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Abstract: The fishmeal production industry is essential for providing protein for animal feed in
the aquaculture sector. However, the industry faces challenges related to energy consumption
and environmental sustainability. This study evaluates the energy efficiency and environmental
benefits of waste heat recovery (WHR) technologies in a fishmeal production plant in Vietnam.
Data were collected from the plant between 2016 and 2022, and a specific energy consumption
(SEC) indicator and a comprehensive methodology were utilized. Implementing an economizer as
a WHR technology resulted in a 55.5% decrease in SEC compared to the state before installation.
The enhanced energy efficiency also translated to reduced energy consumption per output unit.
Moreover, the economizer contributed to annual energy savings of 4537.57 GJ/year and cost savings
of USD 26,474.49. Additionally, carbon dioxide (CO2) emissions associated with producing one
ton of fishmeal decreased by 58.37%. These findings highlight the potential for WHR technologies
to improve energy efficiency and reduce the environmental footprint of fishmeal production. The
study’s results provide valuable insights for practitioners and policymakers in promoting energy
efficiency practices and reducing environmental impact in this and similar industries.

Keywords: waste heat recovery technologies; specific energy consumption (SEC); fish meal produc-
tion; energy efficiency practices; environmental sustainability

1. Introduction

The fishmeal production (FMP) industry is critical in providing a valuable protein
source for animal feed in the global aquaculture sector [1]. However, this industry faces
significant challenges related to energy consumption, air pollution, and environmental sus-
tainability [2]. The production process relies heavily on boilers, which consume substantial
energy and release waste heat into the environment [3–6], contributing to greenhouse gas
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emissions and economic losses. To achieve sustainable development, fishmeal factories
must explore solutions that enhance energy efficiency, recover waste heat, and minimize
flue gas emissions.

Waste heat recovery (WHR) technologies have gained attention in various indus-
trial sectors to improve energy efficiency and minimize environmental impacts [7,8]. By
capturing and utilizing waste heat generated by industrial processes, WHR technologies
offer benefits such as reducing energy consumption and addressing concerns related to
greenhouse gas emissions. Implementing WHR technologies enables industries to improve
operational sustainability while minimizing environmental footprint [7].

Several studies have demonstrated the benefits of WHR technologies in improving
energy efficiency and reducing environmental impacts in different industries. For example,
a study by Singh and Dasgupta [9] investigated waste heat utilization in a milk refrigeration
plant, significantly reducing carbon dioxide (CO2) emissions and total energy costs. Dou-
vartzides and Karmalis [10] applied an organic Rankine cycle to recover heat from exhaust
gases, enhancing overall plant efficiency and reducing fuel consumption. Ganapathy [6]
highlighted the advantages of using economizers for heat recovery boilers, such as energy
savings and reductions in greenhouse gas emissions.

In the FMP industry, WHR technologies can improve energy efficiency and reduce the
environmental footprint of these facilities. However, more scientific studies need to analyze
the energy use efficiency and environmental benefits of implementing WHR technologies
in FMP plants, particularly in developing countries.

The specific energy consumption (SEC) indicator has emerged as a valuable tool for
assessing and improving energy efficiency in various industries [11,12]. SEC quantifies the
amount of energy consumed per output unit, providing insights into the energy intensity
of production processes [11]. It has been widely used to evaluate and enhance energy
efficiency in different sectors [12,13]. However, its application in the FMP industry and its
effectiveness in improving energy efficiency and sustainability require further research.

Given the limited research on the application and effectiveness of WHR technologies
and the SEC indicator in the FMP industry, especially in developing countries such as
Vietnam, this study aims to fill this research gap. The study will conduct a comprehensive
case study in Vietnam to evaluate the implementation of WHR technologies and the SEC
indicator in a fish meal production plant. The objective is to assess the potential for
improving energy efficiency through WHR technologies in the FMP process and quantify
the energy savings and reductions in greenhouse gas emissions achieved by implementing
WHR technologies.

The findings of this study will contribute valuable insights to the scientific community,
providing evidence on the effectiveness of WHR technologies and the SEC indicator in
enhancing sustainability in the FMP industry. The results and recommendations derived
from this study can guide practitioners and policymakers in the fish meal production
industry toward implementing energy-efficient practices and reducing environmental
impact. Moreover, focusing on a developing country context adds to the existing body of
knowledge, predominantly based on studies conducted in developed countries.

2. Materials and Methods
2.1. Case Study Selection in Vietnam

This study focuses on the Khanh Hoang Seaprexco Ltd. (KHS) (Sóc Trăng, Vietnam)
factory, one of Vietnam’s largest fishmeal factories. The factory is located in Tran De
town, Soc Trang province, within the Mekong Delta region of Vietnam. The KHS factory
specializes in FMP and has an annual capacity of 12,500 tons [14]. It utilizes pangasius
byproducts to produce fishmeals and operates various energy-consuming equipment,
including a water pump, a grinder, a fan, and a boiler. Among these, the boiler is the most
energy-intensive equipment and uses biomass, such as rice husk pellets, as its fuel source.
In late 2017, an economizer, a waste-heat recovery (WHR) technology, was installed on the
boiler flue-gas system to enhance energy efficiency.
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2.2. Description of the FMP Process

The FMP process at the KHS factory involves four main steps, as illustrated in Figure 1.
Initially, the fish processing byproducts are indirectly heated by steam from the dryer’s
boiler (step 1). The byproducts are then classified by a screening machine (step 2). In
the third step, the screened products are crushed into pellets (step 3). Finally, the pellets
undergo a cooling process in the fourth stage (step 4).
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Figure 1. The scheme of the FMP process using fish byproducts at the KHS factory (shows the
economizer installation in the upper right corner).

2.3. Implementation of Boiler and Waste Heat Recovery Technologies
2.3.1. Boiler Technology

The boiler is a critical component in the FMP process at the KHS factory and consists
of two essential parts: the combustor and the heat exchanger (Figure 2). The combustor
facilitates controlled biomass fuel combustion, such as rice husk pellet (RHP). Burners
introduce RHP into the combustion chamber and mix them with the appropriate airflow
for combustion. The combustion process generates significant heat transferred to the
surrounding water.

The heat exchanger enhances heat transfer from flue gasses and the combustion
chamber to the water, facilitating efficient steam production. It typically consists of a long
coiled or arranged serpentine-like pipe to increase the surface area and optimize heat
transfer. The heated water from the heating system circulates through the heat exchanger,
gradually absorbing the heat from the combustion process and increasing in temperature.

Integrating the combustion chamber and heat exchanger optimizes the boiler system’s
conversion of fuel-derived energy into heat energy, leading to steam generation. This heat
energy is transferred to the water, resulting in steam production. The resulting steam
indirectly heats the fish processing byproducts (step 1).
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Figure 2. Diagram depicting the configuration of the combustion chamber and heat exchanger within
a boiler.

2.3.2. Waste Heat Recovery Technologies

To further enhance the energy efficiency of the FMP process at the KHS plant, an econ-
omizer, as a waste heat recovery (WHR) technology, was installed in the boiler system at the
end of 2017 (Figure 3). The economizer is a heat exchanger device that recovers waste heat
from the flue gases generated during the combustion process in the boiler. This recovered
heat is then used to preheat the feed water, an essential step in the boiler operation.
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The key characteristics and functions of the economizer are as follows:
Heat recovery: The economizer is designed to recover waste heat from the hot flue

gases, which would otherwise be released into the atmosphere. By capturing this waste
heat, the economizer effectively utilizes it for a helpful purpose, specifically for preheating
the feed water.

Improved energy efficiency: By preheating the feed water, the economizer reduces the
energy required to bring the water to the desired temperature for steam production. This
leads to improved energy efficiency in the FMP process [12]. As a result, the specific energy
consumption (SEC) is reduced, and the production plant becomes more energy-efficient.

Reduction in CO2 emissions: As a direct consequence of reduced energy consumption,
installing the economizer substantially decreases CO2 emissions. Burning rice husk pellets
for steam generation is a significant source of CO2 emissions in fish meal production [15]. By
optimizing energy use and reducing the consumption of rice husk pellets, the economizer
helps to mitigate the release of CO2 into the atmosphere, making the production process
more environmentally friendly.

Process integration: The economizer is integrated into the boiler system as a heat
transfer component. It allows the hot flue gases to pass through its coils while the feed
water flows through the interior of these coils. This arrangement facilitates efficient heat
exchange between the two streams, maximizing waste heat recovery and minimizing
heat losses.

Cost savings: Apart from its environmental benefits, the economizer contributes to
cost savings for the fish meal production plant. By reducing energy consumption and
optimizing the use of rice husk pellets, the plant’s energy costs are minimized, leading to
economic benefits and enhancing the overall sustainability of the operation.

2.4. Data Collection and Analysis
2.4.1. Data Collection

Data collection for this study involved two primary methods: direct data collection
from the KHS factory and secondary data collection from published studies.

Direct data collection from the KHS factory consisted of three field surveys conducted
by the research team in December 2017, December 2018, and June 2023. These surveys
involved observing the factory’s operations and gathering information on the boiler’s
and energy saver’s structure and function. Figures 1–3 were created based on these
observations. Moreover, we collected monthly data on fishmeal output (FMO), electricity
consumption (EC), and rice husk pellets consumption (RHPC) for seven years, divided into
two phases: before the installation of the economizer (2016–2017) and after the installation
of the economizer (2018–2022), from factory reports. Detailed data collected from the field
can be found in Supplementary S1 of the Supporting Information.

Secondary data collection involved reviewing published documents to obtain the
necessary data for calculating total annual energy savings (TAES) from heat recovery,
CO2 emissions to the environment, annual energy savings (AES), and annual energy cost
savings (AECS) resulting from the economizer system installation at the KHS factory. The
secondary data involved using default emission factors (EF) of CO2 based on fuel type, the
percentage of heat lost through the flue-gas system (%f), the efficiency of the heat recovery
system (%HR), and the price of electricity/RHP in Vietnam. The specific details of the
secondary data are presented in Supplementary S2 of the Supporting Information.

2.4.2. Data Analysis

The data-analysis process in this study involves several steps, including data visual-
ization and examination, calculation of total energy consumption (TEC), determination
of the specific energy consumption (SEC), analysis of the difference in the SEC index,
calculation of AES, estimation of AECS, and calculation of CO2 emissions. Each step is
described sequentially.
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Visualizing and Analyzing the Collected Data

The collected data from the field (FMO, EC, and RHPC) were visualized using the
Textable function in the Tableau Public platform. This approach represented the data as
rectangular shapes, with the color of each rectangle reflecting its corresponding values.

This study employed the qqnorm function in R to generate and analyze QQ plots,
aiming to evaluate the conformity of the collected data from the KHS factory (FMO, EC,
and RHPC) to a normal distribution or its approximation. The procedure for utilizing the
qqnorm function is detailed in Supplementary S4.1 of the Supporting Information.

Calculation of Total Energy Consumption

Total energy consumption (TEC) in this study refers to the overall energy consumed
during the operation of the KHS factory, including electricity and rice husk pellets. TEC is
calculated as the sum of EC and RHPC using Equation (1).

TEC = EC + RHPC (1)

where: TEC represents the total energy consumption measured in gigajoules (GJ). EC
denotes the electricity consumption by the KHS factory measured in gigajoules (GJ). RHPC
signifies the amount of RHP consumed by the factory measured in gigajoules (GJ).

Calculation of Specific Energy Consumption

Specific energy consumption (SEC) in this study refers to the energy required to
produce one ton of fishmeal at the KHS factory. The SEC index at the KHS factory is
calculated monthly and averaged yearly for seven years (2016–2022). It is determined
by dividing the total energy consumed (TEC) by the fishmeal output (FMO) according to
Equation (2).

SEC =
TEC
FMO

(2)

The unit used for SEC is GJ/ton, TEC is in GJ, and FMO is in tons.

Examination of the Difference in the SEC Index

An independent t-test was conducted using the R software (version 4.3.1) to compare
the average SEC index before (2016, 2017) and after (2018, 2019, 2020, 2021, and 2022) the
economizer installation at the KHS factory.

Analyzing the Linear Correlation among Indices

The Pearson correlation coefficient was used to analyze the linear correlation among
five indices (FMO, EC, RHPC, TEC, and SEC). The Pearson correlation coefficient measures
the degree of linear correlation between two variables, ranging from −1 to +1. A coefficient
close to −1 or +1 indicates a strong correlation, while a coefficient near 0 suggests a lack
of significant linear correlation. The Pearson correlation analysis is conducted using the
R software. The specific command structure is presented in Supplementary S4.3 of the
Supporting Information.

Calculation of Annual Energy Savings

The annual energy savings (AES) refer to the amount of energy that the KHS factory
has saved through the installation of the economizer. This study aims to calculate the
AES achieved by the KHS factory from 2018 to 2022, separately for each specific energy
source (EC and RHPC) and for the overall energy savings. The AES is calculated using
Equations (3)–(5), and a detailed breakdown of the calculation process can be found in
Table S3.3, Supplementary S3, which is provided as Supplementary Information.

AESEC = AEC · % f g · %HR (3)
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AESRHPC = ARHPC · % f g · %HR (4)

TAESHR = AESEC + AESRHPC (5)

where: AESEC is the annual energy savings from electricity consumption (GJ/year), AEC is
the annual electricity consumption at the KHS factory (unit: GJ), %fg is the percentage of
heat loss through flue gas (unit: %), %HR is the efficiency of the heat recovery system (unit:
%); AESRHPC is the annual energy savings from rice husk pellet consumption (GJ/year),
ARHPC is the annual rice husk pellet consumption at KHS factory (unit: ton); TAESHR is
the total annual energy savings from heat recovery (GJ/year).

In this study, the measurement or estimation of two parameters, namely the heat loss
through the flue gas (%fg) system and the efficiency of the heat recovery system (%HR),
was not conducted due to practical constraints and limitations within the scope of the
research. Direct measurements or estimations of these parameters would have required
substantial resources, including time and specialized equipment, which were unavailable
for this study. Consequently, credible literature sources were consulted to overcome these
limitations and obtain values for %fg and %HR.

One relevant study conducted by Willems [16] focused on advanced system controls
and energy savings for industrial boilers. This research provided an overview of boiler
systems, including their components and typical heat losses. The efficiency of a boiler
was assessed through input/output calculations, considering factors such as fuel input,
steam output, and heat losses. The study also discussed advanced developments in
boiler technology, such as using extended heat transfer surfaces, energy savings from heat
recovery, and computational fluid dynamics. Within this study, the researchers reported that
18% of the heat is lost through the exhaust gas system (%fg = 18), while the heat-recovery
system achieved an efficiency (saving) of 30% (%HR = 30). These values contributed
to understanding energy savings obtained through advanced system controls and heat
recovery systems.

Although the use of cited values introduces a certain level of uncertainty, it allowed
this study to make preliminary assessments and gain valuable insights into the potential
energy savings achievable through heat-recovery systems in the specific context of the KHS
factory system. Future research endeavors can aim to investigate these parameters through
onsite measurements or numerical estimations to enhance the precision and reliability of
the analysis.

Calculation of Annual Energy Cost-Savings (AECS)

The annual energy cost-savings (AECS) refers to the monetary value the KHS factory
saves annually from reducing energy consumption, specifically EC and RHPC, by imple-
menting an economizer. This research aims to calculate three indices about the energy cost
savings at the KHS factory between 2018 and 2022. These indices encompass the AECS de-
rived from electricity consumption (AECSEC), the AECS from rice husk pellet consumption
(AECSRHPC), and the total AECS encompassing all forms of energy consumption (TAECS).
The calculation of the annual cost savings utilizes the AES data mentioned in Section
Calculation of Annual Energy Savings in conjunction with the prevailing electricity and rice
husk pellet prices in Vietnam. To determine the AECS, Equations (6)–(8) are applied. The
detailed calculation process is provided in Table S3.4 in the Supplementary Information.

AECSEC = AESEC · PEC (6)

AECSRHPC = AESRHPC · PRHPC (7)

TAECS = AECSEC + AECSRHPC (8)

where, AECSEC is calculated in USD, AESEC is calculated in GJ, PEC is the price of electricity
consumption in USD per gigajoule-hour (unit: USD/GJ); AECSRHPC is calculated in USD,
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PRHPC is the price of one kg of rice husk pellet consumption (unit: USD/kgRHPC). TAECS is
calculated in USD.

Calculation of CO2 Emissions

CO2 emissions are calculated using the Intergovernmental Panel on Climate Change
(IPCC) guidelines [6], considering emission factors specific to the fuel types and the national
grid emission factor for electricity consumption in Vietnam in 2018 [7]. The calculation
of CO2 emissions from biomass utilization and electricity consumption are outlined in
Equation (9), and a comprehensive breakdown of the calculation process can be found in
Table S3.5 in the Supplementary Information.

CO2(emission) = N f uel · EF f uel (9)

where, CO2(emission) is emission of CO2 by type of fuel (kgCO2). Nfuel is the amount of fuel
combusted (TJ), and EFfuel is the default emission factor of CO2 by type of fuel (kgCO2/TJ).

3. Results
3.1. Overview of Fishmeal Output and Energy Consumption from 2016 to 2022

Figure 4 presents data on fishmeal output (FMO) and energy consumption (EC and
RHPC) at the KHS factory from 2016 to 2022. Figure 4a focuses on monthly FMO production,
showing that the minimum production was 149 tons in February 2016, while the maximum
production reached 1476 tons in September 2019. FMO production decreased in February
and March but consistently increased in August and September each year. The annual
average FMO at the KHS factory increased from 387 tons in 2016 to 954 tons in 2022.
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Figure 4b illustrates monthly electricity consumption (EC) at the KHS factory from
2016 to 2022. The lowest EC occurred in March 2022 (4440 kWh), while the highest was
recorded in September 2019 (203,607 kWh). Similar to FMO production, low EC was
observed in February and March, while high consumption was observed in September and
October. The annual EC showed a gradual increase from 2016 to 2019, followed by a slight
decrease in 2021 and a slight increase in 2022.

Figure 4c presents monthly rice husk pellet consumption (RHPC) data at the KHS
factory from 2016 to 2022. The lowest RHPC was observed in January 2019 (251 tons), while
the highest consumption occurred in May 2017 (734 tons). January consistently exhibited
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the lowest RHPC, while May and June generally showed the highest levels. The average
monthly RHPC consumption ranged from 433.9 to 491.9 tons.

The QQ plot-analysis results in Figure 5 demonstrate that the data from the KHS
factory, including FMO, EC, and RHPC, closely resemble a normal distribution, as the data
points cluster around the standard reference line.
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3.2. Total Energy Consumption and Specific Energy Consumption

Figure 6 shows the monthly total energy consumption (TEC) at the KHS factory from
2016 to 2022. The TEC varied significantly, ranging from 3927 to 10,988 GJ. The lowest
TEC value was recorded in January 2016, while the highest was observed in May 2017.
The TEC index followed a similar pattern to the RHPC and EC indices, with lower values
during winter (mainly January) and higher values during summer (April to September).
After installing the economizer, the annual TEC index decreased compared to the period
before installation.
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Figure 7 displays the specific energy consumption (SEC) index for the KHS factory
from 2016 to 2022. The SEC values ranged between 3.39 and 52.30 during this period. The
lowest SEC value occurred in September 2019, while the highest was observed in February
2016. Overall, the SEC values showed a decreasing trend from 2016 to 2022 (except for
2021). The monthly average SEC was highest in 2016 and lowest in 2022. The average
annual SEC index before installing the WHR technology (2016–2017) was 263 GJ/ton, while
for the period after installation (2018–2022), it was 117, representing a 55.5% decrease.
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3.3. Correlations between Indicators and Difference in SEC before and after Economizer Installation
3.3.1. Analysis of the Correlation between Indicators

The correlation analysis examined the interrelationships among five indices: FMO,
EC, RHPC, TEC, and SEC at the KHS factory from 2016 to 2022. The results in Figure 8
reveal a robust positive linear correlation between the TEC and RHPC indices, with a
correlation coefficient of 1. On the other hand, a weak correlation was observed between
the TEC and EC indices, with a correlation coefficient of 0.11. A strong negative correlation
was also found between the SEC and FMO indices, with a correlation coefficient of −0.78.
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However, the TEC index did not exhibit any significant linear correlation. Furthermore, no
meaningful correlations were observed among the remaining pairs of indices.
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2016–2022.

3.3.2. Analysis of the Difference in SEC before and after Economizer Installation

Table 1 presents the t-test results conducted to analyze the difference in the average
SEC values at the KHS factory between the periods before (2016 and 2017) and after
(2018, 2019, 2020, 2021, and 2022) the installation of the economizer. The findings indicate
statistically significant differences in the SEC index between the two periods, with t-test
values ranging from 2.43 to 3.92 and p-values less than 0.05. The SEC index before the
economizer installation consistently exceeded the values observed after the installation,
with mean differences ranging from 9.87 to 13.20 and a 95% confidence interval from
1.42 to 20.83.

Table 1. Annual SEC index difference at the KHS factory before and after economizer installation.

Pair of Years t 1 df 2 p-Value 3 Mean
Difference 4

95% Confidence Interval
of Difference

Lower Upper

(y2016, y2018) 2.43 20.95 0.024 9.87 1.42 18.33
(y2016, y2019) 3.92 14.66 0.001 13.49 6.19 20.83
(y2016, y2020) 3.84 14.52 0.002 13.18 5.85 20.52
(y2016, y2021) 3.27 13.88 0.006 11.08 3.81 18.34
(y2016, y2022) 3.90 13.91 0.002 13.20 5.93 20.47
(y2017, y2018) 2.43 20.96 0.024 9.87 1.42 18.32
(y2017, y2019) 3.92 14.66 0.001 13.49 6.15 20.83
(y2017, y2020) 3.85 14.52 0.002 13.18 5.86 20.52
(y2017, y2021) 3.28 13.89 0.006 11.08 3.82 18.34
(y2017, y2022) 3.90 13.92 0.002 13.20 5.94 20.47

Note: 1 the t-value, 2 degrees of freedom, 3 the statistical significance of the results, 4 the average difference
between the means of the compared groups.
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3.4. Energy and Economic Savings through the Implementation of Waste Heat
Recovery Technologies
3.4.1. Energy Savings

Figure 9 visually represents the annual energy savings (AES) achieved by implement-
ing a WHR economizer at the KHS factory. The AES values were computed using the
methodologies discussed in Section Calculation of Annual Energy Savings. The results
indicate that, on average, the economizer contributed to energy savings of 4537.57 GJ/year.
These savings fluctuated slightly, ranging from 4292.92 GJ/year in 2019 to 4804.79 GJ/year
in 2021. Most of the achieved savings, ranging from 95.82% to 97.06%, were attributed to
energy recovery from RHPC. Specifically, the AES resulting from the RHPC amounted to
4373.55 GJ/year, while the AES derived from EC accounted for 164.02 GJ/year.
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3.4.2. Annual Energy Cost Savings

Table 2 illustrates the annual energy cost savings (AECS) achieved by the KHS factory
after implementing the economizer. The AECS values were determined utilizing the
methodologies expounded upon in Section Calculation of Annual Energy Cost-Savings
(AECS). The outcomes, derived from the aggregate AES obtained through heat recovery
and the prevailing prices of electricity and RHP each year, reveal that the KHS factory
attains an average annual savings of USD 26,474.49. The lowest savings were recorded
in 2019 at USD 25,804.84, while the highest was in 2021 at USD 27,194.49. A substantial
majority of the savings, exceeding 95% of the total, were realized through reduced RHPC.

Table 2. Annual energy cost savings at the KHS factory after the installation of the economization
system (unit: USD).

2018 2019 2020 2021 2022 Mean

AECSEC
1 5161.30 6122.45 6008.51 4881.21 5568.91 5548.48

AECSRHPC
2 20,714.34 19,682.38 20,668.98 22,313.28 21,251.08 20,926.01

TAECS 3 25,875.64 25,804.84 26,677.49 27,194.49 26,819.99 26,474.49

Note: 1 Annual energy cost savings from electricity consumption, 2 Annual energy cost savings from RHP
consumption, 3 total annual energy cost savings.
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3.5. Reductions in CO2 Emissions

The bar chart in Figure 10 depicts the yearly release of CO2 emissions into the environ-
ment due to the consumption of electricity and RHP at the factory from 2016 to 2022. The
calculation of annual CO2 emissions was performed using the methodologies outlined in
Section Calculation of CO2 Emissions. The findings reveal that the recorded CO2 emissions
ranged between 8459.87 and 9985.92 tons/year, with the lowest emissions observed in 2019
and the highest in 2017. The consumption of RHP substantially contributed to most CO2
emissions, accounting for approximately 90% to 93.7% during the specified years. Notably,
there was no significant fluctuation in CO2 emissions before and after the installation of the
economizer, with emissions amounting to 9736.2 tons and 8869.5 tons/year, respectively,
resulting in an 8.9% reduction.
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Figure 10. CO2 emissions from electricity consumption and RHP consumption at KHS Factory from
2016 to 2022 (bar chart); and CO2 emissions from the production of one ton of fishmeal during the
same period (line chart).

The line chart in Figure 10 visually represents the temporal evolution in CO2 emissions
attributed to producing one ton of fishmeal throughout the study. Before the installation,
the KHS factory emitted an average of 2.05 tons of CO2 into the environment for every ton
of fishmeal produced. This number is 58.37% higher than the emissions observed after the
WHR installation, which amounted to 0.85 tons of CO2 per ton of fishmeal.

4. Discussion
4.1. Interpretation of the Results

The results of this study provide valuable insights into the energy efficiency and
environmental benefits of waste heat recovery (WHR) technologies in FMP plants. The
analysis of fishmeal output (FMO), total energy consumption (TEC), and specific energy
consumption (SEC) revealed essential trends that contribute to a deeper understanding of
the potential for improving energy efficiency and reducing environmental impacts in the
FMP industry.

The analysis of FMO data showed an increasing trend over the study period, indicating
the growth of FMP at the KHS factory. This increasing trend aligns with the growing
demand for fishmeal as a protein source in aquaculture [17]. The rising FMO highlights the
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importance of addressing energy efficiency and environmental sustainability in FMP to
meet the increasing demand while minimizing resource consumption.

The analysis of TEC demonstrated significant variations throughout the study period,
with the lowest values observed during winter and the highest values during summer.
Weather conditions and variations in fish availability for processing most likely cause this
seasonal fluctuation. The findings also showed significant variations in TEC throughout the
study period, with lower energy consumption observed after the economizer installation.
This finding suggests that implementing WHR technologies, such as the economizer, can
save energy in FMP.

The SEC index, representing the energy required to produce one ton of fishmeal,
decreased over the study period (a 55.5% decrease compared to SEC before installing the
WHR), indicating an improvement in energy efficiency at the KHS factory. The implemen-
tation of WHR technologies, particularly the economizer, reduced SEC by preheating the
feed water and utilizing waste heat from the flue gases.

The correlation analysis revealed a strong negative correlation between the SEC index
and the FMO, indicating that as the FMO increases, the SEC per unit of output decreases.
This finding suggests that increased production efficiency and scale economies in the
fishmeal production process have reduced energy consumption per output unit. However,
it is essential to note that while the SEC index has improved over the years, the TEC has yet
to show a consistent decrease. This indicates that the increase in the FMO has led to higher
overall EC, but the energy intensity per unit of output has decreased, as is to be expected.

4.2. Assessment of the Potential for Improving Energy Efficiency in the FMP Process

The findings of this study provide evidence of the potential for improving energy
efficiency in the FMP process through the implementation of WHR technologies. Installing
an economizer at the KHS factory yielded energy savings and reduced SEC. The WHR
technologies enabled heat recovery from the boiler flue gas, which was utilized to preheat
the feed water, reducing the energy required for steam production. This optimization
improved energy efficiency and reduced energy consumption per unit of fishmeal output.

A statistically significant difference in the SEC index before and after the economizer
installation provides further evidence of the potential for enhancing energy efficiency. The
lower SEC values observed after the installation indicate the positive impact of WHR
technologies on energy consumption in the FMP process. These findings suggest that
implementing similar WHR technologies in other FMP plants can reduce the SEC index
and improve energy efficiency.

The results also reveal that implementing the economizer has led to annual energy
savings (AES) and energy cost savings (AECS). The results showed that the installation
of the economizer led to an AES of approximately 4537.57 GJ/year, primarily from the
recovery of heat from RHPC. These energy savings translate into annual cost savings of
USD 26,474.49. The findings highlight the potential for WHR technologies to enhance
energy efficiency and contribute to cost savings for FMP plants.

4.3. Environmental Impacts and Sustainability Benefits

The analysis of CO2 emissions in the FMP process demonstrates the environmen-
tal benefits of WHR technologies. Specifically, the installation of an economizer at the
KHS factory resulted in a significant reduction in CO2 emissions. After the economizer
was installed, the emissions associated with producing one ton of fishmeal decreased by
58.37%. This reduction can be attributed to the reduced fuel consumption and consequent
improved energy efficiency achieved through WHR technologies. These findings highlight
the positive environmental impact of implementing WHR technologies in FMP plants.

In addition to reducing CO2 emissions, WHR technologies also minimize air pollution
and decrease the environmental footprint of FMP. By optimizing energy use and reducing
the consumption of fossil fuels, these technologies help mitigate the release of pollutants
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into the atmosphere. This is particularly important in regions with strict environmental
regulations and concerns about air quality [18,19].

The sustainability benefits of WHR technologies in FMP are significant. This study’s
findings underscore these technologies’ role in achieving sustainable development goals by
improving energy efficiency, reducing resource consumption, and minimizing environmen-
tal impacts. The energy and cost savings resulting from WHR contribute to the economic
viability and long-term sustainability of FMP. Furthermore, the reduced reliance on fossil
fuels and the associated decrease in greenhouse gas emissions align with global efforts to
combat climate change and promote sustainable practices [20,21].

Moreover, WHR technologies in FMP plants contribute to the circular economy by
utilizing waste heat as a valuable resource. By recovering and utilizing waste heat, these
technologies minimize waste and enhance resource efficiency in the production process [22].
This aligns with the principles of a circular economy, which aims to use resources sustain-
ably and efficiently.

The environmental and sustainability benefits of WHR technologies extend beyond
individual FMP plants. Given the significant contribution of the fishmeal industry to
global aquaculture [23], implementing energy-efficient and sustainable practices can have
a broader positive impact on the aquaculture sector. The findings of this study can guide
policymakers and industry practitioners in promoting energy-efficient and environmentally
sustainable practices in the FMP industry [24,25].

4.4. Comparison of the Findings with Other Studies in the FMP Industry

This study contributes to the existing body of knowledge by providing insights into
the energy efficiency and environmental benefits of WHR technologies in the FMP industry,
particularly in the context of developing countries such as Vietnam. While there is limited
research specifically focusing on WHR in FMP, the findings of this study can be compared
and contextualized with studies conducted in other industrial sectors.

Several studies in different industries have demonstrated the potential benefits of
WHR technologies in improving energy efficiency and reducing environmental impacts.
For example, a study conducted in a biscuit factory in Turkey reported energy savings of
27.13 tons of CO2 emissions per year using economizers to recover waste heat from their
boiler [26]. Similarly, installing WHR technology in industrial boilers in Malaysia’s paper
and pulp industries achieved savings of 2150 tons of CO2 per year [27], comparable to the
observed reduction of 866.70 tons of CO2 emissions per year in the KHS factory.

Comparing the results of annual energy and annual cost savings with those of other
studies can provide valuable insights into the effectiveness of the economizer technology.
For example, a study by Rakib, et al. [28] conducted research demonstrating that a waste-
heat recovery boiler utilizing hot exhaust from an onsite electricity generator, with a capacity
of 2.70 t/h, was able to conserve 15,094 GJ/year of energy annually and reduce energy
costs by USD 141,280. Additionally, installing an economizer resulted in a 4.9% reduction in
boiler fuel consumption. Another study by Hasanuzzaman, et al. [29] reviewed industrial
process heating systems in the industrial sector; the results found that in the case of boilers,
10% to 20% of energy can be saved using economizers. At the KHS plant, the installation of
the economizer led to annual energy savings of approximately 4537.57 GJ/year, translating
into annual cost savings of USD 26,474.49.

While the specific applications and contexts may differ, the findings of those stud-
ies align with the results of this research, demonstrating the effectiveness of WHR tech-
nologies in improving energy efficiency and reducing environmental impacts. The com-
parison of findings across different industries highlights the cross-sectoral relevance of
WHR technologies and their potential transferability to enhance sustainability in various
manufacturing processes.
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4.5. Limitations of the Study and Suggestions for Future Research

This study has certain limitations that should be acknowledged. Firstly, the research
focused on a single case study in Vietnam’s FMP industry. While the findings provide
valuable insights into the specific context, generalizations should be made cautiously to
other FMP plants and regions. Further studies encompassing multiple case studies in
different countries and regions would provide a more comprehensive understanding of
WHR technologies’ energy efficiency and environmental benefits in the FMP industry.

Secondly, the study relied on secondary data for specific calculations, such as CO2
emissions and energy cost savings. The accuracy and reliability of these calculations depend
on the availability and accuracy of the secondary data sources. Future research could
involve primary data collection for a more robust energy and economic savings analysis.

Additionally, the study focused primarily on energy efficiency and environmental
impacts, particularly CO2 emissions reduction. Future research could explore other envi-
ronmental indicators and impacts, such as water consumption, wastewater treatment, and
air quality. A comprehensive assessment of the environmental footprint of the FMP process
would provide a more holistic understanding of the sustainability implications.

Lastly, the study did not consider the social and socio-economic aspects of imple-
menting WHR technologies in the FMP industry. Future research could explore the socio-
economic benefits, including job creation, local community engagement, and the social
acceptance of these technologies. Understanding the broader social implications would
facilitate the development of strategies and policies that promote sustainable and socially
responsible practices in the FMP industry.

5. Conclusions

This study assessed the energy efficiency and environmental benefits of WHR tech-
nologies in the FMP industry, with a case study in Vietnam. The objectives were to evaluate
energy efficiency through WHR technologies, quantify energy savings and greenhouse gas
emission reductions, and assess sustainability implications in the FMP industry. The WHR
economizer at the KHS factory resulted in significant energy savings (4537.57 GJ/year)
and reduced SEC by 55.5%, demonstrating the potential for WHR technologies to improve
energy efficiency in the FMP industry. Installing the economizer also led to a 58.37% re-
duction in CO2 emissions, contributing to global efforts to mitigate climate change and
promote sustainable practices.

The implications for enhancing sustainability in the FMP industry are significant. The
energy and cost savings achieved through WHR technologies contribute to the economic
viability and long-term sustainability of FMP plants. Moreover, the environmental benefits
of WHR technologies, such as minimizing air pollution and reducing the environmental
footprint of FMP, align with the principles of a circular economy by utilizing waste heat as a
valuable resource and enhancing resource efficiency. The environmental and sustainability
benefits of WHR technologies extend beyond individual FMP plants and can positively
impact the aquaculture sector, given the fishmeal industry’s significant contribution to
global aquaculture.

In conclusion, this study emphasizes the energy efficiency and environmental benefits
of WHR technologies in the FMP industry, contributing to the growing body of knowledge
on sustainable practices and providing insights for policymakers and industry practitioners
to promote energy-efficient and environmentally sustainable processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su151712712/s1. Supplementary S1. The data collected from
the field. Table S1.1. Fish meal production output at the KHS plant from 2016 to 2022 (unit: tons).
Table S1.2. Electricity consumption at the KHS plant from 2016 to 2022 (unit: kWh). Table S1.3.
Rice husk pellet consumption at the KHS plant from 2016 to 2022 (unit: tons). Supplementary
S2. Secondary data. Table S2.1. Wholesale electricity price framework of EVN from 2016 to 2022.
Supplementary S3. Computational data. Table S3.1. Total energy consumption at the KHS plant
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from 2016 to 2022 (unit: GJ). Table S3.2. The specific energy consumption (SEC) index at the KHS
plant from 2016 to 2022 (unit: GJ/ton). Table S3.3. The annual energy savings from heat recovery.
Table S3.4. Calculation of Annual Energy Cost Savings at KHS Factory following the Installation of
the Economization System (Unit: USD). Table S3.5. CO2 emissions to the environment resulting from
operation of the KHS factory from 2016–2022. Supplementary S4. Data analysis and plotting in R
software. Section S4.1. QQ plots for the collected data from FMO, EC, and RHPC at the KHS factory.
Section S4.2. Multivariate correlation plots (FMO, EC, RHE, TEC, SEC) in R were generated using the
pairs.panels() function from the psych package. Section S4.3. Analyzing the differences in the SEC
index between the preceding years (2016 and 2017) and the subsequent years (2018, 2019, 2020, 2021,
and 2022) during the installation of the economizer.
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