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Abstract

The Hygroscopic cycle is a novel proprietary power cycle characterized by working with
hygroscopic compounds which optimize the condensation of the turbine output steam in a steam
absorber. This technology can be incorporated in any power plant that uses a Rankine cycle, obtaining
higher electrical efficiency without limiting the cold sink temperature and without cooling water
consumption. The novelty of this article is that Hygroscopic cycle is experimentally investigated in a
test power plant with high concentrations of lithium bromide solution in water in the cooling reflux to
analyze the effect on condensing temperature, condensing pressure, power output and efficiency. Mass
concentration of lithium bromide in the cooling reflux stream ranges from 45 to 65%. The increase in
salt concentration at the cooling reflux stream allows the condensing temperatures to be significantly
increased by more than 15°C in a Hygroscopic cycle with respect to a Rankine cycle. Results also show
that it is possible to decrease the turbine outlet condensing pressures for the same condensing
temperature. Thereby, as mass concentration of lithium bromide is increased the gross electric power
output increases with reference to a Rankine cycle for the same condensing temperature. The minimum
increments in net electric power output and electrical efficiency are 7.6% and 2.6% respectively.
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1. INTRODUCTION

Since the recent energy crisis, industrial stakeholders and researchers have looked for
better ways to manage energy, mainly by increasing energy systems efficiency. In this context,
interest for improving thermoelectric generators has increased significantly. Rankine cycle is
the basic thermodynamic cycle used in thermoelectric power plants for electricity generation.
In this article, a new cycle improving Rankine performance is experimentally investigated.
Also, its advantages and great potential for current and future power plants are explained.

Rankine cycle [1] is a thermodynamic cycle whose purpose is the transformation of heat
into work. As it is known in the energy industry, its effectiveness is limited by the
thermodynamic efficiency of a Carnot cycle operating between two heat reservoirs. The main
advantage of this cycle is its industrial maturity, coming from a long and continuous
development, and its high degree of applicability in many different processes. Improvements
have been achieved mainly by increasing the temperature difference between the cold and the
hot sink, resulting from the evolution of materials to be able to sustain increasingly restrictive
conditions, up to supercritical water conditions. Also, due to the improvement of thermal [2]
and mechanical designs, condensers with very low pressure at the exit of the turbine, down to
or below 0.1 bar, have been implemented. As a result, electrical efficiency of the cycle
increases.

Rankine cycle efficiency has been deeply studied for many decades [3,4]. Most of the
methods used to improve thermal efficiency of Rankine cycles are based on reducing
irreversibilities. It also avoids for the maximum humidity in the turbine steam to reach lower
values than 10% [5]. A thermodynamic analysis of regenerative-reheat Rankine cycle power
plants [6] shows that the feed water heating and reheat in addition to regeneration provide an
efficiency enhancement up to 14%. Supercritical Rankine cycle using zeotropic mixture

working fluids improve 10-30% thermal efficiencies over the organic Rankine cycle (OCR)
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[7]. An exergy analysis for a 650 MW thermal power plant has been developed in [8]. The
relationship between power plant exergy and thermal efficiencies was presented. Also, the
effect of the decreasing condenser pressure and increasing superheating steam temperature inlet
to both high and Intermediate Pressure Turbine was studied.

Organic Rankine cycle (ORC), Goswami cycle and Kalina cycle are the major cycles
developed for the conversion of low-grade heat into electricity [9]. Most of current
investigations about Rankine cycle focus on ORC [10]. It uses working fluids with low boiling
points in order to recover heat from a low temperature heat source. The effect of flow losses in
the condenser on the performance of ORC was studied in [11]. The results obtained show that
the relationships of total irreversibility, net work output, thermal efficiency and exergy
efficiency between the practical cycle and ideal cycle are linear. Some authors present other
ways to enhance the efficiency of an ORC by using absorption systems. Most common
absorption types are based on ammonia-water (NHs-H20) solution and a water-lithium bromide
(H20-LiBr) solution. In [12], a method to enhance the ORC with absorption systems is
evaluated. The ORC condenser was replaced by an absorption unit. That system simultaneously
generates power and cooling energies at the average energy and exergy efficiencies of 20.61%
and 21.54%, respectively. A comparative investigation on thermo-economic performance
between ORC and LiBr absorption refrigerating cycle in waste heat recovery was presented in
[13]. Results show that, the thermo-economic performance of LiBr absorption refrigerating
cycle and ORC using zeotropic mixture as working fluid are better than that of ORC using pure
working fluid at any heat source temperature. The ORC technology is limited by the maximum
temperature of the working fluids used. At present, the maximum operating temperature is
about 300 °C. Electrical efficiency can reach values above 30%. In combined heat and power
(CHP) applications, the very high temperature ORC systems could be an effective and

profitable solution. [14] presents the technical and industrial development on High
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Temperature ORC systems, potential market development and a technology comparison to
other generation technologies. Nonetheless, currently ORC practical use is limited to low
power generation [15].

Kalina cycle is a thermodynamic power cycle using an ammonia—water mixture as the
working fluid. It marked a significant improvement in thermal power plant design since the
introduction of the Rankine cycle in the mid-1800s and can be considered as a competitor of
the OCR. [16] reviews the research on the Kalina cycle, including the description of the cycle
and the comparison to Rankine. The design of Kalina provides an additional degree of freedom
in the composition of the boiling mixture and a much higher overall efficiency than the OCR.
Simple Kalina cycle is composed of several devices: boiler, turbine, distiller, separator, 2
reheaters, absorber, condensate pump, throttle valve, condenser, boiler feed pump and feed
water heater. It needs cooling water for refrigeration. The application of the Kalina cycle is
restricted to medium—low temperatures heat sources (maximum temperatures of 300-400 °C).

Rankine-Kalina combined cycle [17] produces higher power output and is more efficient
than a Rankine steam cycle, because of the reduction of losses in the turbine exhaust and in the
condenser. A recent study from [18] shows that the effect of different combinations of the
ammonia-water Rankine power cycle and the ammonia-water absorption refrigeration cycle
are very effective on the thermodynamic and exergoeconomic performance of a cogeneration
cycle.

Goswami cycle uses binary mixture to produce both power and refrigeration [19]. A
mixture of ammonia and water is pumped from an absorber to high pressure. It is then split into
two streams which, after recovering heat, are mixed and enter the desorber. The mixture is
partially boiled in the desorber to produce a vapor rich in ammonia and a hot weak-in-ammonia
liquid solution. A rectifier increases the concentration of ammonia in the vapor from the

desorber, by partially condensing water out of it. Goswami and Xu [20] conducted a parametric

Page 4 of 31


https://www.sciencedirect.com/topics/engineering/rankine
https://www.sciencedirect.com/topics/chemical-engineering/absorption-refrigeration

analysis to study the effect of the cycle parameters on the performance of the cycle. Application
of low heat-source temperatures below 200 °C is one of the characteristics of this cycle. A
combined Rankine-Goswami cycle (RGC) is proposed and a thermodynamic analysis is
conducted in [21]. The Goswami cycle, as a bottoming cycle, uses ammonia—water mixture as
the working fluid and produces power and refrigeration. The results indicate that the proposed
RGC provide a difference in net power output between 15.7% and 42.3% for condenser
pressures between 1 and 9 bars.

Recently, a new proprietary cycle which provides greater efficiency than Rankine Cycle
and significantly reduces water consumption for cooling was developed by the researcher
Rubio-Serrano [22] and co-workers. That technology was named by those researchers as
Hygroscopic Cycle Technology (HCT) [23]. HCT has been in the state of the art since 2010 as
"Rankine Cycle with absorption stage using hygroscopic compounds™ [24,25]. It is a novel
power cycle, similar to the Rankine cycle, characterized by working with hygroscopic
compounds, which optimize condensation of the turbine exhaust steam. Such compounds [26]
must have the following characteristics: they must be highly hygroscopic compounds [27],
which attract water as vapor or liquid from the environment; they should be less volatile than
water (vapor pressure less than water) and easily separable, so that the retention is reversible,
and the vapor can be readily desorbed [28]; they must be chemically stable at the working
pressures and temperatures of the cycle; they must be non-toxic and non-flammable
compounds. Consequently, Hygroscopic Cycle incorporates the physical and chemical
principles of absorption [29] machines to give greater performance and better cooling
conditions than Rankine cycle. HCT has also many advantages respect to both Kalina and
Goswami cycles. Those advantages are that HCT is not limited to conversion of low-grade heat
into electricity and it is potentially applicable to any range of power generation. Besides, binary

mixture does not use neither an external heat source nor a desorber to separate the steam from
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the other fluid. In HCT, only one absorber is used, in which the steam is directly condensed by
absorption due to the different concentration of hygroscopic compounds between the stream
inlets [30]. The layout of HCT is much simpler than those of Kalina and Goswamy since the
number of components is considerably fewer. So far, only a few investigations have been
published about HCT because of its recent development. The installation of the first test plant
of the Hygroscopic cycle was finished in 2015 (Figure 1). This plant was placed in Gijon
(Spain) and is owned by IMASA, INGENIERIA Y PROYECTOS S.A [31]. That plant was
used by the authors of this paper for the development of HCT [30] and for the investigation
conducted in this article. The vital elements of HCT are the absorber and the cooling system
associated. After the turbine, the steam is condensed by means of the chemical process of
absorption inside the absorber. The cooling reflux stream provided by the cooling system is
also introduced in the absorber. That stream is a solution of hygroscopic compounds in water
and comes into contact with the pure steam in the absorber. It produces the steam condensation
by absorption. As a result, two important advantages can be achieved in a Hygroscopic cycle
over a traditional Rankine cycle:

1. Decrease of the condensing pressure for a given condensing temperature.
Consequently, higher electric power provided by the turbine and higher electrical
efficiency of the installation are obtained.

2. Increase of the condensing temperature for a given condensing pressure. As a result,
cooling temperate is also increased. It allows dissipation of the energy of condensation
in dry mode (air-cooler), instead of a cooling tower, with the subsequent saving of water
[32], tower purges, plumes, and associated operation and maintenance costs. This water
saving is one of the main advantages of using this technology, given the shortage of
water that mankind will have in the future, and therefore the high cost that will be

associated to it.
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In HCT, dry coolers are used to dissipate the heat of condensation (cooling system). It is
composed of heat exchangers in which the hot fluid is cooled by an air stream driven by fans
of high electrical efficiency. The speed of the fans is controlled according to the ambient

temperature [33].

Figure 1. Hygroscopic cycle test plant with the steam absorber in first place.

The benefits of incorporating the innovative technology of the Hygroscopic cycle to an
existing biomass power plant have been published by Rubio-Serrano et al. [30]. In that paper,
the first world reference at industrial scale that uses this technology is exposed. It is a 12.5-
MW biomass “Vetejar ” power plant located in Palenciana (Cordoba-Spain). The boiler blow-
downs are used as hygroscopic compounds in order to induce the condensation of the turbine
outlet exhaust steam in the steam absorber. In this device, the condensing temperature is
increased above the saturation temperature of the pure steam for a given pressure. As a result
of the condensing temperature increase and the cycle configuration, HCT improves
refrigeration conditions and increases the electrical efficiency over a Rankine cycle. The new

technology allows the plant to refrigerate at high ambient temperatures, increases the net
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electrical efficiency of the plant and its efficiency. Also, the cooling tower was removed,
avoiding cooling water consumption. The actual amount of raw water saved in that plant with
HCT is 229,200 m® per year. The values registered at the power plant confirm that the
Hygroscopic cycle contributes with an increase in the energy supplied the electrical grid of 75
MWh/month on average. In terms of net electrical efficiency, HCT contributes to “Vetejar”
biomass power plant with an average annual increase of 2.5%.

Due to its characteristics, HCT can replace a Rankine cycle for any electric power range
in new or existing power plants [25] such as combined cycles, biomass power plants
thermoelectric power plants, thermosolar power plants and nuclear power plants; as well as
CHP systems.

In the literature, the relationship between the different parameters governing the HCT have
not been thoroughly studied. The relationship between condensing pressure and condensing
temperature in the absorber is vital for the understanding and effective functioning of the cycle.
Absorption process determines that the condensing pressure in the absorber of HCT is lower
than the pressure of the pure steam in a Rankine cycle for a given condensing temperature.
Consequently, both net electric power and electrical efficiency of the plant are increased. That
relationship between the variables above mentioned has been only studied for the case of the
“Vetejar” power plant [30], in which the concentration hygroscopic compounds is very low
(less than 1%, provided by the steam boiler blow-downs). There are not any other studies
relating condensing temperature and pressure in the absorber for higher concentrations of
hygroscopic compounds. From a practical point of view, the cooling temperate is the variable
that can be adjusted, basically by means of the fans of the dry coolers. Cooling temperature is
really the temperature set point and it is directly related to the condensing temperature.
Condensing temperature can be fixed by setting the cooling temperature and the mass

concentration of hygroscopic compounds.
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This article deals with decreasing the condensing pressure at the end of the expansion in a
power cycle. This point is of vital importance in a steam cycle, since the lesser condensing
pressure is achieved, the better the electrical performance of the steam cycle.

The novelty of the present work is that instead of only using the steam boiler blow-downs
(as in “Vetejar” power plant), HCT is analyzed with a different hygroscopic compound and at
higher concentrations, in order to increase the effect of lowering the condensing pressure.
Therefore, it can be quantified the increase of both power production and efficiency of the
cycle, depending on the compounds used and its concentration. The hygroscopic compound
selected was lithium bromide (LiBr) which fulfills the characteristics needed for the cycle and
that were exposed in the introduction. LiBr is currently used in refrigeration systems by
absorption [29, 34] for cold production and it is a highly hygroscopic soluble salt at all
thermodynamic states of HCT. LiBr exhibits an increase of solubility in water as the
temperature of the solution is increased [35]. Also, the effect of increasing LiBr concentration
on the electrical power production of the turbine and the efficiency of the cycle is analyzed in
this paper.

The main objective of this paper is to experimentally study the influence of the
concentration of lithium bromide of the cooling reflux current on the condensing temperature
and on the electrical performance of the hygroscopic cycle. The effects of providing a high
increment of the LiBr concentration of the reflux cooling stream and therefore a higher
reduction of the condensing pressure with respect to that of a Rankine cycle, increasing power

production and efficiency, will be the main goal of this article.

2.  MATERIALS AND METHODS

2.1 Hygroscopic cycle test plant
Experimental values presented in this article have been obtained from the previously

mentioned test plant of the Hygroscopic cycle (Figure 1) [23]. The test plant is located at Gijon
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— Spain (43°32'N 5°42'W) and it is the first worldwide test plant replicating the HCT. The plant
comprises all the equipment and materials necessary to investigate HCT. That equipment is
available at industrial scale as well. The design, supervision and start-up of the test plant
(Figure 1) was carried out by the Energy Division of the company IMASA, INGENIERIA Y
PROYECTOS, S.A. [34]. Figure 2 shows the arrangement of the devices included in the test
plant. HCT comprises the following main equipment: steam turbine [36], steam absorber [37],
condensate pump [38], feed water pump [39], vacuum pump [40], enthalpic recuperator [41],
thermal deaerator [42], steam boiler [43] and dry coolers [44]. The elements of the test plant
are the same, except for the steam turbine that is replaced by an expansion valve. The test plant
reproduces all the processes taking place in an actual HCT, but the turbine is simulated by
means of the expansion valve and a Supervisory Control and Data Acquisition (SCADA)
system. Figure 3 presents the flow diagram of the Hygroscopic cycle test plant, including the
different processes, equipment and fluid streams involved, as well as the turbine equivalence

(valve and SCADA).
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Figure 2. Arrangement of the Hygroscopic cycle test plant.

The different streams are shown in Figure 3. Stream (1) corresponds to the live steam
produced by the boiler. The turbine exhaust steam form is numbered as stream (2). Streams (1)
and (2) contain only water. The rest of the streams contain LiBr solutions in water. The cooling
reflux is reflected in stream (3). Cooling temperature is measured at that stream. The
condensate is shown as Stream (4). Streams (5) and (6) are the boiler feed water currents before
and after the deaerator respectively. The boiler blow-downs are reflected in stream (7).
Intermittent purges are shown as stream (8). Make-up water with additives is reflected in stream
(9). Condensing pressure and temperature data are taken directly from pressure and temperature

sensors located in the steam absorber.
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Figure 3. Hygroscopic cycle test plant flow diagram.

In this study, the mass flow rate of live steam was 100 kg/h. According to the process
diagram shown in Figure 3, the superheated steam (1) produced in the boiler (with natural gas
as fuel) expands in the expansion valve. The boiler is a pyro-tubular 100-kW boiler with steam
generation capacity of 110 kg/h at 13 barg and maximum temperature of 200°C. A high
efficiency droplet separator is located at the outlet of the boiler in order to minimize the
dragging of salts into the turbine. The expansion valve simulates the conditions of exhaust
steam at the exit of a steam turbine. Experimental thermodynamic data at the outlet of the
isenthalpic expansion are registered in a PLC [45]. The SCADA system [46] gathers, controls
and supervises all data and it is programmed to simulate and calculate the instantaneous electric
power of a steam turbine. In the simulation, live steam conditions are 60 bar(a) and 500 °C (at

turbine inlet). The simulated turbine is able to produce 38 kWe of power output at the scale of
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the plant. The exhaust steam [47] from the expansion valve (2) is directed to the steam absorber
where it is brought into contact with a liquid stream of condensate, which acts as a cooling
reflux (3). The liquid condensate stream is rich in hygroscopic compounds and has a higher
salt concentration than the steam (2) since the selected hygroscopic compounds are not volatile.
In figure 3, Tc denotes the condensing temperature of the vapor in the steam absorber and Tv
designates the saturation temperature [48] of exhaust steam. In the steam absorber, complete
condensation of the steam occurs by absorption, releasing the heat of dilution [49] that is
defined as the heat exchanged with the medium when an additional amount of solvent is added
to a solution. As a result, Tc is always greater than Tv. The condensing pressure has the same
value at the turbine outlet and in the steam absorber. Air and other non-condensing gases are
extracted from the steam absorber by the vacuum pump. The outlet condensate (4) of the steam
absorber is pumped to two circuits, one part (5) is directed to the thermal deaerator unit where
oxygen and other non-condensable gases are removed, and another part is recirculated as
cooling reflux (3). It flows through an air cooler where the condensing energy is removed by
dry cooling. The condensate (6) at the outlet of the deaerator is pumped (by the feed water
pump) to the steam boiler. A high efficiency droplet separator at the exit of the boiler avoids
dragging of salts towards the turbine. Thermal energy of the boiler blow-down (7) is
recuperated in the enthalpic recuperator (a closed heat exchanger) by yielding its energy to the
condensate stream that feeds the thermal degassing unit (deaerator). Thermal and chemical
recovery of these purges is of vital importance for the correct operation and net electrical
performance achieved in the technology. The concentration of these boiler purges is
significantly higher than the obtained in a Rankine cycle. Part of the boiler bleed (8) is removed
from the system intermittently to maintain chemical equilibrium in the cycle, due to the steam
losses that exist in any cycle of this type. Water treatment plant (Figure 2) converts the network

water into osmotized water [50], demineralized, or a mixture of them. Quality control of the
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water produced is carried out on that equipment. The mixture of treated water (make-up),
chemical additivation to the cycle, and the dissolution of hygroscopic compounds in water is
conducted in the additive tank (2-m® atmospheric tank) shown in Figures 2 and 3. These
chemicals consists of a mixture of amines [51,52]. It avoids the formation of scale and protects
all metallurgy against corrosion due to oxygen, other dissolved gases and the hygroscopic salts
incorporated in the technology.

Hygroscopic compounds consist mainly of the selected hygroscopic salt (LiBr) and in a
much lower concentration of dissolved solids, silica, alkalinity, iron, and the mentioned
chemical additives. The mass concentrations of LiBr in water used in this article, ranges
between 45 and 65% in the cooling reflux. For concentrations lower than 45% results barely
differ respect to the obtained with the boiler blow-downs of the Rankine cycle because the heat
of dilution [49] is very low. 65% is the maximum solubility of LiBr in water for the working
temperature range in the cooling reflux of the test plant [35]. The behavior of those solutions
is quite different from that of ideal diluted solutions that follow the colligative properties of
water [53]. Raoult's law is of particular interest for these purposes [54]. According to that law,
the boiling point of water and the decrease in the vapor pressure are directly proportional to the
concentration of solute (LiBr). In the present study, since these are actual solutions and at high
concentrations [55], the increase in boiling point is much higher because the decrease in vapor
pressure do not follow a linear but a polynomial tendency as the hygroscopic compound

concentration increases [53].

2.2 Steam absorber

The operation of the steam absorber, shown in Figures 2 and 3, and the importance of the
salt concentration in the cooling reflux stream, will now be described. The steam absorber is
similar to a direct contact condenser [56], where spray nozzles are located at the top, which

generate droplets of liquid from the reflux stream of cooling. The main factors influencing the
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droplet diameter are flow rate, pressure and nozzle type. Generally, an increase of the flow at
constant pressure causes an increase in the size of the drops. By increasing the pressure, the
diameter of the drops is reduced, increasing the spray angle. The greater the mass concentration
of dissolved lithium bromide in the cooling reflux, the greater the hygroscopic content of the
microdroplets. These compounds are always less volatile than water (lower vapor pressure)
with a strong affinity for it. Microdroplets act as condensation nuclei, increasingly stable as the
concentration of hygroscopic compounds increases [57]. The behavior of the hygroscopic
nuclei in contact with water vapor establishes that since the vapor pressure for a given
temperature decreases as the salt concentration in the nuclei increases, the vapor is condensed
in these microdrops as the vapor pressure of the solution is lower than that of the pure water,
forming larger droplets which further favor vapor condensation. In addition, by adding
molecules or ions to a pure solvent, in this case water vapor, the temperature at which it boils
is higher. For this reason, the increase in lithium bromide concentration in water (coming from
the cooling reflux) in the steam absorber causes an increase in the actual condensing
temperature. The increase in the stability of the condensation nuclei and the preference of the
condensation of steam on these nuclei instead of in others has direct relation with the osmotic
pressure [58], another important colligative property of the water. Increasing the mass
concentration increases the osmotic pressure of the system, and therefore, the affinity of the
water vapor towards these high concentration microdroplets through absorption. Therefore, the
Hygroscopic cycle shows an efficient condensation system without the need to increase the
stability of the drops with subcooling. Furthermore, condensing pressure can be lowered by
increasing the mass concertation of LiBr in the cooling reflux stream for a fixed condensing

temperature.
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3. RESULTS AND DISCUSSION

Figure 4 shows the results obtained in the test plant for different concentrations of the LiBr
solution in water. In that Figure, condensing pressure (Pc) in the absorber and condensing
temperature (Tc) at the exit of the absorber are experimentally correlated for different mass

concentrations of LiBr in the cooling reflux of HCT and for pure water (0%).
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Figure 4. Condensing pressure vs. condensing temperature for different mass concentrations

(%) of the LiBr solution in water in the cooling reflux.

According to the test plant experimental results, the mass concentration of LiBr in the
cooling reflux stream has a very significant the influence on the relationship between
condensing pressures and temperatures required by the HCT. They are also different from the
relationship for pure water which corresponds to Rankine cycle. Figure 4 shows that as the
mass concentration of the LiBr solution in water at the cooling reflux stream (stream 3-Figure
3) increases, the condensing pressures measured at the absorber are lower for a given

temperature. Accordingly, the incorporation of the hygroscopic LiBr salt, being a non-volatile
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salt at working temperatures, contributes to decrease the vapor pressure of the system, with a
stronger contribution, the higher the concentration thereof. Furthermore, the difference
between the condensing pressure of pure water (0% concentration) and the rest of saline
solutions increases as temperatures increase.

In Figure 3, the outlet steam from the expansion valve (stream 2), upon contact in the
steam absorber with the cooling reflux (stream 3), condenses at a temperature greater than the
saturation temperature found in the steam tables for this pressure, and this is the great advantage
and novelty using the present technology in a steam cycle. According to Figure 4, condensing
temperature increases by more than 15°C respect to the steam saturation temperature for a
given condensing pressure. The cold sink temperatures (atmospheric, or dry bulb temperature
most commonly used in industry), which limit the condensing pressure of the turbine outlet
steam in a traditional Rankine cycle, are not limited in a Hygroscopic cycle given the significant
increase in the actual condensing temperature that the steam undergoes in the steam absorber.

It was previously commented in the introduction and justified in section 2.2 that there are
two operating options or a mixture of both in a Hygroscopic cycle. The first operating option
consists on maintaining the condensing temperature while the condensing pressure is reduced
in the absorber. Consequently, the Hygroscopic cycle manages to increase the power output of
the steam turbine and the electrical efficiency of the cycle. Figure 5 details this result with an
example. The practical method to maintain the condensing temperature is by setting the cooling
temperature and the mass concentration of hygroscopic compounds. For an optimized design
of HCT, the temperature difference between condensing temperature and cooling temperature
ranges from 7 to 14°C. Figure 5 shows that for a condensing temperature of 45°C and a cooling
temperature of 35°C, the condensing pressure of the steam in a Rankine cycle is 12.4 kPa(a)
against 4.24 kPa(a) in a Hygroscopic cycle, with a mass concentration of LiBr in water of 45%

at the cooling reflux stream.
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Figure 5. Comparison between condensing pressure for a Hygroscopic cycle with

respect to a Rankine cycle for the same cooling temperature.

The second operating option consist on keeping the same condensing pressure in the
absorber, while increasing both condensing and cooling temperatures, thereby improving the
cooling of the system. Figure 6 details the results obtained on second operating option with an
example. It shows that for a condensing pressure of 7 kPa(a), the required cooling temperature
in a Rankine cycle is 24 °C, while in the Hygroscopic cycle is 45 °C, with a mass concentration
of bromide of lithium in water of 45% in the cooling reflux stream. Also condensing
temperatures are shown in Figure 6. The Rankine cycle would require a cooling tower, with a
significant consumption of cooling water, as opposed to a high efficiency electric dry cooler in
the case of a Hygroscopic cycle. The values detailed in Figure 6 could be obtained at an ambient
temperature (cold sink) of 40 °C. Therefore, it is confirmed that the Hygroscopic cycle is not

as limited as a Rankine cycle by the cold reservoir temperature.
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Figure 6. Comparison between cooling temperature for a Hygroscopic cycle with
respect to a Rankine cycle for the same condensing pressure.

The steam after the high efficiency droplet separator located at the outlet of the boiler is
practically pure, with the required quality for turbines, since LiBr is a non-volatile salt for
pressure and temperature conditions in the boiler. In addition, given the increase in boiling
point of the LiBr solution inside the boiler due to colligative properties, pure vapor is always
superheated at the inlet of the turbine. In practice, the only implication is that the section of the
steam superheater in the boiler is significantly reduced or it is not even necessary in HCT.

Figures 7 and 8 show the electric power output and the increment in gross electric power
output respect to Rankine, from the experimental data obtained in the HCT test plant with the
first operating mode. The inputs for the simulated steam turbine and the SCADA system
were:

e Live steam at 60 bar(a) and 500 °C was considered at the inlet of the simulated
turbine.
e The exhaust pressure at the outlet of the simulated turbine was the pressure

measured at the outlet of the expansion valve of the Hygroscopic cycle test plant.
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e Turbine efficiencies considered: 82% isentropic efficiency and 97% electrical
efficiency.
e The experimentally measured mass flow rate of live steam in the Hygroscopic
cycle test plant that was 100 kg/h.
Condensing temperatures and pressures experimentally measured at the steam absorber and
concentrations of the cooling reflux in the Hygroscopic cycle test plant were also used for

calculations.

Steam turbine electrical power

25
10 20 30 40 50 60
Condensing temperature (°C)
% of LiBr
——0% =—=45% 50% 55% =—e=60% —+—65%

Figure 7. Electric power obtained in the steam turbine for condensing temperatures

between 10 and 60°C and different mass concentrations (%) of LiBr solution in water.
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Figure 8. Increment in gross electric power output at condensing temperatures between
10 and 60°C and different mass concentrations (%) of LiBr solution in water.

Figure 4 indicates that the condensing pressures obtained are higher as condensing
temperatures increase for each LiBr concentration. Therefore, the specific enthalpy change in
the turbine is lower when condensing temperature is increased for a fixed concentration of
LiBr. For that reason, the electric power generated by the steam turbine is lower as condensing
temperature increases (Figure 7). This trend is the same in a Rankine cycle as in a Hygroscopic
cycle. The significant advantage of the Hygroscopic cycle is the greater electric power that can
be obtained with respect to a Rankine cycle (0% LiBr), as the mass concentration of lithium
bromide in water increases in the cooling reflux stream (Figure 7). This is due to the lower
condensing pressures reached for a given condensing temperature.

Figure 8 shows the increment obtained in the gross electric power of the HCT with

reference to Rankine cycle, obtained from equation 1.

17 (WHCT.g‘WR,g)
AWg = W, x 100 (1)

where:

AWg is the increment of gross electric power with reference to Rankine cycle (%).

Page 21 of 31



WHCT,g is the gross electric power (kWe) generated by the turbine in a Hygroscopic

cycle working with the different LiBr concentrations in water.

WR,g is the gross electric power (kWe) generated by the turbine in the Rankine cycle

working with pure water (0% LiBr concentration).

As detailed in Figure 8, the electric power increment in the turbine with reference to
Rankine cycle increases as the mass concentration of LiBr in water at the cooling reflux stream
IS increased. Increment in gross electric power ranges between 7.6% and 27% for the studied
concentrations. For example, according to that Figure, with a concentration of 45% of LiBr
solution and a condensing temperature of 30°C, electrical production respect to Rankine cycle
increases above 8%. Figure 8 also shows that for the same concentration, the gross electric
power increment also increases as the condensing temperature increases. Electrical production
rises up to 8.5% at condensing temperature of 60°C and 45% LiBr concentration.

Electrical efficiency of a cycle is calculated by Equation 2.

=i @
T=7%

where:

1) is the electrical efficiency of the steam cycle.
WT is the electric power output of the cycle.

Q is the thermal power added to the cycle in the steam boiler.

The increment obtained in electrical efficiency of the HCT with reference to Rankine cycle

is obtained from equation 3.

an = Wuer™e) o 100 3)

Ngr
where:
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A is the increment of electrical efficiency with reference to Rankine cycle (%).

nHCT

is the electrical efficiency (%) of the Hygroscopic cycle working with the different

LiBr concentrations in water.

) is the electrical efficiency (%) of the Rankine cycle working with pure water (0% LiBr

concentration).

Gross and net electrical efficiencies are calculated by substituting gross and net electric

power of the cycle in Equation 3 respectively.

where:

W = W - W,

(4)

Wn is the net electrical power output of the cycle (kWe).

Vi/g is the gross electrical power provided by the turbine (kWe).

VVC is the electrical power consumption of pumps and dry cooler fans (kWe).

Increment in both gross and net electrical efficiency of HCT have been obtained from the

data of the test plant and Equations 2 through 4.

Electrical efficency increment (%)

Cooling Temperature 40°C

et wm— g1 0SS

LiBr mass concentration (%)

(a)
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Figure 9. Increment in both gross and net electrical efficiency of HCT with respect to
Rankine cycle for different mass concentrations of LiBr in the cooling reflux and: (a) cooling
temperature of 40°C, (b) cooling temperature of 50°C.

Figure 9 shows the increment in both gross and net electrical efficiency of a Hygroscopic
cycle with respect to a Rankine cycle for the different concentrations of LiBr in the cooling
reflux, at cooling temperatures of 40 and 50 °C. The increment in efficiency is almost identical
for those cooling temperatures being slightly higher for greater temperatures. As the mass
concentration of LiBr in the cooling reflux increases, the Hygroscopic cycle provides a smaller
increment in both gross and electrical efficiency compared to a Rankine cycle. For
concentrations in the cooling reflux higher than 55% the increment in efficiencies is nearly
constant. Therefore, the minimum efficiencies in HCT are reached for the higher
concentrations with values about 2.6% and 2.8% respect to Rankine cycle for increments in net
and gross electrical efficiencies respectively. It was also experimentally found that the
electrical efficiency decreases when the mass concentration of LiBr in water in the cooling
reflux current is decreased below 45%. Therefore, the maximum efficiency of a Hygroscopic
cycle with respect to a Rankine cycle is obtained for a LiBr mass concentration in the cooling
reflux of 45% (increments about 5.3% and 6.5% in net and gross electrical efficiencies
respectively). For instance, a power plant of 30% net electrical efficiency is improved by
incorporating HCT with the following characteristics: 45% LiBr concentration in the cooling
reflux stream; cooling temperature of 40°C; condensing temperature of 50°C or higher. As a
result, there would be an improvement of at least 8% in gross electric power output (Figure 8)
and an increment about 5.3% in net electrical efficiency (Figure 9a). Therefore, net electrical

efficiency of the increases by 1.59% (31.59% instead of 30%).
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4,  CONCLUSIONS

A novel proprietary cycle called Hygroscopic cycle which provides greater efficiency than
Rankine Cycle has been experimentally studied in a test power plant. The novelty of this paper
is that Hygroscopic cycle is analyzed with lithium bromide solution in water at high
concentrations in order to quantify the increase in both power production and efficiency with
reference to Rankine cycle. Also, the effect of high concentrations of the cooling reflux current
on the condensing temperature is experimentally investigated for the first time.

Condensing temperature obtained in the Hygroscopic cycle test plant with high lithium
bromide concentrations is always greater than the saturation temperature of pure water for a
given condensing pressure. The minimum condensing temperature increase is 15°C respect to
the steam saturation temperature (Rankine cycle) for each condensing pressure. Consequently,
atmospheric temperatures and available cooling temperature that limit the condensing pressure
of the steam at the turbine outlet in a traditional Rankine cycle are not limited in a Hygroscopic
cycle.

The experimental results show that as the mass concentration of lithium bromide solution
in water at the cooling reflux stream is increased, the condensing pressures measured at the
absorber are lowered for a given condensing temperature. Condensing pressure of Rankine
cycle (0% concentration) is the highest at a fixed condensing temperature compared to any
lithium bromide concentration. Therefore, power output of the steam turbine and the electrical
efficiency of the Rankine cycle are improved in the Hygroscopic cycle by increasing the saline
concentration. Electric power generated by the steam turbine is lower as condensing
temperature increases but, as the mass concentration of lithium bromide increases in the
cooling reflux stream, greater electric power can be obtained with respect to a Rankine cycle.
Increment in gross electric power ranges between 7.6% and 27% for the studied concentrations.

Maximum efficiency of a Hygroscopic cycle with respect to a Rankine cycle is obtained for a
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mass concentration in the cooling reflux of 45% (5.3% and 6.5% increments in net and gross
electrical efficiencies respectively). Within the range form 45 and 55%, the higher the mass
concentration in the cooling reflux the smaller the increment in both gross and electrical
efficiency compared to a Rankine cycle. For concentrations higher than 55% the increment in
efficiencies is nearly constant (2.6% and 2.8% respect to Rankine cycle for increments in net

and gross electrical efficiencies respectively).

ACKNOWLEDGMENTS
The authors acknowledge the contribution of the company IMASA, INGENIERIA Y
PROYECTOS, S.A, owner of the Hygroscopic cycle test plant, and the process engineer

Federico C. Duenas.

REFERENCES

[1] Naranjo, C. (2010). Technology of conventional thermoelectric power plants. Madrid.
Spain. Universidad Nacional de Educacion a Distancia.

[2] Dincer, 1., & Al-Muslim, H. (2001). Thermodynamic analysis of reheat cycle steam
power plants. International Journal of Energy Research, 25(8), 727-739.

[3] White, J. H. (1979). A History of the American Locomotive: Its Development, 1830-
1880. New York. United States. Dover Publications, Inc.

[4] Sarr J. A. R., & Mathieu-Potvin F. Increasing thermal efficiency of Rankine cycles by
using refrigeration cycles: A theoretical analysis (2016). Energy Conversion and. Management,
121, 358-379.

[5] Cengel, Y. A., & Boles, M. A. (2002). Thermodynamics: an engineering approach.
New York. United States. McGraw-Hill Education.

[6] Habib, M. A., & Zubair, S. M. (1992). Second-law-based thermodynamic analysis of
regenerative-reheat Rankine-cycle power plants. Energy, 17(3), 295-301.

Page 26 of 31



[7] Chen, H., Goswami, D. Y., Rahman, M. M., & Stefanakos, E. K. (2011). A supercritical
Rankine cycle using zeotropic mixture working fluids for the conversion of low-grade heat into
power. Energy, 36(1), 549-555.

[8] Elhelw, M., Al Dahma, K. S., & el Hamid Attia, A. (2019). Utilizing exergy analysis
in studying the performance of steam power plant at two different operation mode. Applied
Thermal Engineering, 150, 285-293.

[9] Chen, H., Goswami, D. Y., & Stefanakos, E. K. (2010). A review of thermodynamic
cycles and working fluids for the conversion of low-grade heat. Renewable and sustainable
energy reviews, 14(9), 3059-3067.

[10] Karimi, M. N., Dutta, A., Kaushik, A., Bansal, H., & Haque, S. Z. (2015). A Review
of Organic Rankine, Kalina and Goswami Cycle. International Journal of Engineering

Technology, Management and Applied Sciences 2015.

[11] Sun, H., Qin, J., Hung, T. C., Huang, H., Yan, P., & Lin, C. H. (2019). Effect of flow

losses in heat exchangers on the performance of organic Rankine cycle. Energy, 172, 391-400.

[12] Navongxay, B., & Chaiyat, N. (2019). Energy and exergy costings of organic Rankine
cycle integrated with absorption system. Applied Thermal Engineering, 152, 67-78.

[13]Wu, S. Y., Yang, H., Xiao, L., & Li, C. (2017). Comparative Investigation on Thermo-
economic Performance between ORC and LiBr Absorption Refrigerating Cycle in Waste Heat
Recovery. Energy Procedia, 105, 1446-1453.

[14] Vescovo, R., & Spagnoli, E. (2017). High temperature ORC systems. Energy
Procedia, 129, 82-89.

[15] Pethurajan, V., Sivan, S., & Joy, G. C. (2018). Issues, comparisons, turbine selections
and applications—An overview in organic Rankine cycle. Energy Conversion and Management,
166, 474-488.

[16] Zhang, X., He, M., & Zhang, Y. (2012). A review of research on the Kalina cycle.
Renewable and sustainable energy reviews, 16(7), 5309-5318.

[17] Murugan, R. S., & Subbarao, P. M. V. (2008). Thermodynamic analysis of Rankine-

Kalina combined cycle. International Journal of Thermodynamics, 11(3), 133-141.

[18] Shokati, N., & Khanahmadzadeh, S. (2018). The effect of different combinations of
ammonia-water Rankine and absorption refrigeration cycles on the exergoeconomic

performance of the cogeneration cycle. Applied Thermal Engineering, 141, 1141-1160.
Page 27 of 31



[19] Ayou, D. S., Bruno, J. C., Saravanan, R., & Coronas, A. (2013). An overview of
combined absorption power and cooling cycles. Renewable and Sustainable Energy Reviews,
21, 728-748.

[20] Goswami, D. Y., & Xu, F. (1999). Analysis of a new thermodynamic cycle for

combined power and cooling using low and mid temperature solar collectors. Journal of Solar
Energy Engineering, 121(2), 91-97.

[21] Padilla, R. V., Archibold, A. R., Demirkaya, G., Besarati, S., Goswami, D. Y.,
Rahman, M. M., & Stefanakos, E. L. (2012). Performance analysis of a Rankine cycle
integrated with the Goswami combined power and cooling cycle. Journal of Energy Resources
Technology, 134(3), 032001.

[22] Rubio Serrano, F.J., Soto Pérez, F., Gutiérrez Trashorras, A.J., & Ausin Abad, G.
(2018). Comparison between existing Rankine Cycle refrigeration systems and Hygroscopic
Cycle Technology. International Research Conference on Sustainable Energy, Engineering,

Materials and Environment 2018, 25-27. Mieres, Asturias, Spain.
[23] Hygroscopic cycle. www.hygroscopiccycle.com. [Last accessed in September 2019].

[24] Rubio Serrano, F.J. (2010), Rankine cycle with absorption step using hygroscopic
compounds. Publication No. W02010133726 Al. Switzerland. World Intellectual Property
Organization.

[25] Rubio Serrano, F.J. (2013). An evolution in profitability and efficiency. Power
Engineering International, 21(9).

[26] Rubio Serrano, F.J. (2013). Ciclo Higroscopico: la evolucion eficiente del Ciclo
Rankine. Solar News, 45, 32-35.

[27] Svenningsson, B., Rissler, J., Swietlicki, E., Mircea, M., Bilde, M., Facchini, M. C.
& Rosengrn, T. (2006). Hygroscopic growth and critical supersaturations for mixed aerosol
particles of inorganic and organic compounds of atmospheric relevance. Atmospheric
Chemistry and Physics, 6(7), 1937-1952.

[28] Prachayawarakorn, S., Soponronnarit, S., Wetchacama, S., & Jaisut, D. (2002).
Desorption isotherms and drying characteristics of shrimp in superheated steam and hot
air. Drying Technology, 20(3), 669-684.

[29] Herold, K. E., Radermacher, R., & Klein, S. A. (2016). Absorption chillers and heat
pumps. Florida. United States. CRC press.

Page 28 of 31


http://www.hygroscopiccycle.com/

[30] Rubio-Serrano, F. J., Gutiérrez-Trashorras, A. J., Soto-Pérez, F., Alvarez-Alvarez, E.,
& Blanco-Marigorta, E. (2018). Advantages of incorporating Hygroscopic Cycle Technology
to a 12.5-MW biomass power plant. Applied Thermal Engineering, 131, 320-327.

[31] Imasa Ingenieria y Proyectos S.A. www.imasa.com. [Last accessed in September
2019].

[32] Rubio Serrano, F.J. (2016). Saving water in power plants. Power Engineering
International 24(6).

[33] Alhazmy, M. M., & Najjar, Y. S. H. (2004). Augmentation of gas turbine performance
using air coolers. Applied Thermal Engineering, 24(2), 415-429.

[34] Kegeciler, A., Acar, H. 1., & Dogan, A. (2000). Thermodynamic analysis of the
absorption refrigeration system with geothermal energy: an experimental study. Energy
conversion and management, 41(1), 37-48.

[35] Boryta, D. A. (1970). Solubility of lithium bromide in water between-50. deg. and+
100. deg. (45 to 70% lithium bromide). Journal of Chemical and Engineering Data, 15(1), 142-
144,

[36] Termuehlen, H., & Emsperger, W. (2003). Steam Turbine Technology. New York.
United States. ASME Press.

[37] Kreith, F., & Boehm, R. F. (Eds.). (2013). Direct-contact heat transfer. New York.
United States. Springer Science & Business Media.

[38] Zhen-Hua, Y. (2010). Performance analysis of condensate pump frequency

conversion operation of 1000 MW units [J]. Electric Power, 7.

[39] Wei-zhong, F. E. N. G. (2010). Optimizations of the feedwater pump set and its

systems in 1000 MW ultra supercritical power generation unit [J]. Electric Power, 8.

[40] Faragallah, W. H. (1988). Liquid ring vacuum pumps and compressors. Houston.
Texas. United States. Gulf Publishing Company.

[41] Kaviri, A. G., Jaafar, M. N. M., Lazim, T. M., & Barzegaravval, H. (2013).
Exergoenvironmental optimization of heat recovery steam generators in combined cycle power

plant through energy and exergy analysis. Energy conversion and management, 67, 27-33.

Page 29 of 31


http://www.imasa.com/

[42] Lu, C. X,, Bell, R. D., & Rees, N. W. (1998). Scheduling control of a deaerator
plant. Control Engineering Practice, 6(12), 1541-1548.

[43] Kitto, J. B., & Stultz, S. C. (1992). Steam: its generation and use. Virginia. United
States. Babcock & Wilcox Company press.

[44] Handbook, A.S.H.R.A.E. (1996). HVAC systems and equipment. Atlanta, GA.

United States. American Society of Heating, Refrigerating, and Air Conditioning Engineers.

[45] Mengual, P., Vega, C. A, Parga, J. L. R., & Rivero, M. C. M. (2010). Step 7: an easy
way to program Siemens PLC. CDMX. México. Alfaomega.

[46] Mehta, B. R., & Reddy, Y. J. (2014). Industrial process automation systems: design

and implementation. Oxford. United Kingdom. Butterworth-Heinemann.

[47] Liu, J., Cui, Y., & Jiang, H. (2001). Investigation of flow in a steam turbine exhaust
hood with/without turbine exit conditions simulated. In ASME Turbo Expo 2001: Power for
Land, Sea, and Air (pp. VO01T03A072-VO01T03A072). American Society of Mechanical
Engineers.

[48] Rubio Serrano, F.J. (2013). The Hygroscopic cycle for CSP. Renewable Energy
Focus, 14 (3), 8.

[49] Asfand, F., & Bourouis, M. (2016). Estimation of differential heat of dilution for
aqueous lithium (bromide, iodide, nitrate, chloride) solution and aqueous (lithium, potassium,
sodium) nitrate solution used in absorption cooling systems. International Journal of
Refrigeration, 71, 18-25.

[50] Cuda, P., Pospisil, P., & Tenglerova, J. (2006). Reverse osmosis in water treatment
for boilers. Desalination, 198(1), 41-46.

[51] Kahler, H. L., & Brown, J. K. (1954). Experiences with filming amines in control of

condensate line corrosion. Combustion, 25, 55-58.

[52] McGlone, K. (1987). The use of amines in steam condensate return lines. Anti-Corros.
Methods Mater., 34(4), 6-8.

[53] Chang, R., College, W., Ramirez. & Arriola, M. (2002). Quimica General. México.
McGraw-Hill.

Page 30 of 31


http://www.sciencedirect.com/science/journal/17550084
http://www.sciencedirect.com/science/journal/17550084

[54] Andrews, F. C. (1976). Colligative  properties of  simple
solutions. Science, 194(4265), 567-571.

[55] Renuncio, J., Sdnchez, J. & Navarro, J. (2000). Termodinamica quimica. Madrid.
Spain. Sintesis.

[56] Kakag, S. (Ed.). (1991). Boilers, evaporators, and condensers. Hoboken, New Jersey.
United States. John Wiley & Sons.

[57] Rogers, R. (1977). Fisica de las nubes. Barcelona. Spain. Reverte.

[58] Skilhagen, S. E., Dugstad, J. E., & Aaberg, R. J. (2008). Osmotic power—power
production based on the osmotic pressure difference between waters with varying salt
gradients. Desalination, 220(1), 476-482.

Page 31 of 31



