streams: the distillate (free of salts) or the permeate
(with a low dissolved-salt content) and the brine, which is a concentrated salt
solution. It is an endothermic separation process so it requires a considerable
amount of energy (see Fig. 1.2).

Desalination processes can be split into two main categories: (1) thermal pro-
cesses including multi-stage flash (MSF), multi-effect distillation (MED) and
mechanical vapour compression (MVC); and (2) membrane processes including
reverse osmosis (RO) and electrodialysis, which is limited to brackish water.

Desalination processes can also be classified into two other categories: first, by
the type of energy used in the process and, second, by the type of physical process
(see Table 1.1). Desalination process efficiency is characterised by the specific
energetic consumption, whether thermal or electric (or both), depending on the
energy source required.

Fig. 1.1 Available Pure water
worldwide desalination Was‘g’ater 4%
capacity based on feedwater

sources (Pankratz 2014) River water \‘
9%

Seawater

Brakish water 59%

22%

Fig. 1.2 Desalination Energy
process
Seawater or Desalination
brackish water > device > Fresh water

Brine
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Table 1.1 Desalination process classification (Valero et al. 2001)

Energy Process Method

Thermal Evaporation Multi-stage flash (MSF)
Multi-effect distillation (MED)
Thermal vapour compression (TVC)
Solar still

Crystallisation Freezing
Hydrate formation
Filtration and evaporation Membrane distillation
Mechanical Evaporation Mechanical vapour compression (MVC)
Filtration Reverse osmosis (RO)
Electrical Selective filtration Electrodialysis (ED)
Chemical Exchange Ionic exchange (IE)
1,06
1,05
1,04
1,03
1,02
1,01
R S —————————_______________ WS-
=
g 0,99
0,98
0,97
0,96
0,95
0,94
0'93b 10 20 30 40 50 60 70 80 90 100 110 120 130

Temperature (°C)

Fig. 1.3 Comparison of the gain output ratio (GOR) and performance ratio (PR) parameters as a
function of temperature

Besides this, in thermal desalination processes, efficiency can be determined by
two parameters: the performance ratio (PR) and the gain output ratio (GOR). The
latter is a dimensionless parameter defined as the mass ratio between the distillate
produced and the steam supplied to the system. The former is defined as the ratio
between the mass of distillate (in kg) and the thermal energy supplied to the process
normalized to 2326 kJ (1000 Btu) that is the latent heat of vaporization of water at
73 °C. This parameter is more general because it allows characterisation of not only
steam-driven processes but also those driven by the sensible heat of a thermal fluid.
Even though they are not strictly the same, the differences between PR and GOR
are very small, as seen in Fig. 1.3, which also shows that both parameters match at a
temperature of 73 °C.
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Fig. 1.4 Total worldwide NF/SR Other
ED/EDR/EDI 5o, ot
3%

installed capacity by

technology (Pankratz 2014) MED

7%

MSF
21%

Another typical parameter characterising desalination processes is the conver-
sion factor, which is defined as the ratio between the volume of distillate and the
volume of feedwater supplied to the plant. Thus, the lower the conversion factor,
the higher the specific electricity consumption is (as a result of higher pumping
requirements) and the larger the amount of chemical products used (for
pretreatment).

The most important industrial desalination processes are MSF, MED and
RO. The RO process has the highest worldwide installed capacity followed by
MSF. Figure 1.4 shows the total worldwide installed capacity, categorised by
technology, according to the IDA Desalination Yearbook 2014-2015 (Pankratz
2014). Although the MED process began before MSF and is more efficient from
a thermodynamic point of view, it was pushed into the background because of the
high working temperatures and the materials used (to increase capacity), which
caused scaling problems in the heat exchangers, thus decreasing performance.
These problems, together with those caused by corrosion, led to the abandonment
of MED as a thermal desalination process. However, over the last few decades,
technological development of MED processes at low temperature have made it
more competitive with respect to MSF technology. Examples of this are the
construction of large-capacity MED plants, such as the one installed in Marafiq
(Saudi Arabia) with a total production of 800,000 m3/day (27 units of 30,000 m>/
day each) (Pankratz 2009a).

The following subsections give a brief description of the most important desali-
nation processes.
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1.2.1 Multi-stage Flash

The MSF process is based on vapour generation from either seawater or brine as it
enters a chamber, called stage, which is at a lower pressure than its saturation
pressure. There is flash evaporation, produced instantaneously and violently. This
evaporation takes place until the saltwater temperature reaches equilibrium with the
stage pressure. Only one part of the water entering the stage is turned into steam
while the remaining part becomes more concentrated in salts. This process is
repeated in the rest of the stages, which are at decreasing pressures.

There is a heat exchanger in each stage, within which the vapour generated by
flash evaporation condenses, transferring its phase-change enthalpy to the seawater
or brine, which, in turn, is preheated on its way to the first stage. The preheated
seawater leaves the first stage, increasing its temperature to its maximum value (top
brine temperature, TBT) of 90-110 °C in a heat exchanger called a brine heater
(Buros 2000); this is the only element in the desalination process with an external
energy source. A heat exchanger of this type can use saturated vapour from either a
boiler or a power plant (via a steam turbine) at 0.7—1.7 bar (Baig et al. 2011). The
condensed steam from the outside part of the preheaters in each stage makes up the
plant’s distillate production. Figure 1.5 shows a scheme of the MSF evaporation
process with brine recirculation.

A vacuum system is used to remove the air and to make the generated steam
temperature in the stage correspond to its saturation pressure. This can be done by
steam ejectors, hydro-ejector or a vacuum pump. Such a system is also employed
for removing the non-condensable gases generated in the plant during the evapor-
ation process. If these gases are not removed, the presence of a gas film at the
interface reduces the partial pressure of the steam, heat transfer is more difficult and
the steam condensation temperature is reduced.

The MSF process is especially suitable for the desalination of poor quality water
(high salinity, temperature and pollution) because the system is robust enough to
tackle adverse conditions. Therefore, it is used more in regions such as the Persian
Gulf, particularly in Saudi Arabia, the United Arab Emirates and Kuwait.

Exchangers Stages seawater

.

Fig. 1.5 Multi-stage flash evaporation process
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MSF plants have been in use since 1950 (Buros 1980) and the Shoaiba 3 IWPP
plant has the greatest capacity at present. This plant is situated in Saudi Arabia and
has a fresh water production of 880,000 m>/day (Pankratz 2009b).

1.2.2 Multi-effect Distillation

In order to understand the MED process, the operation of a distillation plant with
only one effect (or stage) is shown first (see Fig. 1.6). The main components of this
kind of plant are the evaporator and the condenser or preheater.

The evaporator is the component in which the external heat source transfers its
thermal energy to the process. The heat source can be either a liquid or steam,
coming from a power plant or a boiler. The hot fluid (liquid or steam) transfers its
energy to the seawater that is being sprayed over the first tube bundle row
(feedwater), forming a thin film of water. The seawater is heated to its boiling
point, evaporating part of it. The vapour generated flows to the condenser through a
demister and there condenses, transferring its latent heat to the seawater circulating
inside the condenser’s tube bundle. The demister stops brine droplets mixing with
the generated vapour, or with the final product. Also, it prevents the condenser tube
bundle from being exposed to brine, thus avoiding scaling problems, tube corrosion
and, as a consequence, a reduction in heat transfer. Finally, the distillate
(corresponding to the condensed vapour) and the resultant brine (non-evaporated
brine and therefore more concentrated in salts than the original feedwater) are

Feed water
4
AR A R AR
Hot fluid CONDENSER
| EVAPORATOR .
7
‘ )f P Rejected
- \\ ./ Vapour seawater
~ 7| generated
Demister
Brine Distillate Seawater (cooling and

feedwater)

Fig. 1.6 Single-effect distillation plant
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Brine  Distillate

Fig. 1.7 Multi-effect distillation process

obtained as final products. The function of the cooling water in the condenser is to
remove excess heat added to the system in the evaporator by the heating steam. This
implies that the evaporator does not consume all the supplied heat, but does degrade
its quality. As shown in Fig. 1.6, the remaining seawater not used as feedwater is
discharged back to the sea. The distillation plant shown in Fig. 1.6 has a very low
performance, so, in order to improve this, several effects or stages are connected in
series to give place to an MED plant. In the MED process (see Fig. 1.7), the vapour
obtained from each stage is used as the heat source for the next, but at a lower
temperature and pressure than the stage before. Thus, there are simultaneous
evaporation and condensation processes in each stage, or effect, at decreasing
temperatures (and their corresponding saturation pressures). Only one external
heat source is needed for the MED process, which enters the first effect tube bundle
at the highest temperature. The vapour condensed inside each of the tube bundles
from the second to the last effect makes up the global MED plant distillation.

The vapour condensation produced in the last effect takes place in a tube bundle
located at the end of the process and called the end condenser. This is cooled by
seawater so the feedwater is slightly preheated before the beginning of the desali-
nation process. As an energy optimisation process, as the distillate and brine go
from one effect to the next, part of each evaporates by flashing because the
temperature of brine or distillate flowing from the previous effect is higher than
the saturation temperature of the subsequent effect (Soteris 1997). Finally, the brine
from the last effect is discharged to the sea.

The TBT in MED plants is 70 °C in order to avoid scaling and reduce corrosion
problems (Khawaji et al. 2008). This temperature also avoids the use of sophisti-
cated chemical pretreatments (as in the case of MSF) and only minimal antiscaling
is needed. Scaling is the accumulation of inorganic salts such as calcium carbonate,
calcium sulphate and magnesium hydroxide on the external surface of the tube
bundles. The solubility of these salts decreases as the temperature increases, so at
lower temperatures there are fewer scaling problems. Such plants are known as low
temperature multi-effect distillation (LT-MED) plants.
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MED processes require vacuum systems as do MSF processes. These can be
steam ejectors, hydro-ejectors or a vacuum pump.

The MED process can be configured according to the way the tubes in the tube
bundles are arranged, the seawater flow direction and the layout of the effects.

Tube bundles can be submerged tube evaporators, rising film vertical tube
evaporators (VTE), falling film VTEs, rising film horizontal tube evaporators
(HTEs), rising film HTESs or plate heat exchangers. In submerged tube evaporators,
vapour enters the tubes, which are surrounded by seawater. The first commercial
MED plants used these evaporators with two or three effects. The problems with
submerged tube evaporators were their low heat transfer and their high propensity
for scaling. The problems were overcome by maintaining a thin liquid film over the
exchange surface, as with VTEs and HTEs. In VTE systems, the brine is evaporated
inside the tubes and vapour is condensed outside. In HTE systems, brine is
evaporated outside the tubes and vapour condenses inside. Another type of heat
exchanger is that based on titanium plates; these were introduced to the industry by
the company Alfa Laval Water Technologies (Denmark) (Legorreta et al. 1999).
The exchangers consist of a number of corrugated titanium plates especially
developed for desalination. All the plates are similar; however, there are two gasket
configurations, one for plates forming the evaporator plate channels and another for
plates forming the condensing plate channels. A crosscurrent flow between vapour
and brine, crossing alternate channels, allows a high heat transfer coefficient.

Most MED plants have the falling film HTE configuration (El-Nashar 2000).
The falling film is formed by spraying the brine through nozzles or trays. The
condensation and evaporation processes on both sides permit high heat transfer
coefficients, especially in corrugated tubes. As the vapour enters one side of the
tube and the condensate leaves the other, the HTE configuration makes the
non-condensable gases flow outside the heat exchange area. In addition, it creates
stable operating conditions and decreases the residence time required for scale
formation (Nafey et al. 2006).

MED plants can also be classified by the seawater flow direction: forward feed
plants (FF), backward feed plants (BF) and parallel feed plants (PF). There are also
hybrid configurations such as parallel/cross feed (P/C) plants.

In FF-MED plants, both feedwater and vapour flow in the same direction.
Feedwater goes to the first effect (which has the highest temperature) then passes
through each subsequent effect until reaching the last, from which it enters the end
condenser. In BF-MED plants, feedwater and vapour travel in opposite directions.
Feedwater is directed from the end condenser to the last effect (which has the lowest
temperature) and then passes through each effect until reaching the first. The
problem with this configuration is that the highest brine concentration occurs in
the first effect, which is at the highest temperature, thus increasing the risk of scale
formation. Another disadvantage is that the seawater pumping from one effect to
another is at a higher pressure, increasing operating costs and maintenance as well
as increasing the incidence of air leaks through the pump connections (Breidenbach
etal. 1997). An advantage of this configuration is that it does not need preheaters so
the capital costs are lower. In the PF-MED plants, feedwater leaving the end
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condenser is split and distributed uniformly to each effect. The main advantage of
this configuration is its simplicity and the lower risk of scale formation compared
with the FF-MED and BF-MED configurations.

Most commercial MED plants are forward feed because the brine with the
lowest concentration is at the highest temperature (in the first effect) and that
with the highest concentration is at the lowest temperature (in the last effect).
This avoids the risk of scale formation (Morin 1993). Nafey et al. (2006) carried
out a thermo-economic analysis, comparing FF-MED and P/C-MED systems, and
found that the PR for the former was 42 % higher than for the latter. On the other
hand, it was shown that the energetic efficiency in the FF-MED configuration was
17 % higher than in the P/C configuration. As a result, the water cost for the
FF-MED was 40 % lower than for the P/C-MED configuration with the same
number of effects. In order to improve the FF-MED performance, seawater pre-
heaters can be used. They consume a fraction of the vapour generated in each effect,
meaning that the feedwater reaches the first effect at a suitable temperature.

Depending on the arrangement of the effects, MED plants can be horizontal or
vertical (multi-effect stack, MES). Higher capacity MED plants are generally
horizontal because of their stability and their operational and maintenance simpli-
city. Vertical MED plants have lower capacities. They can be a simple-stack
arrangement, in which the evaporators are piled one on top of the other, or a
double-stack arrangement, in which the effects are piled in two groups; for exam-
ple, the effects 1, 3, 5, etc. are piled on top of each other in one group, while effects
2,4, 6, etc. are piled on top of each other in another group, parallel to the first. The
main difference between horizontal and vertical arrangements is that, in the latter,
the brine flows under gravity from the effects at higher temperature towards the
bottom with no additional pumping between stages. Morsy et al. (1994) compared a
horizontal and vertical MED plant and found that the heat transfer area in the
horizontal configuration was roughly double that required by the vertical configur-
ation. The capital and maintenance costs of MES plants are lower than in other
designs because only one pump is necessary to feed the process. Other important
characteristics of MES plants are the lower occupancy area, higher heat transfer
coefficient and great stability in partial-load operation (Morsy et al. 1994). Gener-
ally, the thermal efficiency of the process and the operating and capital costs are
directly related to the number of MED plant stages: the higher the number of stages,
the lower the energetic consumption is and the higher the capital costs.

An example of the implementation of a vertical arrangement MED plant is at the
Plataforma Solar de Almeria (PSA). A pilot plant driven by solar energy was built
in 1988 within the STD Project (Solar Thermal Desalination, 1988—1994) frame-
work, the aim being to prove the technical viability of incorporating thermal solar
energy into desalination processes. The plant is a FF-MED plant with 14 stages. The
original first effect worked with low-pressure saturated steam (70 °C, 0.31 bar)
from a parabolic-trough solar field (Gregorzewski et al. 1991). An assessment of the
plant working as a LT-MED gave a PR of between 9.4 and 10.4 (Zarza 1994). In
2005, it was replaced by a newer version able to work with hot water as the heat
transfer medium (Alarcon-Padilla et al. 2007). The required heat for the first cell is
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Fig. 1.8 Multi-effect distillation plant, storage system and compound parabolic collectors solar
field at the Plataforma Solar de Almeria

provided either by a solar field composed of static compound parabolic collectors
(CPC) and a storage system composed of two tanks of 24 m> capacity or by a
double-effect absorption heat pump (DEAPH; using LiBr-H,O as absorption fluid)
manufactured by Entropie in 2005 as part of the AQUASOL project framework.
Assessment of the MED plant driven by hot water as the thermal energy source
gave a PR of between 10.5 and 11, with a TBT of 64—67 °C. These conditions were
the most optimal for the first-effect tube bundle (Blanco et al. 2011). Figure 1.8
shows the components of the AQUASOL system at the PSA.

The first commercial venture using MED was in Kuwait, with a three-effect
plant and submerged tube evaporators; however, the plant experienced serious
scaling problems. The plant was built in 1950 (Darwish et al. 2006).

The first MSF plant was installed in the 1960s, and became the prevailing
process because of the simpler process for elimination of salt precipitation than in
MED plants. At present, the thermal seawater desalination industry continues to be
dominated by the MSF process. However, in recent years, the MED process has
experienced significant developments and researchers predict that, in the near
future, it will dominate the thermal desalination market (Torzewski and Miiller
2009). MED process efficiency can be improved in one of two ways. The first way
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Fig. 1.9 Multi-effect distillation process with thermocompression

is to use compressed steam, whereby part of the steam formed in the MED process
is extracted from the plant, recompressed and then reintroduced into the first effect.
This steam compression can be thermal (TVC) or mechanical (MVC). The second
way is to increase MED plant output by coupling it to an absorption heat pump. In
industrial-scale MED plants, the process most commonly used to increase energy
efficiency is MED with thermal vapour compression (MED-TVC), using steam
ejectors (see Fig. 1.9). In this configuration, the compressor is a steam ejector (also
called thermocompressor), which is fed on the one hand by medium-pressure steam
(3-20 bar), called motive steam (which can come from a power plant or from a
boiler), and on the other hand by low-pressure steam, known as entrained vapour,
which is extracted by one of the MED plant effects and thus its pressure depends on
the effect in which the extraction is made. This mixture is introduced into the
ejector, creating a steam (called compressed steam) with pressure between those of
motive steam and entrained vapour, which is introduced into the MED first effect.
The relative flows of motive steam and entrained vapour depend on the respective
pressure values and on the convergent/divergent design of the ejector nozzles.
The integration of a steam ejector into a MED plant reduces the number of
effects necessary compared with LT-MED (for a required efficiency) because the
process is thermodynamically more efficient. This means that the thermal energy
required by the process (in the form of motive steam) to produce the same amount
of fresh water is considerably less. For the same number of effects, the GOR for the
MED systems can be increased by around 20 % by coupling to a steam ejector
(Morin 1993), resulting in GOR values of up to 16 (Amer 2009). Regarding specific
electricity consumption, this is lower in MED-TVC than in LT-MED because,
when extracting steam for recompression, the amount of seawater that has to be
pumped through the plant’s final condenser is less. Typical specific electricity
consumption values are found in the 1.5-2.5 kWh/m® range (Trieb 2007). The
first two commercial MED-TVC plants (with two effects in each unit) were
introduced in 1973 on Das Island (United Arab Emirates), with a 125 m’ /day
capacity (Amer 2009). The plant located in Marafiq (Saudi Arabia) is a
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MED-TVC plant and has a capacity of 800,000 m*/day (27 units of 30,000 m*/day
each) (Pankratz 2009a).

The PSA has also researched and developed MED thermocompression systems
with steam ejectors. For this, during phase I of the STD project, the coupling of
thermocompressors to the MED plant was tested. As a thermal energy source, high-
pressure steam was used (16-26 bar), generated from a small power plant coupled
to the parabolic-trough collector solar field. A small amount of this steam was
directed to a set of two ejectors placed in series, where the motive steam was mixed
with the steam extracted from cell 14 of the MED plant. Evaluation of this
configuration showed an increase in the PR with respect to the system with no
thermocompression, obtaining values of between 12 and 14 (Zarza 1994).

A steam ejector is like a heat pump, although it is a very inefficient heat pump,
given the physical nature of the process taking place in its interior. To improve PR
values, more efficient heat pumps can be coupled to the MED systems. During the
second phase of the STD project, a Double-effect absorption heat pump (DEAHP)
with LiBr-H,O was coupled to the MED plant to considerably reduce the specific
cost of distillate produced by the system. The heat pump was capable of supplying
200 kW of thermal energy to the MED plant at 65 °C. The desalination process used
90 kW of these 200 kW, while the remainder (110 kW) was recuperated by the heat
pump evaporator at 35 °C and pumped at an operating temperature of 65 °C. To do
this, the pump required 90 kW of thermal energy at 180 °C (10 bar absolute). The
result was a reduction in the energy consumption of the entire system from 200 to
90 kW (Zarza 1994). This 65 % reduction in thermal energy consumption led to an
increase in the PR value to 20 (Zarza 1994). More recently, within the AQUASOL
project framework, a new DEAHP prototype was developed (see Fig. 1.10). The
main difference with respect to the previous pump was that this second prototype
was designed to provide hot water to the MED plant’s first effect. This was an

Fig. 1.10 Double-effect absorption heat pump located at the Plataforma Solar de Almeria



14 1 State of the Art of Desalination Processes

Mechanical Steam ejector
t Non-condensable

gases

vapour
compressor .

1 Seawater
a—

Compressed
vapour

Brine  Distillate

Fig. 1.11 Multi-effect distillation process with mechanical vapour compression

attempt to solve the problems that had occurred in the STD project in extracting
heat from the pump when the MED plant was working with saturated steam. The
experimental evaluation of this coupling demonstrated its technological advance-
ment, achieving a PR of 21 (Alarcén-Padilla et al. 2007, 2008, 2010; Alarcén-
Padilla and Garcia-Rodriguez 2007).

MED plant evaporators can also be coupled to an MVC process (MED-MVC). In
this configuration, the steam extracted from the MED plant is compressed in a
mechanical vapour compressor and then used as a heat source in the first effect. The
vapour compression process increases the steam pressure and, therefore, its satur-
ation temperature becomes slightly higher (around 5 °C) than the vapour temper-
ature generated in the first effect. This temperature difference is necessary for heat
transfer in this effect (see Fig. 1.11). The advantage of the MED-MVC system is
that it does not need steam and only mechanical energy is required for the compres-
sion. Its main limitation is the minimal capability of the compressors to obtain the
steam needed in the MED plant, because its size is limited by the availability of the
entrained vapour flow rates. Another drawback is the high electricity consumption,
with values of between 8 and 15 kWh/m?> (Sidem Entropie 2008).

In 2000, MED-MVC units with six effects were developed with a capacity of up
to 5000 m*/day (Wangnick 2000). The capacity of these plants can be increased by
using a multi-stage compressor, reaching capacities of up to 10,000 m*/day (Ophir
and Gendel 2000).

Another option for augmenting MED plant yields is combining them with other
desalination processes to give “hybrid desalination systems”. Nafey et al. (2006)
described a combined MED/MSF system, where each module is formed by a flash
evaporator (MSF) and an evaporator where seawater is boiled (MED). The thermo-
economic analysis carried out by Nafey showed that the operating cost decreased
with an increase in the number of modules. However, the capital investment cost
also increased. A comparison between MSF (20 stages), FF-MED (10 effects) and a
hybrid MED-MSF system (10 modules) showed that the unitary production cost of
the hybrid system was 31 % less than the MSF system and 9 % less than the
FF-MED system.
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1.2.3 Reverse Osmosis

Osmosis is a special form of diffusion and occurs when two solutions of different
concentrations are separated by means of a semipermeable membrane. The system
allows diffusion of part of the dissolvent through the membrane, from the less
concentrated to the higher concentrated solution, until it reaches the so-called
osmotic equilibrium. The process can best be illustrated by considering two com-
partments separated by a semipermeable membrane, with pure water in one and the
same amount of salt water in the other (Fig. 1.12a). Because of osmosis, the pure
water penetrates the membrane but the salt does not pass through (Fig. 1.12b). As a
result, the liquid level in the compartment with the saline solution increases because
of the pure water flow, causing a reduction in its salt concentration. Once equili-
brium is reached, the difference in the levels observed corresponds to the
osmotic pressure value of the saline solution.

If an external pressure is applied to the saline solution that is greater than the
osmotic pressure, a physical phenomenon called reverse osmosis (RO) takes place
whereby water flows in the opposite direction to the natural physical process,
leaving the saline solution at a more elevated concentration (see Fig. 1.12c).

In an industrial RO process, a high-pressure pump is used to overcome the
osmotic pressure (see Fig. 1.13). In this way, part of the water (the permeate)
passes through the membrane, eliminating most of the saline ions. The rest of the
water, together with the remaining saline ions, is rejected at high pressure and
constitutes the brine. The greater the feedwater salt content, the greater the pressure
required in the high-pressure pump and the lower the conversion factor.

The lifetime of the membranes is from 3 to 5 years. Membranes are sensitive to
PH, oxidation, a wide range of organic compounds, algae, bacteria, deposition of
particles and fouling in general. Therefore, feedwater pretreatment is required prior
to the separation process in order to prolong the life of the membrane and prevent
fouling, as this is the main limiting factor in osmosis application.

a) b) <
Semi-permeable
membrane
1 5 ¢ |
o 2
L _| 5 4
oa
PURE SALINE PURE SALINE PURE SALINE
WATER SOLUTION WATER SOLUTION WATER SOLUTION
DIRECT OSMOSIS EQUILIBRIUM REVERSE OSMOSIS

Fig. 1.12 Explanation of the reverse osmosis process
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Fig. 1.13 Reverse osmosis plant

Fouling is the process by which a membrane suffers from decreased output as a
result of a physical and/or chemical change caused by the presence of any minority
component or contaminant in the fluid (Noble and Stern 2003). Membrane fouling
can occur for different reasons. One reason is that colloidal particulates stick to the
membrane surface. Fouling also occurs when the solution reaches saturation point
and produces precipitation of solutes such as calcium carbonate (CaCOj3), calcium
sulphate (CaSO,), iron(II) hydroxide [Fe(OH);] and silicon dioxide (SiO,) (Huang
and Ma 2012). Moreover, if biological agents are present, they can be absorbed or
adsorbed by the membranes (Noble and Stern 2003).

There are two types of seawater pretreatments used before passing water through
the membrane. The classic pretreatment consists of simple mechanical cleaning
using sieves, sand filters and filter cartridges to eliminate colloids, suspended solids,
impurities, particulates, etc. This cleaning procedure is combined with exhaustive
chemical treatments using chlorine to reduce fouling by biological agents and
antiscalants to eliminate salt precipitates. Both treatments need long operating
times, consume chemical products, degrade certain membranes and can cause
system corrosion (Madaeni and Samieirad 2010). To avoid these drawbacks,
there is another alternative: the use of ultrafiltration or microfiltration, both of
which result in greater output (Bonnélye et al. 2008; Brehant et al. 2002). The
difference between them is the membrane pore size, which determines the point to
which the dissolved solids, turbidity and microorganisms are eliminated. The
membranes used in microfiltration have a 0.1-10 pm pore size and are used to
eliminate sand, clay, algae and bacteria. Membranes used in ultrafiltration have a
pore size of 0.001-0.1 pm and are often used to eliminate sand, clay, algae, bacteria
and viruses. The advantage, therefore, of ultrafiltration and microfiltration methods
is that consumption of chemical agents is reduced (thus minimising environmental
impact) and greater elimination of bacteria is achieved (Chua et al. 2003; Ebrahim
et al. 2001; Vial and Doussau 2003). Furthermore, a recently used method
employed in seawater pretreatment was the use of nanofiltration membranes
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(Soteris 2005). These have an even smaller pore size than those mentioned above
(between 0.001 pm and 1 nm) and are used for the elimination of water hardness,
organic material and bacteria as well as for lowering the operating pressure of the
RO process by reducing the total dissolved solids in feedwater.

Pretreatment can have a significant impact on both the cost and energy con-
sumption of the RO process, although the main energy cost comes from pressuri-
sation of the saline solution. Because osmotic pressure is directly related to salt
concentration, the energy consumption is less in the case of brackish waters and,
as a result, membrane processes are more advantageous than thermal distillation
processes (in which the energy consumption is hardly influenced by the salt
concentration present in the feedwater). The operating pressure is in the 15—
20 bar range for brackish waters and 50-80 bar for seawater, depending on the
feedwater concentration (Khawaji et al. 2008). For example, for typical salt concen-
trations in the Atlantic Ocean, pressures of between 60 and 70 bar are
generally used.

Another factor that has a negative effect on RO membranes is concentration
polarisation. This refers to the concentration gradient of salts on the high-pressure
side of the RO membrane surface, which is created by the less-than-immediate
re-dilution of salts left behind as water permeates through the membrane. The salt
concentration in this boundary layer exceeds the concentration of the bulk water.
This phenomenon impacts the performance of the RO process by increasing the
osmotic pressure at the membrane surface. Moreover, given that the transfer of salts
is proportional to the concentration difference on both sides of the membrane, an
increase in the transfer is also produced. Another negative consequence is the
precipitation of low-solubility salts if their concentration at the boundary layer
exceeds the saturation point. To avoid this polarisation, turbulence in the feedwater
current should be increased by increasing the flow rate. The two most common
types of RO membrane used commercially are the spiral-wound membrane and the
hollow-fibre membrane (Malaeb and Ayoub 2011) because of their economic
efficiency (Kumano et al. 2008). They are both densely packed, which makes the
permeate flow high. However, they are also highly prone to fouling.

Hollow-fiber RO membranes are constructed of hollow tubes the size of a human
hair (42 pm internal diameter (DI), 85 pm external diameter (DE)). They are
arranged in a U-shaped group in a cylindrical bundle around a central tube through
which the feedwater is distributed. The ends of the fibres are inserted in epoxy resin
connected to the outlet. The salt water passes through the distribution tube and
across the outside of the fibres. Pure water passes through the membranes and enters
each of the hollow fibres. The permeate is collected at the open end (see Fig. 1.14).

Spiral-wound membranes consist of a semipermeable rectangular membrane
lamina folded in half in such a way that the active layer faces outwards, with a
porous support fabric inserted inside. The ends of the membrane are closed on three
sides to form a flexible envelope. Above the membrane’s active layer there is a
mesh, covered in distribution channels to spread the saline solution uniformly over
the entire membrane surface. The multi-layered envelopes are wrapped around a
central tube, forming a spiral configuration. The feedwater passes into the porous
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Fig. 1.14 Hollow-fiber module
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Fig. 1.15 Spiral-wound reverse osmosis module

fabric and through the membrane, accessing the perforated central tube where it is
collected and extracted from the system (see Fig. 1.15). The most commonly used
materials in RO membrane manufacture are cellulose triacetate and polyamide
(Khawaji et al. 2008).

The RO post-treatment process normally consists of pH adjustment, addition of
Ca and Na salts in the form of lime, elimination of dissolved gases such as H,S and
CO,, and disinfection.

Two advances that have helped to reduce RO plant operating costs over the past
decade are the development of membranes that operate more efficiently and for
longer (Jeong et al. 2007; Kumar et al. 2007; Smuleac et al. 2004; Wiesner and
Chellam 1999) and the use of energy recovery devices (ERD) (Childs and Dabiri
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1999; Duranceau et al. 1999; Gruendisch 1999; Leidner et al. 2012; MacHarg 2001;
Shumway 1999). ERDs reduce specific electricity consumption, which, when no
recovery measure is implemented, is in the 4-6 kW./m® range (Semiat 2008).

ERD systems are mechanical devices and generally consist of turbines or pumps
that recover the energy contained in the concentrated brine that leaves the mem-
branes at a pressure between 1 and 4 bar below the pressure at the high-pressure
pump outlet (see Fig. 1.13). The first design of an ERD appeared in the 1980s and
was based on centrifugal pumps and Francis, or Pelton, hydraulic turbines. These
systems resulted in specific electricity consumptions below 5 kWh/m> (Woodcock
and Morgan White 1981). Nowadays, such recovery systems have been abandoned
completely for work and pressure exchangers with isobaric, hyperbaric and even
hydrodynamic chambers, in which the energy contained in the brine is directly
transferred to the feedwater flow, which needs to be pressurised (see Fig. 1.16). As
Fig. 1.16 shows, the main high-pressure pump is backed up by a booster pump,
which reuses part of the energy of the discharged brine. The global efficiency of
these systems is around 94 %, and the specific electrical consumption of RO
systems with these devices can be as low as 2.5 kWh/m® (Penate and Garcia-
Rodriguez 2011a).

Between 2005 and 2008, the global contracted capacity for RO technology
increased from 2.0 x 10° to 3.5 x 10° m’/day (Penate and Garcia-Rodriguez
2012). The largest RO plant in the world is in Sulaibiya (Kuwait) and has a capacity
of 375,000 m*/day (Pankratz 2010).
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1.2.4 Comparison of Desalination Technologies

All of the previously shown desalination technologies are commercially available
and can be coupled to power plants for combined freshwater and power production.
However, the most favourable desalination process for this coupling needs to be
selected after comparing all possibilities. Once the preselection is complete,
detailed thermodynamic and economic analyses should be carried out at different
sites, leading to selection of the most appropriate desalination technology for
coupling to a concentrating solar power plant. Table 1.2 shows the main character-
istics of the presented desalination processes.

Comparing the desalination processes driven by mechanical energy, it can be
observed that the average electricity consumption for MED-MVC is twice that for
RO, and the investment is also greater. Moreover, MED-MVC has a volume
limitation of 3000 m?/day, making the system even more costly. Therefore, we
have discarded this option as a desalination process to couple with a concentrating
solar power plant. Despite RO having the greatest installed capacity to date, it has
the disadvantage of requiring certain sophisticated pretreatments in order to prolong
membrane life and prevent fouling, which is the main limiting factor for its
application in certain parts of the world. Thermal desalination processes, however,
need no pretreatments because they are very robust and require less maintenance.
Furthermore, another advantage of thermal processes is the possibility of obtaining
almost pure fresh water, with total dissolved solid (TDS) values below 10 mg/L. By
contrast, for RO, the water product has TDS values of between 200 and 500 mg/L

Table 1.2 Techno-economic data of the most common desalination processes (Trieb 2007)

Energy used Mechanical Thermal
Process MED-MVC RO MSF MED/TVC
State of the art Commercial | Commercial | Commercial | Commercial
Global capacity installed in 2004 0.6 6 13 2
(Mm*/day)
Thermal consumption (kJ/kg) - - 250-350 145-390
Electricity consumption (kWh/m?) 8-15 2.5-7 3-5 1.5-2.5
Plant cost ($/m>/day) 1500-2000 900-1500 1500-2000 900-1700
Commissioning period (months) 12 18 24 18-24
Production capacity per unit (m>/ <3000 <20,000 <76,000 <36,000
day)
Conversion factor 2341 % 20-50 % 10-25 % 23-33 %
Top brine temperature (°C) 70 45 90-120 55-70
(maximum)
Reliability High Moderate Very high Very high
Maintenance (cleaning/year) 1-2 Frequent 0.5-1 1-2
Pretreatment Very simple Difficult Simple Simple
Operation requirements Very simple Difficult Simple Simple
Quality of water product (ppm) <10 200-500 <10 <10
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(Bruno et al.,2008). Nonetheless, in RO processes, higher conversion factors are
achieved than in thermal desalination processes. In RO plants dealing with seawater
(with TDS values above 25,000 mg/L), conversion factors of up to 50 % are usually
achieved after the seawater has passed through a single membrane stage. Conver-
sion factors of up to 85 % can be reached by passing the seawater through various
modules placed in series (Verdier 2011). When using brackish waters (with TDS
values between 1000 and 10,000 mg/L), conversion factors in the 60-90 % range
are possible. In thermal desalination processes, conversion factors of only 10-33 %
are obtained.

In order to select the most favourable desalination process, a comparison of the
MED and MSF thermal desalination processes is given next. In both systems, to
avoid scaling the TBT is limited by the salt concentration. The salt precipitates are
usually calcium carbonate (frequently found in falling-film evaporators), magne-
sium hydroxide and calcium sulphate. Salt precipitate formation on the heat
exchanger surfaces reduces the heat transfer rate, leading to a reduction in evapo-
rator efficiency. Precipitation also provokes increased pressure loss in the tubes
through which the salty water circulates, making periodic plant shutdowns neces-
sary in order to remove it. Despite working at low TBTs, pretreatment is also
necessary before introducing water into the distillation plant. In the case of MSF
plants, the pretreatment carried out at the beginning of the operation consists of
acidification, deaeration and neutralisation. In spite of this pretreatment, plant
cleaning is required at least once a year because of salt precipitation on the
evaporator surfaces; this is normally carried out using dilute sulphamic acid
(Morin 1993). The water product obtained from the MSF process typically contains
2-10 ppm (mg/L) of dissolved solids (Khawaji et al. 2008), so remineralisation
(post-treatment) is advisable in order to obtain water for human consumption.

In MED plants, the most commonly used pretreatment in use at the moment is a
liquid solution based on polycarboxylic acid (Belgard EV2050, a well-known
commercial product) (Patel and Finan 1999). This is particularly effective at
preventing the formation of calcium carbonate precipitates and, moreover, has a
great capacity to disperse suspended elements present in the brine. As in the case of
MSF plants, MED plants also require cleaning at least once a year, for which dilute
sulphamic acid is usually used. For MED processes, the product typically contains
2-5 ppm TDS (Ophir and Lokiec 2005). Therefore, as with MSF, remineralisation
is required to produce drinking water.The GOR in MSF plants is directly related to
the temperature difference between the TBT and the lowest temperature at which
the seawater leaves the plant. In the MED process, the GOR is mainly influenced by
the number of effects in the plant, a parameter that is directly related to the
investment cost, because more stages require greater investment. On the other
hand, the number of effects is limited by the temperature difference between the
vapour generated in the first effect and the feedwater, as well as by the minimum
temperature difference between the effects (Ophir and Lokiec 2005). The lower the
temperature difference between effects, the higher the number of effects needed
and, therefore, the higher the GOR. Typical temperature differences in MSF plants
are between 2 and 5 °C (Khawaji et al. 2008) and GOR values are in the 8—12 range,
depending on the feedwater steam temperature (Semiat 2008). This process requires
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a considerable amount of thermal energy for the seawater evaporation process and
substantial electricity to pump the large liquid flows (feedwater pumps, auxiliary
pumps, brine and distillate pumps, pumps to recirculate the brine, as well as other
auxiliary pumps for pretreatment product dosing). Typical thermal consumption in
MSEF plants is between 40 and 120 kWh/m®. The specific electricity consumption in
these plants is in the order of 2.5-5 kWhe/m3 (Semiat 2008). The conversion factors
are between 10 and 25 %. In MED plants, the typical temperature difference
between effects is in the 1.5-2.5 °C range (Ophir and Lokiec 2005). Current
MED plants have GOR values ranging from 10 to 16 (Semiat 2008), which are
greater than those obtained in an MSF plant. Therefore, MED plants require less
investment cost than MSF plants because they need less heat transfer surface to
achieve the same GOR. The GOR obtained in this type of plant corresponds to a
thermal consumption of between 30 and 120 kWh/m? (Semiat 2008). Hence, the
MED process is more efficient than the MSF process from the thermodynamic and
heat transfer point of view. With regards to specific electricity consumption in
MED plants, this is in the order of 2-5 kWh./m>, mainly resulting from seawater
pumping. This consumption is independent on the salinity of the seawater, the
contamination or the temperature (Semiat 2008). The conversion factors for these
plants range from 23 to 33 %, although conversion factors up to 50 % are also
possible (Shemer 2011). In addition to the already-mentioned advantages of MED
over MSF, the operating temperature of a MED plant is lower than that of an MSF
plant, requiring lower-pressure steam when connected to the turbine outlet in a
concentrating solar power plant, thus maximising its use for power production prior
to being used in the desalination process. Therefore, in the present study, MSF
technology has been discarded as an option for coupling to a concentrating solar
power plant. The research work presented in this book is focused on combined
freshwater and power production using MED and RO desalination technologies.
Besides, the combination of both processes (MED and RO) can be attractive
because it can reduce the cost of both desalination and power generation (Ludwig,
2004). These processes are characterised by flexibility during operation, low spe-
cific energy consumption, low capital cost, high plant availability and a higher
electricity/water ratio than with MED technology. A study of this type of plant was
carried out by Messineo and Marchese (2008).
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Chapter 2
Combined Fresh Water and Power
Production: State of the Art

Nomenclature

Acronyms

PT Parabolic-trough

CSP+D Concentrating solar power and desalination
PSA Plataforma Solar de Almeria

RO Reverse osmosis

MED Multi-effect distillation

MSF Multi-stage flash

MED-TVC Multi-effect distillation with thermal vapour compression
SEG Solar electric generating station

Variables

DNI  Direct normal irradiance (W/m2)
LEC Levelised electricity cost ($/MWh)

2.1 Introduction

This chapter deals with the combined fresh water and power production by concen-
trating solar power (CSP) and desalination plants (CSP + D). First, the cogeneration
of electricity and desalinated water from conventional power plants is described to
provide a better understanding of the integration processes. Later in the chapter, the
CSP plant technologies available are described, focusing particularly on parabolic-
trough collectors. Finally, the latest studies related to CSP+D plants and the
existing refrigeration systems within CSP plants are expounded.
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2.2 Combined Fresh Water and Power Production
from Conventional Power Plants

Generally, an increase in demand for fresh water goes hand in hand with an increase
in demand for power. Given that both require a primary energy source, a compel-
ling and efficient option is the cogeneration plant concept for simultaneous fresh
water and power production; these are also called dual-purpose plants.

Figure 2.1 shows the basic layout of a cogeneration plant. Cogeneration is
defined as the procedure by which both electricity and useful thermal energy
(heat) are obtained simultaneously from the same fuel. There are two alternatives
for simultaneously generating fresh water and electricity, depending on the form
of energy required in the desalination process. In the case of a thermal desali-
nation process (e.g. multi-effect distillation [MED]), the steam at the turbine
outlet (exhaust steam) is used as the energy supply for the desalination process.
When the desalination process is driven by mechanical energy (e.g. reverse
osmosis [RO]), the electricity needed for the high-pressure pump comes from
the power plant. As can be observed, this latter case is not strictly a cogeneration
process.

This section reviews the power cycles used at the industrial level as well as the
state of the art in the fresh water and power cogeneration field.

2.2.1 Power Cycles

Power is produced through thermodynamic cycles; these can be steam or gas,
depending on the phase of the working fluid used in the cycle. In gas cycles, the
working fluid remains in the gas phase throughout the whole cycle, whereas in
steam cycles the working fluid stays in the steam phase for part of the cycle and in
the liquid phase for the rest. Four types of power cycle are normally used in power
plants: the Rankine cycle, the Brayton cycle, the Otto cycle and the Diesel cycle.
The Rankine cycle is used in steam cycles, whereas the rest are applied in gas
cycles. The Brayton cycle is generally used in industrial applications, whereas the
other two (Otto and Diesel) are applied in small-scale power production. The
Brayton cycle can be classified as either an open or closed cycle. In closed cycles,
the working fluid (air) returns to its initial state at the end of the cycle and is then
recirculated. In open cycles, the working fluid is refreshed at the end of each cycle
instead of being recirculated. In Fig. 2.2, an ideal closed Brayton cycle is shown
together with the corresponding temperature—entropy diagram (7—s) showing the
processes taking place in the cycle.

The thermal efficiency of the cycle is defined as the ratio between the net work
produced and the total heat delivered. In an ideal Brayton cycle, this efficiency
depends on the ratio between the pressure inside and outside the combustion
chamber, which is 40—45 % in an ideal cycle (Cengel and Boles 2007). However,
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in practice, as a result of irreversibilities, efficiencies of approximately 30 % are
obtained for a simple cycle. The simple cycle can be modified to achieve higher
efficiencies, as in the case of the Brayton cycle with regeneration, where the air
leaving the compressor is heated using a heat exchanger by the gases at the
turbine outlet (this being an open cycle). Such cycles can achieve efficiencies of
up to 37 %. Furthermore, Brayton cycle efficiency can be increased still further
(up to 55 %) using intercooling, reheating and regeneration. Figure 2.3 shows the
schema of an ideal simple Rankine cycle and its corresponding T—s diagram, in
which the different processes in the cycle are indicated. The efficiency of an ideal
Rankine cycle is around 43 % (Cengel and Boles 2007). As with the Brayton
cycle, however, the real efficiency of this type of cycle is usually around 36 % as
a result of irreversibilities. Power plants with steam cycles are responsible for a
large part of the world’s electricity production; thus an increase in cycle effi-
ciency could lead to great savings in fuel consumption. As with gas cycles, an
increase in thermal efficiency can be achieved by modifying the steam cycles. All
of the cycle modifications are based on an increase in the average temperature at
which heat is transferred to the working fluid in the boiler, or a decrease in the
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average temperature at which heat is rejected from the working fluid in the
condenser.

Modifying the steam cycle by adding a reheating process improves cycle
efficiency and also offers a practical solution to deal with the steam’s excessive
moisture content at the turbine outlet, which decreases the turbine efficiency and
erodes the turbine blades. A Rankine cycle with reheating differs from the simple
cycle in that the isentropic expansion process takes place in two stages (see
Fig. 2.4). In the first stage (the high-pressure turbine), steam is expanded isentro-
pically to an intermediate pressure and sent back to the boiler, where it is reheated at
a constant pressure, usually to the inlet temperature of the first turbine stage. The
steam then expands isentropically in the second stage (the low-pressure turbine)
to the condenser pressure. The reheating process improves the cycle efficiency by
4-5 % (Cengel and Boles 2007).

Another alternative for increasing Rankine cycle efficiency is to increase the
temperature of the liquid (called feedwater) at the pump outlet before it enters the
boiler. This is achieved by a regeneration process that consists of steam extraction
from the turbine to heat the feedwater. The device where this is carried out is called
the feedwater heater (FWH). There are two types, open or closed. Open FWHs are
basically mixers; the steam extracted from the turbine is mixed with the feedwater
leaving the pump (see Fig. 2.5). In closed FWHs, heat is transferred from the steam
extracted from the turbine to the feedwater without any mixing. The thermal
efficiency of these cycles increases linearly with increasing number of FWHs
used. However, there is an economic limit to the number of heaters. Efficiencies
in the 38—40 % range can be achieved with these types of cycles (Cengel and Boles
2007).
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The steam turbines used in Rankine cycles are classified (based on the exhaust
steam pressure) into condensing turbines and back-pressure (or non-condensing)
turbines. Both types can include steam extraction or steam bleeding in the inter-
mediate stages, from which the necessary steam for process heat is obtained. Back-
pressure turbines are more widely used in steam generation applications (cogener-
ation) and generate electricity by expanding the high-pressure steam to the required
pressure, using regulating valves to achieve the necessary conditions. Condensing
turbines operate in a similar way as the back-pressure turbines, but the steam
expands to a pressure lower than atmospheric pressure, directing the steam straight
to the plant condenser. These turbines are generally used in power plants whose
only purpose is electricity generation. Furthermore, in these turbines, part of the
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steam can be extracted, or bled, at one or various points around the turbine before
reaching the outlet to the condenser; thus they can be used in specific industrial
processes. Brayton cycles normally operate at considerably higher temperatures
than Rankine cycles. The maximum working fluid temperature at the turbine inlet is
approximately 620 °C for current power plants with steam turbines, compared to
more than 1425 °C for gas turbine power plants (Cengel and Boles 2007). Because
of these high temperatures, gas cycles have a greater potential for achieving higher
thermal efficiencies. However, the disadvantage is that the gas leaves the turbine at
a very high temperature (normally above 500 °C), which reduce the potential for
achieving higher efficiencies. Such efficiencies can be increased by combining gas
and steam cycles. Figure 2.6 shows a schema of this cycle, with its corresponding
T—s diagram. Here, the energy contained in the gases at the gas cycle outlet is
recovered by transferring it to the steam in the steam cycle using an energy-
recovery heat exchanger (also called a heat recovery steam generator). These
combined cycles are a very attractive option because power plant efficiency is
increased with hardly any increase in investment cost. Thermal efficiencies above
40-50 % can be obtained with these types of cycles (Cengel and Boles 2007).

2.2.2 Simultaneous Fresh Water and Power Production

The scientific literature is replete with works concerning the combined production
of fresh water and electricity, a research line that began more than four decades ago
(Clelland and Stewart 1966).

Among the first publications are important works published by Hornburg and
Cruver (1977) and El-Nashar and El-Baghdady (1984). In these studies, gas and
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steam turbine power plants were considered for power generation, along with multi-
stage flash (MSF) and RO desalination processes for fresh water production. Since
then, a significant number of studies have been published in this field. Some authors
have described and compared the alternatives of such a coupling. El-Nashar (2001)
presented different options for combining power plants with desalination plants.
Four of these options consisted of combining gas turbine power plants with MSF
desalination plants, and another two combined steam turbine power plants (back-
pressure or condensing turbines) with the same desalination process. Kronenberg
(1996) and Kronenberg and Lokiec (2001) evaluated cogeneration systems with
two low-temperature heat sources (waste heat from a diesel power plant and steam
coming from an existing power plant) feeding a low temperature MED (LT-MED)
plant. Kamal (2005) evaluated the benefits of integrating RO desalination plants
with existing dual-purpose plants in the Middle East. The dual-purpose plants
considered were comprised of a conventional coal-fired power plant coupled to
an MSF plant. Darwish and Al Najem (2004) presented the coupling of RO, MSF
and MED-thermal vapour compression (MED-TVC) with a combined cycle. In
order to reduce the cost of products and the environmental impact, Hosseini
et al (2012) dealt with a multi-objective optimisation for designing a combined-
cycle power plant and an MSF dual-purpose plant. As in the previous works, the use
of only one desalination technology was considered.

The combination of a power plant with two or more different desalination
technologies (hybrid systems) is another option of special interest. Hamed (2005)
presented a general perspective for the combination of a hybrid MSF/RO system
with power plants. Almulla et al. (2005) carried out the evaluation of a triple hybrid
system that included the integration of three desalination processes (MSF, MED
and RO) into a power plant. The use of other energy sources has also been
investigated for the cogeneration of fresh water and electricity. Various works
have been published in which the integration of MED, MSF, TVC, RO and hybrid
desalination processes into nuclear power plants were studied (Darwish
et al. 2009a, b; Al-Mutaz 2003; Manesh and Amidpour 2009; Ansari et al. 2010;
Adak and Tewari 2014).

Choosing the optimal configuration for fresh water and power production
depends on various factors such as the required power-to-water ratio, the cost of
fuel energy used in the desalination process, electricity sales, capital costs and local
requirements. Some authors have addressed economic analyses to evaluate the
weight of each of the cited factors. Hamed et al. (2006) analysed the impact of
variations in the fossil fuel prices, the amount of the fuel used and the local
requirements for a cogeneration plant consisting of an MSF plant integrated into
a steam turbine power plant. Kamal (2005) analysed the water costs for different
cogeneration schemes integrating a steam-turbine power plant with various desali-
nation technologies (LT-MED, MSF and RO). Rensonnet et al. (2007) analysed the
electricity costs for different combinations of a gas turbine power plant with MED,
RO and a hybrid RO/MED system. Yang and Shen (2007) carried out an economic
analysis to determine the energy cost for fresh water production from cogeneration
plants, which consisted of integrating MED-TVC plants into steam-turbine power
plants. On the other hand, Uche et al. (2001) published a thermo-economic
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optimisation of a cogeneration plant consisting of an MSF desalination plant
integrated into a steam-turbine power plant. This optimisation was based on local
optimisation of the different system units. Mahbub et al. (2009) made a detailed
thermo-economic analysis of different cogeneration plants composed of a
combined-cycle plant with MSF, MED, RO, MSF/RO and MED/RO systems.
Shakib et al. (2012) presented an optimisation study from a thermo-economic
analysis of a MED-TVC plant coupled to a gas-turbine power plant. Hosseini
et al. (2011, 2012) presented works based on the thermo-economic analysis of a
gas-turbine plant combined with an MSF plant.

Other authors have focused their research on the thermodynamic analysis of
cogeneration plants. Madani (1996) presented an analysis of a cogeneration plant
consisting of a desalination plant comprising direct contact multi-stage evaporators
integrated into a regenerative-cycle power plant with reheating, using seawater as
the working fluid and superheated steam as the heat transfer media. Wang and Lior
(2007) carried out a study of the energy, exergy and efficiency of integrated systems
that used gas turbines with steam injection to produce electricity and a MED-TVC
desalination plant to produce fresh water.

Bouzayani et al. (2009) analysed the efficiency of three systems that combined
an RO plant, which had an energy recovery system, and a steam-cycle power plant.
In one case, the energy recovery system was a pressure exchanger, and in the other
two, this recovery was carried out using a hydraulic turbine. The coupling of an RO
plant to a power plant was only mechanical in one case (the power plant providing
the necessary mechanical energy to the RO plant pumps) and thermal and mecha-
nical in the other two cases (part of the discharged heat from the power plant
condenser was transferred to the seawater). Luo et al. (2011) also analysed the
efficiency of a cogeneration plant. In this case, an innovative system that combined
a gas turbine power plant with a chemical recovery process and a MED-TVC
desalination plant was studied.

2.3 Concentrating Solar Power Plants

According to the last report from the International Energy Agency (OECD/IEA
2014), the global energy demand is set to grow by 37 % by 2040, but the develop-
ment path for a growing world population and economy is less energy-intensive
than it used to be. Furthermore, climate change, which is caused in part by
greenhouse gas emissions from the burning of fossil fuels, along with a slight
increase in their use, makes it almost mandatory to use renewable energies to
both satisfy energy demand and achieve a sustainable future energy supply.
In particular, solar energy is predicted to figure strongly because it is the energy
source with the greatest potential of all the renewable sources (Webber 2008).
This is the reason why electricity generation using concentrating solar power
(CSP) plants will play an important role in the future (Zachary and Layman 2009).



2.3 Concentrating Solar Power Plants 35

Some scenarios predict participation from thermal solar energy of about 11 % of
global electricity generation by 2050 (OECD/IEA 2014). The current projects under
construction estimate a power of 980 MW,, and projects for a total of 7500 MW,
have already been announced. A prominent project is the well-known Desertec
Industrial Initiative (Desertec Foundation 2010), which began in 2009. The aim is
to provide electricity to southern Europe as well as to the Middle East and North
Africa (these last two are grouped under the acronym MENA, Middle East and
North Africa) using the installation of CSP plants in desert regions.

All the technologies used in the generation of electricity using CSP plants are
based on concentrating solar radiation to obtain thermal energy at high temperature,
which is then used to generate electricity via conventional power cycles using
steam or gas turbines (or Stirling engines). To concentrate the solar energy, most
systems use glass mirrors with up to 95 % reflectivity, which constantly follow the
path of the sun using the direct normal irradiance (DNI). These technologies
demonstrate optimal integration in hybrid systems, combining with fossil fuels or
other sources of renewable energies. The advantage of CSP plants compared with
other systems that also use renewable energies (such as solar photovoltaic and wind
power) is that they can mostly replace the use of fossil fuel by oversizing the solar
collector field used to concentrate the solar radiation and storing part of the
generated energy in a thermal storage system. There are two types of concentrators:
those that concentrate the solar radiation at a focal point (central receiver and
parabolic dish systems) and those that concentrate the solar radiation onto a line
(parabolic-trough and linear Fresnel). Figure 2.7 shows the CSP technologies
mentioned, which are described in more detail below.

2.3.1 Parabolic-Trough Collectors

Parabolic-trough collectors consist of long U-shaped mirrors with a linear axis
tracking system. The mirrors reflect direct solar radiation along their focal line,
where an absorber tube is located. The receiver/absorber tube is made of steel and
has a selective coating that maintains high absorbance in the solar spectrum
wavelength range, but high reflectance in the infrared spectrum (i.e. it emits as
little as possible). In order to prevent heat loss to the ambient air, the absorber tube
is enveloped by an evacuated glass tube. A heat transfer fluid flows into the absorber
tube and absorbs the radiation that has been concentrated 30—100 times. The most
commonly used fluid is thermal oil, although the use of water/steam or molten salt
is also being researched (Fernandez-Garcia et al. 2010). In a CSP plant with
parabolic-trough technology (PT-CSP), once the fluid has absorbed the radiation,
it is used to generate steam in a heat exchanger at around 390 °C, which is then sent
to a conventional Rankine cycle to produce electricity. A hybrid operation is also
possible using all types of fossil fuels and renewables (Trieb et al. 2009).
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Fig. 2.7 Concentrating solar power technologies

Because of the variable nature of solar radiation, it is necessary to design the
collector field to generate more energy than the turbine can accept under normal
conditions. This excess of energy is used to charge the storage system, which
provides the required energy to the turbine during periods when there is insufficient
solar radiation (Tamme et al. 2004). The storage systems in the first PT-CSP plants
were based on two storage tanks, in which the heat transfer fluid also served as the
storage medium. This concept was demonstrated successfully in the first of the solar
electric generating systems (SEGS) plants (Winter et al. 1990). However, the heat
transfer fluid used in these PT-CSP plants was very expensive, greatly increasing
the total cost of scaling up the storage capacity. For this reason, a study was carried
out to evaluate the concept of molten salts as the thermal storage medium in
PT-CSP plants, using data from the solar tower plant “Solar Two”. The study
concluded that, given its characteristics and cost, this type of storage could also
be used in PT-CSP plants, with indirect storage in two molten salt tanks. It is an
efficient, low-cost storage medium and, moreover, the molten salts are neither
flammable nor toxic (Sandia National Laboratories 2008). This is the system
currently used in commercial plants, such as ANDASOL, the first commercial
plant with such technology in Spain (Solar Millennium 2009). The basic system
consists of circulating the oil through the collector solar field, then transferring its
thermal energy through a heat exchanger to the thermal storage medium, in this
case molten salts (see Fig. 2.8).
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One of the tanks is used to store the hot molten salts (the hot tank) and the other
to receive the cold molten salts (the cold tank). During the thermal storage charging
cycle, part of the oil coming from the solar collector field is sent to the oil—salt heat
exchanger. In this way, thermal energy is transferred from the oil to the salt stored
in the hot tank. During the discharge cycle, the salt and oil pathways in the oil—salt
heat exchanger are inverted and, therefore, the thermal energy is transferred from
the salt to the oil on its way to the cold tank.

Direct steam generation in parabolic-trough absorber tubes is seen as a promis-
ing option for increasing the economic efficiency of CSP plants (Eck and
Steinmann 2005) as they can reach higher temperatures and thus achieve greater
efficiencies (Trieb et al. 2009). Furthermore, the environmental risks from oil are
avoided, as well as the heat exchanger between the collector field and the power
cycle unnecessary. Within an European project framework carried out at the
Plataforma Solar de Almeria (PSA), the operation and control of this new techno-
logy has been successfully proven under transitory and steady-state conditions. For
this purpose, a loop 700 m length was constructed with a 5.70-m parabolic-trough
aperture, in which steam temperatures of up to 400 °C and pressures of 100 bar have
been achieved. The long-term objective is to heat steam to a temperature of 550 °C
and 120 bar and to develop a thermal storage system that matches this technology,
based on phase-change storage (Eck 2009).

Parabolic-trough systems dominate the global market in CSP plants. The first to
be installed using this technology were the SEGS plants in the Mojave Desert in
California (Pharabod and Philibert 1991). This was at the beginning of the 1980s
when plants with more than a 350 MW, capacity were put into operation. By the
middle of 2009, 95 % of the 560 MW, produced by CSP plants in the world
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corresponded to plants whose technology was based on parabolic-trough collectors.
Currently, parabolic-trough technology for the CSP plants is the one most widely
installed in the world (90 % of the total). These systems achieve solar—electric
conversion efficiencies of between 10 and 15 %, but have the potential of reaching
18 % in the medium-term (Trieb 2007). Solar—electric efficiency includes the
conversion of solar energy to thermal energy by means of a solar collector field
and the conversion of thermal energy to electricity using a power block. A maxi-
mum solar—electric efficiency of 21.5 % was measured in a 30 MW, plant in
California (Trieb 2007).

2.3.2 Linear Fresnel

In linear Fresnel systems, as with parabolic-trough collector systems, solar radia-
tion is concentrated onto a line and can be coupled to steam cycles for electricity
generation. These systems have been developed with the aim of attaining a simpler
design and at less cost than the parabolic-trough systems. The first prototypes have
shown promise and the first CSP plants that include this technology are currently in
the construction phase.

The collectors in a linear Fresnel system are made up of a large number of mirror
segments that can individually follow the path of the sun (see Fig. 2.7). Unlike
parabolic-trough collectors, the absorber tubes in the Fresnel systems are in a fixed
position above the mirrors in the centre of the solar field and, therefore, do not move
together with the mirrors as they follow the sun. The system can operate with oil,
water or molten salts. Current designs use water directly in the receiver tubes at
50 bar pressure and 280 °C, or alternatively molten salts (US DoE 2009). The
storage methods applicable for these systems are similar to those used for parabolic-
trough collector systems.

The steam cycle efficiency of linear Fresnel systems is less than that of
parabolic-trough collector systems because the steam temperature is lower. How-
ever, the Fresnel systems have certain advantages over parabolic-trough systems.
The Fresnel collectors have a lighter structure; those designed by Novatec-Biosol
are 80 % lighter per square metre (Trieb 2007). Consequently, such systems require
less investment and have lower operation and maintenance costs than parabolic-
trough collectors. Regarding the disadvantages, the simple optical design of the
Fresnel system means that the optical efficiency of a field formed by these mirrors is
less; therefore, approximately 33 % more aperture area is necessary for the same
thermal energy production compared with parabolic-trough collectors (Trieb 2007).
In terms of integrating the solar field into the environment, the Fresnel system has
considerable advantages over parabolic-trough collectors. The land use is far better
because less distance is required between mirrors. The aperture area of the collec-
tors covers between 80 and 95 % of the land required, compared with only 30 %
covered by parabolic-trough mirrors as a result of the considerable distance needed
between the collector rows to avoid shadowing. Therefore, the land-use efficiency
of linear Fresnel collectors is approximately three times greater than for parabolic-
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trough collectors (Trieb 2007). Taking into account that the Fresnel system has less
optical efficiency (about 67 % of that for a parabolic trough), the production per
square metre of land from this type of solar field is twice that of a parabolic-trough
field. This fact might be of little importance in isolated desert areas where land use
is not limited, but could be of relevance when it is integrated into a CSP plant in
industrial or tourist complexes, or near urban centres. However, this technology is
not as mature as parabolic-trough technology and it remains in the demonstration
phase. Two plants are currently in operation, with a total capacity of 6.4 MW...

2.3.3 Central Receiver Systems (Solar Tower)

Central receiver (or solar tower) systems use a large field of mirrors with solar
tracking on two axes (called heliostats) that reflect the sunlight onto a central
receiver located at the top of a tower. In the receiver, the concentrated solar energy
is absorbed by the working fluid that circulates around it, converting the solar
energy into thermal energy. Typical concentration factors fluctuate between
200 and 1000 (Trieb et al. 2009). The working fluid can be water or steam, molten
salts, liquid sodium or air. The concentration factors achieved are so high in these
systems that temperatures of 1200 °C can be reached (Alexopoulos and
Hoffschmidt 2010), which enables them to be integrated into steam, gas or com-
bined cycles (Price and Kearney 1999; Buck et al. 2000; de Lalaing 2001).
Moreover, these systems can be integrated into fossil fuel plants for hybrid oper-
ation, offering a great variety of options. Commercial solar towers also use molten
salts as the thermal storage medium, allowing the system to extend its operating
hours or increase capacity during periods when the electricity flowing into the
network is at a higher price. Furthermore, ceramic material can be used as the
storage medium (if the heat transfer fluid is a gas) or a phase-change medium (if the
heat transfer fluid is water/steam).

These systems can achieve high efficiencies when integrated into gas cycles,
and efficiency can even be increased using combined cycles, reaching cycle
efficiencies of up to 50 % (Trieb 2007). Moreover, they have the advantage of
being able to operate with natural gas during the start-up or when the solar
radiation is not sufficient, with a high fossil fuel to electricity conversion effi-
ciency. For large-scale plants, this technology has potentially fewer costs than
linear concentration systems as a result of the high working temperature and
pressure and, therefore, greater thermodynamic efficiency. This is particularly
important in dry refrigeration applications, which operate at elevated ambient
temperatures. In these cases, the high working temperatures used in the solar
towers means that the drop in power cycle performance is less than with the
parabolic-trough or linear Fresnel systems, in spite of the higher working temper-
ature in the condenser.
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Solar tower receivers can be tubular or volumetric. In tubular receivers, the solar
radiation strikes the tubes through which the heat-transfer fluid circulates. This fluid
can be water/steam, liquid sodium, molten nitrate salts or air. With water/steam, the
steam leaving the receiver is sent directly to the turbine to generate electricity,
without the need for a heat exchanger. Conversely, volumetric receivers absorb the
concentrated solar radiation in the interior of a porous body. Here, air is used as the
heat-transfer medium, which flows through the porous material and produces
convective heating. Creating air suction through the volumetric matrix, the con-
vective losses are negligible. As the gas passes through the absorber volume, its
temperature increases at the same time as the temperature of the material increases
with depth. Consequently, highest temperatures are reached in the inside of the
absorber matrix, thus minimising radiation losses. The porous material can be
metallic when working with temperatures of up to 800 °C, or ceramic when the
working temperatures are even higher (Fend et al. 2004). There are two main types
of volumetric receivers: open (or atmospheric) volumetric receivers and closed
(or pressurised) volumetric receivers. The first uses ambient air that is introduced
from the outside into the receiver. Once the air has been heated, it flows through a
steam generator in a Rankine cycle to produce electricity. The second type of
volumetric receiver is closed by a quartz window in which the pressurised air
coming from the compressor of a gas turbine cycle is heated (see Fig. 2.9).

At the PSA, an experimental pressurised volumetric receiver system was
installed and tested. This plant generated 230 kW, of electricity and temperatures
of 1050 °C were reached in the receiver, with pressures of up to 15 bar. The only
commercial solar tower plants are found in Spain. In Seville, there are two power
plants known as PS10 and PS20, whose capacities are 11 MW, and 20 MW,,
respectively. Both plants are based on water-steam tubular receiver technology.
There is also another tower technology plant located in Seville called Gemasolar,
which has a capacity of 19.9 MW, and uses molten salts both for storage and as the
working fluid inside the tubular receiver. Another characteristic of this plant is that
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Fig. 2.9 Solar tower coupled to a combined cycle
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the storage system is designed so that the plant can operate 24 h a day with only
solar energy on certain days of the year.

2.3.4 Parabolic Dishes

Parabolic dishes are made up of an arrangement of mirrors on a parabolic surface,
which tracks the sun on two axes in such a way that the focal point is always located in
the optical axis of the parabola. The reflective surface (the mirror) reflects the incident
solar radiation and concentrates it at the parabolic focal point, close to which the
Stirling motor is situated to directly produce electricity using a generator. A Stirling
motor is a thermal motor (with a cycle of the same name) that uses gas as the working
fluid. The advantage of these systems is the high concentration factors that can be
reached, between 1500 and 4000 (Kaltschmitt et al. 2007). In contrast to the systems
mentioned previously, parabolic dishes do not require steam generation because the
motor works with helium (it has also been tested with hydrogen). The characteristics
of these systems are their high efficiency, modularity, autonomous operation and great
potential to work with hybrid systems (with solar energy, fossil fuels or both). These
systems have proven their high solar-to-electric conversion efficiency (31.25 %)
(Moser et al. 2011). The modularity of these systems makes them ideal for isolated
systems. The technology is under development phase and its large-scale potential is
currently being evaluated. The systems with a Stirling dish have a relatively low
electricity generation capacity of less than 25 kW,. The technology has already been
shown to be capable of capacities almost up to 1 MW, (Braun et al. 2011).

2.3.5 Selection of the Concentrating Solar Power Plant

In principle, all the CSP plants presented above can be used to generate electricity.
However, the aim of the research work presented in this book is to select the most
favourable of these technologies regarding performance, cost and integration with a
desalination plant. Table 2.1 gives a comparison of the different types of CSP
plants.

As can be seen in Table 2.1, the maturity of point concentrating systems is not as
great as that for line concentrating systems. It is still uncertain whether central
receivers will be able to compete with line concentrating systems in the lower
temperature range (up to 550 °C) for steam generation. On the other hand, parabolic
dish systems only operate in the kilowatt range, so they could be applied for
decentralised, remote desalination but not for large-scale applications as presented
in this chapter. Until now, line concentrating systems have had clear advantages
over other systems as a result of lower costs, less material demands, simpler
construction and higher efficiency, making them the best candidates for CSP
coupled to desalination. Apart from the line concentrating systems, parabolic-
trough collectors have a better track record and reliability than Fresnel systems.
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Table 2.1 Characteristics of current concentrating solar power technologies (based on reference
(Fichtner and DLR 2011) except where indicated)

Concentration method

Characteristics Line concentrating system Point concentrating system
Solar field type Parabolic Linear Fresnel | Central receiver Parabolic dish
trough

State of the art Commercial Recently Commercial (Pitz- | Demonstration
commercial Paal et al. 2012) projects

Cost of the solar | 300-350 200-250 300-400 >350 (Trieb

field (€/m?) et al. 2009)

Investment costs | 3500-6500 25004500 4000-6000 6000-10000

(€/m?) for SM1- (SM1 only)

SM2?*

Typical unit size | 10-250 5-200 10-100 0.1-1

MW)

Peak solar effi- 21 15 <20 31.25

ciency (%)

Annual solar 10-16 8-12 10-16 16-29

efficiency (%) (18 projected) (15 projected) (25 projected)

Concentration 50-90 35-170 600-1000 up to 3000

ratio

Construction Demanding Simple Demanding Moderate

requirements

Operating tem- 350-415 270-450 550-1000 750-900

perature (°C) (550 projected) | (550 projected)

Heat transfer Synthetic oil, Synthetic oil, Air, molten salts, air

fluid water/steam water/steam water/steam

Thermodynamic | Rankine Rankine Brayton/Rankine Stirling,

power cycle Brayton

Power unit Steam turbine Steam turbine Gas, steam turbine | Stirling engine
Experience High Low Moderate Moderate
Reliability Long-term Recently Recently proven Moderate
proven proven
Thermal storage | Molten salts, Molten salts, Molten salts, con- No storage
media concrete, concrete, crete, ceramics, available
phase-change phase-change phase-change
material material material
Combination Simple Simple Simple Simple
with desalination
Integration into Demanding Simple Moderate Moderate
the environment
Operation Demanding Simple Demanding Simple
requirements
Land High Low High Moderate
requirements

“SM solar multiple
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Furthermore, large-scale power production is well proven in commercial plants.
Indeed, CSP plants using parabolic-trough collectors represent currently around
90 % of the world’s installed capacity, so the research work presented in this
book use parabolic-trough technology for CSP in combination with seawater
desalination.

2.3.6 Commercial Concentrating Solar Power Plants
with Parabolic-Trough Collector Technology

The major development in parabolic-trough collectors emerged in 1985 with the
design, commercialisation and installation of nine large CSP plants, known as
SEGS. These plants have a nominal power of 340 MW,. They were commercially
developed by a group of American, Israeli and German companies and were
exploited by the company Luz International Inc. (Los Angeles, CA, USA). These
plants were the first to prove the viability of parabolic-trough collector technology
to generate electricity, acting as the precursor for the current commercial develop-
ment in diverse parts of the world, and especially in Spain.

Of the nine new SEGS plants installed by Luz in California, eight are currently in
daily operation. A fire occurred in February 1999 in the first of the plants (SEGS-I),
which put it out of operation. Table 2.2 lists the location and nominal production of
all of these plants.

The nine SEGS plants constructed by the company Luz are located in the Mojave
Desert (southern California), and are thermally fed by parabolic-trough collectors,
also developed by the same company. The plants were designed to supply maxi-
mum power at peak demand, which means a low capacity factor (30 %) and a
number of hours equivalent to full-charge running between 2500 and 3000 h/year.
A further significant limiting factor is that the SEGS plants are designed to
correspond to federal regulations (US Federal Energy Regulatory Commission),
meaning that the consumption of fossil fuels in these plants (natural gas) is limited
to 25 % of the annual thermal energy input so that they can benefit from the feed-in-
tariff legislation regarding renewable energy use. Because of this, and because of
the elevated unit cost of thermal storage, these plants have low capacity factors.

The power block of the Californian SEGS plants is conventional. The thermo-
dynamic cycle used in the first plants was a Rankine cycle with no reheating,
whereas from SEGS-VI onwards a Rankine cycle with reheating has been used.
All these cycles are highly regenerative compared with the cycles in conventional
thermal plants, where it is not economically viable to have so many turbine
extractions. This difference is a common aspect in all CSP plants and it is a result
of the elevated investment costs associated with the plant’s solar infrastructure.
Any improvement in thermodynamic cycle performance means savings in
solar equipment.



44 2 Combined Fresh Water and Power Production: State of the Art

Table 2.2 SEGS plants overview

Plant Net capacity (MW,) Site Inaugurated
SEGS I 14 Dagget, CA 1984
SEGS I 30 Dagget, CA 1985
SEGS III 30 Kramer Jn, CA 1986
SEGS IV 30 Kramer Jn, CA 1986
SEGS V 30 Kramer Jn, CA 1987
SEGS VI 30 Kramer Jn, CA 1988
SEGS VII 30 Kramer Jn, CA 1988
SEGS VIII 80 Harper Lake, CA 1989
SEGS IX 80 Harper Lake, CA 1990

All of the Californian SEGS plants use oil as the heat transfer fluid and oil-water
heat exchangers, which limit the maximum cycle temperature achievable. Thus, in
spite of using highly regenerative cycles, the thermal efficiency is low (30 %)
compared with that of conventional fossil fuel plants. To overcome this limitation,
SEGS-I to SEGS-VII use a hybrid scheme that allows fossil fuel heat input to
increase the thermal efficiency of the cycle. However, this involves the use of a
boiler, which carries with it low functioning flexibility making coupling to the
solar field difficult.

There follows a brief summary of the main characteristics of the nine SEGS
plants (Garcia-Casals 2000).

SEGS-I Plant

The oldest of the SEGS plants had a nominal potential of 13.8 MW, working with a
regenerative Rankine cycle. It occupied a surface area of 90,000 m? and started to
work on 20th December 1984, costing $62 million. The solar field had a collector
surface area of 82,969 m* and comprised 560 collectors, installed in 140 parallel
rows. As shown in Fig. 2.10, the thermal oil (ESSO 500) was pumped from the cold
oil tank to be heated to 307 °C in the solar field and was then stored in the hot oil
tank. From there, the hot oil passed to the steam generator, producing saturated
steam at 36.3 bar. The saturated steam was reheated to 416 °C in a natural gas heater
before passing to the turbine, where it was expanded.

The hot and cold thermal storage tanks contained 3x10° L of oil, providing a
storage capacity of 140 MWy,, which allowed the turbine to keep running on full
charge for 3 h. The SEGS-I plant used first-generation collectors (model LS-1) and
had a small auxiliary gas heater available that was able to heat the oil in parallel
with the solar collector field. With these characteristics, the net thermal cycle
efficiency was around 29.6 %. As mentioned above, this plant is now out of service.
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Fig. 2.10 Operating layout of the SEGS-I plant in California

SEGS-II Plant

The SEGS-II plant began construction in February 1985 and went into operation in
December of the same year. It has a nominal power of 30 MW, and cost $95.6
million. The solar collector field covers a surface area of 165,376 m”. The type of
collector used is the LS-1, the same as in the previous plant. However, this plant
replaced the mineral oil used in SEGS-I by synthetic oil, allowing an increase in the
temperature at the solar field outlet from 307 to 316 °C. This synthetic oil, more
expensive than the oil used before, together with the power produced (double that of
SEGS-I) made the cost of investment in a storage system prohibitively expensive.
As can be seen in Fig. 2.11, this plant retained the use of a gas superheater to
improve the solar system’s steam characteristics. Moreover, the absence of a
storage system motivated the use of a hybrid scheme using a natural gas boiler in
parallel with the solar field, offering the possibility of running the plant solely on
fossil fuels and thus increasing reliability.

The thermodynamic cycle used in SEGS-II is a regenerative Rankine cycle with
no reheating. When running only with solar energy, the high-pressure steam
characteristics are even worse than in SEGS-I. Operating like this, the steam
temperature from the solar field is between 295 and 300 °C, the pressure remains
limited at around 27.2 bar and the cycle’s thermal efficiency is 26.7 %. However, in
either hybrid mode or running only on fossil fuels, the steam is generated at 510 °C
and 103 bar, increasing the net thermal efficiency to 33.9 %.

Such different steam characteristics made it necessary to have a high-pressure
turbine, fed exclusively from the auxiliary gas boiler, and a low-pressure chamber
fed from the solar system, in this case leaving the high-pressure turbine unused.
This cycle characteristic is repeated in the layouts of SEGS plants III-VII.
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Fig. 2.11 Operating layout of the SEGS II plant in California

SEGS Plants ITII-V

All of these plants have a nominal potential of 30 MW,, with a regenerative
Rankine cycle but no reheating, similar to SEGS-II. The novelty of these plants
was the incorporation of a new collector design (LS-2), which was bigger and more
economical than the LS-1 model. The construction of SEGS plants III and IV began
at the start of 1986 and they went into service on the 18th and 23rd December 1986,
respectively. Both had solar collector fields with a surface area of 203,980 m?. The
gas superheater from the SEGS-II plant design was eliminated, and the oil temper-
ature at the outlet of the solar field was raised. As a result of the improvements, each
of these plants generated 6 % more electricity than the SEGS-II plant.

The SEGS-V plant went into service in September 1987. Its configuration is
essentially the same as that of SEGS plants III and IV. The available solar field
collector area is 233,120 m”. Because the working temperature in these plants is
40 °C above that in the previous two, another type of thermal oil is used, Therminol
VP-1 by Solutia, which costs considerably more than ESSO 500. Although the
raised working temperature brings with it the inconvenience of a more expensive
oil, it has the advantage of achieving greater cycle efficiency (Fig. 2.12).

In these plants, the oil is heated in the solar collector field from a temperature of
250 °C until it reaches 350 °C. The hot oil passes into a steam generator with two
chambers, the evaporator and the superheater. In the evaporator, water enters at
177 °C and leaves as saturated steam at 259 °C. This saturated steam is superheated
in the second steam generator chamber up to a temperature of 330 °C and pressure
of 43.4 bar. The superheated steam passes through to the low-pressure turbine,
where it expands. The steam produced by the auxiliary boiler is expanded in the
high-pressure turbine.
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Fig. 2.12 Operating layout of SEGS plants III, IV and V

SEGS plants III, IV and V can run in three different operating modes:

¢ Feeding the turbine with steam coming from the solar system

¢ Feeding the turbine with steam only coming from the auxiliary boiler

e In hybrid mode, feeding the turbine simultaneously with steam coming from
both the solar system and the auxiliary boiler

These plants have an auxiliary oil boiler (15 MW,,) to protect the solar field from
the dangers of ice and to produce steam for the turbine overnight.

SEGS Plants VI and VII

Starting with SEGS plant VI, the Luz Company incorporated improvements in the
design of the parabolic-trough collectors, resulting in an increase in the oil temper-
ature at the solar field outlet up to 395 °C. Other design improvements were also
implemented, such as the introduction of a reheater in the regenerative Rankine
cycle. SEGS plants VI and VII have the same layout and the solar collectors are also
LS-2 type.

The hybrid layout chosen was the same as that for SEGS plants II-V, with a gas
boiler in parallel with the solar field, as can be seen in Fig. 2.13. The power of these
plants was 30 MW...

The higher oil temperature at the solar field outlet allows the thermal cycle to
generate steam at much higher pressures (100 bar instead of the 43.4 bar in SEGS
plants III, IV and V). The reheating process also eliminates the problem of droplet
presence in the steam leaving the turbine, which can damage the turbine blades.
These conditions, together with use of a specially designed turbine developed by
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Fig. 2.13 Operating layout of SEGS plants VI and VII

Asea Brown Boveri, led to an increase in overall thermal efficiency of 23 %. There
is also an auxiliary boiler in these plants able to produce reheated steam at 510 °C
and 100 bar to feed the high-pressure turbine.

SEGS plants VI and VII can operate in three different modes, solar, conventional
and hybrid:

* In solar mode, the high-pressure turbine is fed with superheated steam at 371 °C
and 100 bar produced in the steam generator, which is fed with oil heated to
395 °C from the collector field. After being expanded in the high-pressure
turbine, the steam is reheated in the reheater to 371 °C and 17.2 bar, which
again is fed by oil coming from the collector field. This reheated steam is
expanded in the low-pressure turbine, where it is recondensed before passing
again to the preheater of the steam generator, thus closing the cycle. Under these
conditions, the thermal efficiency is 34.1 %, which is considerably better than
previous attempts.

e In conventional mode, the auxiliary boiler produces superheated steam at 510 °C
and 100 bar, which is expanded in the high-pressure turbine. Then, the steam
again passes to the auxiliary boiler where it is heated to a lower pressure. This
reheated steam is then expanded in the low-pressure turbine, where it is finally
condensed before passing again to the auxiliary boiler starting the cycle.

e In hybrid mode, the turbine is fed simultaneously with steam produced both in
the auxiliary boiler and from the steam generator fed from the solar collector
field. This operating mode is used during peak electricity demand to keep the
turbine running at full charge. Under these conditions, the thermal efficiency is
35.9 %.

By having just one operating pressure in both modes (fossil fuel and solar), the
high- and low-pressure turbines are used in all cases. Thus, the high-pressure
turbine is not unused when operating only in solar mode.
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SEGS Plants VIII and IX

Starting with the construction of SEGS VI and VII, the company Luz International
began developing 80 MW, plants. This size of plant not only has the advantage of
economy of scale but also improves the plant’s operation as well as significantly
reducing operating and maintenance costs. As a consequence, the increase in size
provided a 25 % reduction in the cost of electricity generated. The first 80 MW,
plant was SEGS-VIIL. Its construction began on 5th April 1989 and it went into
service on 28th December of the same year. The two gas boilers of the SEGS V, VI
and VII plants were replaced by a single boiler in parallel with the solar field, thus
simplifying the layout of the plant. The advantage of this type of hybridisation is
that it uncouples the power cycle from the solar part of the plant, providing steady-
state conditions at the outlet of the solar/fossil system. The SEGS-IX plant went
into service in 1990 and was the last plant installed by Luz before the company
ceased operation in 1991. Although Luz had projects at quite advanced stages for
four further plants, the company’s financial bankruptcy meant they were never
realised.

In SEGS plants VIII and IX (Fig. 2.14) there is no steam-to-gas reheater and the
turbine has two bodies that work with steam at 371 °C/104 bar and 371 °C/17 bar,
respectively. The thermal oil is heated in the solar collectors up to approximately
390 °C, being divided beforehand into two parallel circuits. In one of the circuits,
the oil passes through a superheated steam generator and preheater (placed in
series) that generate steam at 371 °C and 104 bar. This steam is expanded in the
first turbine body and then passes to the reheater, which is thermally fed by the other

Steam at 104 bar/371 °C

Qil at 390 °C Superheater Steam Turbine

— =]

Steam generator

Solar <
field

Condenser

S

Auxiliary gas %

<

Oil at 295 °C

\ Steam at 17 bar/371 °C

Reheater

Expansion tank

Fig. 2.14 Operating layout of SEGS plants VIII and IX
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hot oil circuit. In this way, reheated steam is again obtained at 371 °C and 17 bar.
Under these conditions, the net thermal efficiency reached is 34.2 %, running either
on solar or hybrid/fossil fuel. During the months of June, July, August and
September, the auxiliary gas boiler is used to keep the turbine running at full
capacity during peak demand. For the rest of the time, the turbine is only operated
using the solar system.

Research and development took place both on the design and improvement of
solar collector field components as well as on integrating the power system to allow
the technology in large-scale commercial plants to compete directly with conven-
tional power stations. Thanks to this effort, the cost of the solar field per unit area
was reduced by 75 % and the thermal performance of the solar system increased by
8 %. After the extensive development of CSP plants that occurred in the 1980s,
fossil fuel prices dropped to a quarter of their initial price so no further CSP plants
were built for the next 15 years. Currently, commercial activity has re-ignited in this
sector with the construction of new plants. In the next section, two representative
examples of modern commercial plants are described.

Andasol Plant

Andasol is a solar complex in the province of Granada, Spain, consisting of three
CSP plants called Andasol 1, 2 and 3, fed by parabolic-trough collectors. It is
expected to be the largest solar CSP plant in Europe, covering more than 202 ha and
generating 179,000,000 kWh of electricity a year, operating solely in solar mode.

On 20th July 2006, construction began on Andasol-1 (Fig. 2.15) with a capacity
of 50 MW.. This plant uses synthetic oil as the heat-transfer fluid and has a collector
field aperture area of approximately 510,120 m?, with loops of SKAL-ET para-
bolic-trough collectors and indirect storage in molten salt tanks with a capacity of
7.5 h at full load. This fact, along with the large field size (the solar field is capable
of supplying twice the thermal energy that the turbine can absorb) makes it possible
to better control power generation and allow energy to be sent to the electricity grid
according to demand.

Nevada Solar One Plant

Nevada Solar One is the largest CSP plant built in the USA since the last SEGS
plant in 1991. Owned by Solargenix and Acciona, it has a nominal capacity of
64 MW, and generates more than 130,000 kWh annually. The plant comprises
357,000 m? of second-generation Solargenix (SGX2) parabolic-trough collectors,
developed by Solargenix and NREL. The absorber tubes used were supplied by
Solel in Israel (30 %) and Schott in Germany (70 %). Flabeg Solar provided the
reflector mirrors, although the company also installed other mirror models for
testing. The power block consists of a regenerative Rankine cycle with reheating.
The turbine was supplied by Siemens. As the State of Nevada only permits 2 % of



2.3 Concentrating Solar Power Plants 51

Fig. 2.15 Solar field of the Andasol-1 plant

Fig. 2.16 Nevada Solar One CSP plant

fossil fuel hybridisation, the auxiliary natural gas boiler is very small and is
basically used to avoid oil solidification. It is for this reason that the system has a
30-min storage capacity, which serves to minimise transitory effects. Figure 2.16
shows an aerial view of the plant.
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2.4 Combination of CSP and Desalination Plants

Seawater desalination demands a great deal of energy and, with the looming energy
crisis caused by the end of the petrol era, it is predicted that water shortage problems
will be greater in the short to medium term. On the other hand, most of the regions
facing severe water deficits also have high levels of solar radiation and are near the sea
(Blanco et al. 2009). Such is the case in the Mediterranean and the Arabian Gulf areas,
both of which are experiencing ever-greater water shortage problems. The Arabian
Gulf region in particular has substantial potential to develop and implement CSP
plants, given the high solar radiation levels it receives. The cogeneration of water and
electricity using solar energy (CSP + D) offers one of the most sustainable solutions,
because this concept can potentially resolve both water and energy problems in parts
of the world that are arid or semi-arid (Blanco et al. 2010). These systems are of
considerable interest as they offer a reduction in both the water and electricity
generating costs compared with individual solar plants. Furthermore, costs can be
optimized by using the infrastructure better and benefiting from the economy of scale
from the steam turbine (Blanco et al. 2009). Another advantage is the reduction in
greenhouse gas emissions from fresh water production, as most desalination plants
currently in operation use fossil fuels as the energy source for the desalination process.
As an important preventative measure, the use of these systems can help to mitigate
existing national and international conflicts caused by water and energy shortages, and
can reduce potential economic risks related to the increase in non-renewable fuel costs
(Trieb et al. 2001; Weinrebe et al. 1998).

As mentioned before, RO and MED processes have been selected as the most
promising desalination technologies for coupling to CSP plants using parabolic-
trough collector technology. In the thermal desalination process (MED), the steam
coming from the turbine outlet is used as the energy source for the desalination
process. In this instance, the CSP plant should be situated as close as possible to the
desalination plant because the low steam density exiting the turbine makes it
necessary to have large diameter pipes through which the steam flows towards
the desalination plant. On the other hand, if the desalination process is driven using
mechanical energy (RO), the electrical energy needed to pressurise the salt water
comes from the CSP plant and the CSP plant and the desalination plant can be
situated in different places. The preference for a desalination system using evapor-
ation or a system driven by mechanical energy coupled to a CSP plant depends on
various factors, such as the electricity/water ratio required, the cost of the energy
needed in the desalination process, electricity sales, investment costs and the
requirements at the time of designating the location for this type of system (Mussati
et al. 2003). However, there are many technological aspects of these integrated
systems that remain problematic. For this reason, research and development as well
as demonstration activities are necessary to define the best possible cogeneration
concepts and layouts.

One such aspect is the cost and availability of land in cases where the CSP plant
is situated in areas close to the sea. Furthermore, in such areas, the DNI value is
normally less so it is preferable that these plants are as far from the coast as
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possible. CSP + D coupling can also involve a reduction in the efficiency of the CSP
plant as a result of, on the one hand, the plant’s RO electricity consumption and, on
the other, less efficient turbines in the case of MED because a higher steam
temperature is required at the turbine outlet. Other aspects to bear in mind are the
high water consumption necessary in the CSP plant, both in the cooling system
(in the case that it is wet cooling) and for mirror washing, as well as the reduction in
electricity generation that a dry cooling system involves.

Solar energy, and indeed renewable energy sources in general, are resources that
typically vary depending on the weather. This is a problem for desalination plants
because they need to be operating continually, even when working at partial load.
Therefore, a techno-economic analysis that accommodates this, and other aspects, is
necessary in selecting the best alternative for producing fresh water and electricity
safely and sustainably. Such an analysis is carried out in the research work presented in
this book, focusing on the Mediterranean and the Arabian Gulf regions. Although no
CSP+D plant yet exists, a bibliographic revision of the scientific literature has
allowed us to identify a series of theoretical works dealing with the coupling of
desalination units to CSP plants. The first works on the subject were published by
Triebetal. (2002, 2009), and Trieb and Miiller-Steinhagen (2008), who researched the
possibility of combining CSP and desalination plants in the MENA region and
southern Europe. In these works, the authors concluded that CSP+D systems are a
safe and sustainable solution, capable of addressing the growth deficits present in these
regions. Other works have demonstrated CSP + D potential in specific locations, such
as the Gaza Strip (Hamdan et al. 2008), New Mexico (Téllez et al. 2009), Oman (Gastli
et al. 2010), south-east Spain (Palenzuela et al. 2011a) and Abu Dhabi (Palenzuela
etal. 2011b). Economic studies have also been reported. Olwig et al. (2012) performed
a techno-economic study of the combination of parabolic-trough power plants for
electricity and water production with MED and ultrafiltration (UF)-RO plants at two
specific locations in Israel (Ashdod) and Jordan (Agaba). The results showed that the
configuration with RO had economic benefits compared with the CSP+MED
configuration, except for very high electricity prices. Fylaktos et al. (2014) carried
out an economic analysis of three different CSP configurations: a CSP plant for
electricity only, for electricity with RO and for electricity with MED. The results
showed that the CSP+D concept was feasible, although the best economic results
were for the electricity-only plant.

Because of the lack of real plant implementation, all the analyses carried out for
CSP + D plants so far have been based on simulations. Some authors have developed
time-dependent models in order to determine the cogeneration plant annual produc-
tion, combined with the costs of the electricity and water production (Schmitz
et al. 2009; Moser et al. 2010; 2011). Others developed time-dependent system-
level models in order to optimise the operation of a cogeneration solar—thermal
plant (Ghobeity et al. 2011), and others developed transient models for the CSP
plant considering different cooling systems for the power cycle: once-through cooling
and a combination of MED and once-through systems (Casimiro et al. 2013).
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Research work has also been carried out on cogeneration plant layouts, where the
desalination plant consists of a hybrid system. Alrobaei (2008) published a thermal
and environmental analysis of two cogeneration layouts. The first consisted of a CSP
plant of parabolic-trough collectors with a steam cycle coupled to a hybrid RO/LT-
MED system. The second layout consisted of the same cogeneration plant but
integrated with a gas turbine. This gas turbine was tasked with increasing electricity
generation in the steam turbine using its residual heat to generate additional steam.
The results showed that the latter cogeneration layout was the more effective of the
two from technical, economic and sustainability points of view.

2.5 Cooling Systems in CSP plants

An important aspect to bear in mind with CSP plants is the selection of the most
appropriate power block cooling system. In the case of combined CSP + D systems, this
choice is all the more important. Current CSP plants are similar in design to conven-
tional power plants and normally use wet cooling systems to condense the steam
leaving the turbine. This can be accomplished in two ways: once-through cooling or
evaporative cooling. With once-through cooling, the exhaust steam coming from the
power plant is condensed in a shell and tube condenser using water as the coolant.
Normally, seawater is used, which is taken from the sea and passes through the
condenser tube bundle before returning back to the sea at a considerably higher
temperature, transferring the sensible heat to the steam that circulates inside the shell.
Once-through cooling demands large volumes of water, generally in quantities in the
order of 90,000—-100,000 m*/MWh (US DoE 2009). In this case, a grave danger exists
of serious environmental impact as a result of the death of marine fauna in the water
suction process and severe alterations in the ecosystem caused by returning large
volumes of seawater at significantly higher temperatures than when they were taken.
Furthermore, in this process a large amount of energy is dissipated into the environ-
ment, thus contributing to global warming and climate change as well as severely
damaging the biosphere. On the other hand, in evaporative water cooling, the cooling
water gives up the heat it has acquired passing through the condenser. Here, the coolant
is fresh water instead of seawater to avoid scaling problems in the cooling tower. The
hot water coming from the condenser is vaporised in a water distribution system and
falls uniformly onto a porous filling, through which counter-current air circulates.
Coming into contact with the hot water, the air forms a film of humid air around
each droplet. This water thus evaporates, extracting the necessary heat for the liquid’s
evaporation and thus cooling it. The humid air passes up and out of the cooling tower,
visible as plumes (and as such having a certain visual impact) (see Fig. 2.17). As part of
the fresh water is evaporated, this cooling method requires a constant supply of water.
The main advantage is that the water input is far less than with once-through cooling
and therefore the environmental impact of the CSP plants using evaporative water
cooling is likewise less. Evaporative water cooling is, by far, the most-used system for
eliminating excess heat in thermo-solar, cogeneration and combined-cycle plants.
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Fig. 2.17 Cooling towers
in a CSP plant

However, if the tendency to use wet cooling continues to grow in the new CSP
plants, water consumption for this purpose could more than double by 2030
(US DoE 2006). Added to this is the fact that the geographical areas where CSP
plants are more productive are usually the same areas that experience water
scarcity, commonly suffering restrictions in water supply and severe environmental
regulations. Air or dry cooling systems thus offer a viable alternative to traditional
wet systems. These systems considerably reduce water consumption of the CSP
plant to about 0.30-0.34 m*/MWh (Turchi and Kutscher 2009). However, although
there is considerable potential for water-use savings with dry cooling systems, they
also carry with them drawbacks such as reduced electricity generation, increased
need for auxiliary power (the air condensers require more electricity for ventilation
than wet systems) and increased investment costs. Some studies show that the cost
per unit of energy generated (levelised electricity cost, LEC) rises by 5-10 %
(Richter and Dersch 2009). The LEC parameter is used to study the economic
viability of different electricity-generating installation alternatives and is defined as
the annual cost divided by the average annual production forecast.

Several works have evaluated and compared the existing cooling methods of a
power plant. The authors of this book carried out an evaluation of wet (evaporative
water and once-through) and dry cooling technologies for different CSP+ D con-
figurations (with MED and RO desalination plants) in the Mediterranean area and
the Arabian Gulf (Palenzuela et al. 2013, 2015). It was found that the use of
evaporative water cooling was the most economical in terms of electricity produc-
tion. However, the cost of water was higher than for the once-through and dry
cooling systems. Furthermore, an exergy analysis was performed to compare two
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different cooling technologies for the power cycle of a 50 MW, solar thermal power
plant (Blanco-Marigorta et al. 2011). The first design configuration used a cooling
tower and the second configuration used an air-cooled condenser. It was concluded
that, from an exergetic point of view, the use of an air-cooled condenser was not an
efficient solution for working at low exit turbine pressures, which is the case for the
Mediterranean area. However, it became more competitive at the higher pressures
corresponding to much warmer regions.

Another more economic way to lower water consumption is the use of hybrid
systems. With these, electricity generation close to 100 % can be achieved, even at
high ambient temperatures. However, they involve elevated costs because both a
cooling tower and an air condenser are required. Normally, hybrid cooling systems
working in parallel are used (see Fig. 2.18).

Hybrid cooling systems have likewise been analysed by various authors.
Barigozzi et al. (2011) carried out a detailed simulation of a hybrid cooling system
used to cool the outlet steam from a cogeneration plant located in Brescia, northern
Italy. The results of the simulation showed that the best cooling strategy consisted
of cooling most of the steam using wet cooling, thus reducing the operating cost of
the dry cooling system. On the other hand, Richter and Dersch (2009) carried out a
study of various wet and dry cooling system combinations using simulations. They
concluded that using hybrid systems reduced the energy cost penalisation compared
with using only a dry cooling system, and resulted in a saving of approximately
80 % of the water required compared with a plant solely cooled by water.
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Fig. 2.18 Layout of a hybrid cooling system working in parallel
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Chapter 3

Steady-State Modelling of a
Low-Temperature Multi-effect Distillation
Plant

Nomenclature

Symbols

A Heat transfer area (mz)

Cp Specific heat (kJ/kg°C)

M Mass flow rate (kg/s)

M’ Mass flow rate by flashing process (kg/s)
N Total number of effects

NEA Non-equilibrium allowance (°C)

PR Performance ratio

0 Heat transfer rate (kW)

T Temperature (°C)

T Temperature by flashing process (°C)

U Overall heat transfer coefficient (kW/mZOC)
X Salt concentration (g/kg)

TTL  Thermodynamic loss (°C)

Greek
A Latent heat of evaporation (kJ/kg)

Subscript

b Reject brine

\Y Vapour entering, leaving (as distillate) and generated inside the evaporator or
effect

c Condenser
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cw  Cooling seawater

sw  Seawater

d Distillate

da  Distillate from the distribution system

dr  Distillate entering the mixers in the distribution system

dm Portion of distillate distributed between the effects and the mixers

vh  Vapour consumed by preheater or distillate generated in the preheater
gb  Generated vapour by boiling

gf  Generated vapour by flashing

f Feedwater

fv. Generated vapour by boiling and flashing
S Heating steam in the first effect

eff Effect

ph  Preheater
vc  Vapour in the condenser

3.1 Introduction

This chapter describes the development of a mathematical model of a vertically
stacked, forward feed (FF), low-temperature multi-effect distillation (LT-MED)
plant. The model was developed by taking into consideration the same design and
operational characteristics as the pilot multi-effect distillation (MED) plant at
Plataforma Solar de Almeria, in the southeast of Spain. The model has been
validated, comparing the results of the model with the experimental data from the
pilot plant.

3.2 MED Plants: State of the Art

Numerous MED models have been developed and described in the scientific
literature. El-Sayed and Silver (1980) developed one of the earliest models for a
FF-MED plant, in which they calculated the performance ratio and heat transfer
areas using several simplifying thermodynamic assumptions. El-Dessouky and
Ettouney (1998, 1999, 2002) developed detailed mathematical models to study
how design and operation variables affect the parameters related to the cost of
desalinated water production. Darwish et al. (2006, 2008) analysed various config-
urations of MED plants, finding the trade-off between performance ratio and
required heat transfer area. The work published by Druetta et al. (2013) was also
based on the modelling of different configurations of MED (different flow-patterns
for the distillate and the vapour streams), which were simultaneously optimized to
determine the best stream flow patterns with respect to the flow patterns in a
conventional FF-MED plant. Results showed that modification of the flow patterns
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improved process performance, reducing the process-specific total heat transfer
area by about 5 % compared with the conventional case. Gautami and Khanam
(2012) also studied a selection of the optimum configuration for MED plants. They
presented 14 models, which were compared in terms of the conversion factor and
vapour consumption of the desalination plant.

Other works considering optimisation in MED process have also been published.
Jyoti and Khanam (2014) developed the model of a MED system for different
operating configurations, such as steam splitting, condensate flashing and vapour
bleeding. Likewise, they optimized the number of flash tanks in the system on the
basis of an economic analysis. As a result, a modified system was found that
enhanced the steam economy by 23.77 % and reduced steam consumption by
36.76 %. Piacentino and Cardona (2010) proposed a thermo-economic analysis of
a single-effect plant for optimisation of a six-effect MED plant, which led to an
in-depth understanding of the interactions between exergy and fluid flows. It was
shown that the thermodynamic margins for improvement are limited by the func-
tional scope of heat exchangers at the evaporators. Zhao et al. (2011) presented a
steady-state mathematical model of a backward feed MED plant for desalination of
high-salinity wastewater from a typical refinery. The focus of this work was
optimisation of process parameters such as the number of effects, performance
ratio, feed steam flow rate, minimum temperature difference between effects and
economic efficiency.

Other authors focused on the effect of several parameters of the MED system on
its performance. El-Allawy (2003) examined how the energy efficiency of a MED
system (with and without thermal vapour compression) varied with the top brine
temperature (TBT) and the number of effects. Results revealed that an increase in
the number of effects from three to six resulted in an increase in the gained output
ratio (GOR) of almost twofold. Aly and El-Figi (2003) developed a steady-state
mathematical model to study the performance of a FF-MED plant and found that
the performance ratio depends significantly more on the number of effects than on
the TBT. Ameri et al. (2009) studied the effect of design parameters on MED
system specifications and found that the optimum performance depends on the
optimum number of effects, which itself depends on seawater salinity, feedwater
temperature, and temperature differences between effects.

Other authors have published models of MED plants that use renewable energy
as the heat source for the unit. El-Nashar and Qamhiyeh (1990, 1995) and
El-Nashar (2000) presented a mathematical simulation of the operation at transient
and steady-state of a solar MED plant located in Abu Dhabi (United Arab Emir-
ates). Empirical correlations of the heat transfer coefficients of the plant compo-
nents were obtained from experimental data of the pilot MED plant. The model was
able to predict the distillate production and specific heat consumption for each
operating condition with reasonable accuracy. Leblanc et al. (2010) implemented
the modelling of a pilot MED plant fed by hot water from a solar pond, using a
Visual Basic—Excel environment. The model was used for plant design and the
agreement between the experimental and simulation results was found to be good.
Other authors, such as Wang et al. (2011), proved the feasibility of a system
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consisting of a MED plant that uses geothermal energy as the heat source. The
validation was proved with experimental data from a real plant. Yilmaz and
Soylemez (2012) developed a model of a FF-MED plant using hybrid renewable
energy sources (solar and wind). The model was implemented in a Visual Basic
environment and has been used for simulations in a case study of a plant located in
Turkey. Reddy et al. (2012) proposed a transient model of a MED plant coupled to
flat plate collectors. This model was implemented in a MATLAB environment and
was used to optimize the plant configuration by studying the effect of several design
and operational parameters on its performance. Palenzuela et al. (2014) developed a
steady-state model based on the design of a FF-MED pilot plant using low steam
temperature coming from parabolic-trough solar collectors with increased energy
efficiency, operating in Almeria (Spain). In 2005, the first effect of such a MED
plant was exchanged for a cell working with hot water coupled to a solar field. The
same authors (Palenzuela et al. 2013) obtained empirical correlations for the overall
heat transfer coefficient of this effect. The model is described later in this chapter
(Sect. 3.4).

3.3 Description of the Plant

The MED plant at the Plataforma Solar de Almeria (MED-PSA, see Fig. 3.1) is a
FF-MED unit manufactured and delivered by Entropie in 1987. It has 14 cells in a
vertical arrangement, with decreasing pressures and temperatures from the first cell
(on the top) to the fourteenth (Zarza 1991, 1994). Each cell is composed of an effect
or evaporator and, in the case of FF-MED units, a preheater next to each effect (they
are both horizontal tube bundles) to increase the seawater temperature while it is
being pumped up to the first effect. The temperature rise is the result of the latent
heat of condensation of part of the vapour generated in each effect. Thus, the
seawater temperature reaching the first effect is close to the evaporation tempera-
ture. The MED-PSA has 13 preheaters, one for each cell except for the last cell,
where there is a condenser that is much bigger than the other preheaters.

The first effect works with low-pressure saturated steam at a limit temperature of
70 °C (0.31 bar) to avoid scaling. This steam is provided by a parabolic-trough
collector solar field.

The flow sheet of the process is shown in Fig. 3.2. The seawater is preheated and
pumped to the first cell, where it is sprayed through a spraying tray and falls over
the horizontal-tube bundle of the first effect. A film is built up that coats the surface
of the tubes entirely. The low-pressure heating steam flows inside the tube bundle
and releases its latent heat to sprayed feedwater, evaporating part of it. Vapour
generated in the first effect flows to the preheater located next to it, through a wire
mesh demister that removes the brine droplets. Here, part of the vapour condenses,
transferring its latent heat to the seawater that is circulating inside the tube bundle
of the preheater. The distillate generated in the preheater is part of the distillate



3.3 Description of the Plant 65

Fig. 3.1 Pilot MED plant
located at the Plataforma
Solar de Almeria

generated in the next effect, and the rest of the vapour (which has not been
condensed) flows through inside the second effect tube bundle.

In the second effect, the vapour transfers its latent heat to the brine, now more
concentrated in salts, that falls by gravity from the previous effect and is sprayed
over the spraying tray of the second effect. The vapour that condenses is mixed with
the distillate generated in the previous preheater, forming the first distillate of the
process. The same process is repeated in the rest of effects, the vapour produced in
the previous effect being the thermal energy source of the effect. In each effect, as
in the first, part of the vapour generated is used to preheat the seawater that flows
through the preheaters. In addition to the vapour formed by boiling seawater, a
small portion is formed by flashing as the brine passes from one effect to another,
because it is at a lower pressure than the equilibrium pressure. Finally, the vapour
produced in the last effect is condensed in the final condenser, transferring the latent
heat of evaporation to the seawater that passes through this tube bundle, thereby
increasing its temperature. One part of this seawater is pumped to the first effect
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Fig. 3.2 Schematic of MED plant at the Plataforma Solar de Almeria
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(40 % in nominal conditions), passing through the preheaters, and the rest is
rejected to the feed source.

The total plant distillate production consists of the vapour condensed in each
effect and in the preheaters plus the distillate generated in the final condenser. As an
energy optimisation strategy, the distillate produced goes to other effects instead of
being extracted from each one. In some cases, it goes from one effect to the next,
and in other cases, it goes to further effects as follows (see Fig. 3.2): In the fourth
effect all the distillate is extracted, part of it goes to the seventh effect and the rest to
the tenth. Similar extraction is made in the seventh effect, splitting the condensate
extracted between the tenth and the thirteenth effects. Another extraction takes
place at the tenth effect, part goes to the thirteenth effect and the rest is mixed with
the distillate produced in the fourteenth effect. The final extraction is made in the
thirteenth effect, after which all the distillate is mixed with that produced in the
fourteenth effect. Finally, this accumulated distillate is mixed with the distillate
produced in the condenser.

The vacuum system consists of two hydro-ejectors, which are connected
to effects 2, 7 and the final condenser. They are connected within a closed
circuit to a tank and an electric pump that circulates seawater through the ejectors
at a pressure of 3 bar. This system makes the initial vacuum in the plant and
also removes the air (lack of air tightness) and non-condensable gases during
operation.

The design specifications for the MED-PSA plant are given in Table 3.1.

3.3.1 Experimental Setup

The MED-PSA plant is experimental and therefore it has an exhaustive monitoring
system that provides instantaneous values of the measured data. The variables that
are monitored are shown in Table 3.2 and also depicted in Fig. 3.2.

The supply water to the desalination plant is obtained from wells and stored in
two interconnected pools (see Fig. 3.3) that are in a closed circuit with the
desalination plant. The feedwater from the wells is stored in the big pool (see
Fig. 3.3a), from where the cooling water is pumped to the tube bundle of the
condenser. The feedwater pumped to the first effect is a fraction of this water. All
the outlet streams of the plant (distillate, brine and rejected cooling seawater) enter
the small pool (see Fig. 3.3b). The rejected cooling seawater is the fraction of water
that circulates into the condenser tube bundle and is sent back to the pool without
being pumped to the first effect. Therefore, part of the heat released at the condenser
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Table 3.1 Design specifications for the MED-PSA plant

Number of effects 14
Feed seawater flow rate (m3/h) 8
Total brine production (m3/h) 5
Heating steam mass flow rate (kg/h) 300 kg/h
Total distillate production (m3/h) 3
Cooling seawater flow rate 25 °C (m3/h) 20
Vapour production in the last effect at 70 °C (kg/h) 159
Thermal energy consumption in the first effect (kW) 200
Performance ratio >9
Heating steam temperature (°C) 70
Brine temperature in the first effect (°C) 68
Feed and cooling seawater temperature at the outlet of the condenser (°C) 33

Table 3.2 Monitored data at MED-PSA plant

Measurement | Variable Magnitude
Flow rate M Heating steam flow in the first effect
M., Cooling seawater flow
M; Feed seawater flow
My Product water flow
M, Brine flow
Temperature T Heating steam inlet temperature
T First effect sprayed seawater
temperature
Tewin Cooling seawater inlet temperature
T ew.out Cooling seawater (rejected) outlet
temperature
Pressure P,(1), Py(2), Py(4), P,(6), P\(8), 1st, 2th, 4th, 6th, 8th, 10th, 12th, 14th
P,(10), P, (12), P,(14) effect vapour pressure
P Vapour pressure in the condenser
Salt X Seawater total dissolved solids at the
concentration: condenser inlet

goes into the pool and the cooling water temperature could increase during the
experiment, which is not desirable. To avoid such an increase in cooling water
temperature, there is an external circuit containing a refrigeration tower that cools
the water in the small pool before it enters the big pool to be re-used in the MED
process. However, sometimes the refrigeration tower is insufficient and it is difficult
to maintain a long-term steady state in all its variables, even though the MED plant

has control mechanisms at its inputs.

Because the TBT is always kept below 70 °C to avoid scaling, only two simple
pretreatments are needed: (1) filtering of the water coming from the wells and the
big pool and (2) chemical treatment using a solution based on a policarboxilic acid
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Fig. 3.3 Pools for (a) feedwater to the plant and (b) rejected streams from the plant

(Belgard EV2050). Cleaning of the plant is carried out once a year using sulphamic
acid at 5 %.

3.4 Mathematical Model

MATLAB software was used as an environment for solving the mathematical
model describing features of the MED-PSA plant. In order to simplify the model
calculations, some assumptions were considered:

e Steady-state operation

» Distillate that passes from one effect to another leaves each effect at the
subcooled region at a temperature 2 °C lower than the inlet temperature of the
distillate at the inlet of the effect, after transferring its sensible heat to the
feedwater

» Flashing of the distillate is not taken into consideration, except in the final
condenser

» Thermodynamic loss is assumed to be 1 °C as a real design value, which includes
0.5 °C for non-equilibrium allowance (NEA)

» Two percent of the vapour generated in second and seventh effect, and in the
final condenser, is extracted by the vacuum system

» Isothermal physical properties are considered for all cases

To develop the model, the MED system was divided into three components: the
preheaters, the effects and the final condenser. Likewise, the effects of the MED
system were considered in three different groups, which were modelled individu-
ally: the first effect (named group G1), the effects from 2 to N (named group G2)
and the final condenser (named group G3). G2 was divided into three subgroups,
namely, G2-1 for effects 2, 5, 8, 11 and 14; G2-2 for effects 3, 4, 6, 9 and 12; and
G2-3 for effects 7, 10 and 13. Physical properties of water were calculated using a
REFPROP dynamic library (NIST 2007) within the MATLAB environment.
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3.4.1 Preheaters

In each preheater, some of the vapour from the effect (M., ;, Ty ;) condenses and the
heat released is used to heat the seawater from Ty, ; t0 Tpp ipi. Figure 3.4 shows the
flow diagram for a typical preheater (#i), presenting the relevant variables that
characterize the preheater’s inlet and outlet streams. The equations for all pre-
heaters are mathematically similar.

The energy balance and the heat transfer rate for the preheaters are calculated as
follows (descriptions of all symbols are given at the beginning of the chapter):

e FEnergy balance: The latent heat that is released in the condensation process is
used to heat the seawater flowing through the tube bundle of the preheater.

Mo, idvni = M C o (Tph,is1 — Tpn,i) (3.1)

* Heat transfer equation: The log mean temperature difference (LTMD,;,) method
is used for the heat transfer rate (El-Sayed and Silver 1980).

Opn,i = Aph,iUph,;LTMDypp, ; = M ¢C o (Tpn,is1 — Tpn,i) (3.2)
where:
(Ty,i = Tonyiv1) — (Tv,i — Tpn,i)
In(% )

The overall heat transfer coefficient (Upp;) is calculated using the following
correlation from El-Dessouky and Ettouney (2002):

LTMD,, ; = (3.3)
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Upn,i = 1.7194 4 3.2063 - 107°T, ; + 1.5971 - 107°T, ;* — 1.9918
-107'T, (3.4)

3.4.2 Effects
First Effect (G1)

Feedwater (with parameters My, Ty, X¢) is sprayed into the effect over a series of
tubes. On the other hand, low pressure steam (M, T;) flows inside the tubes,
transferring its latent heat to the feedwater, and part of it is evaporated by boiling
(Mgp,1, Ty 1). This vapour flows to the inside of the tubes of the next effect, acting as
the heat transfer source for this effect. The un-evaporated feedwater (My, 1, T 1)
leaves the effect more concentrated in salts (X}, ;) and falls by gravity on the next
effect. Figure 3.5 shows the flow diagram for the first effect.

The mass, salt and energy balances, and the heat transfer equation are shown
below:

e Mass balance:
My = Mg, + My, (3.5)

e Salt balance: The salinity of the brine stream leaving the effect can be found
through a salt balance in which it is assumed that the vapour formed by boiling is
pure:

XM = Xo,1Mp 1 (3.6)

e Energy balance: The latent heat that is released during condensation of the low
pressure steam is used to heat the feed to boiling point and then evaporate part
of it:

Fig. 3.5 Flow diagram of Mg, Tr, X¢
the first effect
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Mgb,l/lgb,l = Msﬁs —Mpr(Tb,l — Tf) (37)

e Heat transfer equation: The heat transfer rate (Q;) is equal to the change in
enthalpy associated with the condensation of the vapour (4;). Because the
difference between Ty and Ty, ; is very small, the driving force is considered to
be the difference between the condensation temperature of the steam, T, and the
boiling temperature of the seawater, Ty, ;:

Qs = Usctr,1 - Aeti1 - (Ts — To,1) = MAs (3.8)

The overall heat transfer coefficient (U.g;) is calculated using the following
correlation from El-Dessouky and Ettouney (2002):

Uetr.1 = 1.9695 +1.2057 x 1072 - Ty | — 8.5989 x 107> - Ty, 1% 4 2.5651
x 1077 - Ty ;? (3.9)

In the first effect, no distillate is produced from the condensation of vapour
generated in the boiling process. In the first effect, the heat source is external
(low-pressure saturated steam provided by a parabolic-trough solar collector
field) and therefore the distillate produced by its condensation is not taken into
account as part of the distillate production of the plant. Therefore:

My(1) =0 (3.10)

Also, in this effect the feedwater enters at a temperature that is below that of
saturation (subcooled), so no vapour is generated by flashing:

Mgy (1) =0 (3.11)
Effects from 2 to N (Group G2)

The mass, salt and energy balances corresponding to the flashing process for the G2
group are mathematically similar for all the effects. The equations for mass balance,
heating source and heat transfer in the tube bundle are also mathematically similar
for all the effects of G2. Therefore, all these equations are common to all subgroups
of G2. Only the energy balance in the tube bundle and the distillate produced in the
effect, as well as its temperature, are analysed for each subgroup of G2 (G2-1, G2-2
and G2-3) and are shown below.

Subgroup G2-1

Brine from the previous effect (My;—1, Ty ;—1, Xp;—1) enters at a higher temperature
than corresponding to the equilibrium temperature at the pressure of this effect.
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Fig. 3.6 Flow diagram of the subgroup G2-1

A portion of the brine is evaporated by flash (M, T, ;) because the effect is at a
lower pressure. The un-evaporated brine after the flashing process (M'y ;, T’ j» X'v.;)
is sprayed over a series of tubes. Vapour from the previous effect (M, ;, Ty ;1)
transfers its latent heat (4,,_;) to the brine, evaporating part of it by a boiling
process (Mg, ;, Ty ;). The resulting vapour from the effect (M, i+Mgpi—Myn i, T
flows to the next effect as the heat transfer source. The resulting un-evaporated
brine (M, Ty ;) leaves the effect more concentrated in salts (Xp;) and falls by
gravity on the next effect. The distillate generated in the previous preheater as
saturated liquid (Myn;—1, Ty 1), enters the effect and transfer its sensible heat to
the brine; thus, the distillate leaves the effect as subcooled liquid (Myp;—1, Ty i—1)-
Figure 3.6 shows a flow diagram of one effect of the subgroup G2-1.

e Energy balance:
Mgy idgp,i = My iAv,i-1 + M,[,,icp (T;,,i - Tb,i)

+Mvh,,-71Cp(TV,,-,1 - T’V,H) (3.12)

» Distillate produced: The distillate leaving the effect is the sum of the vapour
condensed from the previous effect and the distillate from the previous
preheater:

My =M, ;+ My, (3.13)

The temperature at which the distillate leaves the effect (Ty,) is determined by the
energy balance in the mixer:
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MV,,'C pTV,ifl + Mvh,iflcpTV,i_l = Md,,'C pTd’,' (3 14)

Subgroup G2-2

The processes taking place in G2-2 are the same as for the previous group, but in
this case distillate entering the tube bundle of each effect is taken into account. It is
the distillate generated in the previous effect as saturated liquid (My; 1, Tq;—1) that
enters the effect and transfer its sensible heat to the brine, leaving the effect as
subcooled liquid (My, Tld,,‘,l). The scheme in Fig. 3.7 shows the effect’s inlet and
outlet streams for this subgroup.

e Energy balance:

Mgy idgv,i = My, idv,i1 + M/b,[Cp (T;),,' - Tb,i)

+Mvh,i—lcp(Tv,i71 - TV,5_1> +Md,iflcp<Td,i—1 - T/d,,'_l) (3.15)

 Distillate produced: The distillate coming from the previous effect (M4;_;) joins
the vapour condensed from the previous effect (M, ;) and the distillate from the
previous preheater (Myp;—1):

Mai=M,;+Mypi1 +Mqyi (3.16)

The energy balance determining the temperature at which the distillate leaves the
mixer (Ty;) is given by:
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Fig. 3.8 Flow diagram of subgroup G2-3

My iCoTy it + M i1 C Ty +MainCply;  =MaiCyTa;  (3.17)
Subgroup G2-3

In these effects (see Fig.3.2), another heat source is added to the processes men-
tioned in the previous groups. The heat source corresponds to the portion of
distillate that leaves effect 4 (and enters effect 7), effect 7 (and enters the effect
10) and effect 10 (an enters the effect 13). In each case, the portion of distillate as
saturated liquid (Mg, ;, Tam,;—3) enters the effect and transfer its sensible heat to the
brine, leaving the effect as subcooled liquid (Mg, ;, T/dm,,;g). The flow diagram of a
representative effect of this group, showing the inlet and outlet streams, is presented
in Fig. 3.8.

e Energy balance:

Mgy, idgo,i = My iy i1 +M;,,,~CP(T;,,,~ - Tb,i) +Mvh,i—le(Tv,i—l - T/V’i,l)

JFMd,ifle(Td,i*l - T:i,ifl) +Mda,iCP(Tdm,i*3 - Tdm,i73)
(3.18)
e Distillate produced: Taking into account the additional distillate coming from

further effects (Mg, ), the distillate produced from these effects is given by the
following equation:
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Fig. 3.9 Flow diagram of the distillate distribution system
My =My i+ M1 +Mqi1+ My, (3.19)

The temperature at which the total distillate leaves the mixer (Ty,) is determined
from the following energy balance:

My i€ pTy,imt +Mun i1 C T, iy +Mai1CopTy iy + MaaiC p T i3 = MaiCpTa,i
(3.20)
On the other hand, as an energy optimisation strategy, the MED-PSA plant has a

special distillate distribution, as shown in Fig. 3.9. Energy and mass balances
through the mixers are shown below:

e Mass balance (for mixers 7, 10 and 13):
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M, = My, + Mg ;
Mg i3 =0 for Mixer7
Myi =Mq; 3 +Mg,i3 — Mgy,

e Mass balance (for mixer 14):
Mam,14 = Mam,14-1 + Mq 14

e Energy balance (for mixers 7, 10, 13):

Mg, iC pTam,i—3 + My ;C,Tq ;i = Mam,iC pTam,i

Tdm,i—3 = Td,i—3 for Mixer 7

e FEnergy balance for mixer 14:

Mam,i1C pTam,i—1 +Mq,;iCpTa,i = Mam,iC pTam,i

71

(3.21)
(3.22)
(3.23)

(3.24)

(3.27)

The mass, salt and energy balances corresponding to the flashing process occurring

in all G2 group effects are shown below:

* Mass balance: As mentioned before, part of the brine flashes (M) as it enters

the effect and the rest (M'y,) is sprayed over the tube bundle:

My =M,y +M;,,,-

(3.28)

e Salt balance: As in all the cases, the vapour formed is assumed to be pure:

! ’
Xb,ifle,ifl = Xb,,‘Mb,,'

(3.29)

e FEnergy balance: The brine coming from the previous effect enters each effect at
a higher temperature than that corresponding to the equilibrium temperature at
the pressure of this effect. As a result, it flashes and generates steam at the vapour
temperature in the effect (7,;); subsequently, the temperature of the

un-evaporated water decreases from Ty,_ to T’y

Mg idgt,i = Mb,iflcp<Tb,i—l - T;,,-)

(3.30)

The temperature of the un-evaporated brine (7"y,;) is higher than the vapour
temperature (7, ;) by the non-equilibrium allowance (NEA), which is a measure

of the flashing process (El-Dessouky, 2002):
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Ty = Tv.i+ NEA; (3.31)

The equations of the mass balance, heating source and the heat transfer equation
taking place in the tube bundle are as follows:

e Mass balance: In this case, part of the un-evaporated brine after the flashing
process is evaporated (M, ;) and the rest (My ;) leaves the effect more concen-
trated in salts:

My ;= Mgy,i + M, (3.32)
e Salt balance:
le,iM/b,i = X, iMb,;i (3.33)

e Heat transfer equation: In each effect, the vapour coming from the previous
effect condenses completely while evaporating by boiling the brine sprayed over
the tubes. The heat transfer rate (Qefr,) is equal to the change in enthalpy
associated with the condensation of the vapour (4, ;_;):

Qetr,i = Uetr,iest,i(Tv,io1 — To,i) = My, idv,i-1 (3.34)

Equation (3.8) is used to calculate the overall heat transfer coefficient (U,g;) for all
the effects.

The heating source in each effect consists of the total vapour generated by
boiling (Mg, ;1) and flashing (M ;1) minus the vapour consumed in the preheater
(Myn,i—1), as shown in the following equation:

M, =Mg i1 +Mgr i1 — M1 (3.35)
Final Condenser

Vapour from the last effect (Mg, Mgrn, Ty ) is condensed in the condenser.
Typically, excess seawater (My, Tcw.in) 1s required to meet the required cooling
load. Excess seawater is used for cooling purposes and only the required feedwater
(M, Tew our) 18 used for the process and is sent to the first preheater. The rest (M,,
Tew.ou) 1s returned back to the source. On the other hand, the distillate resulting
from mixer 14 (Mymn, Tamn) €nters the condenser and part of it flashes (Mg, T'c)
because the condenser is at a lower pressure.

Figure 3.10 shows a scheme of the final condenser, representing the inlet and
outlet streams.

The energy and mass balance with regards to the flashing process are as follows:
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MasAas = Mam NC p(Tamn — Tye) (3.36)
!
MmN :Mdm,N + Mys (337)

The energy, mass balance and heat transfer equations for the condenser tube bundle
are similar to those for the preheaters:

e Energy balance:
M C o (Tew,out — Tew,in) = (Mg + Mgty + Mar)Ave (3:38)
e Mass balance:
My = Mg n + Mgg,n + Mam, 14 (3.39)
e Heat transfer equation:
Q. = Ac - Ue - LTMD, = M C p(Tew,ou — Tew.in) (3.40)
where:

(TV,N - Tcw,in) - (TV,N - Tcw,out)
Ty, N—=Tecw,i
In(722 )

The overall heat transfer coefficient (U,) is calculated using (3.4):

LTMD, = (3.41)



80 3 Steady-State Modelling of a Low-Temperature Multi-effect Distillation Plant
3.5 Running and Validation of the Model

A total of 44 equations are needed to run the model. There are 11 input variables of
the model (known variables), consisting of design and operating parameters. The
design parameters are the number of effects (V) and the number of preheaters (V).
Operating parameters are the feedwater mass flow rate spraying over the first tube
bundle and its temperature and salt concentration (Mg, T¢, Xy), the heating steam
mass flow rate entering the first tube bundle and its temperature (M, T), the inlet
and outlet seawater temperature (Tcw in, Icw.our), and the vapour and brine temper-
ature in each effect (7, ;, Ty;). The values of all these variables are specified in
Tables 3.3 and 3.4 and are average values of the experimental data. The unknown
variables, which are calculated from the simulation run (output variables), are the
distillate flow rate formed in the preheaters (M, ;) and in the effects (M, ;); the total

Table 3.3 Input variables data

Input variable Symbol Value
Feedwater mass flow rate (kg/h) My 8000
Number of effects N 14
Number of preheaters Npn 13
Heating steam mass flow rate (kg/h) M 295.92
Heating steam temperature (°C) T, 70.8
Feedwater temperature in the first effect (°C ) T 66.3
Feedwater salt concentration (g/kg ) X 35
Seawater inlet temperature in the condenser (°C) Tewin 25
Seawater outlet temperature in the condenser (°C) Tew.out 323
Taple 3.4 Input Temperature (°C)
variables data Effect Vapour, T ; Brine, Ty, ;

1 68.0 69.0

2 65.2 66.2

3 62.5 63.5

4 59.8 60.8

5 57.1 58.1

6 54.5 55.5

7 51.8 52.8

8 49.2 50.2

9 46.8 47.8

10 442 45.2

11 41.8 42.8

12 39.5 40.5

13 37.1 38.1

14 35.0 36.0
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distillate leaving the effects (Mg ,); the distillate flow rates in the special distribution
(Myr.i» Mam iy My,;) and their respective temperatures (T'y,; 1, Ta;s T a.i—1> Tam.is
Tami—3> T am,—3); the brine mass flow rates being sprayed in each effect (M, ;1)
and mass flow rate of the remaining brine after the flashing process (M'y,), its
temperature (7', ;) and its salt concentration (X', ,); the brine leaving each effect
(M) and its salt concentration (X, ,); the sum of the vapour generated by boiling
and flashing (My, ;); the seawater inlet mass flow rate in the condenser (My,); the
heat transfer rate in the preheaters (Qpn,), in the effects (Qs, Ocfr;) and in the
condenser (Q.); the overall heat transfer coefficient for the preheater (U, ), for
the effects (Uegr,;) and for the condenser (U,); the total distillate water production
(My); the GOR, the recovery ratio (RR) which is the ratio of the distillate product
flow rate to the feed flow rate supplied; the specific area (sA) which is defined as the
ratio of the total heat transfer area (for effects, preheaters and final condenser) to the
distillate production; and the heat transfer areas (effects, Acsr;, preheaters, Apy ;,
condenser, A.).

Validation of the model was carried out by comparing experimental data of the
MED-PSA plant with results obtained from the simulation runs of the mathematical
model. The variables compared were the sum of the vapour generated by boiling
and flashing (My,), the brine leaving each effect (My), the total distillate water
production (M), the seawater inlet mass flow rate in the condenser (M), the GOR,
the RR and the heat transfer areas (effects, A.¢p, preheaters, Apy,, condenser, A,).

3.6 Results and Discussion

The results are shown in Tables 3.5 and 3.6 and in Figs. 3.11 and 3.12. Figures 3.11
and 3.12 show a graphic comparison of the values obtained for the generated vapour
by boiling and flash (My,) and for the brine leaving each effect (My,). As seen, the
model results fit quite well with experimental results, especially for the brine
leaving each effect, where the difference between them is minimal. Comparing
My, values (Fig. 3.11), the slight increase in the difference between actual and
model values could be the result of certain assumptions taken in order to simulate
the special distillate distribution.

Table 3.5 shows a numerical comparison of the variables Mg, and M,,. Table 3.6
shows a comparison between the total distillate water production, the seawater inlet
mass flow rate in the condenser, the GOR, the RR and the heat transfer areas of the
effects (Acgr), preheaters (App) and condenser (A.). The relative error for predicting
all these variables was determined, and ranged between 1 and 9 %, which means
that the model results fit quite well with results from the experiments. The maxi-
mum error corresponds to the mass flow rate in the condenser (see Table 3.6). This
could be a result of the fact that this mass flow rate is not kept constant during each
experiment, because the plant does not operate near to the sea. Seawater is simu-
lated in large stores (pools) that feed the plant. As a consequence, the temperature
of the seawater entering the condenser tube bundle (7., ;,) can increase during the
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Table 3.5 Comparison between model and experimental values of the accumulated vapor and
brine mass flow rate in each effect

Accumulated vapor mass flow rate (kg/h) Brine mass flow rate (kg/h)
Effect Actual Model Actual Model
1 257 256.5 7743 7735
2 248 249.0 7495 7486
3 244 246.2 7251 7241
4 239 243.4 7012 6997
5 233 238.0 6779 6760
6 224 231.7 6555 6528
7 224 223.7 6331 6305
8 216 214.2 6115 6091
9 202 204.0 5913 5887
10 208 202.3 5705 5686
11 190 191.0 5515 5495
12 172 180.1 5343 5315
13 178 176.7 5165 5139
14 159 159.3 5006 4981

Table 3.6 Comparison between model and experimental values of the total distillate water
production, seawater inlet mass flow rate in the condenser, the gain output ratio, recovery ratio
and heat transfer areas of the effects, preheaters and condenser

Parameters Model Actual
Mgy (kg/h) 3003 2984
M, (kg/h) 15848 14558
GOR 10.2 9.7
RR 37.6 37.5
At (M) 33.6 26.3
Apn (°) 4.1 5.0
A (m*) 13.1 18.3
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between model and actual - - —
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Fig. 3.12 Comparison 8000
between model and actual = 7500
values for the brine mass )
flow rate leaving each effect % 7000
(M) g 6500
é 6000
2 5500
E
@ 5000
=
& 4500
4000
1 2 3 4 5 6 7 8 9 1011 12 13 14

Effect Number

experiment. When this happens, the mass flow rate in the condenser is increased to
keep the vapour temperature on the inside constant. This also results in a larger
difference between the model and experimental values of the heat transfer area of
the condenser. On the other hand, Table 3.6 also shows that the heat transfer areas
of the effects and preheaters resulting from the model do not match those of the
pilot plant. This is because the plant has the same fixed areas whereas in the model
there is no such restriction. The heat transfer areas shown from the calculation are
average values for all the effects and preheaters.
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Chapter 4
Steady-State Modelling of a Parabolic-
Trough Concentrating Solar Power Plant

Nomenclature

Variables

Aabs Absorber tube area (m2)

A, Aperture area of the collector’s reflective surface (m?)

At Total collector area required for the solar field (mz)

Cp Specific heat (kJ/kg °C)

DCA Drain cooler approach (°C)

d; Inlet diameter of the absorber tube (m)

DNI Direct normal irradiance (W/m?)

d, Outlet diameter of the metallic tube (m)

Ewn Thermal energy required by the process (kWh)

Eh stored Stored thermal energy (kWh)

Eih row Thermal energy supplying a collector row (kWh)

Feona Refrigeration water flow rate in the power plant condenser
(m*/h)

F. Collector foiling factor

F. Specific fresh or seawater flow rate (m*/MW,h)

GOR Gain output ratio

h Specific enthalpy of the steam and liquid in the power
cycle (kJ/kg)

he Specific enthalpy of the steam in its final state in the
thermodynamic cycle (kJ/kg)

hy Specific enthalpy of the steam in its initial state in the
power cycle (kJ/kg)

hin Specific enthalpy of the working fluid at the collector inlet
(kl/kg)
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hOllt

r,pumpl
r,pump2

pumps

Pturb

P turb,ST1

P turb,ST2
PQ,collectorﬂenvironment
PQ,collectorﬂﬂuid

P spec,dry

PQ,suanollector

Ppcs

Py

Pih field
Pth, row

Py,
qe

Specific enthalpy of the working fluid at the collector
outlet (kJ/kg)

Incidence angle modifier

Absorber tube length (m)

Mass flow rate of the steam and liquid in the power cycle
(kg/s)

Mass flow rate of the oil inside the collector (kg/s)
Normal aperture vector plane in a parabolic-trough
collector

Number of collectors

Number of rows

Total number of collectors in the solar field

Steam and water pressure in the power cycle (bar or kPa)
Thermal power dissipated in the condenser (KkWy,)
Power consumption required for the air condensers (kW,,)
Power consumption by the pump that draws water from
the sea to the power cycle condenser (kW.)

Ideal power required by pump 1 (kW.)

Ideal power required by pump 2 (kW)

Net electrical power generated in the power cycle (kW)
Thermal power required in the reheater (kWy,)

Actual power required by pump 1 (kW,)

Actual power required by pump 2 (kW,)

Total power consumed by the two pumps in the power
cycle (kW,)

Total power generated by the two turbines in the power
cycle (kW.)

Power generated by turbine ST1 (kW)

Power generated by turbine ST2 (kW)

Thermal PTC losses (Wy,)

Useful thermal power supplied by a collector (Wy,)
Specific power consumed by the air condensers

(kW/ MWnominal)

Available solar radiation on the collectors’ aperture plane
(W)

Thermal power required in the power conversion system
(kW)

Specific power consumed by the water pump that
circulates water through the power cycle condenser
(kWh/m?)

Thermal power supplied by the solar field (kW)
Thermal power supplied by a row (kW)

Thermal power required by the process (kW)

Heat transfer per unit of mass of the oil in the power cycle
(kJ/kg)
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Ty “ «oy Uy
T
N

IS
Yd

Yst
Ost

Ah

Heat transfer per unit of mass of the steam in the power
cycle (kl/kg)

Reynolds number

Entropy (kJ/kg °C)

Solar vector

Projection of the solar vector onto the E-Z plane
Projection of the solar vector onto the N-Z plane

Useful pass section of the metallic absorber tube (m?)
East coordinate of the solar vector

Solar multiple

North coordinate of the solar vector

Z coordinate of the solar vector

Period for which the system can operate with the thermal
energy stored in the storage tank (h)

Time intervals into which the design day is divided (h)
Period of process operation using thermal energy supplied
by the collector field (h)

Steam and liquid temperature in the power cycle (°C)
Average temperature of the metallic absorber tube (°C)
Ambient temperature (°C)

Oil temperature at the collector inlet (°C)

Oil temperature at the collector outlet (°C)

Temperature of the saturated liquid (°C)

Terminal temperature difference (°C)

Global thermal loss coefficient from the absorber tube to
the environment (W/m? °C)

Specific volume of the liquid through the pumps present
in the power cycle (m*/kg)

Oil velocity inside the absorber tube (m/s)

Work per unit of mass realised by the steam over the
power cycle (kJ/kg)

Work per unit of mass realised by the steam circulating
through the cycle (kJ/kg)

Steam quality

Average annual usage factor of the thermal storage charge
Average annual usage factor of the thermal storage
discharge

Annual storage losses factor

Fraction of energy absorbed by the solar field that is sent
to the storage system

Specific enthalpy difference of the oil between the
collector inlet and outlet (kJ/kg)
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AT Temperature increase demanded by the process (°C)

AT, Oil temperature difference between the collector inlet and
outlet (°C)

P Fluid density (kg/m®)

NsT Isentropic efficiency of the turbine

m Thermal efficiency of the power cycle

u Dynamic viscosity of the fluid (kg/m s)

T Pi number

0, Incidence angle (°)

Acronyms

PTC  Parabolic-trough collector
FWH Feedwater heater

ST1 High-pressure turbine
ST2  Low-pressure turbine

4.1 Introduction

This chapter describes the modelling of a parabolic-trough (PT) concentrating solar
power (CSP) plant that produces electricity. To do this, the modelling of the solar
field itself is explained first and then the power cycle, consisting of a reheat Rankine
cycle, with steam as the working fluid. This power cycle will be used subsequently
to be coupled to a desalination plant, creating what is known as a dual-purpose solar
power/water cogeneration plant.

4.2 Modelling of the PT Solar Field

The model used in this research is supported by equations based on the thermal
losses of the collector (which uses oil as heat transfer fluid in the absorber tubes), its
efficiency curve and the energy balances throughout the collector system (Gonzalez
et al. 2001; Incropera and Dewitt 1996; Zarza 2004). The objective of this model is
to size a PT collector (PTC) solar field capable of providing the thermal power
required for a dual-purpose solar power/water cogeneration plant. Before
explaining these field-sizing equations, some basic concepts of the technology are
described.
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Fig. 4.1 Parabolic-trough collector

4.2.1 Parabolic-Trough Collectors

A PTC (see Fig. 4.1) basically comprises a PT mirror that reflects direct solar
radiation, concentrating it onto a receiver (or absorber) tube that is located at the
parabolic focal point. Because of its parabolic form, the focal concentration factor
is within the 30-100 range of the direct normal irradiance value.

When the solar energy is concentrated on the absorber tube, the fluid that
circulates inside the tube heats up, transforming solar radiation into thermal energy
in the form of sensible fluid heat, within what is known as the medium temperature
range (150450 °C). A PTC can only make use of direct solar radiation, and this
requires the collector to be fitted with a solar tracking mechanism that orientates it
throughout the day, following the sun’s path across the sky. The most common solar
tracking system consists of a mechanism that rotates the PTCs around an axis.
Generally, this tracking is carried out with the axis positioned east—west or north—
south. Figure 4.2 schematically shows the solar tracking of a PTC.

The PT mirror is mounted above the structure, which is generally metallic (see
Fig. 4.3), aligned in such a way that the direct solar irradiation is perfectly
concentrated on the focal line of the parabola. The absorber tube surface is far
smaller than the collector’s aperture area (the flat area delimited by the edges of the
collector) because of the optic concentration of the solar radiation; this significantly
reduces the collector’s thermal losses because these are a result not only of
temperature but also of the absorber surface itself.

The main components of the PTC are (see Fig. 4.4):
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DIRECT NORMAL
RADIATION

HEAT
COLLECTING

Fig. 4.2 Parabolic-trough collector tracking

Fig. 4.3 Metallic structure onto which the parabolic-trough collector is mounted

« Foundation and support structure
e PT reflector

¢ Receiver/absorber tube

¢ Connection between collectors

¢ Solar tracking system

Of these, the most important are the PT reflector and the receiver/absorber tube
because the conversion of solar energy into thermal energy depends on these
components.
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Fig. 4.4 Parabolic-trough collector components

PT Reflector

The PT reflector reflects the solar radiation that falls onto it and projects it in a
concentrated form onto the absorber tube situated on the reflector’s focal line. In
short, this is a mirror, curved parabolically in one of its dimensions, which con-
centrates all the solar radiation onto the focal line that crosses its aperture plane.
The specular surface is made up of silver or aluminium film deposited over a
support, which gives it sufficient rigidity. The supports can be metallic, plastic or
glass panels (Zarza 2002).

Receiver/Absorber Tube

The lineal receiver for the PTC (see Fig. 4.5) is one of the fundamental elements of
all PTCs because the collector’s global output largely depends on its operation. The
receiver is responsible for converting the concentrated solar radiation into thermal
energy, which the calorific fluid transports. It is positioned on the focal line of the
PTC, braced to the structure by various support arms. The absorber tube actually
consists of two concentric tubes: a metallic interior tube through which the fluid to
be heated circulates and a glass exterior tube. They are held together at their ends.

The metal tube is covered with a selective coating that is highly absorbent (about
94 %) in the solar radiation range and has low emission in the infrared spectrum
(about 15 %), providing a high level of thermal performance. To avoid thermal loss
by convection, a vacuum is required in the space between the interior metal tube
and the glass cover. The glass tube is also normally coated with an antireflective
treatment on both surfaces to augment its solar radiation transmissivity and, con-
sequently, the collector’s optical performance.
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Fig. 4.5 Typical absorber tube from a parabolic-trough collector

Fig. 4.6 Typical parabolic-trough collector solar field

4.2.2 Sizing of a PTC System

A typical PTC solar field (see Fig. 4.6) consists of a number of collector rows placed
in parallel. The collectors within each row are placed in series in such a way that the
working fluid that circulates through the absorber tubes is heated up as it travels
from the inlet to the outlet of each row.

The energy source presents a temporal variability; therefore, when designing a
PTC field, one must bear in mind that the thermal power supplied by the field at any
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moment depends on the boundary conditions existing at that time (available solar
radiation, ambient temperature, etc.). Likewise, the thermal power produced by the
field equals the nominal power only when the boundary conditions are equal to
those assumed in the design.

The set of parameters considered at the design stage of a PTC solar field
determines what is known as the “design point”; these include the following:

» Orientation of the collectors’ rotation axis

e Day and hour

* Geographical longitude and latitude of the site

» Incidence angle of the direct solar radiation on the collectors
¢ Direct solar radiation and ambient temperature

¢ Inlet and outlet temperatures of the collector field

¢ Nominal thermal power of the collector field

e Type of collector

* Type of working fluid

The choice of these design point parameters is based on a series of consider-
ations, which are discussed next.

Orientation of the Collectors’ Rotation Axis

In general, for PTCs, the orientation of the collectors’ rotation axis can be either
north—south (the normal vector to the aperture area is displaced in the plane formed
by the vertical and the cardinal point east) or east-west (the normal vector is
displaced in the plane formed by the vertical and the cardinal point south). How-
ever, as long as the same applies for all the collector rows, any other orientation
type can be adopted. If the orientation of rows was different, then the incidence
angle (the angle formed between the surface normal vector and the solar vector)
would be different from one row to another, as would the available radiation
(which, as we will see later, is a function of the cosine of the angle of incidence).
This would make controlling the working fluid temperature at the collector field
outlet extremely difficult.

Based on the plant requirements, one or other of the orientations is chosen. The
first point to bear in mind is that, depending on the orientation, a greater or lesser
seasonal variation in thermal energy is produced by the PTC solar field. Such
seasonal variations are mainly determined by the solar radiation incidence angle
onto the collectors’ aperture plane and by the number of sunlight hours available
from sunrise to sunset.

The incidence angle is far larger on winter days than on summer days, making
the solar radiation incident on the collector much less in the first case, as defined by
the following equation:
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variation between winter %
and summer, considering a —s— 21st March
north—south orientation 80 —a— 21stJune
—a— 21st September
= 707 —e— 21st December
QD 60 A
()]
C
< 50
3
c 40 1
(0]
©
'S 30 o
£
20 4
10
0 LA B | LA B T T T g T
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2
Local Hour (h)
PQ,suanolleclor = A. -DNI - cos (01) (41)

where P sun—collector 18 the available solar radiation on the collectors’ aperture
plane; A. is the aperture area of the collector’s reflective surface; DNI is the direct
normal irradiance and 6; is the incidence angle.

When the orientation of the collectors’ rotation axis is north—south, considerable
variations between winter and summer are observed (see Fig. 4.7). Moreover, the
number of available sunlight hours from sunrise to sunset is less on a winter’s day
(21 December) than on a summer’s day (21 June). These two factors mean that the
thermal energy supplied daily can be three times greater in summer months than in
winter months, depending on the geographical latitude and the atmospheric condi-
tions at the installation site.

If the orientation is east—west, the incidence angle variations are far less,
generally below 50 %, as can be observed in Fig. 4.8. As a consequence, the
thermal input is more stable throughout the year.

For commercial CSP plants, the north—south orientation is preferred because, in
spite of the large difference in thermal energy produced between winter and
summer, the total energy supplied over the whole year is still greater than that
supplied by collectors orientated east—west, which is the aim of such plants.

Day and Time

The design point day is chosen on the basis of the orientation selected. If a north—
south orientation has been selected, the choice of design day becomes important
when dealing with power plants. If a summer design day is chosen, then during this
season the plant is working under nominal conditions, whereas in winter it works
well below them, thus affecting its output. Conversely, if a winter design day is
chosen, then during the summer a large part of the solar field has to be out of focus
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because the turbine is unable to absorb all the thermal power provided by the
collector field. Therefore, when a north—south orientation is chosen, a possible
option is to design the field on the basis of an autumn or spring day. This means that
the turbine works slightly under the nominal load in winter, and the size of the solar
field that has to be kept out of operation in summer is less than when a winter design
day is chosen.

In the case of an east—west orientation, the choice of a winter or summer day is
not of such importance.

It can be concluded that the main points to bear in mind when choosing the
design point day are the seasonal variations in peak thermal power and the energy
supplied throughout the day by the collector field. This is a result of the varying
number of sunlight hours a day and the different solar radiation incidence angles on
the solar collectors.

The solar noon is commonly chosen as the design point hour, given that, at that
moment, the sun is at its maximum daily elevation and there is more stable direct
solar radiation.

Geographical Longitude and Latitude of the Site

The geographical latitude and longitude define the location of the PTC solar field
and are data the client should provide on installing the solar plant. They are
fundamental input parameters for the solar vector calculation algorithm and are
used for the computer programmes that generate the typical meteorological year.
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Fig. 4.9 Axes system . Z . N(North)
adopted for the calculations

W (West) oo E(East)

Direct Solar Radiation Incidence Angle on the Collectors

As mentioned above, the incidence angle is the angle that the solar vector and the
normal vector form to the PTC aperture plane. This angle is essential in calculating
the useful energy that the PTC can supply. Moreover, it is also used to know, or
predict, the thermal behaviour of the collector; this depends, among other things, on
the geographical coordinates (latitude and longitude) of the collector site, the day of
the year and the hour of the day.

The incidence angle is calculated as the arc cosine of the dot product (scalar
product) of the normal vector to the PTC aperture plane (77) and the solar vector (s),
as indicated in the following equation:

0; = cos ' (ii - §) (4.2)

First, the calculation of the components of the solar vector (s) is explained.
Figure 4.9 shows which criterion is followed to calculate these components. It
should be mentioned that it is easy to find other calculation procedures in the
literature that are based on a criterion that has different signs, but the final results
are the same if each result is used in accordance with the axes system of the
corresponding reference.

In Fig. 4.9, 05 is the zenith distance (the angular distance from the zenith to the
solar vector) and ¢ is the solar azimuth angle. These angles can be determined by
means of the algorithm developed by Blanco-Muriel et al. (2001). Applying the
corresponding trigonometric ratios, the solar vector components are as follows:

Sg = sinfzsin ¢
sy = sinfzcos ¢ (4.3)
Sz = cos by

Conversely, the normal vector to the aperture plane of a PTC, 71, is calculated taking
into account that the PTC is focused when the collector’s rotation axis, the solar
vector and the normal vector to the collector’s aperture plane are on the same plane.
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In this case, the normal vector is always the projection of the solar vector onto the
corresponding plane, depending on whether the collector’s rotation axis is orien-
tated north—south or east—west:

« For north—south orientation, the normal vector is the projection of the solar
vector onto the E-Z plane (see Fig. 4.9). Thus, the components of this vector are
given by:

SE Sz

A=5§p 7= 0,
(%s%ﬂ% ws%;ﬂ%)

» For east—west orientation, the normal vector is the projection of the solar vector
onto the N-Z plane (see Fig. 4.9). The components of this vector in this case are
given by:

(4.4)

SN Sz

n=38y-z=10,
< VSh + 57 Js%ﬂ%)

Direct Solar Radiation and Ambient Temperature

(4.5)

The direct solar radiation and the ambient temperature of the design point are those
corresponding to the chosen design day and hour and are provided by meteorolog-
ical data for the location of the solar field site.

Inlet and Outlet Temperatures of the Collector Field

The inlet and outlet temperatures of the collector field depend on the operating
conditions needed in the process, which is thermally fed by the solar field. The most
commonly used values in PT-CSP plants, whose working fluid is thermal oil, are
295 °C and 395 °C for the inlet and outlet temperatures, respectively. The greater
the outlet temperature, the greater the power block output. However, in PTC plants
employing thermal oil as the working fluid, the limiting factor to attaining higher
field outlet temperatures is the thermal oil itself. Even though there are absorber
tubes that can work at fluid temperatures above 500 °C, no viably priced thermal
oils exist that can be heated above 400 °C without suffering chemical decomposi-
tion (consequently, these tubes are currently being used for direct vapour
generation).

When setting the necessary fluid temperature at the solar field outlet, one should
bear in mind that it needs to be at least 10 or 15 °C above the vapour temperature
required at the generator outlet.
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Nominal Thermal Power of the Collector Field

The thermal power is that supplied by the solar field and is determined by the
characteristics of the process, which is thermally fed by the collector field.

Type of Collector

The choice of PTC type is a function of the temperature required for the thermal
process. If it is a low-temperature process, the small or medium-sized PTC models
are the most appropriate for the task. If one is dealing with a high-temperature
process (as is the case for electricity generation using a vapour cycle) then the most
appropriate PTC models are large-scale (LS-3 type, EuroTrough, SenerTrough,
etc.) all of which work at practically the same operating temperature. Consequently,
the choice of PTC type is based on their working temperature output and cost.

Type of Working Fluid

At present, the most commonly used working fluid in PTC solar fields is thermal oil.
Choice of the most suitable oil has to take into account the operating parameters of
the solar field (maximum and minimum expected temperatures) and the long-term
behaviour of the oil. For working temperatures below 295 °C, the type of oil used is
one whose freezing point is sufficiently low (below zero), meaning that there is no
need to heat it in an auxiliary boiler when the ambient conditions would otherwise
require it. Therminol-55 is oil in this group.

For working temperatures of around 400 °C, Therminol VP-1 (maximum
working temperature 398 °C) is the best candidate. However, this type of oil has
a high freezing point (+12 °C), meaning that it is necessary to employ an auxiliary
boiler during winter periods to prevent the temperature falling to this level.

There are also oils with working temperatures above 400 °C, such as Syltherm-
800 (maximum working temperature 425 °C, freezing point —40 °C). Nonetheless,
its prohibitive cost means that it cannot be used in large-scale electricity-generating
plants. Furthermore, it has been demonstrated that this oil undergoes serious
property degradation over the long-term, even reaching the point of becoming
dangerous.

The manufacturer of the above-mentioned oils (Solutia) supplies software free of
charge that enables selection of the type of oil on the basis of the solar field
operating parameters (maximum and minimum expected temperatures). This soft-
ware also provides values for the density, specific heat and viscosity of the oil as a
function of its temperature.

Once the design point parameters of the solar field have been defined, its sizing is
carried out. For this it is necessary to determine, first, the number of collectors (N¢)
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in each row; second, the number of rows (Ng); third, the total number of collectors
needed (Nt) along with the total collector area (At) required for the solar field; and,
finally, the size of thermal storage (if required).

(a) Calculation of the number of collectors in series within each row.

The number of collectors, N, connected in series within each row is given by
the following expression:

AT
AT,

Ne = (4.6)

where AT is the temperature increase required by the process fed by the solar field;
and AT. is the difference in the working fluid temperature between the inlet and the
outlet of an individual collector.

The collector temperature increase, AT., depends on the oil flow rate that
circulates around it. To calculate this, the useful thermal power supplied by a
PTC, Pgcollector—fiuid, 18 first determined, being equal to the enthalpy increase of
the working fluid between the collector inlet and outlet, as shown in the following
equation:

P, collector—fluid = Flgivid = (Hout — Min) = Mfuiq - Ah (4.7)

where 1i1g,;4 is the mass flow rate of the working fluid; Ay, is the specific enthalpy of
the working fluid at the collector inlet; and A, is its specific enthalpy at the
collector outlet.

On the other hand, the useful thermal power can be calculated from the direct
normal solar irradiance and the collector parameters, as indicated in the following
equation:

PQ,colleclorHﬂuid = Ac -DNI - cos (91) : ’70pt,0° : K(Ql) ! Fe

- P Q, collector—environment (48)

where 7450 is the optical performance with the incidence angle at 0°, also known
as the peak optimal performance; K(6;) is the incidence angle modifier; F. is the
collector’s fouling factor, the value of which is between 0 and 1 (0 < F. < 1); and
P collector—environment 18 the thermal losses of the collector.

The parameters involved in (4.8) (A, DNL, 8;, #opt,0°» Fe) are determined by the
conditions established in the design point and by the particular characteristics of the
PT collector chosen.

The incidence angle modifier, K(6;), is a function of the incidence angle. When
the incidence angle is 0°, the incidence angle modifier is 1, and when the incidence
angle is 90°, the incidence angle modifier is zero. In order to calculate the incidence
angle modifier, a parametric equation is used with the coefficients determined
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experimentally (Zarza and Ajona 1988). For the LS-3 collector (manufactured by
the Israeli company Solel), the incidence angle modifier is provided by the follow-
ing equation (Gonzalez et al. 2001):

K(6;) =1—1223073-107%0; — 1.1 - 107%6;% 4 3.18596 - 107°6;>
—4.85509 - 107%6,*(0° < 6; < 80°)
K(6,) = 0(85° < 6; < 90°) (4.9)

If the model of the PTC is Eurotrough, the incidence angle modifier is given by:
K(6;) = cost; — 2.859621 - 1070, — 5.25097 - 1046 (4.10)

The thermal losses in a PTC, Pq coltector—environment are based on the coefficient of
global thermal loss from the absorber tube to the environment, Uy, as shown in the
following equation (Zarza 2004):

PQ,Collectorﬂenvironmem = UL . Aabs . (Tabs - Tamb) (411)

where T, is the average temperature of the metallic absorber tube; T, is the
ambient temperature and A, is the total absorber tube area. This area is determined
using the expression:

Aabs = LTCdQ (4 12)

where L is the absorber tube length (which corresponds to the PTC length); and d) is
its outer diameter.

As aresult of heat flow from the external part of the absorber tube towards the oil
circulating inside the tube, the absorber tube temperature is considered to be about
10 °C above the average oil temperature.

The global thermal loss coefficient between the absorber tube and the environ-
ment is given by the second-degree polynomial equation (Zarza 2004):

U.=a+b- (Tabs - Tamb) +c- (Tabs - Tamb)2 (413)

where the coefficients a, b and ¢ are determined experimentally. The temperatures
are expressed in degrees centigrade.

With (4.7) and (4.8), the temperature difference of the fluid between the collec-
tor inlet and outlet, AT, can be determined once the mass flow rate of the oil
circulating through the collector, 71g,;4, 1S set in the design point.

The criteria for setting the mass flow rate of the oil is that there is sufficient
turbulence inside the absorbent tube to guarantee its optimal refrigeration, but not
too much to deform, or even possibly break, the glass sheathing.
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Turbulence is assured when the Reynolds number (Re) is equal to, or greater
than, 10°. The Reynolds number can be expressed using the following equation
(Incropera and Dewitt 1996):

_VXdiXp
H

Re (4.14)

where y is the dynamic viscosity of the fluid, V is the fluid velocity, d; is the inner
diameter of the absorber tube and p is the fluid density.

The fluid parameters (viscosity and density) are determined using the tables of
properties supplied by the manufacturer. To obtain these parameters at a specific
temperature, an average fluid temperature is established between the nominal inlet
and outlet temperatures in the solar field.

Using (4.12), and knowing the absorber tube’s inner diameter, the fluid velocity
needed for a specific Reynolds number can be determined.

Once the fluid velocity is determined using (4.12), the corresponding mass flow
rate, 7i1q,iq, can also be determined:

Mg =V -S-p (4.15)

The S parameter corresponds to the cross-sectional area of the metallic absorber
tube, which is provided by the expression:

S:§¢2 (4.16)

Once the mass flow rate is established, (4.7) is used to calculate the oil temperature
variation throughout the collector. In this equation, the enthalpy increase, Ak, can
be expressed as a function of the oil’s specific heat at a constant pressure, C,,.
Integrating C,, between the oil temperature at the inlet and the outlet of the collector
(T, and Tj, respectively), the following equation is obtained:

Ty
P, collector—fluid = Mtuid * (Mout — Min) = Mifia - Ah = mﬂuidJ CodT (4.17)
T;

The specific heat of the working fluids normally used in these systems is a linear
function of the temperature:

Cp=d+e-T (4.18)

The coefficients d and e are the fitting parameters of the polynomial equation and
can be determined using tables that give C, as a function of the temperature
(provided by the manufacturer).
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Establishing that the collector’s inlet oil temperature, T, is equal to the average
solar field oil temperature (the average temperature between the inlet and outlet
temperatures in the solar field), the following equation is obtained, which can be
used to determine T:

P, colector—tiuid = Mpgia = [d - (To —Ti) + 1/2-e- (T3 —T7)] (4.19)

With T, the increase in fluid temperature AT, is obtained straightforwardly.
Finally, by using (4.6), the number of collectors, N, to connect in series in each
of the solar field rows can be determined. Normally, using (4.6), a real decimal
number is obtained. For the most common configuration, “central feed”, in which
the inlet and outlet of the collector rows are on the same side, in the form of a “U”,
the number is usually rounded up to an even number to ensure that the two sides of
the “U” are of the same length. Rounding up to a higher even number means an
increase in the number of collectors per row. An extra collector per row means a
flow rate increase in order to obtain the same temperature differential, resulting in
an increase in the Reynolds number and, thus, in the heat transfer within the
collectors. Therefore, the Re is not too low in winter, especially in the case of a
north—south orientation being chosen, resulting in proper operation of the solar field
in both summer and winter.

Calculation of the new flow rate, taking into account the new number of
collectors, is carried out using the following expression:

y _ N¢
Mpig = Mluid - <N_CC> (4.20)

where 71,4 and Nc are the mass flow rate and the initial number of collectors
obtained, respectively, and 7ii;,,; and N¢' are the modified flow rate and number of
collectors, respectively.

(b) Calculation of the number of parallel rows required by the solar field.

Calculation of the number of parallel rows needed in the solar field is the second
step in determining its size. The calculation is different depending on whether the
solar system includes thermal storage or not. The procedure for each is explained
below.

Solar system with no thermal storage

In this case, the number of rows is determined by dividing the total thermal
power required by the process, Py,, by the thermal power supplied by a collector
row in the design point, Py, row:
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NF _ Pth,process (421)
Py,

where Py, row 1S calculated using the following expression:

Pth,row = PQ,collector—>ﬂuid . NC (422’)

where Pq coliector—fluid 1S determined using (4.8).

Solar system with thermal storage

Here, the number of rows is determined by dividing the thermal energy required
by the process, Ey,, during sunlight hours (from sunrise to sunset on the design day)
by the thermal energy supplied by a row of collectors during the design day, Ey, rows
as shown in the following equation:

En

Ng =
Eth,row

(4.23)

The thermal energy required by the process is obtained by multiplying the
thermal power of the process working at nominal load by the hours the process
has to operate fed by the solar field, 7. Therefore:

Eth = Pth ' lop (424)

The number of operating hours should be provided by the client, who decides how
many hours the plant has to operate with the solar field at nominal load during the
design day.

The thermal energy that a row of N collectors supplies during the design day is
determined by the following expression:

i=24

Eth,row = ZPth,row - tint (425)
i=0

where t;,,; are the time intervals into which the design day is divided from sunrise to
sunset.

To calculate the thermal energy corresponding to a specific period, the direct
solar radiation and ambient temperature data for each of the time intervals through-
out the design day are needed, which are normally obtained every 5 or 10 min.
Therefore, P coliector—fiuid (4.8) and Py, row, (4.22) are obtained for each instant.
Multiplying Py, ;0w by the time interval, the thermal energy can be calculated.

(c) Calculation of the total number of collectors and the total collector area
required by the solar field.
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Once the number of collectors per row, N¢, and the number of rows in the field,
Npg, have been established, calculating the total number of collectors is simply a
product of both variables.

The total collector area required for the solar field is determined by multiplying
the total number of collectors, Nt, by the aperture area (A.) of the PTC.

(d) Size of the thermal storage system.

There are periods throughout the design day when the designed collector field
supplies less thermal energy than the process demands for operating at nominal
charge (a deficit), as well as periods in which the solar field supplies more energy
than the process can consume (a surplus). The storage system stores excess thermal
energy during times of surplus so that it can become available at times of deficit.
Therefore, the size of the thermal storage system can be determined using the
quantity of excess energy in times of surplus throughout the day, between #; and
t, instants. This energy, Ey, sored» 1 determined using the following expression:

i=t

Eth,stored = Z (Pth,field(i) - Pth,process) (426)

i=t
P fiena 1 the thermal power supplied by the solar field and is given by:
P fiela = Pih,row - NF (4.27)

Two cases can be distinguished. In the first case, the nominal thermal power is
lower than the nominal power required by the process; this occurs when the solar
field has been sized to work for fewer hours than the available sunlight hours. In the
second case, the nominal thermal power is greater than the nominal power required
by the process; this occurs when the solar field has been sized to feed the plant for
more hours than the sunlight hours available.

The result of the first case is depicted in Fig. 4.10, showing the thermal power
demanded by the process along with that supplied by the solar field throughout the
design day. The shaded area with diagonal lines shows the surplus thermal energy,
whereas the shaded area with crossed lines shows the thermal energy deficit. As can
be seen, areas of surplus correspond with the periods from 5.00 to 8.00 h and from
16.00 to 19.00 h, whereas the area of deficit is from 8.00 to 16.00 h. The deficit
areas ought to be equal to the surplus areas, ensuring that excess thermal energy
resides in the storage system during these surplus periods ready for use during
deficit periods.

The result of the second case is shown in Fig. 4.11. As can be seen, the surplus
area corresponds to the period from 6.00 to 19.00 h, and the deficit areas from 0.00
to 5.30 h and from 19.00 to 24.00 h.

Another variable to determine in a thermal storage system is the number of hours
that the system can operate using the stored energy in the thermal storage tank; this
is obtained as follows:
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Fig. 4.10 Thermal power produced by the solar field and demanded by the process when the solar
field feeds the plant for less hours than the sunlight hours
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Fig. 4.11 Thermal energy produced by the solar field and demanded by the process when the solar
field feeds the plant for more hours than the sunlight hours available
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E
Istorage = lh[’,;[:red (428>
tl

In all storage systems with a heat exchanger (as is the case with molten salts), thermal
losses have to be considered, both in the storage system and in the heat exchangers.
This means that the charge and discharge usage factors are less than 1, resulting in
lower output than if the energy were transferred directly to the cycle. If Jg; is the
absorbed energy fraction by the solar field that is sent to the storage system, and y. and
yq are the average annual charge and discharge usage factors, respectively, the annual
general output is lower as a result of the annual storage loss factor, ys,, given by:

Yse=1—=0st- (1 —7c7q) (4.29)

Therefore, the storage system should be sized to supply the power needed for the
power cycle to work under nominal conditions, considering the existing thermal
losses.

On the other hand, there is an important parameter associated with the design
point that gives an idea of the oversizing of the solar field with respect to the power
cycle (process), the solar multiple (SM). This parameter is defined as the relation-
ship between the power sent by the solar field in the design point, Py, ge1q, and the
power needed by the power cycle (process) to work under nominal conditions, Py,:

_ P field

SM
Py

(4.30)

When the thermal power supplied by the solar field is enough to make the process
work under the nominal conditions at the design point, the SM value is equal to one.
However, this only happens at the instant corresponding to the design point; for the
rest of the time, it is less than one. In order to make the turbine work under steady-
state conditions for longer, the SM value must be greater than one, as can be seen in

Fig. 4.12 Thermal power t
delivered by the solar field
at different solar multiple
values

Operating point under Operating interval under
steady-state conditions steady-state conditions

___ Excess of energy

Thermal power
required

Solar field thermal
power for SM=1

Thermal power (MWt)

Solar field thermal
power for SM=1

Time (h)
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Fig. 4.12. This means that the thermal capacity of the collector field exceeds the
steam generator demand and this excess can be accumulated in the storage system.
If the sizing of the solar field is carried out assuming thermal storage, the power
delivered by the solar field is greater than the power necessary by the power cycle to
work under nominal conditions, resulting in the SM always being greater than 1.

Typical values of the SM are between 1.2 and 1.8, which correspond to auton-
omous periods with the plant at full load for 3 h and 8 h, respectively (although this
value depends on the available annual radiation).

4.3 Power Cycle Modelling

4.3.1 Power Cycle

The power cycle used in the Concentrating Solar Power plant is a regenerative
Rankine cycle with reheat, which was selected on the basis of commercial CSP
plants (Blanco-Marigorta et al. 2011). The cycle diagram is represented in Fig. 4.13

As can be observed, the thermal oil is heated while circulating through the
absorber tubes of the solar collectors. Therefore, the solar energy is converted
into thermal energy in the form of oil’s sensible heat and subsequently stored in
the thermal storage system with molten salts. A part of the oil coming from the solar
collectors is directed to the oil-salt heat exchanger. Consequently, the thermal
energy of the oil is transferred to the salt and this is stored in the hot tank during
its load cycle. During the discharge cycle, the salt and oil flows are inverted in the
oil-salt heat exchanger and, thus, the thermal energy of the salt is transferred to the
oil. The hot oil then passes through a power conversion system (made up of a
preheater, an evaporator and a superheater), where steam generation takes place in
the power cycle. Furthermore, there is an auxiliary boiler capable of heating the oil
in parallel to the collector field to guarantee operation of the solar plant for 24 h
a day.

The resulting superheated steam from the power conversion system passes first
through a high-pressure turbine (ST1), where it is expanded to reach intermediate
pressure. From this turbine, the first regeneration process takes place by extracting
part of the steam passing through it. This steam is used to preheat the feedwater in a
feedwater heater (FWH 1). Here, the heat is transferred from the extracted steam to
the feedwater without mixing the two currents. On the one hand, condensed steam
is obtained, and on the other, feedwater at a higher temperature. The resulting
condensed steam is introduced to the next feedwater heater (FWH 2) to take
advantage of its sensible heat. This occurs after passing through a valve (valve 1),
which traps any steam remaining in the condensed current and reduces the liquid
pressure to the interior FWH pressure, thus avoiding any evaporation flash (which
can occur if the liquid enters a compartment whose pressure is lower than its
corresponding saturation pressure).
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The steam not extracted from the high-pressure turbine continues expanding
until it leaves at the required reheater pressure. In the reheater, the steam is
superheated by the thermal energy coming from the solar system. Subsequently,
the superheated steam enters the low-pressure turbine (ST2), where it expands up to
the condenser pressure, producing work by rotation of the electrical generator. A
regenerative process is also carried out by this turbine via five steam extractions. In
this case, four closed (and one open) feedwater heaters are used (FWH 2-5) to
preheat the feedwater. The open FWH is basically a mixing chamber, where the
steam extracted from the turbine is mixed with the feedwater, transferring its phase-
change enthalpy. Furthermore, it also eliminates the oxygen and the
non-condensable gases in the feedwater, thus avoiding corrosion phenomena in
the power conversion system. All of the condensed currents leaving the closed
water heaters (FWH 2-5) enter the next water heater after passing through the
valves (valves 2-5), which trap the steam before entry.

Finally, the exhaust steam that leaves the low-pressure turbine is condensed in
the condenser at a constant pressure, by transferring heat from the steam to the
refrigeration medium via the condenser. Therefore, exhaust heat is transferred to
the environment in this process. The steam leaves the condenser as saturated liquid,
which is mixed in the mixing chamber with the condensed steam coming from the
last feedwater heater (FWH 5). From this mixture, a condensate (feedwater) is
obtained that is pumped at a sufficiently high pressure to circulate through the
closed water heaters (FWH 3-5) as well as the interior of the open heater. Follow-
ing this, the feedwater is pumped again to the open FWH outlet up to the required
pressure in the power conversion system. The feedwater passes through the other
two feedwater heaters (FWH 1-2) before returning to the preheater of the power
conversion system to complete the cycle.

4.3.2 Thermodynamic Analysis of the Cycle Components

The power cycle was modelled assuming that all the components associated with it
(pump, power conversion system, FWHs, valves, condenser, mixing chamber and
turbine) are adiabatic and operate in steady state. Changes in the potential and
kinetic energy of the fluid streams are assumed negligible, as well as the changes in
the fluid state between the outlet and the inlet of each component. However, certain
pressure losses in the steam lines and the closed FWHs are considered. Finally, the
following assumptions are taken in account: condensed steam exits the condenser
as saturated liquid (x =0) and no pressure losses occur; feedwater exits the deaer-
ator as saturated liquid (x=0); and the condensate mixture leaves the mixing
chamber as saturated liquid (x =0).

Taking some of the above-mentioned considerations into account, the equation
for the balance of energy in steady state, applied to the steam that circulates around
the cycle, is reduced to:
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(Ge = qs) + (We —ws) = he — hi (4.31)

where:

— (. is the heat transfer per unit of mass realised by the heat transfer fluid (in this
case oil) in the thermodynamic cycle. This heat transfer corresponds to that
produced from the oil exiting the solar field into the thermodynamic cycle (to the
power conversion system and the reheaters present in the cycle) (see Fig. 4.13).

— g, is the heat transfer per unit of mass to the environment realised by the steam
that circulates around the cycle. This heat transfer corresponds to that produced
from the steam entering the condenser on its way to the outside, as a conse-
quence of its condensation (see Fig. 4.13).

— W, is the work done, per unit of mass of the steam that circulates around the
cycle. This work corresponds to that required by the pumps present in the cycle.

— wy is the work done by the thermodynamic cycle, per unit of mass of steam that
circulate around the cycle. This work corresponds to that realised by the turbines
(see Fig. 4.13).

— hg is the specific enthalpy of the steam when it has reached its final state in the
thermodynamic cycle.

— By is the specific enthalpy of the steam in its initial state in the thermodynamic
cycle.

In the following model, the input parameters are the pressure and temperature of
the superheated steam at the entrance to turbine ST1 (P, T); the pressure of the
steam that exits ST1 (P3); the temperature and pressure of the steam that exits the
reheater (Py4, T4); the pressure of the steam that exits turbine ST2 (P); the pressure
of the steam that is extracted from ST1 (P,); and the steam pressure for the
extractions in turbine ST2 (Ps, Pg, P7, Pg y Po). The output parameters given by
the model are the pressures and the remaining temperatures in each of the currents,
the mass flow rates and the specific enthalpies for all of the cycle currents.

The model’s equations that are applied to each of the cycle components are
shown below. In order to obtain the mass flow rates for all the cycle currents, the
corresponding equations are expressed as power instead of work.

Turbines

Inside a turbine, steam expands and mechanical work is produced by rotation of the
axis connected to the electrical generator. In the thermodynamic cycle presented in
Fig. 4.13, there are two turbines, ST1 and ST2.
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Turbine ST1

As can be observed in Fig. 4.13, superheated steam at mass flow rate, 71, enters the
turbine where it expands. Part of this flow, #i1,, is extracted and therefore only
partially expands in the turbine. The rest of the steam (r13 = 1y — #i1p) expands
completely until reaching the reheater entry pressure. Considering that the steam
expands isentropically in the turbine (ideally without irreversibilities), the power
generated by this turbine, Py, sT1, 1S given by:

P sT1 = 11y - (hy — ha i) + 1z - (hoi — hs ;) (4.32)

where £, is the specific enthalpy of the steam entering the turbine; 4, ; and A3 ; are
the specific enthalpies of the steam that is extracted and the steam leaving the
turbine, respectively, considering the isentropic steam expansion.

The specific enthalpy and entropy of the steam entering the turbine are a function
of the temperature and pressure at that point:

hy = f(T1,P1)
S :f(lepl) (433)

Conversely, the specific enthalpy of the steam that is extracted from the turbine
at point 2 (see Fig. 4.13) is a function of the entropy and pressure at that point:

hyi = f (82,1, P2) (4.34)

where s, ; is the steam entropy in point 2 considering isentropic expansion. In this
case, the steam entropies at the outlet and at the inlet are equal:

8§2,i = S1 (435)

Finally, the steam temperature in point 2 is a function of the entropy and pressure at
that point:

Tai = f(s2,1,P2) (4.36)

At point 3, the specific enthalpy of the steam at the outlet of turbine ST1 is a
function of the entropy and pressure, as indicated here:

hsi = f(s3,1,P3) (4.37)

Here, as before, the entropy of the steam at the turbine outlet is equal to that at
the inlet:
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83,0 = S (4.38)
The steam temperature in point 3 is a function of the entropy and pressure:
T3, = f(s3.,P3) (4.39)

However, as a result of irreversibilities, such as fluid friction, the turbine
generates less power than it would under ideal conditions. This is represented
using the isentropic efficiency of the turbine (), defined as:

he t hs t
n =t St 4.40
' he,l - hst,i ( )

where A, is the specific enthalpy of the steam entering the turbine and A, is the real
enthalpy (taking irreversibilities into account) of the steam at the outlet, whereas
hg; s the ideal specific enthalpy of the steam (without irreversibilities).

Applying this equation to turbine ST1, the real specific enthalpies of the steam
that is extracted from the turbine, /,, and that of the steam leaving the turbine, A3,
can be calculated as follows:

) =
ST1,1—2 = 73—
’ h — hy;
A (4.41)

NMsT1,1-3 =77
h — hs,;
where #s11,1—2 and nst1,1—3 are the isentropic turbine efficiencies when the steam

is expanded from point 1 to 2 and from point 1 to 3, respectively.
In this case, the temperatures and real entropies in points 2 and 3 are given by:

T, = f(P2,h)
52 = f(P2,h)
(4.42)
T3 = f(P3,h3)
s3 = f(P3,h3)

Considering real expansion in the turbine, the power generated is determined as:
Pur.sT1 =1y - (hy — ha) +miz - (hy — h3) (4.43)

Turbine ST2
In turbine ST2, the steam (at flow rate ri13) enters and expands after leaving the

reheater, generating a specific power by the rotation of the axis connected to the
electric generator. Five extractions are carried out, so some steam (at flow rates s,
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T, 11y, tilg and 1ily) is partially expanded in the turbine, and the remainder (711
= m3 — M5 — Mg — W7 — Mg — My ) expands completely until reaching the con-
denser pressure.

The specific enthalpy and entropies of the steam entering the turbine (point 4)
are a function of the temperature and pressure at that point:

hy = f(T4,Py)
(4.44)
s4 = f(T4,Ps)

Considering isentropic expansion at point 5, the specific enthalpy of the steam at
this point is a function of the entropy and pressure:

hs,i = f(ss.i,Ps) (4.45)

As before, isentropic steam expansion is considered, so the steam entropy at point
5 is equal to the steam entropy at the inlet of the turbine:

85, = S4 (446)

The steam temperature extracted from the turbine at point 5 is a function of the
entropy and pressure at that point:

Ts,i = f(ss.,Ps) (4.47)
The same methodology is applied to the extractions carried out at points 6, 7, 8 and

9. Finally; applying (4.40) to all of the extraction points of the steam turbine, the
isentropic efficiencies in each case are given by the following expressions:

hy — hs
Ns12,4-55 = m
_ hg— he
Ns12,46 = s — he.i
hy — hy
NsT2,47 = m
_ hy—hg
NsT2,48 = Iy — hs.;
hy — hy
=T 4.48
Ns12,4-9 Iy — hos ( )
hy — hyo

Ns12,4-10 = T — hyos
1

From these expressions, the specific enthalpies of the steam are determined at
points 5, 6, 7, 8, 9 and 10, taking into account the irreversibilities of the system.
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Once the enthalpies are known, the temperature and the steam entropy at those
points are determined as follows:

Ts = f(Ps,hs)
ss = f(Ps,hs)
Ts = f(Ps,hs)
s6 = f(Ps,hs)
T; = fEP7,h7§
s7 = f(P7,h7
Ts = f(Ps,hs) (4.49)
ss = f(Ps, hs)
Ty = f(Py,hy)
s9 = f(Pg,h)
Tyo = f(P1o, h1o)

In this way, considering the real expansion in the turbine, the power it generates is
expressed as:

Puurv,sT2 = 113 - (ha — hs) + mg - (hs — he) + my - (he — hy) + mg
. (h7 — h8) + myg - (hg — hg) + myg - (hg — /’110) (450)

Finally, the total power obtained from the two turbines present in the cycle is
given by:

Purb = Puurb,sT1 + Purs,sT2 (4.51)

Reheater

Steam at flow rate, 715, enters the reheater from turbine ST1, and superheated steam
is obtained at the outlet. The thermal power required is given by:

Py =ity (hy — h3) (4.52)

where /3 and hy4 are the specific steam enthalpies at the inlet and outlet of the
reheater, respectively.

Condenser

Steam at flow rate, 71, enters the condenser after leaving turbine ST2 as exhaust
vapour, and condensed liquid is obtained at the outlet. As mentioned above, the
pressure losses from this component are considered negligible; thus, the thermal
power dissipated to the atmosphere is determined by the following expression:
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P. =g - (ho — i) (4.53)

where ho and A are the specific steam enthalpies at the condenser inlet and the
liquid at its outlet, respectively.

It is considered that the liquid exits the condenser in a saturated state (x;; = 0).
Knowing the quality and the pressure at the outlet of the condenser, the enthalpy
and temperature are easily calculated:

hin = f(Pi1,x11)
(4.54)
Ty = f(Pi,x11)

Depending on the type of refrigeration used (i.e. wet or dry cooling), parameters
related to the refrigeration system need to be calculated. In the case of once-through
or evaporative water cooling, the water flow rate required in the condenser has to be
determined. In the case of once-through cooling, the water flowing through the
condenser is seawater, whereas it is fresh water for evaporative water cooling. In
both cases, the flow rate necessary, Fong, is determined as follows:

Fcond = FW : Pturb (455)

where F,, is the specific flow rate of the water required, based on the gross
electricity production.

Furthermore, in the case of once-through and evaporative water cooling, the
electricity consumption needed to pump the water through the power plant con-
denser has to be taken into account. This consumption is determined as follows:

Peond = Py - Feond (456)
where P, is the specific power consumed by the pump.
In the case of dry cooling, the consumption is given by the power consumed by
the air condensers:

Pdry = Pspec,dry . Pturb (457)

where Pgpec ary 18 the specific power consumed by the air condensers.

Mixing Chamber

The two condensate flows from the condenser (at flow rate 7,¢) and FWH 5 (at flow
rate 7i1,9) are mixed in the mixing chamber. The resulting mixture (at flow rate r1,5)
leaves the mixing chamber as saturated liquid (x;, =0) and at the same pressure as
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the mixing currents. This component is evaluated by an energy balance between the
inlet and outlet:

Mo - hio = myg - hyy + mgg - h3p (4.58)

hy, being the specific enthalpy of the saturated liquid coming from the condenser,
and A the specific enthalpy of the saturated liquid coming from the FWH 5 heater.

The saturated liquid temperature at the outlet of the mixing chamber is deter-
mined by its dependence on the pressure:

Tsa, 12 = f(P12) (4.59)

The specific volume of the liquid leaving the mixing chamber can be calculated
as a function of the pressure and the quality at that point:

vi2 = f(P12,X12) (4.60)
Pumps

Compression of the saturated liquid, which comes both from the mixing chamber
and the deareator, takes place in the pumps. During the compression process, the
liquid temperature can increase slightly as a result of a slight reduction in volume.

Pump 1

Considering that the saturated liquid flow that enters the pump 1, at flow rate #1;,, is
compressed isentropically, the required power by this pump is determined as
follows:

Pi pump1 = 112 - (hiz — hi2) (4.61)

where /i, and &5 are the specific enthalpies of the liquid at the inlet and outlet,
respectively.

The required power for the pump can also be determined by the following
expression:

Pipumpt = 112 - vi2 - (P13 — P12) (4.62)

where P, and P53 are the pressures of the liquid at the pump inlet and outlet,
respectively. However, as a result of irreversibilities (such as fluid friction), pres-
sure drops are produced in the power conversion system and in the pipes between
the various cycle components. To compensate for these pressure drops, the water
has to be pumped at a greater pressure than that required in an ideal cycle.
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Therefore, the pump efficiency, called isentropic efficiency (), is taken into
account and included in the power required by the pump, as follows:

Pi um;
Pr,pumpl =P el (463)
Mo, 1

The pump outlet temperature, T3, is determined by the pressure and enthalpy at
that point:

T3 = f(P13,hi3) (4.64)
Pump 2

In the case of pump 2, a saturated liquid flow coming from the deaerator, 71y, is
pumped through the preheaters FWH 1 and FWH 2 until arriving at the power
conversion system preheater. Taking into account the same considerations as for
pump 1, and considering the irreversibilities of the system, the power required for
pump 2 is given as:

Pi m
Pr,pump2 = -pump2 (465)
Mp,2

where 7,5 is the isentropic efficiency of the pump and W,-,I,umpz is the power ideally
consumed by pump 2, calculated as follows:

P pump2 = 11 - (hig — hi7) (4.66)

where hg and hy; are the specific enthalpies of the liquid at the pump inlet and
outlet, respectively. The power consumed by the pump can also be calculated as
follows:

Pi pump2 = 1117 - vi7 - (P1g — P17) (4.67)

where vy7 is the specific volume of the saturated liquid entering the pump and P,
and P,g are the pressures of the liquid at the pump inlet and outlet, respectively.

The temperature of the liquid leaving the pump is determined by the pressure
and the enthalpy at that point:

Tig = f(P1g, hig) (4.68)

The power consumed by both pumps is the sum of the power consumed by each
one:
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Ppumps = Pr,pumpl +Pr,pump2 (469)
Feedwater Heaters

Feedwater heaters are heat exchangers whose function is to raise the feedwater
temperature prior to arrival at the power conversion system, thus improving cycle
efficiency (Habib and Zubair 1992). On the one hand, the feedwater is pumped from
the outlet of the mixing chamber to the inlet of the power conversion system
preheater, where the thermodynamic cycle begins (see Fig. 4.13). On the other
hand, the steam extracted from the high and low pressure turbines is the heat
transfer fluid (see Fig. 4.13).

Closed Feedwater Heaters

In the case of closed FWHs, heat transfer takes place without the two fluids mixing
(the steam and the feedwater). In an ideal FWH, the feedwater is heated up to the
steam temperature before leaving the FWH as saturated liquid at the steam pressure.
However, in real plants, the feedwater leaves the FWH at a temperature below that
of the steam; and the condensed steam leaving the FWH does not do so as saturated
liquid at steam pressure. There are two parameters that evaluate the heat transfer
performance within the FWH. The first parameter is the terminal temperature
difference (TTD), defined as the difference between the saturation temperature
corresponding to the steam pressure and the feedwater temperature leaving the
FWH. The second parameter is the drain cooler approach (DCA), which is used to
deduce the level of liquid present in the FWH and is defined as the difference
between the outlet temperature of the condensed steam and the feedwater temper-
ature at the FWH inlet.

Below are descriptions of the equations for each of the heaters present in the
power cycle.

FWH 1

Here, the heat transfer takes place from the steam flow extracted from turbine
ST1 (ri1,) to a feedwater flow coming from FWH 2 (#1;). Consequently, the
feedwater temperature rises from 79 to T5o and the steam is condensed, producing
a distilled flow equal to the entering steam flow (7i1;). Applying an energy balance
through this component, the following equation is obtained:

my - hy + iy - hig = My - hoy + 1y - hyg (4.70)

The enthalpies &, and /,; are a function of the pressure and the temperature at the
corresponding points:
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hao = f(T20,P20)
4.71)

hy1 = f(Ta1,P)

The condensed steam outlet temperature (75;) is a function of the feedwater
temperature at the FWH inlet (T9) and the DCA parameters, as shown below:

T21 == T19 + DCA (472)

On the other hand, the feedwater temperature at the FWH outlet (T5) is a function
of the saturation temperature to the steam pressure (P,) and the TTD value:

Ty = Tsu(P2) — TTD (4.73)
FWH 3 works in the same way as FWH 1, so the same calculation procedure is
applied.
FWH 2

In this component, the heat transfer takes place from the steam flow extracted
from turbine ST2 (ri15) to the feedwater flow coming from pump 2 (#1,). Further-
more, a liquid flow enters from FWH 1 (71,) after passing through valve 1. From
this FWH, a distilled flow (ri1,3) is obtained that is the sum of the condensed flow
from the entering steam (715) and the liquid flow that comes from FWH 1 (ri1,).
Applying an energy balance through this component, the following equation is
obtained:

ms - hs +my - hoy +my - hyg = nioz - hyz 41y - hyg (4.74)

The enthalpies /1,9 and h,3 are a function of the pressures and temperatures at the
corresponding points:

hig = f(T19,P19)
(4.73)
hys = f(Ta3,P23)
The outlet temperature of the liquid (7,3) is determined using the expression:
Ty =Tis + DCA (4.76)
The feedwater temperature at the FWH outlet (7o) is given by:

Ti9 = Tsu(Ps) — TTD (4.77)

This same methodology is used for water heaters 4 and 5 as they work similarly.
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Open Feedwater Heaters

Open FWHs use the steam energy extracted from the turbine to heat the feedwater
while they are mixing. These types of heaters can also work as deareators, heating
the water to a temperature high enough that the gases contained within them
(oxygen and non-condensable gases) are released. These gases are released through
a trap that is incorporated into the heater. In this FHW, the mixing of the steam flow
extracted from turbine ST2 (#1¢) and the feedwater coming from FWH 3 (771,,) takes
place. Furthermore, the liquid flow coming from FWH 2 (71,3) enters this heater
after passing through valve 2. The mixture obtained (771;) leaves the deareator at a
higher temperature and at the same pressure as the inlet currents. The energy
balance applied through this component is as follows:

nie - he + Mo - hie + Moz - oy = my - hyy (4.78)

Because the liquid exiting the deaerator is considered saturated liquid (x;7 =0),
the enthalpy, specific volume and temperature depend on the pressure at this point;
as shown below:

hi7 = f(P17,x17)
vi7 = f(P17,x17) (4.79)
Tya,17 = f(P17)
Valves
As mentioned before, the valves reduce the liquid pressure to the interior FWH
pressure, thus avoiding sudden evaporation when the liquid enters a chamber where
the pressure is lower than its corresponding saturation pressure. Moreover, the

valves trap steam that might still be present in the condensate coming from the
previous heater.

Valve 1

The mass flow of the condensed liquid, 71,, circulates through valve 1 coming from
FWH 1, which enters FWH 2 at a pressure equal to that inside (P,3). The energy
balance in this valve is given by:



4.3 Power Cycle Modelling 121

my - hyy = my - hy (4.80)

The condensed liquid temperature at the valve 1 outlet is a function of the
pressure and the enthalpy at this point:

T = f(Pzg,hzz) (4.81)

The calculation procedure for the temperature and enthalpy at the outlet of each
of the other valves is the same as that explained for valve 1.

Steam Generation System

In this system, heat is transferred from the oil coming from the solar field to the
power conversion system, turning the feedwater into superheated steam, which then
enters the high pressure turbine (ST1). The thermal power required in the genera-
tion system is determined using the equation:

Ppcs = vy - (hy — hy) (4.82)

where h; and hy are the specific enthalpies of the liquid at the inlet and of the
superheated steam at the system outlet, respectively.

Finally, the thermal cycle efficiency is defined as the ratio between the net
electrical power produced by the steam cycle and the nominal thermal power
required by the cycle:

Pnet

ot 4.83
P (4.83)

M =

The net electrical power produced by the steam cycle, P, is the electrical power
produced by the turbine, Py,,, minus the electrical consumption of the cycle pumps
and the refrigeration system. In other words, the turbine has to produce an addi-
tional amount of electricity to compensate for these electricity demands in an
established net power production. The electricity consumed by the refrigeration
system varies depending on the refrigeration method used (in the equation shown
below, it is referred to once-through refrigeration method):

Pnet = Pturb - Ppumps - Ppump_sw (484)

On the other hand, the nominal thermal power required by the power cycle, Py,
is determined as the thermal power required by the power conversion system,
Ppcs, plus the thermal power required by the cycle reheaters, P;:
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Py = P + Ppcs (4.85)

The power cycle equations, together with the equations explained in the following
chapter (Chap. 5) regarding the integration of desalination plants into a power
cycle, provide the model for a dual-purpose solar power/water cogeneration plant.
The model of the solar field is used to size the solar field required to supply the
thermal power needed by the power and desalination cycle.
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Chapter 5
Integration of a Desalination Plant into
a Concentrating Solar Power Plant

Nomenclature

Variables

Cr
F Fw,int

Thermocompressor compression ratio
Internal fresh water consumptions in the CSP and Desalination plant

(m*/h)

GOR  Gain output ratio

My Mass flow rate of the motive steam feeding the thermocompressor (kg/s)

M Mass flow rate of the steam coming from turbine ST?2 that feeds the MED
plant (kg/s)

M Mass flow rate of the entrained vapour feeding the thermocompressor
(kg/s)

My MED plant distillate flow rate (m>/h)

Mgnee  Net fresh water production (m>/h)

Pmv Motive steam pressure feeding the thermocompressor (kPa)

Ds Compressed steam pressure that comes from the thermocompressor (kPa)

Dent Entrained vapour pressure that feeds the thermocompressor (kPa)

qe Heat transfer per unit of mass of the oil in the power cycle (kJ/kg)

qs Heat transfer per unit of mass of the steam in the power cycle (kJ/kg)

PCF Steam pressure correction factor of the motive steam feeding the
thermocompressor

Ra Entrainment Ratio

SEC Specific electricity consumption (kWh/m?>)

TCF Correction factor of the entrained vapour temperature that feeds the
thermocompressor

Tont Entrained vapour temperature that feeds the thermocompressor (°C)

T Steam temperature at the inlet to the heat exchanger tubes of the MED
first effect (°C)
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Pgesa Electrical power consumed by the desalination plant (kW.)
Poct Net power production (MW,)

Poumps  Electrical power consumed by the power-cycle pumps (kW.)
P Gross power production (MW,,)

P Nominal thermal power required by the cycle (MWy,)

We Work per unit of mass realised by the steam over the power cycle (kJ/kg)

We Work per unit of mass realised by the steam circulating through the cycle
(kJ/kg)

Acronyms

FWH Feedwater heater

PT-CSP+D Parabolic-trough concentrating solar power and desalination

LT-MED Low-temperature multi-effect distillation

LT-MED+TVC Low temperature multi-effect distillation powered by a thermal
vapour compressor

MED Multi-effect distillation

MED-TVC Multi-effect distillation with thermal vapour compression
RO Reverse osmosis

PSA Plataforma Solar de Almeria

ST1 High-pressure turbine

ST2 Low-pressure turbine

5.1 Introduction

This chapter addresses the description and thermodynamic analysis for the integra-
tion of desalination plants into the power cycle described in Chap. 4. The systems
chosen for this study combine a Concentrating Solar Power plant using parabolic-
trough collector technology for electricity generation with various desalination
plants, giving rise to what is known as a parabolic-trough concentrating solar
power and desalination (PT-CSP + D) plant. The description of the PT-CSP plant,
based on the Andasol-1 (Blanco-Marigorta et al., 2011) commercial plant, is
detailed in Chap. 4, showing all the model equations. The desalination technologies
selected to combine with the PT-CSP plant were multi-effect distillation (MED)
and reverse osmosis (RO), as discussed in Chap. 1. On one hand, the simultaneous
production of water and electricity using an RO plant connected to a CSP plant
seems the simpler option. On the other hand, the integration of a low-temperature
MED (LT-MED) plant is an interesting alternative because it allows replacement of
the conventional power-cycle condenser by using exhaust steam as the thermal
energy source for the desalination plant. However, to satisfy demand, while pro-
viding a certain performance, the LT-MED plant inlet temperature should be
around 70 °C (corresponding to 0.031 bar absolute), meaning that the steam does
not completely expand through the turbine and therefore the power-cycle efficiency
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is low compared with a stand-alone electricity-generating plant. This is the reason
why another alternative to the MED plant, MED with thermal vapour compression
(TVC), is considered. In this case, the steam expands completely in the turbine until
it reaches the permitted value for the condenser conditions. However, part of the
steam circulating through the turbine is extracted and used as high-pressure steam;
this, together with the low-pressure steam coming from one of the MED effects,
generates the inlet steam required in the first stage of the desalination plant.
Moreover, in this study, a new concept of CSP + MED plants is evaluated (which,
until now, has not been studied in published works), a thermally fed LT-MED plant
with steam coming from a thermocompressor (LT-MED + TVC). In this case, the
low-pressure steam (the entrained vapour) used by the thermocompressor comes
from the exhaust steam of a PT-CSP plant instead of one of the MED effects. In
each of the systems studied, desalinated water production is evaluated as well as the
power and efficiency of the dual thermal solar power and desalinated water cycle.

5.2 Description of the Systems

The following systems are proposed:

e LT-MED plant integrated into a PT-CSP plant (configuration 1)

e LT-MED plant fed by steam coming from a thermocompressor (referred to as
LT-MED + TVC), integrated into a PT-CSP plant (configuration 2)

* MED-TVC plant integrated into a PT-CSP plant (configuration 3)

¢ RO plant connected to a PT-CSP plant (configuration 4)

5.2.1 Configuration 1

The integration of an LT-MED plant into a PT-CSP plant is an attractive prospect
because utilisation of the exhaust steam from the turbine as a thermal energy source
in the desalination process allows replacement of the CSP refrigeration system. In
this way, energy that would otherwise be dissipated through the power-cycle
refrigeration system is used for fresh water production, which converts into an
added value for the combined system. However, in this case, because the exhaust
steam is used to feed the LT-MED plant at 70 °C, it exits at a slightly higher
pressure than in the other configurations analysed. This means a reduction in the
power-cycle efficiency. A further shortcoming of this configuration is that the
desalination plant needs to be situated as close to the turbine as possible because
the exhaust steam has a high specific volume and, consequently, a large-diameter
pipe is necessary to drive the steam to the desalination plant. This means situating
the plant near the coast, where there is generally less direct solar irradiation.
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Figure 5.1 shows a flow diagram for this configuration. As observed, in this type
of cogeneration system, the LT-MED plant is integrated into the CSP plant,
replacing the power-cycle condenser. Given that the final extraction carried out in
the power cycle is at a lower temperature than that needed to couple the turbine
outlet to the LT-MED plant, only four extractions from the low-pressure turbine
(ST2) take place in this cycle instead of the five that occur when complete steam
expansion is allowed. Once the steam leaves turbine ST2 (point 1), it is condensed
through the first LT-MED plant exchanger, which produces fresh water (point 3) via
the evaporation—condensation process. The condensed steam (point 2) mixes with
the condensate coming from the feedwater heater, FWH4 (point 5), and the
resultant liquid mixture (point 4) is pumped to continue its progress around the
power cycle.

5.2.2 Configuration 2

This configuration represents an LT-MED plant fed by the thermal energy from a
thermocompressor (the LT-MED +TVC plant). The steam ejector uses steam
extracted from the turbine as motive steam and thus, it involves a reduction in the
global power production efficiency. Additionally, in this case, complete exhaust
steam expansion through the low-pressure turbine (ST2) is permitted, part of this
steam being used as entrained vapour in the steam ejector and the remaining
exhaust steam is condensed through the power-cycle condenser.

This type of integration is interesting because these energy recovery systems can
be used to couple any thermal desalination process to a power cycle with the
presence of the condenser, and not only to a MED process. Furthermore, another
advantage of this configuration, unlike configuration 1, is that the desalination
process does not have to follow the load of the power cycle because of the presence
of the PT-CSP plant condenser. Also, an additional advantage is that the conden-
sation of exhaust steam does not depend on operation of the desalination plant which
can be a problem in the case of failure in the desalination plant.

With this configuration, in contrast to the conventional MED-TVC process, the
MED plant is not coupled to the thermocompressor, because the entrained vapour
does not come from the desalination plant but from the power plant. Here, the
thermal energy source for the MED process is the compressed vapour (vapour
leaving the steam ejector) and not motive steam as in a MED-TVC plant. Thus, the
GOR of this plant is the same as for an LT-MED plant and not greater (as in the case
of MED-TVC), given that part of the steam generated in the MED process is not
recovered.

With respect to the refrigeration needs in the desalination plant, because no
steam is extracted from the plant to feed the thermocompressor, all the steam in the
last effect has to be condensed in the final condenser. Therefore, the refrigeration
requirements are greater than in a MED-TVC plant.

Figure 5.2 shows a diagram of the process flow of configuration 2. As can be
observed, the thermocompressor is fed by the motive steam coming from one of the
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low-pressure turbine extractions (point 1). Part of the exhaust steam leaving turbine
ST2 is used as entrained vapour (point 2). The resulting compressed steam (point 3)
is used as a thermal energy source in the LT-MED plant, producing fresh water
(point 4). The rest of the exhaust steam that is not used as entrained vapour in the
ejector (point 5) is turned into condensate in the power-cycle condenser (point 7),
mixing with the liquid condensate that exits the desalination plant first-effect (point
6) and with condensate coming from FWH 5 (point 8). The condensate coming
from the mixing chamber (point 9) continues its process in the cycle.

5.2.3 Configuration 3

With the integration of a MED-TVC plant into a PT-CSP plant, complete steam
expansion can also take place. The steam condenses in the power-cycle condenser
that is not replaced. MED-TVC plant integration into the PT-CSP plant is carried
out using high-pressure steam coming from the turbine to feed the
thermocompressor, coupled to the MED plant, which consequently diminishes the
efficiency of global electricity production. This configuration has the same advan-
tages as configuration 2.

Regarding the distillation unit, the MED-TVC plant has a higher gain output
ratio (GOR) than LT-MED plants because less thermal energy is required to
produce the same amount of fresh water (part of the steam generated in one of
the MED plant effects is recovered). Moreover, the need for refrigeration in these
plants is less than in LT-MED plants, given that part of the steam produced in the
desalination process is extracted for use in the thermocompressor as entrained
vapour and, therefore, less seawater volume is required to condense the steam
produced in the last effect of the MED plant.

Figure 5.3 shows a flow diagram of configuration 3. The steam ejector is fed, on
the one hand, by steam coming from one of the low-pressure turbine extractions
(point 1), called motive steam, and, on the other hand, by steam coming from an
intermediate effect of the MED plant (point 2), called entrained vapour. This
mixture is introduced into the steam ejector (or thermocompressor), producing
steam at an intermediate pressure, called compressed steam (point 3). This com-
pressed steam is introduced into the MED first effect as a thermal energy source to
energetically feed the desalination process and thus obtain fresh water (point 4).
Using steam from the turbine’s fourth extraction ensures that it has the least
exergetic content possible and, therefore, does not significantly prejudice the plant’s
electricity generation. The condensed steam coming from the tube bundle of the
MED plant’s first effect (point 5) is mixed with the condensate coming from the
power-cycle condenser (point 6) and with the condensate from the FWHS feedwater
heater (point 7). The condensate mixture leaves the mixing chamber (point 8) and is
pumped to the following feedwater heaters, continuing its way around the power
cycle.
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5.2.4 Configuration 4

This configuration is a basic combination of an RO plant with a PT-CSP plant. It has
the advantage over previous configurations of being able to completely separate the
desalination process from the electricity-generation process, including geographi-
cally. In this case, there are no losses in electricity generation as a result of
modifications in the power cycle, as there are in the previous cases. However,
because all the steam that leaves the turbine is condensed through the power-cycle
condenser, the refrigeration requirements are greater than for configuration
1 (where the need for refrigeration is eliminated completely) and configurations
2 and 3, in which part of the cycle steam is used as motive steam in the
thermocompressor (furthermore, in configuration 2, part of the steam leaving the
turbine is used as entrained vapour in the thermocompressor).

Figure 5.4 shows the process flow for configuration 4. As can be observed, the
electricity generated by the PT-CSP plant (point 1) is used to feed the high-pressure
pump, which pumps the seawater through the RO plant membranes (point 2), thus
producing desalinated water (point 3).

5.3 Analysis of the Integration of a Desalination Plant into
a Power Cycle

This section explains the calculation procedure for desalinated water production
from the various desalination plant configurations studied, along with the GOR in
the case of thermal distillation plants (LT-MED, MED-TVC and LT-MED + TVC).
Furthermore, the electricity-generation calculation is addressed along with the
global efficiency of the PT-CSP + D system.

5.3.1 Calculation for Desalinated Water Production
and GOR

Low-Temperature Multi-effect Distillation

For the integration of an LT-MED plant into a concentrating solar power plant
(Fig. 5.1, configuration 1), fresh water production is determined by taking into
account that all the steam flow exiting turbine ST2, M|, enters the MED plant first
effect as a thermal energy source for the desalination process. The total fresh water
production from the desalination plant, M g0, is determined by integrating the
LT-MED plant model (which was developed in detail in Chap. 3) into the PT-CSP
plant model (explained in Chap. 4).


http://dx.doi.org/10.1007/978-3-319-20535-9_3
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The parameter that measures the performance of a MED plant working with
steam as the thermal energy source is the GOR. This is defined as the kilograms of
distillate produced by every mass unit of steam supplied to the distillation plant.
Therefore, in the case of the LT-MED plant, it is given by (see Fig. 5.1):

o Md,gross

GOR (5.1)

S

In all configurations, the net fresh water production (Mg ,e¢) is assumed to be the
same as in configuration 1, since in this configuration all the steam from the solar
power plant is used as the thermal power source in the desalination unit, producing
fresh water according to the established thermal efficiency of the distillation plant.
On the other hand, the net fresh water production is considered to be slightly lower
than the gross (Mg gross), because some of the water produced is consumed inter-
nally in the power plant for solar collector mirror cleaning, power block water
supply and other internal water consumptions (e.g. drinking water). Also, in the
case of evaporative cooling, an additional amount of water must be produced to be
used in the evaporative tower:

Md,net = Md,gross - FFW,int (52)

where Fry in 1S the sum of the fresh water consumed by solar collector mirror
cleaning, the power block, the condenser (in case of evaporative cooling) and other
internal consumptions (in cubic metres per hour). These are determined considering
the specific fresh water consumptions shown in Table 5.1. The values of specific
fresh water consumption shown in this table refer to the total power produced by the
power and desalination cycle. In the case of mirror washing, the specific fresh water
consumption is considered to be 27 L/m? year (Richter and Dersch 2009).

MED-TVC and LT-MED + TVC

The LT-MED+TVC and MED-TVC thermal distillation plants are desalination
systems integrated into configuration 2 (Fig. 5.2) and configuration 3 (Fig. 5.3),
respectively.

The calculation of the GOR varies for each plant, MED-TVC or LT-MED
+TVC, as a result of the different thermal energy sources driving the process. In

Table 5.1 Specific fresh water consumptions for the internal water consumed in the power and
desalination cycle

Evaporative water Power Other internal

cooling block consumptions
Specific fresh water consumption 3 0.175 0.0029
(m*/MW.h)
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the case of MED-TVC, the steam supplied to the desalination plant is the motive
steam for the ejector, M,,,. Thus, the GOR is given as:

M d, gross

GOR = (5.3)

mv

In the case of the LT-MED + TVC plant (as in a LT-MED plant), the thermal
energy supplied to the desalination process is the steam that exits the
thermocompressor (compressed steam), Mg, which is not coupled to the MED
plant because the entrained vapour used comes from the power cycle instead of
from the desalination plant:

M d, gross

GOR = (5.4)

S

The equations that determine the steam flow rates in the thermocompressor, as well
as the temperatures and pressures in configurations 2 and 3, are given by the
thermocompressor model. This model is based on the equations published by
El-Dessouky and Ettouney (2002), which used field data from entrainment and
compression ratios collected by Power (1994) over a 35-year period. The entrain-
ment ratio is defined as the ratio of the flow rates for the motive steam, M,,,, and the
entrained vapour, M,

M mv
M ent

Ra =

(5.5)

This parameter, in turn, is given by the following correlation, proposed by
El-Dessouky and Ettouney (2002):

1.19 0.015
Ra = 0296 P (p“”) : <PC—F) (5.6)
(Pys) ™ \Pen TCF

where ps, pmv and pe, are the pressures of the resulting steam from the
thermocompressor (compressed steam), motive steam and entrained vapour,
respectively; PCF is the motive steam pressure correction factor; and TCF is the
entrained vapour temperature correction factor, defined by EIl-Dessouky and
Ettouney (2002) as:

PCF =3 x 1077 (py,)* — 0.0009(p,,,) + 1.6101 (5.7)
TCF = 2 x 107 %(Tep ) — 0.0006(Ten) + 1.0047 (5.8)

where T, is the temperature of the entrained vapour.
The mass and energy balances through the thermocompressor are given by:
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MS :va +Ment (59)
hs'Ms:hmv'va+hent'Ment (510>

The principle of conservation of energy in the thermocompressor results in a
steam temperature at the outlet of the ejector above the 70 °C limit required for the
MED plant. Therefore, although not represented explicitly, the use of a
desuperheater is required at the thermocompressor outlet.

The compression ratio, Cr, is defined as the ratio of the compressed vapour and
the entrained vapour pressures:

Ps
Pem

Cr= (5.11)

All of the above equations are valid within the following ranges:

Ra <4, 500 > Tene > 10 °C, 3500 > p,,, > 100 kPa and 6 > Cr > 1.81.

The thermocompressor should be designed and operated under critical conditions to
achieve stable and normal operation. This condition is associated with the absence
of violent fluctuations in the entrained pressure. A thermocompressor is crucial
when the compression ratio is greater or equal to the critical pressure ratio of the
entrained vapour. For water vapour, this ratio is 1.81. This means that the entrained
pressure has to be less than 0.55-times that of the compressed pressure in order to
obtain critical or stable conditions in the steam ejector. The above limit on the
compression ratio necessitates the use of two steam jet ejectors in series.

Reverse Osmosis

As mentioned above, in this case, as in configurations 2 and 3, the same net fresh
water production, My i, as that one obtained in configuration 1 is considered. The
gross fresh water production, Mg gross, is determined using (5.2).

5.3.2 Power and Efficiency Assessment of the Combined CSP
and Seawater Desalination Plant

The thermal efficiency of the combined CSP and seawater desalination plant is
defined as the ratio between the net power production, P, and the net output
thermal capacity (Pyg,), which is the nominal thermal power that the cycle requires:
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Pret
N = — (5.12)
i P

The net output thermal capacity is given by:
Pth:Ppcs+Pr (513)

where Py, and P, are the power required by the power conversion system and the
cycle reheaters, respectively.

Pt 1s the gross power production in the turbines minus the power required by
the pumps, the desalination plant and the cooling system:

Pnel = Pturb - Ppumps - Pdesal - Pcooling (514)

In all cases, the electrical consumption required by the desalination plant is
determined as follows:

Pgesa = SEC x Md,gross (515)

where SEC is the specific electricity consumption required by the desalination plant
in each case.

From the model of the combined CSP and seawater desalination plant, a set of
computational simulations are conducted to carry out a thermodynamic analysis of
the different configurations and, thus, to evaluate the technical feasibility of cou-
pling MED plants to CSP plants under different conditions with respect to the
combination of RO with CSP.
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Chapter 6
Techno-economic Analysis

Nomenclature

Cr Compression ratio

CSP+D Concentrating solar power and desalination

DNI Direct normal irradiation (kWh/m2 year)

EES Engineering equation solver

GOR Gain output ratio

LEC Levelised electricity cost (c€/kWh)

LT-MED Low temperature multi-effect distillation

LT-MED Low temperature multi-effect distillation powered by a
+TVC thermal vapour compressor

LWC Levelised water cost (€/m>)

MENA Middle East and North Africa

PT Parabolic trough

Ra Entrainment ratio

RO Reverse osmosis

MED-TVC Multi-effect distillation with thermal vapour compression
Pt Net power production (MW,,)

1 Mass flow rate (kg/s)

Frw Fresh water flow rate (m3/day)

Peond Power consumed by the condenser (MW.,,)

h Specific enthalpy (kJ/kg)

P Net output thermal capacity (MW,,)

M, Distillate mass flow rate (kg/s)

M., Motive steam mass flow rate (kg/s)

M Entrained vapour mass flow rate (kg/s)

m Global efficiency

Fq. Seawater flow rate (m3/day)
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Mg net Net fresh water production (m3 /day)

Mg gross Gross fresh water production (m3/day)
Pourb Gross power production (MW,,)

A, Aperture area (m?)

Fy Solar fraction

crf Capital recovery factor

Kinvest Total investment of the plant (€)

Kosm Annual operation and maintenance costs (€)
Kiuel Annual fuel cost (€)

E Net electricity delivered to the grid (GWh)
kq Real debt interest rate (%)

n Depreciation period (years)

Kinsurance Annual insurance rate (%)

6.1 Introduction

This chapter describes a steady-state sensitivity analysis based on a design point,
considering each of the four configurations proposed in Chap. 5. This approach
deals with a simulation-based analysis that allows estimation of overall efficiency
over a wide range of boundary conditions to determine which cogeneration system
is the most optimal in terms of capital cost (overall efficiency is directly related to
the solar field size required). The analysis was performed for the three existing
cooling technologies: once-through, evaporative water cooling and dry air cooling
(except for the case in which a low-temperature (LT) multi-effect distillation
(MED) unit replaces the condenser in the parabolic-trough concentrating solar
power [PT-CSP] plant). The specific electric consumption (SEC) and the exhaust
steam temperature were taken as inputs to be varied for a wide range of conditions
that cover all the locations between the Mediterranean basin and the Arabian Gulf
and match the three cooling systems considered. The simulations were carried out
using the models described in Chaps. 3,4 and 5. The study evaluated in which cases
the PT-CSP + MED configurations are more efficient than the PT-CSP + RO con-
figuration. Note that the results given in this chapter are valid only for parabolic-
trough solar technology; thus, they could change for a different solar technology.
Finally, a detailed techno-economic analysis is described for two representative
locations in the Mediterranean basin and the Arabian Gulf, with the aim of
determining the most suitable configuration and refrigeration system in each loca-
tion. Specific operating conditions were established for each location, based on
similar studies and information from real plants.


http://dx.doi.org/10.1007/978-3-319-20535-9_5
http://dx.doi.org/10.1007/978-3-319-20535-9_3
http://dx.doi.org/10.1007/978-3-319-20535-9_4
http://dx.doi.org/10.1007/978-3-319-20535-9_5
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6.2 Sensitivity Analysis

6.2.1 Modelling and Simulation

Both the power cycle and the desalination plant were modelled in a steady state and
then integrated to solve the power and desalination (P&D) cycle. The PT-CSP+D
systems, whose flow diagrams are shown and explained in Chap. 5, are shown again
in Figs. 6.1, 6.2, 6.3 and 6.4, indicating 16 points in the process.

Calculations for the P&D cycle were performed as shown in Fig. 6.5. From the
exhaust steam temperature, the procedure consists of iterative calculation of the
sizes of the steam turbine and desalination plant. The size of the steam turbine was
calculated to meet the required net power generation at design conditions. The size
of the desalination plant was determined to satisfy the net fresh water production, as
outlined by the computational simulation of configuration 1, where all the steam
from the turbine must be condensed in the desalination unit. This establishes the
fresh water production according to the thermal efficiency of the distillation plant.
The iteration was required because the internal electricity consumption of the
various plant components and the fresh water consumed internally in the power
plant are dependent on the gross capacities of the CSP and the desalination plant,
which are not known at the beginning of the calculation.

Both the power cycle and the desalination plant were modelled and then
integrated to solve the P&D cycle. The model of the power cycle was implemented
within the Engineering Equation Solver (EES) software environment (Klein
et al. 1997). All the components associated with the power cycle (pump, reheater,
feedwater heaters [FWHs], valves, heat exchanger, condenser and turbine) were
analysed by steady-flow energy and mass transfer equations, as indicated in
Chap. 4. The EES software resolves nonlinear equation systems using the Newton—
Raphson method by a proper initialisation of the variables. A total of 193 equations
are needed to run the model of the power cycle, using as input variables the design
and operating parameters detailed below. The output variables are the vapour mass
flow rates in the high-pressure turbine (ST1) and low-pressure turbine (ST2); the
motive and entrained vapour mass flow rates in the steam ejectors; the condensate
mass flow rates flowing through the feedwater heaters and the mixing chambers; the
enthalpy of all the streams of the power cycle; the pressure and temperature of the
streams whose values are not given in the model; the gross power produced by the
turbines; the net output thermal capacity required by the dual cycle and its thermal
efficiency; and the internal power and fresh water consumption by the P&D cycle.

The model of the MED plant in the case of configurations 1, 2 and 3 was
developed and validated with real data from a pilot MED plant located at the
Plataforma Solar de Almeria as was indicated in Chap. 3 (Palenzuela et al. 2014).


http://dx.doi.org/10.1007/978-3-319-20535-9_5
http://dx.doi.org/10.1007/978-3-319-20535-9_4
http://dx.doi.org/10.1007/978-3-319-20535-9_3
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Fig. 6.5 Flow diagram for calculation procedure
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Table 6.1 Operation conditions set for the thermodynamic simulation of the systems shown in
Figs. 6.1-6.4

Point in the diagram Parameters Values

1 Temperature and pressure 373 °C, 100 bar
2 Pressure 33.5 bar

3 Pressure 18.5 bar

4 Temperature and pressure 373.4 °C, 16.5 bar
5 Pressure 14 bar

6 Pressure 6.18 bar

7 Pressure 3.04 bar

8 Pressure 1.17 bar®

9 Pressure 0.37 bar

11 Pressure 0.31 bar

12 Pressure 0.18 bar®

14 Pressure 8.38 bar

15 Pressure 103 bar

“Vapour from the fourth extraction is used, because the lower the motive steam pressure is, the
lower the penalty in the overall efficiency of the power cycle. A lower value would be very close to
that of steam used to feed the LT-MED unit

®The entrained vapour is taken from an intermediate effect of the MED plant

It was implemented within the MATLAB software environment and integrated into
the power plant model to run the simulations. As explained in Chap. 5, in the case of
MED with TVC, a semi-empirical model developed by El-Dessouky and Ettouney
(2002) was additionally used for calculation of the steam ejector mass flow rates
(both motive and entrained vapour flow rates). Two important parameters that
characterise the steam ejectors are the compression and entrainment ratios
(Cr and Ra, respectively). In configuration 3, the compression ratio Cr (the pressure
ratio of the compressed and entrained vapours) was kept constant at a value of 1.7.
In configuration 2, it varied as a function of the entrained vapour pressure according
to the exhaust steam temperature (see Table 6.1). In this case, Cr ranged between
1.8 (for an exhaust steam temperature of 57 °C) and 5.0 (for an exhaust steam
temperature of 37 °C). The entrainment ratio Ra (the mass flow rate ratio of the
motive and entrained vapours) was constant at a value of 1.4 for configuration 3 and
varied between 1.5 (for an exhaust steam temperature of 57 °C) and 4.2 (for an
exhaust steam temperature of 37 °C) for configuration 2.

Table 6.1 shows some of the operating conditions taken from the power cycle of
the commercial plant Andasol-1 in Spain (Blanco-Marigorta et al. 2011), which
were used as input variables for thermodynamic simulation of the P&D cycle.

The cogeneration cycle was modelled assuming that all the components, except
the steam ejector, are adiabatic, as no heat losses to the environment were consi-
dered. In the steam ejector, saturation conditions were established at the outlet
(x=1) so that the vapour at the equilibrium temperature corresponded to the
pressure required in the first effect of the MED-TVC and LT-MED + TVC plants.


http://dx.doi.org/10.1007/978-3-319-20535-9_5
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The saturated vapour is obtained when the superheated steam that leaves the ejector
is cooled while passing through a desuperheater located just after the steam ejector
(as shown in Figs. 6.2 and 6.3, the steam ejector plus the desuperheater are
represented by a unique symbol). Changes in the potential and kinetic energy of
fluid streams were assumed to be negligible, as were changes in fluid state between
the outlet and the inlet of each component. Pressure losses in the steam lines of the
low- and high-pressure FWHs were set to 0.1 bar, and in the feedwater lines of the
low and high FWHs were set to 0.1 and 0.5 bar, respectively. Also, pressure losses
in the steam generation system (power conversion system) and in the reheater were
set to 2 bar. A terminal temperature difference (the difference between the satu-
ration temperature corresponding to the steam inlet pressure and the feedwater
outlet temperature) and a drain cooler approach (the difference between drain outlet
temperature and feedwater inlet temperature) of 4 °C and 5 °C, respectively, were
considered in the FWHs. Isentropic efficiencies of 85.2 and 85 % were set for the
high- and low-pressure turbines, respectively, and of 75 % for the pumps included
within the cycle. In addition, the following assumptions were made: condensed
steam exited the condenser as saturated liquid (x =0) and no pressure losses were
set through it; steam was extracted from an intermediate point of the MED-TVC
plant as saturated vapour (x = 1); condensed steam left the first effect of the MED
plants as saturated liquid (x = 0); feedwater exited the deaerator as saturated liquid
(x=0); and the condensate mixture left the mixing chamber as saturated liquid
(x=0).

The net power production of the PT-CSP plant was considered in all con-
figurations to be 50 MW,, which is the normal size of a commercial PT-CSP
plant (Geyer et al. 2006). In all the configurations proposed (except PT-CSP
+LT-MED, in which the condenser of the power cycle is not required), the sensiti-
vity analysis was carried out for the three cooling technologies: dry cooling, once-
through and evaporative water cooling. However, condensation of the vapour
generated in the last effect of the MED plants was considered to be carried out by
once-through cooling.

The gross power production of the CSP + D plants is higher than the net power
production as a result of the power consumed by the pumps, desalination plant and
cooling systems. For the cooling systems, the following considerations were taken
into account to solve the model:

» For dry cooling, part of the gross electricity production was used to drive the air
condensers. The assessment of such consumption was carried out considering a
penalty of 5 % in the electricity produced annually (Richter et al. 2009).

» For once-through cooling, part of the gross electricity produced was consumed
by the pump that circulates the water from the sea through the condenser, which
was determined considering the altitude and distance from the sea of the CSP
+D plant. Moreover, a specific seawater flow rate of 87.08 m*/MW.h (referring
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to the total power produced by the power and desalination plant) was taken into
account for condensing the exhaust vapour from the turbine (US DoE, 2009).

e For evaporative water cooling, a specific electricity consumption of 0.0329
MW./MW was considered (Trieb et al. 2004).

The calculations were first performed for configuration 1 because it determines
the net fresh water production that is fixed for the other configurations (point 13 in
Figs. 6.1-6.4). For this purpose, as mentioned above, the model of an LT-MED
plant explained in Chap. 3 (Palenzuela et al. 2014) was integrated into the power
plant model. Two LT-MED plants with different numbers of effects were analysed:
a 14-effect LT-MED plant and an 11-effect LT-MED plant. The number of effects
was set according to the seawater temperature at the location of interest. The higher
the available seawater temperature is, the higher the vapour temperature of the last
effect of the MED plant and, therefore, the total number of effects used is lower in
order to keep the temperature difference constant between effects (which has a
direct impact on the heat exchange area required). Seawater temperatures for the
Mediterranean basin and the Arabian Gulf were chosen as 25 and 35 °C,
respectively.

A value for GOR, defined as the ratio (in terms of mass flow rate) of distilled
water produced, M gross, tO €xternal steam consumed by the desalination process,
was obtained from the numerical simulation of this configuration. In the case of the
LT-MED plant (configurations 1 and 2), the latter is the steam entering into the first
effect of the MED unit, M; (point 11 in Figs. 6.2 and 6.3), and in the case of the
MED-TVC (configuration 3), the external steam is that supplied as motive steam
into the ejector, M., (part of the steam extracted at point 8, Fig. 6.3) (Zarza 1991).
Notice that the entrained vapour for the TVC in configuration 3 was taken from
effect 8§ in the case of the plant with 11 effects and from effect 5 for the 14-effect
MED plant. The GOR in each case is defined as follows:

M TOSS
GOR| 1-vep = ‘;w—g (6.1)
M
GORwpeD._ Tve = % (6.2)

As explained in Chap. 5, the net fresh water production is slightly lower than the
gross fresh water production, because part of the water produced is consumed
internally within the power plant for solar collector mirror cleaning, water con-
sumption within the power block, etc. Also, in the case of evaporative water
cooling, an additional amount of water must be produced to be used in the
evaporative tower. The specific fresh water consumptions for the CSP+D plant
were indicated in Chap. 5.


http://dx.doi.org/10.1007/978-3-319-20535-9_3
http://dx.doi.org/10.1007/978-3-319-20535-9_5
http://dx.doi.org/10.1007/978-3-319-20535-9_5
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6.2.2 Assessment of the Overall Thermal Efficiency

The steady-state sensitivity analysis was carried out to study the effect on the
overall efficiency of the system of key parameters of the CSP + D system, such as
the specific electric consumption (SEC) of the desalination plants and the exhaust
steam temperature. The efficiency is defined by:

_ Pnet
rvy (hy — hie) + rz(hy — h3)

Min (6.3)

where P is the gross power production in the turbines (P,) minus the power
required by the pumps, the desalination plant and the cooling system; #1; is the
vapour mass flow rate that enters turbine ST1; /4, is the specific enthalpy of this
vapour; A ¢ is the specific enthalpy of the feedwater that enters the preheater of the
vapour system generator (composed of preheater, evaporator and superheater); 113
is the vapour mass flow rate entering the reheater; and /4, is the specific enthalpy of
the vapour leaving the reheater (note that subscript numbers refer to the points
indicated in Figs. 6.1-6.4).

The SEC and the exhaust steam temperatures were varied for a wide range of
conditions in order to cover all the locations between the Mediterranean basin and
the Arabian Gulf and to match the three cooling systems considered. In both
desalination plants, the SEC refers to the internal power consumption for water
pumping added to the power consumed for seawater intake, distillate extraction and
brine disposal. Black-box values were used for the variable SEC (i.e. no model
accounting for dependency on other variables). The SEC of the LT-MED plant was
varied in the range 1.4—2.4 kWh/m®. This is equivalent to assuming a given nominal
value for the internal power consumption, considering the different types of engi-
neering used by MED plants manufacturers but adding the pumping of seawater. In
the case of the MED-TVC plant, the SEC ranged between 1.2 and 2.2 kWh/m?,
because the nominal value of SEC for this desalination plant is lower due to the
lower refrigeration needs in the condenser of the MED-TVC plant (as mentioned in
Chap. 5). In the case of the RO plant, the internal power consumption refers mainly
to the power consumed by the high pressure pump, which is affected by the salinity
of the seawater. The SEC of the RO was varied in a range of 3.5-5.5 kWh/m3,
which reflects the maximum value of 5.5 kWh/m?® for plants that deal with high
salinity seawater (Trieb 2007). The minimum value of 3.5 kWh/m? is appropriate
for low salinity water and the use of energy recovery devices. Concerning the steam
temperature at the outlet of the turbine (point 10 in Figs. 6.1-6.4), a set of different
temperatures was considered (37, 42, 47, 52 and 57 °C), which covers a wide range
of conditions that match the three cooling systems considered.

The condensing temperature in the cooling system is related to the exhaust steam
conditions and to the ambient conditions of the location selected. In the case of dry
cooling, the minimum attainable temperature is the dry bulb temperature; thus, low
exhaust steam temperatures are usual in places with low ambient temperatures.
Therefore, exhaust steam temperatures ranging from 37 to 47 °C are common for


http://dx.doi.org/10.1007/978-3-319-20535-9_5
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places in the Mediterranean basin, and those between 52 and 57 °C are more
suitable for places in the Arabian Gulf. In the case of evaporative water cooling,
the minimum attainable temperature is the wet bulb temperature, which depends on
the dry bulb temperature and the relative humidity of the location. Thus, low
exhaust steam temperatures (between 37 and 47 °C) are more suitable for places
in the Mediterranean basin (with low values of the wet bulb temperature) and high
exhaust steam temperatures (between 52 and 57 °C) are usual in places within the
Arabian Gulf (with high values of relative humidity and dry bulb temperature). In
the case of once-through cooling, the minimum attainable temperature is the
seawater temperature. Therefore, the higher the exhaust steam temperature, the
closer the results are to conditions applicable in the Arabian Gulf (where the
seawater temperature is high), and the lower the exhaust steam temperature the
closer the results are to conditions in the Mediterranean basin.

6.2.3 Results and Discussion

A comparison was made between the configuration coupled with RO (PT-CSP
+RO) and each of the three configurations that integrate MED units in the PT-CSP
plant. The same net power production was considered for each configuration,
varying the temperature of the exhaust steam and the SEC of the desalination
system. From the numerical simulations of configuration 1 for each case, the
GOR and the net fresh water production were obtained. For GOR, the following
values were achieved: 8.4 for the 11-effect LT-MED plant and 10 for the 14-effect
LT-MED plant. The resulting net fresh water production varied as a function of the
LT-MED SEC considered: the larger the LT-MED SEC, the larger the gross power
of the turbine. This means that when more exhaust steam leaves the turbine more
fresh water is obtained from the LT-MED plant. The resulting values ranged
between 34,000 and 35,000 m3/day for the 11-effect LT-MED and between
41,000 and 42,000 m3/day for the 14-effect LT-MED plant. As mentioned above,
the same net fresh water production obtained in this configuration was used in the
others for each value of the LT-MED SEC considered in the analysis. Then, the
overall efficiency of the dual power and fresh water cycle was obtained for each
value of SEC, each value of exhaust steam temperature and each cooling system
considered in the PT-CSP plant (except configuration 1, where no cooling system is
required).

In the case of the MED-TVC plants, the GORs obtained were 10 and 12 for the
11-effect and 14-effect MED-TVC plants, respectively.

Tables 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, 6.10, 6.11, 6.12, 6.13, 6.14 and 6.15
(see Appendix) show some of the results of overall thermal efficiency obtained by
comparing the cogeneration systems involving thermal desalination with those
including reverse osmosis. In all the comparisons, bold values indicate the cases
where the overall efficiency of the PT-CSP + MED system is greater than that of the
PT-CSP+RO system. Furthermore, an uncertainty propagation analysis was



150 6 Techno-economic Analysis

carried out to calculate how the uncertainties in each of the input variables (exhaust
steam temperature and SEC) propagate into the value of the output variable (overall
efficiency). The method for determining this uncertainty propagation is described in
NIST Technical Note 1297 (Taylor and Kuyatt 1994). Typical uncertainty ranges
for industrial temperature and flow measure systems (the flow rate measurement
being related directly to the SEC) of 0.85 °C and 0.2 %, respectively, were
considered. The absolute errors in the overall efficiencies of the CSP+MED
configurations were in the range 0.01-0.05, and in the case of the CSP+RO
configuration, the absolute errors varied from 0.05 to 0.1.

From the comparison between the PT-CSP + LT-MED and PT-CSP +RO con-
figurations, for high exhaust steam temperatures, there are two cases where con-
figuration with LT-MED is always better than that with RO. These cases are when
dry-cooling and once-through are considered as the cooling methods for the power
cycle when connected with RO. When using evaporative water cooling, there is a
value of RO SEC (4 kWh/m3) above which the PT-CSP+LT-MED system is
always more efficient than the PT-CSP + RO system.

For low exhaust steam temperatures, the configuration with LT-MED is more
competitive only in the case of dry cooling and for very high RO SEC values (above
5 kWh/m?). However, places with low ambient temperatures (conditions matching
the Mediterranean basin) are not likely to have SEC RO as high as 5 kWh/m?, so in
these places the MED configuration is not favourable. For the other cooling
systems, most of results are more favourable for the system with RO (see Tables 6.4
and 6.6).

However, when integrating the LT-MED unit into a CSP plant, configuration
1 might not be practical for the reasons explained in Chap. 5. Also, the fully
replacement of the condenser in configuration 1 can mean a risk towards the
implementation of a CSP +D demonstration plant, since it implies that the power
production is entirely dependent on the desalination system. The other two MED
configurations (PT-CSP+LT-MED+TVC and PT-CSP+MED-TVC) might be
more attractive from the point of view of power plant operation because they are
less dependent on the MED plant operation.

Comparing the PT-CSP + LT-MED + TVC and PT-CSP + RO systems, it can be
seen that LT-MED + TVC system is an attractive concept only for places with high
ambient temperatures where the use of dry cooling is usual [Palenzuela
et al. (2011a)]. The results depicted in Table 6.7 show that this system is always
more efficient for SEC RO values of 5 kWh/m? and above. If once-through or
evaporative water cooling are used for high exhaust steam temperatures, only in
certain cases of SEC RO and SEC MED (shown in Tables 6.11 and 6.13) is the
LT-MED + TVC system better than the system with RO. However for low exhaust
steam temperatures, the configuration with RO is always better than the con-
figuration with LT-MED + TVC.

From the comparison between the configuration with RO and that with
MED-TVC, it can be seen that there are no cases in which the MED system is
better than the RO system, because the penalty in power production of the latter is
quite high, as shown by Palenzuela et al. (2011a, b). Only the results obtained for
dry cooling are shown as a representative example of this configuration.


http://dx.doi.org/10.1007/978-3-319-20535-9_5
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Besides the cases in which the integration of LT-MED (configurations 1 and 2)
into a CSP plant is preferable to a PT-CSP + RO system, it is important to highlight
one advantage of the former configurations with respect CSP + RO, depending on
the cooling system used in the power cycle of the latter. In the case of CSP+RO
using an evaporative cooling system in the power cycle, the advantage of the CSP
+ MED system is lower fresh water consumption. In the case of CSP +RO using
once-through cooling in the power cycle, the advantage of CSP+ MED is lower
power consumption. Both statements were proved by results obtained by running
the CSP + D models for a case study with a SEC RO of 3.5 kWh/m®, SEC MED of
1.4 kWh/m®> and exhaust steam temperature of 37 °C (Tables 6.16 and 6.17).
Table 6.16 shows the fresh water flow rate (Frw) needed in the condenser of the
power cycle when using evaporative cooling. Table 6.17 shows the power con-
sumed by the condenser (P..nq) of the power cycle and of the MED plants when
using once-through cooling. These results strengthen the implementation of CSP
+ MED over CSP + RO even more.

6.3 Case Study

6.3.1 Techno-economic Analysis

The techno-economic analysis was carried out for two specific geographical loca-
tions chosen as representative of different regions with widespread development of
CSP plants and an increasing water deficit, planned to be mitigated with desali-
nation: Almeria, in Spain, and Abu Dhabi, in the United Arab Emirates. Almeria
receives a high solar irradiation, with a direct normal irradiation (DNI) value of
around 1990 kWh/m? year, similar to that of the north of Africa and other Mediter-
ranean coastal areas. Abu Dhabi has a DNI of roughly 1925 kWh/m? year (Goebel
2010), a value similar to other locations in the Arabian Gulf. The analysis was
carried out for the three different cooling technologies: once-through, evaporative
water cooling and dry air cooling (except for configuration 1 in which the LT-MED
unit replaces the condenser in the PT-CSP plant).

Thermodynamic Analysis

First, the steam temperature at the outlet of the turbine was determined from
meteorological data (considering a reference day as the design point) and from
the cooling system selected for the analysis. This was followed by the iterative
calculation shown in Fig. 6.5.

The steam condensation temperature, Tsr, (i.e. the steam temperature at the
outlet of the turbine) was established according to the refrigeration method used and
the ambient conditions of the location. The lower this temperature is, the higher the
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Table 6.18 Ambient conditions at 21st September solar noon for Abu Dhabi and Almeria

Ambient temperature | Direct normal irradiance Relative humidity
Location O (W/m?) (%)
Abu Dhabi 37.1 853 47
Almeria 27.1 884 43

Table 6.19 Turbine outlet steam temperatures for each refrigeration method used in the power
cycle

Once-through Evaporative water cooling Dry cooling
Abu Dhabi | Almeria | Abu Dhabi Almeria Abu Dhabi | Almeria
Tst (°C) 45 35 45 37 60 50

power plant efficiency. For both locations, a design point was chosen that would
avoid a large difference between summer and winter. If the design point was chosen
in summer, the resulting solar field size would be too small to deliver the required
thermal power for the power block during winter, when consequently it would work
at partial load. By contrast, if the design point was chosen in winter, the larger solar
field resulting would be more costly and deliver more thermal power than needed in
summer. Taking these considerations into account, the design point chosen was the
21st of September at solar noon. The input variables of solar irradiance and those
corresponding to meteorological values of interest at this point are shown in
Table 6.18. For each location, the radiation and ambient temperature data were
taken from a typical meteorological year using the software Meteonorm. In the
particular case of Abu Dhabi, Meteonorm DNI profiles were used but normalised
against the real measurement of the annual average of the DNI (1925 kWh/
m? year).

In the case of once-through cooling, the temperature difference in the condenser
was set at 10 °C, as usually established by environmental regulations. An average
value of the seawater temperature was taken for both locations on the basis of
published data from commercial desalination plants in the corresponding regions
(Trieb 2007), namely, 35 °C for Abu Dhabi and 25 °C for Almeria. In evaporative
cooling, the temperature difference is obtained by addition of three different
factors: the tower approach (the difference between the cooling tower outlet and
the wet bulb temperature), the cooling tower range (the difference between the
cooling tower inlet and the cooling tower outlet) and the difference between the
inlet and outlet temperature in the condenser. The data taken from Andasol-1 plant
(Blanco-Marigorta et al. 2011) were 7 °C, 8 °C and 3 °C, respectively. For dry
cooling, the temperature differential in the aero-condenser was considered to be
22 °C, based on the average values from a report disseminated by the
U.S. Department of Energy (US DoE 2009). The resulting Tst values at point
10 in configurations 2, 3 and 4 are shown in Table 6.19.
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The rest of the input variables corresponding to the operating conditions used for
the simulation of the P&D cycle are shown in Table 6.1. As in the sensitivity
analysis, the calculation was first performed for configuration 1. In addition to the
fresh water production, the GOR associated with this production was obtained from
the computational simulation of configuration 1. The number of effects of the MED
plant was set according to the seawater temperature of each location. For Almeria, a
14-effect MED plant was selected, whereas an 11-effect MED plant was considered
in the case of Abu Dhabi. As mentioned in Sect. 6.2.3, the GOR values for the
11-effect and 14-effect LT-MED plants were 8.4 and 10, respectively, and 10 and
12 for the 11-effect and 14-effect MED-TVC plants, respectively. The net fresh
water production obtained in configuration 1 was 35,607 m*/day for Abu Dhabi,
and 42,927 m®/day for Almeria.

For calculating the power required by the desalination plant, an SEC of 1.5 kWh/
m® of distillate production was assumed in the case of the MED plant for both
locations (Trieb 2007). For the RO, a value of 3 kWh/m? was chosen for Almeria
and 4 kWh/m> for Abu Dhabi, taking into account the different conditions of
salinity and temperature of the raw seawater (Trieb 2007). The power consumptions
described above only refer to the internal consumptions of the desalination pro-
cesses and do not take into account the pumping of feedwater from the sea to the
desalination plants, nor the pumping of cooling seawater for the condenser of the
MED plant. These latter power consumptions were calculated assuming that the
desalination plants are located close to the CSP plant at an altitude of 150 m above
sea level and a distance from the sea of about 60 km. This assumption was based on
the commercial CSP located closest to the sea (Shams 1 in Abu Dhabi) and avoids
the problems of a lower DNI and a saline environment that could damage the
parabolic-trough mirrors.

Once the P&D cycle was solved, the solar field size was determined by consi-
dering the net output thermal capacity required by the cycle. The collectors were
Eurotrough type with the following dimensions and characteristics: aperture area of
817.5 m?, 150 m total gross length and a peak optical efficiency of 80 %. The heat
transfer fluid circulating through the absorber tubes of the collectors was thermal
oil, namely Monsanto VP-1, whose maximum operational temperature is 400 °C.
The model of the solar field was implemented in MATLAB, taking into account the
collector’s thermal losses, its efficiency curve and the corresponding energy and
mass balances shown in Chap. 4. In order to analyse the annual solar contribution
for the selected design point, the annual solar fraction (defined as the percentage of
the thermal power requirement that is provided by the solar field) was calculated.
For this purpose, an annual simulation program was developed and implemented in
MATLAB for a typical meteorological year in each location.

The simulations of the P&D cycle produced values for thermodynamic para-
meters such as the thermal power required, overall efficiency and the solar field size
required.
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Table 6.20 Economic values for the calculation of LEC and LWC

Values
Hours thermal energy storage 6.5h
Plant availability (power and desalination plants) 96 %
Land preparation and infrastructure 15 $/m>
Solar collector 150 $/m>
Heat transfer fluid and hydraulic circuit 90 $/m2
Thermal storage system 35 $/kWyh

Power block

1,000,000 $/MW g5

Auxiliary gas burner

60 $/kW,,

Reverse osmosis plant

1207 $/(m>/day)*

Multi-effect distillation plant

1230 $/(m>/day)*

DA (2013)

Economic Analysis

The economic model calculates the electricity and water costs of the proposed
configurations. The following definition of levelised electricity cost (LEC) was
used (Short et al. 1995):

crf x Kinvest + KO&M + Kfuel
Enet

LEC = (6.4)

where Kjnyes 1 the total investment in the plant, Kog\ are the annual operation and
maintenance costs, Ky, is the annual fuel cost (only applicable in the case of solar
energy with backup), E ., is the annual net electricity delivered to the grid and crf is
the capital recovery factor. The crf is calculated from:

ka(1 + kq)"

caf=——"-—-"
(1 +ka)" =1

+ Kinsurance (65)

where kq (6.5 %) is the real debt interest rate, n is the depreciation period in years
(20 years) and Kjysurance 1S the annual insurance rate (1 %).

A similar procedure was used for estimation of the levelised water cost (LWC).
Table 6.20 shows the values used for the input variables, which were based on data
published by the National Renewable Energy Laboratory (NREL 2010) and per-
sonal communication from CSP experts (Zarza, personal communication). The area
of the solar field obtained from the technical analysis was used as input variable for
the economic analysis.
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6.3.2 Results and Discussion

The results of the simulations are shown in Tables 6.21 and 6.22, which list the most
relevant parameters of the P&D cycle and the solar field in each configuration. The
most important parameters for thermodynamic characterisation of the P&D cycle
are the thermal power required by the P&D cycle (Py,) and the global efficiency of
the P&D cycle (#y,). The size of the solar field (A,) is a function of the thermal
power required by the cycle. The solar fraction (F), which is defined as the relation
between the amount of energy obtained through the solar technology used and the
total annual energy required by the P&D cycle, provides information about the
annual solar contribution for this design. Also shown in the case of configurations
2 and 3 are the steam mass flow rates needed in the ejector M,,, and M., which
give an idea of the power production penalty as a result of using steam from
the low-pressure turbine. Regarding the cooling system, Tables 6.21 and 6.22
show the fresh water flow rate consumed in the evaporative tower (Fgy,) and the
seawater flow rate circulating through the once-through cooling system of the
power plant (Fg). Also indicated are the gross power (P, and fresh water
production (Mg gross)- Finally, the levelised electric cost (LEC) and the levelised
water cost (LWC) are displayed for each case.

The results obtained for Abu Dhabi (Table 6.21) show that the integration of a
LT-MED unit into a CSP plant is the most efficient option thermodynamically. The
reduction in power cycle efficiency resulting from preventing the expansion of
exhaust steam to a lower pressure (configuration 1) was less than that caused by
using high-pressure steam from the turbine to feed the steam ejector (configurations
2 and 3). A more interesting result is the fact that coupling with LT-MED through
thermocompression (configuration 2) was also more efficient thermodynamically
and in terms of electricity cost than the combination with RO (configuration 4)
when using dry cooling in the power cycle (28.41 % overall efficiency of con-
figuration 2 compared with 27.58 % of configuration 4; 17.96 c€/kWh LEC of
configuration 2 and 18.97 c€/kWh of configuration 4), which is the most frequent
condensation process selected in the Arabian Gulf (Goebel 2010).

With respect to the economic results, configuration 1 was also more favourable
for all cases in terms of electricity costs (LEC) mainly as a result of the extra power
that the CSP must generate for the cooling system in the other configurations. As
seen in Table 6.21, a gross power of 63.59 MW, must be produced in the case of
configuration 4 with dry cooling compared with 55.36 MW, for configuration
1. This means an increase of about 14 % in the LEC. In the case of water costs
(LWC), configuration 4 performed the best as a result of the lower investment costs
of RO, except in the case of evaporative cooling. Using this refrigeration method,
an additional fresh water flow rate of 4462 m>/day was needed in the evaporative
tower, which required a desalination plant 11 % larger. The difference between the
LWC in configuration 4 with respect to configurations 1 and 2 was not that high
(less than 5 %) and might not be a strong enough reason for choosing configuration
4, especially considering the further challenges that RO desalination can have in the
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Arabian Gulf, such as red algae blooms and problems derived from the high
seawater salinity. Therefore, integration of LT-MED in the CSP plant could be
preferable in the Arabian Gulf. However, regarding the reluctance of the CSP
industry to fully eliminate the condenser of the power cycle (configuration 1), the
good results from configuration 2 with dry cooling confirm that it is a good
alternative. A further advantage of this configuration is that it offers the possibility
of better adaptation to the yearly electricity and water demand curves, because the
desalination plant is the same as in configuration 1, the LT-MED could be
connected in such a way to facilitate switching between the thermocompression
mode (configuration 2) and direct use of exhaust steam (configuration 1).

In the case of Almeria (Table 6.22), the ambient conditions allow the exhaust
steam from the turbine to expand to lower pressures. This improvement in the
power generation efficiency compensates for the extra power consumed by the
condenser and the higher electricity consumption by the RO in configuration 4 with
respect to the LT-MED. The evaporative cooling enables even lower exhaust steam
pressures and lower electricity consumption in the condenser, which makes con-
figuration 4 with this refrigeration method better thermodynamically than con-
figuration 1 (the overall efficiency of the latter was 30.02 % compared with
30.85 % of the former). The difference with respect to electricity costs was
negligible in this case (0.3 %) and the LWC values were slightly more favourable
for LT-MED (the RO plant was 9 % larger to supply the additional fresh water
needed in the evaporative tower). For the remaining cases, configuration
1 performed better than configuration 4 from a thermodynamic point of view, as
a result of full replacement of the condenser and thus elimination of the additional
power consumed by the cooling system. The extra power that should be produced in
configuration 4 for once-through and dry cooling was reflected by a 10 % increase
in the LEC. However, the LWC values were slightly improved (4 % lower) for
configuration 4 with these refrigeration methods compared with configuration 1.

At these lower steam outlet pressures, configurations 2 and 3 were also more
strongly penalised with respect to configuration 4. For Almeria, unlike Abu Dhabi,
there were no cases in which configuration 2 gave better results than configuration
4. In the case of dry cooling, configuration 4 had a global efficiency 4 % higher than
configuration 2. The costs were very similar, the difference in the LEC being
negligible (less than 1 %) and the LWC of configuration 4 being 4 % lower than
for configuration 2.

Because the only case that can be more favourable thermodynamic and
economically with respect to configuration 4 implies the full replacement of the
condenser (configuration 1), it seems more realistic for the Mediterranean basin to
opt for the combination of CSP with RO. However, for cooling systems other than
evaporative cooling, the differences are not so large and configuration 2 could be
contemplated as an option. Improvements in the investment cost or the efficiency of
the LT-MED unit could help counterbalance this scenario.
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Table 6.2 Overall efficiencies of the systems PT-CSP + LT-MED and PT-CSP + RO at an exhaust
steam temperature of 37 °C, considering dry cooling as the cooling method

SEC RO (kWh/m?)

3.5 4 45 5 5.5
SECLT-MED |LT- LT- LT- LT- LT-
(kWh/m?) MED [RO |MED |[RO |MED |[RO |MED |RO |MED |RO
1.4 315 | 319 | 315 | 314 | 31.5 | 309 | 315 | 30.5 | 31.5 | 30.0
1.6 313 | 319 | 313 | 314 | 31.3 | 309 | 31.3 | 30.5 | 31.3 | 30.0
1.8 31.1 | 319 | 31.1 | 314 | 311 | 30.9 | 31.1 | 304 | 31.1 | 30.0
2.0 309 | 31.8 | 30.9 | 31.3 | 309 | 30.9 | 30.9 | 30.4 | 30.9 | 30.0
22 30.7 | 31.8 | 30.7 | 313 | 30.7 | 30.8 | 30.7 | 30.4 | 30.7 | 29.9
2.4 305 | 31.8 | 30.5 | 31.3 | 30.5 | 30.8 | 30.5 | 30.3 | 30.5 | 29.9

Table 6.3 Overall efficiencies of the systems PT-CSP + LT-MED and PT-CSP + RO at an exhaust
steam temperature of 57 °C, considering dry cooling as the cooling method

SEC RO (kWh/m?)

3.5 4 45 5 5.5
SECLT-MED |LT- LT- LT- LT- LT-
(kWh/m?) MED |[RO |MED |[RO |MED |[RO |MED |[RO |MED |RO
1.4 31.8 | 299 | 31.8 | 29.5 | 31.8 | 29.2 | 31.8 | 28.8 | 31.8 | 284
1.6 31.6 | 299 | 31.6 | 29.5 | 31.6 | 29.1 | 31.6 | 28.8 | 31.6 | 284
1.8 314 | 299 | 314 | 29.5 | 314 | 291 | 31.4 | 28.7 | 314 | 284
2.0 312 | 299 | 31.2 | 29.5 | 31.2 | 29.1 | 31.2 | 28.7 | 31.2 | 284
22 31.0 | 299 | 31.0 | 29.5 | 31.0 | 29.1 | 31.0 | 28.7 | 31.0 | 28.3
2.4 309 | 298 | 309 | 29.4 | 309 | 29.1 | 30.9 | 28.7 | 30.9 | 28.3

Table 6.4 Overall efficiencies of the systems PT-CSP + LT-MED and PT-CSP + RO at an exhaust

steam temperature of 37 °C, considering evaporative water cooling as the cooling method

SEC RO (kWh/m?)

3.5 4 45 5 5.5
SECLT-MED |LT- LT- LT- LT- LT-
(kWh/m®) MED [RO |MED |[RO |MED |[RO |MED |[RO |MED |RO
1.4 315 | 335 | 315 | 329 | 315 | 324 | 315 | 319 | 31.5 | 313
1.6 313 | 335 | 313 | 329 | 313 | 324 | 313 | 318 | 313 | 313
1.8 31.1 | 334 | 311 | 329 | 31.1 | 323 | 31.1 | 31.8 | 31.1 | 31.3
2.0 309 | 334 | 309 | 32.8 | 309 | 323 | 309 | 31.8 | 30.9 | 31.2
22 307 | 334 | 307 | 328 | 30.7 | 323 | 30.7 | 31.7 | 30.7 | 312
2.4 305 | 334 | 305 | 328 | 30.5 | 322 | 30.5 | 31.7 | 30.5 | 312
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Table 6.5 Overall efficiencies of the systems PT-CSP + LT-MED and PT-CSP + RO at an exhaust
steam temperature of 57 °C, considering evaporative water cooling as the cooling method

SEC RO (kWh/m?)

3.5 4 45 5 5.5
SECLT-MED |LT- LT- LT- LT- LT-
(kWh/m>) MED |[RO |MED |[RO |MED |RO |MED |[RO |MED |RO
1.4 31.8 | 314 | 31.8 | 309 | 31.8 | 30.5 | 31.8 | 30.1 | 31.8 | 29.7
1.6 31.6 | 31.4 | 31.6 | 309 | 31.6 | 30.5 | 31.6 | 30.1 | 31.6 | 29.6
1.8 314 | 314 | 314 | 309 | 314 | 305 | 31.4 | 30.0 | 314 | 29.6
2.0 312 | 313 | 31.2 | 309 | 31.2 | 304 | 31.2 | 30.0 | 31.2 | 29.6
22 31.0 | 31.3 | 31.0 | 309 | 31.0 | 304 | 31.0 | 30.0 | 31.0 | 29.6
2.4 309 | 31.3 | 30.9 | 30.8 | 30.9 | 304 | 30.9 | 30.0 | 309 | 29.5

Table 6.6 Overall efficiencies of the systems PT-CSP + LT-MED and PT-CSP + RO at an exhaust
steam temperature of 37 °C, considering once-through as the cooling method

SEC RO (kWh/m?)

3.5 4 45 5 5.5
SECLT-MED |LT- LT- LT- LT- LT-
(kWh/m>) MED |[RO |MED |[RO |MED |RO |MED |[RO |MED |RO
1.4 315 | 33.1 | 315 | 326 | 31.5 | 32.1 | 315 | 31.6 | 315 | 31.2
1.6 313 | 33.1 | 313 | 326 | 31.3 | 32.1 | 31.3 | 316 | 313 | 311
1.8 31.1 | 330 | 31.1 | 325 | 31.1 | 32.0 | 31.1 | 316 | 31.1 | 31.1
2.0 309 | 33.0 | 309 | 325 | 309 | 32.0 | 309 | 31.5 | 309 | 31.1
22 307 | 33.0 | 30.7 | 325 | 30.7 | 32.0 | 30.7 | 315 | 30.7 | 31.0
24 30.5 | 33.0 | 305 | 324 | 30.5 | 319 | 30.5 | 315 | 30.5 | 31.0

Table 6.7 Overall efficiencies of the systems PT-CSP + LT-MED and PT-CSP + RO at an exhaust
steam temperature of 57 °C, considering once-through as the cooling method

SEC RO (kWh/m?)

3.5 4 45 5 55
SECLT-MED |LT- LT- LT- LT- LT-
(kWh/m>) MED [RO |MED |[RO |MED |RO |MED |[RO |MED |RO
1.4 31.8 | 31.0 | 31.8 | 30.6 | 31.8 | 30.2 | 31.8 | 29.9 | 31.8 | 29.5
1.6 31.6 | 31.0 | 31.6 | 30.6 | 31.6 | 30.2 | 31.6 | 29.8 | 31.6 | 29.5
1.8 314 | 31.0 | 314 | 30.6 | 31.4 | 30.2 | 314 | 29.8 | 314 | 294
2.0 312 | 310 | 31.2 | 30.6 | 31.2 | 30.2 | 31.2 | 29.8 | 31.2 | 294
22 31.0 | 31.0 | 31.0 | 30.6 | 31.0 | 30.2 | 31.0 | 29.8 | 31.0 | 29.4
2.4 309 | 309 | 30.9 | 30.5 | 30.9 | 30.1 | 30.9 | 29.7 | 30.9 | 29.4
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Table 6.8 Overall efficiencies of the systems PT-CSP + LT-MED + TVC and PT-CSP + RO at an
exhaust steam temperature of 37 °C, considering dry cooling as the cooling method

SEC RO (kWh/m?>)

SEC 35 4 45 5 55
LT-MED | LT- LT- LT- LT- LT-

+TVC | MED MED MED MED MED

(kWh/m®)| +TVC |[RO |+TVC RO | +TVC |[RO |+TVC |[RO |+TVC RO
1.4 287 | 319 | 287 | 314 | 287 | 309 | 287 | 305 | 287 | 300
1.6 285 | 319 | 285 | 314 | 285 | 309 | 285 | 305 | 285 | 300
1.8 283 | 319 | 283 | 314 | 283 | 309 | 283 | 304 | 283 | 300
2.0 28.1 | 31.8 | 28.1 | 313 | 281 | 309 | 281 | 304 | 28.1 | 300
2.2 279 | 318 279 | 313 | 279 | 308 | 279 | 304 | 279 | 299
24 277 | 318 | 277 | 313 | 277 | 308 | 27.7 | 303 | 277 | 299

Table 6.9 Overall efficiencies of the systems PT-CSP+LT-MED + TVC and PT-CSP + RO at an
exhaust steam temperature of 57 °C, considering dry cooling as the cooling method

SEC RO (kWh/m?>)

SEC 35 4 4.5 5 5.5

LT-MED |LT- LT- LT- LT- LT-

+TVC | MED MED MED MED MED
(kWh/m*|+TVC |[RO |[+TVC |[RO |+TVC |RO |+TVC |[RO |[+TVC |RO
1.4 29.7 | 299 | 29.7 | 29.5 | 29.7 | 29.2 | 29.7 | 288 | 29.7 | 284
1.6 295 | 299 | 295 | 295 | 295 | 291 | 295 | 288 | 295 | 284
1.8 293 | 299 | 293 | 295 | 293 | 29.1 | 293 | 28.7 | 29.3 | 284
2.0 292 | 299 | 292 | 295 | 292 | 29.1 | 29.2 | 287 | 29.2 | 284
2.2 29.0 | 299 | 290 | 295 | 29.0 | 29.1 | 29.0 | 28.7 | 29.0 | 28.3
2.4 288 | 29.8 | 28.8 | 294 | 288 | 29.1 | 28.8 | 287 | 28.8 | 283

Table 6.10 Overall efficiencies of the systems PT-CSP +LT-MED +TVC and PT-CSP +RO at
an exhaust steam temperature of 37 °C, considering evaporative water cooling as the cooling
method

SEC RO (kWh/m?)
SEC 3.5 4 4.5 5 5.5
LT-MED | LT- LT- LT- LT- LT-
+TVC |MED MED MED MED MED
(kWh/m*) | +TVC |[RO [+TVC |[RO |+TVC |[RO |[+TVC |RO |+TVC |RO
1.4 28.8 | 335 | 288 | 329 | 288 | 324 | 288 | 319 | 288 | 313
1.6 28.6 | 334 | 286 | 329 | 286 | 324 | 286 | 31.8 | 28.6 |31.3
1.8 284 | 334 | 284 | 329 | 284 | 323 | 284 | 31.8 | 284 |313
2.0 28.1 | 334 | 28.1 | 328 | 281 | 323 | 281 | 31.8 | 281 | 312
22 280 | 334 | 280 | 328 | 280 | 323 | 28.0 | 31.7 | 280 | 312
2.4 278 | 334 | 278 | 328 | 278 | 322 | 278 | 317 | 278 | 312
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Table 6.11 Overall efficiencies of the systems PT-CSP +LT-MED + TVC and PT-CSP +RO at
an exhaust steam temperature of 57 °C, considering evaporative water cooling as the cooling
method

SEC RO (kWh/m?)
SEC 3.5 4 4.5 5 55
LT-MED |LT- LT- LT- LT- LT-
+TVC |MED MED MED MED MED
(kWh/m®)|+TVC |RO |+TVC |[RO |+TVC |[RO |+TVC |[RO |+TVC |RO
1.4 298 | 314 | 29.8 | 309 | 298 | 305 | 298 | 30.1 | 29.8 |29.7
1.6 296 | 314 | 296 | 309 | 29.6 | 305 | 29.6 | 30.1 | 29.6 | 29.6
1.8 294 | 314 | 294 | 309 | 294 | 305 | 294 | 300 | 294 | 296
2.0 293 | 313 | 293 | 309 | 293 | 304 | 293 | 300 | 293 |29.6
22 20.1 | 313 | 29.1 | 309 | 29.1 | 304 | 29.1 | 300 | 29.1 |29.6
2.4 289 | 313 | 289 | 308 | 289 | 304 | 289 | 300 | 289 |29.5

Table 6.12 Overall efficiencies of the systems PT-CSP +LT-MED +TVC and PT-CSP +RO at
an exhaust steam temperature of 37 °C, considering once-through as the cooling method

SEC RO (kWh/m?>)
SEC 35 4 45 5 55
LT-MED | LT- LT- LT- LT- LT-
+TVC |MED MED MED MED MED
(kWh/m*|+TVC |[RO [+TVC |[RO |+TVC |[RO |+TVC |[RO |+TVC |RO
1.4 28.8 | 33.1 | 288 | 32.6 | 288 | 32.1 | 288 | 31.6 | 288 | 312
1.6 286 | 33.1 | 286 | 32.6 | 286 | 321 | 286 | 31.6 | 286 | 31.1
1.8 284 | 33.0 | 284 | 325 | 284 | 320 | 284 | 31.6 | 284 |31.1
2.0 282 | 330 | 282 | 325 | 282 | 320 | 282 | 315 | 282 |3l.1
22 280 | 33.0 | 28.0 | 325 | 280 | 320 | 28.0 | 31.5 | 28.0 |31.0
24 278 | 33.0 | 27.8 | 324 | 278 | 319 | 278 | 31.5 | 27.8 | 31.0

Table 6.13 Overall efficiencies of the systems PT-CSP +LT-MED + TVC and PT-CSP +RO at
an exhaust steam temperature of 57 °C, considering once-through as the cooling method

SEC RO (kWh/m?)
SEC 3.5 4 4.5 5 5.5
LT-MED | LT- LT- LT- LT- LT-
+TVC |MED MED MED MED MED
(kWh/m*) | +TVC |[RO [+TVC |[RO |+TVC |[RO |+TVC |RO |+TVC |RO
1.4 208 | 31.0 | 298 | 30.6 | 29.8 | 302 | 29.8 | 299 | 29.8 | 29.5
1.6 296 | 31.0 | 296 | 30.6 | 29.6 | 302 | 29.6 | 29.8 | 29.6 | 29.5
1.8 294 | 31.0 | 294 | 306 | 294 | 302 | 294 | 29.8 | 294 |294
2.0 203 | 31.0 | 293 | 30.6 | 293 | 302 | 293 | 298 | 293 | 294
22 201 | 31.0 | 29.1 | 30.6 | 29.1 | 302 | 29.1 | 298 | 29.1 | 294
2.4 289 | 309 | 289 | 305 | 289 | 30.1 | 289 | 297 | 289 | 294
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Table 6.14 Overall efficiencies of the systems PT-CSP+MED-TVC and PT-CSP+RO at an
exhaust steam temperature of 37 °C, considering dry cooling as the cooling method

SEC RO (kWh/m?)
SEC 3.5 4 45 5 55
TVC-MED |TVC- TVC- TVC- TVC- TVC-
(kWh/m>) MED |[RO |MED |[RO |MED RO |MED |RO |MED |RO
1.2 276 | 319 | 276 | 314 | 276 | 31.0 | 27.6 | 305 | 276 | 30.1
1.4 274 | 319 | 274 | 314 | 274 | 309 | 274 | 305 | 274 | 300
1.6 27.1 | 319 | 272 | 314 | 272 | 309 | 272 | 305 | 272 | 300
1.8 270 | 319 | 27.0 | 314 | 270 | 309 | 27.0 | 304 | 27.0 | 30.0
2.0 268 | 31.8 | 268 | 313 | 268 | 309 | 26.8 | 304 | 268 | 30.0
22 266 | 318 | 266 | 313 | 266 | 308 | 26.6 | 304 | 266 | 299

Table 6.15 Overall efficiencies of the systems PT-CSP+MED-TVC and PT-CSP+RO at an

exhaust steam temperature of 57 °C, with dry cooling as cooling method

SEC RO (kWh/m?)
SEC 3.5 4 45 5 55
TVC-MED |TVC- TVC- TVC- TVC- TVC-
(kWh/m>) MED |[RO |MED |[RO |MED RO |MED |RO |MED |RO
1.2 274 | 299 | 274 | 295 | 274 | 292 | 274 | 288 | 274 | 285
1.4 272 | 299 | 272 | 295 | 272 | 292 | 272 | 28.8 | 272 | 284
1.6 27.1 | 299 | 27.1 | 295 | 27.1 | 29.1 | 27.1 | 28.7 | 27.1 | 284
1.8 269 | 299 [ 269 | 295|269 | 29.1 | 269 | 287 | 269 | 284
2.0 268 | 299 | 268 | 295 | 268 | 29.1 | 26.8 | 287 | 268 | 284
22 266 | 299 | 266 | 295 | 266 | 29.1 | 266 | 287 | 266 | 283

Table 6.16 Fresh water flow rate (Fgw) needed in the condenser of the power cycle with
evaporative water cooling

CSP+RO

CSP+LT-MED

CSP+LT-MED +TVC

Frw (m’/day)

4078

0

381

Table 6.17 Power consumed by the condenser (P.,g) Of the power cycle and of the MED plants
in the case of using once-through as cooling method

CSP+RO

CSP+LT-MED

CSP+LT-MED +TVC

P cond (Mwe)

1.25

0.42

0.70
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