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Abstract To show the results of optimization of the electricity cogeneration with organic Rankine cycles (ORCs) in
cement industry with 3.500 ton of clink daily capacity in the Brazilian energy scenario is the main purpose of this work.
The thermodynamic and economic optimization’s results for four ORC configurations are presented for three organic
fluid. The results were obtained using the mass, energy, entropy, exergy, and cost modelling coupled with genetic
algorithm. The modelling was solve using Engineering Equation Solver (EES) software. From the thermodynamic point
of view is possible to state that the R141b fluid proved to be more attractive for applications in ORC without superheating
with net power generation ranging from 4,565 kW to 5,541 kW, with exergetic efficiency between 41.75% and 49.70%.
In ORC with superheating, the R11 fluid was more attractive with net power generation ranging from 5,043 kW to 5,614
kW, and exergetic efficiency between 46.15% and 50.59%. From the economic point of view, the R123 fluid was more
attractive with the lowest values of specific investment cost (3,516 R$/kW) and electricity generation (0.1065 R$/kWh)
simple subcritical ORC with superheating. From the aforementioned results it can be affirmed that, among the studied
fluids, R141b becomes the most attractive for cogeneration in the cement industry because it presents the best
thermodynamic performance without losing much economic competitiveness when compared to the economic results
shown by R123 and R11.
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1. INTRODUCTION

The end of the 19th century marked the beginning of cement production in Brazil. The first cement plant in the country
was installed in 1897 in the state of S&o Paulo and from then on, other companies entered this segment. Currently Brazil
is among the 10 largest cement producing countries in the world.

According to the Energy Research Company (EPE), the cement sector in Brazil is the eighth largest consumer of
electricity in the entire industrial segment of the country (EPE, 2016). Wang, Dai e Gao (2009) and Varma e Srinivas
(2015) they point out that there are opportunities to generate electricity in cement plants at an attractive cost using waste
heat sources originated in the cement production process.

As reported by the International Finance Corporation (IFC), waste heat recovery in the cement industry began in the
1980s and was mostly implemented in Asian companies. Today, the best-known technologies for this purpose range from
classic conventional Rankine cycle (CRC) installations to organic Rankine cycles (ORC) and Kalina cycles. In still, there
are more than 850 waste heat recovery systems installed in the world today, the vast majority of which are in China as
(IFC, 2014).

Varma and Srinivas (2015) state that the total energy consumption for cement production in an average plant is
approximately 5 GJ/ton, and 35% approximately of this amount is lost in the form of residual heat. The authors also
emphasize the importance of reusing this significant amount of wasted energy. In order to harness this amount of energy,
several studies have been carried out, for example, in their experimental study, Wang, H. et all (2015) evaluated
environmental, economic indicators and performance parameters of a simple ORC basing its operation in a cement plant
with clinker production capacity of 4,000 tons/day. The ORC in question could generate 6,785 to 8,121 MW of electricity
per year, which would be equivalent to savings of 2,035 to 2,436 tons of fuel coal and a decrement of between 7,743 and
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9,268 tons in CO, emissions. In another study Fergani, Touil and Morosuk (2016) modeled and performed a comparative
analysis of economic, environmental and exergetic factors of a simple ORC working with three organic fluids
(Cyclohexane, Benzene and Toluene) for residual heat recovery at a temperature of 350°C in the cement industry. The
results showed that Cyclohexane was the fluid that obtained the highest performance from the perspective of exergetic
efficiency, being 5.50% higher than Benzene and 33.45% to Toluene. Some important considerations can be drawn from
several studies and studies reported in the literature, as mentioned as follow.

According to Fu, Lee and Hsieh (2015) the net power produced by ORC increases with the rise in temperature of the
heat source. Long et all (2014) indicate that the thermodynamic properties of organic fluids have a direct impact on the
exergetic performance of ORC and according to Li, X. et all (2014) for each working fluid there is a range of temperatures
below the critical point at which it is possible to extract the maximum liquid power from the CRO. He et all (2012)
indicate that organic fluid generates higher values of liquid power produced when their critical temperature is close to the
temperature of the heat source. In this sense Wu, Zhu and Yu (2016) show that the temperature of the organic fluid during
the phase change has a direct influence on the thermal efficiency of the ORC. Brown, Brignoli and Quine (2015) pointed
out that simple hydrocarbon are more suitable for working in ORCs that have low temperature heat sources while complex
hydrocarbons (siloxanes) are better suited to operate in CROs that have high temperature heat sources. Pu et all (2016)
indicated that the expansion of the pressure variation between the turbine inlet and outlet makes it possible to increase the
amount of net power generated by the CRO. Javanshir and Sarunac (2017) concluded that the thermal efficiency of CRO
increases as fluid pressure at turbine inlet increases. However, for pressures greater than critical fluid pressure, thermal
efficiency becomes independent of this parameter. As Imran et all (2014) to increase the temperature at the turbine inlet
or Pinch Point in the evaporator and condenser collaborate to expand the thermal efficiency of the ORC. On the other
hand, this cooperates for a considerable increase in the specific cost of the electricity production in the cycle. Gao et al.
(2014) pointed out that the thermal efficiency of the subcritical ORC with overheating is higher than that of the same
cycle in the subcritical operational condition. According to Meinel, Wieland and Spliethoff (2014) the ORC with saturator
and simple steam extraction in the two-stage turbine is more efficient thermodynamically and economically when
contrasted with simple cycles and cycles with regenerator. According to Li, Y. et all (2014) The higher the temperature
of the heat source, the better the economic performance of the CRO.

In the next topic is presented the methodology to obtain the results of optimization of the electricity cogeneration with
organic Rankine cycle (ORC) in cement industry with 3.500 ton of clink daily capacity in the Brazilian energy scenario
as the main purpose of this work.

2. METHODOLOGY

This topic presents the ORC main methodology to obtain the optimization results of the electricity cogeneration in a
cement industry with a daily production capacity of 3,500 t of clinker. Additionally, the equations for calculating the
thermodynamic and economic indicators that allow the analysis of the optimization results, as well as the independent
variables used and their variation ranges, are presented briefly. The methodology in detail can be found in Moreira (2018)
and Moreira and Arrieta (2019).

2.1  Cement process data for electricity cogeneration

The two main sources of residual heat in a cement plant are the exhaust gas from the suspension preheater and the hot
air discharge from the clinker cooler. These thermal sources have different temperatures, flow rates and chemical
composition and can be used separately or combined for electricity production through cogeneration systems (WANG;
DAI; GAO, 2009). Starting from this premise, the cycles in this work were designed to simultaneously use the thermal
energy of both heat sources.

The input data regarding the exhaust gases of the cement production process were extracted from Apodi Cement
(2015), a cement plant located in the city of Quixeré in the state of Ceara with a production capacity of 3,500 tons of
clinker per day. Table 1 shows a summary of the input data of the gases of the cement production process that were used
in the calculations.

Table 1 - Inlet data of the exhaust gases from manufacturing process of cement (Cimento Apodi, 2015).

Variable Unit Value
Hot air from clinker cooler discharge molar composition: N,/O, % 79.00/21.00
Hot air from clinker cooler discharge Inlet temperature/Outlet temperature °C 440.00/114.00
Hot air from clinker cooler discharge mass flow rate ka/s 48.15
Suspension preheater exhaust gas molar composition: CO/N,/O,/ H,0O % 26.30/64.58/4.94/4.18
Suspension preheater exhaust gas Inlet temperature/ Outlet temperature °C 310.00/228.00
Suspension preheater exhaust gas mass flow rate kals 88.03
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2.2  Organic Rankine Cycle considered

The first proposed ORC configuration was simple, involving a single-stage turbine (TURB), a condenser (COND), a
centrifugal pump (PP 01) and an evaporation unit, which consisted of an economizer (ECO), two evaporators (EVP 01
and EVP 02) and a superheater (SPH). An electric generator (GEN), an electrical substation (SEE) and an electric motor
(M) for the centrifugal pump were also used. This simple ORC for waste heat recovery in cement plants is illustrated in
Figure 1.
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Figure 1. Simple ORC.

To increase the performance of the ORC some regenerative components were included in the system. These
components can enhance the thermodynamic mean temperature of the organic fluid during the heat addition process and
can reduce irreversible losses within the components of the cycle, increasing its overall effectiveness. This regenerative
ORC is illustrated in Figure 1. The regenerative ORC configuration involved the same equipment as the simple
arrangement, although other components were include in to the cycle, such as a regenerator (REG), a direct contact heater
(DCH), a liquid drain trap (TRAP) and a second centrifugal pump (PP 02). The simple-stage turbine was also replaced
by a multi-stage turbine with two steam extractions.
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Figure 1. Regenerative ORC.

The two ORC configurations were modeled in the subcritical and subcritical conditions with overheating from the
application of the first and second laws of thermodynamics in the components of the cycles to quantify the energetic and
exergetic interactions.
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2.3 Thermodynamic parameters
The indicators used for the analysis of results are the net power produced in the CRO, the exergetic efficiency, and

the specific costs of generation and investment. The methodology for calculating the indicators is presented below.
The net power produced by the cycle is given by equation (1):

W, = ngen - Wrurs — X Wpp 1)

In which: WC is the Net cycle power [KW], gy is the Electric generator efficiency, WTURB is the Net turbine
electric power [kW] and Wpp is the Pump power consumption [KW].

The exergetic efficiency of the cycle, for the simple ORC, is given by the equation (2):

W, .
Mex = (ml-[hl—m—To-(sl—sa]) 100 @)

The exergetic efficiency of the cycle, for the regenerative ORC, is given by the equation (3):

W
my-[hy—ho—To (S1—S9)]

Nex = ( )+ 100 ®)

In the two previous equations: 1, is the ORC exergetic efficiency [%], WC is the Net cycle power [kKW], 111, - Steam
mass flow at turbine inlet [kg/s], h is the Specific enthalpy at the cycle states 1, 4 e 9 [kd/kg], S is the Specific entropy at
the cycle states 1, 4 e 9 [kJ/kgK], T is the Environment temperature [K].

Other input data such as the isentropic efficiencies of the pump and turbine were provided by Wang, Dai and Gao
(2009). The other initial information assumed in the modeling, commonly used by several authors in this type of research,
was obtained from the publications studied and include the pump isentropic efficiency (70%), turbine isentropic efficiency
(85%), electric generator efficiency (98.5%), electric motor efficiency (99%), Pressure of the exhaust gases from cement
production process (0.101 MPa), Environment pressure (0.101 MPa) and environment temperature (22°C).

2.4 Specific generation and investment cost

To obtain an order of magnitude regarding the expenses pertaining to an energy cogeneration project, the principles
for cost estimation proposed by Ulrich and Vasudevan (2004) were applied to this work. This approach correlates, through
graphs, the expenses generated by the components of the cycle with their main operational parameters such as power
produced by the turbine, surface area of heat transfer of exchangers, power consumed by pumps, among others.

The specific cost of the investment, which is the relationship between the total cost of the investment and the net
power generated by the CRO, can be calculated using the equation (4):

IT
=1 (4)

In which | is the Specific investment cost [R$/kW] and IT is the Total investment cost [R$].

The equation (5) allows obtaining the specific cost for electricity generation through the CRO considering the portions
corresponding to the costs of investment, operation and maintenance of the system:

C=1I (;‘—2) + CO&M ®)

In which: C is the Specific cost for electricity production [R$/kWh], AF is the Amortization factor [year™] computing
considering an interest rate of 7%/year and a lifetime of 20 year; HO is the Annual operating hours [adopted as 8030
h/year] and CO&M is the Specific cost of operation and maintenance [adopted as 0,02 R$/kWh]. The specific cost of
electricity generated will be compared with the average electricity supply tariff for the industrial class practiced by
Companhia Energética de Minas Gerais S.A. (CEMIG) in 2016 with the value of 0,4307 R$/kWh (DGSE, 2016). The
calculation methodology of all cost and heat transfer in detail can be found in Moreira (2018) and Moreira and Arrieta
(2019).
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2.5 Optimization

At first, the optimization of the operational parameters of the investigated cycles was intended to find the maximum
value of liquid power produced by them with the organic working fluids considered. Therefore, the maximization of the
net power generated by the CROs was defined as an objective function in the first stage of optimizations. This parameter
was also established as the main comparative criterion in this study. In addition, the results of other thermodynamic
parameters linked to the power production of cycles such as heat supplied to the system, mass flow at turbine inlet, exergy
destroyed in ORC and thermal and exergetic efficiencies were also analyzed. Andin a second moment, the net power
results found in the optimizations were compared to the results obtained during the simulations of the cycles to evidence
the beneficial effect of working with optimized operational parameters. This first stage of optimizations was finalized
with the appreciation of the results of economic modeling.

Subsequently, other operational parameters were also optimized to verify their impact on ORC performance and each
other's results. For this reason, maximizing exergetic efficiency and minimizing specific costs of investment and
electricity generation were also defined as an objective function in the second phase of optimizations. The reason why
the maximization of exergetic efficiency was chosen as an objective function in this stage of optimizations is justified by
the fact that this parameter and the net power produced by the cycles are the ones that best represent the thermodynamic
performance of the ORCs because they contemplate both the power supplied for final consumption, and the performance
of the system considering the losses per action of irreversibility. On the other hand, the minimization of the specific costs
of the investment and for electricity generation were also chosen as an objective function because they better portray the
economic modeling performed due to the inclusion of very important parameters such as net power produced by the
cycles, total cost of investment and other relevant costs that are applied in practice.

Regarding the operational parameters, the simple and regenerative cycles were optimized in the subcritical operational
condition, modifying the temperature difference between the entry of organic fluid into evaporator 02 and the output of
exhaust gases in the equipment. Another optimized parameter was the subcooling temperature in the economizer. Then,
the cycles were optimized in the under critical operation condition with overheating using the same procedure employed
in the subcritical condition. However, the temperature difference between the organic working fluid outlet and the inlet
of exhaust gases in evaporator 01 was also varied, as well as the temperature at the turbine inlet from the temperature at
the optimum operating pressure determined in the simulation of the ideal CRO to a temperature 10°C lower than the hot
air discharge temperature of the clinker cooler at the superheater inlet. This logic was adopted in the optimization of liquid
power and other operating parameters. Therefore, all optimizations had the same variation intervals of the operation
parameters and restrictions applied to the ORC, changing only the objective function depending on the focus of the
analysis.

It should be noted that the temperature ranges studied were specified in order to provide the convergence of
calculations during the optimizations of the cycles and ensure that the exhaust gas temperatures at the outputs of
evaporators 01 and 02 were higher than the minimum limits extracted from Apodi Cement (2015) that were shown in
Table 1. Furthermore, the pressure ratios in turbine extractions in regenerative cycles were kept constant at values
specified according to the fluid under analysis to enable the correct functioning of this configuration in both operational
conditions examined. Table 2 shows the variation intervals of the operating parameters during optimization.

Finally, Table 3 summarizes the information about the parameters considered during the execution of optimizations
by genetic algorithm and the restrictions applied to cycles. The genetic algorithm method presents in the EES library,
which is derived from the Pikaia program (V.1.02, 2002) of public domain written by Paul Charbonneau and Barry Knapp,
was used to optimize the variables mentioned.

Table 2 — Range of variation of the operating parameters for the designed ORCs.

Both configurations Simple ORC Regenerative ORC
Fluid ATEVP 02 ATEVP 01(1) T1(1) ATsub—cooling ATsub—Cooling P /P P /P
min-max | min-max |min-méax| min- max min-méx | 2 1[_] 3 [}]
[°C] [°C] [°C] [°C] [°C]
R11 T, at 71-139 31-66 0.25 0.10
R123 100 - 200 100-200 | Py op¢ 111-130 44 - 67 0.25 0.15
R141b - 430 97 - 139 45 - 67 0.25 0.10

(1) These operating parameters were optimised in the subcritical condition with superheating only.
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Table 3 Optimization parameters and constraints.

Variable Unit Value
Optimization parameters used in the genetic algorithm method:
Number of generations - 64
Number of individuals - 32
Maximum mutation rate - 0.2625
Constraints to the designed ORCs:
Entropy generation within each component kw >0
Exergy destruction within each equipment kw >0
Hot air temperature at the evaporation unit outlet °C >114.00
Suspension preheater exhaust gas temperature at the evaporation unit outlet °C >228.00

(1) Typical process temperature at the evaporation unit outlet.

(2) The value of 228 °C is an acceptable temperature in Brazilian cement plants for drying the raw material before its inlet into the suspension preheater.

3. RESULTS AND DISCUSIONS

The results are presented and confronted in the target charts of Figures 3 (for R141b), 4 (for R11) and 5 (for R123)
throughout this section. The values collected in the net power optimizations are represented by circles (®), the optimized
results of exergetic efficiency are symbolized by crosses (4), the values of the optimizations of the specific investment
cost are characterized by squares (m) and the optimized results of the specific electricity generation cost are indicated by
triangles (A ). The letters (a), (b), (c) and (d) correspond to the arrangement of simple subcritical, simple subcritical cycles
with superheating, subcritical regenerative and regenerative subcritical with superheating, in this order.

For a better interpretation of the target charts, the axes should be analyzed clockwise: (i) on the upper vertical axis the
results pertaining to the net power generated are demonstrated; (ii) in the right intermediate axis, the values of exergetic
efficiency are had; (iii) on the lower vertical axis, the specific investment cost results are displayed; (iv) on the left
intermediate axis, the specific electricity generation cost values are provided. Moreover, the intersection point of the four
axes is equivalent to the minimum value of each scale and they are in ascending order from this point to the ends of the
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Figure 3 - Comparison of simple and regenerative CRO optimizations in subcritical and subcritical conditions with
superheating for R141b
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First, when a thoroughly ascertaining the results obtained, it was verified that the optimization of one parameter
exerted a direct influence on the results of the others. Applying as a comparative factor the results found in the net power
optimizations, it was observed that the maximization of the exergetic efficiency promoted the increase of this indicator
both in the subcritical and subcritical simple ORCs with superheating, as well as in the regenerative ORCs in these same
operating conditions in an average of 0.02%, 0.21%, 0.90% and 1.32%, respectively. These increases in the values of
exergetic efficiency are mainly attributed to the decline of the portion of exergetic input transferred to the cycles during
the evaporation stages of the working fluid. This decrease, in turn, occurred due to the increase in the flow values of
exhaust gases at the outlet of the evaporation unit. This provided less variation in the exergetic flow of gases from the
cement production process in this component and lower inlet of exergy consumed by the system. Also, the decrease in
the destruction of exergy in the equipment of the cycles due to the reduction of losses due to the action of irreversibility
in them was another factor that influenced for this result.
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Figure 4 - Comparison of simple and regenerative CRO optimizations in subcritical and subcritical conditions with
superheating for R11

However, it was observed that the growth of the exergetic efficiency of the ORCs caused average decrements in the
net power production of 0.03%, 0.72%, 1.01% and 0.27% in the simple subcritical and subcritical configurations with
superheating, as well as in the subcritical and subcritical regenerative arrangements with superheating, in this order. This
fact is justified by the decrease in the value of the product between the mass flow of the organic fluid that was minimized
and the enthalpy difference in the turbine that remained stagnant. However, although the net power generation of the
cycles has decreased, the decline in the amount of exergetic input provided to the systems was the decisive factor that
allowed the increase in its exergetic efficiency.

Moreover, during the optimization of the exergetic efficiency of the ORCs, it was also noticed that the indicators
related to costs experienced increases. The specific costs of investment both of the simple configurations in the subcritical
and subcritical conditions with superheating, as well as of the subcritical and subcritical regenerative cycles with
superheating reached average increases of 0.18%, 0.24%, 0.25% and 0.31%, respectively. From the perspective of the
specific electricity generation cost, these average increases were 0.09%, 0.25%, 0.14% and 0.13% for the respective ORCs
and operating conditions cited. Although the expansion in the costs of the studied systems did not reach an order of
magnitude that was too significant, these increases occurred due to the decrease in the average temperature in the heat
inlet process in the evaporation stages of the work fluids together with the decrease in their mass flow, which required
the exchangers to have a greater surface area of heat transfer. Therefore, there was an increase in costs with these
components, since they had larger dimensions.

Therefore, the optimization of the exergetic efficiency of the proposed ORCs revealed that it is possible to obtain
discrete gains about this parameter to the detriment of the net power generated by the cycle and the expansion of costs
related to it. For this reason, it should be carefully evaluated, based on the type of application, whether the modest
improvement in the exergetic efficiency of the system would compensate for the reduction in the level of net power
produced and the worsening in the financial indicators of the CRO, even in small proportions.
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From the economic perspective, it was evidenced that by minimizing both cost indicators, the net power generated by
the cycles also suffered decrement. This is explained by the fact that in addition to the variation of enthalpy in the turbine
having experienced reduction, the mass flow of organic fluid at the entrance of the equipment also declined. Furthermore,
it was also found that there was a decay in the exergetic efficiency of the cycles during optimizations. This fact occurred
because, although there was an increase in the levels of exergy flow of exhaust gases at the outlet of the evaporation unit,
which decreased the amount of exergy inlet supplied to the ORCs, this condition was suppressed by the decrease in the
production of liquid power as mentioned. This made the cycles less efficient from the perspective of exergetic efficiency.
Another finding in the context of economic indicators is that the lower mass flow value of the work fluid in the system
made possible by the optimization of specific investment costs and for the generation of electricity provided the cycles
with a less robust and costly components, producing a positive impact on the results relevant to the costs of the ORCs.
An elucidative example of this fact was observed in the costs of heat exchangers, which are the most pronounced of
cycles. The reductions in the average thermodynamic temperatures of the organic fluids in the heat intake process thanks
to the lower portion of steam generated promoted a minimization in the surface area of heat transfer necessary for the
evaporation of the same and, consequently, the expenses with these equipment were lower.

(@) W, kW] ®) We lkw]
320 3
TR iasse |, 436
4316+ [+:#4.316 0
4314a
4312 429844300
£y 270
- B an g = / g3 2NN\ 8
Bgoefj", o/ 4304 e\ % L =z g 51—"§ E] 4220 o S e Ix =
2 N gt PRI BES xg %NS g Az 5 @S
P _— o
[ g : L3 £
B § £ o | %\. £ & g g 3480 & 2 =
© L3 i 5/ & © S\ S e F /8
=
3.6928 | 43,603 3502m
L *s06
37238 ”‘?},727 3.5168 3515
B L 43527
1 [RS/KW] I [R$/kW]
© W, kW] (d) W kW]
496 | 4964 as97s
49564 [aon 49614 |45 50
L 4.938 49494 | o
4
= §E 4910 5 3 = ga 4920 - :.
i w = o wi
E s o 2/ e e e e Ey 9 E 5 e/ 8/ 8 " \a % s s 3
=z Z 3 2 2 - M= - - g2 2 8 85
o3 " o -
A > A . =
g g it Le & E x| g asia Ly T
v =TE P L g\ B
3 S anwsefw ST g = o M
A5 4.076m |, o
4.143e v .f&.‘"""’
s 4.108¢ |
I [R$/KW] 1 [RS/KW]

o W, otimizada ), otimizada w1 otimizado A C otimizado

Figure 5 - Comparison of simple and regenerative CRO optimizations in subcritical and subcritical conditions with
superheating for R123

Thus, the average decrements in the specific investment cost of subcritical and subcritical simple ORCs with
superheating and regenerative in these same operating conditions amounted to 0.67%, 3.31%, 1.35% and 1.36%, in this
order. However, the optimization of this parameter caused a decrease in the levels of net power produced compared to
the results obtained in the optimization of this same magnitude in section 5.3, on average, of 0.18%, 4.34%, 2.95% and
0.98% in the simple subcritical and subcritical configurations with overheating, as well as in subcritical and subcritical
regenerative arrangements with superheating, respectively. Also, the average decrement in exergetic efficiency for the
mentioned compositions was 0.06%, 1.55%, 1.22% and 1.11%, in this order. Moreover, the results of the specific cost for
electricity generation also followed the behavior pattern of the other parameters. The reductions in this indicator were, on
average, 0.24% for the subcritical simple cycle, 1.11% for the subcritical simple ORC with overheating, 0.20% for the
subcritical regenerative arrangement and 0.50% for the subcritical regenerative configuration with superheating.

On the other hand, the search for optimal values regarding the specific electricity generation cost provided the cycles
with an average decline in the results of this parameter of 0.33%, 1.20%, 0.32% and 0.59% in the simple subcritical and
subcritical configuration with superheating and also in the subcritical and subcritical regenerative cycles with
superheating, respectively. However, the optimization of this indicator generated an average decay in the value of net
power produced of 0.21% in the simple CRO, 3.88% in the simple subcritical ORC with superheating, 2.36% in the
subcritical regenerative configuration and 1.34% in the subcritical regenerative arrangement with superheating. In
addition, the average decreases in exergetic efficiency for the cited compositions were equal to 0.04%, 1.30%, 1.15% and
1.11%, in this order. Average decreases of 0.65%, 3.16%, 0.72% and 1.16% were also observed in the values of the
specific cost of the investment for the respective cycles mentioned.
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Another aspect observed during the optimizations of the economic indicators of the designed cycles was the proximity
between the results obtained in minimizing the specific investment cost and specific electricity generation cost. This
relatively small difference between the results of each indicator is attributed to the correlation between these two
parameters. Therefore, when one of these indicators is modified, the other also experiences changes in the same order of
magnitude, but indirectly.

Moreover, the work fluids that stood out from the financial point of view with lower values related to the specific
investment cost and specific electricity generation cost were the fluids R141b and R11, respectively, both in the simple
subcritical CRO with superheating. In the first case, when the reduction of the specific cost of the investment was
determined as an objective function, the isentropic fluid R141b achieved a result 11.82% lower than the mean value found
in the other optimizations of this parameter. Also, this result was lower in 0.73% when contrasted to the average value of
the other fluids working in this configuration and operating condition.

In the second case, where optimization was performed to obtain the lowest possible value of specific cost for electricity
generation, the isentropic fluid R11 reached a result 4.80% below the average level of the other optimizations for this
indicator. This amount was also 0.38% lower compared to the average value of the other fluids in the same optimization
circumstances. Thus, it was noticed that the results of economic indicators are associated with the decrement in the values
related to the net power produced by the cycles and the total cost of the investment, which in turn suffered a reduction in
its value due to the reduction of costs as established in the objective function of the genetic algorithm.

4. CONCLUSIONS

The technical-economic analysis of organic Rankine cycles for cogeneration in the cement industry allows to realize the
following conclusions:

e  The regenerative configuration as expected showed better indicators of thermodynamic performance when
compared to the simple cycle.

e  From the thermodynamic point of view, R141b fluid proved to be more attractive for applications without
superheating with net power generation in the range of 4,565 kW to 5,541 kW, with exergetic efficiency between 41.75%
and 49.70%. With superheating, the R11 fluid was more attractive with generation of liquid power generated with 5,043
kW and 5,614 kW, and exergetic efficiency between 46.15% and 50.59%.

e From the economic point of view, fluid R123 was more attractive with the lowest specific cost values of the
investment (3.516 R$/kW) and the specific electricity generation cost (0.1065 R$/kWh) in the configuration of subcritical
simple cycle with superheating. Investment specific cost values of 3,723 R$/kW and specific electricity generation cost
of 0.1089 R$/kWh were obtained with R123 in the simple cycle configuration without superheating.

e  From the results obtained it can be affirmed that, among the studied fluids, R141b becomes the most attractive
for cogeneration in the cement industry because it presents the best thermodynamic performance without losing much
economic competitiveness when compared to the economic results shown by R123.

e  Through the ORCs investigated in this study, it would theoretically be possible to supply between 9.59% and
18.71% of the electricity demand contracted by the cement plant Apodi.
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