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Abstract: The dwindling and scarcity of fossil energy sources is the basis of the energy transition,
where renewable resources are increasingly valued. The purpose of the cogeneration system studied
in this article is to recover the residual heat from the gases coming out of the chimneys of the cement
kilns, to produce at the same time the electricity and the heat required for offices and residential
houses of cement workers. Cement kilns are reputed to be energy-intensive, generating excessive
heat losses. These heat losses are found mainly in the conduction—convective and radiative modes,
representing about 26% of the overall heat input to the system. Nevertheless, the gases at the chimney
outlet can still have temperatures between 250 and 350 °C, which presents a non-negligible potential
for a cogeneration system. This study compares the thermal performance of different cogeneration
plant configurations (KCA, KCB, and KCC systems) using the Kalina cycle to determine the best
one. Several assumptions were made to reduce the complexity of the model. MATLAB and Excel
software were used to solve the system of equations. After extensive analysis of the results, the
KCA system showed the best performance, compared to the KCB and KCC systems, with a thermal
efficiency of 22.15%, an exergy efficiency of 45.12%, and a net electrical capacity of 2565.03 kWe.
Model sensitivity to concentration, temperature, and pressure variations also gave the KCA system
the best-performing system. Evaluation of the excess heat flux removed from the process yields
values of 7368.20 kW, 7421.86 kW, and 8094.15 kW for the KCA, KCB, and KCC systems. The results
of this article serve as a decision support tool for installing the cogeneration system via the Kalina
cycle in cement installations.

Keywords: cogeneration plant; exit gases from cement kilns; waste heat recovery; kalina cycles; heat
transfer; electrical power

1. Introduction

The cement industry is energy-intensive and one of the industries that evacuate
gases at high temperatures [1-3]. This energy comes from the clinker manufacturing
process, whose combustion flame from fossil fuels (coal, heavy fuel oil, and natural gas) or
alternative fuels (biomass, tires, and RDF) can reach temperatures around 2000 °C. This
process generates hot gases, which are evacuated through the chimneys via the preheater
tower. However, as these gases still contain significant energy, producing either electrical
energy, domestic or industrial cold, or supplying this heat to urban heating networks is
possible. This valorization enters well into sustainable development and the ecological and
energy transition framework.
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Optimizing energy consumption is compulsory at present for dwindling energy re-
sources worldwide. Furthermore, the International Energy Agency (IEA) speaks of a growth
rate of energy consumption in the building sector, both residential and non-residential, of
1.3% per year, which is higher than the annual growth rate of the population. As such, this
energy consumption will increase from 91 quadrillion Btu in 2018 to over 139 quadrillion
Btu in 2050 [4]. Waste heat recovery in industrial processes offers the most significant
energy savings opportunity. The heat rejected from industrial processes can be supplied
to other industrial facilities with energy deficits [5]. Heat is generally rejected from one
system at a higher temperature to another at a lower temperature. In the literature, organic
Rankine and Kalina cycles have long been considered for cogeneration or trigeneration in
an industrial plant [6-12].

In the present study, the Kalina cycle has been selected considering its proven perfor-
mance and efficiency in industrial energy recovery. The Kalina cycle was patented in the
1980s [13]. It uses as a working fluid the mixture of water-ammonia, which behaves as a
single fluid due to the molar mass values being almost close to 17 kg/mol for ammonia
and 18 kg/mol for water. This mixture works under the effect of distillation, i.e., as the
temperature increases, the most volatile fluid vaporizes as soon as it reaches its vaporization
temperature [13]. The Kalina cycle can also operate at temperatures above 400 °C, making
it more efficient than the organic Rankine cycle [13]. For Varma and Srinivas [14] and Junior
et al. [13], the Kalina cycle also improves the thermal efficiency of the ordinary Rankine
cycle by 20 to 40%. According to Varma and Srinivas [14], Junior et al. [13], and Salemi
et al. [15], the Kalina cycle is better than the organic Rankine cycle in terms of exergy effi-
ciency, with values of 15-18% compared to 7-10%, respectively, under the same operating
conditions. According to Inayat [16], the Kalina cycle is used for high temperatures (in the
range of 100 to 450 °C) and can give high efficiencies between 20 and 35%. According to
Cheng et al. [17], the Kalina cycle is a promising heat-to-electricity conversion technology
for low-grade heat recovery applications. According to Hossain et al. [18], in recent years,
the Kalina cycle has seen increasing interest in high-temperature applications (with average
working fluid temperatures of 500 °C at the turbine inlet). It is used as an alternative to the
conventional steam Rankine cycle.

Many works in the literature deal with waste heat recovery using the Kalina cycle. Da
Costa Horta et al. [19] worked on the cogeneration of electricity from waste heat recovery
in the cement industry. The purpose of this work was to compare two Kalina cycles in
terms of operation and performance characteristics. The results of this study showed that
one of the Kalina cycles was more competitive regarding the net power generated. Zheng
et al. [20] have undertaken a comparative study of the performance of a dual-pressure
Kalina cycle to utilize low-grade geothermal energy. This paper applies the sliding pressure
control strategy to respond to variations in geothermal energy parameters. The two-stage
evaporation pressures in the parallel dual-pressure Kalina cycle are adjusted to keep
constant the temperature difference between the geothermal energy input temperature of
the evaporators and the corresponding turbine input temperature. The results found that
the proposed parallel double-pressure Kalina cycle performs better in net power output
and exergy efficiency than the basic Kalina cycle. Akimoto et al. [21] evaluated an electric
power generation system that integrates multiple Kalina cycles and absorption heat pumps.
They reported that the absorption heat pump cycle could be used as a cooling unit to
improve thermal efficiency and create an efficient cogeneration system. Roeinfard and
Moosavi [22] optimized the overall performance of Kalina and Rankine cycles (ORC) in
different operating modes using thermodynamic relations and sensitivity analysis. The
results showed better performance of the Kalina cycle regarding waste heat recovery,
efficiency, and fuel consumption. Salemi et al. [15] undertook a techno-economic study of
energy recovery from the waste heat of the MIDREX process by using the Kalina cycle in the
direct iron reduction process (Figure 1). The work showed that it was possible to recover
an average of 2 MW of electricity via the Kalina cycle with a mixture of ammonia and
water. Zhang et al. [23] studied the thermodynamic parameters of a Kalina cogeneration
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cycle, aiming to produce electricity and cold at a modulable refrigeration temperature. The
system gave thermal and exergy efficiencies of 25.71% and 56.53, respectively, for a heat
source temperature of 400 °C. Almatrafi et al. [24] also worked on the thermodynamic
parameters of a cogeneration Kalina cycle. As the energy source is solar, the efficiencies
found are in the range of 17.68% and 7.85% for thermal and exergy efficiency, respectively.

ire Process Gas System

Iron Cxide
Matural Gas

T{ * Process Gas Compressor Top Gas Sorubber

Air Blower

Reduging Gas

T Cooling Gas Scrubber
Fuel Gas
Caooling Gas Compressar
Heat Peco_‘;ery | Combustion Air
Reformer MIDREX

Direct Reduced lron

Figure 1. Flowsheet of MIDREX process [15].

Cheng et al. [17] worked on a dynamic model of a Kalina cycle system driven by a
low-quality heat source to analyze the system’s dynamic behavior. The authors emphasized
the importance of the Kalina cycle in the system’s dynamic behavior and safe operation due
to the fluctuation of the external heat sources. The dynamic behavior of the Kalina cycle
system is analyzed by considering disturbances in the control strategy of the valve-pump
coordination, in the heat source temperature, the mass flow rate of the heat source, and
the system load. Results show the importance of the valve and pump in the design and
improvement of the control system. Zhang and Li [25] focused on the thermodynamic
performance (i.e., thermal efficiency, network, and exergy efficiency) of Kalina cycles.
Zhang and Li [25] conclude that the cycle’s thermodynamic performance can be improved
by connecting the regenerator and the evaporator in series. Zhu et al. [26] studied the
performance improvement of Brayton S-CO, combinations as working substances of the
organic Rankine (ORC) and Kalina cycles. The efficiency and volumetric flow rate ratio were
used as a system performance study parameter to evaluate the combined cycle’s balance
between economy and compactness. The results of this study show that superheating
organic working fluids can improve the exergy efficiency of the evaporator and increase
TNore/ Quvmax Without an impact on the cycle efficiency. Zoghi et al. [27] used the modified
Kalina cycle in a multi-generation biomass system to recover waste heat. The modified
Kalina cycle is combined with the gas turbine cycle and the steam Rankine cycle. An
expansion valve is used between the two separators and an LNG regasification system.
The results show that the modified LNG system has an overall acceptable performance.
Hossain et al. [18] presented a model for optimizing the performance of two types of Kalina
cycles (Kalina-12A cycle and Kalina-12B cycle) based on the influence of parameters such as
ammonia concentration in the working fluid and evaporation pressure. This optimization
aims to maximize the multiphase valve’s net power output under steady-state operating
conditions. As a result, the performances (net power output and thermal efficiency) of
these two cycles were improved compared to those of the conventional Kalina cycle. Kalina
cycles use several solution types, the preferred one being the ammonia—-water mixture [28].
The reasons are, among others, that ammonia and water have approximately the same
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weight; the low evaporation temperature of ammonia, and the high performance of water
vapor; the ammonia contributes to the efficient use of the heat source at low temperatures
and a higher pressure by starting the boiling at a lower temperature (ammonia-water
solution has no fixed boiling point, so it is not azeotropic) [28-32].

Based on the studies presented above, the Kalina cycle is pertinent in valorizing the
residual heat of the exit gases of the cement plant. Therefore, this paper studies and
analyzes the performances of different Kalina cycles for a specific case of cogeneration
in the cement industry. This work aims to study the power generation performance and
economic efficiency for low-temperature differences, typical for low temperatures of the
heat source. Using cogeneration, the proposed integrated system can improve the power
production performance by up to 81% over the conventional Kalina cycle. It is also more
economical than the conventional Kalina cycle when applied to heat sources above 353 K.

2. Methodology

We consider the energy in the gases coming out of the chimneys of the preheater
tower and the clinker cooler to be recovered for a cogeneration system (heat and electricity).
The first step was to evaluate the performances of different Kalina cycles for a specific
case of cogeneration. The most performant Kalina cycle will be used for the cogeneration
system. Those cycles are applied to a case study in the cement installation of Lukala in the
Democratic Republic of Congo. The thermodynamic model of Kalina cycles is presented,
including energy and exergy analysis and heat exchanger modeling. Then, the validation
of the model uses comparative studies for the Kalina cycle operating ranges and results
found in the literature. Finally, a conclusion and perspectives on the possibility of adapting
to a multi-generation system.

2.1. Description of Kalina Cycles

The heat recovery system in a cyclone tower and in the clinker cooler stack of a
rotary cement kiln, whose respective temperatures are above 150 °C, uses the different
Kalina cycles to evaluate their performance for electrical energy production. These cycles
work as follows (Figure 2). Pump 1 sucks the water-ammonia mixture under atmospheric
conditions and sends it to a preheater. The preheated mixture is sent to an evaporator, where
it evaporates, and the steam obtained is sent to the first superheater to be superheated.
For case (B) in Figure 2, the steam leaving superheater 1 also passes through superheater
2 before being admitted to the high-pressure turbine. The superheated mixture enters
the high-pressure turbine, where thermal energy is transformed into kinetic energy at the
turbine shaft (for cases (A) and (B), Figure 2). For case (C) in Figure 2, the superheated
mixture first passes through a separator, where the steam is sent to the high-pressure
turbine, and the liquid phase is collected at the bottom of the separator and then sent to a
point where it is mixed with steam leaving the low-pressure turbine. The steam expanded
in the high-pressure turbine passes through the second superheater (cases (A) and (C),
Figure 2) before its admission in the medium-pressure turbine (case (A), Figure 2) or the
low-pressure turbine (case (C), Figure 2). These last steps transform the thermal energy
into kinetic energy, driving an electric current generator. Finally, the steam expanded in the
medium-pressure turbine goes to the low-pressure turbine and expands. This expansion
also contributes to generating electrical energy thanks to the coupling with the generator.
At a constant concentration, the steam passes through a heat exchanger or recuperator,
where it preheats the mixture from the pump. The mixture leaving the recuperator thus
passes through the condenser. The pump then sucks up the condensed mixture, and the
operation repeats itself.
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2.2. Available Energy

The available energy of the exit gases comes from the preheater tower and the chimney
of the clinker cooler. It differs according to the industrial process and the type of furnace.
The temperature of the gases leaving the preheater tower is an almost standard parameter,
depending on the type of furnace. According to Costa Horta [19], there is a restriction on
the temperature of the gases leaving the preheater tower. This temperature may not exceed
a minimum value, as it is used to dry the raw materials in the crusher.

2.3. Thermodynamic Modeling of Kalina Cycles

Kalina’s thermodynamic cycles are modeled, considering energy and exergy balances,
energy or isentropic efficiencies, and irreversibility for each component. In addition, the
net energy and thermal and exergy efficiencies were calculated for the cycles. The ther-
modynamic equations of the exchangers, the pump, and the turbines are also established.
The concentration of ammonia in the mixture is a crucial parameter in the performance
simulation process of the Kalina cycle. The enthalpy balance of the water-ammonia mixture
is given as follows:

hikalina = XNH3 hnnzi + (1 = XnH3)hH 1

where hjg,in, is the enthalpy of the mixture at point i (i from 1 to the number of points
in the cycle, in kJ/kg), xyp3 the concentration of ammonia in the mixture (%), hnpys; the
enthalpy of ammonia in the mixture at the point i (k] /kg), and h , ; the enthalpy of the
water vapor in the mixture at point 7 (k] /kg).

2.3.1. Data for the Case Study

The different Kalina cycles are tested under the operating conditions of the rotary
kiln workshop of the cement plant of Lukala, Democratic Republic of Congo. Values from
the industry are used as the operating parameters of the Kalina cycles and are shown in
Table 1:

Table 1. Operating parameters of the Kalina cycles.

Operating Parameters Values
Exit gas temperature (Tgcy1) 523.15 K
Exit gas mass flow rate 33.33kg/s
Exit gas temperature of the cooler (Tgeo11) 573.15 K
Exit gas mass flow rate of the cooler (Tgco11) 50 kg/s
Pressure of exit gas (kPa) 1050 kPa
Pressure of cooler exit gas (kPa) 1050 kPa

Turbine isentropic efficiency

85% [11,23,33-39]

Pump isentropic efficiency

85% [11,34,38,40]

Condenser temperature

30°C

Generator electrical efficiency

98% [35,36]

Generator mechanical efficiency

98% [35,36]

Heat transfer rate of exhausted gas (4;)

q; = hi AF; AT mrp [41]

Mass flow rate of working fluid in the water cycle 14.5kg/s
Mass flow rate of working fluid in Kalina cycle 713 kg/s
Ambient temperature 30°C
Ambient pressure 101.325 kPa

Condenser pinch point temperature difference

10K [11,15,42]
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Table 1. Cont.

Operating Parameters Values

10K [15,33,37]

Heat exchanger pinch point temperature difference

Temperature of cooling water 20 °C [20]
Concentration of ammonia-water solution 88%

Inlet pressure of the HPT 10,000 kPa
Inlet temperature of the HPT 563.15 K

2.3.2. Main Assumptions
The following hypotheses have been adopted in this article:

The system is at equilibrium, and the kinetic and potential energies are ignored.
Pump 1 sucks in at room temperature.

Mixing of ammonia and water is conducted at room temperature.

Heat loss was caused by all the power cycle components, and the external environment
is neglected.

e  The pinch point is 10 K for the superheaters, and the efficiency is 60% for the rest of
the exchangers.

Pumps 1 and 2 draw at the temperature of 30 °C.

Ammonia-rich vapor and the ammonia-poor solution at the exit of the separator are
saturated vapor and liquid, respectively (case (C), Figure 2).

The concentration at the inlet is 88% for NH3 and 12% for water.

Mathematical equations.

Mass and Energy Analysis

The thermodynamic equations for each component in the system are illustrated in the
following tables (Tables 2—4). These equations are implemented in MATLAB and Excel.

Table 2. Mass and energy balance of KCA system.

Components Mass Balance Equations Energy Balance Equations
Preheater fity = 1z and 1me = 1ty Qpren = 1it1 (I3 — ) = 1t (hg — hc)
Evaporator m3 = 1y and 11, = 11, Qewp = 1ty (hg — h3) = titg(he — hy)

Superheater 1

Th4 = Tﬁs and ﬁ’la = ﬁ’lb

quperhl = my(hs —hg) = ma(hb —ha)

Superheater 2 g = ity and Titgeor) = fitgeor quperh2 = ity (he — h7) = tigey) (hgcoIZ - hgcoll)
HPT s — it wipr = M5 — g
LPT Jitg = it wLpr — hs — o
MPT ty = g wnpr = hy — hg

Heat exchanger 2

Thg = mlo and ﬁ’ll = Thz

Qnuexa = fitg(ho — hyg) = t1y (hy — hy)

Condenser My = iy Qeona = 1110(h10 — 1)
Feed pump 1 My = Mg = 1y Wpump1 =M1 — h
Feed pump 2 my = ny Wpumpa = e — hy

Heat exchanger 1

Tigeyt = titgeyz AND g = it

QHEXl = mgcy (hgcyz - hgcyl) = 11, (ha - he)
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Table 3. Mass and energy balance of KCB system.

Components Mass Balance Equations Energy Balance Equations
Preheater my = ms and 1, = My Qp,eh =y (hy —hy) = ma(hg — he)
Evaporator mg = my and m. = 1y, Qewp =1y (hy — h3) = mg(he — hy)

Superheater 1

ity = 15 and 1, = 1y, Qsupern1 = 11 (hs — ha) = titg (hy, — hg)

Superheater 2 s = it and Mgeor1 = Nilgeol quperhz = 1y (he — h5) = tigeop (hgmlz - hgwll)
HPT g = 1ty wrpr = h7 — he

LPT fitg = titg wrpr = hg — hy

MPT my = mg wympr = hy — hg

Heat exchanger 2 My = 1y and My = 1y OnExa = g (hg — h1g) = 1y (hy — hy)
Condenser fiyg = 1y Qeond = 11 (k19 — h11)

Feed pump 1 Ty = 1 = 1y Wpymp1 = M1 — h1y

Feed pump 2 my = 1 Wpump2 = he — hyg

Heat exchanger 1

Mgyl = Migeyp and fitg = it Quex1 = figey (hgeya — hgeyr) = tita(ha — he)

Table 4. Mass and energy balance of KCC system.

Components Mass Balance Equations Energy Balance Equations
Preheater my = mz and M, = my Qweh =y (hy — hy) = ma(hg — he)
Evaporator msz = my and m, = my Qewp =1y (hy — h3) = mg(he — hy)

Superheater 1

ﬁ’l4 = 1’i’l5 and ﬁ’la = ﬁ’lb quperhl = ﬂll (h5 — h4) = Tl"lg(hb - hg)

Superheater 2 mz = g and mgcoll = mgcolz quperh2 = 1y (he — hs) = mgcal (hgcoIZ - hgcoll)
Valve ritng = ity Quatve = 110(h10 — 1)

Separator Mg = Mg + Mg mshs = mehe + n1phyg

HPT ﬁ’l6 = I’h7 WHpT — h7 - h(,

LPT g = tig wrpr = hg — ho

Heat exchanger 2

M3 = iy = My = 1y Qnuexa = fita(hia — Inz) = 1ty (hy — hy)

Condenser 113 = M4 Qcond = my3(hi3 — hig)
Feed pump 1 Mg = Tl"ll Wpumpl = hig — Iy
Feed pump 2 Mg = Me = My Wpump1 = he — hyg

Heat exchanger 1

Mgyl = Migeyp and fitg = it Quex1 = figey (hgeya — hgeyr) = tita(ha — he)

Exergy Analysis

Exergy analysis of a system is based on the first law of thermodynamics [43]. This
analysis evaluates the energy transferred and the quality of the exchanged energy. Exergy
analysis is helpful for this purpose and investigates the exergy degradation of each system
component. So, by applying the exergy relations, it would be possible to consider the
modification and mitigation of the exergy degradation to improve system efficiency. By
ignoring the changes in kinetic and potential energies, the physical exergy of a flow is
defined as [15]:

ex; = (hi — ho) — To(si — so) 2)
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where s represents the specific entropy, i and 0 subscripts are the flow and initial condition
numbers, respectively. The primary exergy relations for each component or equipment are
defined as follows [44-48]:

. Q . . W . D
Ex +2Ex1n—ZExout+Ex + Ex

£ = 0(1- %)

Ex =W
. . D
ExTot‘al =) Ex

®)

The equations for exergy degradation for the main components are presented in

Table 5.

Table 5. Exergy degradation balances for the system components.

Exergy Balance Equations

Superheater 1

D
Ex5 + Exh + ExSuperhl

D
ExS + Exh + ExSuperhl

Components KCA System KCB System KCC System
Preheater e th s, Exy + Exc = Evs+ Exg+ Expy | Exa+ Exe = Exz + Exg + Exp,
EX3 + EXd + ExPreh 2 Xe = Exz+ Xq + XPreh Xy + Ex¢ = EXx3 + X4 + Xpreh
Evaporator . Fx + Exy D Exs + Exj, = Exy + Exc + ExD Exs 4 Exj, = Ex4 + Exc + ExD
Exy + Ex. + Eszmp 3 b 4 c Evap 3 b 4 c Evap
Exy+Ex, = Exs+ Ex, =

] , . . . D
Ex4 + Ex; = Exs + Exb + ExSuperhl

Ex6 + Exgcoll =

Ex5 + Exgco]l =

Ex7 + Exgcoll =

Superheater 2 . . . . . D
Ex; + Exgcolz + ExSupeth Exe + ExgcolZ + ExSupeth Exg + ExgcolZ + ExSupe/hZ
- - ) ~ D : . i D - D
HPT Exs = Exg + wypr + Exgpr Ex¢ = Ex7 + wypr + Exgpr Exe = Exy + Wppt + ExHPT
- - - D - - - D
LPT Exg = Exg + wrpr + Exrpr Exg = Exg + wypr + Exrpr Exg = Exo + Wrpr + ExLPT
MPT ' e D ' e D N.A
Exy = Exg + wyppr + Exppr Exy = Exg +wympr + Exppr Eas
5 ; ; D
Separator N.A. N.A. Exs = Exg + Exqo + ExSep
; ; D
Valve N.A. N.A. Ex19 = Ex11 4+ EXpyrpe
: : - D
Node N.A. N.A. Exi1 + Exg = Ex1p + Ex,p40
Heat Exch 2 Ex9g + Exq = EX9+EX1_ . . . . . D
eat Exchanger D D Ex1p +Ex; = Ex13+ Exp + Ex
Exio + Exy + EXHExz Exio+ Exy + ExHEX2 " ' v ’ HEx
Condenser Exjp = Exyp + EXcOnd Exjp = Exyy + ExCond Ex13 = Exys + Excong
Feed pump 2 - : Frn = ' Ex1y = EX| — Wpumpz + Elez 2 | Exiy = Ex; — Wpymp2 + EXIIJD 2
Ex1 — Wpymp2 + ExPumg2 ! e i e
Feed pump 1 v, — E v v, = E D ] ] v
pump Exg = Ex. — wPumpl + ExPumpl Exy = Ex. — wPumpl + ExPumpl Exy = Ex, — wPumpl + ExPumpl

Heat Exchanger 1

Exgcyl + Exe =

. D
Exgeyr + Exa + Exppx

Exgcyl + Exe =

. D
Exgepr + Exa + Exppx

Exgcyl + Exe =

. D
Exgcy2 + E.Xa + ExHEXl

Performance Criteria of Kalina Cycle

The calculations of the performance parameters of a cycle are based on the following:

The thermal power transferred via the superheater is calculated using the formula (4)

e  Specific network

e  Net mechanical power

e  Energy and exergy efficiency
e  Netelectrical power

below [41]:

q; = i AF AT mTD

4)
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For determining the performance of the system (see Table 6), it is essential to define
the energy and exergy efficiencies of the waste heat recovery system as follows [15]:

Table 6. Performance criteria of Kalina cycle.

Parameters Equations
KCA System KCB System KCC System
Net Work Wyet =W T —W p
Energy efficiency n = UNe
Energy QHR_QRec
Exergy efficiency NExergy = MH%
Exlu
Pump 2 isentropic . — hin—hn . — hin—hn . _ hin—hu
efﬁciency nzsPump — Th—hn rlzsPump — Ti—hn TlzsPump = Thi—hs
HPT isentropic efficienc ; = Jfshe ; = he—ly : = Je—ly
P Y NisHPT = Jig —h, NisHPT = Ty —hys NisHPT = Ty —hys
MPT isentropic efficiency NisMPT = hh;jii NisMPT = h}yjzz N.A.
LPT isentropic efficienc ; = =t ; = fs—ho ; = Js—ho
P y NisLHT = hg —ho, NisLHT = 7y —ho, MisLHT = Ty —ho,

where Qpyg is the heat recovery in the cyclone and gas cooler. It is given using the following
relationship (see Equations (5)—(8)):

Qur = Qur1 + QHr2 @)
with .
.QHRl = titgey (Mgey1 — gey2) ©)
QHr2 = mgcol hgcoll - hgcolZ
and
. HR . HRl . HR2
ExIn = Exm + ExITl (7)
with HERL
E}ﬁgg = titgey [ (Mgeyr — hgeyz) — To(Sgey1 — Sgey2)] ®)

Exp, = mgcol { hgcoll - hgcolZ) —Tp (Sgcoll — Sgcol2

3. Results and Discussions

In this study, the thermodynamic performance analyses are carried out for the Kalina
cycles dedicated to cogeneration (simultaneous production of heat and electricity). The
result of the thermodynamic performance analysis is summarized in Table 7. This sec-
tion discusses the energy modeling results of the three Kalina cycles considered under
cogeneration conditions. The primary input data for the considered systems are given in
Table 1.

Table 7. Performance study parameters of the three cycles studied.

Optimizing Parameters KCA KCB KCC
Net Work [k]/kg] 367.66 292.15 319.76
Net Mechanical Power [kW] 2817.83 2083.06 2043.12
Net Electrical Power [kWe] 2565.03 2037.43 1998.29
Thermal Efficiency [%] 22.15 18.52 20.93
Exergy Efficiency [%] 45.12 37.26 37.26

Heat flux to be used [kW] 7368.20 7421.86 8094.15
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The rejected heat flow is not negligible and can therefore be used in a heat network for
factory premises (offices, etc.). Tables 8-10 give the main thermodynamic properties of the
KCA, KCB, and KCC systems, respectively. The NHj3 concentration remains constant in the
KCA and KCB cycles. However, it varies in the case of KCC. The exergy analysis of the
KCC system is shown in Table 11.

Table 8. Thermodynamic properties of KCA system points.

State Point Mass Flux Temperature Pressure Enthalpy Entropy Concentration Volume
[kg/s] K] [kPa] [k]/kg] [k]J/kg/K] in NH;3 [%] [m3/kg]
1 7.13 305.42 10,000 455.57 1.81 88 0.0016
2 7.13 418.24 10,000 1593.62 431 88 0.01168
3 7.13 473.15 10,000 1835.28 4.86 88 0.0173
4 7.13 488.15 10,000 1883.14 497 88 0.0183
5 7.13 503.15 10,000 1938.36 5.07 88 0.0196
6 7.13 441.33 4340.9 1851 5.27 88 0.0508
7 7.13 563.15 4340.9 2191.11 5.97 88 0.0707
8 7.13 485.05 1884.3 1999.07 6.01 88 0.1391
9 7.13 429.05 818 1897.04 6.01 88 0.2524
10 7.13 354.46 818 1733.81 5.77 88 0.2037
11 7.13 303.15 818 441.8 1.77 88 0.0016
Table 9. Thermodynamic properties of KCB system points.
State Point Mass Flux Temperature Pressure Enthalpy Entropy Concentration Volume
[kg/s] K] [kPa] [k]J/kg] [k]J/kg/K] in NH;3 [%] [m3/kg]
1 7.13 305.42 10,000 455.57 1.81 88 0.0016
2 7.13 354.10 10,000 1248.1 3.66 88 0.0062
3 7.13 363.15 10,000 1297.5 3.76 88 0.00702
4 7.13 378.15 10,000 1379.5 3.82 88 0.00841
5 7.13 393.15 10,000 1461.4 4.018 88 0.00981
6 7.13 563.15 10,000 21345 5.46 88 0.02415
7 7.13 485.21 4341 1971.6 5.57 88 0.05627
8 7.13 428.11 1884 1890 5.71 88 0.09153
9 7.13 386.56 818 1828.6 5.92 88 0.27959
10 7.13 337.88 818 1713.2 5.61 88 0.19309
11 7.13 303.15 818 441.8 1.77 88 0.0016

Overall, the exergy yields are significantly better than the energy yields (see Table 7).
Table 11 shows the exergy destruction for each component at a given evaporating pressure
and 0.88 mass fraction of ammonia (KCA and KCB systems) or between 0.88 and 0.90 mass
fraction of ammonia (KCC system) of the working fluid. The part of exergy destruction for
each component of the different models appears in Figure 3. From the results, Figure 3a
shows that the maximum exergy destruction in the KCA system occurs in heat exchanger
one (26%), followed by superheater two and the condenser (18%). In contrast, insignificant
exergy destruction appears in the pumps, LPT, and superheater one. In the case of the
KCB system (Figure 3b), the maximum exergy destruction occurs in heat exchanger one
(38%), followed by superheater two (22%), heat exchanger two, and condenser (10%).
The pumps, preheater, and superheater one have insignificant exergy destruction. As for
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the KCC system (Figure 3c), heat exchangers one and two have high exergy destruction,
an estimated share of 22% and 24%, respectively, followed far behind by separator and
superheater two, each having shares of 13% and 12%, respectively. In contrast to the two
previous cases, the KCC system has a majority of components with low exergy destruction,
namely the pumps, valve, condenser, superheater one, HPT, LPT, evaporator, etc.

Table 10. Thermodynamic properties of KCC system points.

State Point Mass Flux Temperature Pressure Enthalpy Entropy Concentration Volume
[kg/s] K] [(kPa)] [k]J/kg] [k]J/kg/K] in NH; [%] [m3/kg]
1 7.13 305.41 10,000 455.57 1.81 88 0.0016
2 7.13 442.291 10,000 1589.32 4.31 88 0.0146
3 7.13 462.55 10,000 1804.38 4.86 88 0.0167
4 7.13 482.85 10,000 1730.12 4.97 88 0.0183
5 7.13 503.15 10,000 1941.17 5.05 88 0.0199
6 6.2744 503.15 10,000 1925.99 5.27 90 0.0201
7 6.2744 416.98 2860.06 1820.87 5.39 90 0.0759
8 6.2744 563.15 2860.06 2207.88 5.96 90 0.0958
9 6.2744 454.509 818 1979.55 6.34 90 0.0759
10 0.8556 503.15 818 1076.24 6.20 90 0.2694
11 0.8556 450.07 818 1076.24 6.67 10 0.2813
12 7.13 452.29 818 1974.06 5.89 10 0.2485
13 7.13 314.41 818 1643.79 6.16 88 0.2683
14 7.13 303.15 818 441.8 1.77 88 0.1809

Table 11. Exergy analysis of components in Kalina cycle.

Exergy Destruction [kW] Exergy Efficiency [%]

Components KCA KCB KcCC KCA KCB KCC
Preheater 2637.58 317.49 2637.58 84.59 98.65 84.59
Evaporator 758.72 730.59 753.72 50.91 55.53 50.91
Superheater 1 790.32 484.74 790.32 65.68 68.76 65.68
Superheater 2 5086.29 5090.65 4434.82 64.55 64.70 43.48
Separator N.A. N.A. 5241.80 N.A. N.A. 23.14
HPT 1159.70 1375.51 1137.15 53.70 84.42 9.24
MPT 1745.38 870.96 N.A. 35.69 66.81 N.A.
LPT 509.47 835.33 560.97 20 52.43 3.05
Valve N.A. N.A. 163.82 N.A. N.A. 91.72
Heat Exchanger 2 3261.88 2261.76 8465.98 79.85 10.70 44.08
Condenser 5332.39 2166.02 2909.21 21.72 35.01 21.79
Feed pump 2 29.34 35.05 35.05 29.88 39.29 35.09
Feed pump 1 8.83 8.83 35.05 88.69 88.69 88.69
Heat Exchanger 1 7456.85 8548.71 7456.85 89.86 57.31 89.86

The temperature versus entropy diagram for KCA, KCB, and KCC are presented in
Figure 4A-C, respectively. The green line in subfigures A and B represents the saturation
curve for an ammonia concentration of 0.88.
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Figure 3. Exergy destruction rate of different components: (a) KCA, (b) KCB, and (c) KCC.
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Figure 4. T-s diagrams of KCA (A), KCB (B), and KCC (C).

3.1. Effect of the Inlet Temperature of the High-Pressure Turbine (HPT)

The effect of varying the inlet temperature of the high-pressure turbine on energy
efficiency and performance is examined in Figure 5. The study was conducted in a temper-
ature range between 200 °C and 360 °C, with an increment of 20 °C. Figure 5 presents the
variation of specific performance electrical and mechanical powers, and thermal efficiency
when the inlet temperature of the HPT high-pressure turbine changes. At first sight, the
curves of Figure 5 present a similarity regarding their paces. Figure 5a shows that the
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KCA and KCC systems provide almost similar work and are superior to the KCB system.
However, an important observation is that at the lowest temperature, it is the KCA system
that presents the highest specific work. As soon as the temperature of 250 °C is reached,
the KCC system takes over, presenting the highest specific work.
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Figure 5. Effect of the inlet temperature of HPT on the: (a) specific performance, (b) electrical power,
(c) mechanical power, and (d) thermal efficiency.

A similar observation is made for thermal efficiency (Figure 5d). This time the KCA
system has the best thermal efficiency between 200 °C and 215 °C. At 215 °C, the KCC
system shows the best thermal efficiency. Overall, the KCC system has better thermal
efficiencies than the KCA and KCB systems. This can be explained by the presence of a
separator, which allows the turbines to suck only in the vapor phase, unlike the other two
systems, KCA and KCB, where all the mixture enters directly into the high-pressure turbine
without undergoing a prior separation. The separator raises the ammonia concentration to
0.9 at the inlet of HPT and HPB, while for systems without a separator (KCA and KCB), the
ammonia concentration is only 0.88. According to Equation (1), the increase in ammonia
concentration leads to an increase in enthalpy at the inlet of the high-pressure turbine,
increasing the specific work. For a given temperature, the enthalpy of ammonia is close at
a given point for all the systems studied. Therefore, only the concentration of ammonia
creates the difference between these cycles. In general, the temperature increase leads to an
increase in specific work and thermal efficiency.
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The KCA system exhibits high electrical power compared to the other two systems
(Figure 5b). The same observation is valid for the evolution of mechanical power (Figure 5c).
The shapes of the curves of Figure 5b,c are quasi-parallel and similar, which is expected. Af-
ter fixing the isentropic, mechanical, and electrical efficiencies, the electrical power depends
only on the turbine rotor shaft (mechanical) power. Increasing the steam’s temperature at
the turbine inlet increases the turbine’s enthalpy, which increases the net power generated.

Figure 6 presents the electrical and mechanical power curves and the specific work
when the thermal efficiency varies, following the temperature variation at the inlet of
the high-pressure turbine. The thermal efficiency being a function of the temperature,
its influence in the Kalina cycles should not be neglected. By varying the temperature
between 200 °C and 360 °C, the thermal efficiency also varies from 19.99 to 28.08% for
the KCA system, from 11.27 to 25.35% for the KCB system, and from 18.98 to 31.37% for
the KCC system. For high thermal efficiency values, the mechanical power is 3793.49 kW,
3241.78 kW, and 3478.71 KW, respectively, for the KCA, KCB, and KCC systems (Figure 6a).
Electrical powers are 3521.18 kW, 3172.98 kW, and 3405.17 kW, respectively, for the KCA,
KCB, and KCC systems (Figure 6b). Finally, the specific work is 504.50 kJ /kg, 454.66 k] / kg,
and 543.37 kJ / kg, respectively, for the KCA, KCB, and KCC systems (Figure 6¢). Given the
above, the KCA system presents the best results regarding mechanical and electrical power
and specific performance.
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Figure 6. Influence of thermal efficiency (under the effect of inlet temperature of HPT) on the:
(a) mechanical power, (b) electrical power, (c) specific performance.
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3.2. Effect of the Pump Discharge Pressure

The effect of varying pump discharge pressure (or high-pressure turbine inlet pressure)
on the performance of the three systems is illustrated in Figures 7 and 8. The mass fraction
of the ammonia at the high-pressure turbine inlet was maintained at 88% for all systems.
The exception is the KCC system, where the 88% NHj concentration first passes through a
separator before entering the high-pressure turbine. At the outlet of the separator (point
six), the NHj concentration is 90% (rich mixture) at the inlet of the high-pressure turbine.
Figure 7a shows the effect of pressure variation on specific work. The specific work
increases with pressure, between 3 and 11 MPa for the KCA system, between 3 and 15 MPa
for the KCB system, and between 3 and 9 MPa for the KCC system. Afterward, the specific
performance decreases with the pressure increase up to 19 MPa. When the pressure is
low, the specific performance curve of the KCC system is higher than the KCA and KCB
systems. As soon as the evaporating pressure reaches the value of 7 MPa, the curve of
the KCA system takes over. Thus, there is a shift in favor of the KCA system, although
the specific performance of the KCC system continues to increase. The same phenomenon
is observed for the electrical and mechanical power cases (see Figure 7b,c). The effect of
the evaporation pressure on the different Kalina cycles’ electrical power is illustrated in
Figure 7b. As for the specific work, an electrical power peak occurs with a pressure increase:
3132.12 kW at around 12 MPa for the KCA system, 2501.50 kW at around 12 MPa for the
KCB, and 3061.59 kW at 9 MPa for KCC. Then, the electrical power gradually decreases as
the pressure increases. Similar observations are valid for the mechanical power and the
thermal efficiency of the Kalina cycles (Figure 7c,d).
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Figure 7. Effect of pump discharge pressure on the: (a) specific performance, (b) electrical power,
(c) mechanical power, and (d) thermal efficiency.
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Figure 8. Effect of pump discharge pressure on the: (a) HPT power and (b) pump performance.

We notice mechanical power peaks at 12 MPa for the KCA system (3200.53 kW), at
about 15 MPa for the KCB system (2501.499 kW), and 9 MPa (3127.68 kW) for the KCC
system. The best thermal efficiency is 26.93% at 12 MPa (for KCA), 22.62% at 15 MPa
(for KCB), and 31.28% at 9 MPa (for KCC), respectively. KCA and KCC systems perform
better than KCB systems when the pressure varies. The performance of the KCB system,
although having three turbines, is very low compared to the other two. However, the KCB
system can be improved by placing the second superheater between the high-pressure
turbine and the medium-pressure turbine or between the medium-pressure turbine and
the low-pressure turbine.

Figure 7d presents a particularity compared to Figure 7a—c. The thermal efficiency curve
of the KCC system is superior to the KCA systems on both the increasing and decreasing sides
of the curve. The shift in favor of the KCA system only occurs when the pressure reaches a
value of about 14 MPa (on the decay side of the curve). Overall, by increasing the pressure, the
KCC model gives better thermal efficiencies than the other models. Once again, the presence
of the separator in the KCC model is the basis for this performance.

In Figure 8, it appears that as the evaporating pressure increases, the trend in the
variation in turbine power is consistent with that of the net power output. In addition,
the pump work increases linearly with the increasing pressure. Concerning the power
of the high-pressure turbine (Figure 8a), the curve shapes are like those of the specific
performance and the electrical and mechanical powers (Figure 7a—c). For a discharge
pressure variation from 3 to 19 MPa, the curves of the pump work of the three systems are
superimposed. This is explained by the fact that the pumps receive the same flow rate of
the ammoniacal solution from the condenser at an atmospheric pressure.

3.3. Effect of NH3 Concentration

Figure 9 illustrates the influence of the ammonia concentration on the performance
of Kalina cycles. The study concerns ammonia concentrations between 60% and 94%.
Figure 8a shows that the specific performance increases with the ammonia concentration
as the higher ammonia concentration increases the heat transfer rate in the evaporator.
This increase differs from one cycle to another. The KCA and KCB cycles present a slight
slope, whereas the increase in the specific performance of the KCC cycle is very accentu-
ated. The presence of the separator in the KCC system means that the specific work can
increase rapidly compared to the other two systems. The concentration of NHj entering
the separator (point five) is increased at the turbine inlet (point six). As the increase in the
concentration of ammonia NHj leads to an increase in the enthalpy (see Equation (1)), the
specific performance of the KCC system varies considerably compared to the other two
cases. This phenomenon is also noticeable in Figure 9b—d.
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Figure 9. Effect of NH3 concentration on the: (a) specific performance, (b) electrical power, (c) me-
chanical power, and (d) thermal efficiency.

Figure 9b,c show the electrical and mechanical power variations with the ammonia
concentrations. The figures highlight the increased electrical and mechanical powers
with the concentration under the optimum evaporation pressure. The variation in NHj
concentration affects the mass flow and increases the value of the net power generated in
the cycle. This behavior is because the mixture richer in ammonia boils faster, resulting in a
higher steam generation, increasing the power generated in the high-pressure turbine.

The influence of the NH3 concentration on thermal efficiencies is given in Figure 9d. The
latter shows that the KCA system performs better than the other two. The KCC system is
less efficient than the KCA and KCB systems. For concentrations higher than 81.5%, the KCC
system becomes more efficient than the KCB system. With over 91% NHj concentration, the
KCC becomes the most efficient system compared to the KCA and KCB. Thus, there is an
improvement in the thermal efficiency of the KCC model. As mentioned, in the KCC system,
the NHj concentration varies twice before entering the high-pressure turbine. As a result,
the thermal efficiency curve increases faster than for the KCA and KCB systems. Similar to
Figure 9a, the slopes of the electrical power (Figure 9b), mechanical power (Figure 9c), and
thermal efficiency (Figure 9c¢) of the cycle KCC are also very accentuated.

3.4. Validation of the Results

We used comparable studies in the literature to validate this model, as no results are
available for similar conditions and cycle configurations. Therefore, the comparisons are
made using the results of the KCA system (see Table 7). First, we identified previous work
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with comparable operating parameters (input data), and we selected the two references
in Table 12. Then, the service temperature, thermal efficiency, exergetic efficiency, and
net electrical power were retained as the key parameters to be compared. Our results are
comparable with those of Junior et al. [13] and Da costa Horta [19], especially for thermal
and exergetic efficiency. As for electrical power, the prediction of this model is very close
to that of Junior et al. [13] (see Table 13). Overall, the predictions of the model of Junior
et al. [13] are very close to those of this model, although the temperature is slightly higher.

Table 12. Inlet data for validation.

Operating Parameters Junior et al. [13] Da costa Horta [19]  Present Model

Turbine isentropic efficiency 85% 85% 85%

Pump isentropic efficiency 85% 70% 85%
Ambient temperature 22°C 15°C 30°C
Ambient pressure 101.325 kPa 101.325 kPa 101.325 kPa
Pinch point 18K 10K 10K
Temperature of cooling water - 22°C 20°C

Concentration of

. . 89% 88.6% 88%
ammonia—water solution

Table 13. Comparison with different results in the literature.

Parameters Junior et al. [13] Da costa Horta [19] Present Model
Temperature [°C] 390 340 300

Thermal efficiency [%] 23.3 25.1 22.15
Exergetical efficiency [%] 47.8 55.8 40.35

Net electrical power [kWe] 2429.056 10,493.9 2565.03

The simulation errors compared with the results of the work of Junior et al. [13] are
presented in Table 14.

Table 14. Error in the simulation.

Parameters Junior et al. [13] Present Model Error %
Temperature [°C] 390 300 23.08
Thermal efficiency [%] 23.3 22.15 494
Exergetical efficiency [%] 47.8 40.35 15.59
Net electrical power [kWe] 2429.056 2565.03 5.60

Because of the above, this model’s results can be considered reliable and valid.

4. Conclusions and Perspectives

Three new Kalina cycles have been studied for energy performance. These cycles in-
clude two to three turbines and two superheaters, aiming to increase the system’s efficiency
and thus allow the turbines to work only in the vapor phase. There are two levels of energy
recovery: the hot gases exiting the preheater tower and those exiting the clinker cooler
chimney. This study aims to recover the waste heat in the gases leaving the cement rotary
kiln via cogeneration. The Kalina cycles are studied and evaluated in the context of the
production of both heat and electricity. The KCA system presented the best results for the
electrical power generated, the mechanical power, and the specific work. It also showed
better efficiencies (a thermal efficiency of 22.15% and an exergy efficiency of 45.12%). The
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model’s sensitivity to concentration, temperature, and pressure variations also gave the
KCA system the best-performing system. Yet when the pressure starts to vary, the KCC
model gives the best performance in terms of thermal efficiencies (see Figure 7d). A similar
observation can be made when the NH3 concentration varies (Figure 9d), where the thermal
efficiency of the KCC model is best for NH3 concentrations above 91%.

The maximum electrical power of the KCA system, found by varying the pressure, reaches
3132.12 kW, while for the KCB and KCC systems it is 2501.50 kW and 3061.59 kW, respectively.
When the temperature at the inlet of the high-pressure turbine varies, the KCA system is still
the best. It can generate a maximum power of 3521.18 kW, followed by the KCC system, with
3405.17 kW. Finally, the KCB system is the worst, with an electrical power of 3172.98 kW. We
also studied the influence of the ammonia concentration on the different cycles.

Nevertheless, the KCA system still has the best performance. The Kalina cycles proposed
in this research can be extended and implemented for other applications such as trigeneration.
The mathematical model presented in this research can be used for these purposes. Although
the configurations studied in this article give acceptable results, it is essential to analyze the
system’s critical parameters in detail. Additional assumptions can reduce the complexity of
the study. The studies in progress concern the coupling of the KCA system with an absorption
diffusion refrigeration cycle within the framework of trigeneration.
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Abbreviations

Latin letters

Symbol Signification Unit
A Heat transfer surface area m?
Ex Primary exergy kJ
ex Specific exergy k] /kg
F; Dimensional factor -
h Specific enthalpy K] /kg
Nikalina Enthalpy of the mixture at point
(i =1 to the number of points in the cycle) kJ/kg
hNH3i Enthalpy of ammonia in the mixture at the point i kJ/kg
i, Enthalpy of the water vapor in the mixture at pointi kJ/kg
h; Heat transfer global coefficient kW/m?/K
m Mass flow rate kg/s
Q Themal power kW
q; Heat transfer rate of exhausted gas kW
s Specific entropy kJ/kg/K
T Temperature K
Tesor Exit gas temperature K
AT Variation of temperature K
w Work per time unit KJ/s

XNH3 Concentration of ammonia in the mixture Y%
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