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Abstract - One of the areas of greatest interest in engineering is the conversion of heat into useful work
because society consumes large amounts of energy. In this paper, a theoretical study of the simple
Rankine cycle, regenerative and cogeneration is presented, to verify the set of operational parameters
that allow maximizing the output power of a power generation facility. For the theoretical modeling, the
Powercycle® software was used, which can predict the output conditions of a Rankine power cycle
depending on the configuration, input values and pressure in the boiler. With the purpose to verify the
results obtained with regeneration and cogeneration, a comparison was made of the results obtained with
a simple Rankine cycle. It was determined that, with the increase of the temperature and the pressure at
the entrance of the turbine, the efficiency of the cycles increases. Note that an increase in temperature
means more heat entering the process, but the delta of work in this case is greater, while it was verified
that the Powercycle® computational tool allows optimizing the performance of Rankine cycles under
different operating configurations.
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I. INTRODUCTION

A power cycle is a thermodynamic cycle in which heat is converted into work. There are different types of
cycles depending on the working fluid, heat transfer mode and operational variables. In the case of steam power
cycles, the working fluid is water, which changes from liquid phase to vapor phase depending on the analysis
point in the installation. The continuous improvement of power generating systems has led to some innovative
modifications in the Rankine basic power cycle [1]-[2]-[3], in order to increase the thermal efficiency of power
generating systems[4]-[5]-[6].

In recent years these improvements have been focused on different fronts. Recently, many studies have focused
on the application of the Rankine cycle (RC) to recover low quality waste heat. According to Zhou On-road
vehicles, which convert about a third of the fuel energy into mechanical energy useful for propulsion, are
moving energy conversion systems that generate considerable waste heat. This paper identifies the
characteristics of the waste heat sources found in vehicles and the restrictions placed on the automotive RC
application. Rankine's cycle architectures, system components and working fluids suitable for different
applications are summarized, providing guidance for the future design of the RC system in automobiles[7].

Hofmann and Tsatsaronis describes an analysis of a binary and a conventional Rankine cycle for a coal-fired
power plant. The main question asked in this research is whether it is possible to compensate the higher
expected capital investment associated with additional components for lower fuel consumption during operation.
The exergoeconomic comparative analysis shows that the concept of a binary Rankine cycle is suitable for
reducing fuel and emissions and economically viable[8].

The Rankine cycle is considered the most common and competitive power generation cycle for producing
electricity from solar thermal energy. For this reason Aboelwafa reviews the work done on Rankine's solar cycle
power generation systems and focuses on the working fluids investigated in the literature and the application of
these systems in water pumping and water desalination[9].

Anvari propose a combined cooling, heating and power cycle consisting of three sections of gas turbine and heat
recovery steam generator cycle, regenerative Rankine cycle and absorption cooling cycle. This trigeneration
cycle was subjected to an exhaustive thermodynamic and exero-economic analysis. The results indicate that
adding regenerative Rankine cycle to gas turbine and heat recovery steam generator cycle leads to a 2.5%
increase and adding absorption cooling cycle to the gas turbine and to the regenerative Rankine heat recovery
steam generator/cycle would cause a 0.75% increase in the exergistic efficiency of the entire cycle[10].
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Zebian and Mitsospresented a double-pronged approach for closed feedwater heaters (FWH) from regenerative
Rankine cycles. FWHs are modeled as countercurrent heat exchangers. Therefore, there are two possible Pinch
positions in the FWH: (i) at the drain outlet and (ii) at the start of condensation. The criteria is shown
numerically for the fixed Pinch value and for the area of the fixed heat exchanger using the most common
configurations: drain to the condenser, drain to the deaerator and cascade to the next FWH. For numerical
reasons, the authors recommend using pressure as the optimization variable and calculating the mass flow
rate[11].

Fu show the integration of process heat with the Rankine regenerative steam cycles by preheating the boiler
feedwater to increase the power generation of the steam turbines. This work investigates the optimal integration
of the air compression train in a cryogenic air separation unit with the regenerative steam cycle in an oxyfuel
coal-based power plant using MINLP (mixed non-linear mixed scheduling). Two special cases (adiabatic
compression and "isothermal" compression) were also investigated for comparison with the optimization results.
The study shows that such heat integration increases the thermal efficiency of the reference power plant by a
maximum of 0.5 - 0.6 percentage points. The heat integration is less attractive when the temperature difference
of the heat transfer between the compressed gas and the boiler feed water is greater than 40 ° C[12].

Sarr and Mathieu-Potvin propose three different modifications of the basic Rankine thermodynamic cycle. The
aim is to increase the thermal efficiency of the energy systems according to the Rankine cycles. The three new
systems are called"Rankine-1SCR","Rankine-2SCR" and"Rankine-3SCR" cycles, and consist of linking a
cooling cycle with the basic Rankine cycle. The idea is to use the cooling cycle to create a low temperature heat
sink for the Rankine cycle. Between 84 x 84 (i.e. 7056) possible combinations of working and cooling fluids
were investigated in this work, concluding that: (i) the Rankine-1SCR system is advantageous for 1338 different
fluid combinations, (ii) the Rankine-2SCR system is advantageous for 772 different fluid combinations, and (iii)
the Rankine-3SCR system is advantageous for 768 different fluid combinations[13].

Mat Isa presents a comprehensive review of the cogeneration system, covering the main operation and types of
primary motors available for use in the power plant, construction and industrial plant. Gas turbine, steam
turbine, microturbine, alternative engine and fuel cell are compared in terms of size (kW), efficiency and main
operation. This review also describes the hierarchical control system for the cogeneration system; classified into
three types, which are local, centralized[14].

Zhang is investigating a Rankine cycle heat recovery cogeneration system with heat recovery and power
generation to relieve grid load and save energy costs for a ferrochrome smelting plant. By recovering and using
the heat previously wasted from the waste gases from the internal smelting process of the facility, the
cogeneration system is introduced to generate electricity to supply the demand for electricity on site and feed
back into the grid when necessary and beneficial. The heat recovery process for power generation is modeled
and the optimal dispatch of energy between the loads on site and the public grid is formulated as an economic
power dispatch (EPD) problem, which seeks to maximize the economic benefits of the plant by minimizing the
cost of purchasing electricity from the company and maximizing the revenue from selling the generated
electricity to the grid[15].

Considering the previous contextualization, a theoretical study of the ideal simple, regenerative and
cogenerative Rankine cycle using Powercycle® software was carried out in this work, in order to verify the set
of operational parameters that influence the output power of a power generation installation.

II. METHODOLOGY

Powercycle® is a Matlab application which was developed to provide a useful tool for mechanical engineering
students and areas for purposes; this program offers a high level of interactivity thanks to its easy use and its
environment designed to encourage self-learning through multiple case studies focused on the analysis of the
relationship between the main parameters of the power cycles, among which is the simple Rankine cycle, such
as.

This program allows you to see quickly and clearly with the help of the T-s diagram how varying the power
cycle settings can lead to efficiency improvements. Similarly, varying certain thermodynamic properties (T, P,
x) in a given cycle can improve efficiency or negatively influence it. In order to verify the predictive capacity of
the Powercycle® software tool, which has a theoretical model for predicting the behavior of different
combinations of the Rankine cycle, an analysis of the variables that most influence the phenomenon was carried
out, based on a complete review bibliography. Taking this as a starting point, a parametric analysis of the input
variables of the model and their response is carried out, following the methodology described below.
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Fig. 1. Methodology for the study with the Powercycle® tool[16]
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Figure 2 shows the Powercycle® initial screen, where the main menu with the different power cycle processes is
detailed; Figure 3 shows the Rankine cycle to be implemented,where the user must enter the parameters
associated with the phenomenon to be studied.
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Fig. 2. Powercycle® main menu window[16]
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Fig. 3. Powercycle® main windows.Rankine simple cycle with cogeneration[16]

Powercycle® to solve the case studies has certain equations, which will be shown below.

A. Simple ideal Rankine cycle

The disadvantages of the Carnot cycle can be eliminated by replacing it with a simple Rankine cycle, consisting
first of a constant pressure heating in a boiler, followed by isentropic expansion in a turbine, then cooling at
constant pressure in a condenser and ending with isentropic compression in a pump.

The above components for the single Rankine cycle are then analyzed as a control volume in steady state:

Qneto — Wheto = dEsistem/dt (1)
” ” dEsistem
A e
Ei = Ee (3)

Compared to the work and heat transfer that occurs in the cycle, the changes in potential and kinetic energy are
small, so they are not taken into account in the balance sheet. The turbine and pump are considered isentropic
(no heat transfer), and the boiler and condenser do not perform or consume any work. Therefore, we are left
with the energy and mass balance equation for each component that;

Work of the turbine, taking into account that the heat is zero:
Wturbine.output = h; —h, “4)

Pump work, taking into account that the heat is zero:

Wpump.inlet = h, —h; (%)
Heat of the condenser, taking into account that the work is zero:

(condenser output — h, —h; (6)
Heat from the boiler, taking into account that the work is zero:

(boiler.inputboiler = h; —h, (7
Therefore, the thermal performance of the simple ideal Rankine cycle is expressed as follows:

_ Wneto __ Joutput
Nter = = =1- i (8)
dinput dinput
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Fig. 4. T-s diagram and diagram for the simple Rankine cycle[16]
B. ldeal regenerative Rankine cycle

The continuous improvement of the power generating systems has produced some innovative modifications in
the basic power cycle, in order to increase the thermal efficiency of the power generating systems. Among them
is the cycle with regeneration or recovery, which seeks to reduce the amount of heat added to improve the
efficiency of the cycle as the feed water is preheated using the expanded steam. The heat exchangers known as
feed water heaters play an important role in this cycle, and are nothing more than a mixing chamber in which the
steam extracted from the turbine is mixed with the feed water from the pump. Ideally, the fluid leaving the
heater is saturated liquid at heater pressure.

Through the first law of thermodynamics, you have to:
Qinput = 9poiler = (hy — hy) )
Ginput = Geondenser = (1 = ¥)(hs — hy) (10)
Woutput = Wturbine = (hy —h))+ A —=y)(hy —h3) (11)
Winput = Wpump1 + Wpumpz = (1 —¥)(hs —hy) + (h; —he) (12)

Where y = %is the fraction of steam extracted from the turbine in the first phase.
1

Wa1

>
S

Fig. 5. Diagram and T-s diagram for the Rankine cycle with regeneration[16]
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C. ldeal Rankine cycle with cogeneration
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In the two processes seen above the conversion of thermal energy into useful work is done, as not all the input
heat is converted into work, it is discarded to thermal sinks when it leaves the condenser. This cycle is of great
benefit since it uses a part of the thermal energy that is not converted into work to feed certain devices, which
require this energy as input. This thermal energy used is called process heat.

In the ideal Rankine cycle with cogeneration, part of the steam is extracted from the turbine at a certain pressure,
the rest of the steam expands to the condenser pressure and then heat is removed at constant pressure from the
condenser. When a high heat demand is required for the process, all the steam will be sent to the process heater,
so there is no heat removal in the condenser, so the waste heat is zero.

For a cogeneration plant the energy equations are expressed as:

Qinput = Qboiler = 1y, (hy — hqy)

Woutput = Wturbine = 1z (h; — hs) + 1mg(hs — he)

Qoutput = Qcondensador = Me(he — hg)

(13)
(14)

For a cogeneration plant, the utilization factor €, is defined, which is expressed as,

Net work output + Process heat delivered

€y =

_ Wneto"’Qp
€y = ——F

Total heat input

Qinpout

(16)

III. RESULTS AND ANALYSIS
A. CASE STUDY 1: Simple ideal Rankine cycle

The effect of the temperature and steam pressure at the boiler outlet (T1 and P1, respectively) on the thermal
efficiency of the cycle () and the quality of the mixture at the turbine outlet (X2) is investigated in a simple
ideal Rankine cycle. The initial conditions are shown in Table 1.

TABLE I. Initial Conditions for the Case Study 1

(15)

T1 (°C)

P1 (MPa)

P2 (MPa) |nturbine (%)

ncompressor (%)

300

4

0.08 100

100

The efficiency and quality of the mixture was calculated by varying the temperature T1 in a range of 300 to 580

°C, with increments of 35°C and pressures P1 of 4, 6 and 8 MPa. The results obtained are shown in figure 6.
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Fig. 6. Results of the case study of the simple ideal Rankine cycle[16]
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For a 280 °C AT, the efficiency increased by 16.29 % at a pressure of 4 MPa. As the pressure increases,
efficiency is also positively influenced. Therefore, for a temperature of 580 °C and a pressure of 8 MPa
(maximum values for each range), the efficiency increased by 28.13% compared to the minimum data for each
range. Now, the quality atthe turbine output increases with T1, but decreases with the increase of P2. Therefore,
it should be noted that, under the conditions cited for this study, high efficiency could affect the life of the
machine.

B. CASE STUDY 2: Ideal Rankine cycle with regeneration

In the ideal Rankine cycle with regeneration, the influence of the temperature variation (T1) at the boiler outlet
on the efficiency (1) and the working ratio (rp=Wb/Wt) of the cycle was studied. In which the turbine bleeds at
different pressures (P2). The initial conditions are shown in Table 2.

TABLE II. Initial conditions for case study 2

T1(°C) |P1(MPa) |P2(MPa) |P3(MPa) |nturbina (%) |ncompressor (%)
300 8 0.5 0.08 100 100

Efficiency (n) and working ratio (rp=Wb/Wt) were calculated for different temperatures at the boiler outlet (T1)
in a range of 300 to 580 °C, with increments of 35 °C. For turbine bleed pressures (P2) of 0.5, 1, 2 and 3 MPa.

The results obtained are shown in figure 7.
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Fig. 7. Results of the case study of the ideal Rankine cycle with regeneration

With the increase in T1, cycle efficiency increased by 12.73%. On the other hand, the pressure ratio, despite
being in the order of 0.0095, that is, the pumps consume only 0.95% of the work produced by the turbine, it
decreased to 0.61% in relation to the extreme values of the range used for the temperature and pressure P2 of 0.5
MPa. By bleeding the steam from the turbine at higher pressure P2, the efficiency increases, but so does the
working ratio. This indicates that there is a point at which the increase in the pressure ratio is such that the
efficiency begins to decrease.

C. CASE STUDY 3: The ideal Rankine cycle with cogeneration
The influence of the amount of steam extracted in the pipe between the boiler and the turbine and through the
turbine for the process heater (steam extraction at 4 and 5 respectively) on the utilization factor (e,) and the

process waste heat (QL) was studied. For this purpose, the steam was extracted from 4 and 5 maintaining the
principle of quantity of mass. The initial process data is shown in Table 3.

TABLE III. Initial conditions for case study 3

T1(°C) | P1 (MPa) | P5S(MPa) | P6 (MPa) | Extraction of vap. 4 (%) | Extraction of vap. 5 (%)
550 7 1 0.01 5 50
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TABLE IV. Initial conditions for case study 3(continued)

mass flow (kg/s) |[nturbine (%) |ncompressor (%)
15 100 100

eyandQL were calculated by varying the amount of steam extracted before the turbine (4) over a range of 5 to 40
% of the mass flow, and 50, 55 and 60 % of the mass flow when it was circulating through the turbine. The
results are shown in Figure 8.
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Fig. 8. Results of the case study of the ideal Rankine cycle with cogeneration

This case study shows the obviousness of the cycle. The more mass that is used for other processes, the cycle
utilization factor increases regardless of the amount of mass flow extracted at each point. Although the
remaining fraction of the mass flow allowed to expand in the turbine does work and this is related proportionally
to the utilization factor, whenever there is a flow through the turbine waste heat will be generated, which
decreases the utilization factor of the cycle. Therefore, a cycle with a utilization factor of 100% will have zero
waste heat.

IV. CONCLUSIONS

The implementation of the Powercycle® software was validated in different case studies that allowed a critical
and satisfactory analysis of the behavior of the power cycles studied in this article.
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