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Abstract: This study conducts a life cycle assessment and exergoenvironmental evaluation
of a double-effect vapor absorption chiller (DEAC) with a cooling capacity of 352 kW,
employing three different energy sources: natural gas, biomethane, and green hydrogen.
The main objectives of this paper are as follows: (i) provide an exergoenvironmental model
for DEAC technologies, (ii) evaluation of a case-study where a DEAC is used to cover
the cooling demand of a specific university building in the Northeast of Brazil, and (iii)
evaluate the scenario where the DEAC is fed by green hydrogen (GH2) and compare it
with conventional energy resources (natural gas and biomethane). In order to develop the
exergoenvironmental model, two methodologies are essential: a thermodynamic analysis
and a Life Cycle Assessment (LCA). The thermodynamic analysis was carried out using the
Engineering Equation Solver (EES: 10.998) software. The LCA has been developed through
the open-source software openLCA version 1.10.3, with the Ecoinvent 3.7.1 life cycle
inventory database, whereas the chosen life cycle inventory assessment (LCIA) method was
the ReCiPe Endpoint LCA method (Humanitarian, medium weighting–H, A). The main
results indicate that green hydrogen provides a 99.84% reduction in environmental impacts
compared to natural gas during the operational phase, while biomethane reduces these
impacts by 54.21% relative to natural gas. In the context of life cycle assessment (LCA),
green hydrogen decreases fossil resource depletion by 18% and climate change-related
emissions by 33.16% compared to natural gas. This study contributes to enhancing the
understanding of the environmental and exergoenvironmental impacts of a double-effect
vapor absorption chiller by varying the fuel usage during the operational phase.

Keywords: absorption refrigeration; life cycle assessment; exergoenvironmental assess-
ment; energy sources; environmental impact

1. Introduction
The pursuit of sustainable and efficient solutions in the refrigeration sector is currently

in the spotlight due to the need to reduce greenhouse gas emissions [1] associated with
global warming and to promote the responsible use of natural resources. Technologies that
utilize low-carbon fuels as an energy source and generate minimal environmental impacts
present a challenge today [2]. In this regard, the ideal solution is to employ systems that
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enable greater integration with renewable energies and maximize the utilization of the
energy consumed. The use of vapor absorption refrigeration systems has been increasing
over the years due to their economic and environmental advantages stemming from the
potential to utilize renewable energy sources for their operation [3].

Fossil fuels still dominate among global energy sources and are undoubtedly the
primary contributors to greenhouse gas (GHG) emissions. Furthermore, global warming,
coupled with the growth of economic and commercial activities, has led to a significant
increase in the demand for electricity [4,5].

The effort by researchers to achieve carbon neutrality and net-zero emissions by
2050 requires a radical transformation, substituting fossil fuels with renewable energy
sources [6]. Several studies in the field of vapor absorption refrigeration aim to reach
these objectives. Hai et al. [7] conducted research on absorption refrigeration chillers that
utilize solar collectors as a thermal source. Li et al. [8] analyzed the technical feasibility
and energy efficiency of using biogas to power an absorption refrigeration chiller through
direct combustion. Dadpour et al. [9] conducted a theoretical and experimental study on a
cogeneration system consisting of an internal combustion engine and a double-effect chiller.
Waste heat was used as the thermal source for the chiller. An energy, exergoeconomic,
and environmental analysis was carried out; however, no life cycle assessment or more
comprehensive exergoenvironmental analysis was performed. The studies conducted so
far on vapor absorption refrigeration systems powered by direct or indirect combustion do
not consider the comparative environmental impact of the various available energy sources,
including both fossil fuels and low-carbon sources, such as green hydrogen, biomethane,
and solar thermal energy.

The sustainability aspects of bioenergy systems can be evaluated using a wide range
of advanced engineering frameworks [10]. Some methods presented in the literature
for assessing the sustainability of energy systems include Life Cycle Assessment (LCA),
exergoenvironmental study, and exergoeconomic analysis [11]. Life Cycle Assessment
(LCA) is an internationally recognized and validated methodology for analyzing and
quantifying the environmental impacts of energy systems [10]. It consists of a systematic
and comprehensive approach designed to assess the environmental impacts of a product
or process throughout its entire life cycle, from raw material extraction to end-of-life
disposal [12].

The connection of exergy with other indicators has been studied by researchers
Szargut et al. [13] and Tsatsaronis [14], who explored the possibility of combining ex-
ergy with other indicators. This approach also synthesizes information about energy and
material flows and, when calculated based on exergy flows, can help identify opportunities
for the integration of energy systems and efficiency improvements [15]. The environmental
impacts derived from a Life Cycle Assessment (LCA) can also be evaluated based on exergy
flows, forming the basis for the exergoenvironmental assessment methodology for energy
systems [16].

Cavalcanti et al. [17] conducted an exergoenvironmental study of a cogeneration sys-
tem using sugarcane bagasse for electricity generation, where the majority of environmental
impacts were linked to exergy destruction in the furnace. Wang et al. [18] explored the
use of natural gas and hydrogen in energy decarbonization, highlighting the challenges of
liquefying these fuels due to high energy consumption and CO2 emissions.

Maciel et al. [19] investigated the environmental impacts associated with hydrogen
production through electrolysis using renewable energy. They noted that hydropower
stood out for exhibiting the highest ecological efficiency. However, it is important to
highlight that the authors did not assess the feasibility of green hydrogen as a fuel. Kadam
et al. [20] conducted a comparison of the thermoeconomic performance between vapor
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compression refrigeration cycles and absorption cycles, but they did not consider the use
of low-carbon fuels in chiller operation. On the other hand, Souza et al. [21] proposed a
cogeneration system at the Federal University of Paraíba (UFPB), utilizing organic Rankine
cycles in combination with vapor absorption refrigeration. They highlighted significant
improvements in mechanical power generation and exergoeconomic efficiency. However,
an exergoenvironmental analysis of the system was not included.

The study by Marques et al. [22] conducted a Life Cycle Assessment (LCA) of a natural
gas micro-trigeneration system, which produces electricity, cooling, and hot water. The
system’s life cycle included all stages, from equipment production to final disposal. The
LCA evaluation methods used in the study were Eco-indicator 99 and the ReCiPe method,
the latter also being adopted in the present study. The software employed by Marques
et al. [22] was SimaPro 9.0.0.49, with the Ecoinvent 3.5 database, while the present study
used the open-source software OpenLCA 1.10.3 and the Ecoinvent 3.7.1 database.

The results indicate that the greatest environmental impacts are associated with the
internal combustion engine and the biodiesel plant, mainly due to the material composition
of these components and the use of natural gas as fuel.

Zun et al. [6] conducted a comparative study using three types of energy sources for
a recreational single-effect vapor absorption refrigeration system. The system employed
electric resistance heating, propane, and green hydrogen as energy sources for the chiller.
In terms of carbon-neutral economics, 1 kg of hydrogen can potentially replace 3.28 kg of
propane (costing approximately 3.60 to 4.30 USD). It is estimated that a reduction of 8–9 kg
of CO2 can be achieved for each kg of hydrogen used. However, the study did not perform
a more in-depth Life Cycle Assessment (LCA) and exergoenvironmental analysis.

As depicted in the above literature review, the scientific literature works present a
significant gap in the investigation of exergoenvironmental evaluation of double-effect
vapor absorption chillers that use low-carbon fuels. Studies in this area are necessary to
contribute to the advancement of knowledge in energy conversion systems regarding effi-
ciency enhancement and reduction of greenhouse gas emissions. Moreover, such systems
have the potential to support the energy transition towards a carbon-neutral future scenario.
The mentioned literature review, described in more detail through Table 1, highlights the
fact that most studies do not provide an exergoenvironmental model of DEAC systems,
and for that reason, it becomes difficult to evaluate the environmental impacts of internal
energy fluxes and products of DEAC systems.

Table 1. Literature review on studies considering the energy and environmental assessment of the
absorption chiller technology.

Ref. Technology Aim of Work Method Main Results

[17] Cogeneration of energy
from sugarcane.

Apply the exergoenvironmental
methodology to a cogeneration

system fueled by sugarcane
bagasse, which produces steam

and electricity.

LCA and SPECO

The total exergetic efficiency of the
system is 18.73%, with the highest
exergy destruction occurring in the
furnace. The specific environmental
impact of the generated electricity is
6.023 mPt/MJ, while the generated

steam has an impact of 4.038 mPt/MJ.

[1]

Absorption–compression
LiBr–H2O chillers using

various types of solar
collectors.

Compare the exergetic-economic
performance of 12 configurations
of LiBr–H2O absorption chillers to
produce 100 kW of cooling using
different types of solar collectors.

NSGA-II algorithm

Parabolic collectors (PTC) and
evacuated tube collectors (ETC) are

superior in terms of exergetic efficiency
and economic performance. The most
efficient and economical configuration
is the absorption-compression chiller

(ACCH 2) powered by ETC.
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Table 1. Cont.

Ref. Technology Aim of Work Method Main Results

[8]

Engine-driven screw
compression chiller

(CCDM), motor-driven
Compression chiller

(CCDE), and direct-fired
absorption chiller (DFAC).

Analyze the feasibility of using
biogas, a by-product of wastewater

treatment in breweries, as a
supplement for cooling during the

beer production process.

Feasibility analysis

The calculated results show that the
DFAC has a clear advantage, with the

highest PEC (Performance Exergy
Efficiency Coefficient) of 126.2% and

the lowest consumption of kce per TR,
which is 0.312.

[9]
Internal combustion

engine and double-effect
absorption refrigeration.

Propose a new method to utilize
the waste heat from the exhaust
gases of an internal combustion
engine (ICE) for a double-effect
absorption cooling cycle with a

direct-fired burner, both
numerically and experimentally.

Numerical and
experimental modeling.

Multi-objective
optimization.

The results show that a reduction in
fuel consumption of 467.7 m3/h is

achieved by utilizing the waste heat
from the internal combustion engine

(ICE), leading to a significant decrease
of 3461.832 kg/year and

1,919,743.2 kg/year in NOx and CO2
emissions, respectively.

[18]
Absorption refrigeration

using natural gas and
GH2 (green hydrogen).

Review of TRA progress in terms
of work pairs, cycle configurations,
and heat and mass transfer in the

main components.

Literature review

The results show that the integrated
TRA in liquefaction processes could
reduce SPC and CEs by 10~38% and
10~36% for natural gas liquefaction

processes, 2~24%, and 5~24% for
hydrogen liquefaction processes.

[19]

Electrolytic hydrogen
production process using

renewable electricity
generated by photovoltaic

(PV) solar, wind, and
hydroelectric power

systems.

Conduct a comparative
environmental analysis of

hydrogen production processes
through electrolysis using
electricity generated from

renewable sources: photovoltaic
solar energy (PV), wind energy,

and hydropower.

Comparative
environmental analysis.

LCA (Life Cycle
Assessment)

The highest level of ecological
efficiency obtained was in the

production of green hydrogen from
electricity generated by hydroelectric

plants, followed by wind and
photovoltaic (PV) plants.

[20]
Hybrid vapor

compression–absorption
refrigeration systems.

Compare the thermodynamic,
environmental, and economic

performance of seven
configurations of vapor

compression refrigeration cycles
with a double-effect vapor

absorption refrigeration cycle
using both conventional and new

working fluids.

Actual operational data
from a district cooling

plant in Barwa City,
Qatar

Cascade configurations with the
Acet/DMF working fluid showed a

significant reduction in both costs and
environmental impact compared to

isolated vapor compression systems.

[22] Micro-cogeneration
system.

Conduct a detailed Life Cycle
Assessment (LCA) for a natural
gas-fueled micro-cogeneration

system, analyzing equipment and
energy flows.

Two environmental
assessment methods

were Eco-indicator 99
and ReCiPe.

The study contributes to
understanding which processes within

a micro-cogeneration system most
contribute to exergy destruction and
environmental impacts, suggesting

improvements focused on the absorber
heat exchanger and the steam

generator.

[21]

Internal combustion
engine, organic Rankine

cycle, and absorption
refrigeration system.

The study proposes a cogeneration
system to partially meet the

electrical and thermal demands of
a building at the Federal

University of Paraíba (UFPB). The
system includes an internal
combustion engine (ICE), an

organic Rankine cycle (ORC), and
equipment such as a cooling tower

and an absorption refrigeration
system (ARS).

SPECO (Specific Exergy
Costing) method.

The ORC-C mode can meet 18.9% to
37.5% of the building’s electrical

demand, while the ORC-S mode can
meet 12.4% to 24.5%. The ORC-C

mode demonstrated a 33.6% increase
in mechanical power production and
significant improvements in energy

and exergetic efficiency.

Due to the scarcity of scientific studies analyzing the mentioned aspects, this work
aims to fulfill such a research gap by providing the following contributions and innovative
aspects to the scientific community:

• An exergoenvironmental assessment model for the assessment of DEAC systems,
which will support researchers and engineers in the evaluation of such types of
systems and in reproducing this type of study for other specific applications;
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• Evaluation of a case study in which the analyzed DEAC system meets the annual
cooling demand of a university building in northeastern Brazil;

• Introduction of GH2 as one of the DEAC fuel resources and its exergoenvironmental
performance in comparison with conventional energy resources (NG and biomethane).

Therefore, the analysis will be conducted using three types of fuels during the system’s
operational phase: natural gas, biomethane, and green hydrogen (GH2). A detailed Life
Cycle Assessment (LCA) has been developed for the considered DEAC, utilizing the
ReCiPe environmental impact assessment method and the Ecoinvent database. The LCA
encompassed the life cycle of a DEAC system, from raw materials extraction to the disposal
of the equipment, as well as the operation phase of the system, which demands electricity,
water, the DEAC working fluid, and the considered energy resources, contributing to
awareness of the environmental burdens associated with energy services.

2. Description of the DEAC
The DEAC is a type of refrigeration technology powered by low-grade heat sources,

including industrial waste heat and renewable thermal energy, such as solar, geothermal,
and biomass energy. It is distinguished by its low energy consumption, minimal moving
parts, and stable operational performance. It is an effective low-carbon or zero-carbon
energy utilization technology suitable for large-scale industrial waste heat recovery as well
as small-scale distributed refrigeration [23,24].

To better understand the system’s operation, it is essential to define the scope of this
study. The DEAC, selected to meet the cooling demand of a university building, has a
capacity of 352 kW and consists of the following components: steam generator 1, steam
generator 2, two heat exchangers, an absorber, an evaporator, a condenser, an expansion
valve, and a solution pump. Figure 1 illustrates the described system.

The DEAC operates as follows: at point 1 (Figure 1), a solution of water and lithium
bromide with a high concentration of water exits the absorber. After passing through a
pump (point 2), the solution’s pressure is increased, and it enters the low-temperature heat
exchanger, where it is preheated. Exiting the low-temperature heat exchanger (point 3
in Figure 1), the solution passes through the high-temperature heat exchanger (points 3
and 4) and enters the steam generator 1. In this generator, the solution receives thermal
energy from the direct combustion of a fuel (point 20), separating part of the water/lithium
bromide solution. From steam generator 1, high-temperature water vapor (point 7) and a
concentrated solution of water and lithium bromide (point 5) are produced.

The concentrated solution passes through the high-temperature heat exchanger and
proceeds to steam generator 2 (point 6), where it receives high-temperature water vapor and
the concentrated water/lithium bromide solution. From steam generator 2, the water vapor
flows to the condenser (point 8), while the solution with a high concentration of lithium
bromide is directed to the low-temperature heat exchanger (point 13). As the solution
passes through the heat exchanger, it reaches the pressure and temperature necessary to
return to the absorber (point 12).

The low-temperature water vapor enters the condenser (point 8), where it exchanges
heat with the cooling water and condenses. At the condenser outlet (point 9), liquid water
is observed, which then passes through an expansion valve (point 10), where pressure and
temperature drop, allowing it to enter the evaporator. In the evaporator, the refrigerant
fluid exchanges heat with the ambient-temperature water, cooling the external fluid to an
average of 5 ◦C. Upon leaving the evaporator (point 11), the refrigerant fluid returns to the
absorber, restarting the cycle.
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Figure 1. Commercial double-effect vapor absorption refrigeration system (DEAC) with a capacity of
352 kW.

Points 15, 18, and 19 refer to the system’s cooling fluid. Point 14 is the electrical
energy input that powers the solution pump, while points 17 and 16 represent the entry of
ambient-temperature water and the exit of chilled water, respectively.

3. Case Study
This section aims to present a case study of a building that can potentially benefit from

the double-effect vapor absorption chiller (DEAC). It will estimate the monthly cooling
demand of the building met by the DEAC system. The building is a newly constructed
facility that will be part of the Center for Alternative and Renewable Energies (CEAR),
hereafter referred to as the CEAR building (Figure 2) at the Federal University of Paraiba
(UFPB) in João Pessoa, Northeast Brazil. The CEAR building, which is currently in the final
stages of construction, consists of two blocks with a ground floor plus three additional floors
each (Figure 3), which contains a variety of spaces, including the secretariat, coordination
offices, auditoriums, professors’ offices, student rooms, laboratories, and classrooms.

Since the types of rooms in the CEAR building are quite heterogeneous, an average
cooling load of 100 W/m2 [25] will be assumed, considering the net internal area (NIA)
(Figure 2) of each floor. Each floor comprises approximately 1500 m2 of useful area, with
about 600 m2 dedicated to corridors, stairs, and bathrooms. Therefore, the NIA of each
floor is assumed to be 900 m2, which results in a total NIA of 3600 m2, considering the four
floors, and hence, a total cooling load of 360 kW.

In the study conducted by Souza et al. [21], the authors estimated the monthly electric-
ity consumption for electric chillers (Column A, Table 2) in a building called IES1, located
near the CEAR building within the UFPB campus. As shown in Column A of Table 2,
January had the highest electricity consumption for air conditioning, corresponding to
the peak cooling demand of IES1. Therefore, the aforementioned cooling load of 360 kW,
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required to cool the entire NIA of the CEAR building, will be taken as the average hourly
cooling demand for the ten working days in January. Column B of Table 2, which represents
the ratio between the first value in Column A and all the other values in the same column,
will then be used to calculate the average hourly cooling demand for the remaining months,
from February to December (Column C, Table 2). Finally, Column D presents the total
monthly cooling demand for the CEAR building.
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Table 2. Estimation of the average monthly cooling demand in the CEAR building, UFPB. Abbrevia-
tions: WD (number of working days for each month) [26]; A (monthly amount of electricity spent with
air conditioning in the IES1, UFPB [21]; B (proportion between the first line of Column A and all lines
of the same Column A); C (average hourly cooling demand); D (average monthly cooling demand).

WD Month A
(kWhel)

B
(%)

C
(kWhcool)

D
(kWhcool)

10 January 245.44 100.0 360.00 28,800

15 February 173.41 70.7 254.35 30,522

22 March 241.2 98.3 353.78 62,265

21 April 217.24 88.5 318.64 53,531

23 May 163.83 66.7 240.30 44,215

21 June 91.18 37.1 133.74 22,468

15 July 0 0.0 0.00 0

21 August 8.45 3.4 12.39 2082

22 September 110.86 45.2 162.60 28,618

20 October 226.42 92.3 332.10 53,136

21 November 181.25 73.8 265.85 44,663

18 December 182.79 74.5 268.11 38,608

4. Life Cycle Assessment
As noted in the literature, Life Cycle Assessment (LCA) is a crucial part of the exer-

goenvironmental analysis process, as it calculates environmental impact values using a
quantitative method. LCA is an analytical technique under ISO 14040/14044 [27,28] guide-
lines that quantifies the environmental aspects of energy conversion systems throughout
their lifecycle concerning material/energy resource consumption and resulting pollutant
emissions [29,30]. In other words, LCA is an analytical tool that enables the assessment of
potential environmental impacts at each stage of a product’s or service’s lifecycle, from raw
material extraction to disposal [31].

Life Cycle Assessment (LCA) is a structured method that encompasses four main stages:

1. Goal and Scope Definition: In this phase, the object of study is defined, and the system
boundaries are established, determining what will be included and excluded from
the analysis;

2. Life Cycle Inventory (LCI): This stage involves compiling all data related to the inputs
(materials, energy, etc.) and outputs (emissions, waste, etc.) associated with the object
of study;

3. Life Cycle Impact Assessment (LCIA): This stage uses the data collected in the previ-
ous step to evaluate the potential environmental impacts (such as on natural resources
and ecosystems) and human health;

4. Interpretation: The goal here is to analyze the results of the LCIA to identify the
main contributors to significant environmental impacts and, based on this analysis,
suggest possible improvements. This systemic approach allows for the identification,
quantification, and mitigation of environmental impacts throughout the entire life
cycle of a product or service, from raw material extraction to final disposal.

4.1. Scope Definition

The goal and scope definition phase should be carried out clearly, outlining the
expected outcomes of the study [32]. This stage explains the rationale for conducting the
LCA, with definitions of the study (product, system, or activity) and its lifecycle, as well
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as a description of the system boundaries (which may include raw material extraction,
material processing, manufacturing, transportation, distribution, use, repair, maintenance,
and disposal) [33].

The scope of this study encompasses the stages of manufacturing, transportation,
operation, and disposal of a vapor absorption chiller. In the manufacturing phase, the
analysis will consider the materials and energy consumed in the production of all sys-
tem components. Subsequently, the study will evaluate the impacts associated with the
transportation of the chiller.

During the operation phase, three distinct scenarios will be analyzed: in Scenario 1,
the chiller will operate using direct combustion of natural gas as the thermal source; in
Scenario 2, the energy source will be biomethane; and in Scenario 3, the study will evaluate
the environmental impacts of the chiller operating with green hydrogen (GH2).

In the final stage of the scope, the chiller will be disposed of in a landfill. Figure 4
illustrates the overall scope of the study, while Figure 5 presents the different thermal
energy sources used in the chiller’s operation. A system lifespan of 20 years has been
adopted [34].
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4.2. Inventory Description

As previously mentioned, the Life Cycle Inventory (LCI) represents the stage of the
LCA in which all inputs and outputs are associated with the object of study. In this
study, inputs for the two main lifecycle phases of the system were considered: component
manufacturing and system operation.

For the manufacturing phase, the consumption of raw materials and energy was
evaluated, taking into account the mass of each component. In the operation phase, the
analysis included thermal energy (from natural gas, biomethane, and green hydrogen),
the water and lithium bromide solution, cooling water, and the electricity required for the
system’s operation. Further details on the data for each component are presented in Table 3.
Additionally, the transportation of the chiller from the manufacturer to the operational site
and the disposal of the chiller were also considered in the simulation.

Table 3. Input data for life cycle analysis.

Component Mass (kg) Raw Material (%) Transportation Distance (km) Disposal

Absorber 700 80% copper/20%
rolled steel

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

Evaporator 700 80% copper/20%
rolled steel

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

Condenser 300 80% copper/20%
rolled steel

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

Steam generator 1 900 80% stainless steel/20%
rolled steel

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

Steam generator 2 300 80% copper/20%
rolled steel

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

Low-temperature
heat exchanger 300 80% copper/20%

rolled steel

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

High-temperature
heat exchanger 300 80% copper/20%

rolled steel

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

Solution pump 100

Carbon steel 50%/PVC
40%/copper

5%/aluminum
3%/rubber 2%

Gyeonggi Province,
South Korea/João
Pessoa–PB, Brazil

21,116 Municipal landfill
with incineration

According to LG [35], the absorption chiller has a total mass of 4200 kg. Steam
generator 1 accounts for 900 kg, while the upper portion of the chiller, comprising steam
generator 2 and the condenser, has a mass of 600 kg. The lower portion, consisting
of the evaporator, absorber, solution pump, low-temperature heat exchanger, and high-
temperature heat exchanger, totals 2700 kg. It is important to note that the mass related to
attachments such as piping, sensors, and control panels is not included within the scope
of this study. Therefore, for the purposes of the present analysis, a total mass of 3600 kg
is considered.

The chiller is manufactured in Gyeonggi-do Province, South Korea. This study does
not include the transportation from the raw material extraction site to the manufacturer’s
headquarters. Transportation from the factory to Incheon International Airport is carried
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out by truck, covering approximately 69 km. Subsequently, the transportation continues
from Incheon to Guarulhos International Airport in containers via cargo plane, totaling a
route of 18,315 km. Finally, from Guarulhos International Airport to the CEAR building
facilities (as illustrated in Figure 6), located in the city of João Pessoa, the journey is again
conducted by truck, covering about 2732 km.
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4.3. System Operation

The operation stage of the system includes the cooling water, the electrical energy
required to operate the pump, the water and lithium bromide solution, which are the
working fluids, and the thermal energy necessary to operate steam generator 1. In this
study, the operation of steam generator 1 is analyzed under three scenarios when it is
powered by (i) the combustion gases of natural gas, (ii) the combustion gases of biomethane,
and (iii) the combustion of green hydrogen.

The volumes of cooling water and chilled water, according to LG [35], are 0.028 m3

and 0.0168 m3, respectively. Therefore, the total volume is 0.0448 m3, with water losses
not considered since the cycle is closed and potential losses over the chiller’s lifespan are
negligible. The volume of the solution in the absorber is 0.019 m3, consisting of 55% lithium
bromide (absorber fluid) and 45% water (refrigerant fluid).

The chiller has a cooling capacity of 352 kW and an estimated coefficient of perfor-
mance (COP) of 1.51. Therefore, the thermal energy required to operate the chiller is
calculated using Equation (1)

.
Qinput =

.
Qcooling

COP
(1)

Within the scope of this study, it is considered that the system includes a solution
pump (the only equipment that consumes electrical energy) with a power of 1.5 kW, which
operates 24 h a day. Therefore, Equation (2) provides the electrical energy consumption.
Table 4 describes the utilities required for the operation of the chiller.

EEinput = Power (kW)× Time (h) (2)

Table 4. Description of utilities required for chiller operation.

Type Quantity

Electrical energy 262,800 kWh (20 years)

Thermal energy 40,840,842 kWh (20 years)

Water volume (cooling and chilled) 0.0448 m3

Solution volume 0.00855 m3
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4.4. LCIA Method

In the context of Life Cycle Assessment (LCA), there are at least 64 methods for Life
Cycle Impact Assessment (LCIA) [36]. A common classification in the literature is the
division between midpoint approaches (intermediate stages of the cause–effect chain)
and endpoint approaches (final stages of the cause–effect chain), which focus on different
stages of this process. The interpretation of endpoint results does not require in-depth
knowledge of environmental effects, which can facilitate more organized and informed
decision-making [37]. The approach adopted in the present study is the ReCiPe method in
its endpoint perspective.

The ReCiPe method in the endpoint approach comprises 17 categories distributed
across three classes: human health, ecosystem quality, and resources. This methodology is
one of the most advanced in Life Cycle Assessment (LCA), offering the largest set of impact
categories. Additionally, ReCiPe combines the strengths of the midpoint-based Life Cycle
Impact Assessment approach of the CML-IA method and the endpoint-based approach of
the Eco-indicator 99 method [38].

As in other LCIA methods, the ReCiPe method presents uncertainties in the process
of converting environmental flow inventories into environmental impacts [39]. Such
uncertainties may arise for three reasons:

First, the quality and completeness of life cycle inventory data are essential for obtain-
ing more accurate results. When information is missing, or the data used are imprecise,
there may be an underestimation of environmental impacts, which compromises the anal-
ysis. Second, the coverage of substances analyzed varies between LCIA methods. In
other words, not all methods consider the same number of substances for a given impact
category, leading to different outcomes. Finally, even when substances are included in dif-
ferent methods, the characterization factors—which translate emissions into environmental
impacts—may vary. This is due to different calculation methodologies and assumptions
used by each method, resulting in some discrepancies in the final results.

5. Exergoenvironmental Assessment
According to Tsatsaronis et al. [40], exergoeconomics combines exergy flows with

economic analysis in energy conversion processes. Exergoenvironmental assessment, on
the other hand, employs the same exergy flows but focuses on environmental impacts.
Therefore, the equations and balances used in exergoenvironmental assessment are similar
to those employed in exergoeconomics.

As described by Meyer et al. [16], exergoenvironmental assessment consists of three
main stages: (i) a detailed exergy analysis of the system, (ii) the quantification of environ-
mental impacts, and (iii) the allocation of these environmental impacts to the exergy flows
of the products of each component, followed by the calculation of exergoenvironmental
variables and the exergoenvironmental assessment.

To perform the thermodynamic analysis of the DEAC system, the following simplifica-
tions were adopted:

• The solution pump was considered isentropic;
• Variations in kinetic and potential energies were negligible;
• In the condenser and evaporator, only the refrigerant circulates;
• The expansion valve was adiabatic;
• The refrigerant was assumed to be in saturation conditions at the outlets of the evapo-

rator and condenser;
• The lithium bromide solution was in equilibrium at the exits of the absorber and steam

generator;
• There was no heat transfer between the heat exchangers and the environment;



Sustainability 2025, 17, 63 13 of 28

• Due to the low viscosity of the mixture and the laminar flow of the system, pressure
drops due to friction in the heat exchangers, piping, and pumps were considered
negligible.

The energetic and exergetic analysis of this system was conducted using the equa-
tions of the first and second laws of thermodynamics applied to each control volume of
the system.

According to Alcântara et al. [3], the thermal energy of the combustion gases is ob-
tained using the species conservation law, with reference to the amount of each hydrocarbon
observed in the gas. The following equations represent the combustion reactions of natural
gas and biomethane, respectively. It is assumed that the combustion is complete and occurs
under standard conditions (25 + C and 1 atm).

xCH4 + yC2H6 + wCO2 + kN2 + jC3H8 + β(O2 + 3.76 × N2) 7→ aCO2 + bN2 + cH2O (3)

xCH4 + wCO2 + kN2 + β(O2 + 3.76 × N2) 7→ aCO2 + bN2 + cH2O (4)

Table 5 shows the composition of natural gas and biomethane used in this work.
The composition of natural gas is provided by the PBGAS [41], and the composition of
biomethane considered in this study follows the limits established by ANP [42]

Table 5. Molar composition of natural gas and biomethane.

Natural Gas Biomethane

Substance Chemical Formula (%) (%)

Methane CH4 90.09 90.0
Ethane C2H6 6.84 -

Propane C3H8 0.16 -
Carbon dioxide CO2 1.56 3.0

Nitrogen N2 1.35 2.0

The green hydrogen used in this study is produced through the electrolysis of water
using electricity generated from renewable energy sources. Almeida et al. [43] report
that electrolysis is a very common process for the production of green hydrogen. With
the help of an electric current, the water molecule (H2O) is dissociated into hydrogen
gas (H2) and oxygen (O2). When the electricity required for this process comes exclu-
sively from renewable sources, such as wind or solar energy, the product is referred to as
green hydrogen.

Each kilogram of hydrogen contains approximately 2.4 times more energy than natural
gas. Additionally, the only input required to release this energy is oxygen, and the only by-
product is water. This means that, as an energy source, hydrogen produces zero greenhouse
gas (GHG) emissions, as hydrogen combustion results in water, and thus, its burning
does not contribute to GHG emissions, as illustrated by the hydrogen combustion reaction
shown in the following equation. It is noteworthy that the energy released from hydrogen
combustion is 242 kJ/mol or 121 kJ/g [5].

For the production of green hydrogen, according to Smolinka et al. [44], it was consid-
ered that producing 1 kg requires 54 kWh of electrical energy using the Polymer Electrolyte
Membrane Electrolysis Cell (PEMEC) method.

2H2 (g) + O2 (g) 7→ 2H2O (g) + energy (5)
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The analysis of the environmental impact of the fuel is determined by the following
equations:

.
Bfuel =

( .
mfuel
.
ρfuel

)
× Bfuel × 103 (6)

b20 =

.
Bfuel
Ex20

(7)

where
.

mfuel refers to the mass flow rate of the fuel (kg/s),
.
ρfuel is the specific mass of

the fuel (kg/m3), Ex20 is the exergy flow at the inlet of steam generator 1 and b20 is the
environmental impact per unit of exergy of the fuel.

The rate of environmental impact associated with the electricity powering the solution
circulation pump (water and lithium bromide) is given by the following equation:

.
Bee = b14 × 10−6 × Ex14 (8)

where b14 is the environmental impact associated with electricity per unit of exergy and
Ex14 is the exergy flow associated with electricity.

The exergoenvironmental balance is determined by the following equation:

n

∑
j=1

.
Bj,k,i +

.
Yk =

m

∑
j=1

.
Bj,k,o (9)

where
.
Bj,k,i is the environmental impact associated with the input flows to equipment k,

.
Bj,k,o is the environmental impact associated with the output flows of each equipment

k, and
.

Yk is the result of applying the life cycle assessment (LCA) to each component of
the system.

According to Marques et al. [32], the number of variables in the balance equations is
generally greater than the number of flows, thus requiring the establishment of auxiliary
equations. In most cases, the number of auxiliary equations is equal to the number of
output flows minus one. The auxiliary equations are derived using the principles of the
SPECO method (similar to those applied in exergoeconomic studies) to define the F (fuel)
and P (product) of the system flows.

The equations derived from the F principle are developed for the exergy flows that
supply exergy to the equipment. The decrease in exergy within the equipment constitutes
part of the exergy of the fuel used by the equipment. Thus, the specific environmental
impact of this flow remains constant between the inlet and the outlet.

The product equations are formulated for the exergy flows that increase between the
inlet and the outlet, characterizing the equipment’s product. This increase is part of the
exergy of the equipment’s product. Each unit of exergy is distributed to all exergy flows
with the same average specific environmental impact of the product (bp,k) [22].

Table 6 presents the exergoenvironmental balance for each piece of equipment in the
DEAC under study.

The exergoenvironmental variables are used to evaluate the environmental perfor-
mance of each system component. The following equations are used to determine the
average specific environmental impacts of the fuel and products for all system flows.

bf,k =

.
Bf,k

Exf.k
(10)

bp,k =

.
Bp,k

Exp,k
(11)
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where
.
Bf,k and

.
Bp,k are the rates of environmental impact associated with the fuel and the

product flows of the system components, respectively.
The expression that determines the rate of environmental impact related to the de-

struction of exergy is given by:
.
BD,k = bf,k·ExD,k (12)

where bf,k is the environmental impact per unit of exergy associated with the fuel and ExD,k

is the exergy destroyed associated with the fuel for each component.

Table 6. Exergoenvironmental balance for each piece of equipment in the DEAC.

Equipment Product Fuel Auxiliary Equation

Steam generator 1 b5·
.
Ex5 + b7·

.
Ex7 b21·

.
Ex21 − b20·

.
Ex20 + b4·

.
Ex4

F : b21 = b20

P :
.
B7−

.
B4

Ex7−Ex4
=

.
B5−

.
B4

Ex5−Ex4

Steam generator 2 b13·
.
Ex13 − b6·

.
Ex6 b7·

.
Ex7 − b8·

.
Ex8 F : b7 = b8

Condenser b18·
.
Ex18 − b19·

.
Ex19 b8·

.
Ex8 − b10·

.
Ex10 F : b8 = b10

Evaporator b16·
.
Ex16 − b17·

.
Ex17 b11·

.
Ex11 − b10·

.
Ex10 F : b10 = b11

Solution pump b2·
.
Ex2 − b1·

.
Ex1 b14·

.
Ex14 Not applicable

Absorber b1·
.
Ex1 − b12·

.
Ex12 b11·

.
Ex11 + b15·

.
Ex15 − b18·

.
Ex18 F :

.
B15−

.
B11

Ex15−Ex11
=

.
B18−

.
B11

Ex18−Ex11

High heat exchanger b4·
.
Ex4 − b3·

.
Ex3 b5·

.
Ex5 − b6·

.
Ex6 F : b5 = b6

Low heat exchanger b3·
.
Ex3 − b2·

.
Ex2 b13·

.
Ex13 − b12·

.
Ex12 F : b13 = b12

One way to calculate the environmental impact of equipment is by summing the
environmental impact of the equipment (including all stages of the life cycle: manufacturing,
transportation, installation, operation, maintenance, and disposal) as determined by the
life cycle assessment (LCA) study, with the rate of environmental impact associated with
exergy destruction. Therefore, the equation is written as follows:

.
Btot,k =

.
Yk·

.
BD,k (13)

Another exergoenvironmental parameter of interest for the study is the relative
difference in specific environmental impacts, designated as rb,k and represented by the
following expression:

rb,k =
bp,k − b f ,k

b f ,k
(14)

The following equation shows how to determine another exergoenvironmental param-
eter called the exergoenvironmental factor ( fb,k), which is used to compare the sources of
environmental impact in a component. The value of this factor ranges from 1 to 0, with a
value closer to 1 being better, as it indicates that the environmental impact due to exergy
destruction is minimal.

fb,k =

.
Yk

.
Yk·

.
BD,k

(15)

6. Results and Discussion
The following subsections will present the results of the mass flow and exergy rate for

the three fuels under study, the life cycle assessment of the chiller, and the results of the
exergoenvironmental analysis.

6.1. Results of the Thermodynamic Analysis

Table 7 presents the mass flow rate (m), specific exergy, and exergy flow for each point
in the DEAC system, considering natural gas, biomethane, and green hydrogen as fuels.
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Analyzing Table 7, it is observed that green hydrogen exhibits the highest exergy
rate for a given amount of thermal energy required by the system under study. This is
evidenced by flow 20 in the graph, which represents the entry of combustion gases into the
steam generator 1.

Exergy rate is a measure of the quality or usefulness of an energy resource. For the
same thermal energy demand, the exergy of different fuels can vary based on their ability
to perform useful work.

Natural gas is primarily composed of methane (CH4) and has a high exergy rate
because methane has a high potential to release energy when burned. Its high energy
density and combustion efficiency contribute to its elevated exergy rate.

Biomethane is essentially methane produced from biological processes, such as anaer-
obic digestion. Although its composition is similar to that of natural gas, the exergy rate of
biomethane may be slightly lower due to potential impurities and variations in the quality
of the produced fuel. However, in terms of pure exergy, biomethane is comparable to
natural gas.

Table 7. Exergy flows of the DEAC system.

Natural Gas Biomethane Green Hydrogen

Flow ṁ [kg/s] Ex [kJ/kgk] Ex [kW] ṁ [kg/s] Ex [kJ/kgk] Ex [kW] ṁ [kg/s] Ex [kJ/kgk] Ex [kW]

1 1.11 82.12 91.15 1.11 82.12 91.15 1.11 82.12 91.15

2 1.11 82.12 91.15 1.11 82.12 91.15 1.11 82.12 91.15

3 0.41 210.30 86.22 0.41 210.30 86.22 0.41 210.30 86.22

4 1.11 129.60 143.86 1.11 129.60 143.86 1.11 129.60 143.86

5 1.02 69.44 70.83 1.02 69.44 70.83 1.02 69.44 70.83

6 1.02 78.92 80.50 1.02 78.92 80.50 1.02 78.92 80.50

7 0.09 459.50 41.36 0.09 459.50 41.36 0.09 459.50 41.36

8 0.09 45.56 4.10 0.09 45.56 4.10 0.09 45.56 4.10

9 0.09 0.11 0.01 0.09 0.1057 0.010 0.09 0.11 0.01

10 0.09 0.07 0.01 0.09 0.07425 0.01 0.09 0.07 0.01

11 0.09 −188.90 −17.00 0.09 −188.90 −17.00 0.09 −188.90 −17.00

12 1.02 71.10 72.52 1.02 71.10 72.52 1.02 71.10 72.52

13 1.02 78.30 79.87 1.02 78.30 79.87 1.02 78.30 79.87

14 1.50 1.50 1.50

15 15.78 0.18 2.84 15.78 0.18 2.84 15.78 0.18 2.84

16 9.74 2.16 21.04 9.74 2.16 21.04 9.74 2.16 21.04

17 9.74 1.00 9.74 9.74 1.00 9.74 9.74 1.00 9.74

18 15.78 0.36 5.68 15.78 0.37 5.84 15.78 0.37 5.84

19 15.78 0.84 13.26 15.78 0.85 13.41 15.78 0.85 13.41

20 0.06 2692.00 161.52 0.09 1720.00 154.80 0.18 1302.00 234.36

21 0.06 533.70 32.02 0.09 401.90 36.17 0.18 621.70 111.91

Green hydrogen, produced from the electrolysis of water using renewable energy,
has a high exergy rate because, when burned, it produces only water while releasing a
significant amount of energy per unit of mass. Although hydrogen has a lower volumetric
energy density compared to hydrocarbons, its high exergy is evident due to its efficiency in
energy conversion.
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At point 11, the negative exergy value results from a comparison with the stan-
dard state, defined by an ambient temperature of 25 ◦C and an atmospheric pressure of
101.325 kPa. At the mentioned point, both pressure and temperature are below these
reference values, resulting in negative exergy.

The exergy rate in the DEAC does not vary with the change of fuel because exergy is a
property that depends on the thermodynamic conditions of the system (such as temper-
ature, pressure, and the composition of the substances involved) and the environmental
conditions. The change in fuel, which affects the heat source for the generator, alters
the amount of thermal energy supplied but does not directly modify the thermodynamic
properties of the system.

Regarding combustion engineering, it was assumed that combustion is complete and
that there are no variations in the composition of the analyzed fuels. These assumptions
have practical implications for operating conditions, such as reduced efficiency due to varia-
tions in the fuels’ calorific value, which directly impacts the amount of energy generated per
cubic meter of gas burned. In the case of incomplete combustion, the consequences include
the formation of by-products, as the fuel is not fully oxidized. For natural gas, this can
result in the emission of carbon monoxide (CO), soot, and other unburned hydrocarbons,
thereby increasing environmental pollution

6.2. Results of the Life Cycle Assessment

Tables 8–10 present the contribution of environmental impacts to the life cycle of the
absorption refrigeration chiller under study using the Recipe (H/A) method. The analysis
was conducted by substituting the fuel in the operation phase of the chiller while the stages
of manufacturing, transportation, and disposal remained unchanged.

Table 8. Relative contribution of the impact categories considered in ReCiPe 2016 (H/A) using natural
gas as fuel (the following categories were omitted from the table: Ecosystems (freshwater ecotoxicity,
terrestrial acidification, freshwater eutrophication, marine ecotoxicity, terrestrial ecotoxicity) and
Human Health (ionizing radiation, ozone depletion, photochemical oxidant formation)).

Ecosystems Human Health Resources

Impact Category mPt % mPt % mPt %

Agricultural land occupation 3.00 0.09

Climate change, ecosystems 552.00 17.19

Natural land transformation 38.00 1.18

Urban land occupation 9.54 0.30

Climate change, human health 873.00 27.18

Human toxicity 51.76 1.61

Particulate matter formation 223.40 6.95

Fossil depletion 1403.71 43.70

Metal depletion 54.38 1.69

Total 604.66 18.83 1149.88 35.80 1458.09 45.40

The ReCiPe method evaluates environmental impacts in three groups: Ecosystems,
Human Health, and Resources. Impact categories with near-zero environmental relevance
were excluded to maintain the most significant results and enable better interpretation.
The excluded categories were Ecosystems (freshwater ecotoxicity, terrestrial acidification;
freshwater eutrophication, marine ecotoxicity, terrestrial ecotoxicity) and Human Health
(ionizing radiation, ozone depletion, photochemical oxidant formation).
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Table 9. Relative contribution of the impact categories considered in ReCiPe 2016 (H/A) using
biomethane as fuel ( the following categories were omitted from the table: Ecosystems (freshwater
ecotoxicity, terrestrial acidification; freshwater eutrophication, marine ecotoxicity, terrestrial ecotoxic-
ity) and Human Health (ionizing radiation, ozone depletion, photochemical oxidant formation)).

Ecosystems Human Health Resources

Impact Category mPt % mPt % mPt %

Agricultural land occupation 21.56 0.73

Climate change, ecosystems 507.88 17.17

Natural land transformation 39.24 1.33

Urban land occupation 10.00 0.34

Climate change, human health 803.50 27.17

Human toxicity 59.73 2.02

Particulate matter formation 235.39 7.96

Fossil depletion 1215.19 41.09

Metal depletion 60.00 2.03

Total 580.97 19.64 1101.48 37.24 1275.19 43.12

Table 10. Relative contribution of the impact categories considered in ReCiPe 2016 (H/A) using green
hydrogen as fuel (the following categories were omitted from the table: Ecosystems (freshwater eco-
toxicity, terrestrial acidification; freshwater eutrophication, marine ecotoxicity, terrestrial ecotoxicity)
and Human Health (ionizing radiation, ozone depletion; photochemical oxidant formation)).

Ecosystems Human Health Resources

Impact Category mPt % mPt % mPt %

Agricultural land occupation 2.92 0.11

Climate change, ecosystems 473.46 17.26

Natural land transformation 37.36 1.36

Urban land occupation 9.26 0.34

Climate change, human health 749.01 27.30

Human toxicity 51.14 1.86

Particulate matter formation 217.60 7.93

Fossil depletion 1151.00 41.95

Metal depletion 48.23 1.76

Total 525.05 19.14 1019.41 37.16 1199.23 43.71

Table 8 shows that the groups Ecosystems, Human Health, and Resources are affected,
respectively, by 18.83%, 35.8%, and 45.4% of the total environmental impacts derived from
the LCA results of the DEAC operating with natural gas as the energy resource.

Table 9 shows that the groups Ecosystems, Human Health, and Resources are affected,
respectively, by 19.64%, 37.24%, and 43.12% of the total environmental impacts derived
from the LCA results of the DEAC operating with biomethane as the energy resource.

Table 10 shows that the groups Ecosystems, Human Health, and Resources are affected,
respectively, by 19.14%, 37.16%, and 43.7% of the total environmental impacts derived from
the LCA results of the DEAC operating with green hydrogen as the energy resource.

The analysis of Tables 8–10 underscores the crucial importance of selecting cleaner
and more sustainable energy sources for DEAC systems. While natural gas is widely used,
it presents the greatest environmental impacts, particularly in terms of fossil fuel depletion
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and climate change. Biomethane, in turn, represents an advancement in sustainability by
mitigating some of the impacts associated with natural gas. However, it is green hydrogen
that stands out as the most promising option, offering the lowest environmental impacts
across multiple categories.

Figure 7 presents a comparative graph of the life cycle assessment of the operational
phase, using the RECIPE Endpoint (H,A) method for the chiller, alternating between the
three fuels: natural gas, biomethane, and green hydrogen (GH2).
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Figure 7. Lifecycle results of the chiller during the operational phase (Bop) comparing the use of
three fuels: natural gas vs. biomethane vs. green hydrogen.

During the operational phase of the DEAC, where the highest consumption throughout
the lifecycle is the thermal energy required for the operation of steam generator 1, green
hydrogen achieves a 99.84% reduction in environmental impacts compared to natural gas.

Green hydrogen is produced using electricity generated from renewable sources, and
when it is used for combustion, green hydrogen (GH2) emits water vapor as a by-product.
This means that there are no greenhouse gas emissions or atmospheric pollutants during
its use. Despite being the best choice from an environmental perspective, the technological
pathway for the production of green hydrogen is economically burdensome. Appropriate
regulation and private capital investment are essential to accelerate the development
of this technology and reduce the costs associated with the installation, infrastructure,
and operation of production systems. These measures can enhance both the technical
and economic viability of green hydrogen in comparison to conventional alternatives,
promoting its large-scale adoption and contributing to a more sustainable energy transition.

In Brazil, where the study was conducted, Law No. 14,948 was enacted on 2 August
2024 [45], establishing the legal framework for low-carbon hydrogen. This new legislation
provides incentives for the production and commercialization of green hydrogen, encour-
aging an increase in private-sector investments. For example, Eletrobras is investing in
hydrogen production through two commercial agreements, which will enable the future
supply of this fuel. The CEAR building, the focus of the case study, already has a solar
power plant and plans to utilize this infrastructure for green hydrogen production, further
promoting sustainability.

Natural gas, although a relatively cleaner option compared to other fossil fuels, still
results in CO2 and other pollutant emissions during combustion. This places it at a disad-
vantage compared to both green hydrogen and biomethane in terms of environmental im-
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pact reduction. Biomethane, being a renewable alternative derived from the decomposition
of organic waste, represents an improvement over natural gas by reducing environmental
impacts by 54.21% relative to natural gas. However, it may still produce emissions during
combustion and is not as efficient as green hydrogen in terms of overall environmental
impact reduction.

Biomethane exhibits chemical characteristics similar to those of natural gas, with the
advantage of being directly injected into the existing network and distributed by the same
companies that commercialize natural gas in Brazil. The expansion of biomethane usage
not only leverages this infrastructure but also contributes to environmental sustainability,
making the energy system more aligned with a low-emission future. In Brazil, the regulation
of biomethane is governed by ANP Resolutions 886/2022 [42] and 906/2022 [46].

6.3. Results of the Exergoenvironmental Analysis

Figure 8 presents the comparative results for each system flow, highlighting the
specific environmental impact of the three fuels analyzed. Biomethane exhibits lower
specific impacts compared to natural gas, while green hydrogen demonstrates the lowest
specific impacts overall.
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Figure 8. Comparative specific environmental impact (b) of natural gas vs. biomethane vs. green
hydrogen.

Although the specific values differ for each fuel, the curves demonstrate the same
behavior and compatibility. Peaks, valleys, and plateaus [22] occur in the same regions for
all fuels.

Natural gas, represented by the blue line, exhibits significant peaks in certain system
flows, particularly in flows 8, 10, 11, and 13. These peaks indicate a higher environmental
impact compared to the other fuels, especially during periods of increased demand or
intensive system operation.

Biomethane, indicated by the orange line, shows considerable variations in specific
environmental impact, with peaks close to natural gas but generally below it. This suggests
that, although biomethane has higher environmental impacts at certain times, it tends to be
less harmful to the environment compared to natural gas.

Green Hydrogen (GH2), represented by the gray line, exhibits the lowest environ-
mental impact values across nearly all system flows. This indicates that green hydrogen
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is the most environmentally friendly fuel option among the three, with minimal impacts
compared to biomethane and natural gas.

The fluctuations observed in specific environmental impact across system flows may
be indicative of variations in system efficiency or energy demand, directly influencing
emissions and, consequently, the environmental impact.

Figure 9 illustrates the environmental impact rates. It can be observed that points 13, 6,
and 3 exhibit the highest environmental impact rates, with approximately 15,100 points/h,
14,500 points/h, and 11,000 points/h, respectively. Green hydrogen has the lowest impact
rates, standing out as the cleanest fuel.
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Figure 9. Comparative environmental impact rate (B) of natural gas vs. biomethane vs. green hydrogen.

Due to the negative exergy value at point 11, the environmental impact rates also
became negative at this point.

The points associated with the cooling fluid exhibit a zero impact rate, as it is consid-
ered that the fluid operates in a closed-loop system with no losses throughout its lifecycle.

The environmental impact rate of GH2 exhibits the lowest values, as the production of
green hydrogen, obtained through the electrolysis of water using electricity from renewable
sources such as solar and wind, represents a clean alternative with reduced environmental
impact. This process splits water into hydrogen and oxygen without generating CO2 or
pollutants. When green hydrogen is used as a fuel, its combustion results only in water,
without releasing greenhouse gases, nitrogen oxides, or sulfur dioxides, in contrast to fossil
fuels that contribute to global warming and air pollution.

Figure 10 compares the relative environmental impacts considering the Life Cycle
Assessment (LCA). Green hydrogen again has the lowest impact.

Steam generator 1 shows the highest relative environmental impact value, followed
by the evaporator and absorber, across the three fuels analyzed. This can be explained by
the exergy destruction in the combustion process, as well as the mass (Kg) and material
used in the equipment, which affects the production, transportation, and disposal stages
in the life cycle assessment. The steam generator 1 has a mass of 900 Kg, while the
absorber and evaporator have a mass of 700 Kg. These latter two pieces of equipment are
composed of 80% copper, which is characterized by highly energy-intensive extraction
and production phases, resulting in significant environmental impacts, primarily due to
electricity production from hard coal [47]
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Figure 11 shows the exergy destruction associated with environmental impact. The
highest values of exergy destruction are observed in the low- and high-temperature heat
exchangers. This phenomenon indicates that these components exhibit high levels of
specific environmental impact and exergy destruction, reflecting significant inefficiencies in
the heat transfer process. The substantial exergy destruction in these heat exchangers can
be attributed to large temperature gradients between the fluids, which generate thermal
irreversibilities and, consequently, increase exergy losses.
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Figure 10. Comparative environmental impact rate relative to LCA (Yk) of natural gas vs. biomethane
vs. green hydrogen.
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Figure 11. Comparative environmental impact rate associated with exergy destruction (Bd) of natural
gas vs. biomethane vs. green hydrogen.
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Figure 12 highlights the relative difference in environmental impact. The pump has
a high rbk value, which is explained by the significant difference between the impacts of
the product and the inputs. This occurs because, from point 1 to point 2, there is only
an increase in pressure, while the temperature and concentration of the water-lithium
bromide solution remain unchanged, resulting in no exergy gain. In other words, according
to the SPECO method, the transition from point 1 to point 2 is inefficient. However, the
environmental impact is minimal (Figure 10) compared to other components of the chiller.
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Figure 12. Comparative relative difference in the environmental impact (rk) of natural gas vs.
biomethane vs. green hydrogen.

The relative difference between the environmental impacts of inputs and products
(rbk) reflects the environmental quality of the equipment. Higher values indicate a greater
need for optimization to reduce environmental impact [32]. Analyzing Figure 12 (excluding
the pump), the equipment that requires the most optimization to improve environmental
quality includes steam generator 1, the evaporator, and the low-temperature heat exchanger.

Figure 13 presents the comparative exergoenvironmental factor. The exergoenviron-
mental factor is related to the environmental impact due to exergy destruction. This value
ranges from 0 to 100%, with higher values being preferable, as they indicate minimal
impact from exergy destruction. Notably, if the value is closer to 100%, it suggests that the
environmental impact associated with the component, Yk, is the most significant, and the
study should focus on reducing this impact throughout the lifecycle. Conversely, if the
value is close to 0, it indicates that the majority of the environmental degradation is due to
exergy destruction within the equipment.

Analyzing Figure 13, it is observed that the equipment most in need of optimization
includes the low-temperature heat exchanger, the high-temperature heat exchanger, and
steam generator 2, followed by the evaporator.

The results presented provide a comprehensive and comparative view of the exer-
goenvironmental performance of the analyzed fuels. Green hydrogen emerges as the most
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advantageous option, offering the lowest environmental impact rates, the least exergy
destruction, and notable stability in specific impacts. Biomethane, although less impactful
than natural gas, still exhibits significant variations in environmental impacts. Therefore,
the data support the superiority of green hydrogen as a more sustainable and efficient en-
ergy solution for DEAC systems, highlighting the need for investments in green hydrogen
technologies to promote a cleaner and more responsible energy future [43].
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Figure 13. Comparative exergoenvironmental factor (fk) of natural gas vs. biomethane vs. green
hydrogen.

7. Conclusions
The study analyzed the Life Cycle Assessment (LCA) and exergy-environmental

evaluation of a double-effect absorption refrigeration system using three types of energy
sources: natural gas, biomethane, and green hydrogen. The analysis aimed to compare
the environmental and energetic performance of these fuels, providing a comprehensive
perspective on their impacts and efficiency.

The search for sustainable and efficient solutions in the refrigeration sector has inten-
sified due to the need to reduce greenhouse gas emissions and promote the responsible
use of natural resources. Absorption refrigeration systems, capable of utilizing renewable
energy sources, offer significant economic and environmental advantages.

Green hydrogen stands out for exhibiting the highest exergy rate for a specific amount
of thermal energy required, surpassing both natural gas and biomethane. Compared to
green hydrogen, natural gas has an exergy rate that is 31.10% lower, while biomethane has
an exergy rate that is 33.96% lower.

The main results of the Life Cycle Assessment (LCA) of the fuels analyzed during the
operational phase of the DEAC are as follows:

• Natural Gas: Exhibits significant environmental impacts, particularly in terms of fossil
resource depletion (1403.71 mPts) and climate change (1425.00 mPts). These values
represent 18% and 33.16% more environmental impacts when compared to GH2;

• Biomethane: Although still significant, it shows a reduction of 14,7% in impacts when
compared to natural gas, with lower fossil resource depletion (1215.19 mPts);
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• Green Hydrogen: Emerged as the cleanest option, with the lowest impacts in all
evaluated categories, particularly in climate change (1222.47 mPts) and fossil resource
depletion (1151.00 mPts).

During the operational phase of the DEAC, green hydrogen achieves a 99.84% reduc-
tion in environmental impacts compared to natural gas, primarily due to its production
using renewable electricity and its emission of only water vapor during combustion. This
substantial reduction in CO2 and other pollutants highlights the significant advantage of
green hydrogen over natural gas and biomethane. While natural gas, although cleaner
than other fossil fuels, still emits CO2 and pollutants, biomethane, a renewable fuel derived
from organic waste, reduces environmental impacts by 54.21% relative to natural gas.
However, biomethane is less effective than green hydrogen in the overall minimization of
environmental impacts.

The change in fuel during the operational phase of the DEAC affected the magnitude
of the exergoenvironmental results but did not alter the identification of the equipment
requiring optimization in the system. Heat exchangers remain the primary contributors to
exergy destruction, highlighting inefficiencies in the heat transfer process.

The relative environmental impact difference (Rbk) identified that the equipment
requiring optimization to improve environmental quality includes steam generator 1, the
evaporator, and the low-temperature heat exchanger. The exergoenvironmental factor (fbk)
indicates that the equipment most in need of optimization includes the low-temperature
heat exchanger, the high-temperature heat exchanger, and steam generator 2, followed by
the evaporator.

In Brazil, the use of green hydrogen and biomethane as fuels is already regulated,
which provides greater security for private sector investments. This paves the way for the
expansion of cleaner energy sources, which can not only reduce dependence on fossil fuels
but also stimulate technological advancement.

The Life Cycle Assessment (LCA) model and the exergoenvironmental model have
proven to be suitable for this study. The results obtained can serve as a benchmark for
decision-making aimed at reducing the environmental impacts associated with refrigeration
production equipment.

This study provides a comprehensive analysis of the environmental impacts and en-
ergy efficiency of three different energy sources for a double-effect absorption refrigeration
system. The results support the transition to green hydrogen as a viable and sustainable
solution capable of minimizing environmental impacts and maximizing energy efficiency.
Biomethane emerges as an intermediate alternative, offering advantages over natural gas
but still falling short compared to green hydrogen.
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