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Abstract

Lithium and cobalt are a fundamental raw material for the manufacture of portable batteries,
widely used in mobile phones, laptops, electric cars, etc., due to their properties in the
accumulation of electrical energy. While it takes approximately 250,000 kg of lithium ore or
750,000 kg of brine to extract 1,000 kg of lithium, it takes only 28,000 kg of discarded lithium-
ion batteries to obtain the same amount of metal. For this reason, this project seeks to improve
and optimize the recycling process through the selective precipitation of lithium (Li) and cobalt
(Co) from ammonium oxalate (NHs)>C204 and sodium carbonate Na.COs, through a detailed
study of variables such as reagent concentration, pH and temperature. This will be achieved
through thermodynamic simulations, with the aim of maximizing the recovery of lithium and
cobalt from discarded batteries.
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Resumen

El litio y cobalto son una materia prima fundamental para la fabricacion de baterias portatiles,
ampliamente utilizada en los teléfonos méviles, laptops, autos eléctricos, etc., debido a sus
propiedades en la acumulacion de energia eléctrica. Mientras que se necesitan aproximadamente
250,000 kg de mineral de litio o 750,000 kg de salmuera para extraer 1,000 kg de litio, se
requieren solamente 28,000 kg de baterias de ion litio desechadas para obtener la misma cantidad
de metal. Por esta razén, este proyecto busca mejorar y optimizar el proceso de reciclaje mediante
la precipitacion selectiva de litio (Li) y cobalto (Co) a partir de oxalato de amonio (NHs)>C204 y
carbonato de sodio Na.COs, mediante un estudio detallado de variables como la concentracion
de reactivos, el pH y la temperatura. Esto se lograra a través de simulaciones termodinamicas,
con el objetivo de maximizar la recuperacion de litio y cobalto de las baterias desechadas.
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Introduction

Lithium and cobalt are fundamental raw
materials for the manufacture of portable
batteries, widely used in mobile phones, laptops,
digital cameras, electric cars, and more. due to
the advantages of light weight, large capacity
and long life. As a result, the production and
consumption of lithium batteries skyrocketed
(Kaya, 2022).

The main use of lithium and cobalt in
Mexico and globally is in battery manufacturing,
accounting for 39% of total usage. Other uses
include ceramics and glass (30%), lubricating
greases (8%), flux powders for continuous
casting and polymer production (5%), air
treatment (3%), and miscellaneous applications
(10%). In 2016, Mexican lithium exports were
only valued at $658, while imports amounted to
219 tons, representing a value of $1.6 million.
These figures show that, in 2016, Mexico's trade
balance for lithium had a deficit of $1.6 million.
Finally, it is noted that 90% of Mexico’s lithium
imports came from Chile, 9% from Slovenia,
and the remaining 1% from other countries
(Secretaria de Economia, 2018).

In Mexico there are currently 36 foreign-
owned mining projects focused on lithium
extraction, controlled by 10 companies. These
projects represent 97 thousand hectares of
concessions, with an addition to 537 thousand
hectares still in process. As a result, there is not
yet a lithium or cobalt mine with significant
productions, due to the low grades in the
deposits, lack of adequate extraction
technologies, in addition to the high costs of
extraction (Geocomunes, 2021).

Advances in the commercial
development of lithium-ion batteries have led to
significant growth in demand for lithium (Li),
cobalt (Co), manganese (Mn), and nickel
(N1). In 2019, lithium-ion batteries for electric
vehicle production were estimated to consume
around 19,000 mt (Million tonne) of cobalt,
17,000 mt of lithium, 22,000 mt of manganese,
and 65,000 mt of nickel. With the projection of
245 million electric vehicles by 2030, the
required demand for cobalt expands to around
180,000 mt/year, lithium to around 185,000
mt/year, manganese to 177,000 mt/year, and
nickel to 925,000 mt/year (Kaya, 2022).
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After hundreds of charge and discharge
cycles, the expansion of the batteries and the
capacity decreases until they are discarded, the
lifespan of the batteries is around 3 to 15 years
depending on the device. Consequently, the huge
battery consumption also generates a surprising
number of scrap batteries. (Kaya, 2022).

The largest source of lithium available
for recycling is lithium-ion batteries. Once their
capacity falls below 80% of their rated capacity,
these batteries are considered unsuitable for
electronic devices and are consequently
discarded. The concentration of lithium in these
discarded batteries ranges from 3% to 7%, which
is significantly higher than the concentration
found in natural sources. While around 250,000
kg of lithium ore, or 750,000 kg of brine are
required to extract 1,000 kg of lithium, it takes
only 28,000 kg of discarded lithium-ion batteries
to obtain the same amount of the metal (Qiao et
al., 2021).

There are methods for recycling lithium
and other metals present in batteries, one of them
is acid leaching from hydrometallurgy (H. Bae
et al., 2021), however, this is not yet fully
understood, as there is limited information on
thermodynamic simulations. This lack of data
prevents the identification of optimal conditions
for maximizing the recovery of lithium and other
metals.

As can be seen, a possible solution to
meet the demand for lithium and avoid the
accumulation of waste batteries is to improve
recycling processes. Therefore, in this project he
proposes from the collection of electronic scrap,
to carry out a study to recover the lithium and
cadmium present in these wastes, based on
thermodynamic models, considering different
concentrations of reagents, pH and temperature
to maximize the release and recovery of metal
species, in turn to make the extraction processes
via hydrometallurgy more efficient.

Background

The process of hydrometallurgical extraction, or
chemical leaching, that is  practiced
commercially in China, for example, offers an
alternative that consumes less energy and lower
capital costs.
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These processes employ reagents such as
hydrochloric acid (HCI), nitric acid (HNO3),
sulfuric acid (H2SO4), and hydrogen peroxide
(H202) to extract and separate metals from the
cathode, generally operate below 100 °C, and
can recover lithium in addition to the other
transition metals (Jung et al., 2021).

Various hydrometallurgical methods
have been developed over the past ten years to
recycle lithium-ion battery cathode materials
from various different battery chemistries,
including lithium cobalt dioxide, LiCo0O>
(LCO), lithium manganese dioxide, LiMn2O4
(LMO), lithium nickel manganese cobalt oxide,
LINiMnCoO. (NMC), and lithium oxide,
nickel, cobalt, and aluminum, LiNiCoAIlO;
(NCA), and lithium-iron phosphate LiFePO4
(LFP), to recover cobalt, nickel, magnesium, and
lithium (Jung et al., 2021).

The process can be classified into four
main sections, which are leaching, impurity
removal, metal recovery such as Ni, Co, Mn and
lithium recovery, the spent cathode material is
first suspended with weak acid and then
transferred to the leach tanks. Acid and reducing
agent are then added to the tank leaching to leach
Li*, Ni?*, Co?", Mn?*, Fe?*, and AI**. In the
impurity removal section, unwanted impurities
will be removed by adjusting the pH. After
impurity removal, the solution is transferred to
the metal recovery section, where the metal can
be recovered through crystallization
precipitation using sodium carbonate.

For the hydrometallurgical treatment for
the acid pathway in lithium and cobalt recovery,
the leaching process of LiCoO: in a sulfuric acid
(H2S04) solution could be represented as follows
(H. Bae et al., 2021):

2LiC002(s)+3H2S04(aq)+H202(aq)—
2C0S04(aq)+Li2S04(aq)+4H.0(g)+02(g)  [1]

Subsequently, to selectively precipitate
cobalt from the leachate liquor, ammonium
oxalate is added to precipitate cobalt oxalate
Co0C204-2H20. The precipitation process can be
expressed by (H. Bae et al., 2021):

C0SO04(ag)+(NH4)2C204(aq)—
CoC204¢s);  + (NH4)2SO4(aq) [2]
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After recovering CoC20s, a high amount
of sodium carbonate is added, to precipitate
lithium carbonate (LiCOs3). The reaction in this
system is shown below (H. Bae et al., 2021):

2Li"+Na2CO3—Li,CO3|+2Na" [3]

Methodology

Thermodynamic simulation of lithium and
cobalt leaching

To thermodynamically model the leaching in
different pH scenarios, Pourbaix and species
distribution diagrams of the Li-H2O, Co-H;0O
systems will be constructed using the MEDUSA
© software (Puigdomenech, 2010), considering
the presence of sulfuric acid in different
concentrations. This to find the most favorable
conditions to maximize the release of lithium
and cobalt from battery cathodes.

Thermodynamic simulation of lithium and
cobalt precipitation

To thermodynamically model the leaching
process under different pH scenarios, Pourbaix
and species distribution diagrams for the Li-H2O
and Co-H:O systems will be constructed using
MEDUSA® software (Puigdomenech, 2010).
This modeling will consider the presence of
sulfuric acid at varying concentrations to
identify the most favorable conditions for
maximizing the release of lithium and cobalt
from battery cathodes.

Leaching of battery cathodes

Based on conditions obtained from the
thermodynamic simulation, the leaching of the
cathodes of the waste batteries will be carried
out; in order to release the Iithiug%)and cobalt
they contain in solution. A simplified’diagram of
the process that will be carried out in the
leaching of the battery cathodes is presented
(Figure 1).

()
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Box 1
Discharging batteries in saline solution

Electrolyte separation
Oven drying
Spray cathode

leach into H,SO,y H,0,

Figure 1
Process used for leaching cathodes from mobile phone
batteries

Source: Own elaboration
Precipitation of Li2COs and CoC:04

Once the leaching of the battery cathodes has
been carried out and based on the conditions
obtained in terms of reagent concentration, pH
and temperature in the thermodynamic
simulation, the recovery from the precipitation
of lithium and cobalt will be carried out as
follows:

Addition of sodium hydroxide to the
leachate solution to adjust pH to maximize
cobalt recovery.

Addition of ammonium oxalate in the
solution to selectively recover cobalt,
precipitating as cobalt oxalate (CoC20a).

Filter the (CoC20s) precipitates from the
solution and dry them in the oven.

Add sodium carbonate to the cobalt-free
solution to precipitate lithium in the form of
lithium carbonate (Li,CO3).

Filter the LioCOs lithium carbonate
precipitates from the solution and dry in an oven
and discard the solution.

Results

One of the easiest ways to determine if it is
possible to form a chemical compound is by
employing the Nernst equation (Eg. 4) from the
dissolution reaction, where a0 + ne~ — bR the
pH range for its formation can be calculated.
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. RT a,® [4]
Erxn = Epxn + ﬁln a:b

In this way, in the present work,
thermodynamics was used through the
construction of Pourbaix diagrams to identify the
possible species that can be formed, in addition
to the use of species distribution diagrams to
identify the conversion fraction associated with
a certain pH.

It should be noted that these
thermodynamic simulations are carried out at
room temperature (25 °C) which would lead to a
more cost-effective process.

The Pourbaix diagram was constructed
for the Co-Li system by adding the oxalate ion,
in order to elucidate the formation of cobalt
oxalate, Figure 2 presents this diagram with an
oxalate concentration of 1 M, highlighting the
different phases that predominate in the system.
Notably, cobalt oxalate stands out, which is
formed only in the acidic window of pH 0.1 - 5.

[Co¥ lpor= 10.00 mM
[Li"}or= 10.00 mM

1.0

[ox¥ o= 1.00M

0.5

IV

0.0

SHE

-0.5

oH =25°C
Figure 2

Pourbaix diagram of the Co-Li system with the oxalate
ion.

Source: Own elaboration

According to the molar fraction diagram
at different pH values of this same system
(Figure 3), it can be elucidated that the most
appropriate pH to maximize the formation of this
cobalt oxalate compound is 2.85, since it is there
where the maximum conversion peak is 0.96.
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Distribution diagram of species of the Co-Li system
with the oxalate ion.
Source: Own elaboration

Additionally, the Pourbaix diagram was
elaborated by decreasing the oxalate
concentration to 0.5 M (Figure 4), in which it is
observed that the cobalt oxalate formation
window was greatly expanded, in a pH range of
1-10, with respect to that found in Figure 2.

[Co?" ] o= 10.00 mM

[Li']l o= 10.00 mM [0X% ] o= 500.00 mM

1.0 CooE)

—Co(OM) 4(c)

v Co(oxXe)

Co(OM)fe)

SHE

Figure 4
Pourbaix diagram of the Co-Li system with oxalate ion
Source: Own elaboration

Regarding the distribution diagram of
species with the concentration of 0.5M oxalate
(Figure 5), the maximum fractional conversion
of cobalt oxalate crystals is achieved at a pH of
2.85, obtaining a conversion of 0.98 greater than
that of 1 molar (Figure 3).
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Figure 5
Distribution diagram of species of the Co-Li system
with the oxalate ion.

Source: Own elaboration

Similarly, the Pourbaix diagram was
constructed by increasing the concentration of
oxalate to 10 M (Figure 6), in which it is
observed that the window of cobalt oxalate
formation was greatly decreased, in a pH range
of 2-3, in this sense the more the oxalate
concentration is increased, the cobalt oxalate
formation window will decrease.

[Cot] = 10.00 mM

TOT N
[Li' o= 10.00 mM [ox3 ] o= 10.00 M

1.0 - — A=y
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Figure 6
Pourbaix diagram of the Co-Li system with the oxalate
ion.

Source: Own elaboration

As for the distribution diagram of species
with the concentration of 10 M, it is observed
that the maximum peak of fractional conversion
to cobalt oxalate is observed to be 0.4, which is
reached at a pH of 2.8 (Figure 7).
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Source: Own elaboration

It is interesting to mention that (Chen et
al., 2015; Lietal., 2023; Zhu et al., 2012) carried
out research where they recovered cobalt in
lithium-ion batteries, precipitating it in the form
of cobalt oxalate, obtaining good results with a
recovery close to 90% with an oxalate
concentration of 0.5 M at a pH of 2, however,
according to the results of the thermodynamic
simulation, an increase of 8% can be achieved if
a pH of 2.85 is used (Figure 8). Additionally, the
simulation indicated that regardless of the
concentration, the pH that maximizes the
conversion or recovery of cobalt oxalate is
around 2.8-2.85.

Thermodynamic Modeling for Lithium and
Cobalt Recovery

On the other hand, the Pourbaix diagram was
constructed for the Li-Co system by adding the
carbonate ion, in order to find the formation of
lithium carbonate. Figure 8 presents this diagram
with an oxalate concentration of 1 M, where the
different phases that predominate in the system
can be appreciated. In this the presence of
lithium carbonate is highlighted, which is
formed in a wide window of pH 1 — 14, it should
be noted that the Pourbaix diagrams remain
unchanged regardless of variations in the
carbonate ion concertation.
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According to the molar fraction diagram
at different pH values with a carbonate ion
concentration of 0.001M (Figure 9), it can be
elucidated that at low carbonate concentrations
the formation of lithium carbonate is low, only
0.2 (20%) in a pH range of 10-14.
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ﬂ
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Figure 9
Distribution diagram of species of the Li system with
the carbonate ion.

Source: Own elaboration

Regarding the distribution diagram of
species with the concentration 0.5M of the
carbonate ion (Figure 9), the maximum
fractional conversion of sodium carbonate
crystals is reached at a pH greater than 10,
obtaining a conversion of 0.98, higher than that
of 0.001 molar (Figure 8).
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Finally, the simulation was carried out by
increasing the concentration of the carbonate ion
up to 10 M (Figure 11), obtaining results very
similar to those obtained with a lower
concentration 0.5 M (Figure 10), based on this it
can be observed that it is not convenient to use a
high concentration of carbonate ion, since it does
not reflect an improvement in the recovery of
lithium carbonate.

2~ -
[CO2 ] gr = 10.00 M
E, = 200V [Li*l oy =
Lit Li,CO5(C)

10.00 mM

1.0

0.8

0.6

Fractio:
e
b
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Figure 11
Distribution diagram of species of the Li system with
the carbonate ion.

Source: Own elaboration

Additionally, studies carried out by
different authors , where they recovered lithium
in lithium-ion batteries, precipitating it in the
form of lithium carbonate, obtaining recoveries
around 70%, the concentration of carbonate, nor
the pH used for such recovery is not mentioned,
according to the results obtained in the present
study 25% more can be recovered, if a
concentration of 0.5 M and a pH close to 10 are
used. (Chenetal., 2015; Li et al., 2023; Zhu et
al., 2012).
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Acid leaching of battery cathodes

Initially, the dismantling, electric discharge in
saline solution, separation and pulverization of
the cathodes present in the batteries, obtained in
the recycling campaign, was carried out, then the
leaching was carried out to release the cobalt and
lithium with a solution a concentration of 3M,
agitation of 300 rpm, time of 2 hours and a
temperature of 25 °C. these conditions were
used because, according to the authors (Chen et
al., 2015; Zhu et al., 2012; Kaya, 2022), it is
possible to obtain a 100% release of the cobalt
and lithium present in the cathodes of the battery
H,S0, (Figure 12).

Figure 12
Disassembly, leaching, and filtering of battery
cathodes.

Source: Own elaboration
Recovery of cobalt from leachate solution

After leaching the cathodes, the solution rich in
cobalt and lithium was filtered to add
ammonium oxalate (NH4).C.04) at different
concentrations and pH (Figure 13), to evaluate
the results obtained in the thermodynamic
simulation (Table 1).

Figure 13

Addition of ammonium oxalate and precipitation of
cobalt oxalate.
Source: Own elaboration
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Table 1

Cobalt recovery results at different concentrations and
pH.

Temperature pH Concentration Recovery (g)
(@) (M)
25 2.85 0.5 3.4172
25 2 0.5 3.1774
25 2.85 10 2.1178
25 2 10 1.8733

Source: Own elaboration

By comparing the recovery of cobalt
oxalate with the following conditions: pH 2.85
and a concentration of 0.5 M oxalate, with that
used by with a pH of 2 and an oxalate
concentration of 0.5 M, it was possible to
increase recovery by 7.017% (Chen et al., 2015;
Lietal., 2023; Zhu et al., 2012).

This same phenomenon occurs when the
oxalate concentration is increased to 10 M.
Comparing pH 2 and pH 2.85 under these
conditions, recovery increases by 11.54% at pH
2.85. The thermodynamic simulation results are
conclusive for the recovery and precipitation of
cobalt as cobalt oxalate. It was identified that the
pH maximizing cobalt recovery is 2.85 at any
concentration. Moreover, with an oxalate
concentration of 0.5 M, it is possible to recover
up to 98% of cobalt.

Recovery of lithium from leachate solution

Finally, after recovering the cobalt, sodium
carbonate was added to the solution without
cobalt to precipitate the lithium in the form of
lithium carbonate (Li-CO3) using different
concentrations of sodium carbonate (Figure 14),
it should be noted that fixed at a pH of 10, this
because according to the thermodynamic
simulation at this pH the highest lithium
recovery is obtein.
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Figure 14

Lithium carbonate recovery
Source: Own elaboration

When comparing lithium carbonate
recovery with different concentrations of sodium
carbonate (Table 2), it was found that low
concentrations greatly reduce lithium recovery.

Table 2
Lithium recovery results at different concentrations

Temperature pH | Concentration | Recovery
) (M) (9

25 10 0.01 1.5784

25 10 0.5 3.8557

25 10 10 3.8487

Source: Own elaboration

In addition, it was obtained that it is not
necessary to use large concentrations of sodium
carbonate to increase recover, since by using 10
M or 0.5 M, very similar recoveries were
obtained, furthermore, it was also found that it is
not necessary to use high temperatures to obtain
good recovery results.

The thermodynamic simulation results
are conclusive for the recovery and precipitation
of lithium, in the form of lithium carbonate,
since it was possible to identify that the pH that
maximizes lithium recovery is 10 in any
concentration, however, it was found that it is
not necessary to use high concentrations of
sodium carbonate to have a good lithium
recovery, a low concentration 0.5 M is enough,
these results contrast with those obtained by
various authors (Chen et al., 2015; Li et al.,,
2023; Zhu et al., 2012), where they suggest using
saturated lithium carbonate solutions to obtain
satisfactory lithium carbonate recoveries.
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Conclusions

Based on the objectives set, it was possible to
carry out the thermodynamic study for the
recovery of lithium and cobalt, from lithium-ion
batteries, collected through an electronic scrap
recycling campaign.

The optimal conditions that maximize
cobalt recovery were shown to be pH 2.85 and
0.5 M oxalate. For lithium recovery it was found
that low concentrations of sodium carbonate of
0.5 M and pH 10 are required to efficiently
recover lithium.

It was possible to make the lithium and
cobalt extraction process more efficient from the
precipitation of lithium carbonate and cobalt
oxalate, based on the data obtained by the
thermodynamic simulation and the experiments
carried out.

Finally, the present study collaborates
with an innovative contribution in the area of
lithium and cobalt extraction processes in
lithium-ion batteries, since there is no reported
history to make these processes more efficient.
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Abstract

Absorption heat transformer for water purification (AHTWPs) are an option for utilizing energy
from industrial or natural sources. Previous studies have demonstrated the feasibility of recycling
the heat produced by the distillation of impure water, increasing the coefficient of performance
(COP) values and reducing the energy requirements in the AHTWP. The present work presents
a heat recovery proposal consisting in combining two cases: with source temperature increase
(Case 1) and without source temperature increase (Case I1). The new configuration allows the
fractionation of the available amount of heat (C7nQAB) between the two heat recovery cases. A
simulation was carried out for different absorber operating conditions, using H20-LiBr as the
working mixture at different concentrations. The results show that it is possible to increase the
initial COP values up to 74%.
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Resumen

Los sistemas de transformador térmico por absorcion para purificacion de agua (TTAPA) son una
opcidn para la recuperacion de energia proveniente de fuentes industriales. Estudios anteriores
han demostrado la viabilidad de reciclar el calor latente producto de la destilacién simple del agua
impura, incrementar los valores del coeficiente de operacion (COP) y disminuir los
requerimientos de energia primaria en el sistema de absorcién. El presente trabajo presenta una
propuesta para el reciclado de calor, que consiste en combinar las dos formas reportadas en la
literatura: con incremento en la temperatura de la fuente (Caso 1) y sin incremento de la
temperatura de la fuente (Caso I1). Se realizé una simulacion para diferentes condiciones de
operacion del absorbedor, utilizando H20-LiBr como mezcla de trabajo a diferentes
concentraciones. Los resultados muestran que es posible incrementar los valores iniciales del
COP hasta un 74%.
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Introduction

Heat pump systems represent an alternative in
energy savings because they can be coupled to
industrial processes for heat recovery. The
absorption heat transformer (AHT) is a type of
heat pump that operates with waste heat that can
come from an industrial source or a solar
collector and raise its thermal level to be used in
a secondary process [1]. AHT are used to boost
energy from low thermal level heat sources [2].
AHT could supply the world's demand [3]. AHT
is considered environmentally friendly and an
excellent alternative to traditional systems. One
of the most widely used working pairs is
LiBr/H20 [4]. The absorption system using
LiBr/H,O as the working fluid plays an
increasingly important role in heating [5].

LiBr must operate near the ideal
temperature and mass fraction to achieve its
highest efficiency [6]. The main objective of the
heat exchanger is to have the minimum heat
transfer surface area for better performance,
lower cost. The surface area is determined by the
overall heat transfer coefficient. The correlation
of heat transfer coefficient plays an important
role in the optimization of the heat exchanger
[7]. Several configurations of heat transformers
have been proposed and studied. these
configurations were designed to improve the
coefficient of performance (COP) [8]. A AHT of
5000 kW capacity with a steam stream at 98°C
coming from a plastics plant was used to heat
water in a range of 95-110°C, the COP obtained
was 0.47, with a GTL of 25°C and using H20-
LiBr as working mixture [9]. At pilot scale a
AHT was tested using a partially miscible
mixture of n-heptane/N,N-dimethylformamido,
the values of thermal efficiency obtained were
between 30 and 40% and a maximum
temperature difference of 8°C [10]. The
feasibility of coupling a AHT to a textile plant
for heat recovery at 92°C and heating process
water up to 120°C with 50% heat recovery using
H>O-LiBr as the working mixture has been
demonstrated [11]. In some countries absorption
heat exchangers play an important role in district
heating. [12]. Absorption heat transformer
systems have also been studied as an alternative
to conventional water desalination techniques.
Experimentally, the results of a 1 kW water
purification AHT are reported, the COP obtained
was 0.228 with a distilled water flow rate of 448
mL/h, the working mixture H>O-LiBr [13].
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A water purification system by AHT
with a capacity of 4.1 kg/h was operated and
analyzed, the COP values were from 0.3 to 0.38
and the water obtained is considered within the
limits to be drinking water [14]. Thermodynamic
models of AHT for water purification have been
reported in the literature. [15] designed a model
of a water purification system integrated to a
AHT using H2O-(LiBr+Lil+LiNOs+LiC1) as
working mixture and showed that this mixture
provides higher COP values than those obtained
with the H,O-LiBr mixture. Studies, simulations
and experiments have been carried out on
absorption technology, but more development
and research on it is needed, because they are
cost-effective, very energy efficient, compact in
size and environmentally friendly [16].

Absorption systems have generated
interest in industry and research in recent years.
They consume less electricity, which is the main
advantage over conventional systems [17].
[18,19] and [20] developed models using neural
networks. AHT integrated water purification
systems have also been analyzed from the point
of view of the second law of thermodynamics
[21,22]. It has been found that the main
resistances for mass and heat transfer are those
between the vapor and the interface [23]. In
addition to the fact that the absorber is the most
critical component in absorption systems,
complex heat and mass transfer phenomena
occur simultaneously in the absorber [24].

The absorber affects the efficiency of the
absorption equipment. The mass transfer flux
increases with increasing solution concentration
at the inlet [25]. Understanding the heat and
mass transfer between the solution and LiBr
vapor is a crucial issue in absorption to intensify
the transfer [26]. Investigations on mass and heat
transfer behavior should be carried out under
realistic operating conditions of adsorption
cycling [27]. Heat recycling in water purification
systems integrated to AHT is also reported in the
literature [28,29,30]. Recent studies have
evaluated heat recovery [31]. They propose
models for the “maximum temperature rise” of a
typical absorption heat transformer cycle [32].
The thermal energy by latent heat of casing and
tubing not only improves the melting process of
the phase change material, it also improves the
overall performance of these systems [33].
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Innovative  strategies have  been
presented to simplify the latent heat migration
steps in the heat recovery process, results
indicate that the new heat recovery strategy
exhibits higher growth rates in both flow and
throughput ratio [34], these studies show that it
is possible to reintroduce the latent heat from
water distillation into the AHT and increase the
COP values and the performance of the
equipment.

Based on the literature review, no
theoretical works were found that propose the
combination of two forms of heat recycling in a
water purification system integrated to an AHT.
This work presents the results obtained by
simulation using H20-LiBr as working mixture
and different operating conditions. The results
show that it is possible to increase the COP
values by adding an auxiliary condenser to the
conventional AHTWP scheme and obtained
increased from 74% from original value.

This article shows the mathematical
model and the analysis of results from the
simulation, finally the conclusions of the present
work.

Basic concepts

Figure 1 shows a schematic diagram of an
absorption heat transformer (AHT). Absorption
systems use working pairs, formed by a working
fluid, circulating through the primary circuit, and
an absorber located in a secondary circuit. The
primary circuit begins in the condenser, where
the working fluid condenses, releasing a quantity
of useful heat (Qco), then passes to the
evaporator, where it evaporates, exchanging
energy with the heat source, at a Pev pressure
higher than the Pco pressure and a Tev
temperature higher than the Tco temperature.
The vapour phase working fluid passes to the
absorber, where it mixes with the absorber-rich
solution (secondary circuit) and releases a
quantity of useful heat (Qag) as a result of the
exothermic reaction. The secondary circuit starts
when the working mixture rich in working fluid
leaves the absorber at a temperature Tag and
enters the economizer, where it gives up heat to
the working mixture coming from the generator
at a temperature Tgk.
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As it enters the generator, part of the
working fluid is separated as a result of the heat
exchange between the working mixture and the
heat source, while the working solution rich in
absorbent passes to the economiser to re-enter
the absorber.

Pev—— QEV|:“> ‘ EVAPORATOR }—-{ ABSORBER ‘ |::>QAB
ECONOMIZER

pco—— QCOCZI CONDENSER
|

I I I
Tco Tev, TGE TaAB T

Figure 1
Schematic diagram of an absorption heat transforme
Source: [Own elaboration]

Figure 2 shows a schematic diagram of
the water purification process by AHT, which
consists of using the useful heat of the absorber
(Qag) to bring the impure water to its saturation
point and partially evaporate it, the saturated
mixture passes to a phase separator where the
saturated vapour is sent to an auxiliary
condenser by the energy exchange provides a
quantity of heat (nQag) to condense and obtain
purified water.  The quantity 1nQas [28]
represents the heat that can be recycled to the
AHT. The recycling of this heat can reduce the
energy requirements of the system and enhance
the COP wvalues. Two configurations for
recovering this useful heat are described in the
literature.

TO GENERATOR AND
EVAPORATOR

1
I AUXILIARY
CONDENSER

,,,,,,

PURE WATER

FROM HEAT
SOURCE

WATER

|
|
< ABSORBER

Figure 2
Water purification process using an absorption heat
transformer

Source: [Own elaboration]
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Figure 3 illustrates the initial form of
heat recycling for an AHTWP system, as
reported by Siqueiros and Romero [28]. In this
configuration, the stream from the heat source is
sent directly to an auxiliary condenser where it
exchanges heat with the evaporated water from
the phase separator. Upon leaving the condenser,
the water's initial temperature increases by an
amount AT, entering the generator and
evaporator. The evaporated water then
condenses, yielding an amount of heat (nQag),
to produce purified water. This recycling method
will be referred to as 'Case I' in the following
discussion.

< CONDENSER ><—< GENERATOR

<< EVAPORATOR >—,< ABSORBER

Figure 3
Heat recycling configuration increasing heat source
temperature (Case 1)

Source: [Own elaboration]

Figure 4 illustrates the second form of
heat recycling for an AHT integrated with a
water purification system, as reported by
Romero et al. [29]. In this configuration, the
useful heat (nQag) product of simple distillation
is recycled to the system by heat exchange in the
auxiliary condenser of the heat source streams
leaving the evaporator and generator, as well as
the vaporized water leaving the phase separator.
The wvaporized water releases heat as it
condenses and purifies, while the heat source
stream increases its initial temperature to re-
enter the system. For the sake of clarity, we will
refer to this form of recycling as 'Case II'.
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Figure 4

Heat recycling configuration without increasing heat
source temperature (Case Il)
Source: [Own elaboration]

Figure 5 shows the proposed heat
recovery combination for an AHTWP. The
useful heat obtained in the absorber (Qag) is
used to raise the impure water to its saturation
point and partially evaporate it. The saturated
mixture then passes to a phase separator, where
the liquid phase is reintroduced into the
purification circuit, while the vapour phase is
split and sent to auxiliary condensers I and I1. In
the auxiliary condenser 1, the vapour is
condensed by exchanging energy with the heat
source stream, producing purified water. The
heat source stream gains an amount of energy,
which subsequently enters the evaporator and
generator with an increase in its original
temperature, AT (Case 1) [28]. In the auxiliary
condenser 11, the purified water is vaporised and
exchanges heat with the stream coming from the
evaporator and generator. This stream is heated
to a higher temperature and re-enters the system
(Case 11) [29]. By distributing the latent heat
product of distillation (nQAB) between the two
forms of recycling, the energy requirements of
the AHT are reduced and the COP values are
increased.

CONDENSATOR GENERATOR e HEAT
77 SOURCE
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| |
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Figure 5
[Proposal heat recovery combination
Source: [Own elaboration]
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Methodology

The mathematical equations used for simulating
this system are based on thermodynamic models
previously published by other authors [1][9].
This modelling approach has been tested and
proven effective. The model was developed
based on the following considerations:

- The entire system is in thermodynamic
equilibrium.

The analysis is carry out under steady-state
conditions.

- A rectifier is not required since the
absorbent does not evaporate under the
operating temperature rang of the system.

- The solution that lives the generator and
absorber is saturated; similarly, the
working fluid leaving the condenser and
the evaporator is also saturated.

Heat losses and pressure drops in the
tubing and the components are considered
negligible.

The flow through the valves is isenthalpic.
The pumps are isentropic.

Temperatures at the exit of the main
components and the heat load in the
evaporator (Qev) are known.

The efficiency of economizer is well
known.

1. Calculation of the COP for the proposal for
combined heat recycling

The water purification system provides a finite
amount of energy recycling to the AHT, which
can be calculated by:

Qrec = 1QasB [1]

Where 7 is defined as:

_ AHy
n= AHy+AHg [2]
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For water purification is considered an
initial temperature of 25 °C for impure water and
a boiling point of 100 °C at atmospheric
pressure, so that the value of 7 is a constant with
a value of 0.877 [14]. The Qrec can be divided
into two fractional components, which
correspond to the two possibilities of energy
recycling (case | and case Il). The energy
balance in the heat source can be estimated by:

Qus = mysCpATys [3]

In the case | of energy recycling, Tev and
Tee temperatures can be increased in a quantity
ATn which is calculated by:

ATN = T]COPETATHS [4]

However, should only a portion of this
increase be allocated to case I, the new
temperatures in the evaporator and generator can
be calculated using the following equation.:

Teyn = Tev + aATy [4]
Teen = Tgg + aATy [5]

The value of a, which takes a range of 0
to 1, represents the fraction of heat that is sent to

the Case I. To evaluate the effect of the Case |
enthalpy-based COP definition for a heat

transformer, we used the following
methodology:

__ Qusm
COPy = —25— [6]

Qev+QGE

Depending on the temperatures, Tevn
and Tcg, n.

The temperatures will affect the Tev, n
and Tee, n. For Case I, we will use the
definition of the COPwp proposed by Romero et
al. [14].

COPgT

P, = —_
COPyp 1-nCOPEgT

[7]

In this instance, the proportion of heat
transferred to this category of energy recycling
is represented by B. Consequently, the ultimate
values of the COP, accounting for the impact of
both Case | and Case Il of energy recycling, can
be determined using the following equation:

COPgr
1-pnCOPET L8]
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Results

The results of simulation are shown below.
Three conditions of AT conditions are presented
for the same absorber and condenser temperature
Tas=115°C, Tco=30 °C. In this first condition of
AT=5° Cand Tee=Tev=70" C in Figure 6, it is
observed that if the combination is not made, the
COPH value will be 0.29, but if the combination
is made, the COPy increases to a value of 0.42,
which is closer to the theoretical value of 0.50.
This is a consequence of increasing the
concentration of the solution in the generator,
which improves a better reaction in the absorber
at constant pressure. With respect to the initial
COP value, the COPH value can be increased by
up to 46%. This makes it possible to save more
primary energy in the circuit of the absorption
heat exchanger and to increase the outlet
temperature in the absorber.

The=115°C, Tey=Tge=70°C, T,=30°C

90% 0.42
0.42
042 (47

40% 0%

w
@
kd
(ssajuoisuswip) dod

1 02 03 04 05 06 07 08 09 1

0 0.
9
100% Case Il Recycled Heat Fraction (nQab) 100% Case |

Figure 6
Increases of COPy in function of nQag with ATns=5°C
Source: [Own elaboration]

Figure 7 presents the COP behaviour
when a recycle heat increment of AT=10° C is
available. It is possible to increase the COPH
value up to a maximum value of 0.47 which
represents an increase of the initial COP of 62%.
So if the combination is carried out, it is possible
to increase the original COPH value from 0.29 to
0.47, which represents an amount of heat that
can be recovered very close to the theoretical
value. And if you compare the percentage
increase of the COPn of the combination with
Case | and Case I, it is convenient to make the
combination because the increase is higher, the
values goes to 0.34 to 0.47. These increases are
the result of the increase the latent heat in
auxiliary condenser Il and in conclusion increase
the vapor in evaporator promoting a better
reaction in absorber.

ISSN: 2523-6881
RENIECYT-CONAHCYT: 1702902
ECORFAN® All rights reserved.

L 030
01 02 03 04 05 06 07 08 09 1 100%
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Figure 7
Increases of COPy in function of nQag with ATws=10°C
Source: [Own elaboration]

In Figure 8 shows the behavior of the
COP when increasing AT=15" C. Increasing the

latent heat AT also increases the steam
production at the outlet of the evaporator and
facilitates a higher useful heat in the absorber,
increasing its power, because a strong
exothermic reaction takes place, reducing the
concentration of the working solution going to
the generator, also increasing the pressure,
which increases the power of the generator to
satisfy the energy balance. Under these
conditions, it is possible to increase the COPH
values up to 0.51, which represents an increase
of 74%, using the combination, in other cases,
using Case | or Case Il alone, an increase 53%
and 39% respectively is possible.

Thg= 115°C, Tey=Tg=72°C, T¢5=30°C
100% 0.55

90%
80%
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Figure 8
Increases of COPy in function of nQag with ATws=15°C
Source: [Own elaboration]

Figure 9 shows the three conditions
previously discussed, demonstrating an optimal
operational range for the combined utilization of
the two forms of heat recycling. The most
effective method for achieving an increase in
COP is to combine Case | with a 40% increase
and Case Il with a 60% increase.
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This results in an overall COPy increase
of up to 74% through the utilization of the latent
heat of the purified water.
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Graphic 4
Comparison of COP increase for three different ATus
conditions

Source: [Own elaboration]
Conclusions

In conclusion, adding an auxiliary condenser 11
to the water purification circuit integrated to a
thermal transformer increases the COPH values.
The COPwp increases with the latent heat of the
purified water, which depends on the quality of
the impure water and the atmospheric pressure.
When heat is recycled, COP increases from 46%
to 74%. This work shows that combining 40% to
Case | and 60% to Case Il is the best option.
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Abbreviations

AHT  Absorption heat transformer

COP  Coefficient of Performance (Dimensionless)
H Enthalpy (kJ/kg)

Q Heat flux (kW)

Cp Heat Capacity (kJ/kg°C)

m Mass flow rate (kg/s)

T Temperature (°C)

Sub-index

AB Absorber
CO Condenser
EV Evaporator
GE Generator
HS Heat Source

H Enthalpy
N New

REC Recycled
S Sensitive

\% Vaporization
WP Water purification

Greek-symbols

Fraction of available heat
Fraction of heat sent to Case Il
Fraction of heat sent to Case |
Efficiency.

M Q™3
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Abstract

Maritime transport generates 3% of global CO, emissions according to the GHG (Greenhouse
Gases) report. The aim of this research was to analyze the decarbonization of ships through the
technological migration from conventional fuels to alternative types for zero-emission purposes.
On the other hand, shipping companies that modernize their fleets to zero emissions will have
priority in the provision of services. However, those that do not have these assets will be
penalized. A mixed analysis was carried out on the migration of technologies in zero-emission
ships based on the quantification and estimation of statistical control variables, decision-making,
modernization stages and technologies. The characterization of data obtained from each ship will
determine the feasibility of applicable technologies to achieve zero emissions. The optimization
of technology applied to each ship according to its use will be the subject of future work.

Resumen

El transporte maritimo genera 3% de las emisiones de CO; globales de acuerdo con el reporte
GEl (Gases de Efecto Invernadero). El objetivo de esta investigacion fue analizar la
descarbonizacion de buques a través de la migracion tecnolégica de combustibles convencionales
a tipo alternativos con fines de cero emisiones. Por otro lado, Las navieras que realicen la
modernizacion de sus flotas a cero emisiones tendran prioridad en el préstamo de servicios. Sin
embargo, las que no cuenten con estos activos tendran penalizaciones. Un analisis mixto fue
realizado en la migracion de tecnologias en barcos cero emisiones basado en la cuantificacion y
estimacion de variables de control estadisticas, toma de decisiones, etapas de modernizacion y
tecnologias. La caracterizacion de datos obtenidos de cada barco determinaran la factibilidad de
tecnologias aplicables para lograr las cero emisiones. La optimizacion de tecnologia aplicada a
cada barco segin su uso sera motivo de trabajos futuros.
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Methodology
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Analyze the
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the technological
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This research had
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Introduction

3% of global CO2 emissions are produced by
maritime transport according to the GHG
(Greenhouse  Gas) report. The IMO
(International Maritime Organization) warns
that failure to take decisions and measures to
reduce this will result in an increase with major
consequences for global warming. Decisions on
the course to follow are governed by rules and
regulations negotiated and agreed upon by the
(IMO) and shipping companies with large assets
in the maritime fleet industry and port
companies. The initial proposal was to bet on the
decarbonization of maritime transport and what
this implies in deep waters and on land with
objectives to be met in the short term 2025,
medium term 2030 and long term 2050 to
achieve zero emissions in the shipping fleet in
transport, loading and unloading (Akgul, 2024
and Bastug et al., 2024).

The aim of this research was to analyze
the decarbonization of ships through
technological migration from conventional fuels
to alternative types for zero-emission purposes;
in addition, this transition is essential for
achieving sustainability in maritime transport.
The characterization of data obtained from each
ship will determine the feasibility of applicable
technologies to achieve zero emissions.

Nevertheless, the migration from
conventional petroleum-derived fuels to zero-
emission alternative fuels was the proposal with
the greatest emphasis. The agreements of the
organizations and companies involved decided
to adopt alternative fuels with low or zero
greenhouse gas emissions. Proposals on new
technologies, logistics, change of travel rates,
investments,  execution times, penalties,
economic support for modernization, among
others, were the basis for focusing mainly on the
source of pollution with the greatest impact:
ships (Black et al., 2024 and Koilo, 2024)

How to achieve the decarbonization of
port assets in line with the objectives of the IMO
(International Maritime Organization)? in a
sustainable manner and with a circular economy.

ISSN: 2523-6881
RENIECYT-CONAHCYT: 1702902
ECORFAN® All rights reserved.

The renewal of engines, modernization
and renewal of ship fleets must be accompanied
by expert personnel in the design of ship
engines, who can generate feasible and
sustainable proposals for the sector to meet the
2025 aims. IMO representatives are negotiating
support and financial aid to help developing
countries have equal participation in the
evolution and adaptation of maritime transport.
However, they also warn that there will be no
turning back and that delaying decarbonization
would not be more costly due to its impact on
climate change (Black et al., 2024 and
Karvounis, et al., 2024).

With greater emissions to reduce in a
shorter period with higher costs of dealing with
pollution emergencies that generate uncertainty
and increase implementation costs during
transition times. The optimization of technology
applied to each ship according to its use will be
the subject of future work.

Research methodology

This research had a mixed approach, applying
both quantitative and qualitative technologies,
using systematic processes, as well as records
and estimated data. The aim of this research was
to analyze the decarbonization of ships through
technological migration from conventional fuels
to alternative types for zero-emission purposes.
For this, the application of the quantitative
method was relevant in the identification of
control variables involved in previous studies
such as; statistics, decision  making,
modernization stages and technologies.

The characterization of data obtained
from each ship will determine the feasibility of
applicable technologies to achieve zero
emissions. Pollution rates from ships in the
global port supply chain identified that it is
responsible for 3% of greenhouse gases,
experiences of shipping and port personnel who
identify the carbon footprint of ships and ports
reported scientifically, were considered as the
application of the qualitative method that
allowed the possibility of obtaining results from
the estimation of variables, which played an
important role in decision making to understand
the technological proposals to be implemented in
ships, based on the modernization or renewal of
zero-emission technologies.
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The operational data resulting from this
investigation determined that the renewal of
engines, modernization and renewal of ship
fleets must be accompanied by personnel expert
in the design of ship engines, who can generate
feasible and sustainable proposals for the sector
to meet the 2025 objectives. Finally, by the
mixed method, an analysis of Control variables
allows you to get involved in ¢(How to achieve
the decarbonisation of port assets in line with the
objectives of the IMO (International Maritime
Organisation)? in a sustainable manner and with
a circular economy (Akgil, 2024 and Karvounis,
et al., 2024)

Dual engines low emissions

Methanol is a sustainable alternative fuel that
helps the marine industry to progressively
reduce emissions, which is a key goal in
decarbonization. If produced from renewable
sources, it can reduce CO2 emissions by up to
95% compared to conventional fuels. Green
methanol would not add CO; to the atmosphere,
which means that engines burning this fuel,
when installed as a retrofit project on ships, will
have carbon neutral emissions, helping shipping
companies adapt to the changing energy
landscape and environmental regulations. Ships
currently have a flexible design adaptable to any
engine and use methanol technologies on board
as a source, either as pure fuel or blends in dual
LNG-Methanol or Methanol-biofuel engines.
(Akgll, 2024, Ammar & Seddiek, 2023,
Bayraktar et al., 2023 and Dere, et al., 2024).

Sustainable marine boilers operate with
MultiFlame burners and use a plate and box heat
exchanger for fuel gasification providing
thermal energy transmitted by hot engine water
to efficiently utilize energy from LNG
(Liquefied Natural Gas), LPG (Liquefied
Petroleum Gas), Methanol and biofuels. (Xia et
al., 2024).

Migration from conventional fuels to zero
emissions

The keys to decarbonizing maritime transport
are a challenge for the migration from
conventional fuels to zero-emission fuels, such
as hydrogen, ammonia and methanol.
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Notwithstanding, when the production
processes of these fuels are from a completely
renewable source, they are called green and
when in any of their processes they are derived
from fossil fuels, they are assigned blue, gray
and black colors, because, although they are
zero-emissions when burned, a source derived
from oil was involved in their production