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Abstract: This article introduces a novel multiple-cycle generation system for efficient heat recovery
at high and low temperatures. The system is modeled and optimized using the M2EP analysis
method (mass, energy, exergy, and performance) and the particle swarm optimization algorithm.
The multigeneration system produces electricity, cold, domestic hot water, and biogas by utilizing
Kalina cycles, diffusion—absorption refrigeration machines, and high-performance heat exchangers
by harnessing waste heat from cement kiln exhaust gases. The Kalina cycle is employed for electricity
generation, wherein the H,O+NHj mixture, heated by hot water, circulates through heat exchangers.
Downstream of the Kalina cycle, the refrigeration machine generates cold by evaporating the strong
solution of the HyO+NHj mixture. Hydrogen circulates in the diffusion-absorption refrigerator
(DAR) circuit, facilitating the exchange between the evaporator and the absorber. The domestic hot
water and biogas production systems operate at lower temperatures (around 45 °C). The simulation
results for the Kalina cycle indicate an electrical energy production of 2565.03 kW, with a release of
usable energy (residual gases) estimated at 7368.20 kW and a thermal efficiency of 22.15%. Exergy
destruction is highest at heat exchanger 1, accounting for 26% of the total. A coefficient of perfor-
mance of 0.268 and an evaporator temperature of 10.57 °C were obtained for the DAR cycle. The
absorber contributes the most to energy exchanges, comprising 37% of the entire circuit. Summa-
rizing the potential for valorizing waste heat from cement kilns, this article lays the foundation for
future research.

Keywords: multigeneration plant; Kalina cycle; DAR cycle; ammonia-water; waste heat recovery;
heating system

1. Introduction

As the energy demand continues to rise, large-scale projects are initiated to capitalize
on the residual heat from thermal power installations. The objective is to establish sys-
tems capable of recovering energy across various temperature levels at no additional cost.
According to data from the International Energy Agency (IEA), global energy demand
is projected to increase by 50% in the next decade [1]. The surge in energy consumption
is closely tied to the heightened exploitation of natural resources, many of which are
non-renewable and contribute to significant environmental imbalances when extracted.
Ghasemiasl et al. [2] highlight that climate change, triggered partly by energy consumption,
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is expected to escalate with the growth of economic activities and populations, especially
in developing countries.

In the face of this energy transition, numerous industrial installations actively explore
systems to capture and utilize energy otherwise lost to the environment. They integrate
different cycles, such as Kalina, organic Rankine, Brayton, etc., with the residual hot gas
exhaust circuit. Taking the cement industry as an example, the gases emitted from chimneys
typically have average temperatures of 250 °C, positioning the cement sector as one of the
industries with the highest heat loss globally through its exit gases.

This study chose the Kalina and diffusion-absorption refrigeration (DAR) machine
cycles due to their established performance and efficiency in industrial energy recovery.
The heat exiting the generator of the DAR system is further repurposed for the domestic
heating network and biogas production through a digester. The Kalina cycle was patented
in the 1980s [3]. It uses a mixture of water and ammonia as the working fluid. The Kalina
cycle is capable of operating at temperatures around 400 °C. The increased temperature
in the circuit thus allows the fluid to vaporize until optimal vaporization conditions are
reached [3]. According to Varma and Srinivas [4] and Junior et al. [3], the Kalina cycle
optimizes the energy efficiency of the conventional Rankine cycle by 20 to 40%. The Kalina
cycle can achieve exergy yields of 15 to 18%, relatively high values compared to the organic
Rankine cycle, whose exergy yields are between 7 and 10%. Cheng et al. [5] state that
the Kalina cycle is a promising technology for converting low-grade heat into electricity.
Hossain et al. [6] note that the Kalina cycle is increasingly used in high-temperature
applications (where the working fluid sometimes reaches 500 °C at the turbine inlet).
Figure 1 describes the application of the Kalina cycle dedicated to electricity production.
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Figure 1. Representation of Parabolic Trough Collector (PTC) solar field and Kalina cycle integra-
tion [7].

Numerous works in the literature deal with waste heat recovery using the Kalina cycle.
Da Costa Horta et al. [8] were interested in studying electricity cogeneration in the cement
plant to establish a comparison based on the operating and performance characteristics of
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the two Kalina cycles studied. The results show that one of the Kalina cycles can produce
acceptable electrical power.

Ma et al. [9] investigated a flue gas waste heat recovery system consisting of a flue
gas heat transfer system and air heat transfer systems. The main goal was to improve
system performance. Zhao et al. [10] were interested in the recovery of residual heat from
the silicon production system for the hybrid system, that is, the production of electricity
and heat necessary for the pyrolysis of tires. To achieve their objectives, the authors
considered the hybrid system’s thermodynamic and techno-economic aspects. This study
found energy and exergy efficiencies of 64.14% and 72.13%, respectively. Cao et al. [11]
focused on studying how to valorize waste heat from gas turbine exhaust gases in a
hybrid supercritical-transcritical carbon dioxide (CO,) waste heat recovery system, where
the inlet pressure of the turbine and mass flow played an important role in achieving
system performance. Zhang et al. [12] proposed a system for recovering residual heat from
combustion gases integrated into the bypass duct and the exterior primary air preheater of a
bitumen-fired power plant with the aim of limiting heat losses due to the mixture of cold air
with heated primary air. The system is optimized using the thermo- and techno-economic
analysis models of the waste heat recovery system.

The results show that the exergy efficiency of the waste heat recovery system can reach
49.8%. Fu et al. [13], in their work on the thermo-economic analysis of a new cogeneration
system for the cascade recovery of residual heat from combustion gases, showed that it
was possible to valorize low-quality residual heat at both an absorption refrigeration cycle
(ARC) and an organic Rankine cycle (ORC). The energy efficiency found is 54.84%. The
energy production is 1866.10 kW for an ORC evaporation temperature of 145 °C. The
exergy efficiency amounts to 34.57%, with an available energy of 1233.3 kW. Feng et al. [14]
designed a waste heat recovery system from flue gas from low-temperature sintering
cooling in an annular cooler for power generation to improve the thermal recovery and
utilization efficiency of the residual heat from sintering and the organic Rankine cycle. The
working fluid used is R600a. The results show that the net power output of the system
increases with increasing evaporation temperature. Wang et al. [15] analyzed and optimized
an organic Rankine flash cycle dedicated to low-temperature heat recovery using the 3E
(energy, exergy, and economic) analysis method and the swarm optimization algorithm
of particles. They used five organic fluids and three typical heat source conditions to
completely understand and control the thermo-economic characteristics of the system.
Benvenuto et al. [16] explored the possibilities of recovering waste heat from diesel engine
exhaust gases to meet energy needs. Among the proposed solutions is using either a steam
turbine and a gas turbine or simply a steam turbine for electricity production. The results
of the study showed that the gas turbine increases the system’s efficiency and reduces the
steam turbine’s power. Liang et al. [17] were interested in the valorization of waste heat
from the cooling of supercritical CO, and combustion gases to improve the efficiency of
electricity production based on the Brayton cycle. The authors recommend integrating the
organic Rankine cycle and the LiBr/H,O absorption refrigeration cycle, aiming to better
waste heat recovery performance. Zhu et al. [18] explored the possibility of producing
electricity from liquefied natural gas using thermoelectric generators (TEG). This involves
the recovery of cold energy from the liquefaction of natural gas. To avoid the risk of icing,
the cryogenic thermoelectric generator uses natural gas vapor on the hot side of the TEG. A
maximum power output of 593.94 W was achieved.

Absorption refrigeration machines are a viable alternative for harnessing low-quality
waste heat at lower temperatures. The concept of the absorption machine dates to 1859,
stemming from the pioneering work of Ferdinand Carré, who patented the technology
in the same year. In contemporary times, the global push for energy transition, a policy
aimed at promoting the adoption of environmentally friendly and less polluting green
energies, significantly advocates for the refrigeration sector to embrace sustainable systems,
mainly through the widespread adoption of absorption refrigeration machines. As Asfand
and Bourouis [14] highlighted, the global community grapples with an impending energy
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shortage, emphasizing the growing significance of absorption refrigeration systems. Work-
ing fluids are environmentally friendly and have low ODP (ozone depletion potential),
encouraging many industrialists to opt for Kalina cycle systems, with ongoing research
to achieve economically viable and efficient thermal systems. Efforts in this direction
involve optimizing the selection and sizing of essential system components, including the
absorber, generator (or boiler), energy source, condenser, and evaporator, and potentially
incorporating heat exchangers and pumps. Research also explores integrating different
technologies, such as combining compression and absorption machines or leveraging multi-
ple energy sources. Notably, the development of absorption machines is gaining increasing
importance, particularly in applications related to air conditioning and preservation [19-25].
Figure 2 illustrates a schematic diagram of the DAR cycle, featuring a generator, rectifier,
condenser, and evaporator coupled with a gas heat exchanger, absorber, reservoir, and
solution heat exchanger.

Condenser

— |
L ) SR
Evaporator 1 l
4 +GHX 7
: MK
2 é
7
%
7
%
- 3 é
3 l Absorber g
7
g
7
7
qg_ é Generator
J % Oge.‘ra
SHX
AL LSISSTSS S E@

Figure 2. Schematic diagram of the DAR [26].

Numerous studies in the literature delve into diffusion-absorption refrigeration ma-
chines, exploring their utilization with diverse energy sources. For instance, Dhindsa [27]
evaluated energy sources that can power thermochemical absorption solar hybrid refrigera-
tion systems. This study shows that the so-called renewable sources can be used to operate
such types of systems. Alcantara et al. [28] developed a mathematical model to simulate the
behavior of absorption coolers with NH3; /LiNO3; working fluid. An additional component
known as a “rectifier” is essential to purify the refrigerant before entering the condenser.
Given the volatility of the absorbent (water), it evaporates alongside ammonia (refrigerant).
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Without the rectifier, the water condenses and accumulates inside the evaporator, leading
to diminished performance.

A multigeneration cycle was proposed by Fouda et al. [29]. This system comprises
several subsystems, encompassing the absorption refrigeration cycle, the organic Rankine
cycle, and a proton exchange membrane electrolyzer. Almohammadi et al. [30] also studied
a multigeneration system using solar energy as an energy source. The system includes an
organic Rankin cycle, a water desalination system by humidification and dehumidification,
a desiccant cooling system to produce electrical energy, and a water desalination system
and air conditioning. The objective is to compensate for the energy deficit in certain
gulf countries.

The novelty of this manuscript lies in the fact that the multiple-cycle generation system
developed here is designed for heat recovery at both high and low temperatures at a lower
cost. The Kalina cycle system proposed in this work is more energy efficient and improves
the power generation performance by more than 50% compared to the conventional Kalina
cycle. Although powered by an energy source with a relatively low temperature, the DAR
system produced acceptable efficiency and a cooling capacity of 6.77 MW. Also, this study
went far by exploiting the residual heat of the outlet gases at the level of the bubble pump,
which had been used to heat the H,O-NHj solution in the DAR cycle. A heat exchanger
uses this thermal energy to heat water for domestic use. The energy contained in the gases
released from this heat exchanger is used again to produce biogas.

2. Materials and Methods
2.1. System Description

The proposed multigeneration system outlined in this article encompasses four pri-
mary components: electricity production, cold generation, heat production (for domestic
hot water), and biogas production. The system is equipped with a heat recovery mechanism
within the cyclone tower and the clinker cooling stack of a rotary cement kiln, both exhibit-
ing temperatures exceeding 150 °C. The residual gases heat water through heat exchangers
integrated into the circuit. The heated water is directed to the exchangers through which
the refrigerant fluids (specifically, the HyO+NHj3 mixture) pass. The electricity production
circuit operates based on the Kalina cycle (Figure 3) following the following steps:

1.  Pump 1 is responsible for drawing the water-ammonia mixture under atmospheric
conditions and transferring it to a preheater.

2. Once preheated, the mixture proceeds to an evaporator, undergoing evaporation. The
resulting steam is then directed to the first superheater for additional heating.

3. The superheated mixture enters the high-pressure turbine, where thermal energy is
converted into kinetic energy at the turbine shaft.

4. After expansion in the high-pressure turbine, the steam passes through the second
superheater before entering the medium-pressure turbine. This process converts
thermal energy into kinetic energy, driving an electric generator.

5. Following expansion in the medium-pressure turbine, the steam moves on to the
low-pressure turbine, further expanding and contributing to additional electrical
energy generation through coupling with the generator.

6. Maintaining a constant concentration, the steam passes through a heat exchanger or
recuperator, preheating the mixture from the pump.

7. Exiting the recuperator, the mixture then enters the condenser. The pump then draws
in the condensed mixture to repeat the cycle.

This Kalina cycle configuration facilitates the efficient conversion of thermal energy
into electrical energy, forming a vital component of the multigeneration system'’s over-
all functionality.
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Figure 3. Diagram of Kalina cycle system.

The gases emanating from various heat exchangers (gas—water) retain a significant
amount of recoverable energy, leading to the integration of the DAR cycle into the system.
The DAR system employed in this article follows the configuration introduced in the work
of Mazouz et al. [31]. This DAR system comprises a rectifier, a condenser, an absorber,
an evaporator, and a generator designed as two externally heated coaxial tubes. The
inner tube functions as the bubble pump, receiving heat indirectly through the solution

flowing in the annular space, acting as a boiler. The heat Q,, supplied to the generator
facilitates degassing a fraction of the ammonia in the rich solution from the absorber.
The resulting ammonia vapors are subsequently purified in the rectifier through partial
condensation of the remaining water vapors, with the heat rejected in the rectifier denoted

as Qyec- The nearly pure ammonia then condenses in the condenser, releasing heat Qeond
to the environment. The condensate undergoes sub-cooling in the gas heat exchanger
before evaporating at low temperature in the evaporator, producing useful cooling capacity

Qevap- The gas mixture exiting the evaporator is directed to the bottom of the absorber,
where it flows upward in a counter-current manner to the weak solution coming from the
generator, fed at its top. The exothermic absorption of ammonia in the aqueous solution is

accompanied by the rejection of heat Qabs to the ambient [31]. Thus, Qgen represents the
energy derived from the hot gases in the gas-water exchangers. Upon exiting the generator,
the gases retain sensible energy, which is utilized in two configurations: the production of
domestic hot water through a heat exchanger and the production of biogas. In the latter, the
residual gases heat the walls of the gasifier, accelerating the decomposition of the organic
waste inside the enclosure and facilitating biogas production. Figure 4 illustrates the second
part of the multigeneration system under study in this article.
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Figure 4. Diagram of DAR cycle, domestic hot water, and biogas production systems.

2.2. Absorption Working Fluids Selection

Selecting the appropriate working fluid or solution is crucial in operating a heat
recovery system. The thermophysical properties of the chosen working fluid significantly
influence the system’s performance. Factors to consider include the rate of evaporation at
the saturation point, safety considerations (harmfulness in case of accidents or leaks in the
installation), and global warming potential (GWP) values. Different fluids exhibit varying
characteristics in evaporation rates, safety profiles, and environmental impact, making the
choice of the working fluid a pivotal aspect of system design and operation.

Typically, the thermodynamic properties of working fluids are presented in diagrams.
According to Cefarin [32], critical thermodynamic properties crucial for designing an
absorption system include pressure, temperature, mass fraction, enthalpy, specific volume,
and entropy. Various studies have employed the water-ammonia mixture in the literature
due to its efficacy in the absorption machine cycle. This mixture is recognized for harnessing
heat sources at low temperatures (80-200 °C). In the current study, the ternary water—
ammonia-hydrogen mixture is utilized, both in the Kalina and the DAR machine cycles.
This choice is motivated by the mixture’s performance characteristics, particularly its
suitability for exploiting low-temperature heat sources. The curves in Figure 5 were drawn
based on the information and data from the work of Vijayaraghavan [33].

2.3. Benefits, Safety Risks, and Remedies of Using Ammonia

Ammonia is a flammable product with an auto-ignition temperature of around 651 °C
and an octane number of 130 [34], higher than methane and propane. According to
Shanmugam and Mital [35], anhydrous ammonia is the most used in large refrigeration
systems because it has better physical properties than the competing refrigerants (3 to 10%
more efficient). Ammonia is known to have an ozone depletion potential (ODP) and global
warming potential (GWP) of zero [35-38]. For Yamamoto et al. [36], the water-ammonia
mixture is the natural working fluid par excellence for absorption refrigeration systems
and allows a wide range of operating temperatures. Because of the above, ammonia is
considered a natural refrigerant that decomposes easily in the environment. Although
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ammonia has energy and environmental benefits, it is hazardous to human life. It can
cause burns to the skin and eyes and lung problems, and can be fatal, especially at high
concentrations (about 15 to 28 percent of air volume). Ammonia can explode if released into
an enclosed space where there is an ignition source or if a container containing ammonia
is exposed to sufficient heat [35,39]. Hence, there is a need to adequately protect and
always inspect ammonia pipes to avoid leaks that could endanger the lives of personnel
and even cause a material accident. According to Shanmugam and Mital [35], in the United
States of America, ammonia refrigeration systems containing 4536 kg or more of ammonia
are subject to the OSHA Process Safety Management (PSM) standard and management
program EPA Risk Assessment (RMP).
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Figure 5. T-s diagram of ammonia-water mixture.

3. Modeling of the Multigeneration System

This section presents the physical modeling of different systems constituting the
overall system. Firstly, the hypotheses used are presented, then the mathematical equations
reflecting the operation of these systems are modeled. Finally, the mixing model of the
fluids used is presented.

3.1. Main Assumptions
In this article, the following hypotheses have been adopted:

For the Kalina Cycle, additional details are available in a previous publication [40]:

e The system is in a state of equilibrium, with no consideration given to kinetic or
potential energies.

O Pump 1 operates under ambient room temperature conditions.
O Ammonia and water mixing takes place at room temperature.

e  Heat losses from both the power cycle components and the surrounding environment
are disregarded.
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e A pinch point of 10 K is assumed for the superheaters, while a fixed efficiency of 60%
is assigned to the remaining exchangers.
Both Pump 1 and Pump 2 draw fluids at a temperature of 30 °C.
At the inlet, the concentration is 88% for NH3; (ammonia) and 12% for water.

For the DAR Cycle:

- Temperature variations directly influence changes in the NH3 concentration.
- The temperature at points 24 and 15 is equal (124 = T15).

3.2. Mass, Energy, and Exergy Analysis

The thermodynamic equations characterizing the multigeneration system are given
in the following tables (Tables 1 and 2). These equations are based on the two main laws
of thermodynamics.

3.3. Thermodynamic Modeling of Refrigerant Mixing

The isentropic or energy efficiencies, the energy and exergy balance, and the irre-
versibility of each component play a significant role in the modeling process of the present
multigeneration system (especially Kalina and DAR). Given that the concentration of
ammonia in the mixture greatly influences the cycle’s performance, this article will use
the information in the work of Mungyeko Bisulandu et al. [40], which states that the en-
thalpy at each cycle point is the weighted sum of the enthalpies of each species in the
refrigerant mixture.
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Table 1. Mass, energy, and exergy balance of multigeneration system.

Components Mass Balance Equations Energy Balance Equations Exergy Balance Equations
KALINA CYCLE

, 4 A , : 4 . - - - - . D
Preheater 1y = mz AND e = iy Qpren = M1 (3 — ha) = 1i1a (g — he) Exy 4+ Exc = Ex3 + Ex; + Exp,pp
Evaporator mz = my AND 1, = 11, Qevap = 11 (hy — h3) = mmg(he — ) Ex3 + Exp = Exy + Exc + Exgyqp

Superheater 1

titg = 1its AND 1, = ity

quperhl =1 (h5 - h4) = mﬂ(hb - hll)

. . . ; ; D
Exqy + Ex, = Exs + Exp + ExSuperhl

Superheater 2 titg = 117 AND Tiigeory = Titgeor qu,m;,z = 1ity (he — h7) = titgeor (Mgeor2 — Pgeor) Exe + Exgeon = Ex7 + Exgeoin + ExSDupeth
HPT 15 = 1itg wypr = hs — he Exs = Exg + Wypr + ExZPT
LPT 1g = 1itg wppr = hg — hy Exg = Exg -+ Wy pr + Expr
MPT my = g wmpr = h7 — hg Ex; = Exs + Wappr + Exg,,pT
Heat Exchanger 2 mg = g AND my = i : HEx2 = Mo (hg — hyg) = my(hy — hy) Exo + Ex; = Ex10+ Exo + EXIE-)IEXZ
Condenser My = My and = myg(h1o — h11) Exyo = Exy1 + Exgm,ld
Feed Pump 1 My = 1, = i1y Wpympr = M1 — h11 Exi1 = EX1 — Wpympa + Ex?umﬂ
Feed Pump 2 My = nn Wpump2 = e — hg Exg = EXe — Wpump1 + Ex?umpl
Heat Exchanger 1 fgey1 = Tigeyy AND 11, = 11, Onex1 = tgey (Rgey2 — hgeyr) = 1ia(ha — he) Exgcyl + Ex, = Exgcyz + Ex, + ExZEXl
DAR SYSTEM
Bubble Pump My + My = fitgp + Moz Qgen = tphy + tiyzhiz — myphiy — moghos Ex13 4+ Ex» = Exqp + Exo3 + Ex;n
Rectifier My = M3 + Mg Qm = myphyp — myzhyz — myghyy Ex14 + Ex13 = Exlz + Exzf
Condenser 1y = Hlg5 Qeond = M1a(h1s — hg) Exys = Exyy + Exgo11d

15 = T A _ _ , . 4 , A . A D
GHX Exchanger Zi; = Z;z Qcux = ts(lne — his) = tit7 (g — hiy) = tit19 (2o — hio) Ex15 + Ex17 + Ex19 = Exy6 + Ex15 + Ex20 + Exgpx
Evaporator 116 + Moy = Myy Qemp = myyhiy — mighie — maohao Ex16 + Expo = Exy7 + Exiu,,
Absorber 11g + 1oy = 19 + Moy Qabs = niighig + Mipghpg — Mighig — Mo hoy Exos + Ex1g = Exp + Ex19 + ExZ,S
SHX Exchanger My = My AND n1p3 = 11y QSHX = g1 (hop — ho1) = a3 (hog — ho3) Exys + Exy; = Exos + Exap + Ex?HX
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Table 1.

Cont.

Components

Mass Balance Equations

Energy Balance Equations

Exergy Balance Equations

DOMESTIC HEATING NETWORK

. i ) . . , , . . . . )

Heat Exchanger tps = tiy7 AND rmize = g QnrEexw = 1Ma5(hay — has) = 1t (has — o) Exos + Exog = Exy + Exog + Exppyy
) . . i . . D

Hot Water Tank g = tiipg Quwr = tiag(hag — has) Exps = Exp9 + Expyr

Hot Water Tank 2 figg = mzg AND mg = mzp Quwrz = tz9(h3o — hag) — mz1 (hap — h31) Exo9 + Ex3; = Ex30 + Exs2 + Exgwra

BIODIGESTER

Biogas Production

Ma7 = msz3

QBGP = m27(h33 - h27) + mwustehwaste

. . . D
Exy7 = Ex33 + Expgp
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Table 2. Performance parameters of multigeneration system.
Components Performance Parameters
KALINA CYCLE
Net work Wpet =W T — W p
Energy efficiency o ONe
MEnergy QHR —QRec
Exergy efficiency NExergy = wﬁ%
8 EXIH
DAR SYSTEM
COP COP = Qeoap
Qgen

Temperature of evaporator Tevap = (1 — &) Top + €T 1
Net cooling capacity Qemr = myyhyy — mighie — Maghag
DOMESTIC HEATING NETWORK
Thermal power Qpun = Titashags thazhay — (titashas + tinaghag )

1c1 Trejp—Thej
Energy eff1c1ency T]Energy = %
BIODIGESTER
Thermal power Towaste2 = % + Twasten

ic1 Trejs—Twas e,.
Energy efficiency NEnergy = #

rej3

: . . . T o Ten
! formula established based on the following relationship: eye = %
ami

4. Model Validation

The original contribution of this work addresses integrating multiple energy recovery
and generation techniques. Therefore, the validation of this model is performed separately
for electricity production, cold production, and heat production.

4.1. Kalina Cycle System Results Validation

Our previous work [40] provides details on validating electricity production. The
comparison parameters are thermal efficiency, operating temperature, exergy efficiency, and
electrical power. The analyses show significant similarities with the work of Junior et al. [3].
Table 3 presents simulation errors compared between Junior et al. [3] and this model. Since
the errors found are minimal, this model is valid and reliable.

Table 3. Comparison of results and simulation error calculation.

Parameters Junior et al. [3] Present Model Error %
Temperature [°C] 390 300 23.08
Exergetical Efficiency [%] 47.8 40.35 15.59
Thermal Efficiency [%] 23.3 22.15 4.94
Net Electrical Power [kWe] 2429.056 2565.03 5.60

The significant differences in temperatures between the works of Junior et al. [3] and
the present model are because the models have different types of cycles and whose energy
sources (energy recovery in the gases leaving the kiln) are found in different places in the
circuit of the rotary kiln. The error of 23% is due to the different designs adopted in the
models of the heat recovery exchangers and the location of the energy recovery exchanger
in the gas circuit leaving the cement production rotary kiln.

4.2. Comparison of DAR Cycle System Results with Similar Literature Applications

This article’s results were compared to similar works in the literature to validate the
DAR cycle model. The comparison concerns the installation’s performance and operating
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parameters (input and output). Table 4 compares the operating parameters of this simula-
tion with the ones of Rattner and Garimella [41,42]. The two have very similar operating
parameters. As input parameters, the works found in the literature use the values of 24 °C
and 130 °C, respectively, as the ambient temperature and exchange temperature at the
generator level. In our simulation, we used 30 °C and 109 °C as the ambient and exchange
temperatures at the generator. As for the working pressure, they use a value of 11.5 bars,
slightly lower than that of the model presented, which amounts to 20 bars. A difference of
approximately 8.5 bars emerges. Regarding the performance parameters, the two works
have almost the same COP value, i.e., 0.26, with a difference of 0.0082.

Table 4. Comparison between the results of the DAR cycle of this model and those found in
the literature.

Parameters Rattner and Garimella [41,42] Present Model Gap
Type of refrigeration machine DAR DAR -
Ambient temperature 24°C 30°C +6°C
Exchange temperature at the generator 130 °C 109 °C -21°C
Pressure 11.5 bars 20 bars +8.5 bars
Working fluids NH;3-NaSCN-He NH;3-H,O-H, -

COP found 26% 26.82% +0.82%

Our simulations agree with Rattner and Garimella’s data [41,42]. There is no signif-
icant difference between the literature data and actual performance, including ambient
temperature, exchange temperature at the generator, pressure, and COP. The analyses and
comparisons above allow us to conclude that this model is valid and reliable.

5. Results and Discussion
5.1. Data of Study

The data and operating conditions from an existing cement kiln located in Congo-
Kinshasa facilitate the development and simulation of the multigeneration system. These
technical and industrial data are used to simulate the system studied. Detailed information
on the operating parameters of the Kalina cycle is given in [43], and that of the DAR cycle
is given in Table 5.

Table 5. Operating parameters of the DAR cycle, domestic hot water, and biogas production system.

Operating Parameters Values
Gas temperature at generator inlet (Tgas-gen) 109.5 °C
The mass flow rate of working fluid (H,O+NH3) 22.32kg/s
The mass flow rate of H, 14.83 kg/s
Ambient temperature 30°C
Rectifier pinch-point temperature difference 10°C

The efficiency of the absorber 80% [44]
The efficiency of evaporator 80% !

The efficiency of heat exchangers 70% [45]
The concentration of NHj3 in the mixture at the pump discharge 30% [43]
Evaporator pinch-point temperature difference 10 °C [46]
SHX efficiency 70% [45]
The mass flow rate of waste (biomass) 500 kg/s
Average waste temperature 20°C
Lower calorific Value 17.2M]/kg

1 value estimated based on the efficiency of the absorber which is 80%.
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5.2. Kalina Cycle System
5.2.1. Thermodynamic Performance

This study comprehensively analyses the thermodynamic performances of the Kalina
cycle designed explicitly for electricity production. The results of this analysis are briefly
presented in Table 6. The results obtained in this part concern the energy modeling of the
Kalina cycle (KCA), focusing on its application in electricity production conditions.

Table 6. Thermodynamic performance of the Kalina cycle.

Thermodynamic Parameters Values
Specific Work [k] /kg] 367.66
Net Mechanical Power [kW] 2817.83
Net Electrical Power [kWe] 2565.03
Thermal Efficiency [%] 22.15
Exergy Efficiency [%] 45.12
Thermal Power to the DAR Cycle [kW] 7368.20

The characteristic points of the Kalina cycle can be seen in the T-S diagram in Figure 6.
The concentration of NHj is the same at each point of the cycle.

(KCA-Ammonia Water T-s diagram)
700 T : . : T

650 [

600 [

500

450

Temperature[K]

400

as0

250 — L L L L s L L 2 L J
1.5 2 2.5 3 a5 4 45 5 B.E & B.5

Entropy [kJkg/K]

Figure 6. T-s diagrams of the Kalina cycle.

The exergy yields demonstrate a considerable improvement compared to the energy
yields, as indicated in Table 7. The table displays the exergy destruction for each component
under specific conditions, including a given evaporation pressure and an ammonia mass
fraction of 0.88 in the working fluid.
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Table 7. Exergy analysis of the components in the Kalina cycle.

Components Exergy Destruction [kW] Exergy Efficiency [%]
Preheater 2637.58 84.59
Evaporator 758.72 50.91
Superheater 1 790.32 65.68
Superheater 2 5086.29 64.55
HPT 1159.70 53.70
MPT 1745.38 35.69
LPT 509.47 20
Heat Exchanger 2 3261.88 79.85
Condenser 5332.39 21.72
Feed Pump 2 29.34 29.88
Feed Pump 1 8.83 88.69
Heat Exchanger 1 7456.85 89.86

Figure 7 shows the share of each component in the overall exergy destroyed in the
Kalina cycle. Examining the results, Figure 7 highlights that the highest exergy destruction
in the Kalina cycle system occurs in heat exchanger 1 (26%), followed by superheater 2 and
the condenser (18%).

Heat Exchanger 1 Frel;::ter Evaporator
26% 3% _ Superheater1
Feed pump 1 05
0% Superheater 2
18%
HPFT
4%
Condenser MPT
Feed pump 2 18% Heat Exchanger 2 LPT 6%
0% 11% 2%

Figure 7. Exergy destruction rate of the different components of the Kalina cycle.

5.2.2. Sensitivity of the Kalina Cycle

The impact of the temperature variation at point 5 on the thermodynamic performance
of the cycle is presented in Figure 8. The sensitivity study was carried out for temperatures
ranging from 200 °C to 360 °C, with a temperature step of 20 °C. Figure 8 shows the
variations in specific work, electrical power, mechanical power, and thermal efficiency
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in response to the temperature changes in point 5. The observed trend indicates a direct
proportionality between the performance parameters and the high-pressure turbine inlet
temperature—higher temperatures correspond to increased values in these parameters.
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Figure 8. Influence of HPT’s temperature on performance parameters.

The impact of the pressure variation, under the conditions of no variation in the am-
monia mass fraction, on the thermodynamic parameters of the Kalina system is presented
in Figure 9. In Figure 9a, the specific work increases considerably between 3 and 11 MPa.
Between 11 and 19 MPa, the specific work is reduced. This phenomenon can also be
observed in the electrical and mechanical power curves (see Figure 9b,c). Like specific
work, there is a peak in electrical power with increasing pressure at approximately 12 MPa
before decreasing. The same observations are true for the Kalina cycle’s mechanical power
and thermal efficiency.

Figure 10 shows the impact of varying the ammonia concentration on KCA perfor-
mance parameters for concentrations between 60% and 94%. Increasing the ammonia
concentration also leads to an increase in specific work because higher concentrations im-
prove the thermal efficiency of the evaporator (see Figure 10a). It is worth noting that there
is a slight slope in the variation in specific work with respect to ammonia concentration.
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Figure 9. Influence of pump discharge pressure on performance parameters.
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Figure 10. Influence of NH3 concentration on performance parameters.

Figure 10b,c show the electrical and mechanical power variations with the NHj3
concentration, respectively. These figures show that, under optimal pressure conditions,
the increase in concentration is also accompanied by increases in electrical and mechanical
powers. The increase in power in the cycle is the increase in mass flow, which is influenced
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by the variation in the NHj3 concentration. These conditions occur because there is an
increased production of steam, given the richness of the mixture present.

Figure 10d shows the impact of variation in the concentration of NH3 on thermal
efficiencies. Compared to the other three variations, the slope of the increase in thermal
efficiency is higher.

5.3. DAR Cycle System
5.3.1. Thermodynamic Performance

The thermodynamic performance of the DAR cycle is primarily grounded in the
two laws of thermodynamics, which articulate the quantitative conservation of energy
and the qualitative degradation of energy, respectively. An energy analysis of a system
involves tracking the energy supplied and released by the system. The concept of exergy
balance is rooted in both the laws of thermodynamics. This article’s energy performance
considerations encompass the cycle performance coefficient, evaporation temperature, and
cooling capacity. Other heat exchanges can also be scrutinized to assess the performance of
a diffusion—-absorption refrigeration (DAR) machine cycle. The exergy analysis employed
in this study seeks to ascertain the exergy destructions in each component of DAR and
identify the elements that have a significant share in the overall destroyed exergy. Utilizing
the heat flux of 7368.20 kW (at 109.5 °C) rejected by the Kalina cycle system (refer to Table 6)
facilitated the derivation of the following results (as presented in Table 8 below):

Table 8. Performance study parameters of the DAR system.

Operating Parameters Values
Heat transfer from Evaporator [kW] 6766.023
Heat transfer from Condenser [kW] 8464.306
Heat transfer from Absorber [kW] 26,322.392
Heat transfer from Generator [kW] 25,226.022
Heat transfer from Rectifier [kKW] 5743.233
Coefficient of Performance [-] 0.268
Evaporator Temperature [°C] 10.57

The distribution of the different heat exchanges of the DAR components is shown
in Figure 11. The absorber evacuates most of the heat exchanged (37%), followed by the
generator (35%). The rest is shared almost equally between the condenser, the rectifier, and
the evaporator. The less energy destruction there is, the better the coefficient of performance
(COP). Table 9 shows the characteristics of the different points in the DAR cycle, while
Table 10 gives the results of the exergy analysis of the DAR cycle.

Rectifier Evaporator
8t %

Condenser
12%

Generator
35%

Absorber
36%

Figure 11. Distribution of heat exchanges of DAR cycle.
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Table 9. Thermodynamic parameters of DAR system.
State Mass Flux Temperature Enthalpy xNHj; xH,O xHj,
Point [kg/s] Cl Pressure [bar] [1J/kg] %] [%] [%]
12 22.32 93.6 20 1303 0.9652248 0.0347752 0
13 15.21 83.6 20 860 0.0347752 0.97317555 0
14 6.94 83.6 20 1480 0.97317555 0.02682445 0
15 6.94 40.72 20 259.78 0.97317555 0.02682445 0
16 6.94 5.72 20 1480 0.97317555 0.02682445 0
17 14.47 —9.28 20 2594 0.045405 0 0.954595
18 14.47 25.72 20 2594 0.045405 0 0.954595
19 7.36 26.63 20 2778 2.314 x 107° 3%%(168 % 0.99997683
20 7.36 1.49 20 2788 2314 x 1075 3%%6168 % 0.99997683
21 22.32 13.46 20 173 0.58182 0.41818 0
22 22.32 77.06 20 173 0.58182 0.41818 0
23 15.21 104.32 20 860 0.0347752 0.97317555 0
24 15.21 40.72 20 860 0.0347752 0.97317555 0
Table 10. Exergy efficiency and exergy destroyed in the DAR cycle.
Components Exergy Destroyed [kW] Exergy[l;:/f?aency
(]
Bubble Pump 18,618.06 3.28
Rectifier 4152.44 3.45
Condenser 16,987.36 28.94
GHX Exchanger 12,174.98 54.99
Evaporator 1314.92 28.43
Absorber 2177.83 15.50
SHX Exchanger 17,017.18 15.84

Figure 12 above shows that the most significant exergy destroyed is at the genera-
tor, then from the condenser, SHX, and GHX. The evaporator has low exergy destroyed,
estimated at 2% of the overall exergy destruction.

5.3.2. Sensitivity of the DAR System

The influence of the generator temperature variation on the DAR cycle system is
examined in Figure 13. The discharge temperature of the hot gases from the Kalina cycle is
employed to study the behavior of the DAR cycle as it undergoes variations. The study
spans temperatures from 100 °C to 250 °C, with a step of 10 °C. Figure 13a illustrates the
evolution of the coefficient of performance (COP) with the generator temperature. The COP
increases until 150 °C and then decreases with temperature increase toward 250 °C. The
optimal COP value is observed at a temperature of 150 °C. Figure 13a indicates that high
temperatures alone are insufficient for achieving good COPs. Since the COP is a function
of the evaporator power, the same holds for the variation in the evaporator power with
the generator temperature (Figure 13c). As the operating temperature increases under
constant pressure conditions, the Qevap (directly proportional to COP) has a maximum
value at the optimum temperature. After the optimum point, the Qevap decreases as the



Energies 2024, 17, 3041

20 of 29
temperature increases, as shown in Figure 13c. This situation can also be observed in the
cases of Figure 14b,d.

SHX
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Figure 12. Distribution of exergy destroyed in the different organs of the DAR.
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Figure 13. Influence of the generator’s temperature variation on the (a) coefficient of performance,
(b) generator power, (c) evaporator power, and (d) temperature of the evaporator.
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Figure 14. Sensibility to the generator power (under the effect of the generator’s temperature
variation) of the (a) coefficient of performance, (b) evaporator power, (c) temperature of the evaporator,
and (d) sensibility of the evaporator power to the temperature of the evaporator (under the effect of
the generator’s temperature variation).

Figure 13b depicts the variation in generator power with the generator temperature.
This curve is not linear due to the instabilities observed, particularly in the flow rates of
hot gases and the water-ammonia solution. The curve in Figure 13d shows the ascending
linear relationship between the evaporator and generator temperatures. Unlike COP, the
evaporator temperature increases with the generator temperature throughout the variation,
indicating a proportional relationship between the two variables.

Figure 14 illustrates the variation in different parameters with the generator’s power.
The generator’s power varies with the generator’s temperature, such that each point in
Figure 14 corresponds to a temperature between 100 to 250 °C. The COP variation with the
generator’s power illustrated in Figure 14a behaves as with temperature in Figure 13a; the
COP increases with the generator’s power up to a power of approximately 2.6 x 10* kW.
At higher powers, the COP decreases. Figure 14a indeed validates the relationship, making
it possible to calculate COP as a function of both temperature and power. Figure 14b, for
its part, is also like the curve in Figure 13c, allowing us to notice a similar influence of the
temperature and generator power on the variation in the cooling power. An evaporator
power peak is observed when the generator power indicates the value of 2.6 x 10* kW.
The relationship between the evaporator temperature and generator power is illustrated in
Figure 14c, which shows a quasi-linear ascending curve. As the generator power increases,
the evaporator temperature also increases. Figure 14d illustrates the relationship between
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the evaporator temperature and power. This curve behaves similarly to those in Figure 13c.
The reason is that Teyap is directly proportional to Tgen and Qgen.

As in Figure 13a, the peak in Figure 14a shows that for a given absorber efficiency
of 0.8 and an evaporation temperature of 10.57 °C, the COP increases sharply up to a
particular maximum value, then gradually decreases as the generation temperature (or
generation power) increases.

The sensitivity of the circuit to the pressure variation in the DAR cycle system is shown
in Figure 15. The evolution of COP with the pressure variation is shown in Figure 15a.
The latter shows that an increase in COP accompanies the increase in pressure. Figure 15b
shows that the generator’s power is inversely proportional to the pressure; Qgen decreases
as pressure increases. Figure 15¢ highlights the variation in the evaporator power with
the circuit pressure. The two variables are directly proportional. And finally, Figure 15d
represents the evolution of Teyap as a function of the pressure variation. The evaporation
temperature decreases with increasing pressure.
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Figure 15. Sensibility to the cycle pressure variation of the (a) coefficient of performance, (b) generator
power, (c) evaporator power, and (d) temperature of the evaporator.

Figure 16 illustrates the performance variation with the generator power associated
with a range of pressure variations from 8 to 23 bars, incremented by 1 bar. Each point on
these graphs represents a specific pressure value. Figure 16a shows the variations in the
coefficient of performance with the generator’s power when the pressure varies. The COP
has its optimal values only at low Qgen values. Similarly, Figure 16b demonstrates a decrease
in Qevap as Qgen increases. Figure 16c¢ is essentially the mirrored image of Figure 16a. Tevap
is almost constant, then increases, with variable slopes until the Qgen values close to 2.9 kW.
Beyond this point, the slope diminishes considerably. When the pressure fluctuates, the
cooling capacity decreases as Tevap increases, as depicted in Figure 16d.
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Figure 16. Sensibility to the generator power (under the effect of the cycle’s pressure variation)
of the (a) coefficient of performance, (b) evaporator power, (c) temperature of the evaporator, and
(d) sensibility to the temperature of the evaporator (under the effect of the cycle’s pressure variation)
of the evaporator power.

5.4. Domestic Hot Water System

In the domestic heating network standard, orders of magnitude (set temperatures)
are recommended for reaching or approaching. The set temperatures considered sufficient
are as follows (https:/ /energieplus-lesite.be/, accessed on 27 December 2023): body care,
approximately 45 °C; collective shower, around 40 °C; domestic kitchen, around 50 °C;
professional kitchen, around 60 °C, and disinfection (butchery), up to 90 °C. In this work,
the water’s final temperature, after heat exchange with the residual gases at Trep = 45.9 °C,
is Tyw = 42.72 °C. The thermal efficiency reaches 27.71%. Regarding the setpoint tempera-
tures mentioned above, the hot water temperature found in the present work falls within
the range of setpoint values, i.e., 40 to 50 °C (for the case of residential houses).

5.5. Biogas Production System

The biogas production discussed in this article is mesophilic, given that the temper-
ature level released by the domestic hot water system is 33.18 °C. The waste is of the
agricultural biomass type, with a lower calorific value of 17.2 MJ /kg [47] and a specific
heat of 1332 kJ /kg/K. Using the residual gases leaving the domestic hot water heating,
the heat exchanger increases the sensible heat per unit of time (thermal power) of the
biomass in the biodigester from 195.24 MW to 206.75 MW and accelerates biogas produc-
tion. Figure 17 illustrates the influence of the residual heat of the gases on the biomass
contained in the biodigester.
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Figure 17. Variation in biomass properties according to gases’ residual heat characteristics.

Figure 17a,b, respectively, represent the effect of the variation in gas temperature on
the waste temperature and the sensible heat per unit of time (thermal power) of the waste.
Figure 17c relates the waste’s temperature and the waste’s thermal power (sensible heat
per unit of time) after heat exchange with the hot gases when the gas temperature varies.
Finally, Figure 17d represents the effect of the variation in the waste’s mass flow rate on the
waste’s sensible heat per unit of time after heat exchange with the hot gases.

6. Conclusions and Perspectives

In this study, the thermal performance and energy and exergy conservation in Kalina
cycle and DAR cycle systems using HyO+NHj3; and HyO+NH3+H; as working fluids,
respectively, are investigated. In the first part of the study, the Kalina cycle is coupled
with the circuit of hot gases leaving the rotating cement kiln via a water circuit. And the
second part of this study brings together the diffusion-absorption refrigeration machine
cycle (DAR), the domestic hot water circuit, and residual heat to produce biogas. The major
conclusions are listed as follows:

e  The three turbines and two superheaters in the Kalina cycle are intended to make the
system efficient.

e The energy in the hot gases was recovered in two places: the hot gases exiting the
preheating tower and those exiting the clinker cooler.

e The Kalina cycle system aims to produce electricity, thanks to the recovery of the
energy in the gases leaving the rotary kiln. The Kalina cycle gives an electrical power
of 2565.03 kWe. The efficiencies of the two laws of thermodynamics are 22.15%
and 45.12%, respectively, thermal efficiency and exergy efficiency. The model gives
satisfactory results in the different sensitivity cases studied.
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e The DAR cycle aims to produce cold using the energy of the gases leaving the Kalina
cycle circuit.

e  The gas energy rejected by the DAR cycle is used to heat domestic hot water and waste
in a biodigester.

e In the case of the DAR cycle, a coefficient of performance of 0.268, an evaporation
temperature of 10.57 °C, and a refrigeration capacity of 6766.023 kW were found. The
study of the model’s sensitivity to generator temperature and pressure variations also
gave good results. In the case of a water heating network, the hot water temperature
found in the present work falls within the range of setpoint values, i.e., 40 to 50 °C (for
the case of residential houses).

e In the biogas production circuit, the waste sensible heat per unit of time (thermal
power), after heat exchange with the hot gases, amounts to 206.75 MW for a flow rate
of 500 kg/s.

e  The results of the different sub-models of this article were the subject of a comparison
and validation study with data from the literature. This study, therefore, validated
all the sub-models. Although the proposed multigeneration system gives promising
results, it is important to analyze its critical parameters while reducing the assumptions
and recalculating the optimal system parameters.
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List of Abbreviations and Symbols

Latin Letters

Symbol Signification Unit

A Heat Transfer Surface area m?

Ex Primary exergy kJ

ex Specific exergy kJ/kg

F; Dimensional factor -

h Specific enthalpy k] /kg

h; Global coefficient of heat transfers kW/m?2/K
m Mass flow rate kg/s

Q Thermal power kW

q; Exhausted gas heat transfer rate kW

s Specific entropy kJ/kg/K
T Temperature K

Tgsor Exit gas temperature K

AT Variation in temperature K

w Work per time unit KJ/s

XNH3 NHj concentration in the mixture %
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Greek Letters

n

Efficiency %

€ Efficiency %

Subscripts

abs Absorber

amb Ambient

BGP Biogas production

cond Condenser

evap Evaporator

gcol Gas from cooler

gcoll Exit gas from cooler before heat exchanger 2
gcol2 Exit gas from cooler after heat exchanger 2
gey Exit gas from cyclone

gcyl Exit gas from cyclone before heat exchanger 1
gcy?2 Exit gas from cyclone after heat exchanger 1
gen Generator

GHX Gas heat exchanger

HEX1  Heat exchanger 1

HEX2  Heat exchanger 2

HExW  Heat exchanger of hot water

HR Potential amount of heat recovery from this process
HR1 Recovery of heat 1

HR2 Recovery of heat 2

HW Hot water

HWT Hot water tank

HWT2  Hot water tank 2

In Inlet

isHPT  Isentropic, high-pressure turbine

isLPT Isentropic, low-pressure turbine

isPump  Isentropic, pump

LMTD  Due to the Logarithmic Mean Temperature Difference
Out Outlet

P Pump

preh Preheater

pumpl  Feed pump 1

pump2  Feed pump 2

Rec Heat recovered amount in the regenerator

rec Rectifier

rej2 Rejected (gas rejected from the DAR cycle)
rej3 Rejected (gas rejected from the domestic hot water)
SHX Solution heat exchanger

superhl Superheater 1

superh2  Superheater 2

T Turbine

Waste  Solid waste

waste,1  Solid waste before heat exchanger with hat gas
waste,2  Solid waste after heat exchanger with hat gas
0 Environmental condition.

Superscripts

D Concerned exergy destroyed

Q Refers to heat transfer

W Refers to power
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Abbreviations
DAR Diffusion-absorption refrigerant

GHX Gas heat exchanger

HPT High-pressure turbine

IEA International Energy Agency
KCA Kalina cycle (A)

LNG Liquefied natural gas

LPT Low-pressure turbine

MPT Medium-pressure turbine
ORC Organic Rankine cycle

RDF Refuse-derived fuel

SHX Solution heat exchanger
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