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Abstract: The scarcity of energy and water resources and rising temperatures due to climate change
has set the focus on improving the energy efficiency of power plant thermodynamic cycles to adapt to
higher heat sink temperatures and use fewer resources for energy production. In this work, a review
of power production thermodynamic cycles is presented: from Brayton to Rankine and combined
cycles, alongside particular cycles such as Organic Rankine Cycles, Kalina, Goswami or the more
recently developed Hygroscopic Cycle. The efficiency of these cycles and their possible improvements
are considered, as well as their environmental impact. Costs associated with existing power plants
found in the literature have also been included in the study. The main existing facilities for each cycle
type are assessed, and the most sustainable options in terms of resource consumption (fuel, water,
etc.) and future perspectives to ensure both their energy efficiency and sustainability are identified.

Keywords: power cycles; thermodynamic cycles; energy sustainability; water consumption; energy
efficiency; energy generation

1. Introduction

Global energy is suffering a deep energy crisis, mainly as a consequence of over-
exploitation of natural resources, the geopolitical dependence of consumer countries and
the obsolescence of generation facilities. Primary energy world consumption in the decade
2011-2021 has shown an increase of 12.5% with fossil fuels—coal, oil and natural gas—being
the most used resources representing 82.27% in 2021. In this decade, electricity production
increased by 21.8%, as well as the use of fossil fuels, which represent a share of 61.41% of
the total [1], as shown in Figure 1a. Additionally, CO, emissions constantly grew in the
period 1973-2019 to 18,161 million tons, an increase of 54% [2]. Figure 1b shows the share
of these emissions per energy source.
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Figure 1. (a) Share of world electricity generation in 2021 (data source: [1]); (b) fuel share of CO,
emissions from fuel combustion in 2019 (data source: [2]).
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Different scenarios have been proposed for the possible future development of an-
thropogenic drivers of climate change [3], with the evolution of anthropogenic carbon
dioxide depicted in Figure 2 for different shared socioeconomic pathways (SSPs). The
most optimistic scenario, SSP1-1.9, reflects a world with net zero CO, emissions reached
around 2050, which avoids the worst impacts of climate change and has temperatures
around 1.4 °C higher than in preindustrial times. In order to achieve this scenario, inclusive
development and environmental boundaries must be considered. The management of
world resources should be considered as well increases in education and health investment,
reduced inequality within and between countries, and lower energy and resources use
intensity [4]. In contrast, the SSP3-7.0 and SSP5-8.5 scenarios show an increase in CO, emis-
sions due to competitiveness between countries, and temperatures reaching 3.6 and 4.4 °C
higher as a consequence of the prevalence of fossil fuels in a world oriented towards quick
technological processes and the development of human and social capital investments,
with energy-intensive and resource-consuming lifestyles. Due to the close relationship
between the fuel used for electricity generation and greenhouse emissions, as more efficient
thermodynamic cycles are developed and renewable energy sources are used in the hot
source to power them, SSPs will evolve to have less emissions.
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Figure 2. Prediction of future development of anthropogenic carbon dioxide in the current century
(data source: [3]).

Although the share of renewable energy production is expected to rise in the future,
the necessary energy transition must be accompanied by an increase in the efficiency of
the thermodynamic cycles used for power generation considering the scarcity of natural
resources. One critical aspect is water consumption. The annual report from UNESCO [5]
highlighted that in 2030, the world is facing a water deficit of 40%, with industrial water
consumption (including energy and power generation) representing 19% of global water
consumption. Currently, around 2800 million people live in hydraulically stressed zones,
with 2500 million having deficient or no access to electricity. In addition, global energy
consumption is expected to increase by 35%, which will increase water consumption by
85%. A reduction in energy demand resulting from the education of society, alongside the
improvement of the energy efficiency of systems, would be very helpful to decrease the
pace of resource consumption.

In this context, the most used thermodynamic cycles for power generation in the world
are Rankine, Brayton and combined cycles. Analysis of the existing power plant cycle
technologies and the proposal of improvements would contribute substantially to identify
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potential ways to increase energy efficiency and avoid the depletion of the resources of the
planet. With this aim in mind, in this work, a review of power production thermodynamic
cycles is presented: from Brayton to Rankine and combined cycles, alongside particular
cycles such as Organic Rankine Cycles, Kalina, Goswami or the more recently developed
Hygroscopic Cycle. The efficiency of these cycles and their possible improvements are
considered, as well as their environmental impact. Costs associated with existing power
plants found in the literature have also been included in the study. The main existing
facilities for each cycle type are assessed and the most sustainable options in terms of
resource consumption (fuel, water, etc.) and future perspectives to ensure both their energy
efficiency and sustainability are identified.

2. Power Plant Thermodynamic Cycles
2.1. Carnot Cycle: Theoretical Reference

One of the most iconic thermodynamic cycles is the Carnot cycle, which is composed
of two isothermal and two isentropic processes, as shown in Figure 3.
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Figure 3. (a) Equipment and (b) T-s diagram of the Carnot cycle.

Firstly, the fluid is compressed (1-2) isentropically, increasing its pressure and temper-
ature. Then, it is expanded isothermally and reversibly (2-3) by absorbing heat from the
hot source. Afterwards, it is expanded isentropically (3—4), so its pressure and temperature
decrease. Finally, the fluid is compressed isothermally and reversibly (4-1), releasing heat
to the cold sink.

The efficiency attained by this cycle when it works between a hot source at Ty and a
cold sink at T¢ is defined by:

MCarnot = 1-— (1)

Figure 4 shows the evolution of this maximum efficiency as a function of the hot source
temperature when the cold sink has been fixed at 20 °C. Although the Carnot cycle is a
theoretical cycle and the reversible thermodynamic processes proposed are impossible to
be followed in an actual cycle, it sets the maximum theoretical limit for the efficiency of the
rest of power generation cycles. The so-called Carnot factor defines the ratio between the
efficiency of a particular cycle and this maximum possible efficiency:

cFr=_1 )
N Carnot
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Figure 4. Carnot cycle efficiency as a function of the hot source temperature for a cold sink tempera-
ture of 20 °C.

2.2. Stirling Cycle

The Stirling cycle is an altered version of the Carnot cycle in which the two isentropic
processes have been replaced by two isochoric regeneration processes, as shown in the
T-s diagram of Figure 5. The cycle is reversible and, ideally, it might achieve the same
efficiency as the Carnot cycle. The acoustic impact is relatively low, although it has been
implemented in small-scale applications. The main application is the design and develop-
ment of concentrated solar power (CSP) plants. Electricity may be generated in small-scale
(below 1 MW) in industrial and off-grid environments [6], although significant effort must
be made to make them competitive at medium temperatures. Nevertheless, efficiencies up
to 30% have been found at high temperatures, which reduces the overall plant footprint,
making it a renewable alternative for reducing fossil fuel consumption [7]. The engine may
be combined with other power generation devices such as PV cells, thermoelectric devices
and/or thermal collectors. Polygeneration is also possible by implementing nanofluids
and/or phase change materials. A review on the simulation of regenerators, the main
component of Stirling cycles, may be found in [8].
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Figure 5. P-V diagram of the Stirling cycle.

2.3. Brayton Cycles

Brayton cycles employ gas as fuel, which is mixed with air in a combustion chamber
before reaching the turbine. Although they are also used in plane and jet turbines, our
focus will be on their use in power plant energy.
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2.3.1. Simple Brayton Cycle

The simple Brayton cycle is composed of a compressor, a combustion chamber, and a
turbine, as shown in Figure 6. Air enters the compressor and is adiabatically compressed
until reaching the combustion chamber pressure (1-2). There, it is mixed with the fuel and
combustion is produced (2-3). The hot combustion gases are expanded adiabatically in the
turbine (3—4) and are then released into the environment. Normally, for analysis purposes,
the cycle is completed with a theoretical process in which the gas leaving the turbine is
cooled down at constant pressure until the initial state (4-1), as depicted in Figure 6.
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Figure 6. (a) Equipment and (b) T-s diagram of the ideal Brayton cycle.

Power cycles based on gas turbines combine the combustion chamber, compressor
and turbine in the same device, simplifying its structure. Additionally, the investment cost
per MW is lower than for other cycle types [8-10]. Thermal efficiency may exceed 30%.

2.3.2. Regenerative Brayton Cycle

Exhaust gases from the turbine are at a relatively high temperature. If they are released
into the atmosphere, this energy will be lost. The regenerative Brayton cycle includes a
heat exchanger called a regenerator that uses the residual heat from the exhaust gases (4-6)
to preheat the compressed air after the compression process (2-5), as shown in Figure 7.
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Figure 7. (a) Equipment and (b) T-s diagram of the ideal regenerative Brayton cycle.

2.3.3. Brayton Cycle with Intercooling in the Compression

If the compression of air is divided into stages (1-2) and (3—4) and the air is cooled
down between those stages (2-3), the compression work is reduced due to the decrease in
the specific volume of air, as shown in Figure 8. Normally, this intercooling is performed at
the geometric mean of the inlet and outlet pressures. Cooling the air may be counterproduc-
tive, as more heat is going to be required in the combustion chamber and thus the energy
efficiency of the cycle will be reduced. Nevertheless, this process increases the specific
network of the cycle substantially and thus its power output.
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Figure 8. (a) Equipment and (b) T-s diagram of the ideal Brayton cycle with intercooling.

2.3.4. Brayton Cycle with Reheating

As in the Brayton cycle with intercooling shown in Figure 9, performing the expansion
of the combustion gases in different turbine stages (3—4) and (5-6) with an intermediate
reheating (3—4) decreases the energy efficiency of the cycle. However, it increases the net
power output of the turbine as a consequence of the higher enthalpy differences between
the turbine inlet and outlet.
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Figure 9. (a) Equipment and (b) T-s diagram of the ideal Brayton cycle with reheating.

2.3.5. Recent Advances in Brayton Cycles

Alsarayreh et al. [11] simulated the behavior of a dual-fuel gas turbine using a dynamic
neural network and deep learning, finding accurate results. These models may represent
an interesting alternative to thermodynamic formulation, especially to model dynamic
systems [12]. For instance, Rahmoune et al. [13] presented a neural network that predicts
the behavior of the degradation of the components of a gas turbine. The potential of using
an interstage turbine burner to add heat to the gas during expansion was identified by Yin
and Rao [14]. The turbine was able to work with less fuel consumption, reducing NOx
emissions as a consequence of a lower turbine inlet temperature. This configuration could
also be used with liquefied hydrogen. The existing gas turbines may remain a key element
of any future energy ecosystem focused on reducing carbon emissions if the technology
for the use of blends of natural gas and hydrogen or 100% hydrogen is developed [15].
Brayton cycles may be used to recover waste heat to increase the sustainability of existing
facilities. Zhu et al. [16] studied a combined power plant recovering waste heat from a
marine engine and found that it was possible to optimize the redistribution of exhaust
energy by adjusting the turbocharger matching and exhaust bypass ratio, improving the
combined cycle fuel economy up to 7.3%. It has also been found that solar combined cycles
with reheated topping Brayton cycles achieve an increase in their performance of up to
2.7% [14]. An interesting proposal was presented by Holy et al. [17], who studied the
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possibility of coupling a Brayton cycle with a high-temperature thermal energy storage
(HTS), so that excess power may be stored at temperatures around 900 °C and then be used
to power a Brayton turbine, with an electrical efficiency of 29%. A survey on modeling
and control of gas turbine power generation systems may be found in [18]. In this context,
predictive control strategies remain very important to adapt power plants to the energy
demand [19].

2.3.6. Supercritical CO, Cycles

Supercritical CO,-cycles use CO, as working fluid over its critical point (7.38 MPa and
31.0 °C). The conditions of the critical point of CO, make it suitable for direct compression at
supercritical pressures, so heating it up before expansion becomes easier. The temperature
may be matched to the heat source and sink to allow for efficient heat absorption and
release. In its simplest version, shown in Figure 10, cool CO; is compressed (1-2), then
passes through a heater (2-3) and is afterwards expanded in a turbine (3—4). Finally, a cooler
takes it back to the original state (4-1). Different versions of the cycle include efficiency
enhancement modifications similar to those applied to Brayton cycles, such as heat recovery
from the gas exhaust to preheat compressed CO, before the main heater, or separating part
of the flow before reaching the gas cooler, compressing it again and injecting it back into
the heater. Different layouts for this type of cycle may be found in [20] and an analytical
formulation for the optimization of the cycle was proposed in [21]. The supercritical CO,
Brayton cycle has great versatility, as it can be applied to solar energy, nuclear power,
high-temperature fuel cells and waste heat sources [22]. Additionally, it may be combined
with a bottoming transcritical CO; cycle, ORC or Kalina cycle, if desired. Supercritical
CO; cycles can reach higher efficiencies than an equivalent steam Rankine cycle at higher
turbine temperatures. Thanganadar et al. [23] quantified an increase of 3-4% using a genetic
algorithm, which led to lower electricity costs.
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Figure 10. (a) Equipment and (b) T-s diagram of a supercritical CO, cycle.

Another option regarding CO, cycles is burning gaseous fuels (natural gas and/or coal
gasification syngas [24]) with relatively pure and stoichiometric oxygen. The combustion
products, mainly water and CO,, are cooled down to remove water and a portion of CO,
for storage. The remaining CO; is injected again into the burner as a diluent [25]. Although
some studies showed a reduction in energy efficiency with respect to the traditional steam
cycle, there is a possibility to reduce CO, emissions and the levelized cost of energy
(LCOE) is reduced when CO, taxes come into place. Du et al. [26] developed a marine
recompression cycle using supercritical CO,, improving its efficiency and saving up to USD
1.77/MWh. Rodriguez-deArriba et al. [27] analyzed the potential of transcritical cycles
based on CO, mixtures, showing that they were able to obtain better efficiencies than pure
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CO; cycles. Additionally, the mixture could be adjusted to match particular applications
of the cycle. A thermoeconomic methodology was proposed by Crespi et al. [28] to select
supercritical CO, power cycles for concentrated solar power applications. Nevertheless, it
is still necessary to obtain more experimental data to make these cycles competitive.

2.4. Rankine Cycles

Rankine cycles were originally conceived as liquid water—steam cycles, but their
definition may be currently associated with any thermodynamic cycle using a substance
that undergoes phase changes for transferring heat in order to obtain power. Rankine
cycles for electricity generation using coal as fuel were started in the 1920s. Then, Europe
started supercritical Rankine cycles (working above the critical point of water) in the
1930s, which reached the USA in the 1960s [29]. Environmental demands improved the
technology with the installation of forced circulation boilers, equipped with scrubbers
for the desulfurization of the flue gas and selective catalytic reactors for reducing NOx.
Figure 11 shows the evolution of the technical parameters of steam power plant turbines
since 1960 [30], where it may be observed how the efficiency of the cycles is still increasing,
mainly as a consequence of the use of materials that withstand higher pressures and
temperatures. A similar evolution has been found in coal-fired power units in China [31],
as depicted in Figure 12, which shows the thermal efficiency from subcritical to super- and
ultra-supercritical power plants alongside the maximum pressure and temperature values
reached in the cycle.
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Figure 11. Evolution of technical parameters of steam power plant turbines from 1960 (data
source: [24]).
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Figure 12. Evolution of capabilities of coal-fired power units in China (adapted from [31]).
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2.4.1. Original Rankine Cycle

The original Rankine cycle, as shown in Figure 13, is composed of a boiler, a steam
turbine, a condenser, and a pump that recirculates water back into the boiler. The liquid
that comes out of the condenser is compressed by the pump (1-2) and flows into the boiler.
In the boiler, the liquid is heated up at constant pressure (2-3) until it reaches saturation
conditions in the economizer. Then, it changes to steam in the evaporator and finally it is
heated up until turbine inlet conditions in the superheater. After leaving the boiler, the
steam is expanded in a turbine producing useful power (3—4). Finally, the steam leaving
the turbine is condensed in a condenser (4-1) so that the cycle can start again [32].
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Figure 13. (a) Equipment and (b) T-s diagram of an ideal Rankine cycle.

The condenser is normally refrigerated using water, so water availability is one key
issue when considering the installation of a Rankine cycle. In some places, dry cooling is
possible using air as a refrigerant at the expense of a higher condensing pressure. On the
other hand, the heat to be added in the 2-3 process may have multiple origins. Although
historically fossil fuels have been the main heat source, it is not difficult to find Rankine
cycles in which the heat source is the combustion of a nuclear fuel, of biomass or even the
result of concentrating solar power. Boiler thermal efficiency is one of the key performance
indicators [33] of the performance and profitability of the cycle [34]. A typical Rankine
cycle may reach efficiencies between 34% and 38% [17].

One of the main issues regarding this cycle is avoiding high-humidity contents in the
turbine steam, as they are detrimental to the turbine performance and useful life (humidity
values should be below 10% to ensure proper functioning). One way of solving this problem
is by increasing the superheating degree of the boiler at the cost of a higher investment [35]

2.4.2. Rankine Cycle with Reheating

The Rankine cycle with reheating helps to reduce the humidity content in the turbine
steam, especially at the lower pressure stages. It is very similar to the simple Rankine cycle
but includes the reheating of the turbine steam at an intermediate expansion point (4-5).
Not only is it helpful to improve steam quality, but it also increases the cycle efficiency due
to a higher output power [35]. Figure 14 shows a flowchart of the cycle with the added
reheating process and the T-s diagram.



Energies 2022, 15, 8982 10 of 27

@P
HP LP
Turbine Turbine

(2
&)

S, L
Boiler =/

Condenser

Pump
(a) (b)
Figure 14. (a) Equipment and (b) T-s diagram of an ideal Rankine cycle with reheating.

2.4.3. Regenerative Rankine Cycle

Regenerative Rankine cycles arose as a way of increasing the boiler feedwater temper-
ature, so that the cycle efficiency increases as a consequence of a higher heat absorption
temperature in the boiler. This preheating is achieved by extracting steam from the turbine
and using heat exchangers. Although part of the output power of the turbine will be lost,
this loss is small in comparison with the benefits obtained by preheating in terms of the
global cycle efficiency. Additionally, preheaters help to degas the feedwater flow, reducing
oxidation and corrosion of the equipment. For these reasons, regenerative Rankine cycles
are found in almost all thermal power plants in the world. Heat exchangers may be open
or closed, but there is at least one open preheater to degas the feedwater flow [36].

Figure 15 shows the flowchart of the cycle and the T-s diagram of the regenerative
Rankine cycle with an open feedwater heater. This heater preheats the feedwater (2-3)
using the turbine bleeding at (6). The regenerative Rankine cycle with a closed feedwater
heater is shown in Figure 16. In this case, the heater preheats the feedwater (2-3) using the
turbine bleeding at (5). The remaining outlet of the closed heater must be expanded (7-8)
and is then reinjected into the cycle at a lower pressure (8).
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Figure 15. (a) Equipment and (b) T-s diagram of an ideal regenerative Rankine cycle with an open

oY

feedwater heater.
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Figure 16. (a) Equipment and (b) T-s diagram of an ideal regenerative Rankine cycle with a closed
feedwater heater.

2.4.4. Increasing the Efficiency of Rankine Cycles

With just modifications of the original Rankine cycle such as reheating and regener-
ation combinations, higher cycle efficiency values, lower fuel consumption values and a
reduction in operational costs and carbon emissions may be reached. Meana-Fernandez
et al. [37] studied possible modifications of a propulsion plant on a Liquefied Natural Gas
(LNG) ship that would increase its efficiency by up to almost 34%, reducing fuel consump-
tion to around 20 ton/day and avoiding the emission of more than 20,000 ton of CO, per
year. Beér et al. [29] quantified the impact of operating conditions and cycle modifications
to increase the efficiency of a Rankine cycle power plant up to 45% and beyond: reducing
the air ratio and the stack gas temperature to decrease waste gas heat losses, increasing
the temperature and pressure of the steam from 25 MPa and 540 °C to 30 MPa and 600
°C, adding a double reheating instead of using a simple one, and decreasing condensing
pressure from 6.5 to 3 KPa, as shown in Figure 17. Additionally, coal-firing power plants
are the slowest in relation to other fossil fuel plants and have the highest emissions. In this
context, Znad et al. [38] introduced a control strategy to speed up the startup process of a
coal power station, resulting in savings in fuel and water while keeping the starting time as
low as possible and retaining high efficiency and safe operation.
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Figure 17. Impact of operating conditions and cycle modifications to improve thermal efficiency
(adapted from [29]).
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The hybridization of a Rankine cycle with other power producing technologies is
also useful in improving cycle efficiency and sustainability. Examples with biomass and
thermophotovoltaic power generation are easily found in the literature [39]. However,
if solar energy is concerned, control systems to account for weather variations must be
considered [40]. In addition, if the integration of Rankine cycles with heat exchanger
networks is necessary, algorithms like the one presented in [41] may be useful to find the
optimal configuration.

2.4.5. Critical and Supercritical Rankine Cycles

With the use of materials that are more resistant to high pressures and temperatures,
the possibility of using supercritical and ultra-supercritical cycles is, nowadays, a reality.
Nikam et al. [42] presented a thermodynamic model of a 660 MW supercritical coal-fired
plant in India. Despite their advantages, ultra-supercritical cycles require specific manage-
ment and monitoring to reach a dynamic and stable response due to their large loads and
the perturbations that they can cause in the electric network [43]. In addition, they operate
under a non-stationary regime, mainly due to load fluctuations and the particularities of
coal as fuel [34,42,44]. Therefore, they are exposed to multiple failures that must be solved
quickly. Algorithms, such as the one developed by Wu et al. [45] for the detection of failures
in an actual ultra-supercritical coal-fired power plant of 1030 MW (26.08 MPa and 605 °C)
improve conventional monitoring processes. The algorithm was able to predict boiler and
pulverization failures without the need for previous information.

A review on modeling and control of supercritical and ultra-supercritical power plants
may be found in [46]. Haddad and Mohamed [47] compared three modeling approaches for
a supercritical once-through generation unit, finding that the physical model was superior
for physical interpretation and stability studies; whereas, neural network models were the
most accurate for black box modeling and linearized state-space models were the most
suitable for the design of linear controllers. In this context, Al-Momani et al. [48] used
the Grey Wolf Optimizer technique to model a supercritical power plant. Draganescu
et al. [49] developed a model to predict plant behavior and calculate future inputs. Fuzzy-
neural network methods have proven useful to model ultra-supercritical cycles of up to
1000 MW [50]. On the other hand, physical models, such as the boiler model presented by
Deng et al. [51], the parameter identification work performed by Haddad et al. [44], or the
simulation model developed by Kumar et al. [52], help to identify the physical effects arising
in the power cycles. Dynamic analyses, such as the analysis performed by Wang et al. [53],
show that steady-state models tend to underestimate the coal consumption rate during load-
up and overestimate it during load-down processes. Yang et al. developed a numerical
model for the dynamic analysis of a circulating fluidized bed [54] confirming this fact.
Condition monitoring techniques for electrical equipment, specifically, for transformers,
generators and induction motors were evaluated by Han et al. [55]. The performance of the
data-drive system is fundamental to increase the useful life of power plants and reduce
maintenance costs [56]. Finally, [43] developed model predictive control (MPC) technology
for the optimization of operations in a power plant of 1000 MW (26.15 MPa, 605 °C) to
reduce operating costs and energy consumption.

2.4.6. Organic Rankine Cycles (ORCs)

The study of possible replacements for water in a Rankine cycle has been considered
since the first patent of Thomas Howard in 1826 using alcohol or ether [57]. From that
moment, several replacement options, such as naphtha [58], were studied. The Organic
Rankine cycle (ORC) refers to the use of organic working fluids: ammonia-water in Camp-
bell engines, sulfur-dioxide by Henry E. Willsie, ether by Frank Shuman or methyl chloride
by Romagnoli [57,59]. A review on ORCs for micro-cogeneration systems and their current
challenges has been performed by Pereira et al. [60].

Figure 18 shows the main components and the T-s diagram of an ideal ORC. The
organic fluid is compressed (1-2) and then is evaporated (2-3) in a heat recovery vapor
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generator (HRVG), which takes heat from an external source. The expander is fed with this
superheated vapor, producing useful power and reducing the pressure of the vapor (3—4).
The vapor finally passes through a condenser, closing the thermodynamic cycle (4-1). A
review of modeling approaches and tools for the simulation of ORCs may be found in [61].
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Figure 18. (a) Equipment and (b) T-s diagram of an ideal Organic Rakine cycle (ORC).

wnY

ORCs have the capability to work with low-grade thermal sources, such as low-
enthalpy geothermal energy or solar energy, enabling the possibility of increasing the
sustainability of power production cycles [62]. A comparison of waste heat recovery
systems, with a focus on ORCs may be found in [63], and a review of cycles and fluids for
low-grade heat recovery is available in [64]. Waste heat may be used just for electricity
production, or to provide hot water and space heating as well. Yazawa [65] achieved
electricity generation at 12% efficiency on the MW scale at around USD 4/W with a
payback period below one year and a half.

Different layouts of ORC cycles may be found in [62]: regenerative ORC, simple
organic flash cycle, ORC with two-phase expanders, cascade ORC, etc. An assessment
of working fluids, thermal resources and cooling utilities for ORCs may be found in [66],
alongside the commercial status and future prospects. As ORC technology may use almost
any kind of fuel, hybridization is also possible, for example, the biomass retrofitting of solar
powered ORCs [67]. These authors reported an increase of 5% in the efficiency of the plant,
of about 3500 h in the annual operation duration, with a cost of energy of EUR 109/MWh.
Concerning power production, there are several power plants in the range of MW, but there
is still a need for a decrease in the specific price of small-scale ORCS below EUR 3500/kW
and EUR 2500/kW in the power ranges of 5-10 kW and 10-100 Kw, respectively [60,68].
Two of the bottlenecks are the working fluid selection and the expander design. Regarding
the expanders, experimental results on the high-speed flow at their outlet were collected by
Nematollahi and Kim [69]. Eyerer et al. [70] developed a test rig to evaluate the application
of an ORC with combined heat and power production for geothermal applications, finding
that novel architectures could increase thermal efficiency by almost 10% and net electricity
production by up to 9.4%.

2.5. Absorption Power Cycles

This section collects power cycles in which the absorption/desorption of different
substances by water is used to generate different mixtures at different points of the cycle,
benefiting from the thermodynamic changes caused by concentration differences.
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2.5.1. Kalina Cycle

The Kalina cycle uses a mixture of water and ammonia as the working fluid [71]. This
leads to temperature changes during the phase changes of the mixture, allowing an increase
in the temperature at which heat is absorbed and a decrease in the temperature at which
heat is released thus increasing the thermal efficiency of the cycle with respect to a Rankine
cycle. The cycle works similarly to a Rankine cycle, as shown in Figure 19, with a pump
increasing the pressure of the fluid (1-2), a boiler heating it up (2-3), a turbine producing
useful power by expansion (4-5) and a condenser to close the loop (6-1). A separator is
placed before the turbine to increase ammonia concentration (3—4) before the expansion and
to boost the effect of the mixture. The lean mixture from the separator is expanded (7-8)
and then mixed with the turbine outlet (5-8-6), so that the original mixture is recovered
before the condenser. Due to the low condensing temperatures of ammonia, this reinjection
is necessary to increase the condensing temperature and ensure the viability of the cycle.
There are modifications of this cycle that can be performed to increase its efficiency, such as
preheating the mixture before the boiler with the turbine outlet stream in a regenerator, but
it has been found difficult to further increase its efficiency.

Condenser

Pump
(a) (b)

Figure 19. (a) Equipment and (b) T-s diagram of an ideal Kalina cycle.

The Kalina cycle can work with any kind of fuel, similarly to the Rankine cycle. Modi
et al. [72] performed a thermoeconomic optimization of a Kalina cycle for a central receiver
concentrating solar plant at a high temperature. Nevertheless, the Kalina cycle proved to
be less efficient and with higher LCOE than the state-of-the-art Rankine cycle for nearly all
the considered cases. On the other hand, Krol and Krajaci¢ [73] proposed a Kalina cycle
coupled with a biogas Brayton cycle with an efficiency of 28%. Factors influencing the
economics of the Kalina power cycle and situations of superior performance may be found
in [71].

2.5.2. Hygroscopic Cycle

The hygroscopic cycle developed by Rubio-Serrano [74] introduces hygroscopic salts
into a Rankine cycle. The equipment diagram is shown in Figure 20. A condensation
process occurs in a steam absorber instead of in a condenser, with the steam being cooled
by its absorption by hygroscopic compounds (7-12-1). The hygroscopic salts mixed with
the water are desorbed and purged from the boiler (9), so clean steam may flow to power
the cycle turbine (6-7). The boiler blowdown stream is used to preheat the feedwater (2-3),
resulting in an increase in the efficiency of the cycle. It must be noted that the elimination of
the condenser avoids the use of cooling water, allowing the possibility of implementing this
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cycle in regions with low or no access to water. Additionally, the heat may be released with
dry air coolers (11-12) to higher-temperature surroundings as with traditional Rankine
cycles [74]. This allows condensing temperatures to rise over 13 °C for the same condensing
pressure as in a Rankine cycle. The boiler works similarly to that of a Rankine cycle, so any
type of fuel (fossil, nuclear or renewable) may be used.

-0

Turbine Absorber

LA

Enthalpic cooler

|regenerator

Boiler

Figure 20. Equipment of the Hygroscopic cycle (adapted from [75]).

The optimal concentration of hygroscopic salts has been also studied by Rubio-Serrano
et al. [75], who found that about 40% in the cooling reflux resulted in the maximum
efficiency of the cycle with respect to a standard Rankine cycle. Finally, by controlling the
salt concentration it is possible to control the cooling temperature for a given pressure [76],
so it is possible to adjust the cycle to changing ambient conditions without modifying
the power plant facility. This technology is bound to have an important role, as it avoids
large water consumption and is able to refrigerate the cycle working fluid in zones with
high-climate severity. Currently, the state-of-the-art technology is a 25 MW biomass plant
in Cérdoba (Spain).

2.6. Combined Cycles

When two cycles work at different temperature regions, the residual heat from the one
working at the highest temperatures may be used to power the cycle working at the lowest
ones. One of the most typical examples is the combination of the Brayton cycle and the
Rankine cycle, but other options may be considered.

2.6.1. Typical Combined Cycle: Brayton & Rankine

The Brayton cycle works at a much higher temperature than the Rankine cycle. This
means that the exhaust gases from the Brayton cycle turbine may be used to generate steam
to power a Rankine cycle. For this purpose, a heat recovery steam generator (HRSG) is
placed to link both cycles, as shown in Figure 21. The hot gas enters the HRSG (4) and heats
up the water in the economizer until the water reaches saturation conditions. Afterwards,
the water passes through the evaporator and finally through the superheater of the HRSG,
reaching the conditions of the main steam (6). As the heat released into the environment is
reduced substantially, so is the increase in net power and the efficiency of the combined
cycle. Efficiencies of up to 50% may be achieved, but the investment cost is substantially
higher than for simple cycles.
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Figure 21. (a) Equipment and (b) T-s diagram of a Brayton-Rankine combined cycle).

Figure 22 shows a detailed view of the HRSG, where the economizer, evaporator
and superheater may be distinguished, alongside the evolution of the temperature in the
HRSG for both fluids as a function of heat transfer. In the design of a combined cycle, the
temperature difference between the gas flow and saturated water, called the pinch point, is
one of the key parameters. Additionally, the temperature at which the liquid water reaches
the economizer must be also set, defining the so-called approach point as the temperature
difference between the subcooled water reaching the economizer and the gas flow.
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Figure 22. (a) Detailed view of a HRSG and (b) Temperature—heat transfer diagram.

Figure 23 shows the energy balance inside a typical combined cycle, where the order
of magnitude of the power produced by the gas and steam turbines, the heat rejection in the
condenser and the energy losses with respect to the incoming fuel energy may be observed.
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Figure 23. Energy balance in a combined cycle (data source: [29]).
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The limitations of combined cycles are purely technological and related to the perfor-
mance of the materials chosen to build the cycle equipment in terms of their resistance to
high temperatures, as Carnot factors between 0.82 and 0.85 have already been reached [77].
Nevertheless, different energy sources, such as solar energy, may be used to power the
cycle, reducing fuel consumption or increasing its power [78]. Combined cycles may be
also coupled with renewable energy sources, reducing their carbon footprint and giving
stability to the natural variability of renewable energies. For instance, Zaversky et al. [79]
introduced compressed air energy storage, which is filled when cheap off-peak electricity
is available, which is used to power the compressor of the Brayton upper cycle of the
combined cycle. The importance of using solar energy as a substitute for fossil fuels has
been described in [80] and is not only for the purposes of power generation but also to
obtain thermal energy for several industrial processes. The obtained energy may also
be stored for its later use [81]. Ortiz et al. [82] proposed using high-temperature energy
storage in a solar combined cycle in Seville (Spain), with an overall plant efficiency over
45% (considering off-design performance). Another example is the flexible power and
hydrogen production from integrated gasification combined cycles proposed by Szima
et al. [83], which resulted in CO, avoidance costs in the range of EUR 24.9 to 36.9/ton. Due
to its ability to continue operating and sell hydrogen to the market when there is enough
sun and wind, an increase of 6-11% in the annual rate of return is possible, provided there
is a successful establishment of hydrogen technology. A bibliometric study on integrated
solar combined cycles based on data analytic tools may be found in [84].

Amirante et al. [85] proposed a small-scale power plant able to generate electricity and
thermal energy from solid and gaseous biomass for rural electrification and built a 45-kW
prototype. Residues from agriculture and farming may be treated to obtain new products
and/or generate energy, as performed by Bryant and Coats [86], who studied the life cycle
and performed pilot studies on the conversion of a wastewater treatment plant to a water
resource recovery facility with recovery of carbon (for energy and bioplastic production)
and phosphorus (for agronomic uses), as well as the production of reclaimed water for its
discharge. The potential of sustainable biogas production from biomass waste for power
generation in Pakistan has been assessed by Yaqoob et al. [87], finding that almost half of
the total power generation for 2018 could have been generated from this source.



Energies 2022, 15, 8982

18 of 27

2.6.2. Alternative Combined Cycles

The exhaust gases from a gas turbine may be also used by other options instead of a
steam Rankine cycle. ORCs, supercritical CO; cycles, or even centrifugal and axial turbines
may be used as bottoming cycles. Ancona et al. [88] compared different alternatives, finding
that the supercritical CO; cycle showed higher efficiencies, up to 28%, than ORC, below
18%, but the investment cost was higher, preventing the investment in CO; technology
unless a high carbon tax value is present. Figure 24 shows the ranges of waste heat source
power and temperature at which different technologies may be applied. It may be observed
that, technically, all options are viable depending on the operating conditions. Due to the
variability in economic and environmental policies, research in all technologies should not
be disregarded.
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Figure 24. Technologies for waste heat recovery depending on source temperature and power (data
source: [89]).

2.6.3. Carbon Capture in Combined Cycles

Regarding environmental issues, power plants with carbon capture technologies are
an interesting alternative, as they reduce the harm caused to the environment. Many
power plants are experiencing retrofitting processes to capture CO, after combustion [90].
However, the use of traditional indicators to assess their performance, such as LCOE or
specific primary energy consumption per CO, avoided (SPECCA), may result in unrealistic
comparisons against renewable energy sources [91]. The use of such indicators averts
additional costs of backup power for intermittent renewables to fossil generators, mak-
ing renewables look unrealistically cheap compared to fossil power with carbon capture
technologies. An approach to the tecno-economic assessment of power plants with carbon
capture and storage including part-load operation is presented in [91] highlighting the
usefulness of employing the traditional indicators (LCOE, SPECCA), as they are widely
used and well-understood by scientists, the industry, and policy makers, but considering
the issue of the comparison with renewables. Gatti et al. [92] compared different systems
for post-combustion CO; capture in natural gas fired power plants, finding that molten
carbonate fuel cells were the best option, with a SPECCA of 0.31 M]J per avoided kg of
CO,. Ferguson and Tarrant [93] proposed a configuration with a targeted 92% CO, capture
from the plant with molten carbonate fuel cells as well. Another technique for power
production with integrated CO; capture is chemical-looping combustion (CLC) in the gas
cycle; however, its introduction limits the maximum achievable turbine gas temperature. A
study by Khan et al. [94] studied the techno-economic viability of introducing an added
combustor after the CLC reactors, which reduced CO, avoidance costs to USD 60.3/ton
with a reduction in energy yield of just 1.4%. The post-combustion CO, capture may be
predicted with different algorithms, such as that presented by Akinola et al. [95]; such
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models can be used to guarantee a stable and automatic operation of a post-combustion
CO; capture plant [96,97].

2.6.4. Goswami Cycle

The Goswami cycle [64], similarly to the Kalina cycle, uses a mixture of ammonia
and water. This mixture, as shown in Figure 25, is pumped from an absorber (1-2), flows
through two different heat exchangers for heat recovery and then goes to a desorber
(3) where it is partially boiled and split into a rich ammonia steam (4) and a lean liquid
mixture (10). A rectifier, using heat from the absorber outlet (2), increases the ammonia
concentration of the steam (6), which is later superheated (7) and expanded (8) to produce
power. The condensed liquid from the rectifier is injected back into the desorber (5). A
refrigeration effect may be achieved by heating the turbine exhaust in a heat exchanger
linked to the cold source (9). The turbine exhaust is then recirculated to the absorber, where
it is mixed with the lean liquid mixture that was extracted from the desorber after it has
been used to recover heat in the cycle (11-12). In the absorber, the original mixture is
regenerated (1) after rejecting heat from the cycle.
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Figure 25. Equipment of a Goswami cycle.

A modification of the conventional Goswami cycle with a compressor used to increase
the pressure at the turbine outlet was proposed by Njock et al. [98], attaining an energy
efficiency of around 4% higher than the conventional cycle.

Currently, comparisons are being made in the literature between the Goswami cycle
and other alternatives. Two cycles were compared to the original Goswami cycle by
Rivera et al. [99] to increase the cooling effect by up to six times its original value; however,
this was made at the expense of reducing the turbine power output down to 50%. The
Goswami cycle has been also proposed as the bottoming cycle for heat recovery from
low-grade thermal sources by Sayyaadi et al. [100], finding that it increased the power
generation of the plant by 25% and the thermal efficiency by 8.4%, to greater values than an
ORC or a Kalina cycle option. A similar study was performed by Ambriz-Diaz [101], who
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found that the ORC or the Kalina cycles were easier to integrate in a polygeneration plant,
and that the ORC had better efficiencies and was more profitable from an economic point
of view. Leveni and Cozzolino [102] compared a Goswami cycle with a cascade ORC for a
geothermal application, finding that the Goswami cycle had an efficiency around 3% higher
than the ORC and was cheaper. Colakoglu and Durmayaz [103] studied a triple combined
cycle for multigeneration consisting of a Brayton cycle, an ORC and a Goswami cycle.
They claimed an energy efficiency of almost 52%, with around 510 kg CO, saved per hour.
Finally, Shankar and Srinivas [104] compared a solar combined power and cooling cycle
working with an ammonia-water mixture or a Li-Br-water mixture at different cooling water
temperature values. The LiBr mixture showed better performance in terms of power, with
a 0.86 utilization factor, than the ammonia mixture, with 0.32. Nevertheless, the ammonia
mixture showed better properties working at lower temperatures, so they recommended
it for industrial use where cooling requirements are below 0 °C, leaving the LiBr cycle
for refrigeration and air conditioning systems.. Considering the disparity between the
results in the literature, further research into the suitability of different bottoming cycles
for combined cycles is desirable, considering the technical, economic and environmental
factors, as well as the influence of the operating conditions.

3. Power Cycle Applications: Comparison of Performance and Environmental Aspects

The cycles most used in industrial applications and in the energy sector are the Rankine,
Brayton and the typical combined cycle. Hence, special attention is paid to them, and data
about the rated power ranges, usual pressure and temperature values and environmental
aspects such as emissions and water consumption are shown.

A detailed comparison between gas and steam cycles using pulverized coal is pre-
sented in Table 1 using the data available in the literature. It may be appreciated that the
gas turbine has the greatest thermal efficiency, as it is able to work at higher temperatures
and without needing such high pressures as the steam turbines. Nevertheless, the cost of a
gas turbine is higher. Regarding steam cycles, as the materials are improved, the increase
of turbine pressure and temperature results in an increase in thermal efficiency from 34%
in subcritical cycles to 42.7% in advanced ultra-supercritical cycles. Since existing coal-fired
steam cycles are relatively old, it was difficult to find reliable values of installation costs
and relate them to the present value.

Table 1. Significative parameters of installed power (data source: [24,31,43,100,103,105]).

Thermal Installation
Power Pressure Temperature . .
Plant IMW] [bar] [°Cl Efficiency Cost
[%] [€/kW]

Subcritical 350-1300 <221 <541 34-41 900-1000
Steam Supercritical 540-790 >240 >550 36-44 (not available)
(pulverized coal) Ultra-supercritical 500 >300 >593 >39 (not available)

Advanced .

Ultra-supercritical 352 680 >43 (not available)

Gas Gas turbine 2-593 140 1300 57 600-1400

Due to the diversity in the rated power of combined cycles and the different solutions
available in the market, it is difficult to give a general value of the performance of a
Brayton-Rankine combined cycle. However, if the gas turbine power and the exhaust gas
temperature are fixed, it may be observed that overall efficiency increases as the enthalpy
from exhaust gases is better used in the HRSG, as shown in Table 2. Although the efficiency
increases in a combined cycle, so does the complexity of the facility. Hence, the study of
such cycles must include a technoeconomic analysis.
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Table 2. Parameters for different combined cycle configurations (data source: [105].)

Configuration 1P 2P 3P 3P+R 2P +R
Fuel heating value [MW] 695 695 695 695 695
Gas turbine power [MW] 260.4 260.4 260.4 260.4 260.4
Steam turbine power [MW] 1441 148.4 150.4 154.4 157.2
Thermal efficiency [%] 57.1 57.6 57.8 58.4 58.5

nP: n pressure levels, R: reheating.

From an economic point of view, values of LCOE for combined cycle gas plants range
between 45 and USD 80/MWh. For coal-fired plants, values are between USD 45 and
63/MWh; whereas, for nuclear plants, values are between USD 42 and 58/MWh [106]. The
costs of installation and operation and maintenance of gas, coal-based steam and combined
cycle power plants may be found in Table 3.

Table 3. Installation, operation and maintenance costs of different power cycles (data source: [24,102,
103,105,107-109]).

Installed Power [MW] Installation Cost [$/kW] O&M Costs
Open Brayton eye 2 & Varable S3smnh
Combined cycle 630 898 VI;:ir)i(ael;jl . 1 ,29;(; 1;/? \fv }I:ar
Coal-fired steam cycle 350 900-1000 Vi?;:‘t()il . 2\2.2662/1(13[@}\7;%

Regarding small- and medium-scale power ranges, Figure 26 shows the trends of
installation costs for different power plants. It may be observed that gas turbines are
still one of the cheapest ways to produce electricity, with investment costs decreasing per
additional kW. However, supercritical and ultra-supercritical plants may supply support
energy to renewable sources, which must combine response flexibility with the lowest
possible polluting emissions [110].
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Figure 26. Investment cost as a function of installed capacity for different power generation technologies [68].

Finally, the environmental impact of the most used cycles is assessed. Table 4 compares
the emissions of a combined cycle and a coal power plant, highlighting that the combined
cycle results in much cleaner energy production [105]. Fluidized bed technologies may
be used in steam power plants to reduce emissions when the fuel is relatively dirty. Com-
bustion temperatures between 1116 and 1172 K activate SO, capture by the limestone
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in the fluidized bed and reduce NOy emissions. The disadvantage is the generation of
N>O, a gas with a global warming potential 296 times greater than CO,. The improve-
ment of denitrification efficiency by changing feedwater temperature has been studied
by Wang et al. [53], who found that an increase is not always effective in terms of energy
saving for supercritical units.

Table 4. Environmental impact of emissions from a combined cycle and a coal-fired power plant
(data source: [105].)

CO, NOy SO, Ash
Combined Cycle <0.45 kg/kWh * <50 mg/Nm3 0 0
Coal Power Plant <0.85 kg/kWh 500 mg/ Nm3 ** 400 mg/ Nm3 #** <50 mg/ Nm?®

* at full load; ** for rated power over 500 MWth and 200 mg/ Nm? for newly-built plants; *** for power plants
built after 2016.

Table 5 shows the cooling water consumption in coal-fired steam power plants and gas
power plants in cubic meters per unit power production [111,112]. It may be appreciated
how gas power plants require the least water consumption per GJ delivered. Nevertheless,
technologies that do not use cooling water for refrigeration, such as the hygroscopic
technology, have a great advantage over other technologies [74].

Table 5. Cooling water consumption depending on the fuel burnt (data source: [111,112]).

Fuel Cooling Water Consumption [m3/GJ Delivered]
Coal 0.28
Subbituminous Coal 0.43
Bituminous Coal 0.19
Lignite Coal 0.41
Natural Gas 0.041

Zappa et al. [113] analyzed the feasibility of a renewable power system in Europe
by 2050, finding that a 100% renewable power system could operate relying on European
resources alone with the same level of system adequacy as in 2019. Nevertheless, a 90%
increase in renewable generation and a 240% increase in cross-border transmission capacity
would be required. Apart from the energy efficiency measures, mass mobilization of
Europe’s biomass and biogas resources would be required. And in addition, this system
would represent a cost 30% higher than nuclear or carbon storage and capture technologies.
All these conclusions suggest the fact that combined cycles for power generation still have
many years to go, so research into their integration with renewables and carbon capture is
of vital importance.

4. Conclusions

Rising temperatures and the high consumption of water across the planet have prede-
termined a future in which power cycles will need to adapt to higher cold sink tempera-
tures and water scarcity for cooling purposes. The most used thermodynamic cycles for
high-grade power generation in the world are still the Rankine, Brayton and combined
cycles, which have already reached mature technology levels. Operation and maintenance
costs, economies of scale in component fabrication and the scarcity of economic incentives
lead conventional Rankine and Brayton cycles to be widely used, thus slowing down
the development of cleaner cycles. In order to complete the necessary energy transition,
supporting energy sources must be added to the renewable energy mix. The two leading
thermodynamic cycles use fossil fuels; therefore, it is necessary to install denitrification
and desulfurization equipment, as well as increasing the energy efficiency of the cycles.
However, alternative cycles such as Organic Rankine Cycles, Kalina, Goswami or the
Hygrosopic cycle may offer some benefits in relation to the change in temperatures and
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availability of resources, even more so if they use renewable energies as the hot source for
power. The analysis and comparison of these cycle typologies has served to identify their
differences in terms of energy efficiency and sustainability. For high power generation,
focus is still on the traditional cycles; nevertheless, hybridizations with renewable sources
have been found in the literature and seem promising to gradually reduce the use of fossil
fuels. Hybridization with solar technology is especially likely to have an important role
in the near future. In addition, the use of biomass sources fuels has been recognized as a
way of improving the sustainability of power cycles. In small- and medium-scale power
generation, alternatives such as the Organic Rankine Cycles and Kalina cycles may be
useful, especially for the use of low-grade heat from industrial processes. CO; cycles also
have the potential to become future state-of-the-art technology, but experimental tests are
required to ensure their viability. Regarding environmental issues, the consumption of
water could be substantially reduced if the cooling technology is switched to dry cooling
technologies, as in the Hygroscopic cycle. This cycle allows the release of heat at higher
temperatures, so its hybridization with waste heat recovery systems could be a viable
option. In addition, carbon capture technologies can be integrated into existing power
plants to reduce carbon emissions. Cogeneration cycles, such as the Goswami cycle or
those resulting from the hybridization of existing power plants with renewable energy
sources, may also have an impact on the future energy mix. Finally, the introduction
of hydrogen as a fuel in gas cycles opens the possibility of storing energy produced by
renewable sources and recovering it in retrofitted existing gas and combined cycle power
plants. Economic aspects must be considered when analyzing the different alternatives
for power generation, finding a compromise between the power installed, the installation,
operation and maintenance costs, and the environmental impact.
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