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Preface

The transition towards sustainable, secure and efficient energy systems requires the development
of technologies that can respond to environmental, economic and operational challenges. This
Reprint brings together research addressing recent advances in renewable energy integration, energy
conversion, hydrogen technologies, energy storage, intelligent control, resource recovery and energy
use across industrial, agricultural and building applications.

The purpose of this Reprint is to present a multidisciplinary view of emerging energy systems and
to demonstrate how experimental research, numerical modelling, optimisation and techno economic
assessment can support their practical development. The collected studies reflect the growing need
to improve energy efficiency, reduce emissions, increase system flexibility and make better use of
renewable and recovered resources.

This Reprint was prepared to provide researchers, engineers, industry professionals, policymakers
and postgraduate students with a useful overview of current approaches and applications in the energy
field. It is intended to support further scientific investigation, encourage collaboration across disciplines
and contribute to the development and deployment of reliable and environmentally responsible energy
solutions.

We would like to thank all authors for their valuable contributions and the reviewers for their
careful assessment and constructive comments. We also acknowledge the editorial team for their

support throughout the preparation of this Reprint.

Mohammad Alnajideen, Hao Shi, and Pawel Czyzewski
Guest Editors
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Abstract

The integration of artificial intelligence (Al) and machine learning (ML) technologies is
rapidly transforming the design, operation, and optimization of electric motorcycles. This
review analyzes research published between 2015 and 2024, focusing on how ML algo-
rithms enhance performance, energy efficiency, diagnostics, and charging strategies across
four key domains: electric motors, energy storage, charging systems, and electronic compo-
nents. The review highlights state-of-the-art solutions such as torque and range prediction
using LSTM/GRU models, predictive maintenance via CNNs and autoencoders, energy
flow control in hybrid battery—supercapacitor systems using reinforcement learning, and
federated learning for privacy-preserving embedded applications. Comparative insights re-
veal quantifiable performance gains over traditional methods, while integrated frameworks
are proposed for linking ML diagnostics, Vehicle-to-Grid (V2G) functionalities, and renew-
able energy integration. The paper concludes with targeted recommendations for future
research, including lightweight edge-deployable models, Explainable Al for safety-critical
applications, and the fusion of intelligent charging with eco-design principles, aiming to
enable intelligent, sustainable, and high-performance electric motorcycle systems.

Keywords: electric motorcycles; electric motors; energy storage; battery charging; electrical
components; energy efficiency; sustainability

1. Introduction

In recent years, there has been a dynamic increase in interest in electric vehicles (EVs),
primarily driven by the depletion of fossil fuel resources and growing environmental
awareness related to the reduction in air pollution emissions [1-6]. Particular attention
from researchers and manufacturers has been directed toward electric motorcycles, which
offer an alternative to conventional internal combustion engine vehicles due to their higher
energy efficiency, quiet operation, and the ability to recover energy during braking [7-9].

A significant technological challenge lies in the development of efficient electric motors
and appropriate control strategies. The most commonly used technologies include brush-
less DC (BLDC) motors and switched reluctance (SRM) motors, which differ in efficiency,

Energies 2025, 18, 4529 1 https://doi.org/10.3390/en18174529
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weight, and the cost of materials used in their construction [10-12]. Permanent magnet
synchronous motors (PMSMs) are also widely adopted due to their high efficiency and
compatibility with field-oriented control (FOC) methods [13-16].

In parallel with hardware advancements, the last decade has seen a rapid expansion
in the use of artificial intelligence (AI) and machine learning (ML) methods for modeling,
control, diagnostics, and energy management in electric motorcycles. These algorithms
have enabled more accurate representation of nonlinear drive characteristics, real-time
optimization of control parameters, predictive maintenance of motors and battery systems,
and adaptive charging management—often surpassing the capabilities of conventional
approaches [17-24].

Energy storage remains a crucial issue. Although lithium-ion batteries are widely used,
they are characterized by limited lifespan due to degradation caused by temperature and
charging cycles [25-29]. Hybrid solutions are being developed, such as systems combining
high-energy-density batteries with supercapacitors, which enable efficient management
of peak power demands and extend battery life [17,18,30]. In this context, ML-supported
Battery Management Systems (BMSs) are increasingly important, enabling accurate state-
of-charge (SoC) and state-of-health (SoH) estimation, as well as adaptive control to extend
service life [31-34].

Battery charging for electric motorcycles involves the development of both tradi-
tional wired and innovative wireless technologies. Vehicle-to-Grid (V2G) systems are
gaining importance, enabling power grid stabilization and cost optimization during opera-
tion [25,35-37]. Integration with renewable energy sources, such as photovoltaic and wind
installations, further contributes to the reduction of CO, emissions and the overall cost of
battery charging [38-43]. Predictive and adaptive charging strategies, supported by ML
algorithms, have been demonstrated to improve efficiency and flexibility in grid-connected
and off-grid scenarios [44—49].

Another important aspect is the development of electric motorcycle components, in-
cluding traction inverters, which must be modular, reliable, and energy-efficient to meet
diverse technical requirements [19,50-52]. Recent research increasingly combines modern
power electronics, such as silicon carbide (SiC)-based converters, with ML-based diagnostic
systems to enable early fault detection and self-adaptive performance optimization [53-60].
Ensuring high comfort and safety for users is equally essential, which can be achieved
through optimized suspension design, technical diagnostics, and effective energy manage-
ment strategies [44,45,53,61].

In addition to advancements in electric motors, energy storage, charging technologies,
and electronic components, recent studies have also focused on dynamic control challenges
and socio-technical innovations specific to electric motorcycles. For example, slip ratio
control algorithms that incorporate camber angle have been shown to improve posture
stabilization and steering operability in two-wheel drive configurations, while sensorless,
open-loop traction strategies in all-wheel drive systems can enhance stability under low-
adhesion conditions. Structural optimization methods, such as topology-optimized chassis
design, address the integration of battery packs without compromising strength or handling.
Furthermore, research on the spatial optimization of charging station placement and
the development of mobile application-based battery swapping platforms illustrates the
growing role of digital tools and infrastructure planning. These developments indicate that
the design of next-generation electric motorcycles requires a holistic approach, integrating
vehicle dynamics, mechanical design, energy management, and user-oriented services into
a unified and adaptive e-mobility ecosystem.



Energies 2025, 18, 4529

The aim of this article is to provide a comprehensive review of modern technolog-
ical solutions used in electric motorcycles—from motors and energy storage systems to
charging methods and supporting components—focusing on performance optimization,
predictive diagnostics, and intelligent energy management. The authors analyze cur-
rent challenges and highlight future development directions that may contribute to the
widespread adoption of this type of vehicle.

This review places a particular emphasis on the integration of AI/ML techniques
across all four domains, analyzing their role in control, diagnostics, and energy optimization
of electric motorcycles.

2. Materials and Methods

This study adopts a systematic review approach focused on analyzing the literature
published between 2015 and 2024. The selection of publications was conducted using the
Scopus, IEEE Xplore, and Web of Science databases, based on keyword queries such
as Electric Motorcycles, Electric Motors, Energy Storage, Battery Charging, Electrical
Components, Energy Efficiency, and Sustainability. A total of 101 articles were included for
analysis, meeting the following inclusion criteria: English language, topic relevance (electric
motorcycles), and full-text availability. Review articles and popular science literature
were excluded.

Document classification was carried out manually, based on abstracts and full texts,
with articles categorized into four main areas: electric motors, energy storage, battery charg-
ing, and electrical components. A taxonomy-based qualitative analysis was employed to
identify occurrences of terms related to energy efficiency and sustainability. The geograph-
ical distribution of publications and chronological trends in technological development
were also examined.

Quantitative analysis was performed on technical parameters such as motor efficiency,
battery energy density, and charging times.

Based on the conducted literature review, five key research questions were formulated:

1. Which type of electric motor (BLDC, SRM, PMSM) is the most efficient in terms of
energy performance and production cost for electric motorcycles?

2. What energy storage technologies offer the best balance between performance, safety,
and battery lifespan?

3. Does the implementation of hybrid energy storage systems (e.g., battery-supercapacitor
combinations) significantly improve electric motorcycle performance?

4. Which charging technologies (wired, wireless, V2G) best meet user requirements and
effectively support integration with the power grid and renewable energy sources?

5. What are the optimal configurations of electric motorcycle components—particularly
traction inverters—in terms of modularity, reliability, and energy efficiency?

2.1. Article Selection and Research Category Definition

The literature review was conducted using the Scopus database based on queries in-
cluding the terms Electric Motorcycles, Electric Motors, Energy Storage, Battery Charging,
Electrical Components, Energy Efficiency, and Sustainability, covering the period from 2015
to 2024. The selected articles were grouped into four main research categories based on Sco-
pus keywords: electric motors, energy storage, battery charging, and electrical components,
with additional consideration given to energy efficiency and sustainability aspects.

The assignment of publications to each category was based on Scopus keyword
classification, while the categorization for the Research Methodology section was performed
manually through full-text analysis of the articles.
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The following query was used:

TITLE-ABS-KEY(“Electric Motorcycles”) AND PUBYEAR >2014 AND PUBYEAR < 2025
AND (EXCLUDE (SUBJAREA,”BIOC”) OR EXCLUDE (SUBJAREA,”NEUR”) OR EX-
CLUDE (SUBJAREA,”MULT”) OR EXCLUDE (SUBJAREA,”AGRI"”) OR EXCLUDE (SUB-
JAREA,”PSYC”) OR EXCLUDE (SUBJAREA,” ARTS”) OR EXCLUDE (SUBJAREA,”MEDI")
OR EXCLUDE (SUBJAREA,”CHEM”) OR EXCLUDE (SUBJAREA,”ECON”) OR EX-
CLUDE (SUBJAREA,”EART”) OR EXCLUDE (SUBJAREA,”CENG”) OR EXCLUDE
(SUBJAREA,”BUSI”) OR EXCLUDE (SUBJAREA,”PHYS”)) AND (LIMIT-TO (LAN-
GUAGE,”English”)) AND (EXCLUDE (DOCTYPE,”tb”)) AND (LIMIT-TO (EXACTKEY-
WORD,"Electric Motors”) OR LIMIT-TO (EXACTKEYWORD, Traction Motors”) OR
LIMIT-TO (EXACTKEYWORD,"Electric Traction”) OR LIMIT-TO (EXACTKEYWORD,
"Reluctance Motors”) OR LIMIT-TO (EXACTKEYWORD,Electric Drives”) OR LIMIT-TO
(EXACTKEYWORD,”Energy Storage”) OR LIMIT-TO (EXACTKEYWORD,”Secondary
Batteries”) OR LIMIT-TO (EXACTKEYWORD,"Lithium-ion Batteries”) OR LIMIT-TO (EX-
ACTKEYWORD,”Supercapacitor”) OR LIMIT-TO (EXACTKEYWORD,”Battery Pack”)
OR LIMIT-TO (EXACTKEYWORD,"Electric Batteries”) OR LIMIT-TO (EXACTKEY-
WORD,”Battery”) OR LIMIT-TO (EXACTKEYWORD,”Hybrid Energy Storage Systems”)
OR LIMIT-TO (EXACTKEYWORD,”Charging (batteries)”) OR LIMIT-TO (EXACTKEY-
WORD,”Battery Management Systems”) OR LIMIT-TO (EXACTKEYWORD, "Regenerative
Braking”) OR LIMIT-TO (EXACTKEYWORD,”Charging Station”) OR LIMIT-TO (EXAC-
TKEYWORD,”Battery Swapping”) OR LIMIT-TO (EXACTKEYWORD,”Battery Chargers”)
OR LIMIT-TO (EXACTKEYWORD,"”Permanent Magnets”) OR LIMIT-TO (EXACTKEY-
WORD,"Electric Inverters”) OR LIMIT-TO (EXACTKEYWORD,”DC-DC Converters”) OR
LIMIT-TO (EXACTKEYWORD,”Digital Storage”))

In the next stage, selection was carried out based on the results of the Scopus database
query, which initially yielded 194 publications published between 2015 and 2024, written in
English and classified within subject areas such as Engineering, Energy, Computer Science,
Mathematics, Social Sciences, Environmental Science, Materials Science, and Decision
Sciences. To narrow the thematic scope, the keywords Electric Motorcycles, Electric Motors,
Energy Storage, Battery Charging, Electrical Components, Energy Efficiency, and Sustain-
ability were applied. Non-technical fields (e.g., biochemistry, psychology, arts, medicine)
were excluded during the filtering of Scopus subdisciplines.

The titles and abstracts of the publications were extracted from the Scopus database
and filtered using technical and thematic criteria. The initial set of 194 publications was
reduced to 101 items by applying an additional keyword filter in Scopus. This process
followed steps inspired by the PRISMA guidelines, including identification, screening, and
eligibility assessment.

Furthermore, the full texts of the publications were manually reviewed to confirm
compliance with the adopted analytical criteria. Titles and abstracts underwent initial
screening to remove duplicates as well as review and popular science articles. Subsequently,
full texts were manually verified, resulting in a refined set of 101 articles meeting the
required technical and thematic standards.

The selected articles were assigned to two main thematic categories based on content
analysis: (1) E-mobility Technologies—encompassing electric motors, energy storage, bat-
tery charging, and electrical components; (2) Engineering and Optimization—focusing on
energy efficiency, sustainability, design, and methodological analysis, including topology,
simulation, and the finite element method.

A geographical analysis of author affiliations was performed for countries includ-
ing Canada, India, Indonesia, Italy, Japan, Malaysia, South Korea, Spain, Thailand, the
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United Kingdom, and the United States, enabling an assessment of the global distribution
of research.

A visualization of the literature selection stages, applied filtering criteria, and the
main classification directions is presented in Figure 1, which also illustrates the thematic
distribution of the analyzed publications. The final set of 101 articles was considered
representative for the subsequent review analysis.

Figure 1. Data collection and preparation workflow.

2.2. Classification Criteria

As part of the literature review, 194 documents were identified in the Scopus database
using a query combining the terms Electric Motorcycles, Electric Motors, Energy Storage,
Battery Charging, Electrical Components, Energy Efficiency, and Sustainability. The re-
sults were limited to publications from 2015 to 2024, written in English, and classified
within the subject areas of Engineering, Energy, Computer Science, Mathematics, Social
Sciences, Environmental Science, Materials Science, and Decision Sciences. The query was
subsequently refined by adding keywords from the Engineering and Optimization group,
including Design, MATLAB, Topology, Simulation, Finite Element Method, Energy Utiliza-
tion, Performance, Energy Efficiency, Efficiency, Power, Cost Effectiveness, Greenhouse
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Gases, Internal Combustion Engines, Fossil Fuels, Global Warming, Gas Emissions, Costs,
and Electric Utilities. This refinement reduced the dataset to 101 documents.

Further narrowing was achieved by excluding literature from non-technical domains
(e.g., AGRI, PSYC, ARTS, MEDI, ECON, EART, CENG, BUSI, PHYS), thereby ensuring
high topical relevance.

For the purposes of further analysis, five classification criteria were adopted: the-
matic group, country of author affiliation, document type, research methodology, and
keyword set.

The first criterion, thematic grouping, distinguished two main categories:

1.  E-mobility Technologies:

Electric Motors
Energy Storage
Battery Charging

Electrical Components
2. Engineering and Optimization:
e  Energy Efficiency

e  Sustainability
e  Design and Analysis

The second criterion concerned the country of author affiliation, determined based on
Scopus bibliographic data and including, among others, Canada, India, Indonesia, Italy,
Japan, Malaysia, South Korea, Spain, Thailand, the United Kingdom, and the United States.
Remaining countries were grouped under the category “Other”.

The third criterion was document type, encompassing journal articles and conference papers.

The fourth criterion referred to research methodology, identified through content anal-
ysis and including experimental approaches, literature reviews, case studies, conceptual
works, and surveys.

The fifth criterion was based on the keywords used in the publications, which were
grouped into the main categories of E-mobility Technologies and Engineering and Opti-
mization, allowing for the inclusion of diverse research approaches.

By applying these well-defined criteria, a comprehensive and comparative analysis of
research on electric motorcycle technologies was made possible, forming the foundation for
the conclusions drawn in this review. This approach ensured methodological consistency
and transparency throughout the literature review process. The classification results are
presented in tabular form in Section 3 and discussed in the context of technological and
geographical trends.

2.3. Data Processing and Analysis

The bibliographic data retrieved from the Scopus database, comprising 101 scientific
publications that met the established thematic, linguistic, and temporal criteria, underwent
a process of standardization and preparation for analysis.

In the initial phase, manual verification of titles, abstracts, and keywords was con-
ducted, and each publication was assigned at least one classification category based on
keywords and source metadata. The categories identified included e-mobility technologies
(electric motors, energy storage, battery charging, electrical components) and engineering
and optimization (energy efficiency, sustainability, design and analysis).

Additionally, the type of document (journal article, conference paper), country of
author affiliation (including Canada, India, Indonesia, Italy, Japan, Malaysia, South Korea,
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Spain, Thailand, the United Kingdom, and the United States), and research methodology
(experiment, literature review, case study, conceptual paper, survey) were classified.

Data processing and visualization were carried out using Python 3.12, along with the
Pandas 2.2.2, Matplotlib 3.8.4, and NumPy 1.26.4 libraries. The data were imported into a
local PostgreSQL 16.2 database, in which relational tables were created to store information
on authors, affiliations, keywords, publication year, and DOI identifiers. SQL queries
enabled cross-sectional thematic analyses and comparisons across selected categories.

Geographical analysis enabled the identification of publication distribution by country
and the most active research institutions. To monitor temporal developments, a year-by-
year analysis covering the period 2015-2024 was conducted, allowing the identification of
trends and research dynamics in the field of e-mobility technologies.

Network graphs generated using VOSviewer 1.6.20 were employed to visualize the
co-occurrence of keywords.

Through the synergy of programming tools, database systems, and manual classifi-
cation, an in-depth insight into the structure and development directions of research on
electric motorcycles and related technologies was obtained.

2.4. Review Protocol and Publication Quality

To ensure transparency and reproducibility of the procedure, the selection and inclu-
sion process was organized in accordance with the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) protocol. The diagram illustrates the four
fundamental stages of the process:

e Identification—A total of 194 records were identified in the Scopus database
based on search criteria related to titles, abstracts, and keywords associated with
electric motorcycles.

e  Screening—After removing duplicates (n = 0), a preliminary screening of titles and
abstracts was conducted (n = 194), resulting in the exclusion of 93 records that did not
meet the study’s inclusion criteria.

e  Eligibility—101 full-text articles were assessed for substantive relevance to the defined
research scope. No further exclusions were necessary at this stage.

e Included—All 101 articles were ultimately included in the qualitative synthesis.

The selection process is illustrated in Figure 2, which provides a structured overview
of the flow from initial identification to final inclusion, helping to clarify both the rigor and
transparency of the review methodology.

The second part of the analysis focused on the thematic classification of publication
content based on keywords and abstracts. VOSviewer was used to identify dominant
concepts and term co-occurrence networks, which allowed for the extraction of key re-
search topics. The analysis revealed two main thematic axes: e-mobility technologies
and energy efficiency and optimization. Within the first axis, categories related to electric
motors, energy storage, battery charging, and electrical components were identified. The
second axis included topics such as energy efficiency, sustainability, system design, and
performance analysis.

Geographical classification was based on the affiliations of the authors of each publi-
cation. The most frequently represented countries included Indonesia, Japan, the United
Kingdom, the United States, Canada, Italy, Thailand, India, Malaysia, South Korea, and
Spain. Publications from countries with only a single representation were grouped under
the category “Other.” This distinction enabled the identification of geographical centers
with the highest research activity in the field of electric motorcycles.

Documents were also classified by publication type: journal articles and conference papers.
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The research methodology was determined based on abstract content and full-text
analysis, considering five categories: experimental studies, literature reviews, case studies,
conceptual papers, and survey-based research.

[ Identification of studies via Scopus ]
)
Records removed before
5 screening:
= Duplicate records removed
g Records identified from: - (n=0)
= Scopus (n = 194) i Records marked as ineligible
S by automation tools (n = 0)
3 Records removed for other
reasons (n =0)
(G R A
R q g Records excluded (n = 93)
ei:o1r92 SR — | Reason: By applying an
(n=194) additional keyword filter in
Scopus
A
Reports sought for retrieval Reports not retrieved
= (n=101) » (n=0)
=
)]
5
A v
Reports assessed for eligibility Reports excluded
(n=101) » (n=0)
—/
A4
- Studies included in review
> (n=101)
3 Reports of included studies
£ (n=101)

Figure 2. PRISMA flow diagram illustrating the literature selection process, including the stages of
identification, screening, eligibility assessment, and final inclusion of publications for the review.

For the purposes of this classification, the data were manually verified by two in-
dependent reviewers, who assigned categories based on predefined criteria. In cases
of disagreement, consensus was reached through discussion. This approach ensured
consistency in classification and enabled a multidimensional analysis of the literature,
encompassing technical, geographical, and methodological aspects.

The categorization described was based not only on the presence of specific terms
but also on their frequency and position within the keyword co-occurrence network, as
visualized in the keyword density map presented in Figure 3. This analysis facilitated the
identification of the most frequently addressed research areas as well as existing knowledge

gaps requiring further investigation.
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#& vosviewer

Figure 3. Term density map generated using VOSviewer 1.6.20 software [62].

The density analysis generated in VOSviewer presents the distribution and frequency
of key terms within the corpus of 101 publications on electric motorcycles. The map uses
a color scale ranging from blue (low frequency), through green (moderate frequency), to
yellow (high frequency), enabling rapid identification of the most significant concepts.

At the center of the diagram is the term “electric motorcycles”, surrounded by a yellow
area indicating the highest term density, which reflects its dominant role in the analyzed
dataset. Closely surrounding it are “electric motors” and “lithium-ion batteries”, which also
appear with high intensity (green-to-yellow areas), highlighting strong research interest in
electric drives and energy storage systems.

In the upper-left section of the map, a thematic cluster is distinguished that relates to
drive system design, including terms such as “traction motors”, “reluctance motors”, “per-
manent magnets”, and “finite element method”. This cluster reflects intensive exploration
of motor types, and the methods used to analyze their properties.

The lower section of the diagram features terms like “energy utilization” and “electric
drives”, indicating research focused on optimizing system efficiency.

The right-hand side of the map contains environmentally and logistically oriented
terms such as “charging (batteries)”, “greenhouse gases”, “gas emissions”, and “cost effec-
tiveness”. These appear in green shades, suggesting a moderate frequency of occurrence
and growing interest in the environmental and economic impacts of electromobility.

Smaller, blue areas of the map include simulation tools (“simulation”, “MATLAB”),
electrical components (“electric inverters”), and battery management topics (“battery
management systems”, “battery pack”), underlining the multidisciplinary nature of
the research.

The entire map illustrates the complex structure of electric motorcycle research, where
clear concentration around core topics related to hardware, energy systems, and en-
vironmental impact enables the identification of primary development directions and
research gaps.

Interpreting this network reveals not only the key research domains but also potential
thematic gaps—for example, the relatively low number of connections between the “battery
management systems” cluster and “blockchain” may indicate the need for more in-depth
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exploration of distributed ledger technologies in the context of energy management in
electric vehicles.

Thus, Figure 4 provides a visual perspective on the structure and complexity of the
analyzed literature, supporting a quick understanding of inter-topic relationships and
highlighting areas for further investigation.
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Figure 4. Network map of terms visualizing interrelationships and thematic clusters identified in the
analyzed publications, generated using VOSviewer 1.6.20 software [62].

The network diagram generated in VOSviewer illustrates the co-occurrence relation-
ships among 28 key terms extracted from the corpus of 101 publications. The size of each
node corresponds to the frequency of the term in the analyzed dataset, while the thickness
and length of the links represent the strength and frequency of co-occurrence between term
pairs. The colors of nodes and edges indicate thematic clusters automatically detected by
the VOSviewer algorithm.

Blue cluster (center, largest node “electric motorcycles”): The central node of the
network is “electric motorcycles”, reflecting its dominant role in the literature. It is directly
connected to terms such as “lithium-ion batteries”, “performance”, and “battery manage-
ment systems”, highlighting a close relationship between research on electric drivetrains,
energy storage, and battery management systems.

Purple cluster (bottom of the diagram): Nodes such as “electric motors”, “energy
utilization”, “electric batteries”, “simulation”, and “MATLAB” form a distinct research
area focused on modeling, numerical simulations, and the analysis of energy-efficient drive
systems. The thick link between “electric motors” and “energy utilization” indicates a
frequent co-occurrence of these topics in the literature.

Red cluster (upper left area): The term “traction motors” serves as the central node in
a cluster centered on technical discussions related to traction motors, including “reluctance
motors” and “permanent magnets”. The presence of “finite element method” and “topol-
ogy” in the same cluster suggests the widespread use of FEM and topology optimization
methods in motor design research.

Green cluster (right area): This segment of the network focuses on environmental and
operational topics, including “charging (batteries)”, “greenhouse gases”, “gas emissions”,
“cost effectiveness”, “battery swapping”, and “electric utilities”. The links between these
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nodes indicate an interdisciplinary approach that integrates charging technology with
environmental impact and cost analysis.

Yellow cluster (upper right section): A smaller but distinct cluster surrounding “energy
efficiency”, “battery pack”, and “supercapacitor” reflects growing interest in research aimed
at improving energy efficiency and designing advanced storage systems, including hybrid
battery—supercapacitor architectures.

This network structure enables an understanding of how core technical topics (drive-
trains, batteries, simulations) connect with environmental and economic concerns (emis-
sions, costs, energy services) and reveals both strong and weaker thematic interrelations.
The network diagram (Figure 4) facilitates the rapid identification of central research areas
and their interconnections.

The bibliographic references marked as [4-24,28-34,36,37,39-49,51-60,63-112] were in-
cluded in the final dataset for the systematic review, allowing readers to clearly distinguish
the core set of analyzed studies from supporting or contextual literature.

3. State of the Art: Review from 2015 to 2024

This section presents an overview of the most significant research advancements in
the field of electric motorcycles and related technologies between 2015 and 2024. The
analysis includes studies focused on the design of drivetrain systems, including hybrid and
fully electric powertrains utilizing PMSM, BLDC, and SRM machines, as well as advanced
traction inverters. Particular emphasis is placed on research into energy storage systems—
from lithium-ion battery packs and hybrid configurations with supercapacitors, to battery
capacity selection methodologies and strategies for managing temperature and state of
charge, often implemented in modular BMS architectures.

Another important research stream involves modeling and simulation
(MATLAB/Simulink, FEM, VOSviewer) aimed at evaluating performance, energy efficiency,
and vehicle dynamics, alongside experimental studies that validate simulation outcomes.

Attention has also been drawn to the development of charging infrastructure—ranging
from low-cost grid- and photovoltaic-based stations, to range-extending devices and the
economic and environmental aspects of charging within the broader context of global
electromobility trends.

Finally, the chapter discusses modern approaches to speed control and ride safety,
including adaptive neuro-fuzzy systems, predictive control, and optimal control methods,
collectively providing a comprehensive picture of research into electric motorcycles.

3.1. Application of Machine Learning Algorithms in Modeling and Control of Electric Motors

In the past decade, there has been a rapid development in the application of machine
learning (ML) algorithms for modeling and controlling electric motors used in electric
vehicles, particularly in electric motorcycles. These algorithms have enabled more accurate
representation of the nonlinear characteristics of drives, real-time dynamic control, and
increased energy efficiency and component lifespan.

Field-Oriented Control (FOC) was applied to a PMSM, demonstrating its superiority
over other methods in terms of smooth operation and torque ripple reduction [13]. A
modular, scalable inverter was developed in, optimized for efficiency and compatibility
with various motor types [19]. Study [20] combined artificial neural networks (ANN) with
a genetic algorithm (GA), resulting in significant improvements in energy efficiency and
range for electric scooters.

Optimal control models were employed to enhance the driving strategy of a racing
motorcycle in [64]. Predictive models such as LSTM and fuzzy logic systems were used
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in [17], where a hybrid energy management system (HESS) was developed to predict power
distribution between the battery and supercapacitors.

Motor temperature prediction models under variable load were introduced in, which
could be developed using nonlinear regression or deep neural networks (DNN) [65].
Study [18] focused on structural optimization of motorcycle frames, highlighting the poten-
tial of PSO algorithms for designing lightweight yet robust structures. Alternative drive
architectures and the impact of gear selection and energy recovery mechanisms on the en-
ergy efficiency of electric motorcycles were analyzed in [8,31,51,52]. In contrast, [28,67,69,71]
focused on structural optimization—from cooling systems to frame geometries—using ML
algorithms for simulation and design optimization.

The use of real-world data also played a significant role. In [68], motor operating
parameters were modeled using LabVIEW, suggesting their potential use as input for
predictive ML models. Electric motorcycle riding patterns were classified in based on
GPS and accelerometer data, supporting dynamic optimization of drive operations using
algorithms such as SVM or XGBoost [73].

Hybrid models (e.g., ANFIS) were proposed in [21], where features of fuzzy systems
and neural networks were combined for precise BLDC motor control. Study [14] analyzed
telemetry data from races, indicating the potential for integrating video data with ML to
model power profiles. The effectiveness of classifiers in predicting motor faults based on
vibration signals using CNNs and autoencoders was demonstrated in [6,77].

The use of XGBoost and Random Forest algorithms to assess energy efficiency in
motorcycles was presented in [9,79], while LSTM and GRU models for torque prediction
were described in [22,82]. FOC and DTC were compared as drive control strategies in [15],
emphasizing the possibility of hybridization supported by learning algorithms.

Control systems based on adaptive ML algorithms that adjust to changing road
conditions were analyzed in [23,42,52]. Reinforcement Learning was applied for real-time
motor control in [24], whereas [86] presented the application of federated learning to update
ML models without transmitting raw data to the cloud. The concept of distributed learning
of predictive models in environments with limited connectivity was developed in [43,87,88].
In [21,91-93] the importance of data security and privacy was emphasized in locally trained
models, including the use of homomorphic encryption and differential privacy.

Further studies such as [37,89,90] utilized sensor data topologies from IPM and SRM
drives for dynamic predictive model training. The impact of optimizing input data (e.g.,
driving trajectory, mass, battery state) on the accuracy of ML models was analyzed in [91].

The use of classifiers to identify load types and recognize terrain conditions was
described in [18,95,96], while ensemble learning methods to improve model accuracy
and robustness were presented in [98,99]. Additional ensemble learning techniques and
bagging methods were proposed in [97,100-102] for load and operating condition classi-
fication, as well as improved robustness of models to noisy or incomplete data. Finally,
in [12,60,103,104,112], signal transformation techniques (e.g., FFT, DWT) were applied to
improve the quality of input data used in predictive ML models.

In addition to the previously described ML applications in controlling PMSMs, BLDC
motors, and SRM motors, significant contributions address dynamic challenges specific
to electric motorcycles. For instance, a slip ratio control algorithm explicitly considering
the camber angle was developed for a two-wheel drive electric motorcycle, improving
posture stabilization and steering operability by adapting control strategies to the unique
dynamics of single-track vehicles [31,113]. A similar approach, but implemented in an
all-wheel drive architecture, was presented in a study proposing a sensorless, open-loop
traction strategy. Simulation results demonstrated that such an AWD configuration can sig-
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nificantly enhance stability and performance, particularly under low-adhesion conditions.
Recent work has also explored the integration of advanced sensing solutions to monitor
dynamic and electrical parameters in real time [114], as well as optimizing control elec-
tronics to reduce switching losses in motorcycle drive controllers [77,115]. These examples
illustrate how ML-driven and advanced control methods are increasingly adapted to the
specific dynamic requirements of electric motorcycles, expanding current research on drive
architecture optimization.

In summary, research from 2015 to 2024 demonstrated a significant expansion in the
use of ML in controlling electric motorcycle drives—from traditional regression algorithms
to deep networks, reinforcement learning, and federated learning. Their effectiveness
depended on data quality, feature selection, and implementation capabilities in embedded
systems. Table 1 presents a summary of the types of machine learning algorithms and their
applications in E-mobility technologies.

Table 1. Types of Machine Learning Algorithms and Their Applications in the Prediction of
E-mobility Technologies.

Type of ML Algorithm Application Example Publications
Linear/Nonlinear Regression Prediction of energy consumption, torque, motor temperature [9,13,65]
Neural Networks (ANN, DNN) Drive behavior modeling, parameter estimation, adaptive control [20-22,89]
Genetic Algorithms (GA) Optimization of drive configuration and control parameters [20,39,91]
XGBoost, Random Forest Efficiency prediction, driving style Flassiﬁcation, operational data [9,73,79,95]
analysis
SVM Driving pattern classification, road condition detection [18,23,73]
LSTM, GRU Range, torque, SoC prediction, time series control [22,64,82,86]
Fuzzy Logic/ANFIS Fuzzy drive control, adaptation to operating conditions [17,21,23]
CNN Classification of acoustic, image, vibration data, sensor data analysis [14,37,77]
Autoencoders Fault and anomaly detection in motors [6,98]
Reinforcement Learning Real-time drive control learning [24,103]
Federated Learning Remote ML model training without data centralization [12,86]
Ensemble Learning Improving classifier accuracy and robustness [60,99]

The application of machine learning (ML) algorithms in modeling and controlling
electric motors in electric vehicles has become one of the key tools supporting the develop-
ment of electromobility. ML has enabled precise mapping of the nonlinear characteristics
of drive systems, real-time adaptive control parameters depending on driving conditions,
and predictive management of motor operating parameters. Particularly effective results
have been demonstrated with the implementation of neural networks, genetic algorithms,
LSTM, CNN, SVM, and hybrid methods based on Fuzzy Logic and ANFIS.

The research addressed both structural and operational aspects—from drive system
design optimization to torque and speed control, and real-time anomaly detection. ML
algorithms have also enabled the integration of data from sensors, GPS systems, video, and
accelerometers, facilitating adaptive and autonomous control of PMSM, BLDC, SRM, and
other motor types. Additionally, ML has shown potential for deployment in embedded
systems, opening paths for commercial smart drive solutions.

An illustrative example of combining structural optimization with intelligent con-
trol is presented in the design and optimization of an external-rotor switched reluctance
motor (SRM) for an electric scooter, where Finite Element Analysis (FEA) and Particle
Swarm Optimization (PSO) were applied to increase the average torque and reduce cop-
per losses [91,116]. Such optimized motor configurations can be further integrated with
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predictive ML models, enabling adaptive adjustment of operating parameters in real time
based on load, temperature, and riding conditions [117]. This approach reflects the broader
trend of merging mechanical design optimization with data-driven control strategies to
simultaneously improve drivetrain efficiency and durability.

In summary, machine learning has significantly enhanced the precision, responsive-
ness, and energy efficiency of electric drive systems. Further development should focus on
improving model robustness, reducing computational requirements, and integrating with
comprehensive vehicle energy and safety management systems.

3.2. Algorithms for Control and Prediction in Energy Management Systems of Electric Vehicles
and Grid Integration

With the increasing demand for intelligent and flexible power systems in electromobil-
ity, machine learning (ML) algorithms have begun to play a vital role in energy management
systems (EMS) and the integration of electric vehicles with power grid infrastructure. Their
application has enabled energy demand forecasting, charging schedule optimization, in-
tegration with renewable energy sources (RES), and minimization of operating costs and
CO;, emissions.

Study [63] analyzed the process of energy recovery during vehicle braking, where
sensor data could be used in ML models to predict the recovered power under various
driving conditions. In [10], PV system selection for EVs was analyzed using probabilistic
distributions, indicating the potential for extending the approach with ML algorithms to
dynamically predict energy supply and demand.

In [7], SVM and k-NN were used to forecast grid loads resulting from mass EV
charging. A similar approach was taken in [30], where urban electric vehicle fleet data was
used to predict instantaneous energy demand. Study [44] proposed a cost optimization
model for charging under dynamic tariffs, which could be enhanced with boosting and
logistic regression for improved precision.

Network integration issues were addressed in [45,46], which demonstrated the po-
tential of dynamically managing power based on predictions using LSTM and XGBoost
models. In [32,47], the impact of EV integration with RES on microgrid stability was
analyzed, suggesting the implementation of predictive ML algorithms using weather and
historical data.

In [40,70,72] reinforcement learning was used for energy management strategies and
adaptive neural networks to independently tailor energy management strategies based on
user profiles. Federated learning models described in [41,75] enabled model training on
vehicles without transmitting raw data to the cloud, enhancing privacy and system security.

Ensemble learning for battery health classification, lifespan estimation, and replace-
ment timing was presented in [33,34,53,55]. The use of autoencoders and signal trans-
formation to improve data quality in energy management was described in [5,56,76].
Additional studies [4,54,57,74] introduced advanced signal processing techniques from
sensors—including DWT, STFT, and nonlinear filtering—which significantly improved ML
input data quality for energy management and fault detection.

In subsequent research [9,11,58,59,78-80] the focus was on real-time prediction of
battery and supercapacitor behavior. It was shown that LSTM, GRU, and CNN enabled
accurate estimation of SoC, SoH, and thermal control of battery packs, contributing to
increased lifespan and efficiency. Complementary studies [30,80,81,83] addressed battery
state monitoring using fuzzy logic models, Kalman filters, and adaptive neural networks,
improving SoH prediction accuracy under real-world conditions.
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A notable example of advanced energy management in electric motorcycles is pro-
vided by the optimal control of fuel consumption in a hybrid motorcycle equipped with
three power sources: an internal combustion engine, an electric motor, and an integrated
starter generator (ISG). The study compared two energy management strategies—Rule-
Based Control (RBC) and the Equivalent Consumption Minimization Strategy (ECMS)—
and quantified measurable reductions in fuel consumption [80]. These findings demon-
strate that, even in complex multi-source configurations, substantial efficiency gains can
be achieved through the appropriate selection of control strategies, particularly when sup-
ported by data-driven prediction from real-world driving cycles. Integrating such solutions
with ML approaches, such as reinforcement learning, could further enhance the system’s
ability to adapt in real time to user profiles, road conditions, and charging infrastructure
availability.

Publications [16,48,49,84,85] analyzed multipoint vehicle charging strategies using
real-time data from chargers and vehicles. ML algorithms were used to predict peak
demand, optimize power allocation, and reduce operational costs.

Finally, in [31,107-111], attempts were made to integrate ML with next-generation
energy control systems based on distributed architectures, cloud computing, and neural
networks processing sensor, weather, and tariff data in real time. Studies [105,106] further
explored control in modern EMSs, describing dynamic power allocation and energy quality
control using agent-based decision systems and peer-to-peer topologies. Table 2 provides
a comprehensive summary of the different application areas for machine learning in
E-mobility energy management systems.

Table 2. Types of Machine Learning Algorithms and Their Applications in the Prediction of E-Mobility
Energy Management Systems.

Application Area Objective/Function Applied ML Algorithms Publications
Energy Demand Prediction Estimating 1nstantaneogs and long-term LSTM, XGBoost, regression, SVM [7,30,63,78,79]
energy consumption by EVs
Chareing Optimization Power management, dynamic tariffs, Reinforcement Learning, [16,44,48,49]
smng Lp charging schedules boosting, CNN T
Integration with RES . . .
(Renewable Energy Sources) Matching PV /wind supply to EV demand LSTM, hybrid models [10,45-47]
Battery Dla@ c.)StICS Estimating SoH, SO.C’ !lfe cycle, Autoencoders, ensemble, GRU [33,34,53,58,59]
and Durability replacement timing
Predictive Systems in Microgrids Load stabilization, oyerload and SVM, k-NN, predictive models [5,7,32,72]
fault detection
Distributed and Private Learning Model training without data transfer Federated Learning, edge ML [41,75,107]
(privacy-aware EMS)
. Improving data quality for ML
Energy Data Transformation (FFT, DWT, PCA) CNN, autoencoders, PCA [6,56,76,112]
Dynamic Control with Real-time management based on GPS, IMU, Deep Learning,
. . [40,72,85,109]
Sensor Data thermometers, power sensors Reinforcement Learning

In the context of EMS optimization, research on the thermal management of a swap-
pable lithium-ion battery pack for an electric motorcycle demonstrated that an air-cooling
system could improve cell performance by up to 12% [29]. The integration of such cooling
systems with ML-based predictive control enables proactive regulation of battery tempera-
ture and state-of-charge (SoC), extending battery lifespan and enhancing operational safety.

Another relevant consideration is the mechanical integration of the battery pack into
the motorcycle chassis. A topology-optimized frame design, providing a lightweight
yet stiff structure while accommodating the battery safely, addresses this challenge [96].
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When combined with predictive EMS algorithms, such design solutions enable the cre-
ation of lightweight, efficient, and service-friendly electric motorcycles ready for seamless
integration with microgrids and Vehicle-to-Grid (V2G) systems.

The application of machine learning algorithms in energy management systems for
electric vehicles and their integration with the grid has enabled the development of intel-
ligent, adaptive, and highly efficient solutions. By utilizing models such as LSTM, GRU,
CNN, and XGBoost, it has become possible to accurately predict energy consumption,
battery state-of-charge and state-of-health (SoC/SoH), as well as dynamically control the
charging process. These algorithms also support energy management in grid conditions—
allowing for power balancing, minimization of overloads, and adaptation to variable tariffs
and weather conditions. Increasingly important are locally trained models (federated
learning), which protect data privacy and enhance the security of EMSs.

Research conducted between 2015 and 2024 highlights the growing significance of
deep learning and ensemble methods in the field of electric vehicle energy management.
Particular attention is being paid to the development of robust, energy-efficient models
deployable in embedded systems and microgrids. Future research should focus on improv-
ing model transparency (Explainable Al), resistance to interference, and adaptability to
changing user conditions—elements that are essential for the widespread integration of
ML in modern energy management systems within e-mobility.

Beyond purely technical optimization, machine learning can also support policy-
making and infrastructure planning in the electric motorcycle domain. For example, a
recent study examining the effectiveness of policies for developing the battery swapping
service industry in Indonesia applied a system dynamics model to evaluate the impact
of subsidies, standardization, and other regulatory measures. The findings suggest that
well-designed policy instruments can accelerate technology adoption and reduce entry
barriers for service providers—an approach that can be enhanced by ML-driven scenario
simulations to forecast adoption rates and economic outcomes [21].

In addition, optimizing the spatial placement of electric motorcycle charging stations
has been demonstrated in a case study from Surakarta, Indonesia, where centrality in-
dex and scalogram calculations were used to identify station locations that maximize
accessibility and public benefit [118]. When combined with ML-based predictive models
incorporating traffic density, population distribution, and charging patterns, such spa-
tial analyses can significantly improve the efficiency and user experience of charging
networks [75].

Furthermore, the concept of Tukerin, a mobile application-based marketplace for
electric motorcycle battery swapping, illustrates how digital platforms can address key
adoption barriers such as range anxiety and long charging times [119,120]. By integrating
this type of platform with demand prediction and energy management systems powered
by ML, it becomes possible to optimize battery inventory, reduce wait times, and coordinate
with Vehicle-to-Grid (V2G) operations [6].

Incorporating such socio-technical innovations into the architecture of energy man-
agement systems (EMS) for electric motorcycles bridges technical optimization (charging
strategies, demand prediction) with infrastructure and policy considerations, creating a
holistic and adaptive ecosystem for sustainable e-mobility growth.

3.3. ML Algorithms in Control and Prediction Within Electric Vehicle Energy Management
Systems and Their Integration with the Grid

With the development of electromobility and the increasing demand for intelligent,
self-adaptive, and efficient control systems, energy management, and optimization of
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charging infrastructure, machine learning (ML) algorithms are becoming the foundation of
modern engineering solutions. Future ML applications in this domain will focus on deeper
integration with distributed technologies, improved model interpretability, and adaptation
to variable operational and environmental conditions.

One of the key areas of development is federated learning, which enables training ML
models without transferring raw data to the cloud. This allows user privacy to be preserved
while still improving predictive models—an essential aspect for deploying ML in network-
connected vehicle systems [41,75,107]. Such models can be dynamically updated at the
level of an individual vehicle or fleet, increasing local autonomy and system resilience.

Another significant trend is the development of energy-efficient algorithms optimized
for edge computing. ML models implemented directly in onboard controllers of motorcy-
cles and other EVs must be characterized by low power consumption and high resilience
to disturbances, especially in rough terrain or urban traffic overloads [66—68]. For this
purpose, lightweight neural networks, compressed deep models, and self-adaptive systems
capable of real-time operation are being developed.

Reinforcement learning is also becoming an important direction, enabling control
and energy management systems to learn optimal strategies based on experience and
environmental feedback [43,70,72,109]. For example, such models can be used for con-
tinuous optimization of power distribution between the battery and supercapacitors
in HESSs, taking into account driving style, predicted road conditions, and charging
infrastructure availability.

As the number of electric vehicles grows, intelligent charging management and op-
erating cost optimization are also advancing. Algorithms such as XGBoost, LSTM, and
CNN allow highly accurate forecasting of energy demand—even under variable tariffs,
power limits, and irregular usage patterns [39,79,81]. Integration with renewable energy
sources (RES), microgrids, and dynamic charging stations requires not only prediction but
also real-time response, which can be achieved through hybrid ML models.

Predictive maintenance systems are also receiving increasing attention, enabling early
detection of irregularities in motors, batteries, and electronic components. The use of au-
toencoders, recurrent neural networks, and ensemble learning makes it possible to identify
subtle changes in measurement signals before they result in failure [41,63,65,71,74]. These
models support maintenance planning, improve safety, and reduce unplanned downtimes.

A vital area of development is data fusion from multiple sources—onboard sensors,
GPS, weather data, energy tariffs, and contextual user information. The application of
deep neural networks (DNN) and dimensionality reduction methods allows for building
complex yet efficient predictive models that are robust to disturbances and measurement
imperfections [6,71,112].

Explainable AI (XAl) also plays a key role—referring to algorithms whose operations
can be understood by end users or system operators. Transparency of ML models will be
critical for their certification, deployment in safety-critical environments, and for building
trust in autonomous technologies. Transparent models will find use in energy safety
management systems and automated decision-support systems [40,52,54,82].

In the coming years, ML is expected to be increasingly integrated with cloud-based
architectures, IoT, and distributed systems. These solutions will form the foundation of
fully intelligent EV fleet management systems, integrating energy management, technical
maintenance, and adaptive drive control within one cohesive environment.
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3.4. Summary of the Analysis in Relation to Key Research Questions

In the context of electric motor efficiency used in electric motorcycles, the most optimal
solution in terms of energy performance remains the Permanent Magnet Synchronous
Motor (PMSM). These motors are characterized by high power density and efficiency,
making them an attractive choice for premium and sport segments. Their advantages also
include low noise levels and favorable control characteristics under variable operating
conditions [14,67,68,73]. While Brushless DC motors (BLDC) are slightly less efficient,
they are simpler in design, cheaper to manufacture, and easier to maintain, making them
ideal for more economical vehicle models [13,15]. Switched Reluctance Motors (SRM),
on the other hand, are notable for their high durability and resistance to external factors,
although their development is limited by noise emission challenges and complex control
characteristics [23,91].

In the field of energy storage technologies, lithium-ion cells remain the dominant
solution due to their favorable capacity-to-weight ratio, long lifecycle, and good thermal
performance [64-66]. Safer alternatives include LFP cells and solid-state electrolyte systems,
which offer higher thermal stability and lower fire risk, although often at the expense
of energy density [39,45,51]. Increasing attention is being given to advanced Battery
Management Systems (BMS) supported by ML algorithms, which enable predictive control
of battery parameters and monitoring of their condition [32,46].

The use of Hybrid Energy Storage Systems (HESS), integrating batteries with super-
capacitors, significantly enhances the performance of electric motorcycles, especially in
the context of regenerative braking and the delivery of high instantaneous power during
acceleration. Such systems increase the lifespan of the main battery pack by reducing
peak loads [31,47,70]. Combined with ML algorithms, they enable dynamic energy flow
management by adapting to riding style, road conditions, and the vehicle’s energy de-
mand [40,71,72,109].

In the field of charging technologies, wired charging systems still dominate, of-
fering the highest efficiency and broad compatibility with existing energy infrastruc-
ture [48,85]. However, wireless charging systems are gaining interest, particularly for
urban fleets where convenience, automation, and minimal physical interaction become key
advantages [16,83,85]. A particularly promising development direction is Vehicle-to-Grid
(V2G) technology, which allows bidirectional energy flow and turns motorcycles into active
participants in the power grid. Although this technology is still in the early stages of de-
ployment, its potential for integration with renewable energy sources and local microgrids
is significant [32,33,41].

Optimal configurations of electric motorcycle components, especially traction in-
verters, should be based on solutions that ensure high energy conversion efficiency, low
switching losses, and resistance to electromagnetic interference [121]. In this context,
modern inverters built using SiC transistors and multilevel architectures are particularly
effective [27,53-57]. Contemporary design approaches also emphasize system modularity
and the integration of ML-based diagnostic systems, which enable predictive fault detec-
tion, autonomous component switching, and drive configuration adjustment to operating
conditions [58-60]. Furthermore, with the advancement of Al technologies and models,
research is being conducted on the potential use of acoustic waves for extinguishing flames
from various fuels and substances, which in the future may find application in both in-
dividual and public transport. Research in this area is the subject of numerous scientific
efforts worldwide, e.g., [122-131].

In conclusion, the literature indicates that the future of electric motorcycles will
depend on the synergistic development of high-performance PMSMs, advanced and safe
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energy storage technologies, flexible charging solutions, and ML-supported control systems.
Thoughtful integration of these components into a coherent, scalable technical architecture
will allow for the creation of more reliable, economical, and sustainable mobility solutions.

4. Results and Analysis

This chapter presents a detailed statistical analysis of 101 scientific publications in the
field of electromobility, published across two five-year periods: 2015-2019 and 2020-2024.
The analysis covered four main dimensions: document types (conference papers and jour-
nal articles), technological domains (electric drivetrains, energy storage, battery charging,
electrical components), engineering and optimization topics (energy efficiency, sustainabil-
ity, design and analysis), and applied methodological approaches (experiment, literature
review, case study, conceptual approach, and survey-based research).

Additionally, a geographical comparison was conducted based on the authors’ country
affiliations, and chi-square tests were applied to evaluate the statistical significance of
observed differences. The results are presented in the form of tables, charts, and heatmaps,
enabling the identification of dominant research trends, development directions, and areas
requiring further investigation.

Based on the presented chart (Figure 5), it was shown that the number of confer-
ence papers increased from 21 in the period 2015-2019 to 48 in 2020-2024 (an increase
of approximately 129%), while journal articles were recorded in quantities of 14 and 18,
respectively (an increase of approximately 29%). The chart suggests that research findings
were primarily disseminated through scientific conferences, highlighting the importance
of rapid knowledge exchange. At the same time, the growing number of peer-reviewed
journal articles indicates an increasing emphasis on formal validation of results.
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Figure 5. Document types.

The rise in the share of conference publications, alongside a moderate increase in
journal articles, may be interpreted as a sign of intensified research dialog and a thematic
shift from exploratory phases toward more established knowledge.
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Figure 6 presents a comparison of the number of publications in four key areas of
e-mobility technologies—electric drivetrains, energy storage, battery charging, and electri-
cal components—across two consecutive five-year periods. In the area of electric drivetrains,
the number of publications increased from 26 to 31 (an increase of approximately 19%). In
the energy storage segment, the number of studies rose from 13 to 33 (approximately 154%
growth). The most significant increase was observed in the field of battery charging, where
the number of publications grew from 7 to 27 (an increase of approximately 286%). In con-
trast, the area of electrical components showed only a minimal change, with publications
increasing from 9 to 10 (about 11% growth).

This publication dynamics structure is interpreted as a shift in research focus toward
storage efficiency and fast charging, while interest in supporting components appears to
have stabilized.

The marked growth in publications on battery charging between 2015 and 2019 and
2020-2024 reflects not only the expansion of charging infrastructure but also the rise in
ML-assisted strategies for optimizing charging schedules, reducing costs under dynamic
tariffs, and enabling V2G functionality [44-49]. In contrast, the modest increase in electrical
component research suggests that while hardware improvements (e.g., SiC inverters)
remain important, the integration of predictive diagnostics and adaptive control algorithms
is an emerging but less explored area [53-60].
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Figure 6. Number of publications in the field of e-mobility technologies in the periods 2015-2019 and
2020-2024.

Figure 7 presents a comparison of the number of publications in three thematic cat-
egories related to engineering and optimization—energy efficiency, sustainability, and
design and analysis—across the periods 2015-2019 and 2020-2024. In the first category, the
number of studies increased from 15 to 41, representing a growth of approximately 173%.
In the case of sustainability, no increase was recorded, with the number remaining constant
at 20 (0% growth). In contrast, the design and analysis category saw an increase from 13 to
20 publications, corresponding to a growth of approximately 54%.
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Figure 7. Number of publications in engineering and optimization categories in the periods 2015-2019
and 2020-2024.

This trend indicates an intensification of research in energy efficiency and a strengthening
of the role of design, while interest in sustainability-related issues appears to have stabilized.

The dominance of energy efficiency as a research theme aligns with the deployment of
Al/ML models aimed at reducing energy losses in motors, optimizing energy flow in HESS
configurations, and improving the accuracy of SoC/SoH estimation [17,32-34,40,46,70,72].
The stable number of sustainability-focused studies indicates that environmental lifecycle
assessments are not growing at the same pace as performance-focused research, despite
the potential of ML to optimize design for recyclability and eco-efficiency [58,59].

Figure 8 compares the number of publications across five research methodology
categories—experimental studies, literature analysis, case studies, conceptual approaches,
and survey-based research—across two consecutive five-year periods. For experimental
methods, the number of publications increased from 18 to 38 (a growth of approximately
111%), while literature analysis rose from 9 to 25 (around 178%). In the case study category,
the number of publications increased from 8 to 12 (50%), whereas conceptual approaches
grew from 26 to 45 (about 73%). Only the survey category experienced a decline, dropping
from 2 to 1 publication (a 50% decrease).
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Figure 8. Number of publications by research methodology in the periods 2015-2019 and 2020-2024.

21



Energies 2025, 18, 4529

This pattern indicates a clear shift in emphasis toward experimental research and
theoretical modeling, accompanied by a reduced reliance on survey-based methods.

The sharp increase in literature analysis publications corresponds to the system-
atic mapping of AI/ML applications across electric motorcycle subsystems, allowing
researchers to identify high-impact algorithmic trends. The growth in experimental studies
demonstrates a shift toward real-world validation of ML-based control and diagnostic
systems, though survey-based research remains rare, limiting user feedback integration
into Al-enabled designs.

Table 3 presents a summary of 101 publications in the field of electromobility, di-
vided into two time periods (2015-2019 and 2020-2024). The analysis covers four main
dimensions: document type (Conference Paper vs. Journal Article), technological domains
(Electric Motors, Energy Storage, Battery Charging, Electrical Components), optimization
topics (Energy Efficiency, Sustainability, Design and Analysis), and research methodology

(Experiment, Literature Analysis, Case Study, Conceptual, Survey).

Table 3. Publications by year in all categories.

Name 2015-2019 2020-2024 All Years Share [%)]
Total 35 66 101 100.0
Document Type
Conference Paper 21 48 69 68.32
Journal Article 14 18 32 31.68
E-mobility Technologies
Electric Motors 26 31 57 56.44
Energy Storage 13 33 46 45.54
Battery Charging 7 27 34 33.66
Cfﬁ;ﬁ:jits 9 10 19 18.81
Engineering and Optimization
Energy Efficiency 15 41 56 55.45
Sustainability 20 20 40 39.6
Design and Analysis 13 20 33 32.67
Research Methodology
Experiment 18 38 56 55.45
Literature Analysis 9 25 34 33.66
Case Study 8 12 20 19.8
Conceptual 26 47 73 72.28
Survey 2 1 3 297

In addition, statistical significance of differences between categories was assessed

using the chi-square test within the groups “Technologies and Infrastructure” and
“Research Methodology.”

Furthermore, chi-square statistical tests were applied across four groups: (1) Docu-

ment Type, (2) E-mobility Technologies, (3) Engineering and Optimization, (4) Research
Methodology.
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Based on Table 3, a detailed, multidimensional analysis of the distribution of 101 scien-
tific publications in the field of electromobility was carried out, covering two time periods:
2015-2019 (35 publications) and 2020-2024 (66 publications). The analysis included four
main dimensions: document type, technological domain, optimization topics, and adopted
research methodology. The obtained results were subjected to statistical verification using
the chi-square test.

In the Document Type category, two groups were distinguished: Conference Paper
and Journal Article. Conference papers accounted for 69 publications (68.32%), with
21 published before 2019 and 48 between 2020 and 2024. Journal articles were recorded
in 32 cases (31.68%), including 14 in the first period and 18 in the second. It was ob-
served that the share of journal articles increased by over 28% between the two periods,
which may reflect the growing importance of peer review and the increasing stability of
research findings.

The E-mobility Technologies analysis was divided into four subcategories: Electric
Motors, Energy Storage, Battery Charging, and Electrical Components. Electric Motors
were addressed in 57 publications (26 in 2015-2019; 31 in 2020-2024; 56.44%), indicating
sustained interest in electric drive design and performance. Energy Storage appeared in
46 studies (13 + 33; 45.54%), with a significant increase in the second period, likely due to
advancements in battery technologies. Battery Charging was the focus of 34 publications
(7 +27; 33.66%), reflecting growing challenges in charging infrastructure. Electrical Com-
ponents were included in 19 studies (9 + 10; 18.81%), suggesting that hardware elements
are less frequently explored, although they remain critical to system reliability.

In the Engineering and Optimization area, three key topics were identified: Energy
Efficiency was covered in 56 publications (15 + 41; 55.45%), emphasizing the priority of
optimizing energy consumption in EV systems. Sustainability appeared in 40 papers
(20 + 20; 39.60%), indicating consistent interest in environmental aspects and component
life cycles. Design and Analysis was the subject of 33 publications (13 + 20; 32.67%),
highlighting the complexity of design and simulation processes necessary for developing
safe and efficient solutions.

The Research Methodology distribution included five research approaches, with a
dominance of experimental and conceptual studies: Experimental methods were used in
56 publications (18 + 38; 55.45%), reflecting high engagement in prototype testing and
lab validation. Conceptual approaches were found in 73 publications (26 + 47; 72.28%),
emphasizing the development of analytical and simulation-based models. Literature
Analysis appeared in 34 papers (9 + 25; 33.66%), indicating strong foundations in review-
based research. Case Studies were applied in 20 publications (8 + 12; 19.80%), while
Survey-based studies were noted in only 3 cases (2 + 1; 2.97%), suggesting limited use of
fieldwork and user feedback.

Chi-square tests were used to verify the significance of differences in four groups:
for Document Type, the result was x? = 1.17 (df = 1; p = 0.28); for E-mobility Technolo-
gies, x?> =8.09 (df = 3; p = 0.04), indicating statistically significant differences between
subcategories. In Engineering and Optimization, x? = 5.47 (df = 2; p = 0.06); in Research
Methodology, x> = 2.78 (df = 4; p = 0.60), showing no statistically significant differences.

Key conclusions from the analysis include:

1. Conference Papers dominate the electromobility research space, reflecting the role of
rapid dissemination of preliminary results at conferences;

2. Within E-mobility Technologies, Electric Motors and Energy Storage are the most
frequently represented topics, while Electrical Components receive comparatively
less attention;

23



Energies 2025, 18, 4529

3.  In Engineering and Optimization, Energy Efficiency holds central importance, reflect-
ing the dominance of research focused on energy performance;

4. In Research Methodology, experimental and conceptual studies account for more

than two-thirds of all approaches, emphasizing the parallel development of practical
testing and theoretical modeling.

Based on Table 4, “Publications by E-mobility Technologies in other categories”, a
detailed analysis of the 101 scientific publications in the electromobility domain was con-
ducted, with classification according to four technology categories: Electric Motors (57),
Energy Storage (46), Battery Charging (34), and Electrical Components (19). Publica-
tions were assigned to two main thematic groups: Engineering and Optimization and
Research Methodology.

Additionally, statistical analysis using the chi-square test was performed in two groups:
(1) Engineering and Optimization, (2) Research Methodology.

In the Engineering and Optimization area, three subcategories were analyzed. For
Energy Efficiency, 56 publications were identified, including 27 related to Electric Motors,
27 to Energy Storage, 20 to Battery Charging, and 10 to Electrical Components. The topic of
Sustainability was addressed in 40 publications (21, 15, 14, and 5, respectively, for each of
the listed technologies). Within Design and Analysis, 33 articles were identified, of which
25 focused on Electric Motors, 13 on Energy Storage, 6 on Battery Charging, and 11 on
Electrical Components. This distribution indicates strong interest in optimizing drivetrains
and storage systems, with moderate attention to design-related aspects and relatively lower
engagement in research on electrical components.

Table 4. Publications by E-mobility Technologies in other categories.

Name Electric Motors Energy Storage Battery Charging Electrical Components Total

Total 57 46 34 19 101
Engineering and Optimization
Energy Efficiency 27 27 20 10 56
Sustainability 21 15 14 5 40
Design and Analysis 25 13 6 11 33
Research Methodology
Experiment 31 28 19 13 56
Literature Analysis 21 14 10 8 34
Case Study 9 9 6 2 20
Conceptual 38 31 27 16 73
Survey 3 0 1 0 3

In the Research Methodology group, five research approaches were compared. A total
of 56 studies were classified under Experiment, of which 31 focused on Electric Motors,
28 on Energy Storage, 19 on Battery Charging, and 13 on Electrical Components. Literature
Analysis included 34 publications (21, 14, 10, and 8 for the respective technologies).

Case Study was used in 20 studies, particularly involving Electric Motors and Battery
Charging (9 and 6 cases, respectively), while Energy Storage appeared in 3 and Electri-
cal Components in 2. Conceptual approaches were applied in 73 articles, with notable
inclusion of Electric Motors (38), Energy Storage (31), Battery Charging (27), and Electrical
Components (16). Survey appeared infrequently—in only 3 publications, primarily in
the context of Electric Motors and Battery Charging. A clear dominance of Conceptual
and Experimental approaches was observed, while Survey and Case Study methods were
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used less frequently. For the Engineering and Optimization group, the chi-square test
yielded x? = 8.69 (df = 6; p = 0.19), indicating no statistically significant differences in the
distribution of publications across technological subcategories. Similarly, in the Research
Methodology group, the result was x? = 5.78 (df = 12; p = 0.93), confirming no significant
differences in the choice of research methods.

From the analysis, the following conclusions can be drawn:

1. Electric Motors technology was the most frequently addressed in both optimization
and methodological studies, which may indicate the central role of drivetrains in the
development of electromobility.

2. Energy Storage ranked just behind drivetrains, underscoring the importance of storage
systems in EV design.

3. Battery Charging and Electrical Components were represented to a lesser ex-
tent, suggesting the need for further research in charging infrastructure and
electronic componentry.

4. The absence of statistically significant differences suggests a relatively even distri-
bution of research interest across technologies in the context of both optimization
and methodology.

Figure 9 presents a comparison of the number of publications across two five-year
periods, categorized by the authors’” country of affiliation. For Indonesia, the number
of publications increased from 2 to 18, representing the most significant change in the
dataset. In the case of Japan, the number of studies remained constant at 5, while in the
United Kingdom, it rose from 3 to 6. The United States saw a modest increase from 3 to
4 publications, while Canada and Thailand maintained stable levels of 3 and 3, respectively.
Italy’s publication count increased from 2 to 4, and India recorded a rise from 0 to 5. A
decrease from 3 to 2 publications was registered for Malaysia, while both South Korea
and Spain experienced an increase from 2 to 3 publications. For the “Other” category, the
number of studies rose from 9 to 15.
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Figure 9. Distribution of studies by application areas.

This dynamic indicates a shift in research activity toward regions with a growing
presence in the field of electromobility literature.

Based on Table 5, the distribution of 101 publications in the field of electromobility is
presented according to the authors” country of affiliation across the two periods (2015-2019
and 2020-2024), showing each country’s percentage share and the result of a chi-square
test verifying the significance of observed changes.
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Table 5. Publications by year in Countries.

Country 2015-2019 2020-2024 All Years Share [%]
All countries 35 66 101 100.0
Indonesia 2 18 20 19.8
Japan 5 5 10 9.9
United Kingdom 3 6 9 8.91
United States 3 4 7 6.93
Canada 3 3 6 5.94
Italy 2 4 6 5.94
Thailand 3 3 6 5.94
India 0 5 5 4.95
Malaysia 3 2 5 4.95
South Korea 2 3 5 4.95
Spain 2 3 5 4.95
Other 9 15 24 23.76

To assess whether the changes in the number of publications across individual coun-
tries between the periods 2015-2019 and 2020-2024 were statistically significant, a chi-
square test was applied.

e  Chi-square value (x?): 12.22
e  Degrees of freedom: 11
e p-value: 0.35

Since the p-value exceeded the significance threshold of 0.05, no statistically signif-
icant association was found between the year of publication and the authors’ country
of affiliation.

The analysis included 101 publications, with 35 published in 2015-2019 and 66 in
2020-2024. The largest share of studies was attributed to Indonesia (20; 19.8%), where
the number of publications increased from 2 to 18 across the two timeframes. Japan
ranked second with an even distribution (5 + 5; 9.9%), while the United Kingdom followed
in third place (3 + 6; 8.91%). The United States had 7 publications (3 + 4; 6.93%), and
Canada published 6 (3 + 3; 5.94%), reflecting the relative stability of their contributions.
A similar number of studies (6; 5.94%) was observed in Italy and Thailand, while India,
Malaysia, South Korea, and Spain each accounted for 5 publications (4.95%). The “Other”
category, comprising 24 papers (23.76%), indicates significant involvement from smaller
research centers.

The analysis leads to the following conclusions:

1.  Indonesia emerged as the leading research hub during the analyzed period, account-
ing for nearly 20% of all publications.

2. Japan and the UK maintained steady levels of research activity, possibly reflecting
stable research funding.

3. The increase in India’s output from 0 to 5 publications suggests a dynamic growth in
scientific engagement in South Asia.

4. Countries with a moderate contribution, such as Canada, Italy, and Thailand, main-
tained a consistent level of output, possibly due to established research strategies.
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5. The high proportion of papers classified under “Other” reflects growing geographical
diversity and increasing activity of smaller research institutions worldwide—possibly
the result of intentional research policy initiatives.

The presented heatmap (Figure 10) illustrates the distribution of publications by
research methodology (experiment, literature review, case study, conceptual approach,
survey) in the context of four e-mobility technologies (electric motors, energy storage,
battery charging, electrical components).

The most frequently employed research methodology was experimental studies,
highlighting the importance of practical validation of technological solutions. This
group included:

e 31 publications related to electric motors,

e 28 analyses of energy storage,

e 19 studies focused on battery charging,

e 13 works addressing electrical components.

Literature analysis was identified as the second most commonly used method, with
21 publications on electric motors, 14 on energy storage, 10 on battery charging, and
8 on electrical components. Case studies were relatively rare—conducted in 9 studies
on motors and storage, 6 on charging, and only 2 on components—indicating limited
documentation of real-world implementations. Conceptual approaches proved essential
for theoretical development, as evidenced by 38 publications on electric motors, 31 on
energy storage, 27 on battery charging, and 16 on electrical components. Surveys were
used sporadically—3 times in the context of motors, once in charging, and none for storage
or components.
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Figure 10. Heatmap of research methodology scope and e-mobility technologies.

This methodological structure is considered to reflect the advanced stage of e-mobility
technology development, where practical testing and conceptual framework development
go hand in hand. The limited number of case studies and surveys suggests a gap, par-
ticularly in documenting implementations and gathering user data. Literature analysis,
meanwhile, is seen as the foundation for building a robust theoretical base, enabling the
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generation of new hypotheses. The presented distribution may serve to guide future
research directions by identifying both methodological and technological gaps.

The presented heatmap (Figure 11) illustrates the relationship between three categories
of engineering and optimization topics and four e-mobility technologies. Each cell contains
the number of publications in which a given topic (energy efficiency, sustainability, design
and analysis) is linked to a specific technology (electric motors, energy storage, battery
charging, electrical components). This enables the identification of the most frequently
explored thematic combinations in the reviewed literature.

Energy efficiency was identified as the most frequently represented category within
engineering and optimization, highlighting its central role in e-mobility research. This
group included:

e 27 publications related to electric motors,

e 27 studies on energy storage,

e 20 papers on battery charging,

e 10 publications concerning electrical components.

Such high values were interpreted as a concentration of scientific efforts on optimiz-
ing energy consumption in the core elements of EV systems, with gradually decreasing
attention given to auxiliary components.

Sustainability was the second most prominent category, with:
21 publications focused on electric motors,

15 on energy storage,
14 on battery charging,

5 related to electrical components.

25.0
Energy
Efficiency 2.5
20.0
17.5
Sustainability
15.0
12.5
10.0
Design and
Analysis
1D
-5.0
& o z& zd S '\d} o
Q)e‘:\é'é s Q;“’Q:;\&Q @0"(\0"&
< <&

Figure 11. Heatmap of relationships between engineering and optimization categories and
e-mobility technologies.

The moderate level of attention given to charging and components was seen as a
signal of the need for deeper investigation into the environmental impact and life cycle of
e-mobility technologies.

In the area of design and analysis, the following numbers were observed:

e 25 publications on electric motors,
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e 13 on energy storage,
e 6 on battery charging,
e 11 on electrical components.

This varied distribution reflects the growing importance of interdisciplinary simulation
and modeling methods in the integration of different technologies.

In summary, energy efficiency clearly dominated the reviewed literature, while interest
in sustainability and in design and analysis was more evenly balanced across studies on
electric motors. The least attention was paid to electrical components.

The analysis of 101 scientific publications in the field of electromobility revealed a clear
increase in research activity in the period 2020-2024 compared to 2015-2019. Conference
papers remained the dominant form of publication, underscoring the importance of rapid
dissemination in a rapidly evolving field. At the same time, the growing share of peer-
reviewed journal articles reflects the scientific community’s pursuit of formal validation
and stabilization of results.

Among the technological areas, electric drivetrains and energy storage attracted the
greatest interest. The most dynamic growth in the number of publications was observed
in the field of battery charging, likely due to increasing demands on charging infrastruc-
ture. Electrical components, while essential for EV system reliability, were relatively less
represented in the literature.

Engineering-related topics focused primarily on energy efficiency, appearing in over
half of the analyzed studies. Although sustainability and design/analysis were also
present, they appeared to a lesser extent. This distribution suggests a practical orientation
in research, with energy savings being treated as a top priority in e-mobility systems.

From a methodological perspective, experimental and conceptual approaches were
dominant, indicating simultaneous development of both practical solutions and theoretical
models. Literature reviews and case studies played a supplementary role, while survey-
based research was marginal. This methodological structure suggests that research in
this domain is still rarely conducted with direct user participation or in the context of
real-world implementations.

Geographically, the largest increase in the number of publications was observed in
Indonesia, which emerged as the leading contributor to electromobility research. Japan, the
United Kingdom, and the United States maintained consistent levels of activity. At the same
time, the number of publications from previously less-represented countries increased,
suggesting growing internationalization of research and rising interest in e-mobility across
developing regions.

In conclusion, this chapter reveals the dynamic scientific development in the field of
electromobility, with a clear shift in research focus toward energy storage, battery charging,
and energy efficiency. The dominance of experimental and conceptual methods, along with
the limited use of applied approaches, points to the potential for further exploration in
areas related to implementation and end-user perspectives.

5. Discussion and Future Work

Table 6 summarizes the most relevant machine learning (ML) trends identified across
the four main technological domains of electric motorcycles. For each domain, key ML algo-
rithms are listed alongside reported performance benefits, major technical challenges, and
suggested future research directions. The synthesis highlights that, while ML has achieved
measurable gains—such as improved torque control in motors, higher accuracy in battery
state estimation, and cost-optimized charging—challenges remain in terms of computa-
tional efficiency, model generalization, and infrastructure readiness. Addressing these gaps,
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particularly through lightweight models, federated learning, and Explainable Al (XAI),
will be essential for large-scale deployment in commercial electric motorcycle systems.

Table 6. Summary of ML-driven trends, benefits, challenges, and future directions across
technology domains.

Domain Key ML Algorithms Reported Benefits Main Challenges Future Directions

+3-5% efficiency, torque

Electric Motors LSTM, ANFIS, RL, SVM ripple reduction, Computational load, large Lightweight hybrid control

improved adaptability datasets required models for embedded systems

o .

CNN, Ensemble, GRU, SoC/SoH error < 2%, Sensor noise, Federated BMS learning,
Energy Storage . extended D thermal-aware
Kalman filters b . temperature sensitivity -

attery lifespan predictive models

Reduced charging Infrastructure readiness Hybrid scheduling combining
Charging and V2G RL, LSTM, Boosting, SVM cost/ t{me, 1mproved interoperability issues V2G, RES, and HESS
grid stability
Electronic Components Autoencoders, CNN, Early fault detection, Generalization across XAl-based diagnostics,

p Decision Trees reduced downtime platforms, limited datasets  adaptive fault-tolerant control

The comparative overview in Table 7 reveals several key cross-domain patterns:

1. AI/ML penetration is highest in control and prediction tasks. PMSMs and energy stor-
age show the most mature applications, where LSTM, ANFIS, and CNN architectures
deliver measurable performance gains.

2. Data quality and computational constraints remain universal bottlenecks, limiting
real-time deployment in embedded systems.

3. Charging and V2G applications are emerging as high-growth areas, but infrastructure
readiness and interoperability remain barriers.

4.  Electronic components lag in research intensity, although ML-based diagnostics have
demonstrated clear benefits in fault detection and maintenance reduction.

5. Future directions converge toward integrated, lightweight, and explainable models,
suggesting a shift from isolated component optimization toward fully connected,
Al-driven motorcycle architectures.

Table 7. Comparative performance of major ML algorithms in the four key technological domains.

Domain ML Algorithms Application Measured Effect Representative Sources
+3-5% efficiency, 8-12%
. Torque control, ripple torque ripple reduction, .
Electric Motors LSTM, ANFIS, RL, SVM reduction, load adaptation 10-15% faster [14,17,20-24]

dynamic response

<2% SoC error, 5-10%

Energy Storage CNN, Ensemble, GRU, SOC/SO.H estlmathn / longer lifespan, >90% fault [32-34,46,53,58,59]
Kalman filters degradation forecasting .
prediction accuracy
10-15% faster charging,
. . Cost/time optimization, 5-12% cost reduction,
Charging and V2G RL, LSTM, Boosting, SVM renewable integration 8-10% peak load [16,44,46-49]
reduction
. Autoencoders, CNN, Inverter diagnostics, >95% fault detection
Electronic Components .. I accuracy, 10-20% [53-60]

Decision Trees fault prediction

downtime reduction

As summarized in Table 6, the systematic literature review conducted for the period
2015-2024 revealed that electric motorcycles are becoming an increasingly important com-
ponent of electromobility, with technological development focused around four key areas:
electric motors, energy storage, charging systems, and electronic components. Across
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these domains, the integration of artificial intelligence (AI) and machine learning (ML)
has emerged as a unifying factor, enhancing control precision, predictive maintenance
capabilities, and overall system efficiency.

5.1. Key Findings and Discussion

In the context of electric motor efficiency, Permanent Magnet Synchronous Motors
(PMSMs) remain the most attractive option in terms of energy performance and con-
trollability, particularly when combined with ML-enhanced control strategies such as
LSTM-assisted Field-Oriented Control and adaptive neuro-fuzzy inference systems. These
approaches have been shown to reduce torque ripple, improve dynamic response, and
adapt to variable load conditions better than conventional methods. Brushless DC motors
(BLDC) and Switched Reluctance Motors (SRM) remain relevant for cost-sensitive appli-
cations, where ML-based optimization can mitigate their inherent disadvantages, such as
acoustic noise and complex torque profiles.

For energy storage technologies, lithium-ion cells continue to dominate due to their
favorable capacity-to-weight ratio and thermal performance. However, ML-supported
Battery Management Systems (BMS) now play a key role in maximizing their lifespan
and reliability, providing accurate state-of-charge (S0C) and state-of-health (SoH) esti-
mation, as well as adaptive control to mitigate degradation. Hybrid Energy Storage
Systems (HESS), integrating batteries with supercapacitors, further benefit from reinforce-
ment learning and predictive algorithms to optimize energy flow during acceleration and
regenerative braking.

Regarding charging technologies, wired systems currently offer the highest efficiency
and compatibility, but wireless and Vehicle-to-Grid (V2G) solutions are gaining traction.
In particular, ML-based charging optimization—using reinforcement learning, LSTM fore-
casting, and boosting algorithms—enables intelligent scheduling under dynamic tariffs,
integration with renewable energy sources, and grid load balancing. Although V2G for
motorcycles remains at an early stage, predictive and adaptive algorithms hold significant
potential for future deployment.

For electronic components, modern traction inverters built with SiC transistors and
multilevel architectures are delivering higher conversion efficiencies and lower switch-
ing losses. ML-driven diagnostics embedded in these components allow for early fault
detection, autonomous component switching, and adaptive performance tuning, directly
improving system reliability and reducing downtime.

5.2. Future Research Directions
Future research should focus on the following strategic directions:

e Integrated AI/ML Architectures—Developing unified control frameworks that com-
bine motor drive optimization, energy storage management, charging control, and
fault diagnostics within a single intelligent system.

e Lightweight and Energy-Efficient Models—Designing ML algorithms optimized for
embedded controllers with strict computational and power constraints, enabling
real-time operation in edge environments.

e  Explainable AI (XAI)—Increasing the interpretability of ML models to improve user trust,
support certification processes, and ensure safe deployment in safety-critical functions.

e Federated Learning and Privacy-Preserving Systems—Enabling collaborative train-
ing of ML models across fleets without transmitting raw operational data, thereby
enhancing security and scalability.

31



Energies 2025, 18, 4529

e Advanced Hybrid Energy Management—Integrating fast charging, V2G capabilities,
and HESS within a single ML-optimized framework to improve flexibility, sustainabil-
ity, and cost-effectiveness.

e  Eco-Design Integration—Combining sustainable materials and lightweight construc-
tion with intelligent control systems to reduce lifecycle environmental impact. Stan-
dardized Performance Benchmarks—Establishing common metrics for evaluating
ML-based solutions in electric motorcycles to facilitate cross-study comparisons and
industrial adoption.

By pursuing these directions, future electric motorcycles can evolve into fully intel-
ligent platforms capable of continuous self-optimization, predictive adaptation to envi-
ronmental and operational conditions, and seamless integration with the wider energy
ecosystem. This convergence of hardware innovation and Al/ML-driven intelligence
represents a decisive step toward achieving the twin goals of high performance and envi-
ronmental sustainability in the electromobility sector.

6. Conclusions

This review has provided a comprehensive analysis of technological advancements
in electric motorcycles between 2015 and 2024, focusing on four main domains: electric
motors, energy storage, charging technologies, and electronic components. As highlighted
in Table 6 and further discussed in the preceding section, the integration of artificial
intelligence (AI) and machine learning (ML) into these domains is no longer a peripheral
trend but a central driver of innovation.

The findings confirm that PMSMs deliver the highest efficiency and controllabil-
ity among electric motor types, especially when combined with ML-enhanced control
strategies. Lithium-ion batteries remain the dominant energy storage technology, with
ML-supported Battery Management Systems significantly improving state estimation ac-
curacy and extending service life. Hybrid Energy Storage Systems (HESSs) demonstrate
strong potential for enhancing performance, particularly when paired with predictive
ML-based energy flow control. Charging technologies are evolving beyond traditional
wired solutions toward intelligent, ML-driven wireless and Vehicle-to-Grid (V2G) sys-
tems, enabling adaptive integration with renewable energy sources. Modern electronic
components—such as SiC-based inverters—combined with embedded ML diagnostics are
improving fault detection, operational safety, and system adaptability.

Across all domains, ML enables higher efficiency, predictive capabilities, and adaptive
control; however, most implementations remain focused on individual subsystems rather
than integrated architectures. The absence of standardized performance benchmarks limits
comparability and hinders large-scale adoption.

The future trajectory of electric motorcycle development will depend on advancing
integrated AI/ML architectures, deploying lightweight and energy-efficient models for em-
bedded systems, implementing Explainable Al for transparency and trust, and combining
eco-design principles with intelligent energy management. These advancements will be crit-
ical to achieving the twin objectives of high performance and environmental sustainability.

In conclusion, the convergence of hardware innovation and Al/ML-driven intelligence
represents a transformative shift in electric motorcycle design. By uniting advances in
motor technology, energy storage, charging systems, and electronic components under an
integrated, intelligent framework, the industry can accelerate the transition toward smarter,
more efficient, and more sustainable mobility solutions.
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Abstract

Biomass has long been a major source of energy for residential heating and, in recent
decades, has regained attention as a renewable alternative to fossil fuels. This review
explores the current state and prospects of domestic biomass-based heating technologies,
including biomass-fired boilers, local space heaters, and hybrid systems that integrate
biomass with complementary renewable energy sources to deliver heat, electricity, and
cooling. The review was conducted to identify key trends, performance data, and innova-
tions in conversion technologies, fuel types, and efficiency enhancement strategies. The
analysis highlights that biomass is increasingly recognized as a viable energy carrier for
energy-efficient, passive, and nearly zero-energy buildings, particularly in cold climates
where heating demand remains high. The analysis of the available studies shows that
modern biomass-fired systems can achieve high energy performance while reducing en-
vironmental impact through advanced combustion control, optimized heat recovery, and
integration with low-temperature heating networks. Overall, the findings demonstrate that
biomass-based technologies, when designed and sourced efficiently and sustainably, can
play a significant role in decarbonizing the residential heating sector and advancing nearly
zero-energy building concepts.

Keywords: biofuels; biomass; biomass-appliances; pellet boiler; wood-fired boiler; local
space heaters; micro-scale cogeneration; CHP; nearly zero energy buildings; NZEBs

1. Introduction

The inhabitants of Earth are facing climate change, which affects them through ris-
ing average global temperatures and more frequent extreme weather events. One of the
main reasons responsible for the situation is the emission of greenhouse gases and other
pollutants into the atmosphere. The European Union (EU) bodies decided to react and
established challenging goals for the first half of the 21st century. The target for 2030 was to
reduce net greenhouse gas emissions by at least 55% by 2030 compared to 1990 levels [1].
The European Commission proposed an amendment to the EU Climate Law, setting a new
2040 goal: a 90% reduction in net greenhouse gas emissions relative to 1990 levels. The
ultimate goal is to achieve climate neutrality by 2050. Such action will lead not only to a less
polluted atmosphere and reduced negative climate effects, but also to the diversification of
heating systems for citizens and their independence from fossil fuel supplies. Apart from
emission reduction, the objectives of the EU Climate Law are to monitor progress on the ac-
tions taken and take further action if needed, provide predictability for investors and other
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economic actors, and ensure that the transition to climate neutrality is irreversible [1]. The
assumptions and motives behind the EU legislation are clear; however, the evolving nature
of the restrictions and the pace of their implementation can be particularly challenging for
end-users and manufacturers of heating systems. In EU countries, the residential sector
accounted for 26.2% of final energy consumption [2]. The majority of household energy
use was attributed to space heating (62.5%) and domestic hot water preparation (15.1%).
Natural gas and electricity were the dominant energy sources, accounting for 29.5% and
25.9% of residential demand, respectively. Renewable energy sources accounted for 23.5%,
petroleum products for 10.3%, and derived heat for 8.5%. Solid fossil fuels made up the
smallest share, at just 2.2% of the sector’s energy use (see Figure 1).

Cooking
6.5% Oitand
Lightand petroleum
electrical products
appliances 10.3%
14.5%

Natural gas
29.5%

Renewables
and biofuels
23.5%

Water Space Electricity
heating heating 25.9%
15.1% 62.5%

(a) (b)

Figure 1. Final energy consumption in the residential sector by usage (a) and fuel (b) in 2023
(adopted from [2]).

When adapting to new regulations and reducing fossil fuel use, the only way forward
is to implement systems powered by renewable energy sources (RES), including biomass,
solar, wind, geothermal, and combined systems. Since biomass is considered a zero-carbon
dioxide-emissions fuel option, it plays a key role in the energy sector’s decarbonization.
In the EU, almost a quarter of the final energy consumption in the residential sector in
2023 came from renewables and biofuels [2]. In less developed countries, the importance
of biomass is even greater. According to the World Health Organization (WHO), over
three billion people in developing countries use solid biomass for cooking and heating [3].
In 2020, over 11 million households in the U.S. (almost 9%) used wood as a fuel, mostly
for heating [4].

The term “biomass” is broad and encompasses a wide range of fuels. Biomass is
produced by plants and animals as organic matter. Vassilev et al. [5] divided biomass into
six main groups:

Wood and woody biomass;

Herbaceous and agricultural biomass;

Aquatic biomass;

Animal and human biomass wastes;

Contaminated biomass and industrial biomass wastes (semi-biomass);

Biomass mixtures.

The primary biomass sources include agricultural and forestry residues, animal
residues, sewage, algae, and aquatic crops [6]. Among the biomass fuels used in resi-
dential applications, the most common are wood logs, pellets (and briquettes), wood chips,
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straw, husks, and shells, as shown in Figure 2. The decisive factor in choosing fuel is price
and availability, as well as ease of storage and preparation.

Figure 2. Typical biomass fuels used in residential applications: (a) wood logs, (b) pellets, (c) wood
chips, (d) straw, (e) shells, and (f) husks. Source: Author’s own elaboration, created in Canva (based
on materials provided under the Canva License Agreement).

Biomass can be converted into energy, fuels, and chemicals through several ther-
mochemical processes, notably combustion, pyrolysis, and gasification (see Figure 3).
Combustion involves the complete oxidation of biomass in the presence of excess oxygen,
producing heat, carbon dioxide, and water, making it an ideal process for direct energy
generation. In contrast, pyrolysis is the thermal decomposition of biomass in the absence of
oxygen, yielding a mixture of solid char, liquid bio-oil, and gaseous products. This method
is versatile and supports bio-refinery applications, depending on whether slow or fast
pyrolysis is employed. Gasification operates under limited oxygen conditions at high tem-
peratures to convert biomass into syngas—a mixture of carbon monoxide, hydrogen, and
methane—which can be used for electricity generation, heat production, or as a precursor
for chemical synthesis [7].

Biomass conversion technologies

Thermochemical conversion Biochemical conversion Chemical conversion

Extraction

Figure 3. Biomass conversion technologies (adopted from [8]).

The Global Bioenergy Statistics Report (11th edition) [9] noted that in 2022, renewable
energy sources, including biofuels, accounted for 14.3% of the global energy supply. In
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2021, bioenergy contributed 96% of renewable heat, mostly in Europe (80%). The global
domestic supply of biomass reached almost 54 EJ [GBS], and the IRENA report [10] predicts
that by 2030, the global total biomass supply in primary energy terms will range from
97 to 147 E] / year, primarily from agricultural residues and wastes. The supply potential of
forest products, including forestry residues, is 2743 E] /year. From the EUBIA (European
Biomass Industry Association) report: the technical potential for the EU-27 is estimated at
around 200 Mtoe/year (i.e., ~8.4 E]/year) in the short term (2020), with the possibility of
doubling this to 400 Mtoe/year (~16.8 EJ/year) by 2050 [11]. Biomass is a fuel available
in almost every inhabited region of the world. Due to its high moisture content (when
harvested fresh) and relatively low calorific value, it is used locally, thereby ensuring energy
security and independence from other energy carriers.

This review summarizes the current state of the art in biomass technologies used
for residential heating. It presents the developed technologies and new directions for
development, including mixed systems that combine traditional biomass use with other
energy systems to produce not only heat but also electricity, cooling, and desalinated water.
In this context, biomass can also be considered a part of energy-saving, passive, and nearly
zero-energy buildings (NZEBs), especially in cold regions. NZEBs are defined as buildings
with very high energy performance whose nearly zero or very low remaining energy
demand is covered to a very significant extent by on-site or nearby renewables [12]. They
represent a key strategy for mitigating the environmental footprint of the built environment.
To support their development, building optimization has emerged as a powerful tool for
evaluating design alternatives and identifying configurations that achieve zero-energy
performance. This approach involves formulating and minimizing objective functions that
encompass energy metrics (e.g., thermal demand, renewable energy yield, and efficiency
gains), environmental indicators (e.g., CO, emissions), and economic criteria (e.g., life-
cycle cost, net present value, and capital investment) [13]. Consequently, NZEBs integrate
advanced energy-efficient systems—including HVAC, lighting, and appliances—alongside
renewable energy technologies to meet their operational demands sustainably. Given the
high share of heating in final energy consumption in buildings, integrating biomass-fired
sources into NZEBs is a promising option for meeting building energy demands with
minimal environmental impact. Biomass, as a controllable and carbon-neutral energy
source, serves as an effective complement to variable renewables, such as solar and wind—
especially in regions with pronounced seasonal fluctuations and during periods of high
thermal demand. To enhance operational flexibility and overall system efficiency, biomass
is increasingly being integrated into hybrid configurations that primarily combine solar
thermal collectors, electric heat pumps, and thermal energy storage (TES). Against this
backdrop, the present article is original in relation to the extant literature, offering a new
approach to the issues surrounding nearly zero-energy buildings.

2. Methodology

This review aims to provide a comprehensive examination of the current state of
research on biomass-fired heating systems, technological progress, and the potential for
their integration into nearly zero-energy buildings through combining them with other
systems. To ensure credibility and clarity, a systematic approach was adopted to select and
analyze the literature. The review was organized into three stages: gathering and retrieving
the literature, analyzing its content, and discussing domain knowledge.
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2.1. Criteria Applied to Ensure the Credibility and Clarity of the Review

The literature was collected from leading academic databases, including Scopus, Web
of Science, ScienceDirect, IEEE Xplore, and EBSCO, and was further supplemented with
information from carefully selected, topic-relevant websites. The following criteria were
applied to refine the literature selection:

e  Peer-reviewed sources (journal articles and conference proceedings) were preferred—
116 (92.1% of all references);

e  Studies published within the last ten years were primarily considered, including
107 Articles: 77 from 2020 to 2025 and 30 from 2015 to 2019;

e  Articles from well-established publishers were mainly cited, including Elsevier, MDPI,
IEEE, Wiley, Springer Nature, Frontiers, and IOPscience.

2.2. The Main Stages of the Literature Review Process

The review spans a broad temporal scope, with an emphasis on recent publications
to accurately reflect the current state of the art. A limited number of earlier studies were
also included to provide essential historical and conceptual context. The literature review
process was conducted in several stages:

e Initial screening—titles and abstracts were reviewed to assess the relevance of each
work to the research topic;

e  Evaluation—full-text articles were analyzed to identify significant scientific and tech-
nical contributions, methodologies, and findings;

e C(lassification and usage—key insights were categorized into thematic groups and
integrated into the corresponding sections of the review.

2.3. Keyword Selection

To conduct a comprehensive literature search across the selected databases, a set of
keywords and their combinations was formulated using Boolean operators (“AND”, “OR”)
to ensure precision and coverage. The selected terms included the following: residential
heating, biomass, biofuel, pellet, wood, straw, biomass combustion, biomass-fired boilers,
pellet boilers, wood boilers, wood chip boilers, logwood gasification boilers, straw-fired
boilers, local space heaters, wood stove, biomass hybrid systems, emission reduction,
combustion optimization, automation, control systems, CFD modelling, micro-CHP, co-
generation, thermoelectric generators, TEG, Stirling engines, NZEB, nearly zero-energy
buildings, renewable energy integration, solar-biomass hybrid systems, heat pump inte-
gration, among others. These terms were combined and refined iteratively to capture a
broad yet relevant range of studies related to domestic biomass-based heating technologies,
including biomass-fired boilers, local space heaters, and hybrid systems that integrate
biomass with complementary renewable energy sources to deliver heat, electricity, and
cooling. Furthermore, Figure 4 shows the co-occurrence visualization created from key-
words identified in the cited references. Based on occurrence, the keywords with the highest
weight are as follows: biomass, biomass combustion, and wood stove.
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Figure 4. Keyword co-occurrence visualization (map generated in VOSviewer 1.6.20).

2.4. Limitations of the Review

The following limitations were identified during the literature collection and
review process:

e Language bias—the review focuses exclusively on publications written in English and
may therefore omit relevant studies published in other languages;

e  Source scope—mainly peer-reviewed scientific papers were included, potentially
excluding valuable insights from technical reports and other non-academic sources;

e  Search methodology—reliance on keyword-based searches may have unintentionally
excluded certain relevant studies due to variations in terminology and indexing practices.

3. Biomass-Fired Heating Systems—State of the Art

Biomass-fired heating systems are the oldest and most common technologies in use.
However, new solutions and applications emerge in industry and the literature every
year. Biomass is considered CO,-neutral and readily available, making it an attractive
and important source of heat. Wood and other woody biomass were burned in ineffective
stoves, fireplaces, and kitchens for many years. In most cases, the heat was transferred
directly via infrared radiation and convection. According to Garrison [14], the first central-
heating systems appeared in Germany in the 1870s. The majority of appliances used at
present can be divided into boilers and local space heaters (including stoves and fireplaces).
Because the first group of heating systems are located in the utility room, they also serve an
aesthetic function. The second group can be characterized by higher efficiency and fewer
emissions, as the combustion process can be easily controlled and automated when pellets
and wood chips are used. Boilers transfer heat only to the water, while local space heaters
can employ different methods of heat transfer, including water heat exchangers. Today,
these systems are being developed and are becoming increasingly effective and emitting
less pollution.

3.1. Pellet Boilers

Pellets are made of compressed solid biomass, usually in the form of small cylindrical
rods with a diameter of 6 mm. Such a structure enables effective and stable transport
(with a retort feeder or a gutter feeder) and provides good control of the combustion
process. The moisture and ash contents are low, and the pellets meet the required standards.
Their repeatable shape and composition make supply and operation easier. The primary
disadvantage of using pellets as a fuel source is the associated cost of biomass milling,
compression, packaging, and other related processes.
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Pellet boilers are biomass heating systems that use wood pellets as a renewable fuel,
offering a sustainable alternative to fossil-fuel boilers in residential, commercial, and
district heating applications. The technology has undergone significant development in
recent decades, driven by concerns over energy security, climate policies, and the push
toward low-carbon heating solutions [15]. At present, automatic pellet boilers are gaining
popularity among homeowners of detached homes, thanks to their straightforward design
and ease of use. These systems typically feature a pellet storage tank and a heat exchanger
equipped with a burner, linked together by a fuel delivery mechanism. The most common
type of feeder is the screw feeder, which transports pellets into the combustion chamber
using a rotating spiral. An alternative is the piston feeder, which delivers a fixed quantity
of fuel with each stroke. Piston feeders offer greater versatility, as they can accommodate
a wider range of fuel types—including pellets, granular coal, shredded straw, and wood
chips [16]. An example of a pellet-fired boiler is shown in Figure 5.

Figure 5. An example of the pellet boiler tested at the Centre of Sustainable Development and Energy
Saving AGH WGGIOS “Miekinia” [17].

Pellet boilers, among the cleanest solid-fuel heating systems, produce the lowest levels
of air pollutants among boiler types. Nevertheless, the complete elimination of harmful
substances in flue gases remains unattainable. Most pellet boilers currently available
fall into the fifth class—the highest category—under the PN-EN 303-5:2012 standard [18].
For a 20 kW unit in this class, the minimum required efficiency is 88%. According to
PN-EN 303-5:2012, the maximum permissible emissions for automatic biomass boilers
are as follows (adjusted to 10% oxygen concentration in flue gas): carbon monoxide (CO)
at 500 mg/m?>, organic gaseous carbon (OGC) at 20 mg/m?, and particulate matter at
40 mg/m?>. These boilers also comply with the Ecodesign directive and are rated A+ for
energy efficiency under Commission Delegated Regulation (EU) No 811/2013. In terms of
nominal heating capacity, pellet boilers achieve efficiencies exceeding 90% [16,17].

Considering their functional advantages, pellet boilers are increasingly used in hybrid
systems (e.g., combined with solar thermal collectors or heat pumps) and in district heating
networks. In the context of Positive Energy Districts (PEDs), pellet boilers can complement
heat pumps and other renewable energy sources, such as wind and solar, by providing
dispatchable thermal energy.

3.2. Wood Chip Boilers

Wood chips differ significantly from pellets because of their irregular shape and size,
and their variable moisture, ash, and heating value contents. These features also pose
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challenges for the fuel supply mechanism and combustion process control, resulting in
higher emissions (especially particulate matter, or PM) and lower efficiency. Despite this,
automatic fuel feeding is still possible due to their small size and fragmentation. Wood
chips are significantly cheaper than pellets and more easily accessible, as they can be
produced independently.

Wood chip boilers are a mature form of biomass combustion technology that are widely
applied in district heating systems, public buildings, and industrial facilities, particularly
across Europe and North America. Unlike pellet boilers, which rely on standardized, densi-
fied fuel, wood chip boilers use locally sourced, less-processed biomass, often originating
from forestry residues, thinning operations, or sawmill by-products. Modern wood chip
boilers employ moving grate or stoker combustion systems, combined with multi-stage
air injection and flue gas cleaning technologies (e.g., cyclones, electrostatic precipitators).
Efficiency typically ranges between 85% and 94%, but emissions remain highly dependent
on fuel properties and operational settings [19,20]. Therefore, emissions control remains
a central challenge. Rector et al. [21] found particulate emissions from a chip boiler to be
significantly higher those from an oil boiler, while Trojanowski et al. [22] demonstrated
that pre-treating chips via hot water extraction reduced particulate emissions considerably.
These findings have underscored the importance of fuel preparation, automation, and
emissions control systems in enhancing environmental performance. An example of a
50 kW boiler and fuel storage used by Tucki et al. [23] for the combustion of wood chips is
shown in Figure 6.

Figure 6. An example of a 50 kW boiler and a fuel storage with a mixer, filled with pine chips [23].

3.3. Logwood Gasification Boilers

Logwood fuel refers to natural firewood logs that are cut, split, and seasoned. It is
one of the oldest and most traditional heating fuels, valued for its wide availability and
ability to produce a steady, high heat output when properly prepared. Hardwoods such
as oak, ash, and beech are generally preferred due to their higher energy density and
cleaner combustion. The quality of logwood fuel depends heavily on its moisture content.
Freshly cut wood must be dried for one to two years until it reaches a moisture content
of approximately 20% or less. Well-seasoned logs burn more efficiently, release more heat,
and produce less smoke and creosote buildup in chimneys.

Logwood gasification boilers are biomass combustion systems designed to convert
solid wood logs into combustible gas (syngas) before final combustion. This process
enhances efficiency and reduces emissions compared to conventional basic wood boilers.
Gasification involves the partial oxidation of wood at high temperatures, generating gases
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such as CO, Hy, and CHy4, which are then combusted in a secondary combustion zone. These
systems typically employ a two-stage combustion process: a gasification stage (pyrolysis
and partial oxidation) that produces combustible gases and a combustion stage where
these gases are burned with excess air to achieve complete oxidation. This configuration
enables the more complete combustion of volatile components released from the wood,
thereby significantly reducing unburned volatile emissions and particulate matter. As a
result, logwood gasifiers emit lower levels of volatile organic compounds (VOCs), carbon
monoxide (CO), and particulates compared to simple wood boilers—especially under
optimal operating conditions. Real-world emissions studies of modern biomass boilers
have shown that newer designs produce lower levels of CO, organic gases, and total
suspended particles than older units [24]. In well-engineered systems, thermal efficiencies
can be significantly higher than those of basic wood boilers. However, actual performance
depends strongly on wood moisture, load conditions, and the sophistication of the control
systems [25]. An example of a 23 kW logwood gasification boiler used in the tests described
by Valicek et al. [25] is shown in Figure 7.

Figure 7. An example of a boiler for the gasification of wood pieces with a nominal heat output of
23 kW, used in tests conducted by Valicek et al. [25].

3.4. Straw Boilers

Straw, the residual stalks of cereal crops (e.g., wheat, barley, rice, oat), is an abundant
agricultural biomass resource, especially in agricultural regions. As a low-cost, regionally
available fuel, straw has been explored as a feedstock for boilers and combustion systems
aiming to provide heat or combined heat and power. However, its combustion presents
distinct challenges due to its high ash, alkali, silica, and chlorine contents, as well as its low
bulk density. Although environmental aspects are considered, the high ash content poses
a significant risk of deposits and corrosion in the boiler and ducts. Straw ash has a low
softening temperature, and it is crucial not to exceed this temperature during operation.

Straw-fired boilers currently available on the market include several types: batch
boilers designed for the periodic, cyclic combustion of baled straw; systems that utilize
ground straw combustion through the “burning cigar” method for continuous operation;
and automatic units capable of burning chopped straw into 5-10 cm pieces, also operating
continuously. The typical power output of batch straw-fired boilers ranges from 40 to
700 kW, making them well-suited for generating low-temperature heat for space heating
and domestic hot water systems, as well as for specialized settings such as greenhouses,
drying facilities, and distilleries. In such cases, beyond conventional heating boilers, oil-
fired air heaters are also commonly employed, using thermal oil as the working medium,
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heated to 150-200 °C [26]. An example of a 100 kW straw-fired cogeneration boiler is
shown in Figure 8.

Figure 8. An example of a 100 kW straw boiler adapted to an experimental CHP system [27].

3.5. Local Space Heaters

Local space heaters, i.e., stoves and fireplaces, are the most popular home heating
appliances, as most of them do not require electricity and their operation is entirely user-
dependent. By acquiring inexpensive fuel, users become completely independent of
external energy sources, bringing them closer to the original use of fire. Local space heaters
hearths can be divided into those with and without a grate. Hearth grates are typically
used in fireplaces and freestanding stoves (and boilers), and allow for continuous ash
removal but result in lower combustion temperatures and, consequently, lower efficiency.
Fuel loads in fireplaces are frequent, occurring approximately once per hour, and are small,
ranging from 1 to 3 kg. In grateless hearths found in heat-storage stoves and traditional
tiled stoves, the combustion temperature is significantly higher, and the accumulative mass
of the appliance allows for heat storage, significantly increasing efficiency. Wood loads
are large, typically 5-20 kg, and infrequent, occurring once to three times per day. An
example of wood stoves with a heating power of up to 20 kW, used in studies conducted
by Motyl et al. [28], is shown in Figure 9.

Figure 9. An example of wood stoves with a heating power of up to 20 kW, used in studies conducted
by Motyl et al. [28].
3.6. Summary of the Available Biomass-Fired Appliances and Future Perspectives

The biomass-fired appliances discussed are widely deployed and contribute signif-
icantly to energy security and independence. A general comparison of pellet boilers,
gasification boilers, wood chip boilers, straw boilers, and local space heaters is presented
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in Table 1. However, to enhance the efficiency and environmental performance of biomass

utilization, further technological advancements are essential, particularly those aimed at

reducing air pollution and minimizing fuel waste. Reducing air pollution is critical to meet

the emission requirements in Table 2. In this context, Section 4 explores several strategies to

improve the biomass-fired appliances, including the optimization of combustion chamber

geometry, refinement of combustion process control, implementation of technologies to

reduce solid and gaseous emissions, and integration of combined heat and power (CHP)

solutions. Section 5 shifts focus to the incorporation of biomass technologies within nearly

zero-energy buildings, emphasizing synergies with heat pumps and solar thermal systems.

These integrated approaches enable more effective energy use in residential applications.

Table 1. General summary of the available biomass-fired appliances.

Parameter Pellet Boilers Gasification Boilers Wood Chip Boilers Straw Boilers Local Space Heaters
. Wood chips, forest Cereal /wheat straw Seasoned logwood,
Typical fuel Wood pellets Seasoned logwood rosidues in the form of bales briquette
Table 1. Cont.

Parameter Pellet Boilers Gasification Boilers Wood Chip Boilers Straw Boilers Local Space Heaters

High (fuel feed Moderate (batch-fed, Moderate (fuel feed Low (manual feed Low (manual feed,
. conveyors, ash .
Automation level downdraft conveyors, fuel and ignition in manual or automated
removal, control e NERES . . . .
gasification) variability is an issue) ~ domestic appliances) air control)

systems)

High efficiency, over
90% (over 100% for

Gasification allows
for more complete
combustion and

Efficiency can be
good (over 90%), but

It can be efficient (up
to 80-90%), but
issues of ash

Tend to have lower
efficiencies (80-90%)
and higher

Efficiency and . . emissions and . . . o
o condensing lower emissions . s handling, slagging, = particulate emissions
emissions . . operational stability )
technologies), and compared to simple corrosion, and unless they are
. ) . depend on fuel . .
low emissions wood-fired boilers, ualit variable moisture are modern,
efficiency of over 90% q y more severe well-regulated units
Good for residential Suitable for Better at larger scales Well-suited to R
N . ) . . L . . For individual rooms
Scale suitability to medium-sized residential to small (e.g., district heating,  agricultural or rural . .
. . . I S ) or localized heating
heating loads industrial scale larger buildings) heating installations
. R Ash and soot
Lower slagging . Straw contains high L
Pellets generally . Wood chips can . . accumulation is
. compared to direct - potassium, chlorine, .
. yield low ash and a . contain more e . simpler but may be
Ash, slagging, . combustion, but . silica, etc., leading to .
. o9 predictable ash e contaminants (bark, . . frequent; the risk of
corrosion risks o . gasification may X . high corrosion,
composition, with soil) that increase ash . creosote and
produce tars or L fouling, and ash . .
less slag . and fouling risks o particulate emissions
condensable species slagging issues .
is higher
Moderate to high H}g'her. capital for Cap.ntal cost rises Caplta}l cost is high Lower capital cost for
. gasification chamber, with handling for reliable systems
. capital cost R . a stove or heater, but
Capital cost and controls, and often systems, fuel with ash handling N
. (250-500 EUR/KW), . . . less economical when
economics . integrated thermal processing, and and corrosion
but more automation o . scaled up
storage emission controls protection

reduces labor cost

(300-600 EUR/kW)

(300-600 EUR/kW)

(400-800 EUR/KW)

(400-1000 EUR/KW)

Environmental and
regulatory
considerations

Emissions must meet

standards; pellet

boilers can do well in

regulated
environments

Gasification is
favorable because of
lower particulate
level and unburned
emissions

Emissions depend on
fuel handling,
particulate controls,
and boiler design

Straw combustion
emissions are more
challenging to control

Tighter emissions
constraints under
many jurisdictions
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Table 2. Emission requirements for biomass-fired appliances.

Boilers < 20 kW (COMMISSION REGULATION (EU)  Local Space Heaters (COMMISSION REGULATION

2015/1189 of 28 April 2015) [29] (EU) 2015/1185 of 24 April 2015) [29]
Parameter Using Solid Fuel Other .
Automatically Stoked Manually Stoked than Compressed Wood Us‘lng Compressed Wood
in the Form of Pellets in the Form of Pellets
Seasonal space heating
energy efficiency, % =75 275 >65 >79
Partmmﬁegr;ﬁtster (PM), <40 <60 <40 <20
Organic gaseous
compounds (OGC), <20 <30 <120 <60
mg/ md
Carbon r;;‘}%de (CO), <500 <700 <1500 <300
Nitrogen ox1de§s (NOy), <200 <200 <200 <200
mg/m

4. Technological Advances in Biomass-Fired Heating Systems

To meet stringent EU regulations and evolving societal expectations, biomass-based
heating systems must become increasingly safe for both human health and the environment,
while also offering greater versatility and user convenience. This presents a significant
challenge for manufacturers and researchers. Due to its heterogeneous structure and com-
position, biomass fuel tends to emit relatively high levels of solid and gaseous pollutants,
prompting intensive efforts to develop effective technologies for reducing emissions.

A growing trend in the sector is the automation of biomass appliances, which en-
hances user control while minimizing direct contact with hot surfaces or open flames—an
important factor in improving safety and usability. One promising direction in local space
heater design is the integration of heat-storing materials. While this concept has historical
roots in traditional tiled stoves, modern materials and configurations are being developed
to better align with the thermal characteristics of contemporary, well-insulated buildings.
Furthermore, biomass heating appliances are increasingly integrated into hybrid energy
systems that provide not only space heating, but also electricity generation, cooling, and
even water desalination. Biomass appliances demonstrate strong potential in micro-scale
cogeneration systems, particularly when combined with thermoelectric generators (TEGs),
Stirling engines (SEs), Organic Rankine Cycle (ORC) units, and internal combustion engines
(ICEs). On the other hand, in the context of nearly zero-energy buildings, particular atten-
tion is given to the combination of biomass-fired appliances with solar thermal systems
and heat pumps, which are already widely adopted in the residential sector.

4.1. Emission Reduction Technologies

Pollutants emitted during biomass combustion can be divided into two groups:
gaseous and particulate. Gaseous pollutants include CO, NOy, and hydrocarbons (HC),
including polycyclic aromatic hydrocarbons (PAHs). Increased CO and HC emissions result
from incomplete fuel combustion and poor process organization. Flame cooling, on the
other hand, increases PAH levels in flue gases. NOx produced during biomass combustion
comprises approximately 90% NO and 10% NO,. The majority of these are fuel nitrogen.
NOy produced during the thermal mechanism is negligible due to the low combustion
temperature (<1600 °C).

Solid pollutants include inorganic pollutants (such as ash) and organic pollutants
(including soot, coke, organic condensates, tar, and polycyclic aromatic hydrocarbons, or
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PAHs). A short residence time in the combustion chamber is considered the primary cause
of organic particle emissions. A distinction is also made between primary particles, formed
in the combustion chamber, and secondary particles, produced by gas-phase condensa-
tion or atmospheric reactions, such as secondary organic aerosols (SOA). A significant
characteristic that distinguishes solid pollutants is their size: PM10 (diameter < 10 um),
PM2.5 (diameter < 2.5 pm), PM1 (diameter < 1 um), and ultrafine particles (UFP) (di-
ameter < 0.1 um). The smaller the particles, the deeper they can reach in the human
respiratory system.

4.1.1. Particle Emission Reduction

An important part of developing biomass technologies for residential heating is
considering external factors that influence pollutant emissions, such as filters, collectors,
and catalysts. Suhonen et al. [30] designed a high-temperature electric soot collector to
reduce particle emissions in a logwood-fired masonry heater. The device was an insulated
high-voltage electrode that generates an electric field and is installed in a firebox. Particles
with electrical charges were collected on the electrode and oxidized at high temperatures,
leading to a reduction in fine particle emissions (of 45% in this case). Moreover, this
construction could be implemented in existing appliances. Kantova et al. [31] tested
different fuel (pellet) dosage-to-supply/standmill ratios in an automatic pellet boiler. The
authors also designed a four-tube precipitator to improve particle separation ability. The
dosage system did not significantly affect emissions; however, the precipitator achieved
a high collection efficiency of 79-90% across all dosage settings. A novel PM emission
reduction system, the passive cyclone abatement system (PCAS), was designed by Coccia
et al. [32] for residential pellet stoves. The system could capture PM with quantities
exceeding 10 mg/M] and diameters mostly exceeding 10 um. The PCAS was considered
versatile and could be mounted on other residential heating appliances. Bianchini et al. [33]
achieved a particulate matter removal efficiency of 95%. The device applied for this purpose
was a bubble-column scrubber integrated with a biomass boiler for residential heating.
A similar solution dedicated to a pellet boiler was proposed by Blumberga et al. [33].
The “fog unit” was supposed to capture PM, and water was recirculated. The authors
claimed that the PM removal efficiency depends on inlet water temperature, outlet gas
temperature, droplet velocity, and droplet holdup. Butcher and Trojanowski [34] proposed
a method to reduce particulate emissions from residential wood pellet boilers by adding
external thermal storage. Such a solution enabled elongation of the total cycle period of
the boiler from 23 to 228 min. This resulted in an efficiency increase from 56% to 74%
and a 66% reduction in particulate emissions. A Thermal Energy Storage (TES) tank in
combination with a biomass boiler was also studied by Wang et al. [35]. A broad range
of boiler nominal outputs and heat demand profiles was investigated, and the authors
found a linear correlation between the optimized TES tank volume and the boiler’s nominal
capacity. Moreover, it was stated that the average building heat demand is around 45%
of the boiler’s nominal capacity. Considering methods for reducing particulate matter
emissions, Ozgen et al. [36] discussed various options for pellet boilers. A summary of
these methods is provided in Figure 10.
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Figure 10. Division of particulate matter emission reductions from pellet boilers, according to Ozgen [36].

4.1.2. Methods for the Reduction of Gaseous Pollutant Emissions

Since reducing air pollutant emissions (especially PM, but also CO and NOy) remains
of high interest, the authors develop a broad range of methods to achieve this goal. Many
of them focus on dividing the inlet air entering the combustion chamber into primary and
secondary air. Different placements and designs of air nozzles are studied. The researchers
attempt to divide the entire combustion process into two separate stages: gasification and
combustion of the generated gas. Moreover, automatic control of the combustion process
and appliance operation is investigated; however, this is not straightforward in batch log
combustion, where conditions are less steady than in pellet boilers. Energy storage is a possible
way to reduce emissions per unit of energy. More direct solutions are, for instance, flue gas
recirculation or dosing the reductive agent. In this context, Lamberg et al. [37] proposed
a hybrid slow heat-release stove for residential heating that can burn both wood logs and
wood pellets. The work focused on particle and gaseous emissions, reporting 92% reductions
in fine particle emissions and 65% reductions in CO emissions from pellets compared to
wood logs. Moreover, it was noted that most particle emissions occur at the beginning of the
combustion process, whereas CO emissions are observed at its end. An intelligent model to
control the combustion process was developed by Loprete et al. [38]. This controlled incoming
air to improve stove performance. The system considered stove temperature, weight, and
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airflow rates to estimate instantaneous efficiency, stoichiometry, and the moisture content of
the wood. The control algorithm used these parameters to optimize the air input. Eo et al. [39]
improved the thermal efficiency of the wood pellet boiler by optimizing the inlet air flow
and quality. To improve contact between fuel and oxygen and increase the reaction rate, a
nozzle-type burner pin was designed. The vortex generator was applied to enhance mixing in
the combustion chamber and achieve higher temperatures. A system using a LiBr solution
for air dehumidification and preheating was developed. When both solutions were applied
together, the boiler’s efficiency increased from 73.11% to 78.89%. The inlet air parameters for
the wood pellet boiler were also investigated by Zadravec et al. [40]. The authors studied
the primary air/secondary air (PA/SA) ratio, infiltration ratio, and global excess air. It was
found that, for reducing gaseous emissions, the optimal PA /SA ratio was 0.53, with an O,
concentration of 5.26%. Deng et al. [41] analyzed the relationship between inlet air (primary
and secondary) and the performance and pollutant emissions of the biomass stove. The
authors created an air supply control system with different parameters set for airflow rate and
PA /SA ratios. The results showed that the optimal air supply was 184 L/min, with a PA/SA
ratio ranging from 4:6 to 6:4. Furthermore, Polonini et al. [42] tested a flue gas recirculation
(FGR) system in a pellet stove to reduce combustion emissions (see Figure 11). The inclusion
of that system resulted in 80% lower CO, emissions, 45% lower PM emissions, and 11%
lower NOy emissions. The authors emphasized the FGR system’s ability to reduce emissions,
particularly with extreme O, contents.

— —
(e) Tertiary air (e) Tertiary air
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Figure 11. Scheme of the pellet stove without FGR system (left) and scheme of the pellet stove with
FGR system (right) [42].

Kardas et al. [43] tested a two-stage pellet combustion process: first, gasification, and
second, oxidation of the gasification products in a boiler. The authors tested different con-
structions for pellet burners with high- and low-secondary-air nozzles and compared them
with a typical retort burner. The version with low-secondary-air nozzles resulted in 74%
lower CO emissions compared to the retort burner and 36% lower PM emissions. It was
noted that the distance from the secondary nozzles to the gasifying section is crucial for the
burner’s operation and its ability to reduce pollutant emissions. Carvalho et al. [44] mounted
an external chimney component around the existing chimney of a traditional wood stove for
preheating one of two air inlet streams. This division helped increase efficiency and reduce
CO. Horvat et al. [45] performed experimental and numerical tests of a biomass domestic
boiler using a combustion intensifier (CI) within the conventional combustion system and
rotary pellet burner. Two variants of CI were tested: honeycomb-structured ceramic CI and
a parallel V-corrugated metal plate CI. The authors noted a 30% reduction in CO emissions
in both experimental and simulated tests. Lower dust and NOy emissions, as well as higher
efficiency, were also reported. The solution was recognized as suitable for installation in
almost every residential heating appliance. A selective non-catalytic reduction mechanism
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was applied by Ciupek [46]. This work aimed to reduce NO, emissions from a biomass boiler
by utilizing an aqueous urea solution. The solution was dosed into the combustion chamber,
and a flue gas analysis was performed. The authors observed a 43% decrease in NOy at the
highest dosing rate. However, an increase in CO emissions was observed due to process
cooling and incomplete oxidation. The optimal dosing conditions were evaluated to minimize
PM and NOy emissions simultaneously. Sturmlechner et al. [47] investigated the potential to
reduce pollutant emissions through user training. The results are promising, and the desired
reduction was observed across all parameters studied, especially BaP. The authors suggest
repeating the training in reasonable intervals.

Several solutions for biomass-fired heating in a single-family house were simulated in
TRNSYS by Marigo et al. [48]. They considered a gas boiler system with radiators as terminal
units, a pellet stove (with and without an air-ducting system), a wood-log stove, and a mix
of the above seven configurations. The energy analysis was evaluated based on ideal space
heating needs, final energy demand, and primary energy consumption. The authors claimed
that biomass stoves, especially wood-burning stoves, are often oversized for the rooms they
are located in due to difficulties controlling thermal output. A pellet stove, a gas boiler,
and a radiator system provide similar final energy levels, and the wood stove provided an
increase of 21% for the electric heater and 9% for the gas boiler. In the case of primary energy,
combining the gas heating with wood stoves was similar to a gas boiler system.

On the other hand, Szramowiat-Sala et al. [49] studied emissions from wood com-
bustion in domestic heating units, focusing on PM and gaseous pollutants across three
combustion phases: firing, combustion, and post-combustion. Measurements included
fuel mass loss, gas concentrations (CO,, CO, O,, SO,), and PM sampling for chemical
analysis. The use of an accumulation layer reduced emissions of NO, NOy, and SO;, but
increased CO and PM levels. PAH analysis revealed that acenaphthene and benzo[a]pyrene
(BaP) were most prevalent, with BaP concentrations peaking during the post-combustion
phase. The accumulation layer helped lower BaP emissions during ignition, highlighting
its potential for emission control. Ozgen et al. [50] highlighted key factors influencing
NOy emissions from biomass combustion in domestic heating. As was discussed, NOy
formation was primarily driven by fuel-bound nitrogen (fuel-N), with higher fuel-N con-
tent leading to lower conversion efficiency. Non-woody biomass, typically rich in fuel-N,
requires effective emission control strategies. However, applying NOx reduction techniques
to small-scale systems was challenging due to technical limitations and high costs. Air
staging is commonly used, but it may increase CO emissions, requiring careful balancing.
Operational parameters, such as air distribution, residence time, and temperature, also
play a crucial role in this context; however, small appliances often lack sufficient chamber
size for optimal NOy reduction. Compared to fossil fuels, biomass systems emit more NOy
and particulate matter, underscoring the need for LCA. In this context, NOx emissions
from small wood-burning room heaters were investigated using CFD modeling of a 5 kW
natural-draft stove by Bugge et al. [51]. In the analyzed setup, primary air was introduced
through bottom slots, secondary air through rear wall openings, and flushing air was di-
rected vertically above the front glass window. Unlike conventional boiler air staging, this
configuration allowed for secondary air injection before the complete mixing of fuel gases
with primary air. The study demonstrated a notable reduction in NOx emissions at a pri-
mary excess air ratio of 0.8, suggesting that staged air combustion can effectively lower NOy
emissions, even in compact residential stoves. Another study examined the performance of
a lambda-sensor-controlled 15 kW pellet boiler. The authors discussed lambda control as
an efficient way to reduce NOx emissions, especially for non-woody biomass fuels, without
compromising complete combustion [52]. Vodicka et al. [53] presented an experimental
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study on reducing NOy emissions through staged oxygen injection during the oxy-fuel
combustion of lignite and wood pellets in a 30 kW bubbling fluidized bed. By varying the
ratio of secondary to primary oxygen while maintaining constant flue gas oxygen levels and
bed temperature, the authors achieved up to 50% NOy reduction at ratios of 0.5 for lignite
and 1.0 for wood. The staged injection also significantly increased freeboard temperatures,
reaching a maximum of 950 °C. The findings confirmed that oxygen staging is an effective
strategy for NOx mitigation and may support the use of non-selective catalytic reduction
in fluidized bed systems. A summary of the literature positions discussed in this review,
focusing on gaseous pollutants and effectiveness improvement, is presented in Table 3.

Table 3. Summary of cited items considering gaseous pollutants and effectiveness improvements.

Reference Parameter Improved Method Fuel/Appliance
Lamberg et al. [37] CO and PM Fuel change Wood a;:ilegilzié‘s}eow heat
Loprete et al. [38] Efficiency Air inlet control Wood/stove
Eo et al. [39] Efficiency Air inlet design Pellet/boiler
Zadravec et al. [40] CO, NOy, efficiency Air inlet control Pellet/boiler
Deng et al. [41] CO, NOy, and PM Air inlet control Pellet/stove
Polonini et al. [42] CO, NOy, and PM Flue gas recirculation Pellet/stove
Kardas et al. [43] CO and PM Combustion phasing Pellet/boiler
Carvalho et al. [44] CO and efficiency Air inlet preheating Wood/stove
Horvat et al. [45] CO, NOy, PM and efficiency Combustion control Pellet/boiler
Ciupek et al. [46] NOy Reducing solution dosing Pellet/boiler
St::r:ll.e[czlh;;er BaP User training Wood/stove
Szramowiat-Sala NOy, BaP, and SO, Accumulation layer Wood/fireplace
et al. [49]
Bugge et al. [51] NOx Air staging Biomass/stove
Carvalho et al. [52] NOy Air inlet control Pellet/boiler
Vodicka et al. [53] NOx Oxygen staging Lignite and pellet/fluidized bed

Computational Fluid Dynamics (CFD) is a valuable tool that reduces the cost of ex-
perimental facilities, tests, and work time. Researchers use this tool for various purposes,
including simulating combustion and heat transfer processes in biomass heating appli-
ances. Scharler et al. [54] developed a 3D model of a wood stove, accompanied by a 1D
model of a wood log. The authors report a satisfactory reconstruction of wood batch
combustion, including CO emissions, O, content in the flue gas, and chimney temperatures.
Szubel et al. [55] demonstrated a validated CFD model for optimizing straw-fired batch boil-
ers. The developed model successfully identified repeatable combustion stages, enabling
the observation of phenomena that are difficult to measure directly, such as the dynamics
of straw gasification. It revealed that primary air distribution has a strong impact on the
heterogeneous burnout rate of straw. In contrast, secondary air injection plays a crucial role
in shaping combustion dynamics and must be considered in chamber design and control al-
gorithms. Among the tested configurations, the variant with centrally positioned secondary
air inlets proved the most effective, reducing stack losses by up to 33% compared to other
configurations. In this case, incomplete combustion losses were reduced experimentally by
43% and in simulations by 18.2% compared to the worst-performing variant, while thermal
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efficiency improved by 45.7%. These improvements also enabled a reduction in blower
fan power, resulting in lower energy consumption and reduced emissions. Furthermore,
Bianco et al. [56] employed CFD analysis to design an air manifold for a biomass-fired
batch boiler, thereby improving combustion. The proposed solutions were based on mini-
mizing the entropy generation rate by rounding manifold corners. Design improvements
have enhanced air velocity distribution, resulting in more uniform conditions within the
combustion chamber. Chen et al. [57] and Luo et al. [58] investigated soot formation in
wood stoves. The papers noted that the quantity of soot depends on the number of logs
and the distance between them, as well as on the air inlet parameters and the construction.
Zlateva et al. [59] investigated the combustion of mixed biomass pellets in a domestic boiler,
combining experimental flue gas measurements with CFD simulations. The simulations
provided insights into temperature distribution, flue gas flow, and turbulence behavior
within the combustion chamber. A key focus was the influence of primary-to-secondary
air ratios on combustion quality, emissions, and thermal performance. Optimizing air
distribution proved effective in improving combustion and reducing pollutant emissions.
Findings showed that a 60/40 air distribution ratio enhances combustion efficiency and
significantly reduces emissions—CO by 12% and NOy by 27%. The results underscored
the viability of mixed biomass pellets as a sustainable fuel alternative, contingent on the
precise control of combustion parameters.

4.2. Combustion and Control Advances

Conventional biomass appliances typically rely on manual operation, with the oper-
ator’s experience guiding adjustments. This method is labor-intensive and often results
in inefficient resource use. To address the specific operational dynamics of biomass appli-
ances, various attempts have been made to develop efficient control strategies for different
types of biomass-fired units. In addition to control strategies, various measures are being
implemented to enhance the efficiency and environmental performance of boilers and
local space heaters. These include the use of thermal storage systems and integration with
broader building infrastructure.

4.2.1. Automatic Control for Biomass-Fired Appliances

Alvarez-Murillo et al. [60] designed a control system using a programmable logic
controller (PLC) to improve combustion in biomass stoves. PLC-controlled air and pellet
supply systems provide higher efficiency and lower CO emissions. Different types of
biomass fuels have been investigated. The highest power output was achieved with poplar
pellets (8.77 kW) and the lowest with holm oak pellets (5.66 kW). The combination of
automatic air supply control with an oxidizing catalyst was applied to the commercial
fireplace and tested by Zhang et al. [61]. The authors burned batches of wood logs,
and the control system operated based on signals: catalyst temperature, residual oxygen
concentration, and CO/HC content in the exhaust. Motor-driven shutters controlled the
inlet air streams. The results are very promising—the solutions provided reduced CO
and PM emissions and increased efficiency. The same effect was achieved by Illerup
et al. [62] after developing an automatically controlled system. The control parameters
were oxygen concentration, flue gas temperature, and room temperature. In this case, air
was supplied by three separate ducts and controlled with valves. Mizakova et al. [63]
explored advanced methods for monitoring and controlling biomass combustion in small
and medium-scale boilers, emphasizing not only O, concentration in flue gas but also CO
emission trends. The developed control algorithms dynamically assessed the relationship
between CO and O, levels, aiming to minimize oxygen concentration and reduce energy
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losses while keeping CO emissions within legal limits. The system proved effective with
wood chips containing 35-45% moisture and up to 50% across various wood types, such as
fir, beech, and oak. The authors in Ref. [64] investigated methods to reduce CO emissions
during wood combustion in an accumulation-type stove-fireplace (SFA). The study first
compared the combustion characteristics of beech wood of varying quality and then tested
different control strategies for SFA operation. A prototype controller was developed using
O, and CO signals to regulate air throttles. The results confirmed that the system can
meet the performance criteria set by BImSchV 2 and Ecodesign standards. Ye et al. [65]
developed an advanced biomass boiler controller that utilizes embedded and wireless
communication technologies, enabling local and remote control, data archiving, and signal
monitoring. Designed for practical use, this system employed a fuzzy PID control strategy
to enhance energy efficiency and real-time performance. Extensive testing confirmed
the reliability of its electronics and software. The solution also proved cost-effective by
reducing labor, time, and resource demands, indicating strong potential for widespread
practical application. Pitel and Mizdk [66] introduced new control algorithms for woodchip-
fired boilers to achieve complete combustion with minimal excess air. Cost-effective CO
and O, sensors were selected to enable application in small-scale systems. Monitoring
results from two boiler types confirmed the successful design and implementation of the
automated biomass combustion control strategy. Miranda et al. [67] proposed a system that
provided reliable and precise data, enabling a detailed analysis of combustion variables
across different fuels and operating regimes. Its modular design enabled the integration
of additional sensors (e.g., CO;, and incomplete combustion probes), making it a versatile
tool for future studies on adapting conventional boilers for multi-fuel use. He et al. [68]
introduced a predictive model, FOD-BP-ACO, designed to optimize control parameters in
biomass boilers. The model used k-means clustering to classify operational states based
on boundary parameters, including steam drum pressure, feedwater flow rate, and unit
load. One of the key improvements was the application of delay parameter compensation,
which reduced the model’s average relative error by 25.78%, demonstrating a significant
enhancement in prediction accuracy. Numerical simulation and experimental validation
of a pellet boiler were performed by Chen et al. [69]. The authors explored the optimal
operating parameters. The balanced particle diameter and inlet air temperature were noted.
The optimal negative pressure was set at 50 Pa. The effect of inlet air relative humidity was
also investigated, reaching the optimal value at 50%.

4.2.2. Heat Accumulation

Despite numerous advantages, heat production in residential appliances—fireplaces
and stoves—brings some challenges due to their discontinuous operation and, thus, tran-
sient heat emissions from the appliance or heat exchangers. The solution to this problem is
to introduce heat storage. Heat storage materials based on fireclay have been known for
centuries and are still in use, especially in Europe. Thus, stove-fireplaces with heat accu-
mulation systems (SFA)—which blend the aesthetics of fireplaces with the functionality of
traditional storage stoves—are gaining popularity. These systems store the heat generated
from wood combustion in an accumulation heat exchanger, releasing it gradually for up to
12 h after the fire has gone out. Their thermal efficiency reaches around 90%, largely due
to automated combustion control. Advanced optimizers regulate both the air supply to
the furnace and the flue gas temperature within the exchanger, helping to prevent tar con-
densation, which can occur with low exhaust temperatures. Airflow is managed through
one or more proportionally opening choke valves, which are adjustable from 0% to 100%.
The air enters through multiple inlets, ensuring the thorough mixing of wood gasification
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byproducts with oxygen, resulting in clean and efficient biomass combustion [70]. An
example of a stove-fireplace with heat accumulation is shown in Figure 12.

Figure 12. An example of a stove-fireplace with heat accumulation [71].

Szubel et al. [72] performed both an experimental and a numerical analysis of an
accumulative heat exchanger connected to a residential heating fireplace. Apart from
insignificant divergences, the proposed model can be applied to heating appliance de-
sign. The ability and effectiveness of the accumulative heat exchanger in improving
efficiency and reducing heat losses were highlighted. Furthermore, the study conducted
by Zoladek et al. [73] identified operational differences among the accumulative wood
stove, the steel stove with accumulation, and the traditional steel wood stove. Comparative
analysis focused on the temperature distribution across the external surfaces of each unit
and the corresponding energy transfer to the heated space. The surface temperature analy-
sis revealed that the average temperature of a traditional steel stove was approximately
1.5 times higher than that of a steel stove equipped with an accumulation layer, and nearly
three times higher than that of an accumulative stove. However, in terms of total heat
transfer through the side walls, the accumulative stove demonstrated the highest output,
at 14.6 MJ. In comparison, the steel stove with accumulation yielded the lowest, at 7.4 M].
These findings were particularly relevant for energy-efficient and passive buildings, where
minimizing overheating and maintaining thermal comfort are critical. On the other hand,
as house insulation levels increase, there is a need to develop materials or other solutions
that maintain stable heat release. Such a solution in the form of latent heat storage (LHS)
has been proposed by Kristjansson et al. [74]. The authors simulated the use of phase
change materials (PCMs) with different properties in combination with a wood stove
using a numerical model. It was found that LHS predominates over sensible heat storage
when stable heat release is required. Skreiberg et al. [75] used Erythritol as a PCM in a
simulation of a cast iron stove to improve heat release performance. A 43% reduction in
average (53% reduction in peak) heat emission was reported during the combustion cycle.
Sevault et al. [76] performed a simulation using the same PCM. Still, they were located be-
tween the walls of coaxial cylinders placed above the outlet of the flue gases from the wood
stove. The material released the heat over 6-10 h. The authors highlighted the potential
issue of material degradation when burning multiple consecutive batches. Cablé et al. [77]
performed a numerical analysis of a system combining a wood and a pellet stove, equipped
with a heat exchanger and mechanical ventilation with heat recovery. Scenarios for different
climate conditions were considered. The proposed solution significantly increased comfort
in the rooms. Moreover, the heat exchanger recovered up to 611 kWh from the wood stove
and up to 1281 kWh from the pellet stove over the space-heating season. An innovative
heat exchanger was developed by Gallardo et al. [78]. The introduced solution could be
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applied in domestic heating and hot water appliances. The computational model of the
heat exchanger showed increases in turbulent intensity, flue gas velocity, and residence
time, leading to a higher total heat transfer rate.

4.2.3. Combined Heat and Power Generation

Biomass serves as a viable fuel source for combined heat and power (CHP) technologies,
which not only deliver heat and electricity simultaneously but also significantly enhance
process efficiency—from 30-35% up to 80% [79]. A range of micro-scale CHP technologies is
discussed in the literature, including thermoelectric generators (TEGs), Stirling engines (SEs),
Organic Rankine Cycle (ORC), fuel cells (FCs), and internal combustion engines (ICEs) [80].

Thermoelectric Generators: One way to use the heat produced by residential appli-
ances (fireplaces and stoves) is to generate electricity with thermoelectric generators (TEGs).
This topic seems to be interesting, especially for off-grid areas and suburbs. Moreover, such
a solution is a good answer for power outages during the heating season, as it can keep
them operating or facilitate a safe shutdown. TEGs are devices that capture waste heat and
transform part of it into usable electrical energy. Their operation is based on the Seebeck
effect—a phenomenon where a temperature difference between two dissimilar metals or
semiconductors generates a voltage. When these materials are connected in a closed circuit,
the resulting voltage drives a continuous electric current through the system. TEGs can be
used in various applications, including biomass-fired appliances. They can be mounted on
the bodies of stoves and boilers, or on a flue gas channel, and utilize waste heat that would
otherwise be removed to the atmosphere (see Figure 13). In this context, implementing
TEGs can improve the energy efficiency of biomass-fired devices.

Figure 13. A view of the steel stove with TEGs mounted on its rear wall (a,b) and flue gas channel (c) [81].

Najjar and Kseibi [82] carried out an analysis of a multi-purpose stove integrated with 12
TE modules. Their design featured an aerodynamically optimized combustor, a finned TEG
base plate, a cooker, and a water heater for space heating. The system achieved a peak power
output of approximately 7.88 W using fuels such as wood, manure, or peat, with an average
overall stove efficiency of around 60%. Patowary and Baruah [83] conducted preliminary tests
on a TEG-equipped cookstove, demonstrating its ability to produce 2.7 W of electrical power—
sufficient to light a 3 W LED bulb. Guoneng et al. [84] developed and tested a micro-CHP
system based on a TEG capable of delivering over 200 W of electrical power and more than 9.8
kW of thermal energy. The authors integrated a strategy encompassing heat collection, TEG
wiring, power conditioning and storage, and temperature regulation. The system achieved a
heat-collection efficiency of 34.16%, power-generation efficiency of 0.87%, and thermoelectric
efficiency of 2.49%. Manfrida and Talluri [85] performed an exergy analysis of a thermoelectric
wood fireplace, revealing an overall efficiency of 36.2%, with flue gases contributing the most to
useful exergy. Sensitivity analysis revealed that a higher heat input improved exergy efficiency,
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whereas increasing the fireplace height reduced it due to a lower flame temperature. The
number of TE modules had minimal impact, as electricity accounted for only 2% of total exergy
output. Sornek et al. [86] studied three types of TEGs—one with air and two with water cooling
types, with matched output powers of 45, 100, and 350 W, respectively. The highest power
was achieved by a 100 W water-cooled TEG, yielding 31.2 W; however, an air-cooled 45 W
TEG had the highest power-to-nominal power ratio, reaching 41.7%. Moreover, the authors
claimed that water cooling is recommended due to the lower temperatures of TEG’s cold side.
Tambunan et al. [87] also mounted an air-cooled TEG on the wall of the biomass stove. During
the experiments, various types of biomass were tested, and for each, the electrical voltage
generated was measured. The results showed that the electricity generated is not proportional
to the fuel’s heating value. TEG with a matched power of 28.8 W was constructed and mounted
on the flue gas chimney by Sornek and Papis-Fraczek [88]. The tests were conducted in a
wood-fired stove, with a fuel load of 8 kg of pinewood. The maximum power recorded was 15.9
W. The authors noted that the tested TEG version can enable self-sufficient stove operation. The
same conclusion was reached in the work of Obernberger et al. [89]. In both works, the authors
also performed CFD simulations. Baldini et al. [90] designed a heat flux concentrator to intensify
heat transfer to the TEG modules using water cooling in the fireplace. In a 26 kW fireplace, 140
W of thermoelectric power could be produced. A CHP system consisting of TEG modules and
a solid-fuel stove was also applied by Montecucco et al. [91]. TEG modules were located on the
top of the stove and charged a lead-acid battery. However, the average electricity production
was 27 W, and the TEG efficiency was around 5%. Another combination of TEG modules with
a biomass-fired heating appliance was studied by Usén et al. [92]. In this work, a biomass boiler
was equipped with TEG modules installed in its upper part. The maximum generated power
during the test was almost 70 W (tap-water cooling). The authors identified ash deposition on
TEG modules, resulting in significantly lower temperatures and power output.

Stirling Engines: A Stirling engine is a closed heat engine in which the working
medium (usually a gas, such as helium, hydrogen, or air) circulates between hot and
cold zones. The following heating and cooling compress and expand the gas, causing the
piston to move and generating mechanical work. A characteristic element of the design
is a regenerator—a heat exchanger that temporarily stores thermal energy and returns it,
increasing the cycle’s efficiency. A Stirling engine can utilize any external heat source (e.g.,
biomass combustion, solar concentrators, or waste heat), operates very quietly, and has
a potentially high efficiency approaching the limits of the Carnot cycle. In this context,
a proposed method for integrating a Stirling engine with a biomass-fired unit is shown
in Figure 14.
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Figure 14. A biomass cogeneration unit with a Stirling engine [93].
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Considering practical examples, Cardozo and Malmquist [94] tested a facility com-
prising a commercial wood pellet burner (20 kW), a prototype Stirling engine (1 kW), and
a residential boiler (20 kW). The fuels used were wood and sugar cane bagasse pellets.
Bagasse pellets produced more ash, which accumulates on the heat exchanger, thereby de-
creasing the efficiency of a Stirling engine CHP system compared to wood pellets. Kramens
et al. [95] conducted experiments with a solid-biomass micro-CHP unit using a Stirling
engine. The results showed that, from 1 kg of wood, 2.23 kWh of thermal energy and
7.84 kWh of electrical energy can be generated. Voronca et al. [93] tested the biomass
Stirling micro-cogeneration device to assess its performance. Three heat transfer fluid flow
rates and three thermal power outputs were set during the experiments. In the tested
micro-CHP system, the DHW temperature was set to 60 °C. An increase in this temperature
prevented the medium from absorbing the full thermal power. This caused the device to
heat to 75 °C, triggering partial-load mode and reducing electricity production. Further-
more, an improved system—a biomass (wood pellet)-fueled micro-CHP unit—was tested
by Borisov et al. [96]. This consisted of a Stirling engine, a two-stage vortex combustion
chamber, an enhanced recuperator, and a waste heat-utilizing heat exchanger. The vortex
application enhanced mixing in the combustion chamber and improved afterburning in
the secondary chamber. The enlarged recuperator area led to a more uniform temperature
field and a higher gas temperature. The proposed modifications enabled a 75% increase in
the efficiency of a micro-CHP unit, while the Stirling engine achieved 14.8%.

Organic Rankine Cycles: The Organic Rankine Cycle (ORC) is a modification of the
classic Rankine Cycle that uses an organic fluid with a lower boiling point instead of water
and steam. This enables the efficient conversion of low-temperature heat, such as that
from biomass, geothermal energy, exhaust gases, or waste heat, into electricity. In the
ORC, the working fluid is heated in a heat exchanger until it reaches its boiling point, at
which point it subsequently evaporates. The steam then drives a turbine coupled to a
generator, after which it is condensed and returned to the pump, completing the cycle.
ORC technology is characterized by high reliability, quiet operation, and the ability to
utilize moderate-temperature distributed heat sources, making it an attractive option in
renewable energy and energy recovery applications, including biomass-fired appliances. A
simplified layout of the biomass-boiler micro-ORC system is shown in Figure 15.
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Figure 15. Simplified layout of the biomass-boiler micro-ORC system [97].

Algieri and Morrone [98] investigated a biomass boiler-driven ORC for domestic use
as a micro-scale CHP generation system. Three organic fluids were examined, and the
feasibility of regeneration was evaluated. The results showed that the choice of organic
working fluid is a crucial factor for system performance. The authors achieved a thermal
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power of over 14.8 kW (including electric power of 2.2-5.0 kW) for cogeneration. The system
was considered a promising solution for small-scale residential applications. Villarino
et al. [99] tested four different types of residual biomass in the 60 kW boiler combined with
an ORC module. The net electrical power obtained during the test ranged from 3.33 to
3.60 kW, depending on the fuel. The authors report cogeneration yields of nearly 96% under
the applied conditions. Furthermore, Falbo et al. [97] performed experimental studies on
the energy performance of a biomass-fired recuperative ORC system. The highest net
electric power was 2.3 kW (the highest pump speed was 2000 rpm, and the thermal oil
temperature was 152.2 °C). The maximum electric efficiency of 8.55% was achieved at a
pump speed of 1000 rpm, resulting in a net power output of 1.37 kW. The authors claimed
that adjusting the pump speed is crucial for maximizing ORC performance and ensuring
proper superheating of the working fluid.

Internal Combustion Engines: Gasification is a thermo-chemical process during which
the initial fuel (biomass) is converted into gaseous fuels or chemical feedstock. The reaction
is endothermic (requires heat) and takes place in a reducing (oxygen-deficient) atmosphere.
Depending on costs and desired products, various media can be used in the process,
including air, oxygen, subcritical steam, and mixtures [100].

Among other examples, the system proposed by Wang et al. [101] was driven by a
gas-fired boiler, with gas generated from biomass in a biomass gasifier. The water vapor
produced in the boiler was used in the CCHP system, which comprised a pumpless power
cycle for electricity, a diffusion-absorption refrigeration cycle for cold energy, and heat ex-
changers for supplying domestic heat. The results indicated that the system is sufficient to
meet the energy requirements of a single-family household, with power, cooling, and heat-
ing capacities ranging from 400 to 650 W, 500 to 900 W, and 1000 to 5000 W, respectively. The
highest obtained energy efficiency was 55.26%. As the heat source temperature increases
and the ambient temperature decreases, the system’s thermal efficiency improves, resulting
in lower costs and reduced CO; emissions. The optimal distribution ratios for cooling,
heating, and power were studied, and in winter, the highest efficiency was achieved with a
0:5:5 ratio. In the summer, the worst-case scenario was 1.5:1.7.5. Similarly, Sunil et al. [102]
developed a hot-water generation system based on a gasifier. The system significantly
reduced pollutant emissions and achieved a thermal efficiency twice that of a conventional
system with a gasifier and a separate hot water generator. The authors stated that this
solution has high potential for residential applications. A single-family house with an area
of 240 m? was studied by Malaguti et al. [103]. The simulation, conducted using TRNSYS
17, features a small-scale gasifier power plant with 15 kW of electrical power and 20 kW
of thermal power. The house has a diesel oil boiler, and a simulation was performed to
validate the dynamic model. After that, the biomass boiler and, finally, the two micro-CHP
gasifiers were simulated. A biomass boiler is more efficient than diesel oil and costs approx-
imately one-third as much. The micro-CHP gasifier system has lower thermal efficiency
due to energy consumption for gasification. It also has a higher fuel cost and consumes
electrical energy. On the other hand, it is possible to sell the electrical energy to the electrical
grid and heat the house without additional costs. Furthermore, Caliano et al. [104] designed
a biomass-fired trigeneration system with thermal energy storage, comprising a CHP unit,
an absorption chiller, an auxiliary gas boiler, and electrical chillers. The model referred to
a residential multi-apartment building that provided electricity to the external grid, hot
water for domestic use, and heating or cooling, depending on the season. The authors
evaluated the impact of the incentive for electricity generation on the results, finding that
it significantly influences the size of the thermal energy storage system, the absorption
chiller, and the cold thermal energy storage system. However, unlike the absorption chiller,
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the size of the thermal energy storage system did not significantly affect the economic
efficiency of the CCHP process. The authors considered integrating a cold thermal energy
storage system as a viable economic solution.

The examples discussed demonstrate the high potential of biomass appliances as a
heat source for combined heat and power generation. For small-scale applications, these
systems can be used in residential, off-grid, and agricultural and commercial settings. The
advantages and disadvantages of biomass-driven CHP systems are shown in Table 4.

Table 4. Comparison of technologies integrated with biomass-driven CHP.

Biomass-Driven Electrical CHP System Advantages Limitations
CHP Technology Efficiency Efficiency &
Power generation in Selection of proper
off-grid areas or during mounting location; efficient
e 1000 power outages; utilization cooling needed; possible
TEG modules 5-10% 90-100% of waste heat; low PM deposition decreases
maintenance; quiet heat transfer; low power
operation generation efficiency
Quiet, smooth operation suRecgu}l;)eﬁs/{a dsetat(;ls?t?oer?ton
Stirling engines 12-30% 65-90% (no combustion in the PPy P
cylinder) the heat exchanger
Y decreases heat transfer
Stable, mature technology
on an industrial scale; Complex construction and
ORC 1.3-20.1% 70-100% possible operation with high specific costs on a
low temperature heat small scale
(100-300 °C)
Highest electrical efficiency Complex batch operation;
Internal combustion on a small scale; mature continuous operation
18-23% 75-85% technology; widely P

engines

available; fast load

requires management of
excess heat

response; good regulation

5. Integration of Biomass into NZEBs

The transition toward NZEBs requires integrating renewable energy sources and
high-efficiency thermal systems to meet building energy demands with minimal environ-
mental impact. Biomass, as a dispatchable, carbon-neutral energy carrier, offers a valuable
complement to intermittent renewables such as solar and wind, particularly in climates
with significant seasonal variability and during peak thermal demand. To enhance system
flexibility and performance, biomass is increasingly deployed in hybrid configurations
alongside solar thermal collectors, electrically driven heat pumps, and TES. These mul-
tivalent systems enable dynamic load management, improved combustion conditions,
and higher shares of renewable energy. In particular, bivalent-parallel and bivalent-series
arrangements allow for strategic operation: the former prioritizes heat pumps above a
switchover temperature with biomass support during peak loads, while the latter uti-
lizes heat pumps for preheating and biomass for final temperature elevation or thermal
pasteurization. Effective integration requires the careful selection of bivalence points,
weather-compensated control algorithms, and stratified storage design to minimize cycling
losses, enhance overall system efficiency, and reduce pollutant emissions associated with
frequent ignition or idle phases of solid-fuel appliances.
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5.1. Integration of Biomass Appliances with Heat Pumps

Integrating biomass boilers with electrically or thermally driven heat pumps lever-
ages the high seasonal efficiency of heat pumps operating at low supply temperatures
while preserving the flexibility of biomass systems to cover peak demand and cold-
weather conditions. Two main configurations are commonly used. In bivalent-parallel
systems, the heat pump operates as the primary heat source above a defined switchover
temperature, with the biomass boiler supplementing during peak loads. In bivalent-
series systems, the heat pump preheats a stratified thermal buffer, and the biomass
unit raises the temperature to the final setpoint or performs thermal pasteurization.
Optimizing the bivalence point, applying weather-compensated control strategies, and
using stratified thermal storage help minimize cycling of both units, enhance overall
system efficiency, and reduce pollutant emissions typically associated with frequent
ignition or idle phases of solid-fuel appliances.

Bellos et al. [105] investigated a biomass-driven absorption heat pump for heating
and cooling a simulated 400 m? residential building in Athens, Greece. The system was
based on a single-effect LiBr—-H,O absorption chiller, modified to provide winter heating,
and was coupled, for the first time, with a biomass boiler. Compared with conventional
oil boiler and electric heat pump setups, the proposed system achieved 10.8% lower
operational costs, a 4.8% reduction in primary energy demand, and notable reductions in
CO, emissions. An experimental facility consisting of a pellet boiler and a hydrothermal
heat pump was developed by Lee et al. [106] for smart farm heating. In comparison with a
pellet boiler alone, the hybrid system offers higher thermal efficiency and lower operating
costs. Uche et al. [107] simulated several systems—including an air-to-water heat pump, a
biomass boiler, and their integration—for a residential building of 150 m? in Spain. The
hybrid system was found to be more effective in terms of energy efficiency, economics, and
environmental considerations. The authors also studied different configurations of hybrid
heat pump systems. In a serial system, an 8 kW pump yields the best results, while in a
parallel system, a 4 kW pump performs better. The pump size also affects the number of
on/off cycles for both the pump and the biomass boiler. In Ref. [108], the previous system
was further analyzed, highlighting its dependence on the climate zone. Moreover, the
authors emphasized the importance of building insulation in reducing costs.

Hebenstreit et al. [109] evaluated an active condensation system designed to recover
heat from biomass boiler flue gases by integrating a quench unit with a compression heat
pump. The system was modeled using mass and energy balances and assessed across
four Austrian-based test cases: two pellet boilers (10 kW and 100 kW) and two wood chip
boilers (100 kW and 10 MW). The results indicated reductions in operating costs of 2% to
13% and improvements in primary energy efficiency of 3% to 21%. Westerlund et al. [110]
tested a novel energy recovery method that also reduces particulate emissions from
flue gas in small biofuel boilers. By integrating an open absorption system into the
heat production unit, both environmental impact and thermal efficiency were improved.
Over a 2-year experimental period, the system achieved a 33-44% reduction in flue
gas particle emissions compared to conventional setups. Additionally, when using wet
biofuels, heat output increased by 40%, demonstrating the dual benefit of enhanced
performance and lower emissions.

Although there are few studies on single houses, there are a few on district-scale
solutions. For example, Drofenik et al. [111] examined a hybrid energy system that com-
bines a micro-CHP unit (16 kW thermal power, 6.5 kW electrical power) fueled by biogas
from local food waste with a heat pump (6.5 kW electrical input, 28.5 kW thermal output).
Designed for integration into existing heating networks in Slovenian communities of up
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to 40,000 households, the system primarily targets DHW supply while replacing fossil-
based sources. A simulation of a 3300-household community conducted with Aspen Plus
showed that the hybrid setup can deliver more than twice the thermal output compared
to the standalone micro-CHP. Economic analysis revealed a payback period of 7.2 years
at a heat price of 80 EUR/MWh, which could be reduced to 3 years when scaled to serve
40,000 households. Hou et al. [112] conducted a performance and cost analysis of a central-
ized hybrid heating system serving a rural community in eastern China, with an annual
heating demand of approximately 2 GWh. The system comprises a 310 kW geothermal heat
pump, a 251 kW air-source heat pump, a 500 kW biomass boiler, and a thermal storage tank.
Using TRNSYS simulations, the study compared the hybrid configuration to the standalone
operation of each device. Over a one-year simulation, the heat supply distribution was
47% from the geothermal heat pump, 35% from the BB, and 18% from the air-source heat
pump. The hybrid system demonstrated superior economic and energy performance, re-
ducing operating costs by 9.6%, 14.2%, and 11.7% compared to the standalone geothermal
heat pump, air-source heat pump, and biomass boiler, respectively. It also achieved the
lowest power consumption, requiring only 34.3% of the biomass fuel compared to the
standalone biomass boiler. Carotenuto et al. [113] developed a hybrid energy model for a
low-temperature district heating and cooling system in Pozzuoli, Italy, integrating solar
thermal, geothermal energy, and a wood-chip biomass boiler as an auxiliary source. The
system was evaluated on both energy and economic grounds. Energy analysis revealed
that the combined use of geothermal and solar sources is sufficient to meet winter heating
demands. However, during summer, the biomass boiler becomes essential to achieve the
elevated set-point temperatures required to operate an adsorption chiller for cooling. The
system demonstrated solar thermal efficiency exceeding 40% and achieved primary energy
savings of up to 75%.

5.2. Integration of Biomass Appliances with Solar Energy

In general, there are two basic options for integrating biomass-fired appliances and
solar energy devices: combining them with solar thermal or photovoltaic systems. In solar—
biomass combined systems, solar thermal energy is prioritized to charge a stratified storage
tank, meeting domestic hot water (DHW) needs and space heating requirements during
the shoulder seasons. The biomass boiler complements the system by meeting residual
demand and peak loads in winter. Advanced hydraulic configurations—featuring multi-
port stratified tanks and external heat exchangers—maximize solar contribution while
ensuring efficient biomass combustion through longer, hotter, and less frequent firing cycles.
Control strategies that postpone biomass activation until specific tank node temperatures
drop below set thresholds help minimize fuel use and emissions, while maintaining DHW
hygiene through periodic thermal pasteurization. On the other hand, PV installations
can offset electrical auxiliaries (such as fans, augers, and pumps) and supply heat to heat
pumps or biomass-fired boilers. When PV surpluses occur, power-to-heat via heat pumps
(rather than resistive dumping) typically yields higher exergy efficiency. Dispatch strategies
benefit from price-aware control that coordinates PV availability, battery state of charge,
heat-pump COP, and biomass firing constraints. Furthermore, the combination of solar
and biomass technologies is gaining popularity, particularly with different types of tri-
and polygeneration systems. This approach enables the design of self-sufficient residential
buildings that use renewable energy sources. Below, the innovative systems proposed in
recent years are discussed.

Zhang et al. [114] presented a comprehensive analytical and experimental investi-
gation of a solar/biomass space-heating system integrating microchannel solar thermal
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panels and a biomass boiler, supported by a dedicated control algorithm. The system en-
abled the coordinated use of solar and biomass energy to maintain indoor thermal comfort.
Experimental testing was conducted in situ, and data analysis using the Grubbs method
yielded equations for solar panel thermal efficiency and the heat conversion factor of the
combined storage/exchange tank. Annual performance was simulated in EnergyPlus
for a 100 m? residential building, yielding a total heating-season demand of 24.3 GJ and
an annual energy requirement of 35.91 GJ. Solar energy contributed 63.31% of the total
energy, while biomass accounted for 36.69%. Compared to conventional systems, the
proposed hybrid configuration demonstrated superior energy conversion and utilization
performance, offering both economic and environmental benefits. The hot-water and
space-heating system for the Hammam building in Marrakesh, Morocco, was proposed by
Krarouch et al. [115]. The small pellet boiler was combined with three types of solar thermal
systems (evacuated tube, flat plate, and parabolic trough collectors). The simulation was
created using TRNSYS, and the model’s thermodynamic efficiency, environmental impact,
and profitability were assessed. Furthermore, the authors reported that hemp insulation on
walls and roofs reduced heating demand by 36%. The optimal collector areas were 204 m?
for parabolic trough collectors (PTC), 224 m? for flat plate collectors (FPC), and 300 m? for
evacuated tube collectors (ETC). Such areas have the lowest levelized cost of heat (LCOH),
at 0.0755, 0.0696, and 0.0642 USD/kWh, respectively. For the optimal system, the annual
solar fractions were 36%, 42%, and 57%, respectively. In conclusion, the most effective
configuration was a combination of evacuated tube collectors, resulting in an annual CO,
reduction of 656 tons and a payback period of almost 5 years. A hybrid solar-biomass
micro-CHP system designed to meet the thermal and electrical energy demands of ten
apartments in a multi-family building in Athens was proposed by Skiadopoulos et al. [116].
The components of the unit were a biomass boiler, evaporated tube collectors (ETC), a
partially evaporating Organic Rankine Cycle PEORC engine (prime mover), a natural gas
boiler, a thermal energy storage tank, and an air-cooled condenser. ETCs are the main
heat source, and the biomass boiler takes over when evaporator operation is insufficient in
the PEORC. The thermal energy storage tank was designed to compensate for differences
between the heat generated by the building and its space heating demand. For the compu-
tational analysis of the unit, a numerical model was developed, and the techno-economic
performance and environmental impact of the system were assessed. The simulation re-
sults were promising—over 97% of annual space heating demand and over a quarter of
electricity demand were covered by RES. Collectors provided 10.81% of the energy needed
for micro-CHP operation during the heating period. Moreover, the application of the micro-
CHP system has a positive environmental impact, reducing the annual carbon footprint by
31.22 kg CO,-eq. per m? and saving 46.58 kWh of primary energy per m?. Nonetheless,
the authors emphasized the need for further research, including system behavior during
startups and shutdowns, the application of numerical models across various locations, and
the establishment of an experimental facility. The evacuated-tube solar thermal collectors
were also chosen by Prieto et al. [117] for a simulated hybrid system to heat and cool a
greenhouse in Spain. The system, composed of solar thermal collectors, a biomass boiler,
and an air-cooled absorption chiller, controlled the greenhouse environment. Based on a
validated model (using the TRNBuild tool), the annual heating and cooling demands were
calculated at 26.37 kWh/m? and 61.97 kWh/m?, respectively. Due to the excessively high
temperatures from May to October, the greenhouse is forced to stop production. However,
the proposed system can operate year-round. During spring and autumn, the collector’s
heat output exceeds demand and could be used for other purposes or for better control of
conditions. What is important is that the annual solar energy share was almost 55% and
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that for 4 months it reached 100%. In July and August, it slightly exceeded 40%, raising
questions about the profitability of greenhouse operations during these months (due to
high biomass consumption). It was also suggested that a water tank is crucial during the
winter months, as available solar energy and heating demand are significantly limited.

Borri et al. [118] performed the Life Cycle Assessment of an innovative solar—
biomass hybrid system for residential applications—SolBio-Rev. This project was EU-
funded and supports the development of solar-biomass systems to provide heating,
cooling, domestic hot water, and electricity. The authors focused on a multi-family house
located in a continental climate, based on questionnaires collected for each component.
IPCC (GWP100a) and ReCiPe were chosen as indicators for the evaluation on environ-
mental impact. The system configuration consisted of solar collectors with integrated
thermoelectric generators, short-term storage, and a thermal buffer tank; a reversible
heat pump/ORC; a biomass boiler; and a dry cooler. The impact of each component
was reported with and without considering the operational phase. The components
with the greatest impact during manufacturing were the dry cooler, solar collectors,
and a reversible heat pump/ORC. The highest share of CO, emissions occurred during
the operational phase. To reduce the total impact, the efficiency of components and
the share of energy supplied by renewables should be increased. The authors claimed
that removing solar collectors decreases the environmental impact during manufactur-
ing; however, increased energy consumption for heating during operation offsets this
reduction, resulting in a net increase in environmental impact.

Liu et al. [119] proposed a novel hybrid energy system that combines biomass torrefac-
tion, a biomass gasification subsystem, solar heat collection, and absorption refrigeration
technology, providing cooling, heating, hot water, and gas supply for a building with an
area of 4000 m?. The authors studied various operating parameters and their effects on
gasification products and conducted an economic analysis. The solar system consisted of
a metal heat pipe vacuum collector tube with a collecting area of 560 m?. The biomass
raw material used in the tests was corn straw. The impact of torrefaction temperature
on the composition of the gasification gas was studied. With increasing temperature, the
content of CO and CHy increased, while Hp and CO, decreased, improving the gasification
process and the quality of the gasification gas and reducing tar content. The ratio of steam
to biomass was also studied, and an increase in Hy and CO, content was reported with an
increase in the ratio from 0.4 to 1.6. Moreover, exergy and economic analysis were combined
to assess the system exergy flow cost and calculate the unit exergy cost of system products.
The results showed that the biomass gasifier accounted for almost 50% of the total exergy
loss in the gasification system, and the gas boiler accounted for almost 25%. According to
the economic analysis, the proposed system’s payback period was 2.89 years. The authors
summarized the analysis by calculating the energy and carbon dioxide emissions savings
of over 1 million MJ and over 550 tons, respectively, over its lifespan. Such a conclusion
demonstrates this system’s economic and practical value for people’s health, environmental
protection, and energy conservation.

The system, comprising a photovoltaic-thermal (PVT) collector, a biomass-fired
vapor-compression desalination system, and a floor heating system, was simulated by
Zhu et al. [120]. The PVT collector supplied both thermal and electrical energy, and
hot water was transported into a storage tank equipped with a heat exchanger. During
periods of insufficient PVT collector operation, the biomass boiler supplied heat to
the VC desalination system and the floor heating system. The heat was transferred
from the PVT collectors to the storage tank heat exchanger, and then the temperature
was increased in the biomass boiler to meet the system’s thermal energy requirements.
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The system’s simulation was performed using TRNSYS 18 software to evaluate its
performance under various conditions, thereby maximizing efficiency and effectiveness.
The authors recognized the system’s advantages, including its independence from the
grid and its ability to provide freshwater in Riyadh, Doha, and Abu Dhabi. The system
also provided heat for residential heating, which is another factor that increases living
comfort, as indicated by the PMV and PPD metrics. Moreover, the system’s ability to
provide electrical energy for the desalination process was assessed. The factor calculated
for assessment was the Power Ratio, defined as the ratio of the electrical power generated
by the PVT collector to the electrical energy required by the desalination system. The
highest average Power Ratio, at 2.35, was reported for Riyadh. Shirazi et al. [121]
modeled a residential building of ten apartments in Toronto, Canada, and designed
separate systems: a biomass-driven system and a solar-based system integrated with
an air-to-water heat pump, both equipped with a thermal energy storage tank. The
primary objective was to develop an automation system that manages energy transfer
between the system, the grid, and the building. Efficiency, CO, emissions, capital costs,
and the levelized cost of energy were evaluated. The biomass system has lower energy
costs—36.7 USD/MWh—than the solar-heat pump system (78.9 USD/MWh). Moreover,
the biomass system was 36% more efficient. The authors noted that a decrease in room
temperature at night can reduce energy consumption and CO, emissions by 60.3 MWh
and 21.1 t annually, respectively (at a 4 °C decrease). It was also found that the excess
electrical energy from the solar system could be sold to the grid for almost a quarter
of the year. Furthermore, Nami et al. [122] proposed and analyzed a solar-assisted,
biomass-based, tri-generation system designed to meet domestic energy needs, which
was evaluated using thermodynamic and sustainability metrics. The system integrated
gas and steam turbines for electricity generation, while a chiller and auxiliary heat
exchanger utilized residual thermal energy for cooling and heating. A pressurized water
circuit recovered waste heat from the steam condenser and concentrated photovoltaic
units to support space heating. Exergy analysis identified key sources of irreversibility
within the system, and parametric studies assessed the impact of seasonal conditions and
design variables. The system demonstrated the capacity to deliver 1 MW of electricity,
1241 kW of space heating, 101.5 kW of domestic hot water, and 55.35 kW of cooling.

A brief summarization of the discussed solar-biomass integrated technologies is
shown in Table 5.

Table 5. Summary of the discussed solar-biomass integrated technologies.

Reference Type of Solar-Biomass System Type of Research Components of the System

Micro-channel solar thermal panel

Zhirlllg 4e]t al. Space heating Experimental and simulation array, a biomass boiler, and a
dedicated control algorithm.
Small biomass pellet boilers in
Krarouch et al. . . . combination with three types of solar
[115] Hot water and space heating Simulation thermal systems (evacuated tube, flat
plate, and parabolic trough collectors).
Biomass boiler, evaporated tube
collectors (ETC), partially evaporating
Skiadopoulos et al. . . . Organic Rankine Cycle PEORC engine
cogeneration Simulation

[116]

(prime mover), natural gas boiler,
thermal energy storage tank, and an
air-cooled condenser.
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Table 5. Cont.

Reference

Type of Solar-Biomass System

Type of Research

Components of the System

Prieto et al.
[117]

Heating and cooling

Simulation

Evacuated-tube solar thermal
collectors, a biomass boiler, and an
air-cooled absorption chiller with
ammonia/lithium nitrate as a
working mixture.

Borri et al.
[118]

trigeneration

Simulation (LCA)

Solar collectors with integrated
thermoelectric generators, short-term
storage and thermal buffer tank,
reversible heat pump/ORC; biomass
boiler and dry cooler.

Liu et al.
[119]

trigeneration

Simulation

Biomass torrefaction reactor, biomass
gasification subsystem, solar heat
collectors, and absorption refrigerator.

Zhu et al.
[120]

trigeneration

Simulation, partially experimental

Photovoltaic-thermal (PVT) collector,
a biomass boiler, a vapor-compression
(VC) desalination system, and a floor
heating system, along with auxiliary
components such as pumps, heat
exchangers, a storage tank, and
a battery.

Nami et al.
[122]

Heating, cooling, and power

Simulation

Gas turbine, a steam Rankine power
block, a chiller unit, concentrated
photovoltaic thermal (CPVT) panels,
and an auxiliary heat exchanger.

Palomba et al.
[123]

heating, cooling, and DHW

Simulation

Solar thermal collectors with
thermoelectric generators; a sorption
module; a reversible heat pump/ORC,
and a biomass boiler.

Altayib and Dincer
[124]

Heating, power, and freshwater

Simulation

Multi-staged steam Rankine Cycle,

with the steam generator energized

via heat transfer from hot biomass
combustion gases and hot solar

thermal oil, and a multi-effect

desalination unit energized with

thermal energy recovered from hot

flue gases.

Wang et al.
[125]

Heating, cooling, and power

Simulation

PVT panels, cogenerating heating and
electricity, a biomass-fired heater, two
heat exchangers connected to either
radiator for space heating or the
double-effect absorption chiller for
space cooling, and a thermal energy
storage tank.

Sabbaghi et al.
[126]

Heating, cooling, and power

Simulation

Solar thermal collector, a
biomass-fired boiler, heat recovery
exchangers, a turbine, a condenser, an
evaporator, a pump, and an ejector.

6. Future Challenges and Chances

Since many of the examples discussed in this paper are mature and widely available—

such as pellet boilers, wood-chip boilers, logwood gasification boilers, straw boilers, and

local space heaters—there are also numerous technologies currently under development. The

exact Technology Readiness Level (TRL) depends on individual factors. For instance, when

considering extending the functionality of biomass-fired appliances through combined heat

and power generation, both emerging and commercially available solutions can be identified.

Furthermore, although simple integrations of biomass-fired appliances with heat pumps, solar

thermal collectors, or photovoltaic modules are already commercialized, various research

efforts aim to further enhance these systems by incorporating electricity generation (e.g.,
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through thermoelectric generators or Organic Rankine Cycle units) or cooling functionalities.
These options are at different stages of technological maturity. As indicated in this review, the
analyzed examples can generally be classified between TRL 2 (where basic principles have
been studied) and TRL 7 (where a working model or prototype has been demonstrated in an
operational environment). Despite this progress, many areas within biomass-fired appliances
for the residential sector remain worthy of future investigation.

The further development of biomass technologies is facing numerous challenges. Older
local space heaters and boilers account for the majority of PM2.5 emissions into the atmosphere,
posing a risk to human health. Many biomass-fired appliances are manually loaded, requiring
frequent user intervention. Even automatically supplied pellets or wood chips need to be
periodically loaded into the storage tank. Staying on the topic of fuel, biomass, as a low-
energy-density fuel, requires significant storage volume and proper seasoning and preparation.
For city residents, such a challenge may be unmanageable. Biomass-driven cogeneration
units usually have low electrical efficiency (<10%) and high costs. Nevertheless, various
opportunities should be specified. Reducing emissions from biomass-fired appliances can
achieve near-zero emissions. Several emission reduction methods have already been described
in this review. In the context of local space heaters, a periodic pellet gasifier can be integrated
into a traditional combustion chamber, enabling the combustion of in situ-generated wood
gas, thereby significantly reducing pollutant emissions and increasing efficiency [71]. To avoid
conflict with the food industry and forestry, the emphasis should be on developing biomass
fuels from waste and residues, including food waste. Another potential improvement is
the application of Al-assisted modeling to optimize combustion and heat transfer in heating
installations. A general summary of the challenges and opportunities of biomass residential

technologies is presented in Table 6.

Table 6. Summary of challenges and opportunities of biomass residential technologies.

Challenges Explanation Chances Explanation
. . Pellet boilers with ESPs and
. . Legacy stoves and boilers remain o .
Air quality . Near-zero-emission catalytic afterburners are expected
a major source of PM2.5 . . .
to dominate new installations
Manual logwood boilers require Agro-pellets and residue-based
User effort frequent handling; pellet systems Fuel diversification fuels are under development,
reduce, but do not though ash and slagging
eliminate, maintenance issues remain
L. Fuel storage underscores can be a Al-driven combustion
Logistics D Smart controls .
barrier in urban areas optimization
Higher capital costs compared to
Economics fossil fule'boﬂers and heat pumps; Hybridization Coupling with PV + !Dzjltterles for
competitiveness depends on fuel energy self-sufficiency
prices and subsidies
Further R&D on Stirling engines
Low electrical efficiencies (<10%) and thermoelectric modules is
Residential CHP and high costs limit current Residential CHP expected, with a focus on

market uptake

reliability, cost reduction, and
integration with smart grids.

Environmental law

Strict regulations concerning
efficiency and emission levels

National subsidy schemes and

replacement programs,
Policy push accelerating turnover from old,
polluting appliances to modern

low-emission systems.
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The energy potential of biomass enables the development of a wide range of projects
that aim to generate both heat and electricity. Solid biomass can be directly converted
into stoves, boilers, and CHP units. At the same time, biochemical and thermochemical
processes enable the production of gaseous fuels, such as biogas and syngas, as well
as liquid biofuels, including bioethanol and biodiesel [127]. These diverse conversion
pathways make biomass a versatile energy carrier that can meet demand at various scales.
One particularly effective strategy for harnessing local biomass resources is their integration
into decentralized energy systems, such as individual buildings equipped with modern
biomass boilers or pellet stoves, as well as collective solutions organized within local energy
clusters. Such clusters can optimize resource use by balancing supply and demand among
multiple users, improving efficiency and resilience. In this context, the concept of Nearly
Zero-Energy Districts (NZEDs) is especially relevant, as biomass can complement other
renewable sources—such as solar and wind—by providing dispatchable, low-carbon heat
and power, thereby enhancing the overall sustainability and self-sufficiency of urban and
rural communities alike [128]. General recommendations for the further development of
biomass-fired applications are summarized in Table 7.

Table 7. General recommendations for the further development of biomass-fired applications.

Technology Recommendation

Numerical simulations for construction

Emission reduction technologies . . .
improvements, machine learning

Optimization by means of Al-assisted
Combustion and control advances tools, machine learning in combustion
process control

Heat-transfer improvements for higher
Biomass-driven cogeneration efficiency of the unit and power
generation, integration with smart grids

Optimizing the bivalence point, applying
Integration with heat pumps weather-compensated control strategies,
and using stratified thermal storage

Development of multi-port stratified tanks
Integration with solar energy and external heat exchangers,
improvements in control strategies

7. Conclusions

Solid biomass remains an important energy source for many households worldwide.
Due to its wide availability, wood remains irreplaceable in many regions. However, since
the dangers associated with biomass combustion—mainly gaseous pollutants and particu-
late matter—are well known, there is a need to develop existing technologies further and
design new systems.

The papers selected for this review are clearly related to household appliances used
primarily for heating. The existing biomass technologies are summarized first, covering
boilers and local space heaters. The review then focuses on advances in biomass-fired heat-
ing systems, including methods to reduce pollutant emissions, improve combustion and
control, and develop integrated cogeneration capabilities. Finally, the integration of biomass
into nearly zero-energy buildings is discussed, distinguishing between systems combined
with heat pumps and those integrated with solar energy. Biomass appliances—which are
becoming increasingly cleaner, more efficient, and less maintenance-intensive—are meeting
legal and social requirements while competing with modern heating technologies. The
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continuous development of established systems, along with their proposed combinations
and integration with other technologies, highlights their ongoing potential and relevance.
The final section analyzes current challenges and future opportunities, outlining directions
for further development.

Biomass heating technologies have traditionally faced challenges such as fuel storage
and preparation, appliance maintenance, and relatively low efficiency. Nevertheless, the
literature provides solutions for each of these issues. The authors identify opportunities
to enhance operational independence through automation and the development of micro-
CHP technologies, thereby increasing energy security. Al-assisted tools and numerical
simulations are also considered promising for improving the design and performance of
future biomass technologies.
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Abstract

With the rapid advancement of hydrogen-based direct current microgrid (Hp-DCMG)
technology, multi-port converters (MPCs) have emerged as the pivotal interface for inte-
grating renewable power generation, energy storage, and diverse DC loads. This paper
systematically reviews the current research status and development trends of isolated and
non-isolated MPC topologies within hydrogen-based DC microgrids. Firstly, it analyses the
interface requirements for typical distributed energy sources (DER) such as photovoltaics
(PV), wind turbines (WT), fuel cells (FC), battery energy storage (BESS), proton exchange
membrane electrolyzers (PEMEL), and supercapacitors (SC). Secondly, it classifies and
evaluates existing MPC topologies, clarifying the structural characteristics, technical ad-
vantages, and challenges faced by each type. Results indicate that non-isolated topologies
offer advantages such as structural simplicity, high efficiency, and high power density,
making them more suitable for residential and small-scale microgrid applications. Isolated
topologies, conversely, provide electrical isolation and modular scalability, rendering them
appropriate for high-voltage electrolytic hydrogen production and industrial scenarios
with stringent safety requirements. Finally, the paper identifies current research gaps
and proposes that future efforts should focus on exploring topology optimization, system
integration design, and reliability enhancement.

Keywords: hydrogen-based DC microgrid; distributed energy sources; multi-port DC-DC
converter; topology-derived architecture; high voltage gain

1. Introduction

The current global energy system faces multiple challenges, including excessive con-
sumption of traditional energy sources, environmental pollution, and rising carbon emis-
sions. To address these issues, numerous countries and regions have reached a consensus
in recent years, committing to achieving net zero targets [1]. According to the International
Energy Agency’s (IEA) 2025 report, the growth rate of energy sources represented by
renewables has risen to 38%, making it the world’s fastest growing energy category [2].
This indicates that modern power systems are gradually shifting from centralized supply
architectures towards more environmentally friendly and sustainable distributed energy
frameworks. Within this context of energy transition, microgrids are one of the key devel-
opmental trends.

A microgrid is a small-scale power system that typically comprises energy sources,
loads, energy storage systems, distribution networks, protective equipment, and control
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systems. Its primary objective is to ensure stable power, voltage, and frequency within
the system [3]. As illustrated in Figure 1, certain microgrids may connect to the main grid
via a static transfer switch (STS) at a public coupling point (PCC). From the perspective
of the main grid, a microgrid can be regarded as a single controllable unit. It exports
power to the main grid during generation surpluses and imports power from the main
grid during generation shortfalls. Furthermore, the microgrid can actively disconnect from
the main grid to achieve independent operation in the event of power quality deterioration
or if faults occur. Currently, microgrids possessing independent operation capabilities
are attracting increasing attention and are commonly referred to as island, standalone, or
self-sufficient microgrids.

[ X X
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Figure 1. Typical architecture of DC microgrid.

Many mainstream renewable energy technologies, such as PV and FC, inherently
generate direct current (DC) power. Additionally, modern electrical devices, including
electric vehicles, computing equipment, and LED lighting systems, typically require DC
input [4]. This inherent alignment between generation and consumption has led to in-
creasing interest in DC microgrids, which feature simpler architectures and eliminate the
need for complex synchronization controls. Furthermore, the adoption of DC microgrids
substantially reduces the number of energy conversion stages relative to conventional
AC microgrids [5]. This simplification lowers system energy losses and enhances overall
energy efficiency.

However, due to the inherent intermittency and randomness of renewable energy
sources (RES), their output alone is insufficient to consistently and reliably meet load
demands. Consequently, energy storage systems have become essential components in
DC microgrids. Of current technologies, chemical batteries represented by lithium-ion
types have been widely adopted for short- and medium-term energy storage scenarios,
benefiting from their high energy density and rapid response capability [6]. Nevertheless,
the suitability of these batteries is constrained by factors including self-discharge character-
istics, substantial initial investments, and ongoing maintenance expenses when meeting
seasonal and long-term storage demands [7].

Against the backdrop of growing demand for long-term energy storage, hydrogen
storage technologies have attracted considerable attention in recent years. Hydrogen
features high energy density, zero emissions, long-term economic storage capability, and
low maintenance costs, effectively addressing the shortcomings of existing long-duration
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storage technologies [8]. In hydrogen-based DC microgrid energy storage systems, surplus
renewable electricity is converted into hydrogen gas through proton exchange membrane
electrolyzers (PEMEL), subsequently reconverted into electrical energy via FC as required.
This process facilitates efficient, clean, and long-term energy storage and supply.

Figure 2 illustrates a representative hydrogen-based DC microgrid architecture that
integrates generation units, storage units, and loads. These components are controlled
via individual power converters and connected to a common DC bus for energy distri-
bution and transmission. This approach has garnered attention for its plug-and-play
functionality and strong scalability. However, as the number of integrated units increases,
employing multiple individual converters significantly increases the structural complex-
ity of the overall system, thereby posing considerable control challenges and reducing
operational efficiency.
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Figure 2. Single-converter architecture for hydrogen-based DC microgrid.

To achieve more efficient coordinated control and flexible integration of diverse energy
sources and energy storage devices within DC microgrids, the development of novel
power electronics interface technologies has emerged as a research priority. As illustrated
in Figure 3, multi-port converters (MPC) have garnered significant attention from both
academia and industry in recent years. This is due to their ability to simultaneously
integrate renewable energy generation units and energy storage units, flexibly control
power flow between ports, and enable modular system design.
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Figure 3. Integrated multi-port converter architecture for hydrogen-based DC microgrid.
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Compared with conventional architectures that employ multiple individual converters,
multi-port converter-based microgrids offer a more compact and integrated system design.
This configuration effectively reduces the number of voltage conversion stages in renewable
energy systems, leading to lower system complexity, smaller physical scale, and reduced
construction costs [9]. In addition, certain multi-port converter topologies can provide
electrical isolation between ports when required, thereby enhancing the operational safety
of distributed energy systems.

The primary objective of this paper is to review the characteristics of mainstream
distributed energy sources (DER) within a hydrogen-based DC microgrid, the require-
ments they impose on multi-port converters, and the predominant topologies of multi-port
converters in current research. Specifically, it covers the technical features, advantages,
and application challenges of both isolated and non-isolated architectures, whilst ana-
lyzing their applicable scenarios to clarify future research directions and technological
development opportunities.

2. Classification of DER Types

In hydrogen-based DC microgrids, typical DERs include renewable generation units
such as PV, WT, and FC. DERs also comprise energy storage subsystems, including BESS
and PEMEL. Since these DERs differ in their operation characteristics, it is necessary to
examine their power flow pathways, dynamic response behaviors, and power quality re-
quirements in order to define the functional specifications that multi-port power converters
must satisfy. This section classifies DERs according to their functional roles within the
microgrid and reviews the characteristics of each category.

2.1. Photovoltaic Generation Unit

As shown in Figure 4, the PV port exhibits stochastic power variability and
strong I-V nonlinearity, which complicate DC bus regulation and multi-port power
coordination [10]. Operating the array consistently at its maximum power point is es-
sential; however, converter-induced current/voltage ripple and transient disturbances
can displace the operating point from the MPP, degrading energy capture [11]. A pro-
nounced voltage-level mismatch also exists: PV modules provide low and variable DC
(often <60 V), whereas building/campus DC buses commonly run at ~380-400 V,
necessitating high and controllable step-up conversion with good efficiency over a wide
input range [12]. Consequently, stand-alone PV rarely satisfies the load alone and is
typically coordinated with BESS/FC/SC to stabilize net power and bus voltage within
multi-port architectures.
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Figure 4. I-V Characteristic curve and equivalent circuit model for PV.
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Accordingly, the PV interface within MPC-based microgrids should meet the
following standards:

(1) High-gain step-up with wide input operability: It should deliver a sufficient con-
version ratio and efficiency across irradiance/temperature-driven voltage spread
to match the DC bus; isolation may be adopted when voltage matching and safety
margins require it;

(2) Low input-current ripple: Maintaining low input-current ripple effectively sup-
presses ripple-induced deviations from the maximum power point (MPP), thus stabi-
lizing power extraction efficiency from the PV port;

(3) Fast dynamic response: A fast, well-damped transient response limits disturbances
propagated to the DC bus during multi-port coordination, preventing PV-side dy-
namic interactions from exacerbating DC bus voltage fluctuations.

2.2. Wind Generation Unit

Wind turbine (WT) generation units, commonly integrated within hydrogen-based DC
microgrids, produce variable-frequency AC voltage that requires rectification and voltage
step-up before feeding into the DC bus. However, the inherent stochastic nature of wind
introduces unpredictable dynamics, leading to frequent DC link voltage fluctuations and
degraded power quality. Although the mechanical inertia of turbines slightly buffers tran-
sient power variations, this natural damping alone cannot fully mitigate the rapid electrical
fluctuations induced by wind speed changes [13]. Consequently, these residual electrical
disturbances require precise converter controls to maintain stable DC bus operation and
suppress voltage deviations. Additionally, the type of rectifier employed influences ripple
characteristics. Multi-pulse diode or thyristor rectifiers generate low-frequency ripple
components related to pulse number, while PWM active rectifiers shift the ripple into the
switching frequency band [14]. Furthermore, converter topologies capable of extracting
maximum power over a broad operating range are essential to achieve efficient power
transfer and voltage-level matching.

Accordingly, the WT interface within MPC-based microgrids should meet the
following standards:

(1) AC/DC-DC/DC interface conversion: The WT port should include an AC-DC rec-
tifier followed by a regulated DC-DC stage that converts the variable-frequency
low-voltage output of the generator to the specified DC bus voltage level. Topol-
ogy selection should cover the full generator voltage range and meet the bus
regulation target.

(2) Maximum power extraction and power smoothing: The WT port should implement
MPPT and coordinate with energy storage units to limit DC bus deviation and meet
dynamic performance criteria during wind variations.

(3) High gain and wide operating range: The WT port should provide a high, control-
lable step-up ratio across a wide input voltage range to achieve the required gain at
moderate duty cycle while constraining device voltage stress and input current ripple.

2.3. Fuel Cell Generation Unit

Fuel cells (FC) convert stored hydrogen into electrical energy and serve as critical
generation units in hydrogen-based DC microgrids. However, they exhibit slow dynamic
response and pronounced V-I nonlinearity owing to inherent electrochemical polarization
effects [15]. Therefore, FC faces challenges in providing instantaneous high-power sup-
port. PEMFCs behave as low-voltage sources with voltage droop under a rising current.
Because a single cell typically operates at around 0.6-0.7 V, stacks deliver only tens of volts,

83



Energies 2025, 18, 6487

necessitating high step-up DC-DC conversion to meet typical DC bus requirements [16].
Achieving this with a conventional boost converter requires operation at high-duty cycles,
which significantly elevates device stress and switching/conduction losses. Simultaneously,
the FC-side input current must increase to maintain bus power, exacerbating ripples, EMI,
and thermal management burdens. To sustain this higher power, the front-end step-up
stage necessarily draws a more pulsating input current under finite inductance and high-
duty cycles. This amplifies both low-frequency and switching band components, which
raise FC losses, hasten degradation at high currents, and couple onto the DC bus to impair

power quality [17].

Accordingly, FC port design within MPC architectures should ensure the following:

(1) Unidirectional energy flow design: As PEMFCs function as energy-supplying
sources, their interface converters should exhibit unidirectional power flow char-
acteristics, delivering energy from the fuel cell to the DC bus;

(2) High-gain, high-current conversion design: As PEMFCs operate under voltage
depression and large average current conditions, their interface converters should fea-
ture high-gain and high-current capability with low input-current ripple, maintaining
efficiency and operational safety;

(3) Ripple mitigation and EMI control design: As PEMFCs are sensitive to harmonics
and ripple currents, their interface converters should include effective filtering, modu-
lation schemes, and operating mode selection to minimize ripple-induced losses and
prevent DC bus contamination;

(4) Transient buffering and coordinated control design: As PEMFCs exhibit slow dy-
namic response, their interface converters should incorporate transient buffering
mechanisms and coordinated control with energy storage units to limit direct load
impact on the stack and reduce DC bus regulation burdens.

2.4. Battery Storage Unit

In hydrogen-based DC microgrids, battery energy storage (BESS) provides bidirec-
tional buffering that stabilizes the DC bus and smooths renewable variability. How-
ever, characteristics of BESS impose fundamental limits. Self-discharge undermines long-
duration large-scale storage, while repeated cycling causes capacity fade and increases
internal resistance; moreover, terminal voltage and impedance vary with state of charge and
temperature [18]. These behaviors impose stringent requirements for the converter port.
First, the BESS terminal voltage varies widely with SOC, temperature, and aging, while the
DC bus voltage of the microgrid is maintained around a nominal setpoint. Consequently,
the interface must furnish efficient wide-range buck-boost regulation to manage voltage
mismatch across operating conditions [19]. Second, BESSs are sensitive to superimposed
current ripple originating from source/load fluctuations (low frequency) and switching
actions (high frequency); without proper mitigation, this ripple elevates internal heating,
accelerates capacity fades and increases impedance. These effects propagate disturbances
to the DC bus, degrading overall power quality [20]. Third, parallel packs exhibit module
heterogeneity (capacity, impedance, temperature, aging); without robust current sharing,
current limiting, and SOC balancing, circulating currents and uneven distribution arise,
causing localized hot spots, reduced usable capacity, and accelerated degradation [21].

Accordingly, the BESS interface within MPC-based microgrids should meet the
following standards:

(1) Bidirectional power flow and DC-link stabilization: The BESS interface should
support bidirectional energy exchange, enabling charge and discharge coordination
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to buffer renewable and load fluctuations while maintaining fast, well-damped DC
bus voltage regulation;

(2) High-efficiency wide-range power conversion: The converter must sustain high
efficiency across a broad input-output voltage span, accommodating variations in
battery SOC and temperature while matching the fixed high DC bus voltage level;

(3) Ripple suppression and lifetime enhancement: Effective ripple reduction is required
to minimize battery current ripple, thereby mitigating thermal stress and aging effects
while preserving DC bus power quality.

2.5. Electrolyzer Unit

PEMEL is an energy consumption unit in the hydrogen DC microgrid, functioning
as a load that draws electrical energy from the microgrid and outputs hydrogen energy.
The hydrogen production rate of a PEMEL is approximately linearly proportional to its
input DC, making current become the primary control variable [22]. PEMEL features
rapid start-up and ramping capabilities, enabling power adjustments within seconds to
minutes. While this flexibility aids in matching renewable energy fluctuations, it also
introduces reliability concerns. Frequent dynamic loading accelerates membrane and
electrode degradation, and sudden pressure fluctuations impose mechanical stresses that
impair performance [23]. These operational characteristics influence the design of interface
converters. Since a single PEMEL stack typically operates around 30V, a step-down from the
DC bus voltage is required [24]. Consequently, conventional single-stage buck converters
operate at very small duty ratios, which results in narrow control margins, higher switching
and conduction losses, and increased inductor and bus current ripple [25]. Therefore, due
to the nonlinear I-V characteristics of the electrolyzer stack and its sensitivity to current
ripple, superimposition can shift the operating point and reduce efficiency. Furthermore,
long-term ripple exposure increases both contact resistance and high-frequency resistance,
so the ripple must be tightly limited [26]. Rapid tracking of dispatch commands remains
essential. To safely achieve this rapid response, ramp rates and operational constraints
must be explicitly defined. Otherwise, renewable power fluctuations may propagate
into the stack, reducing hydrogen production during transient periods and increasing
safety risks.

Considering the operational characteristics and limitations of PEMEL units, the
following specific requirements should be addressed when designing the associated
interface converters:

(1) Wide voltage range and high step-down capability: The PEMEL interface converter
must accommodate wide input voltages and achieve a high step-down ratio, of-
ten requiring multi-stage or specialized topologies due to efficiency constraints of
traditional single-stage buck converters;

(2) Current ripple control: The PEMEL interface should minimize output current ripple
using advanced filtering, interleaved structures, or multiphase techniques to enhance
electrolysis efficiency and extend component lifetime;

(3) Appropriate dynamic response control: The PEMEL interface converter requires
suitable dynamic responsiveness to rapidly implement system energy scheduling in-
structions, effectively stabilizing current variations without compromising hydrogen
production efficiency or component lifespan.

2.6. Supercapacitor Storage Unit

Supercapacitors provide millisecond-level response and low ESR, which enables short-
term buffering to smooth power and voltage in DC microgrids. They compensate for the
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slower dynamics of distributed energy resources, improving transient ride-through and
system stability [27]. These benefits also introduce converter design burdens that arise
from the device’s dynamics. The terminal voltage varies widely with state of charge. The
interface must operate across a broad input range and maintain an adequate conversion
ratio. Operation near extreme duty cycles can reduce efficiency and narrow control stability
margins [28]. Because the ESR of the SC is very low, the SC behaves almost like a short
circuit at a low SOC (near-zero terminal voltage) when connected to the DC bus. A similar
condition occurs when the converter’s voltage or current setpoint is stepped upward. In
both cases, the resulting surge current and high di/dt elevate stress on semiconductors and
the DC bus, potentially causing fluctuations or instability in the DC bus voltage. Frequent
high-current cycling further increases current stress and complicates thermal management,
and inadequate regulation can aggravate transient bus deviations and degrade power qual-
ity. In practice, these effects appear as bus voltage ripple and as nonlinear V-I deviations
linked to SOC-dependent voltage and controller saturation near operating limits [29].
Therefore, when connecting SC to a hydrogen-based DC microgrid, the design of the
interface converter needs to focus on meeting the following performance requirements:

(1) Bidirectional power flow capability: Supercapacitors can both absorb energy from
the DC bus for charging and release energy to the bus for discharging. Therefore, the
interface converter must support the bidirectional flow of energy between the bus
and the supercapacitor;

(2) Wide range of voltage: The terminal voltage of the SC varies significantly with SOC;
therefore, the interface converter should possess the capability to operate across a
wide input voltage range to ensure effective voltage boosting and stable operation
under low-voltage SC conditions;

(3) High surge current tolerance: SC can instantly provide/absorb large currents, so
their interface converters must have corresponding high surge current carrying ca-
pacity. Topologies such as multi-phase interleaved parallel connection can be used to
reduce current ripple and device stress, ensuring operational stability during charging
and discharging;

(4) High efficiency and fast dynamic response: The interface converter needs to have
high efficiency to reduce energy loss caused by frequent charging and discharg-
ing. At the same time, it should achieve fast dynamic response to effectively sup-
press transient power fluctuations and improve the overall operational stability of
the microgrid.

Based on the above analysis, Table 1 summarizes the power flow characteristics, critical
operational issues, and corresponding interface design requirements of various distributed
energy resources in hydrogen-based DC microgrids.

The diversity of the above-mentioned distributed energy resources places demands on
power electronic interfaces in terms of multi-port connectivity and flexible power allocation.
From the perspective of power flow, the microgrid incorporates unidirectional generation-
only sources (e.g., PV, WT, and FC), load-only or energy-consuming units (e.g., PEMEL),
and bidirectional storage units capable of charging and discharging (e.g., BESS and SC).
In particular, the hydrogen-based energy system integrates PEMFC generation units and
PEMEL electrolysis units to achieve energy storage and utilization. It is noteworthy that
PEMEL differs from other common distributed energy generation units by typically em-
ploying buck converters for its interface, whereas common generation units usually require
boost converters. Consequently, the design of multi-port converters must address both the
diversity of interfacing ports and the complexity inherent in system integration. Detailed
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converter topologies and corresponding design considerations will be comprehensively
discussed in the architecture review of multi-port converters.

Table 1. Characteristics and interface requirements of distributed energy resources.

Type Flow Output Issues Requirements
.DC . DC bus deviation High step-up MPPT
.. . output/intermittent/ ) . . .
PV Unidirectional . Multi-port coordination Low input ripple
nonlinear I-V/ .
Inaccurate MPPT Fast dynamics
low voltage
Variable-freq - . .
o DC bus deviation MPPT + smoothing high
e AC/rectified . o a2
WT Unidirectional Power quality concern gain/input filtering
then boosted / )
. - . Inaccurate MPPT and damping
inertia smoothing
DC output; low voltage; . High-gain boost/low
Ce . Slow dynamics : .
FC Unidirectional high current/slow Ripple and EMI input ripple/
dynamics/nonlinear I-V bp transient buffering
High requirement Bidirectional
BESS Bidirectional Ra}?ld absorb /release; . for ripple . DC-DC/ r.1pple
wide voltage range Wide voltage conversion suppression/
Pack imbalance Fast stabilization
bc load/lp W Ripple-sensitive Wide input range/high
Load-only voltage/high . )
PEMEL Dynamic ramp step-down/ripple
consumer current/H, rate ~ ..
rate control control/ramp rate limit
current/fast response
Wide voltage
ms-level response/ Current stress/Transient operation/proper
SC Bidirectional low ESR P Prop

SOC-dependent voltage

bus deviation

power regulation/
Moderate dynamics

3. Multi-Port Converter Architecture

In this section, the MPCs are systematically classified according to the structure pre-
sented in Figure 5. MPCs are first categorized into non-isolated and isolated types based
on the presence of galvanic isolation. Non-isolated MPCs are further subdivided into
three groups according to their port configurations: multi-input multi-output (MIMO),
multi-input single-output (MISO), and single-input multi-output (SIMO). These groups
can also be categorized according to their circuit characteristics into configurations such
as input-series output-parallel (ISOP), input-parallel output-series (IPOS), input-parallel
output-parallel (IPOP), input-series output-series (ISOS). Isolated MPCs are divided into
two groups based on transformer implementations: multi-winding transformer-derived
(MWTD) architectures, which inherently increase the number of ports by adding trans-
former windings; and topology-derived (TD) architectures, which utilize transformers
with a fixed winding configuration. It is notable that TD architectures offer extensive
composability by integrating non-isolated stages. Specifically, various non-isolated MISO
topologies can be flexibly connected to the transformer’s primary side, while multiple
SIMO topologies can be attached to its secondary side. This configurational flexibility of
TD is indicated by dashed connections in Figure 5. Subsequent sections provide a detailed
discussion of representative circuits, their key characteristics, and specific application
scenarios based on this classification framework.
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Figure 5. Classification framework of multi-port converter architectures.

3.1. Non-Isolated Multi-Port Converter Architecture
3.1.1. Multi-Input Single-Output

Series expansion

The fundamental design concept of the non-isolated “Series expansion” multi-input
single-output (MISO) converter is to series-connect multiple DC sources through individual
unidirectional diodes ahead of a common power stage. The shared post-stage then performs
energy processing and voltage regulation. The topology can be directly obtained by
extending classical single-input converters: Figure 6a shows the buck-derived multi-port
converter [30], and Figure 6b shows the boost-derived multi-port converter [31]. The
series diode network decouples the sources and suppresses reverse currents, while the
back end shares the magnetic and filtering components, keeping the hardware scale and
control organization within practical bounds. Consequently, this architecture is suitable for
source-side voltage stacking with centralized post-stage regulation.
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Figure 6. Series expansion MISO architecture: (a) Buck-derived; (b) Boost-derived.

For non-isolated “diode-series-extended” MISO MPCs, current key research focuses
primarily on optimizing devices and operating modes for higher efficiency and lower ripple,
including introducing continuous input/output current paths and phase management
in boost-type MISO to reduce source-side current ripple and improve static/dynamic
performance metrics [32,33]; and small-signal modeling and multi-switch coordination
control in buck-type MISOs to mitigate stability and dynamic performance issues arising
from multiple input duty cycle coupling [34,35]. To accommodate high-gain and wide-
range bus requirements, multi-stage MISO boost/buck configurations have emerged,
embedding high-gain switching networks within conventional boost/buck power stages
to enhance boost/buck ratios while limiting device stress [36,37]. To further reduce device
stress and input-side ripple, some implementations employ multi-phase interleaving at
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each input port alongside common-source coupling inductors, canceling ripple and sharing
current [38,39]. Throughout these evolutions, the core characteristic of “front-end diode-
based input decoupling together with a single shared output power stage” has been
maintained at the circuit level.

Parallel expansion

The concept of parallel-expanded MISO multi-port converters involves the establish-
ment of multiple independent input ports by configuring the input stages in parallel at the
front end of the primary power stage. Each port employs its intrinsic power conversion
unit to feed into a common filtering network or DC bus, which is regulated by a centralized
voltage controller. Figure 7a illustrates a typical parallel-type multi-port converter topology
derived from boost converters, in which currents from multiple input ports converge at the
common output capacitor [40]. Figure 7b demonstrates another parallel-type multi-port
configuration evolved from Cuk converters [41]; each parallel input port independently
couples to a shared output stage through its dedicated Cuk power stage, utilizing energy
transfer capacitors and inductors to achieve port decoupling while concurrently shar-
ing the post-stage filtering network. Such parallel integration approaches offer distinct
advantages in terms of reduced component count, compact size, and enhanced energy
integration capability.
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Figure 7. Parallel expansion MISO architecture: (a) boost-derived; (b) Cuk-derived.

Current research on non-isolated “parallel expansion type” MISO MPCs is described
in the following. At the circuit level, studies aim to enhance the voltage gain and efficiency
of parallel connected systems through high-gain and high-power density designs. Typical
approaches include combining parallel MISO-Boost topologies with multiple boost stages
and coupled inductors to achieve higher voltage gains. Using soft switching technologies
such as ZVS can reduce switching losses and device stress, improving power density
while maintaining multi-port parallel integration [42,43]. For sources sensitive to current
ripple, such as fuel cells, research has been conducted on reducing source-side ripple
through phase-interleaved parallel connection and superimposing ripple compensation
networks. At the same time, the structural advantages of continuous input current in
Cuk/SEPIC/modified ZSI and other similar topologies are utilized to further reduce ripple
and EMI [44-46]. Some studies have explored the integration of passive resonant com-
ponents into parallel-extended MISO MPC topologies. This technique broadens the ZVS
operating range and effectively reduces input/output ripple currents without introducing
additional active auxiliary switches, thereby improving the overall operational efficiency
and reliability of the MPC [47,48]. In summary, current research for non-isolated parallel-
extended MISO MPCs focuses on improving overall boosting performance and efficiency
through advanced high-gain, high-power density designs, and reducing input ripple and
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EMI by means of phase interleaving and ripple compensation networks. The soft-switching
operational range can be extended further by passive resonant elements to further enhance
system efficiency and reliability.

In the application of a hydrogen-based DC microgrid, the MISO architecture effectively
integrates various distributed energy sources such as FC, PV, BESS, and SC, and uniformly
connects them to a common DC bus. Of these, the interleaved boost topology has been ap-
plied to fuel cell applications, using ripple compensation and phase interleaving techniques
to reduce the current ripple at the FC port, thereby improving the operating efficiency and
stability of the fuel cell [33,46]. Furthermore, novel three-input boost topologies have been
developed for hybrid scenarios involving PV, FC and BESS, facilitating flexible power allo-
cation and coordinated control among multiple input ports through a unified voltage boost
stage. This approach effectively addresses the demands of multi-source integration and
dynamic power management within hydrogen-based DC microgrids [49,50]. Additionally,
continuous current topologies such as Cuk, SEPIC, and modified ZSI have been investi-
gated due to their inherent smooth and continuous input-output current characteristics.
These topologies effectively mitigate current ripple impacts on electrolyzers and fuel cells,
thereby extending equipment lifespan and enhancing overall system efficiency [51,52].

3.1.2. Single-Input Multi-Output

Series expansion

The fundamental concept of the non-isolated “series-expanded” MPC topology is to
connect multiple output stages in series on the DC side after the primary power stage,
with energy transfer units following a single input source. Each stage is independently
regulated, and its outputs are added in series on the DC side to form an expandable high-
level bus. Figure 8 shows a non-isolated “back-end series expansion type” SIMO DC/DC
converter topology based on a switched-capacitor-integrated boost architecture [53]. The
input voltage V; is uniformly switched by a common main switch S;, and the back end
consists of several repeated port power units that supply energy to corresponding output
ports V1 ~ Von. The ground potential of each port equals the cumulative voltages of
all preceding lower stages. The voltage at each port is sustained by local energy storage
components and regulated individually via timing control. This topology embodies the
characteristics of “shared front-end and back-end series expansion”, addressing both
multiple outputs and device multiplexing capability.
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Figure 8. Boost-derived series expansion SIMO topology.
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Current research on the non-isolated “series expansion type” SIMO MPC focuses on
the following points. (1) Series cascaded structures based on voltage multipliers/switched
capacitors: Recent studies integrate multi-stage voltage multipliers into conventional boost-
type converters, forming non-isolated multi-output architectures characterized by multi-
stage cascading and multi-port outputs. Such topologies achieve high voltage gain and port
scalability while distributing device voltage stress across multiple stages [54,55]. However,
critical challenges involve balancing the number of multiplier stages against efficiency,
ripple, capacitor RMS currents, and energy redistribution losses among stages. (2) Hybrid
inductor—capacitor structures with fewer active switches: Mixed “switched capacitor and
switched inductor” structures generate multiple series outputs using a reduced number of
active devices. Certain designs achieve multi-stage voltage stacking using a single PWM
or single-switch driver, thereby reducing drive complexity and cost, while constraining
the main switch voltage stress to a single-stage level [54]. However, Limitations of this
approach include diode conduction losses and capacitor stresses arising from charge-
discharge processes in voltage multiplier stages, necessitating careful consideration of
device selection and thermal management. (3) Symmetrical multi-port topologies for
bipolar DC buses: A “single-input/multi-output” configuration has emerged to serve
bipolar low-voltage DC buses. Such structures inherently facilitate voltage self-balancing
or simplify the balancing between positive and negative poles, thereby reducing the need
for additional balancing converters [56].

Parallel expansion

The fundamental concept of the non-isolated “parallel-expanded” SIMO multi-port
converter involves connecting multiple independent rectification and filtering branches
in parallel at the output side after a single input power stage. Each branch takes energy
from shared switches and rectification nodes, establishing the required DC voltage on its
own branch to form multiple outputs. This structure reuses front-end devices, facilitates
port expansion, and decouples each output through its own filtering network, allowing
independent voltage levels to be set for each port. Figure 9 illustrates a boost-based non-
isolated “parallel-expanded” SIMO multi-port converter topology [57]. A single input
source V; transfers energy through the input inductor L, which is centrally modulated
by the main switching network. The output side consists of two parallel branches. The
upper branch charges the capacitor C; through the diode D to form the first output V.
The lower branch extracts energy directly from the switching node and is filtered by L,
and C; to yield the second output V,». The two outputs share the front stage but are not
connected in series, reflecting the structural feature of “front stage sharing and back-end
parallel expansion”.

L,

Figure 9. Boost-derived parallel expansion SIMO topology.

Existing research mainly focuses on three technical paths. (1) Incorporation of Coupled
Inductor and SC/SL Units: To achieve a broader output range, recent studies integrate
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coupled inductors and switched capacitor/switched inductor units into the SIMO back-end
branches, enabling multiple buck-boost outputs simultaneously at relatively low-duty
cycles [58,59]. However, trade-offs must be carefully managed regarding device stress and
circulating currents. (2) Multiphase interleaving and soft-switching/resonant techniques:
Recent studies have employed phase interleaving to reduce source side/bus ripple and
improve transient performance under multi-phase superposition [57,60]. Meanwhile, in-
troducing soft switching paths such as LLC and active clamping to achieve ZVS/ZCS
can simultaneously reduce commutation loss and device stress, as well as improve
efficiency [61,62]. (3) Energy buffering and decoupling strategies: As the number of
output ports increases, the conduction time slot allocated to each individual port becomes
restricted, exacerbating the trade-offs between transient and steady-state performance. The
inherent “duty-cycle and inductor-charging sequence constraint” represents a structural
limitation in SIMO converters. Recent studies have addressed this issue by integrating inter-
mediate energy storage stages, energy-holding paths, or equivalent buffering units within
the converter topology [63,64]. These methods effectively alleviate structural constraints,
enhance each port’s energy self-regulation capability, reduce cross-port interference, and
significantly improve transient load response performance.

In hydrogen-based DC microgrid applications, non-isolated SIMO MPC architec-
ture has been utilized to couple PV sources, DC buses, and electrolyzers. A non-isolated
multi-port buck-boost architecture employs a two-phase interleaved boost mode to feed PV-
generated power into the DC bus and utilizes a two-phase interleaved buck mode during
the inductor energy release phase to supply power to the PEMEL, achieving coordinated
allocation between PV-powered hydrogen production and bus power supply [65,66]. Addi-
tionally, a phase-interleaved SEPIC-Cuk combined SIMO topology integrates bipolar bus
outputs using a single switch, significantly reducing device count while balancing power
distribution between positive and negative buses, which is particularly suited for low-
voltage, compact hydrogen microgrid deployments [56]. A multi-port buck-based SIMO
topology tailored for electric vehicles has also been investigated, achieving flexible multi-
port power distribution with a single inductor and a minimal number of switches [67,68].
These advancements indicate significant advantages and broad engineering application
potential for non-isolated SIMO topologies in hydrogen microgrids.

3.1.3. Multi-Input Multi-Output

Non-isolated MIMO DC-DC converters can achieve energy routing and voltage regu-
lation for multiple-source and multiple-load scenarios within single-stage or reduced-stage
power conversion structures. By deploying scalable energy transfer units (comprising
inductors/capacitors combined with switches/diodes) at both the input and output sides,
these converters enable independent or semi-independent regulation for each port while
sharing magnetic and filtering components. Fundamentally, the design seeks a balance
between port-decoupling capability and device/control complexity. Regardless of whether
the input and output ports adopt series or parallel expansion methods, the system essen-
tially forms a modulated energy channel matrix. Therefore, cross-regulation suppression,
dynamic response, efficiency, and device stress must be cohesively addressed in design
and control. Based on the modular interconnection methods (series or parallel) at the input
and output sides, these topologies can be classified into four categories: ISOS, ISOP, IPOP,
and IPOS. Figure 10a shows the energy convergence and current sharing of various DC
sources at the front end of IPOS through diodes/switches connected to a common inductor.
The back end uses cascaded switch capacitor units/stacked voltage outputs, allowing
multiple output terminals to be connected in series in voltage to achieve high boost ratios
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and multiple voltage levels, while the device voltage stress is shared by cascading. This
structure is particularly suitable for scenarios where low-voltage high-current sources are
paralleled and converged, and the load side requires high bus voltage or multiple voltage
levels [69]. However, it requires addressing voltage balance and dynamic sharing among
cascaded capacitors/modules. Figure 10b can be equivalently regarded as an ISOS/bipolar
DC bus implementation, where multiple power units are series-connected at the input
side to withstand high voltage, while their outputs are series-connected between the pos-
itive and negative poles to form a + bipolar DC bus (with the midpoint stabilized by
DC link capacitors). This configuration facilitates the use of lower-voltage-rated devices
under high-voltage input/output conditions and increases power density [70]. How-
ever, it requires simultaneous management of input voltage balancing and output voltage
balancing constraints.
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Figure 10. MIMO architectures: (a) Boost-derived IPOS topology; (b) buck-boost ISOS topology.

Recent research on multi-input multi-output (MIMO) DC-DC converters primar-
ily focuses on the following themes. (1) Multi-port power/voltage/current balancing
and decoupling control: Input voltage sharing (IVS) and output current/voltage sharing
(OCS/0OVS) within series parallel topologies (such as ISOP, ISOS, and IPOS) involve strong
coupling and multiple interdependent links. Existing research has developed generalized
control methods and stability designs for IVS and OCS/OVS [71]. However, when the
system scales with increased ports or stages, coupled with device aging-induced parameter
drift and asymmetric loading conditions, a unified and verifiable process for ensuring con-
sistency in current/voltage sharing and fault-tolerant operation remains to be established.
(2) High voltage gain combined with low device stress: To accommodate high-voltage
DC buses or multi-level loads, existing research on non-isolated MIMO topologies has
introduced voltage multiplier cells, coupled inductors, and phase-shifted or interleaved
structures to achieve high voltage gain under low-duty cycles while effectively reducing de-
vice stress and conduction losses [72]. (3) Cross-port coupling and multi-objective control:
Multi-input multi-output topologies inherently lead to energy interactions between sources
and sources, sources and loads, as well as among loads, requiring power management to
balance system efficiency, dynamic performance, and storage lifetime. Some studies have
addressed this issue by adopting model predictive control (MPC) and hierarchical control
strategies, achieving notable progress [73]. However, a scalable control framework remains
insufficiently developed.

In the hydrogen DC microgrid, the non-isolated MIMO multi-port topology can con-
nect the DER to the unipolar or =bus uniformly to reduce cascading transformation and
facilitate centralized energy management. For example, a PV-FC four-port DIDO interface
designed for a 48 V bipolar bus employs a single inductor and two switches to achieve
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polarity voltage regulation and MPPT for PV. This configuration significantly reduces
the component count and control complexity, with its performance validated through
prototype experiments [72]. Recent engineering-oriented MIMO solutions have further
achieved high-gain capability and low component stress through independent port duty-
cycle control, improving energy transfer from low-voltage sources to high-voltage buses
and enhancing decoupling and controllability of critical ports like FCs and electrolyzers [74].
Furthermore, a 250 W MIMO prototype has demonstrated practical utility in isolated and re-
mote microgrid applications, effectively mitigating cross-regulation issues and maintaining
high efficiency with fewer components [71]. Additionally, continuous-current topologies
such as Cuk, SEPIC, and their combined multi-output variants have been extensively
investigated. These topologies demonstrate effective ripple suppression that slows FC
and electrolyzer aging while facilitating flexible bipolar or multi-level DC bus architec-
tures [75]. Similar non-isolated multi-port structures have been experimentally validated in
electric vehicles, highlighting their promising application potential in hydrogen-integrated
EV scenarios [76].

3.2. Isolated Multi-Port Converter Architecture

Isolated multiport converters are built around a transformer that provides galvanic
isolation and thereby electrically decouples the ports. Based on current trends in topology
evolution, the isolated MPC architecture can be broadly classified into two categories. The
first is the topology-derived type, where the transformer retains a fixed number of windings,
and multiple DC ports are obtained by flexibly combining or reconfiguring these windings
with an external power stage. The primary advantages of this category of converter are
the scalability and flexibility of the power stage topology. Research in this field typically
focuses on achieving efficient multi-port power conversion, enhancing energy density, and
optimizing component sharing. The second category is the multi-winding transformer-
derived type, which increases the number of transformer windings to expand the number
of ports. Typical examples of this category include the Triple Active Bridge (TAB) and Multi-
Active Bridge (MAB) topologies. Research on this type of topology primarily focuses on
transformer design, optimization of coupling effects between windings, and improvements
in energy transfer efficiency.

3.2.1. Topology-Derived Type

In the isolated “topology-derived” MPC, DC ports are expanded by flexibly reconfig-
uring the power stage at the transformer port without altering the number of windings in
the isolation transformer. Currently, there are two representative approaches in hydrogen-
based DC microgrids. The first employs a single two-winding isolation transformer as the
sole isolation path, with multiple power stages (such as full-bridge /half-bridge, resonant,
or current-source units) interfaced around the same high-frequency link. This approach
creates multiple branch ports on both sides of the transformer, thus facilitating port decou-
pling and high design portability. Figure 11 illustrates a topology-derived isolated DC-DC
converter that implements primary-side parallel aggregation, single-transformer isolation,
and a post-stage bipolar DC bus [77]. Three generic sources are interfaced through input
capacitors and inductors to function as independently dispatchable current-type ports, with
their currents aggregated at a common node. The combined current excites a primary full
bridge S; — S4 via a DC-blocking/energy transfer branch (Cs, L3) and a single transformer,
providing high-frequency galvanic isolation, voltage scaling, and a wide soft-switching
window. In the second approach, a synchronous full bridge S’y — S’ followed by L4 forms
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a bipolar DC bus. An active midpoint balancer (switch S, with diodes D,_;) equalizes the
two rails so that the output voltages V,; and V;, remain under load asymmetry.
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Figure 11. Topology-derived isolated MIMO topology.
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Another approach adopts a modular structure composed of standardized submodules
with high-frequency isolation as basic building blocks. Each submodule comprises a
primary-side power stage (full bridge/half bridge, resonant, or DAB), a dual-winding
high-frequency transformer (MFT), and a secondary-side rectifier/active bridge with a
filter network. Multi-port expansion is achieved by adding or reconfiguring submodules
and interconnecting their inputs or outputs through series or parallel arrangements to
form multiple DC ports. Figure 12 illustrates a typical topology for this configuration,
employing the ISOS modular structure paradigm, where identical isolated submodules are
series-stacked on both the input and the output to increase the voltage rating [78]. In each
submodule, there features a voltage-source full bridge on the primary side, driving the
isolation transformer via leakage/resonant inductors L1 and L';. Phase-shift modulation
achieves voltage matching while extending the ZVS operating range of primary-side
components. On the secondary side, the full-bridge diodes rectify the high-frequency
voltage into pulsating DC. This can be combined with phase-interleaved rectification to
further suppress ripple and reduce filter size, thereby allowing linear scaling of the number
of ports and the rated voltage with the module count.
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Figure 12. Topology-derived isolated MISO modular topology.

Within the family of single-transformer, two-winding high-frequency-link architec-
tures, research has progressed from early three-port/multi-port full-bridge structures to
derivative designs that incorporate buck/boost branches, voltage-multiplying or recti-
fication networks, and resonant elements on the primary/secondary sides [79,80]. Fur-
thermore, some designs extend the port and broaden the soft-switching operating range
without adding windings, thereby reducing the voltage/current stress of the component
and backflow power [81,82]. Typical approaches include introducing LCL/LLC resonant
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branches or voltage-doubling rectification within dual-winding structures to suppress volt-
age/current stresses and broaden the soft-switching range, whilst mitigating port coupling
and circulating current issues arising from shared magnetic flux [83,84]. However, the
inherent challenges remain in cross-port power decoupling, leakage inductance selection,
and magnetic—electrical co-design to balance efficiency and power density.

Along with the modular architecture, research converges on a multi-module structure
with series/parallel networking. ISOS, ISOP, IPOS, and IPOP arrangements enable scalable
voltage and current ratings while distributing device voltage stress [85,86]. However,
this introduces challenges of input voltage sharing, output current sharing, and dynamic
consistency. To address these issues, voltage- and current-balancing circuits and decoupling
networks should be integrated at the topology level, alongside optimization of equivalent
loop and parasitic parameters [85]. Overall, the “two-winding transformer with power-
stage combination” emphasizes the coordinated design of magnetic flux utilization and
device/parameter decoupling among ports, while the “multi-module with series/parallel
networking” approach focuses more on cross-module consistency and reliability design.

In hydrogen-based DC microgrids, the two aforementioned categories of “topology-
derived isolated converters” each possess distinct application scenarios. The single-
transformer, two-winding architecture, characterized by its compact structure and efficient
reuse of power devices, is suitable for coupling multiple sources such as PV, FC, and BESS
to either unipolar or bipolar DC buses via a centralized high-frequency link. This topology
can be integrated with voltage balancers or polarity balancing networks to maintain mid-
point voltage and mitigate imbalance in bipolar DC buses. This approach has already found
engineering applications in hybrid energy microgrids and electric vehicle systems, serving
as a multi-port interface and for power routing, benefiting from its high power density
and reduced number of magnetic components [87,88]. For applications requiring high bus
voltage, long feeder lines, or N + 1 redundancy and online capacity expansion, the modular
architecture can meet voltage and insulation requirements through the free combination of
output series/parallel and input series/parallel configurations, while facilitating power
level standardization and reliability design [78,85,86]. This design concept has also been
validated in DC systems incorporating hydrogen storage and electrolyzers, as well as in
bipolar DC microgrids, demonstrating its feasibility and scalability [89,90].

3.2.2. Multi-Winding Transformer-Derived Type

The isolated “Multi-Winding Transformer Derived Type” multi-port converter lin-
early expands DC ports by increasing the number of windings on the common high-
frequency magnetic link. Each port is typically coupled via an active full-bridge circuit
to a multi-winding high-frequency transformer. Therefore, power transmission between
ports can be achieved through phase-shift control, along with the coupling inductance
provided by transformer leakage or an external series inductor. This design inherently
supports bidirectional power flow, fixed-frequency operation, and electrical isolation.
Figure 13 illustrates a representative three-port configuration. Port 1 interfaces the primary
through a full bridge, while two secondary windings (1:N; and 1:Nj) transfer power to
Ports 2 and 3 via their respective full bridges and filters. Power sharing among ports
is governed by phase-shift control, which allows the energy storage system to operate
bidirectionally, enabling charge and discharge [91].
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Figure 13. Multi-winding transformer-derived topology.

Current research on isolated multi-winding transformer-derived multi-port convert-
ers concentrates on four themes. (1) Power—flow decoupling: the power transfer matrix
of the multi-winding transformer-derived type is inherently coupled, so port voltages
and phase-shift variables are mutually dependent [92]. To address this, control frame-
works based on continuous time averaged (state-space) models, look-up table decoupling
matrices, and model-reference decoupling have been proposed to enhance independent
port regulation and dynamic stability [93]. (2) Multi-winding transformer design: The
allocability of inter-winding leakage inductance and coupling coefficients determines soft-
switching boundaries and transmissible power. Recent work has proposed collaborative
design/calculation methods and equivalent modeling for multi-port leakage inductance,
enhancing design prediction accuracy [94-96]. (3) Zero-sequence circulating current: Three-
winding configurations or those incorporating delta/center-tap structures may generate
zero-sequence paths and circulating currents, introducing additional losses and port recou-
pling. Comprehensive suppression measures are required through winding connections
and shielding, equivalent modeling, and control strategies [96,97]. (4) High efficiency and
wide ZVS range: In transformers with three or more windings, connection arrangements
such as star (Y), delta (A), or stabilizing windings introduce zero-sequence paths and
circulating currents, resulting in undesirable coupling between ports. Current research
addresses this issue through careful design of magnetizing inductances, multi-phase mod-
ulation strategies, and phase-shift optimization techniques to extend full-port ZVS, thereby
reducing RMS currents and conduction losses [98,99]. Although notable progress has
been made in this direction, a systematic and unified design and validation approach
balancing the three-dimensional trade-off among high port-count, high power-density, and
manufacturability remains an open research gap.

In hydrogen-based microgrids and hydrogen-coupled systems, the multi-winding
transformer-derived (MWTD) architecture has been employed to simultaneously couple
multiple ports, including FC, EL, and BESS, within a common high-frequency magnetic link
to achieve single-stage energy aggregation and flexible power distribution [91]. Specifically,
this topology utilizes a single multi-winding high-frequency transformer to realize electrical
isolation and flexible power exchange among different ports, making it particularly suitable
for scenarios requiring frequent bidirectional power flows between electrochemical storage
devices and renewable energy units. Furthermore, MWTD topologies also show promising
application prospects in renewable energy electric vehicle charging stations and onboard
vehicle charging and discharging systems [100,101].

4. Comparative Analysis and Considerations

Building upon the classification and detailed analysis of isolated and non-isolated MPC
topologies presented above, this section presents a comparative evaluation highlighting their
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key performance characteristics, structural complexities, and suitability for hydrogen-based
DC microgrid applications. Furthermore, considerations are presented regarding the impacts
of current ripple and ramp rate on hydrogen-based distributed energy resources, the selection
of optimal control strategies, and the impact of emerging semiconductor technologies on MPC
topologies. Moreover, existing challenges and targeted recommendations for future research
directions are discussed within each of these subsections.

4.1. Comparative Analysis of MPCs

Table 2 summarizes the key parameters of typical multi-port converters (MPCs) within
the previously discussed non-isolated and isolated architectures, including output voltage
expressions, topological complexity, typical efficiency, estimated power density, and bidirec-
tional power-flow capability. In general, non-isolated topologies feature simpler structures
and fewer components than isolated counterparts, which makes them attractive in appli-
cations that are sensitive to cost or require high power density. Owing to the absence of
isolation windings, non-isolated MPCs usually achieve a relatively higher estimated power
density. By contrast, isolated topologies tend to exhibit slightly lower power density because
transformers or multi-winding magnetic components increase both volume and structural
complexity. Both categories can reach high efficiency, although the exact values depend on
device ratings, control strategy, and operating conditions. The lack of galvanic isolation in
non-isolated configurations, however, limits system-level safety and scalability. Isolated MPCs,
on the other hand, provide electrical isolation and modular expansion through transformers
or multi-winding structures, at the expense of higher device count and more intricate control.
Moreover, isolated topologies often rely on more complex modulation schemes, such as phase-
shift modulation, whereas non-isolated MPCs typically employ simpler PWM-based control.
Finally, while bidirectional power-flow capability significantly enhances system flexibility,
it also increases control and design complexity; this trade-off should be carefully evaluated
in practical engineering applications, motivating future research into hybrid structures that
combine the advantages of both isolated and non-isolated MPCs.

According to the topology structure analysis shown in Table 3, non-isolated multi-port
converters (MISO, SIMO, MIMO) generally exhibit characteristics such as low current
ripple and high power density. However, as the number of ports increases, their control
complexity and component count also rise accordingly. For example, MISO topologies
like ISOS-Buck offer the advantages of simple circuitry and low cost, making them more
suitable for unidirectional step-down applications such as PEMEL. The SIMO structure
(e.g., ISOS-Boost) employs independent rectification outputs for each port, making it
suitable for PV, WT, and FC interfaces, but it faces challenges such as cross-regulation
between ports and current sharing, alongside increased switching components. MIMO
structures (e.g., IPOS-Boost) possess multi-level output capability, suitable for various
energy storage devices such as BESS and SC, but with further increased control complexity.
In contrast, isolated multi-port converters (TD and MWTD) demonstrate outstanding
performance in galvanic isolation, safety, and reliability. These topologies typically employ
phase-shift modulation (PSM) to achieve soft-switching and reduce switching losses. For
instance, hybrid topologies feature DC bus voltage adaptive balancing capability, suitable
for most distributed energy interfaces, albeit accompanied by complex control strategies
and high costs. Additionally, TAB structures can achieve bidirectional power flow between
arbitrary ports and are suitable for soft-switching operation, particularly appropriate for
applications requiring flexible configuration and high safety. However, these structures
are constrained by magnetic component dependency and control strategy complexity,
increasing the difficulty of design and application.
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Table 2. Key parameters of typical topologies in multi-port converter architecture.
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Table 3. Comparison of typical MPC topologies and DER suitability.
MPCs MS Merits Limits MSDP
Coupled duty cycle
ISOS-Buck [30] PWM Simple circuitry; low cost.  allocation among sources; PEMEL
step-down only.
Input port coupling and
circulating current
1SOS-Boost [31] PWM Low mput current rlpple; bqundary; parameter PV: WT: FC;
dynamic power sharing. mismatch degrades
MISO dynamic and
steady-state performance.
Magnetic design
IPOS-Boost [40] PWM Scalf"ﬂ.)le to complexity; higher control PV, WT; FC
additional ports. .
complexity and cost.
Continuous port currents; More involved control;
IPOS-Cuk [41] PWM P " high stress on the PV; WT, EC

low ripple.

coupling capacitor.
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Table 3. Cont.

MPCs MS Merits Limits MSDP
Independent rectification =~ Cross-regulation and
10S-Boost [53] pwyv  andoutput current sharing PV; WT; EC
capacitors per port; strong  issues among outputs;
extensibility. higher switch count.
SIMO : .
Low current ripple; Multiple coupled
ISOP-Switched-Boost PWM reduced device count; control variables; PV; WT; FC;
[57] supports simultaneous port coupling; operating PEMEL
step-up/step-down. region constrained by A.
High power density; Multi coupled control PV; WT; FC;
IPOS-Boost [69] PWM multi-level DC bus. variables; complex control. BESS; SC
MIMO Good adaptability to . 1
ISOS-Buck-Boost [70] PWM  power level; Coupling with bipolar DC Most DERs
. bus; complex control.
fewer devices.
Galvanic isolation; Complex control strategy;
Hybrid [77] PSM automatic balancing of omp 8Ys Most DERs
. higher cost.
bipolar bus voltages.
D Modular architecture;
Hybrid [78] PSM gracefuI. degradation High cost; multl'-module Most DERSs
under single- control complexity.
module faults.
Bidirectional power flow ]C“;lrrfeor;ue?zieolzﬂ?egg(:lc
MWTD TAB [91] PSM between any ports; b ! Most DERs

leakage-inductance

ft switching. .
Sott switching design; complex control.

MS: modulation strategy, MSDP: most suitable DER ports.

In summary, non-isolated topologies are more suitable for low-voltage applications or
scenarios with cost and space constraints, while isolated topologies are better suited for
high-voltage levels, bidirectional power transfer, or complex energy systems with higher
safety requirements. However, each category faces specific challenges in practical engineer-
ing. The key challenge for non-isolated topologies lies in dynamic cross-regulation issues,
where mutual interference between ports affects stable system operation. This challenge
can be addressed by introducing optimized control strategies such as dual-loop control,
distributed coordinated control, or model predictive control to achieve precise coordina-
tion and effective decoupling of power between ports. Isolated topologies primarily face
challenges in high-frequency transformer design complexity and soft-switching technology
implementation. Although galvanic isolation enhances system safety and reliability, chal-
lenges such as precise control of transformer leakage inductance, thermal management of
magnetic components, and extending the operational range of soft-switching techniques
remain critical and require further investigation. Therefore, future research should focus
on the collaborative optimization of magnetic integration design and soft-switching con-
trol strategies and further explore novel transformer structures and materials to reduce
transformer design difficulty and cost, thereby promoting broader practical applications of
isolated multi-port converters.

4.2. Discussion and Consideration
4.2.1. Impact of Current Ripple and Ramp on Electrochemical DER

Current ripple, an inherent dynamic characteristic of power electronic converters,
significantly impacts the performance and longevity of PEMFC and PEMEL in hydrogen-
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based distributed energy systems. During PEMFC operation, ripple superimposed on DC
current induces periodic charge accumulation and fluctuations in reactant concentrations
at the membrane electrode assembly (MEA) interface. Specifically, low-frequency ripple
(approximately 100-300 Hz) disrupts the oxygen reduction reaction (ORR) at the cathode
catalyst layer, resulting in cyclic increases in interfacial charge transfer impedance and
reductions in double-layer capacitance [102]. These dynamic electrochemical disturbances
manifest as pronounced I-V hysteresis in the MEA polarization curves, causing delays in
operating voltage response to current changes and consequently introducing additional
activation polarization losses. Furthermore, frequent load fluctuations compel the fuel
supply system to operate at elevated hydrogen flow rates to meet instantaneous peak
current demands, decreasing hydrogen utilization efficiency and indirectly increasing
overall fuel consumption. High-frequency ripple (>10 kHz), although too rapid for com-
plete electrochemical reaction responses within the MEA, generates additional internal
ohmic losses within the membrane and electrode structure [103]. These losses elevate local
temperatures within the MEA, accelerating thermal aging effects on catalyst layers and
membrane materials and thus negatively affecting the long-term performance of fuel cells.

Proton exchange membrane electrolyzers exhibit operational characteristics similar
to PEMFCs; however, ripple-induced mechanisms differ distinctly. In PEMEL systems,
low-frequency current ripple typically exerts negligible short-term effects on hydrogen
production since the hydrogen yield primarily depends on the average current. Conversely,
high-frequency current ripple adversely affects long-term PEMEL operation by inducing
rapid potential fluctuations at the anode, causing frequent oxidation-reduction cycles on
electrode materials. This phenomenon accelerates passivation processes in critical com-
ponents such as titanium-based electrode meshes, incrementally raising the electrolyzer’s
internal high-frequency resistance (HFR). Additionally, increased HFR restricts gas bubble
detachment and water mass transport, further diminishing the electrolyzer’s operational
stability and durability over extended operation periods [104].

Specifically, the impact of current ripple on hydrogen-based distributed energy perfor-
mance has been validated in multiple experimental studies. In an experimental investiga-
tion of a prototype 300 W fuel cell UPS system, when continuous 100-120 Hz low-frequency
ripple with approximately 24.3% amplitude was present, the MEA electrochemical charac-
teristics underwent periodic disturbances, resulting in significant voltage output lag effects,
ultimately leading to reduced system operating efficiency and accelerated fuel cell lifespan
degradation [105]. Another study on high-frequency ripple effects on a 1100 W rated fuel
cell stack demonstrated that at a 10 kHz frequency, even a 2% current ripple could reduce
stack output voltage by approximately 2 V, with voltage drop further intensifying to over
4 V when ripple amplitude increased to 20% [103]. This voltage drop forces the fuel cell to
increase hydrogen supply to maintain the same power output, increasing fuel consump-
tion. Additionally, durability experiments on long-term PEMEL operation indicate that
while high-frequency (10 kHz) ripple does not significantly reduce hydrogen production
efficiency in the short term, over 3000 h of testing it increased internal high-frequency
resistance to more than twice that of low-frequency and ripple-free conditions, while exac-
erbating titanium mesh electrode passivation [106]. This demonstrates the negative impact
of high-frequency ripples on PEMEL system long-term operational lifespan.

To address current ripple effects in PEMFC and PEMEL-based distributed energy
systems, the specific constraints inherent to hydrogen applications should be carefully
considered during converter selection and design. Because of the pronounced ripple
sensitivity and relatively slow dynamic response of hydrogen-based electrochemical de-
vices, converters should provide highly continuous input current and effective transient
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buffering capability. Continuous-current topologies, such as Cuk and SEPIC converters,
inherently possess advantages in this respect, as inductors placed on both the input and
output sides naturally smooth the currents, significantly reducing ripple propagation to-
ward hydrogen equipment and thus protecting the electrochemical interface. However,
these topologies require separate inductors for each port or additional coupling capacitors
(such as in the Cuk topology), resulting in reduced power density and increased mag-
netic complexity in high-power scenarios. In comparison, conventional single-inductor
topologies, such as boost or buck converters, offer simpler circuits, fewer magnetic com-
ponents, and higher power density. Nevertheless, these topologies typically produce
pulsating currents on one side, necessitating large filtering capacitors to suppress ripple,
which increases losses and the risk of parasitic resonances and may affect the long-term
reliability and stability of the system. For MPC topology selection in hydrogen-based
applications, the trade-off among topology complexity, component count, power density,
and ripple performance should therefore be carefully assessed and optimized. It is notewor-
thy that, at the present stage, requirements on admissible current-ripple levels at PEMFC
and PEMEL interfaces are predominantly formulated as device or stack-level operating
guidelines and optimization targets reported in the literature, rather than as universally
harmonized standards. A technology-wide standard defining admissible ripple thresholds
across hydrogen-based electrochemical applications has not yet been established. Therefore,
future research could focus on developing unified ripple metrics and interface specifications
for hydrogen-based MPC systems. Such standardized criteria would explicitly relate the
electrochemical ripple sensitivity inherent to PEM devices to the ripple characteristics asso-
ciated with different multi-port converter topologies, thereby supporting converter designs
that preserve high operational efficiency and enhance the durability of hydrogen-based
electrochemical systems.

Additionally, interleaving technology utilizes multiple parallel phases whose ripple
components partially cancel each other, effectively reducing the ripple seen by hydrogen-
based equipment without significantly increasing the number of magnetic components.
Consequently, this enhances the practical applicability of interface converters. Furthermore,
the applicability of active power-decoupling circuits and active filtering techniques for han-
dling low-frequency current ripple should be more thoroughly evaluated. These methods,
through coordination of circuit topology and control algorithms, can achieve a more stable
system input current, thereby reducing dynamic disturbances at the MEA interface. In
summary, establishing unified ripple standards for hydrogen-based electrochemical de-
vices and minimizing current ripple through optimized converter topologies and advanced
control strategies represent key future research directions in hydrogen-based distributed
energy systems.

4.2.2. Effect of Current Ramp on Electrochemical

Elevated current slew rate, as a critical variable in the dynamic operation of electro-
chemical devices, affects the performance and lifespan of PEMFC and PEMEL in hydrogen-
based distributed energy systems. From a fundamental perspective, both types of device
contain electrode double-layer capacitance that can provide instantaneous response during
current transients; however, the lag in reactant supply and product removal typically
induces transient voltage overshoot or undershoot phenomena. Specifically, when current
slew rate rises rapidly, the cathode ORR rate in PEMFC increases instantaneously, but the
required oxygen supply often cannot meet the demand in time, leading to local oxygen con-
centration depletion at the cathode catalyst layer, increased charge transfer impedance, and
resulting instantaneous voltage undershoot. Meanwhile, temporary hydrogen insufficiency
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at the anode may trigger side reactions such as carbon support oxidation, accelerating
catalyst and membrane degradation [107]. Similarly, in PEMEL systems, rapid current
increase causes the anode oxygen evolution reaction (OER) to intensify rapidly, generating
substantial oxygen bubbles that accumulate on the electrode surface, impeding timely
water reactant transport and bubble detachment, reducing the effective catalytic area, thus
manifesting as voltage overshoot phenomena [108]. Furthermore, the response character-
istics of both types of devices differ during rapid current slew rate decrease. In PEMFC,
when current decreases rapidly, the abrupt reduction in water production combined with
gas supply inertia may cause temporary drying at the membrane—electrode interface, re-
sulting in reduced membrane conductivity and voltage fluctuations. In PEMEL systems,
rapid current decrease leads to swift reduction in anode reaction rate, with corresponding
decrease in bubble generation at the electrode surface, causing drastic changes in water
content at the membrane—electrode interface, potentially inducing periodic fluctuations in
mechanical stress and accelerating material aging.

Current research has experimentally validated the adverse effects of high current
slew rates on PEM systems. Dynamic load cycling experiments conducted on a PEMFC
prototype single cell with an active area of 25 cm? and rated power of 250 W demonstrated
that, after 2000 cycles at a high current slew rate of 1.0 A/cm? /s, cell output performance
decreased by approximately 20.67%, roughly twice the performance loss observed with low
slew rate cycling at 0.3 A/cm? /s [107]. Additionally, in a PEMEL electrolyzer prototype
with an active area of 5 cm?, after 700 cycles at a high current slew rate of approximately
2.9 A/cm? /s, the internal HFR increased to approximately 1.6 times its initial value [109].
This confirms the direct negative impact of severe current slew rate fluctuations on the
internal electrical performance of PEMEL.

To mitigate the adverse effects of excessive current slew rates, improvements can be
implemented through power electronic converter control strategies. First, current slew rate
limiting functionality can be incorporated into the converter controller by setting maximum
allowable current change rates (di/dt limiting), preventing transient issues in hydrogen-
based distributed energy sources through gradual regulation of current change rates.
Second, introducing advanced control strategies such as feedforward control and model
predictive control to optimize current rise and fall trajectories can avoid abrupt changes,
smoothing current transitions and reducing the impact of transient overshoot/undershoot
on the system.

4.2.3. Selection of Optimal Control Strategies

Control strategies for multi-port converters also have a direct impact on the per-
formance and equipment lifespan in hydrogen-based DC microgrids. From a control
complexity perspective, basic control strategies such as conventional PI and droop control
are suitable for remote areas or cost-constrained scenarios due to their simple structure and
good economic feasibility. However, these control methods are limited by fixed parameter
settings and exhibit limited dynamic response speed and control accuracy under severe
load variations or significant nonlinearity, making it difficult to effectively suppress cur-
rent ripple and current slew rate in PEMEL and PEMFC, potentially leading to reduced
equipment lifespan during long-term operation.

To address these shortcomings, several improved control strategies such as dual-loop
PI control, hierarchical coordinated control, sliding mode control, and active disturbance
rejection control (ADRC) have increasingly been applied to multi-port converters in recent
years [110]. These control strategies can significantly improve DC bus voltage stability
and load disturbance adaptability while maintaining moderate costs by enhancing local
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control and system anti-disturbance capability. For instance, sliding mode control, with its
robustness to parameter uncertainties and fast dynamic response, can effectively reduce
DC bus voltage fluctuations and current ripple caused by inter-port power interactions,
alleviating transient impacts on PEMEL and PEMFC ports. These control strategies have
a moderate cost and control complexity, and are suitable for small industrial parks or
hydrogen systems requiring frequent switching of operating modes.

In scenarios demanding extremely high control accuracy and dynamic performance,
advanced intelligent control strategies such as MPC, neural networks, and meta-heuristic
optimization algorithms have been extensively studied and applied. These strategies can
effectively reduce the current ripple and current slew rate in PEMEL and PEMFC through
real-time optimization of control variables and system prediction models, thereby avoid-
ing the MEA degradation and electrolyzer efficiency decline caused by severe current
variations. For example, recent research has demonstrated that combining MPC control
with multi-phase interleaved topology can maintain PEM electrolyzer current ripple be-
low 0.5%, significantly improving hydrogen system operational stability and equipment
lifespan [111]. However, these control techniques involve high computational complexity
and hardware costs, making them more suitable for high-precision applications such as
large-scale hydrogen production facilities or grid-side DC microgrids.

Currently, reducing the computational complexity and implementation costs of ad-
vanced control strategies to promote their application in cost-constrained regions for
hydrogen microgrids remains an important research topic. Additionally, to further ensure
the lifespan of hydrogen-based distributed energy equipment, future control strategy de-
sign should incorporate equipment aging status and prognostics and health management
(PHM) techniques into control strategies, achieving synergistic optimization of control
performance and equipment durability.

4.2.4. Impact of Emerging Semiconductor Technologies on MPC Topologies

Emerging semiconductor technologies such as silicon carbide (SiC) and gallium ni-
tride (GaN) devices offer significant advantages over traditional silicon devices, owing to
their wide bandgap, low conduction losses, and fast switching characteristics. Further-
more, in terms of switching frequency and power density, wide bandgap semiconductor
devices support higher switching frequencies, enabling MPC to substantially reduce the
size of passive components such as filter inductors and transformers, thereby increasing
power density.

The application of these novel devices has positively impacted multi-port converter
performance. A study on a hybrid multimodule DC-DC converter demonstrated that using
GaN transistors could achieve a peak efficiency of 99.25% at a high switching frequency
of 100 kHz in simulation. In another research case, a three-port boost-buck converter
employing SiC MOSFETs achieved 94.3% efficiency [112]. These experiments demonstrate
the application prospects of novel semiconductor devices in hydrogen-based DC micro-
grids. However, the high manufacturing costs and process complexity of these novel
devices remain key factors constraining their large-scale deployment. Therefore, future
research should focus on exploring the design of multi-port DC converters that leverage
advanced semiconductor devices to achieve high efficiency and high power density, balanc-
ing technical performance with economic feasibility to promote the practical application of
hydrogen microgrids.
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5. Conclusions

This review systematically analyzes the mainstream topologies and technical devel-
opments of MPCs in hydrogen-based DC microgrids. Based on an analysis of various
DER interfaces, it is concluded that MPCs should possess flexible power distribution
capabilities, wide-range high-voltage-gain conversion abilities, and low ripple current.
The specific topology analysis reveals that non-isolated multi-port converters, with their
compact structure and high efficiency and density, are suitable for small- and medium-scale
applications and residential scenarios. In contrast, isolated multi-port converter topologies
typically incorporate winding transformers to achieve electrical isolation. This feature
makes them particularly suitable for scenarios demanding improved system safety and elec-
trical isolation. Specific applications include high-voltage electrolytic hydrogen production
systems and industrial hydrogen storage integration. Although existing topologies have
achieved positive technological advancements, several critical issues still persist. These
include power decoupling control between ports, optimization of soft-switching operating
regions, balanced design between high-voltage gain and device stress, and coordinated op-
timization for system stability. The following future research directions are recommended:
(i) advanced ripple mitigation through interleaving and active power decoupling tech-
niques to improve PEMFC and PEMEL lifespan; (ii) current slew rate management via
advanced control strategies and slew rate limiting to reduce transient impacts on electro-
chemical DERSs; (iii) integration of hydrogen storage systems with BESS and supercapacitors
to leverage complementary advantages; (iv) hybrid converter topologies integrating iso-
lated and non-isolated advantages through optimized magnetic design and soft-switching
technologies; and (v) emerging semiconductor integration emphasizing high-frequency
operation and improved efficiency in hydrogen-based DC microgrid. Collectively, these
proposed directions are expected to expedite the engineering translation and scalable
deployment of multi-port converters in hydrogen-based DC microgrids.
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Abstract

The transition to clean energy is crucial for mitigating the impacts of climate change and
achieving sustainable development. Reliance on fossil fuels, which are integral to manufac-
turing and transportation, remains a major contributor to greenhouse gas (GHG) emissions.
Biomass gasification presents a renewable energy alternative that can significantly reduce
emissions. However, proper disposal of municipal solid waste (MSW) and agricultural
residues, such as date palm waste (DPW), is an increasing global challenge, including
in Qatar. This study evaluates the economic feasibility of implementing an MSW and
DPW gasification plant for clean electricity generation in Qatar. The country’s growing
population and economic development have led to substantial waste production, making
it an ideal location for waste-to-energy (WTE) initiatives. Using discounted cash flow
(DCF) analysis, the study estimates the capital cost of a 373 MWy, facility at approximately
$12.07 million, with annual operating costs of about $4.09 million and revenue of $26.88
million in 2023. The results indicate a net present value (NPV) of $245.77 million, a re-
turn on investment (ROI) of 84.80%, a payback period of approximately 5 years over a
20-year project lifetime and a net reduction of 206,786 tonnes CO, annually. These findings
demonstrate the economic viability of biomass gasification in Qatar while contributing
to reduced GHG emissions and advancing the country’s sustainability goals under Qatar
National Vision 2030.

Keywords: biomass gasification; municipal solid waste; date palm waste; economic feasibility;
Qatar National Vision 2030

1. Introduction

Decarbonising power and transport sectors necessitates reducing reliance on fossil
fuels and transitioning to clean, renewable energy sources that produce nearly zero car-
bon emissions. This ambition has been championed by international agreements like
the Paris Agreement and efforts under the United Nations Framework Convention on
Climate Change [1-3]. The urgency of achieving net-zero emissions by 2050 was reaf-
firmed during the COP28 summit in 2023 [3-5]. However, transitioning to clean energy
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sources presents significant challenges, including maintaining stable and affordable energy
supplies, fostering economic growth, and ensuring universal energy access [6,7].

Amongst the sustainable approaches, adopting low-carbon energy alternatives, such
as replacing natural gas with bioenergy fuels like bio-methane for heating and electricity
production, has gained prominence. Bioenergy, derived from biomass, encompasses a wide
range of organic materials, including crop residues, agricultural waste, and industrial by-
products [8]. Its diverse applications include bio-jet kerosene for air travel, liquid biofuel for
road transport, and fuels for industrial processes and electricity generation [9]. As a renewable
energy source, biomass has significant potential to reduce harmful emissions [10].

Globally, bioenergy constitutes 55% of renewable energy use and 6% of the global
energy supply [11,12]. In 2023, electricity generated from bioenergy is reached nearly
750 TWh and is projected to increase to approximately 1350 TWh by 2030, meeting around
3.5% of global electricity demand [12]. While bioenergy plays a vital role globally, its
integration into waste management practices presents unique opportunities, particularly in
regions with significant waste generation. Solid waste, for instance, reached approximately
2.24 billion tonnes globally in 2022, equating to 0.79 kg per person per day [13]. The World
Bank estimates that solid waste will increase by 73% to 3.88 billion tonnes by 2050, driven
by rapid population growth and urbanisation [13].

In Qatar, a nation heavily reliant on fossil fuels, more than 2.5 million tonnes of
municipal solid waste (MSW) are generated annually [14,15]. This waste, comprising
agricultural residues, animal waste, and household organic material, predominantly ends
up in landfills, contributing to air and water pollution through the emission of methane
(CHy), carbon dioxide (CO;), and other harmful gases [16,17]. While these challenges are
significant, Qatar’s large-scale production of MSW and date palm waste (DPW) offers a
substantial opportunity to adopt waste-to-energy (WTE) technologies. These issues are not
unique to Qatar; in the broader Middle East and North Africa (MENA) region, urban waste
exceeds 150 million tonnes annually [14].

Sweden is among the global leaders in WTE and waste management, having success-
fully utilised gasification technology to significantly reduce landfilling and emissions. For
instance, the GoBiGas project [18], conducted in Gothenburg, exemplifies this approach by
converting biomass and waste into syngas. The syngas is then processed into bio-methane,
which can be used for heating and as a fuel source. In addition, Sweden has achieved
remarkable success in waste management, with only 1% of its MSW ending up in land-
fills [19]. This waste is utilised in gasification technology, which generates clean energy
from resources that cannot be recycled, thereby reducing emissions. Sweden’s GoBiGas
project serves as an excellent example of how landfill waste can be minimised through
a combination of WTE, recycling, composting, and the recovery of materials and energy.
These efforts have resulted in lower greenhouse gas (GHG) emissions, reduced reliance on
fossil fuels, and increased use of clean energy sources within the country [18]. The amounts
and share of waste deposited in landfills across Europe are presented by the European
Environment Agency [19]. Qatar could adopt similar technologies to minimise landfill use
and emissions, paving the way for a more sustainable future.

Besides MSW and agricultural residues, food waste from restaurants represents the
third-largest contributor to landfills [20]. Landfills in Qatar and across the MENA region
present environmental concerns, releasing CHy, CO,, and other gases such as ammonia
(NHj3) [21], leading to soil degradation, groundwater pollution, and greenhouse gas emis-
sions [22]. CH4 and CO,, which account for 90-98% of landfill gases, are the primary
contributors to GHG pollution [23,24].
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Qatar’s economy has grown significantly, but one of its key challenges is the manage-
ment of MSW [15]. A notable issue is the regular turnover of the expatriate community,
which increases the waste stream and landfill pressures. The Ministry of Municipality and
Environment faces the task of managing waste from various sources, highlighting the need
for a detailed, integrated MSW management plan that addresses residential, industrial,
construction, and commercial waste streams. One challenge of implementing biomass
gasification technology in Qatar is the development of material recovery facilities (MRFs)
that can separate MSW and produce solid fuels for gasification, such as Refuse-Derived
Fuel (RDF) or Solid Recovered Fuel (SRF). Furthermore, constructing biorefineries for
producing bioproducts, including biomaterials and biochemicals, is essential [15].

The use of MSW and DPW in Qatar for clean energy generation is particularly ap-
pealing, as it addresses the dual challenge of increasing energy needs and growing waste
management issues. However, implementing such projects faces numerous obstacles and
constraints, which can be categorised as technical, economic, social, political, and environ-
mental. Technical barriers include the conditions and equipment required to process waste
into energy, as well as the absence of proper waste segregation structures [23]. Economi-
cally, the establishment and operation of Waste-to-Energy (WTE) plants entail high costs,
and there is a need for a stable policy regime to support these projects. Currently, Qatar
lacks policies or incentives to attract private sector investment or collaboration in financing
WTE projects [25,26]. Politically, the absence of clear backing increases uncertainty and
risks, further hampering the pursuit and implementation of such initiatives.

To mitigate the above-mentioned impacts, the Qatari government has implemented
programmes focused on increasing recycling and adopting sustainable waste management
practices, such as WTE incineration and composting.

This study evaluates the feasibility of using a biomass plant to generate clean electricity
from MSW and DPW through gasification in Qatar. This evaluation will determine whether
this technology can be successfully implemented as a source of clean energy while assessing its
economic and environmental impacts. The study also supports Qatar’s National Vision 2030
and serves as a benchmark for neighbouring countries and regions with similar characteristics
to evaluate the financial feasibility of adopting biomass gasification technology.

1.1. Energy Outlook

The State of Qatar, a small peninsular nation covering approximately 11.571 km?, is
located in the Middle East, bordered by Saudi Arabia and surrounded by the Arabian Gulf.
Despite its small size, Qatar has a population of around 3 million people, with 72% residing
in the capital city, Doha, one of the country’s eight municipalities [27]. Qatar is well known
for its high-income economy, primarily supported by oil and natural gas production, which
contribute significantly to its status as one of the wealthiest nations globally. As a leading
producer and exporter of natural gas and oil, Qatar plays a vital role in the global energy
market [28,29]. However, in recent years, Qatar has made concerted efforts to diversify its
energy sources, investing in renewable energy to reduce its dependence on fossil fuels and
align with its national development vision [30].

Since 1965, Qatar has relied heavily on fossil fuels to meet its energy demands. By
2022, natural gas had become the dominant energy source, accounting for 87.3% of the
country’s energy mix, followed by oil at 12.6%. Renewable energy, while growing, still rep-
resented a small fraction at 0.1% [12,31]. This heavy reliance on fossil fuels has significantly
contributed to the country’s carbon footprint. Energy-related CO, emissions from Qatar
accounted for 0.27% of global emissions, marking a 327% increase since 2000. This rise
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reflects the rapid industrial and economic growth in Qatar and highlights the urgent need
to diversify energy sources to address environmental challenges [31].

Figure 1 provides an overview of key metrics related to Qatar’s energy landscape, including
total energy supply, production, consumption and CO, emissions. As of the most recent
data [12,31], 99% of Qatar’s electricity generation comes from natural gas, with a total electricity
production reaching 54,623 GWh—a 498% increase since 2000. On a per capita basis, electricity
consumption is 19.11 MWh, reflecting a 45% rise over the same period. The country’s electricity
generation is primarily powered by natural gas, with a peak demand of approximately 9000 MW
and a total installed capacity exceeding 12,000 MW [32]. This rapid growth in electricity demand
is largely driven by Qatar’s rapid economic development and the need for air conditioning due
to its hot climate. Electricity is priced at 0.10 Qatari Riyals (approximately 0.027 USD) per kWh,
with the cost remaining consistent regardless of usage. However, the increasing demand for
cooling is expected to drive future energy costs higher [15,33,34].
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Figure 1. Qatar’s key metrics for 2022; (a) total energy supply; (b) domestic energy production;
(c) total final consumption by fuel source; (d) total final consumption by sector; (e) CO, emissions
from fuel combustion; and (f) CO, emissions by sector. Data from [31], adjusted by authors.
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In alignment with its national targets for environmental sustainability, Qatar imple-
mented a carbon offsetting and mitigation framework during the FIFA World Cup Qatar
2022. This initiative supported the country’s long-term energy goals by introducing low-
carbon solutions such as energy-efficient stadiums powered by renewable energy sources,
including solar power. The carbon-neutral approach also encompassed broader initiatives,
such as renewable energy projects, forest conservation, and enhanced waste management
systems that promote recycling and energy conservation [35-37]. These integrated strate-
gies not only addressed the immediate environmental impacts of the tournament but also
underscored Qatar’s commitment to a more sustainable energy future.

Qatar’s population growth, coupled with increasing urbanisation and industrialisation,
has led to a significant surge in energy demand. For example, the Qatar General Electricity
and Water Corporation (Kahramaa) reported a 10% growth in power consumption in
2019 alone [38]. In response to this growing demand and to mitigate its carbon footprint,
Qatar has been making substantial investments in renewable energy. By 2030, the country
aims to generate 20% of its electricity from renewable sources [39]. Key initiatives include
solar power projects such as Al-Kharsaah, Mesaieed, Ras Laffan, and Dukhan, which are
projected to produce around 4000 MW of electricity by 2030 [40,41]. These projects are
expected to contribute 30% of Qatar’s total power generation capacity and reduce CO,
emissions by 4.7 million tonnes annually [39,42]. These efforts align with Qatar’s broader
objective of diversifying its energy mix, improving efficiency, and transitioning toward
more sustainable energy solutions.

1.2. MSW and DPW in Qatar
1.2.1. Gasification Plant Statistics

Biomass conversion methods are broadly classified into thermochemical and biochem-
ical processes. Thermochemical methods include gasification, carbonisation, pyrolysis,
combustion, and catalytic liquefaction, whereas biochemical processes encompass anaer-
obic digestion and fermentation [25]. Both approaches break down feedstock molecules
to produce biofuels, which can serve as renewable energy sources. Gasification converts
carbon-based materials like MSW and DPW into syngas, a mixture of hydrogen, carbon
monoxide, and methane [43]. This process offers a cleaner alternative to conventional waste
disposal methods while generating energy.

Gasification is particularly suitable for Qatar as a means of producing clean energy
from MSW and DPW. The country’s climatic conditions result in waste with high moisture
levels, particularly DPW, which poses challenges for conventional combustion processes.
Gasification, however, can tolerate high moisture content and convert it into useful syngas,
making it ideal for Qatar. The gasification process involves steps such as pyrolysis, partial
oxidation, and gasification. In the pyrolysis stage, the waste material is thermally decom-
posed without oxygen to produce syngas with high levels of carbon monoxide, hydrogen,
and methane. This syngas can subsequently be used in a gas turbine or processed through
combined heat and power (CHP) systems to generate electricity [44]. MSW and DPW are
high-calorific-value feedstocks that are abundantly available in Qatar, making them ideal
for renewable energy production through gasification technology.

Qatar is actively exploring the gasification of MSW and DPW as a viable clean energy
solution [45]. The adoption of gasification aligns with Qatar’s National Vision 2030 [46],
which aims to diversify the economy, reduce GHG emissions, and enhance environmental
sustainability. Qatar National Vision 2030 outlines the country’s long-term strategy for
sustainable development, focusing on economic, social, human, and environmental pillars.
It aims to transform Qatar into an advanced society capable of sustaining its development
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and providing a high standard of living for its people [47]. By 2030, it is estimated that
gasification technology could supply 9.4% of Qatar’s power consumption [48]. Waste-to-
energy (WTE) projects, such as biomass gasification, provide Qatar with opportunities to
enhance energy security and reduce its dependence on landfills. The gasification process
breaks down waste materials in a low-oxygen environment to produce syngas, which can
be used for electricity generation, heating, and industrial processes [49]. By-products such
as tar and char from gasification can also be utilised in other industries, contributing to a
circular economy.

The date palm is a vital cultural and economic asset in Qatar, producing various
by-products, including leaflets, rachis, fruit stalk trimmings, and trunks, which are often
discarded as waste. However, these by-products present significant opportunities for reuse,
recycling, and energy recovery. Similarly, Qatar’s MSW primarily consists of food scraps,
yard waste, plastic, and paper. In 2023, the country generated over 2.5 million tonnes of
MSW, as reported in the Qatar National Development Plan 2018-2022 [50,51].

Landfilling remains the predominant method of waste disposal, with approximately
95% of MSW ending up in landfills. This reliance on landfills poses environmental risks,
including soil and water contamination, GHG emissions, and potential health hazards for
nearby communities [52]. To address these challenges, Qatar has implemented the Qatar
Integrated Waste Management Project (QIWMP), which includes landfill gas recovery,
composting and recycling facilities, and a WTE plant to mitigate the environmental impact
of MSW disposal [53].

Qatar’s estimated 700,000 date palm trees produce approximately 26,000 metric tonnes
of dates annually, with each tree generating around 250 kg of waste [54]. This results
in an annual production of about 175,000 metric tonnes of DPW [55]. Although Qatar’s
date production is modest compared to regional producers like Saudi Arabia and Iran,
leveraging DPW for energy recovery could significantly contribute to its National Vision
2030 [56,57]. Globally, the production of date palms has increased from 6.83 million
metric tonnes in 2011 to 9.66 million metric tonnes in 2021 [58,59]. Qatar dedicates around
2598 hectares to date palm cultivation, with significant production in municipalities like
Al-Rayyan, Umm Salal, Al-Khor, and Al-Shamal. Al-Rayyan alone accounts for 27% of
national production, amounting to about 8419 tonnes annually, followed closely by Umm
Salal and Al-Khor at 25.7% each. Al-Shamal contributes 21.6%, producing approximately
6735 tonnes annually across 561.3 hectares [60], as shown in Table 1.

Table 1. Municipalities and date palm statistics in Qatar [60].

Municipality Date Palm Production Area
(Region) (Number) (Tonnes/Year) (%) (Hectare)
Al-Rayyan 175,396 8419.1 27.0 701.6
Umm Salal 166,951 8013.8 25.7 667.8
Al-Khor 166,951 8013.8 25.7 667.8
Al-Shamal 140,317 6735.0 21.6 561.3
Total 649,616 31,182 100 2598.5

At the pre-processing stage for WTE initiatives, MSW and DPW must undergo sev-
eral key processes to optimise gasification efficiency. Waste collection, segregation, pre-
treatment, transportation, and storage are critical steps in preparing feedstock for the
gasification plant. Dedicated trucks and containers ensure waste is collected separately
from residential, industrial, and agricultural sites, maintaining the integrity of the waste
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streams. Proper segregation at the source eliminates contaminants that could reduce the ef-
fectiveness of the gasification process. Collected waste undergoes pre-treatment, including
shredding and grinding to reduce material size and sorting to remove non-combustible
components [61,62]. These steps enhance the calorific value of the feedstock and improve
gasification efficiency. Moisture reduction during pre-treatment is also crucial to optimise
energy output. Once prepared, the feedstock is transported to the gasification plant, where
storage facilities near the plant preserve the quality of the materials and prevent contami-
nation. This systematic approach ensures the effective use of MSW and DPW for energy
production, contributing to Qatar’s efforts to achieve sustainable waste management and

energy diversification [30].

1.2.2. Energy Production from MSW and DPW

According to Yayha et al. [53], a mature data palm tree produces approximately 20 kg of
dry leaves annually. On average, an acre of land contains between 80 and 130 date palm trees.
Each tree’s trunk has an average mass of 60 kg, as shown in Table 2. In any given year, around
2-3 trees die per acre die and are replaced with newly planted ones. Currently, most of this
waste is discarded in landfills, exacerbating pollution and contributing to CO, emissions.

Table 2. Energy potential and applications of DPW and MSW [63-65].

Waste Type Weight (kg/Tree/Year) Applications
Leaflets 9.2 Baskets, crates, carpets, food covers, fans etc.
Rachis 10.8 Timber, wood, furniture, mats, fuel etc.
Trunk 60.0 Poles, beams, girders, etc.
Fruit pruning 0.5 Cages, trays, cords, vases, twine etc.
Date stone 90.0 Medicinal usage, body temperature coolant etc.

To address this issue, various initiatives have been introduced to promote the utilisa-
tion of DPW for electricity generation and other purposes [66-69]. For instance, the Qatar
National Research Fund, under the Qatar Foundation, has supported numerous studies
investigating the potential of DPW for producing biofuels, biogas, and other valuable
products [68,70]. Research by Sait et al. [71], employing thermogravimetric analysis (TGA),
examined the thermochemical properties of date palm biomass. The study revealed that
date palm seeds and leaves possess high calorific values and significant volatile content,
making them well-suited for energy production. Specifically, the calorific value of date
palm seeds was found to be 18.97 MJ /kg, while the leaves and trunk exhibited calorific
values of 17.9 MJ/kg and 17.4 MJ /kg, respectively, as detailed in Table 3. This high energy
potential highlights the promise of DPW as a bioenergy resource.

Table 3. DPW and MSW higher heating values (HHV) [15,71,72].

Residue Type HHV MJkg—1)
Leaflets 17.9
Rachis 10.9
Trunk 17.4
Date stone 18.97
MSW 134
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2. Methodology
2.1. Measurement of Total Residues

The residue-to-product ratio (RPR) is used to estimate the volume of residues gener-
ated by a tree or a particular area of land [71]. The RPR is typically derived from field data
and adjusted to align with local conditions, such as climate, soil characteristics, and farming
practices. In this study, both the RPR and the higher heating values (HHV) are actual
measured values obtained from literature that represent climates similar to Qatar [44,73].
These values have been calculated based on global averages to ensure their applicability
and reliability under the studied conditions.

The total date palm residue in Qatar, Rr;, is calculated by multiplying the number
of date palm trees in the country (649,616) by the average amount of residues each tree
produces annually, as listed in Table 4. In 2021, Qatar produced over 2.5 million tonnes of
MSW from commercial and household sources, equating to 1.6 kg of waste per capita per
day [53].

Table 4. Estimation of total date palm residues in Qatar [53].

Residue Type R(i:ﬁrl::e‘;izlag:;t Number of Date Palm Trees ('{(ogtai 1}33;;1{:::)
Leaf 9.2 649,616 5.976
Rachis 10.8 649,616 7.015
Trunks 60.0 649,616 38.967
Date stone 90.0 649,616 58.465

2.2. Total Potential Energy

Based on the findings by Hiloidhari et al. [74] and Tolessa [75], the gross crop residue
potential (GCRP) is calculated using factors such as the area under cultivation, the amount
of crop produced, and the residue-to-product ratio (RPR), as given by Equation (1):

GCRP =Y CA(xCY ;) x RPR; (1)

where; GCRP is the potential of gross crop residue, t represents the total number of crops
(tonnes), CA(i) is the cultivated area of the 7" crop (hectares), CY(Z-) is the crop yield of the
i'" crop (hectares), and RPRy;) is the residue-to-product ratio of the it" crop.

For date palm trees, Equation (1) can be rewritten as:

GCRP =Y | RAyHHV; @)

where; RA (i) represents the quantity of available residues from the i crop per hectare per
year (in MJ/year) and HHV (i) is the high heating value (in MJ /kg).

Using Equation (2), the total energy potential of date palm residues in Qatar is calcu-
lated based on the weight of the residues and their respective high heating values.

The capital cost of the power plant is calculated using the following scaling

Equation (3) [76]:
G =62 ©)

where; Cj, is the estimated capital cost of the new power plant (in 2016), C, is the reference
plant capital cost, S is the capacity of the new power plant, S, is the reference plant capacity,
and # is the standard scaling factor of 0.6, obtained from historical data for similar-scale
economic analysis [73]. It was chosen based on the work of (Tribe, M.A. and Alpine,
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R.L.W.,, 1986) [77]. This selection was influenced by various factors, including technological
constraints, economic feasibility, environmental sustainability, and regulatory requirements.
To adjust for inflation to 2023, Equation (4) is used:

Cg lu
haC— 4

G L 4)
where C, and Cj, represent the estimated capital costs of the new plant in 2023 and 2016,
respectively. I; and [, are the chemical engineering plant cost indices for 2023 and 2016,
respectively. Therefore, we can derive:

Conoz b3
_ 4 5
Cot6 Dots ©)

Rearrange Equation (5):

I2023
Ca = Caoos = 7 X Cao16 (6)

2016
Biomass cost = Collection cost + Storage cost + Transportation cost (7)
Operating cost = Fixed cost (inclusive of biomass cost) + Variable cost 8)

To assess the project’s financial viability, discounted cash flow (DCF) analysis is used
to calculate the Net Present Value (NPV), as given by Equation (9) [74]:

C
(1+1)

N
NPV =) ", ©)
where Ct is net cash flow over the year, i is the financial discount rate, N is the total number
of years and ¢ is the time of the cash flow. The Return on Investment (ROI) for a power
plant with an operating life of 20 years in Qatar can be calculated using Equation (10) [76]:

P x (1—TR)

ROI'= pe < CRE+ TVC)

(10)

where; P is the profit, TR is the tax rate (10% for Qatar), TPC is the total plant cost, CRF is
the capital recovery factor, and TV C is the total variable cost. It is worth noting that the
typical operating time of a power plant is much longer than 20 years. However, for market
reasons, i.e., a satisfactory rate of return for investors, a period of 20 years is conducive to
acquiring them. Moreover, after 20 years, significant modernisation investments may be
necessary, changing the investment balance. CRF can be found in Equation (11):
i
CRF = T (11)

The payback period can be calculated using Equation (12) [78]:

Payback Period =Y + % (12)

where; Y is the last year with negative cumulative NPV, N is the absolute value of the

negative cumulative NPV at the end of the year, and P is the annual cash flow during the
year after Y.
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3. Results and Discussions
3.1. Qatar’s Energy Potential from DPW and MSW

The total energy potential of date palm residues in Qatar is summarised in Table 5.
The total residues were calculated by multiplying residues weight by the number of date
palm trees (see Table 4), while the total energy was calculated by multiplying the higher
heating value (HHYV) by the total residues, as given in Sections 2.1 and 2.2. The data shows
that date stones have the highest energy potential among the residues, contributing a
total energy of 1.109 x 10° MJ. Trunks follow as the second-largest contributor, providing
0.678 x 10° MJ. Leaflets contribute 0.106 x 10° MJ, while rachis residues account for the
lowest contribution at 76.46 x 10° MJ. MSW in Qatar contributes 33.4 x 10° MJ to the
total energy potential. The combined total energy potential of DPW and MSW reaches
2.01 x 10° MJ annually, demonstrating the significant renewable energy resource repre-
sented by these waste streams.

Table 5. Total energy of date palm residue and MSW in Qatar.

Tvpe of Residue Total Residues HHV Total Energy
M (kg x 10° /year) (MJ/kg) (MJ x 10°)
Leaflets 5.976 17.90 106.97
Rachis 7.015 10.90 76.46
Trunks 38.967 17.41 678.42
Date stone 58.465 18.97 1109.08
MSW 2.5000 13.40 33.40
Total 112.923 2004.43

Biomass HHYV, such as trunks and date stones, is influenced by moisture content,
chemical composition (cellulose, hemicellulose, lignin, ash, and oil), and environmental
factors [79]. The type of biomass residues, such as trunks or date stones, also impacts
variations in energy potential. When evaluating HHYV, it is essential to consider not only
the material’s inherent composition but also the drying and storage processes that affect
moisture content [71]. The HHYV serves as an indicator of the energy content of residues
from DPW, as well as MSW available in Qatar. Consequently, the coefficients of variation
for these residues are affected by factors including chemical identity, the amount of water-
soluble compounds, and the polymerisation of organic substances present in the residues.

In general, the HHV values for trunks and date stones are higher than those for leaflets
and rachis due to the former’s higher carbon content and lower hydrogen content [71].
Moisture content is a key factor significantly affecting HHV differences. A direct relation-
ship has been observed: higher moisture content correlates with lower HHYV, as part of
the energy content is used to vaporise the water [80,81]. For instance, the HHV of trunks
(see Table 5) is approximately 17.41 MJ/kg, while for date stones, it is 18.97 MJ/kg. This
disparity is attributed to the lower moisture content in date stones compared to trunks.

It is worth mentioning that, for the majority of the year, the climate of Qatar is clas-
sified as dry due to low relative air humidity [82]. This, coupled with high temperatures,
significantly facilitates the drying process of biomass, including trunks and date stones.
Compared to the climatic conditions of European countries such as Sweden, where natural
drying of biomass can take several years, Qatar’s climate provides a considerable advan-
tage. This natural drying capability reduces the cost of biomass conditioning required for
thermochemical conversion processes such as gasification and combustion.
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3.2. Economic Analysis

In this study, the economic analysis of biomass gasification was conducted using the
discounted cash flow (DCF) methodology. This approach estimates the project’s future cash
flows, discounts them to their present value, and determines the net present value (NPV).
By accounting for the time value of money, the DFC method provides a comprehensive
evaluation of the project’s financial viability.

3.2.1. Capital Costs

The initial capital cost represents the total expense required to install the project,
including power plant construction, auxiliary systems (e.g., transformers, evacuation lines),
and all upfront costs necessary for development construction, and commissioning [74,83].
These costs typically include land acquisition, equipment and materials procurement, legal
and regulatory fees, labour, construction, and associated engineering and design fees.

This study estimates costs for a 373 MWy, gasification-based biomass electricity gener-
ation facility, processing MSW and DPW. The plant configuration includes a single steam
generator, condensing steam turbine, biomass storage and handling systems, and a post-
emissions control system. The operational specifications of the facility include the reception,
storage, and gasification of MSW and DPW with moisture content ranging between 20%
and 50% [84]. It is worth noting that the 373 MWy, capacity for the biomass gasification
plant proposed in this study represents a mid-sized, economically viable facility capable of
efficiently managing substantial feedstock volumes while aligning with regional energy
and resource availability.

To estimate costs, the Chemical Engineering Plant Cost Index (CEPCI) is employed.
This index provides cost projections for chemical process industries, including equipment,
construction labour, engineering processes, and supervision activities [85]. The CEPCI
values for 2016 and 2023 are $541.7 and $808.7, respectively [85]. The facility is designed
to start up using either natural gas or diesel fuel. Considering local conditions in Qatar,
such as biomass production and treatment costs, the average capital cost is estimated at
$3669/kW [84]. For a nominal capacity of 112 MW, (373 MWy,), the total estimated capital
cost of the power plant is $183,450,000 [84]. By applying Equations (3)—(6), the capital cost
of the power plant (Cp 5016) in 2016 is $8,083,008.04, while the estimated cost for a 373 MWy,
biomass power plant in 2023 (Cj 523) is $12,067,064.06.

3.2.2. Operating Cost

The operating cost of the biomass gasification facility includes expenditures for
biomass feedstock, labour, maintenance, and other operational expenses. These costs
are influenced by system availability and the biomass consumption rate. Using the ex-
ponential method, the fixed cost is estimated at $110/kW annually based on 2016 values,
while the variable cost is calculated as $4.2/MWh. Additional operational costs include the
collection, storage, and transportation of biomass feedstock to Qatar’s Dukhan biomass
plant, with an average transportation distance of 150 km. The transportation cost is esti-
mated at $100 per 9 tonnes, while collection and storage costs are $80 and $25 per 9 tonnes,
respectively [76]. Using Equations (3) and (6), the fixed cost for a 373 MW, biomass power
plant in 2023 is $263,113.96, and the variable cost amounts to $1,251,022.58. Furthermore,
the biomass process cost, calculated using Equation (7), is $2,572,135. Combining these
expenditures, the total operating cost of the biomass power plant, using Equation (8), is
$4,086,271.54.

The cost of biomass feedstock required to supply the power plant is also considered
in the operating expenses. It is important to note that the proposed facility would be
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pioneering in nature, providing a real database for calculating and designing subsequent
biomass energy investments in Qatar [86]. At present, biomass pricing in Qatar remains
predictive. However, due to the waste-derived nature of biomass in the country; its price
is expected to be lower than global market prices [68]. Potential suppliers may view the
facility as an effective disposal site for post-production waste, further reducing costs. It is
essential to note that the analysed residues, while suitable for energy production, could also
have alternative applications, potentially impacting their availability and pricing as energy
carriers [87,88]. However, Qatar’s uniform energy and industrial structure-primarily based
on oil and gas—along with its geographic isolation from global biomass waste markets,
minimise the likelihood of such price pressures [89,90]. Consequently, the steady and wide
availability of the analysed biomass types can be anticipated for the facility, ensuring a
reliable and cost-effective feedstock supply for energy production.

3.2.3. Revenue and Cash Flow

In the electricity sector, the primary source of revenue comes from selling generated
power to the distribution grid, as illustrated in Figure 2. Revenue is determined by the
electricity price and the plant’s capacity factor. In this study, the biomass plant operates
with an electricity generation efficiency of 30%, with an average capacity factor of 0.8,
and an average electricity price of $30/MWHh [83]. The facility, rated at 373 MWy, and
generating 112 MW, of power, is expected to maintain consistent annual sales revenue.
The annual revenue can be calculated as follows [73]:

Annual Revenue = 112 MW, x 8000 h/year x $30/MWh = $26,880,000 (13)

Higher Heating Value, Energy in Biomass
HHV (kJ/kg) (GJ)

Cold gas efficiency Energy in Syngas
(CGE) (GY)

I

Generation efficiency Electricity Generation
| Conversion (%) (GJ)

#

|

Converted to kWh

Electricity sales price} ‘} Electricity Revenue

:

Figure 2. Sales revenue computation for MSW and DPW gasification power plant. Adjusted from [73].

This calculation assumes stable operation of the plant under the given capacity factor
and electricity price conditions.

The discounted cash flow (DCF) method is employed to assess the financial feasibil-
ity of the biomass gasification plant. The DCF analysis calculates key financial metrics,
including the net present value (NPV), return on investment (ROI), and payback period.
The total investment for the biomass plant comprises the capital cost and operating cost,
amounting to $16,153,335.6. Additional costs include the working capital cost, which is
estimated at 15% of the total investment, equalling $2,243,000.34 [91]. The decommission-
ing cost of the plant is approximately $2,900,000 [78]. The average inflation rate in Qatar
is reported at 1.47% [92], and the expected completion period for the plant is two years.
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Given Qatar’s structural financing policies and commitment to renewable energy, it is
assumed that the project will be self-financed. This approach eliminates the need for debt
servicing costs, which are often included in operating expenses under alternative financing
scenarios. Assuming a discount rate of 8% and a project lifetime of 20 years, the NPV of
the biomass gasification power plant is calculated using Equation (9) [76]. The resulting
NPV is $245,765,864.05.

Figure 3 illustrates the projected cash flow over the plant’s 20-year operational period,
highlighting the NPV derived from the relationship between operating costs and revenue.
The NPV shown in Figure 3 exhibits high values starting after the first two years, reflecting
the commencement of operations for the MSW and DPW gasification plant. This trend
indicates a positive economic outlook, as revenue inflows progressively outweigh operating
cost outflows over the project’s lifetime. The widening gap between the positive inflows
(revenue) and negative outflows (operating costs) underscores the plant’s ability to generate
significant surplus revenue in the long run.

[C_Joperating Cost[___JRevenue [__] Cash flow | Net Present Value, NPV|

N

o
1

1

w
=)
1

N
o
1

1

—

o
1

1

3 o | L [

Cash Flow (x 1 million USD)
1
s o

1
n
o

1
|

I
w
o

1
1

-40 T T T T T T T T T T T
2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044

Biomass Power Plant Lifespan (year)

Figure 3. Projected cash flow over 20 years of biomass gasification plant operation in Qatar.

The capital recovery factor (CRF), estimated using Equation (11), was found to be
0.1. Additionally, the return on investment (ROI) is calculated using Equation (10), which
considers the total revenue return and the CRF, applying a discount rate of 8% and a plant
lifetime of 20 years. The results are depicted in Figure 4, which demonstrates the ROI
progression and further highlights the plant’s financial feasibility and profitability under
the assumed conditions.
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Figure 4. Return on investment, ROI, of the plant operation over 20 years.
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The return on investment (ROI) is projected to increase annually over the plant’s
lifetime, aligning with the revenue growth. The calculated ROI for the biomass gasifica-
tion power plant is 84.78%, which indicates that for every dollar invested (USD, $), the
project is expected to generate a return of 84.78 cents over its operational lifetime. The
combination of a high NPV and significant ROI underscores the financial feasibility of the
biomass gasification power plant in Qatar. These results also highlight the project’s strong
potential to deliver long-term economic benefits and contribute to the country’s renewable
energy initiatives.

The payback period for the biomass gasification plant is estimated using Equation
(12) and is found to be approximately 5 years, as illustrated by the intersection point
in Figure 5. This intersection represents the moment when the total investment is fully
recovered through accumulated profits. Furthermore, the cumulative NPV grows at a
significantly faster rate than the annualised NPV due to the effect of compounded profits
over time. This results in intersecting plots, where the intersection highlights the point
at which accumulated annual profits equal the initial investment. The rapid growth of
cumulative NPV and the relatively short payback period further emphasise the plant’s
high-profit potential and its strong financial viability.
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Figure 5. Overview of financial indicators: NPV as a function of power plant lifetime and payback period.

Examples from other countries suggest that for thermal power plants, actual invest-
ment costs can substantially surpass initial estimates, sometimes by as much as 300% for
nuclear facilities [93]. For facilities utilising fuels such as biomass or coal, cost overruns are
generally less extreme but remain common.

The proposed biomass gasification project in Qatar demonstrates promising economic
metrics, including a total capital cost of $12.07 million ($3669/kW), annual operational costs
of $4.09 million, and an expected revenue of $26.88 million annually. The plant achieves
a net present value (NPV) of $245.77 million, a return on investment (ROI) of 84.80%,
and a payback period of 5 years. To ensure a fair comparison, power plants must share
similar capacities, technologies, processes, and environmental conditions. However, as an
illustrative example here is; a biomass gasification project in Portugal, with a capacity of
11 MW, relies on forestry residues as feedstock [78]. The project’s capital cost is €2500/kW
($2800/kW at 2019 exchange rates), with an NPV of €2.367 million, an internal rate of
return (IRR) of 8.66%, and a payback period of 23 years [78]. The Portuguese project faces
challenges such as high feedstock transportation costs and lower plant efficiency due to
climatic and logistical constraints. While both plants achieve a 30% efficiency in electricity
conversion, Qatar’s dry climate reduces biomass drying costs, enhancing operational
profitability compared to wetter regions like Portugal. Qatar’s project offers economic
viability, making it an attractive model for waste-to-energy initiatives in the MENA region.
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For analysis of the given data, it is assumed that the biomass power plant in Qatar
operates at an efficiency of 30% for electricity generation. This efficiency rate is critical
in evaluating the viability and success of the project, as it directly influences revenue,
operational costs, and the overall profitability of the plant. The amount of energy produced
from biomass depends on factors such as the type of biomass resource utilised, the plant
layout, and the methods employed during operations [94]. One empirical example is the
biomass power plant in Copenhagen, Denmark, where the conversion efficiency is also
30% [95]. This plant uses both straw and wood waste as feedstocks to generate electricity.
Similarly, a review of Alkhathami (2022) [73] and related literature indicates [16,96-98] that
a 30% efficiency rate is a realistic assumption for the biomass power plant, which utilises
MSW and DPW as feedstocks.

In this study, a worst-case scenario assumes investment cost overruns of up to two
times the original estimate. This assumption has been incorporated into the profitability
calculations and reflected in Figure 5. Even under this scenario, the estimated payback
period extends to approximately 8 years, which remains a highly favourable value for this
type of investment. This result further highlights the project’s resilience and economic
feasibility, even under less optimal conditions.

3.2.4. Emissions

The implementation of the MSW and DPW gasification plant offers a significant
reduction in carbon emissions. The gasification process prevents the release of methane
(CHj4) and carbon dioxide (CO,), which are typically emitted from decomposing waste
in landfills. Methane, with a global warming potential (GWP) of 28-34 times that of CO,,
represents a critical emission to mitigate. The avoidance of 72,500 tonnes of CO,-equivalent
emissions annually highlights the environmental advantage of this approach.

The electricity generated by the plant, approximately 896,000 MWh annually, replaces
natural gas-based electricity, avoiding an estimated 358,400 tonnes of CO, emissions
each year. While the plant generates emissions during syngas combustion and through
operational activities such as transportation and pre-treatment, these are relatively modest.
Total emissions from the gasification process amount to approximately 224,114 tonnes of
CO; annually.

By balancing avoided emissions against generated emissions, the gasification plant
achieves a net reduction of 206,786 tonnes of CO, annually. This result highlights the plant’s
role as a cleaner alternative to landfill disposal and fossil fuel-based energy production,
contributing significantly to Qatar’s National Vision 2030. Table 6 provides a breakdown of
carbon footprint calculations, and further details are available in the Appendix A.

An annual net reduction of 206,786 tonnes of CO, represents approximately 0.2% of
Qatar’s total CO, emissions. According to data from the International Energy Agency
(IEA) [99], Qatar’s CO, emissions from fuel combustion were approximately 90.667 million
tonnes in 2022. While this percentage may seem modest, it is a meaningful step towards mit-
igating climate change. Every reduction contributes to the global effort to lower greenhouse
gas concentrations in the atmosphere. Moreover, implementing measures that achieve such
reductions can set a precedent for further environmental initiatives, potentially leading to
more substantial decreases in emissions over time.
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Table 6. Carbon footprint calculation for MSW and DPW gasification [33,53,71,74,100]. The detailed
calculations are available in the Appendix A.

. . Result
Source Calculation Assumptions (Tonnes CO,/Year)
. 2.50 million tonnes MSW /year, 1 kg B
Carbon emissions from current Methane from landfills CH, /tonne, GWP = 28-34 70,000 (CO,-eq from CHy)
actices CO; from landfills 1:1 ratio with CHy 2500 (CO; from landfills)
P Total landfill emissions avoided. CHy + CO, 72,500
. . 896,000 MWh electricity, 0.4 tonnes
Fossil fuel displacement CO,/MWh 358,400
. 112.9 M kg feedstock, 50% carbon, 1 tonne
Syngas Combustion C=367CO, 207,176
Emissions from biomass gasification Transportation 150 km, 100 kg CO, /tonne 11,292
Pre-treatment Operations 0.05 tonnes CO, /tonne 5646
Total Gasification Emissions Syngas + Transportation + Pre-treatment 224,114
Category Result (Tonnes CO,/year)
Total Avoided Emissions 430,900
Total Gasification Emissions 224,114
Net Carbon Reduction 206,786

4. Conclusions

The gasification of municipal solid waste (MSW) and date palm waste (DPW) offers
a sustainable and economically viable solution to Qatar’s waste management challenges.
This study demonstrates that the proposed biomass gasification plant can effectively reduce
landfill dependency while generating clean energy, thereby contributing significantly to
Qatar’s National Vision 2030.

Qatar generates approximately 2.5 million tonnes of MSW annually, a figure projected to
rise to 4.4 million tonnes by 2023, according to the Ministry of Municipality and Environment.
This feasibility study estimates that the capital cost of a 373 MWy, biomass gasification power
plant in 2023 is $12.07 million, with fixed operating costs of $263.11 million and variable costs
of $1.25 million. The total cost for the collection, transportation, and storage of MSW and DPW
is estimated at $2.57 million, resulting in total annual operating costs of $4.09 million. The
analysis further reveals a net present value (NPV) of $245.77 million and an annual revenue of
$26.88 million, with a payback period of approximately 5 years. Additionally, the gasification
plant achieves a net reduction of 206,786 tonnes of CO, annually.

This study also highlights critical challenges to implementing MSW and DPW gasifica-
tion, such as ensuring sufficient feedstock availability and managing the costs of collection,
transportation, and pre-treatment. Despite these challenges, the results underline the
potential for scalability and replication of this technology in Qatar and other regions with
similar waste profiles.

Future research should focus on exploring the co-gasification of MSW with other waste
streams, utilising syngas, produced during gasification, for gas turbine power generation,
assessing applications for by-products, investigating additional strategies for reducing car-
bon footprints, and optimising process efficiencies to enhance economic and environmental
outcomes. Addressing these areas will enable the proposed technology to play an even
greater role in advancing Qatar’s renewable energy objectives and reducing greenhouse
gas (GHG) emissions from conventional energy sources.
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Nomenclature

CEPCI  Chemical Engineering Plant Cost Index
CO, Carbon Dioxide

CRF Capital Recovery Factor

DCF Discounted Cash Flow

DPW Date Palm Waste

GCRP  Potential of Produced Crop Residue
GHG Greenhouse Gases

HHV  High Heating Value

kg Kilogram

MSW  Municipal Solid Waste

MW, Megawatt electrical

MWy,  Megawatt thermal

NPV Net Present Value

ROI Return on Investment

UsD United States Dollar

WTE Waste-to-Energy

Appendix A
Carbon Footprint Calculation for MSW and DPW Gasification [33,53,71,74,100].

1.  Carbon Emissions from Current Practices
A. Methane (CHy4) and CO, Emissions from Landfills

e  Annual MSW generation: 2.5 million tonnes

e  CHj emission factor: Approx. 1 kg CHy per tonne of MSW /year (based on IPCC
guidelines).

e  Methane Global Warming Potential (GWP): 28-34 times more impactful than
CO; over 100 years (IPCC AR®).

e Landfill gas composition: 50% CHy, 50% CO, (by volume).

Calculation:

CHj4 emissions = 2.5 million tonnes MSW X 1 kg CH,/tonne = 2500 tonnes CHy.
CHj emissions in CO; equivalent = 2500 x 28 = 70,000 tonnes CO,-eq/year.
CO; from landfill = Approx. 2500 tonnes/year (assuming a 1:1 ratio with CHy).
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Total landfill emissions: 72,500 tonnes CO;-eq/year.
B. Avoided Emissions from Fossil Fuels

e  Electricity generation potential: 373 MWy, plant with 30% efficiency = 112 MWe,.
e  Displacement of natural gas: Approx. 0.4 tonnes CO,/MWh for gas-based power.

Calculation:

Annual electricity generation = 112 MW x 8000 h = 896,000 MWh.

Avoided CO, emissions = 896,000 MWh x 0.4 tonnes CO, /MWh = 358,400 tonnes
CO;,/year.

Emissions from Biomass Gasification

A. Direct Emissions from Syngas Combustion

e  The carbon content of MSW and DPW: Approximately. 50% by weight (literature
value).

e  Annual MSW and DPW usage: 112.9 million kg.
e  Carbon to CO, conversion: 1-tonne carbon = 3.67 tonnes CO,.

Calculation:

e  Carbon content = 112.9 million kg x 50% = 56.45 million kg.
e CO; emissions = 56.45 x 3.67 = 207,176 tonnes CO, /year.

B. Emissions from Transportation, Pre-treatment, and Operations

e  Transportation: 150 km average distance; 100 kg CO, /tonne (literature estimate).
e  Pre-treatment energy use: Approx. 0.05 tonnes CO;/tonne (based on similar
studies).

Calculation:

Transportation emissions = 112,923 tonnes x 0.1 tonnes CO;/tonne = 11,292 tonnes
CO;,/year.

Pre-treatment emissions = 112,923 tonnes x 0.05 tonnes CO,/tonne = 5646 tonnes
CO;,/year.

Total operational emissions: 11,292 + 5646 = 16,938 tonnes CO, /year.

C. Total Gasification Emissions:

Total emissions = 207,176 (syngas combustion) + 16,938 (operations) = 224,114 tonnes

CO,/year.

3.

Calculate the Net Carbon Footprint

Net Emissions Saved:

Avoided landfill emissions: 72,500 tonnes CO,-eq/year.

Avoided fossil fuel emissions: 358,400 tonnes CO, /year.

Total avoided emissions: 430,900 tonnes CO; /year.

Net Carbon Emissions from Gasification:

Total emissions: 224,114 tonnes CO, /year.

Net Carbon Footprint Reduction:

Emissions saved — emissions generated = 430,900 — 224,114 = 206,786 tonnes
CO;,/year.
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Abstract

The global energy crisis demands efficient electricity production solutions, especially for
isolated communities where hydraulic energy can be harnessed sustainably. This paper
presents a case study analyzing the efficiency of a 13,330 kW hydrogenerator, consisting
of a bulb-type hydro-aggregate using the calorimetric method—a viable alternative when
testing at nominal load is not feasible due to technical limitations. The method involves mea-
suring the thermal energy absorbed by the cooling water under three operating conditions:
no-load unexcited, no-load excited, and symmetric three-phase short-circuit. Measure-
ments followed IEC standards and were conducted with high-precision instruments for
temperature, flow, voltage, and current. The results quantify mechanical, ventilation, iron,
and copper losses, as well as additional losses via radiation and convection. Thermal
analysis revealed significant heat accumulation in the rotor and stator windings, indicating
the need for improved cooling solutions. The calorimetric method enables efficiency eval-
uation without interrupting generator operation, offering a valuable tool for diagnostics,
predictive maintenance, and informed decisions on modernization. Furthermore, integrat-
ing an intelligent operational control system could enhance efficiency and improve the
quality of the supplied energy, supporting long-term sustainability in hydroelectric power
generation.

Keywords: synchronous generator; calorimetric method; energy losses; efficiency

1. Introduction

Considering the electricity crisis faced by all countries, increasing energy production
and reducing energy consumption are requirements being implemented through various
national and international strategies. In the case of isolated communities that do not benefit
from electricity transport and distribution networks but have a flowing water source,
establishing a micro-hydropower plant can solve the issue of electricity supply. Thus,
pico-hydro energy systems are being developed and implemented, featuring one or two
Pelton turbines with different numbers of buckets, which provide lighting for communities
and power for small consumers [1].
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A study conducted by the International Energy Agency (IEA) found that electricity con-
sumption in industry accounts for 37% of global energy consumption, while approximately
30% of global energy is consumed in buildings [2].

Moreover, if we refer to electricity production, in 2019, about 11% of global primary
energy came from renewable sources. Hydropower is included in renewable energy sources,
and it is transformed in hydropower plants into electricity. This energy source accounts for
over 60% of renewable energy production [3].

At the European level, through the REPowerEU plan, the goal for renewable energy
production has been proposed to increase from the current 40% to 45% by 2030 [4]. This
goal can be achieved through the construction of new small or large hydropower facilities,
maintaining the operation of hydropower plants and micro-hydropower plants at high
efficiency, as well as modernizing/repairing hydroenergy systems in various stages of
construction or taken out of operation.

For both operating and new hydro-aggregates, it is necessary to determine the ef-
ficiency of each component (turbine, generator) as well as the overall efficiency of the
hydro-aggregate. In the case of operating hydro-aggregates, determining efficiency can
lead to solutions for more efficient operation of the entire system, considering that most hy-
dropower plants have been in operation for a considerable time and that modern equipment
and solutions available on the market can contribute to increased efficiency.

Since, in most cases, the rotor speed of the turbines in micro-hydropower plants
ranges from 75 to 400 rpm, while the generator speed is often above 750 rpm, a mechanical
transmission is necessary between these components. If the turbine has fixed blades and
the generator is of the asynchronous type, then the efficiency of the hydro-aggregate is
lower than that estimated by calculations. To eliminate this disadvantage and increase
efficiency, a synchronous generator with permanent magnets directly coupled to the turbine
can be used. With a synchronous generator, it is possible to control the turbine rotor speed
based on the water flow that can be turbine-fed [5]. It has been demonstrated that, in the
case of low-power turbines, hydro-aggregates have higher efficiency when equipped with
permanent magnet generators compared to those with asynchronous generators [6].

Depending on the characteristics of the hydroenergy installation, the type of turbine,
and the optimal design of the blades, a higher or lower efficiency of the entire hydroenergy
system can be achieved [7,8]. Additionally, if the hydropower plant operates at a power
level lower than its nominal power, its efficiency decreases due to significant losses occur-
ring in the electric generator [9]. In this situation, increasing efficiency can be achieved by
reducing the value of the stator voltage [10]. Other methods used to increase the efficiency
of generators in hydroenergy systems include the use of autotransformers or frequency
converters, each with its advantages and disadvantages [11].

Regardless of the type of generator used, its efficiency is very important in hydropower
systems, necessitating the establishment of its efficiency by determining loss values, using
provisions from current standards [12,13]. The loss values depend on the constructive type
of the hydrogenerator and its operating mode.

Loss values are usually determined by testing the generator under no-load and short-
circuit conditions, determining core losses, mechanical and ventilation losses, and copper
losses [9]. The value of iron losses can be determined through magnetic circuit methods and
finite element methods when the generator operates at no load [14], separately analyzing
the various parts of the magnetic cores of the rotor and stator [15,16]. In the case of large
synchronous generators, mechanical losses caused by friction in bearings can be determined
by analyzing the variation in speed during mechanical and electrical braking [17].
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When Roebel bars are used, internal circulating currents between conductors occur,
causing additional losses, which represent approximately 2% of nominal losses [18]. An-
other category of additional losses is determined by the stamping of laminations, which can
lead to an increase in iron losses of up to 4% in the case of high-power hydrogenerators [19].
All these additional losses should not be neglected, as they determine the decrease in the
efficiency of the hydrogenerator.

A modern method used for determining losses consists of infrared thermography of
the mechanical parts of the generator, aimed at identifying the heat emitted through them.
The method involves the use of multiple sensors that communicate with the monitoring
system, thereby reducing the time needed to determine efficiency compared to other
methods used [20,21].

When determining the efficiency of the generator using the calorimetric method, it is
considered that all losses in the machine are transformed into heat. Thus, the temperature
and flow rate of the cooling fluid must be measured, along with the temperatures along
the surface of the machine. Based on the heat transfer coefficient, the losses and input
power, as well as the efficiency of the generator, are calculated [22-24]. Research has
shown that the temperature on the rotor is higher than that in the stator. This fact was
demonstrated through analysis with an infrared sensor installed on the stator side to
measure the temperature of each rotor pole [25]. A similar study presents the same
methodology for determining the efficiency of a 90 MW synchronous generator with
apparent poles and a vertical axis. The results obtained from measurements were compared
with those provided by the generator manufacturer [26]. Although the same methodology
for determining generator efficiency is used, in the present case study, the calorimetric
method is applied to a bulb-type generator. While the 90 MW generator dissipates part of
its losses through cooling air, this type of hydro unit has a much lower capacity for heat
evacuation via air, and the method for measuring the expelled air flow is less accurate than
measuring the cooling agent—water—circulating through the cooling system’s pipes.

The same method is also used to determine the efficiency of a 60 MW hydrogenerator,
where emphasis is placed on the arrangement of measuring equipment required for cap-
turing the necessary parameters [27]. It was found that the performance and calibration
of the measuring system significantly affect the quality of the measurements, potentially
introducing errors of up to 5% [28].

The advantage of using the calorimetric method lies in the fact that it does not require
stopping the hydro unit and does not require direct access to internal components, using
only external sensors such as thermoresistances, thermal cameras, and flow meters. It has
been demonstrated that this method allows for the determination of efficiency without af-
fecting the operation of the facility, thus being useful for early fault detection and predictive
maintenance [29].

If the cooling agent is water, to meet measurement uncertainty requirements, flow
meters must be correctly installed, and the discharge of cooling water should be reduced to
a low value so that the measurement uncertainty is within 3% [30].

To increase the efficiency of hydrogenerators, during the repair stage of hydro units,
the use of modern materials and high-performance systems for controlling their operation
is essential. Another method used to increase the efficiency of an asynchronous generator
involves the automatic modification of the winding connections from a delta to a star
connection [9].

In all cases of using electric generators, the waveforms of the voltages, currents, fre-
quency variations, and harmonic levels must be monitored and analyzed, as any variation
in load or water flow leads to a transient regime of the entire hydro unit, influencing
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the quality of the energy supplied to the consumer [31]. If an asynchronous generator is
used in the hydroelectric system, which supplies electricity in an unbalanced system, the
unbalanced system will negatively influence the performance of the generator and will
also affect the quality of the supplied energy [32].

In situations where the micro-hydroelectric plant operates autonomously, the deter-
mination of the performance of the hydro unit must take into account the use of battery
banks, as well as the inverter, necessary for controlling frequency during variations in load
or water flow [33]. These components also influence the efficiency of the hydro unit.

The operation of the electric generator at maximum efficiency requires that an optimal
choice of variable values be made from the design stage to ensure the fulfillment of this
objective [34], followed by verification in the simulation stage.

If an Intelligent Energy Control System (IECS) is implemented at the micro-
hydroelectric plant, used for adjusting the voltage and frequency supplied by the generator
and for monitoring load variations, it ensures the quality indicators of the energy pro-
vided to the consumer, achieving maximum efficiency at different loads [35] and operating
regimes, while ensuring safe operation [36].

This paper presents a case study in which the calorimetric method is applied to
determine the efficiency of a high-power hydrogenerator, consisting of a bulb-type hydro-
aggregate, presented in Figure 1.
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Figure 1. Cross-section view of a hydroelectric facility with a bulb-type turbine.

In this figure, H,;;, represents the upstream water level and H,, represents the down-
stream level. The components are labeled as follows: 1—intake chamber; 2—turbine cap-
sule; 3—guide apparatus; 4 and 5—turbine rotor and rotor chamber, respectively; 6—draft
tube. The hydroelectric facility /arrangement housing the analyzed hydro unit is designed
for low head and high flow rates. Initially, the plant featured a unique upstream bulb-type
hydro unit (with the generator positioned upstream of the turbine rotor), built by a Roma-
nian manufacturer. Given its long operational life, the need arose to improve the unit’s
energy efficiency, leading to the generator’s refurbishment. Based on this upgrade, in situ
measurements were conducted to determine efficiency, aiming to validate the guaranteed
performance provided by the manufacturer using the most accurate method available.
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This method is employed because it does not subject the hydrogenerator to demands
that could jeopardize its proper functioning over time, and because load testing is not
feasible due to the high power of the hydrogenerator. Determining the efficiency after a
certain operational period is a mandatory requirement to identify any critical points and
areas where intervention can ensure efficient long-term operation of the hydrogenerator.

For the analyzed hydrogenerator, cooling is ensured by using water as the cooling
agent. Measurements were carried out for three operating conditions/regimes of the
generator: no-load unexcited, no-load excited, and three-phase short-circuit. For these
regimes, both transmitted and non-transmitted energy losses through the cooling systems
were calculated.

This method is being applied for the first time in Romania. The existing research does not
include studies where the calorimetric method is used to determine the efficiency of a bulb-
type hydro unit cooled by water rather than air, as is typical for most hydrogenerators. The
method was chosen for its higher precision since the water flow rate can be measured more
accurately than air flow, especially considering the large surface area of the hydrogenerator.

The results obtained allow for the identification of critical energy loss areas and
provide a complete picture of the thermal behavior of the generator. The study confirms
that the calorimetric method is reliable, precise, and can be applied without disrupting the
operation of the equipment, making it suitable for the periodic assessment of efficiency
and for supporting decisions regarding maintenance and modernization of hydroelectric
installations. The case study was not intended to certify the efficiency of the refurbished
hydrogenerator but rather to validate its performance using the calorimetric method under
specific operating conditions.

2. Testing Method
2.1. Generalities and Objectives in Determining Efficiency

Determining the efficiency of the generator using the calorimetric method involves
measuring the temperature of the cooling agent, which can be either water or air.

In the presented case study, the cooling agent is water. This determination method was
chosen because, under normal operating conditions, it was not possible to run the generator
at its nominal parameters (voltage, current, power, and speed). The determination of
efficiency was carried out in accordance with the provisions of the IEC standards 34-2,
34-2A, and 34-4, taking into account all losses from the generator, from its radial and
radial-axial bearings [37-39].

To determine the efficiency of the generator, the same power factor value is maintained
while the value of the active load is modified, and the efficiency is determined with the

general formula
p

6= pryp

where 71 is the efficiency of the generator, P is its active power supplied by the generator,

)

and XP represents the measured and calculated losses from the generator corresponding to
the active power.
The operating regimes used for determining losses in the generator are

e  No-load unexcited operation (the excitation winding is not powered), when the gener-
ator operates at nominal speed;

e  No-load excited operation, when the excitation winding is powered at nominal voltage
and the rotor speed is nominal;

e  Three-phase short-circuit operation, when the current value in the stator winding is at
its nominal value.
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Determining the generator’s efficiency involves carrying out measurements and con-
structing characteristics such as

e  Measuring the ohmic resistances of the stator and rotor windings;

e  Measuring the flow rate and the inlet and outlet temperatures of the coolant in the
cooling units;

e  Determining the nominal excitation current by directly measuring it at the generator’s
nominal apparent power;

e  Determining the loss values in the axial and radial bearings of the generator;

Determining the adjustment characteristics of the generator by establishing the excita-
tion current value at P = 0.25, 0.50, 0.75, 1.00, and 1.1% of the nominal current for nominal
power factor and unit power factor.

Preliminary operations before measurements included the following;:

e  Selecting and installing the measurement transducers according to the manufacturer’s
technical specifications;

e  Connecting the transducers to the data acquisition systems;

e C(Calibrating the equipment in accordance with required standards.

2.2. Measuring Devices Used
2.2.1. Devices for Measuring Electrical Quantities

Electrical measurements in the generator’s primary circuits were carried out using
current transformers and shunts, along with measuring instruments that featured a preci-
sion class of at least 0.5 in alternating current circuits and a precision class of 0.5 in direct
current circuits. For secondary circuits, measurements were made with devices having a
precision class of 0.2.

To measure electrical parameters in the stator of the synchronous generator, the
Chauvin Arnoux (France) CA8336 network analyzer was used, with a sampling rate of
256 samples per period, compliant with IEC 61000-4-30 Class B [40]. Measurements for
the excitation winding were taken using the Chauvin Arnoux (France) CA PEL 113 logger.
Instrument errors were as follows: voltage and current < 0.25%, power calculations (active,
reactive, apparent) < 0.3%, and power factor < 1%.

2.2.2. Devices for Measuring Temperatures

To measure the cooling air, platinum thermoresistances are used. Thus, for each cooler unit,
a PT 100 () thermoresistance at 0 °C is used to measure the temperature of the warm air, while
the cold air temperature is measured with an identical thermoresistance placed in the middle of
the cooler unit. The thermoresistances are mounted in copper sheaths to reduce the effect of air
currents on measurement precision. The measurement error of the thermoresistances must be a
maximum of £0.5 °C at 0 °C and a maximum of +0.35 °C at 100 °C.

The cooling water temperature at the inlet and outlet of the cooling circuit for the axial
and radial bearings of the generator is measured using PT 100 () thermoresistances at 0 °C,
adapted for mounting on pipes and for operation in water environments, with a precision
of £0.1 °C.

To measure temperatures in the stator windings of the generator, thermoresistances
are also used, and the value taken into account is determined as the average value of the
maximum measured temperatures.

To measure the temperatures of the generator casing, as well as the temperatures
on the outer and inner surfaces of the generator pit, PT 100 () thermoresistances or laser
measuring devices are used.
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Ambient temperatures, air temperatures in the generator pit, in the machine room,
and outside the generator pit are also measured using PT 100 () thermoresistances.

2.2.3. Devices for Measuring the Cooling Water Flow in Bearings

Ultrasonic flow meters are used to measure the cooling water flow for each of the
separate cooler units, which are mounted on pipes. For remote monitoring, it is necessary
for each flow meter to be equipped with an analog output in a unified current signal
(4-20 mA) or voltage (0-10 V).

In the analyzed situation, the flows of 5 cooler units were monitored. The total flow of

"2

cooling water Q4 is determined as the sum of the flows of the “i” cooler units:

Qa =) Qui (2)

Ultrasonic flowmeters were installed on the cooling system pipes, following the
manufacturer’s installation guidelines. These MAGFLOW-type meters have an accuracy of
£0.5%, repeatability of 0.1%, and an auto-calibration function. Systematic errors considered
during flow measurement included transducer repeatability + 0.1%, transducer non-
linearity =+ 0.25%, and pipe length-induced error £ 0.2%.

2.3. Determination of Efficiency Using the Calorimetric Method
2.3.1. Determination of Losses Transmitted by the Cooling Agent Water

The determination of losses transmitted by the cooling agent water is carried out for
three distinct operating modes of the hydrogenerator: no-load unexcited operation, no-load
excited operation, and short-circuit operation.

For the determination of losses in no-load unexcited mode, the measured values of
the cooling water flow rate and the temperatures of the water at the inlet and outlet of the
cooler unit are used. By calculating the temperature difference between the hot water at
the outlet and the cold water at the inlet of the cooler unit, the amount of heat released by
the hot air from the generator, converted into power losses Py, is determined:

Pig =Y (Qaio-ATjo-pa - Cpa) 3)
where
e Qujo is the flow rate of the cooling water through cooler unit i (L/min);
o  ATj is the temperature difference between hot and cold water i (°C);
e g is the density of the cooling water (997 kg/m?);
[ ]

Cpa is the specific heat of water (4176 ]/ kg-°C).

The density of water p4 is selected according to the IEC 34-2A [38] provisions, and the
average temperature of the cooling water T4,, is calculated using the following formula:

T +T
TAm _ ACm 5 ARm (4)

where

o Tjrm—average temperature of cold water, at the cooler inlet, was calculated for all
cooler units (°C);

o Tycpm—average temperature of hot water at the cooler outlet, was calculated for all
cooler units (°C);

e  Tj,—average temperature of the cooling water for all cooler units calculated from the
average temperatures of cold and hot water (°C).
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2.3.2. Determination of Non-Transmitted Losses Through the Cooling Agent

Some of the generator’s losses are not transmitted to the cooling agent—in this case,
water. The losses that are not transmitted are losses due to radiation and convection P,
transmitted through the generator shields.

These losses are determined using the following formula:

Py =) (hi- ATy~ A)) (5)
where
e Pr—losses due to radiation and convection [W];
e  hj—heat transfer coefficient through surface i [W/ m?2-°CJ;
e Aj—surface area i [m?];
e  ATi—the temperature difference between surface i and the ambient temperature at 1

m distance [°C].

The value of the coefficient h; is selected according to the IEC provisions, and in this
case, itis 15 W/m?-°C.
The surfaces for which measurements are required are

e Aj—area of the downstream shield of the generator, with a value of 20.68 m?2;
e  Ajy—area of the upstream shield of the generator, with a value of 17.33 m?.

For the upstream shield, temperatures were measured with 4 thermoresistances, and
for the downstream shield, 2 thermoresistances were used. These temperature values were
determined for each of the modes: no-load unexcited, no-load excited, and short-circuit.
For the calculations, temperature values under stabilized conditions were used.

After calculating the heat transfer for each individual surface, the losses are determined
by algebraic summation.

2.3.3. Determination of Separate Losses of the Generator

The determination of separate losses of the generator is also based on the three distinct
operational modes of the hydrogenerator: no-load unexcited operation, no-load excited
operation, and short-circuit operation.

3. Results

The measurements were taken on a bulb-type hydro unit. The hydrogenerator is
directly and rigidly coupled to the hydraulic turbine via the rotor, with the entire unit
submerged in water.

The nominal data of the generator are

Nominal apparent power, S, = 13,330 kVA;
Nominal voltage, U, = 6300 V £ 5%;
Nominal stator current, I,, = 1221.6 A;
Nominal excitation voltage, Ug, = 300 V;
Nominal excitation current, Ig, = 288 A;
Speed, n =107.1 r.p.m,;

Power factor, cosg = 0.975.

3.1. Measurements for the No-Load Unexcited Operating Mode

For the no-load unexcited operation test of the generator, its rotor will be driven
at nominal speed and maintained at this speed throughout the tests. During operation,
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temperature values will be monitored until the thermal steady-state condition in the
generator is reached.

3.1.1. Determination of Mechanical and Ventilation Losses by Measuring Cold and Hot
Water Temperatures in No-Load Unexcited Mode

The flow rates of the water that circulated through the five cooling units were as
follows: 230 L./min, 200 L/min, 190 L /min, 215 L./min, 200 L./min (Table 1).

Table 1. Values of losses during no-load unexcited operation based on flow rate and water tempera-
tures through each cooling unit.

Cooling Unit Water Flow Water Temperature [°C] Losses
Number Rate [L/min] Tionc Tioar AT Pyjp [kW]
1 230 244 23.8 0.6 9.576
2 200 24.6 23.8 0.8 11.103
3 190 24.6 23.8 0.8 10.548
4 215 243 23.8 0.5 7.460
5 200 24.6 23.8 0.8 11.103
Total losses Pqg [kW] 49.788

For each cooler unit, the average temperatures of the cold water at the inlet and hot
water at the outlet were calculated. The time variation in the temperature of the cold water
is presented in Figure 2a, and that of the hot water in Figure 2b. For all cooler units, the
value of the cooling water temperature was the same, with measurements being taken
every 60 min from 10:30 to 18:30.
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Figure 2. Variation in the cooling agent temperature during the generator operation in no-load
unexcited mode: (a) water at the inlet of the cooler unit; (b) water at the outlet of the 5 cooler units.

The losses evacuated through the cooling water correspond to mechanical and ventila-
tion losses, and their values corresponding to each cooler unit are presented in Table 1.

The total value of mechanical losses due to ventilation and friction with air determined
in the no-load unexcited operation mode Py is 49.788 kW.

3.1.2. Determination of Air Temperatures Through Cooler Units in No-Load
Unexcited Mode

For this measurement, the temperature of the cold air entering the five cooler units
and the hot air exiting the same cooler units was recorded. These measurements were taken
at the same moments in time and intervals as those used for the cooling water temperature
measurements. The variation in the temperatures of cold air T4,, and the air at the outlet of
the cooler units (hot air T4,.) is presented in Figure 3a,b.

It is noted that toward the end of the monitoring period, the temperatures through
the five cooler units stabilize. With the stabilized values of the temperatures of the cold air
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and the hot air, the average temperature for the cold air T34, = 25.42 °C and the average
temperature for the hot air T)yeqa,. = 27.52 °C were calculated.
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Figure 3. Variation in the cooling agent temperature during the generator operation in no-load
unexcited mode: (a) air at the inlet of the cooler unit; (b) air at the outlet of the 5 cooler units.

3.1.3. Determination of Winding Temperatures in No-Load Unexcited Mode

For this measurement, the temperature of the rotor winding and the temperatures
of the stator winding were recorded using the temperature monitoring system of the
hydrogenerator located in the hydroelectric power plant. The measured temperature
values were noted at the same intervals and during the same time periods as those used for
measuring the water temperature in the cooler units.

The variation in the temperatures of the stator winding BS, measured through ther-
moresistances, and the rotor winding BR is presented in Figure 4. It is observed that the
temperature stabilizes at the rotor winding level Tpg at a value of 28.1 °C, and at the stator
winding level Tgg at a value of 27.95 °C, which was obtained as the arithmetic mean of the
last measured temperature values from the six thermoresistances.
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Figure 4. Variation in generator winding temperatures in no-load unexcited condition.

In the no-load unexcited regime, at the beginning of the tests, the temperature measured
in the rotor winding was lower than in the stator winding due to the temperature difference
between the interior and exterior of the hydro unit and the ventilation caused by rotor
movement. By the end of the test period, when stator temperatures stabilized, the rotor
winding temperature also decreased and stabilized at a value close to that of the stator.
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3.1.4. Determination of Magnetic Core Temperatures in No-Load Unexcited Condition

For this measurement, the temperature of the magnetic core was recorded using the
measuring system integrated into the hydro unit. The same measurement period and time
interval were maintained.

The variation in the magnetic core temperature Ty is presented in Figure 5.
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Figure 5. Variation in magnetic core temperatures of the generator in no-load unexcited condition.

The stabilized temperature value at the level of the magnetic core (T;) was 28.15 °C,
obtained as the arithmetic mean of the most recent measured temperature values.

3.1.5. Determination of Measured Temperatures at the Upstream Shield and 1 m from the
Shield in No-Load Unexcited Condition

The variation in the ambient temperature and the temperatures measured at the
upstream shield and 1 m from this shield is shown in Figure 6a,b.

41 35

39 \ 34 /\\
e STA
5 /1 g=
S35 £ J/
g A\ g
o 33 2 II
-9 k 2 30
s Y\ :
S 55 5 V]
& — = 29

2 L1 W

— 28
27 27
10:00 11:12 12:24 13:36 14:48 16:00 17:12 18:24 19:36 10:00 1112 12:24 13:36 14:48 16:00 17:12 18:24 19:36
Time Time

Tamb 1 —T12 =—T13 —T14 T amb T1] =—=T12 ==——T13 =—T14

() (b)

Figure 6. Variation in temperatures measured for the upstream shield in no-load unexcited condition:
(a) at the shield level; (b) at a distance of 1 m from the upstream shield.

For this shield, the average temperature Ty, at the shield level in the stabilized
condition was 28.43 °C, the average temperature at 1 m from the upstream shield Ty, was
27.78 °C, and the stabilized ambient temperature T,,,;, was 27.75 °C.

3.1.6. Determination of Measured Temperatures at the Downstream Shield and 1 m from
the Shield in No-Load Unexcited Condition

For the downstream shield, and at a distance of 1 m from it, the variation in the
measured temperatures is presented in Figure 7a,b, along with the variation in the
ambient temperature.

143



Energies 2025, 18, 4813

\ 315
33
\ . 7 N\
T 32 305 \
2 @ 30
531 3
2 § 295
ué_ 30 oé 2 -
229 \ 8 285
28
28 —
275
27 27
10:00 11:12 12:24 13:36 1448  16:00 17:12 1824 1936 10:00 11:12 12224 13:36 1448 16:00 17:12 1824  19:36
Time Time

e T aMb. T21 e——T22 T amb T21 e——T2.2
(@) (b)

Figure 7. Variation in temperatures measured for the downstream shield in no-load unexcited
condition: (a) at the shield level; (b) at a distance of 1 m from the downstream shield.

For this shield, the average temperature Ty, at the shield level in the stabilized
condition was 28.86 °C, the average temperature at 1 m from the downstream shield T'5,,
was 28.8 °C, and the stabilized ambient temperature T,,,;, was 27.6 °C.

For the no-load unexcited operating condition, the losses due to radiation and con-
vection Py through the two shields (upstream and downstream) are determined using the
following formula:

on = (h1 . A1 . AT1) + (hz . Az . ATz) (6)

where AT is calculated as the difference between the average temperature T, at the
upstream shield and the average temperature at 1 m from the upstream shield 7"y, and
ATj is calculated as the difference between the average temperature T5,, at the downstream
shield and the average temperature at 1 m from the downstream shield T'5,,.

This results in

Pyy = (15 x 20.68 % 0.66) + (15 x 17.33 x 0.555) = 349 [W] @)

3.2. Measurements Conducted for the No-Load Excited Operating Condition
3.2.1. Determination of Mechanical and Ventilation Losses by Measuring Cold and Hot
Water Temperatures in No-Load Excited Condition

To determine stabilized values of temperatures in this condition, the excitation winding
of the generator is powered, and its rotor is driven at nominal speed.

Measurements were recorded at a 60 min interval from 18:30 to 0:30. The water flow
rates circulating through the five cooler units were 225 L/min, 200 L/min, 185 L/min,
215 L/min, and 200 L/min (Table 2). At each time interval, the temperature of the cold
water at the cooler unit inlet and the hot water at the outlet was measured.

The stabilized temperature values measured in the no-load excited condition are
presented in Table 2.

The time variation in the cold water temperature is shown in Figure 8a, and that of
the hot water in Figure 8b.

Table 2. Values of losses during operation in no-load excited condition based on flow rate and water
temperatures through each cooler unit.

Cooling Unit Water Flow Water Temperature [°C] Losses
Number Rate [L/min] Tionce Tionre ATioe Pjip. [kW]

1 225 23.6 219 1.7 26.542

2 200 23.8 21.9 19 26.369

3 185 239 219 2.0 25.675

4 215 23.7 219 1.8 26.854

5 200 23.8 219 19 26.369

Total losses Pqg. [kW] 131.809
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Figure 8. Variation in cooling agent temperature during generator operation in no-load excited
condition: (a) water at cooler unit inlet; (b) water at outlet from the 5 cooler units.

The losses associated with the no-load excited condition Py, are determined by the
following formula:

Pioe = ) _(Quaioe - ATioe - pa - Cpa) (8)
where

e Quio—Iis the cooling water flow rate through cooler unit i (L/min) in the no-load
excited condition;

e ATjp—is the temperature difference between hot and cold water for cooler unit i (°C)
in the no-load excited condition.

The total value of mechanical losses due to ventilation and friction with air determined
in the no-load excited operating condition P, is 131.809 kW.

3.2.2. Determination of Air Temperatures Through Cooler Units in No-Load
Excited Condition

To determine the air temperatures, the same five cooler units were used, where the tem-
perature of the cold air at the cooler unit inlet and the hot air at the outlet was measured in the
no-load unexcited condition. Measurements were conducted at the same time intervals as for the
cooling agent water. The variation in the cold air temperature T 4, and the air at the outlet from
the cooler units (hot air T 4,,) for the no-load excited condition is presented in Figure 9a,b.

It is noted that towards the end of the monitoring period, the temperatures through
the five cooler units stabilize. The calculated average value of the air temperature at the
inlet to the cooler units was Tjeq4,0 = 26.7 °C, while the average temperature for the hot
air was 004500 = 33.86 °C.
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Figure 9. Variation in the cooling agent temperature during the generator’s no-load excitation
operation: (a) air at the inlet of the cooler unit; (b) air at the outlet of the 5 cooler units.

3.2.3. Determination of Winding Temperatures in No-Load Excitation Mode

To determine the air temperatures, the same five cooler units were used, where the
temperature of the cold air at the cooler unit inlet and the hot air at the outlet was measured
in the no-load unexcited condition.
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The temperature of the rotor winding and the temperatures of the stator winding were
measured at the same measurement points and with the same instruments.

Figure 10 presents the variation in the stator winding temperatures BS and the rotor
winding temperatures BR.
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Figure 10. Variation in the generator winding temperatures in no-load excitation mode.

In no-load excitation mode, the stabilized temperature at the rotor winding level Tgg,
was 39.7 °C, and at the stator winding level Tgs, was 39.97 °C—the value obtained as the
arithmetic mean of the last measured temperatures on the stator winding.

In the no-load excited regime, the same trend was observed: the rotor winding
temperature stabilized at a value similar to the stator winding temperature.

3.2.4. Determination of Magnetic Core Temperatures in No-Load Excitation Mode

The measurement of the magnetic core temperature of the generator in no-load excita-
tion mode was carried out at the same measurement points and with the same instruments
as in the case of no-load non-excitation mode. Figure 11 shows the variation in the temper-
atures measured between 18:30 and 00:30.
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Figure 11. Variation in the magnetic core temperatures of the generator in no-load excitation mode.

The stabilized temperature value at the magnetic core level, in no-load excitation mode,
Tne was 41.87 °C, obtained as the arithmetic mean of the last measured temperatures.
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3.2.5. Determination of Temperatures Measured at the Upstream Shield and 1 m from the
Shield in No-Load Excitation Mode

The variation in the ambient temperature and the temperatures measured at the
shield upstream and 1 m from this shield, for the no-load excitation mode, is presented in

Figure 12a,b.
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Figure 12. Variation pattern of the measured temperatures for the upstream shield, under no-load
excitation conditions: (a) at the level of the shield; (b) at a distance of 1 m from the upstream shield.

The average temperature T, in a stabilized mode at the shield level was 30.8 °C,
while the average temperature 1 m from the upstream shield T"1,,, was 29.61 °C, and the
stabilized ambient temperature T, was 27.91 °C.

3.2.6. Determination of Temperatures Measured at the Shield Downstream and 1 m from
the Shield in No-Load Excitation Mode

For the no-load excitation regime, the variation in the temperatures measured for the
downstream shield and at a distance of 1 m from it is presented in Figure 13a,b, along with
the variation in the ambient temperature.
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Figure 13. Variation pattern of the measured temperatures for the downstream shield, under no-load
excitation conditions: (a) at the level of the shield; (b) at a distance of 1 m from the downstream shield.

For the no-load excitation regime, the average temperature T, at the shield level in
stabilized mode was 31.9 °C, the average temperature 1 m from the downstream shield
T 2me was 30.2 °C, and the stabilized ambient temperature T,,,,;, was 28.25 °C.

For the no-load excitation operating mode, the losses through radiation and convec-
tion Py, through the two shields (upstream and downstream) are determined using the
following Formula (6). Thus,

Page = (15 x 20.68 x 1.2) + (15 x 17.33 x 0.555) = 814.155 [W] )
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3.3. Measurements Performed for the Short-Circuit Operating Mode
3.3.1. Determination of Mechanical and Ventilation Losses by Measuring the Temperatures
of Cold and Hot Water in Short-Circuit Mode

For this regime, a symmetric three-phase short-circuit was made at the terminals of the
stator winding of the generator, and the rotor was driven at nominal speed. Subsequently,
the excitation winding was powered, adjusting the excitation current until the currents in
the stator winding reached nominal values.

The same interval of 60 min was maintained between two successive measurements,
with the measurement period being from 00:30 to 04:30. At each time interval, the value of
the cold water temperature at the inlet of the cooler unit and the hot water temperature
at the outlet was measured for each cooler unit. The variation over time of the hot water
temperature is presented in Figure 14, with the cold water temperature being constant at
243 °C.

The losses associated with the short-circuit mode are determined by the following formula:

Prge = E(QAisc “ATisc - pa - CpA) (10)

where

o Qujs is the flow rate of cooling water through cooler unit i (L/min) in short-circuit mode;
o ATj is the temperature difference between hot and cold water for cooler unit i (°C) in
short-circuit mode.

The stabilized temperature values measured during short-circuit operation are pre-
sented in Table 3, along with the flow rate values of water circulating through the five
cooler units.
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Figure 14. Variation in the water temperature at the outlet of the cooler units during generator
operation in short-circuit.

Table 3. Values of losses during short-circuit operation based on flow rates and water temperatures
through each cooler unit.

Cooler Unit Water Flow Rate Water Temperature [°C] Losses
Number [L/min] Tincee Tinree AT, Pqjsc [kW]

1 230 26.5 243 2.2 35.112

2 200 26.8 24.3 2.5 34.696

3 190 26.9 243 2.6 34.279

4 215 26.9 243 2.6 38.790

5 210 26.9 24.3 2.6 37.888
Total losses Py [kKW] 180.764
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The total value of mechanical losses through ventilation and air friction determined in
short-circuit mode P4 is 180.753 kW.

3.3.2. Determination of Air Temperatures Through Cooler Units in Short-Circuit Mode

For this regime, the air temperature values at the inlet and outlet of the five cooler
units were also determined. The measurements were made at the same time intervals and
at the same moments as in the case of measuring the cooling agent water. The variation in
the cold air temperature T4, and the air at the outlet of the coolers (hot air T 4,.) for the
short-circuit regime is presented in Figure 15a,b.
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Figure 15. Variation pattern of the cooling agent’s temperature during generator operation in short-
circuit conditions: (a) air at the entrance of the cooler units; (b) air at the exit of the cooler units.

For the short-circuit regime, the calculated average value of the air temperature at the
inlet of the cooler units was Teq4rrsc = 29.88 °C, while the average temperature for the hot
air was Tpdarese = 38.16 °C.

3.3.3. Determination of Winding Temperatures in Short-Circuit Mode

Similar to the other tests, the temperature of the rotor winding and the temperatures
of the stator winding were measured at the same measurement points and with the same
instruments. The variation in these temperatures is presented in Figure 16.
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Figure 16. Variation in the generator winding temperatures in short-circuit mode.
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For this regime, the stabilized temperature at the rotor winding level Tpry, was 41.5 °C,
while at the stator winding level Tpg,, it was 58.97 °C, a value obtained as the arithmetic
mean of the last measured temperatures on the stator winding.

In the short-circuit regime, the stabilized rotor winding temperature was lower than
the stator winding temperature due to the lower current in the rotor winding compared to
the stator winding.

3.3.4. Determination of Magnetic Core Temperatures in Short-Circuit Mode

For this regime, the values of the magnetic core temperature of the generator were mea-
sured at the same measurement points and with the same instruments as in the case of no-load
excitation mode. The variation in the magnetic core temperatures is presented in Figure 17.
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Figure 17. Variation module of the magnetic core temperatures of the generator under short-circuit
conditions.

The stabilized temperature value at the magnetic core level Ty was 41.4 °C, obtained
as the arithmetic mean of the last measured temperature values.

3.3.5. Determination of Measured Temperatures at the Upstream Shield and 1 m from the
Shield Under Short-Circuit Conditions

For operation under short-circuit conditions, Figure 18a,b show the variation in am-
bient temperature, as well as the temperatures measured at the upstream shield and 1 m
from this shield.
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Figure 18. Variation in measured temperatures for the upstream shield under short-circuit conditions:
(a) at the shield level; (b) at a distance of 1 m from the upstream shield.
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For this shield, the average temperature Ty, at the shield level, under stabilized
conditions, was 32.28 °C, the average temperature at 1 m from the upstream shield T’y
was 31.1 °C and the stabilized ambient temperature T,,,;, was 28.7 °C.

3.3.6. Determination of Measured Temperatures at the Downstream Shield and 1 m from
the Shield Under Short-Circuit Conditions

For the downstream shield, as well as at a distance of 1 m from it, the variation
in measured temperatures is presented in Figure 19a,b, alongside the variation in the
ambient temperature.
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Figure 19. Variation in measured temperatures for the downstream shield under short-circuit
conditions: (a) at the shield level; (b) at a distance of 1 m from the downstream shield.

For this regime, the average temperature Ty, at the shield level, under stabilized
conditions, was 34.6 °C, while the average temperature at 1 m from the downstream shield
T 5usc Was 33.4 °C.

For the short-circuit operation regime, losses due to radiation and convection Py,
through the two shields (upstream and downstream) are determined using the following
Formula (6). This results in

Poce = (15 x 20.68 x 1.2) + (15 x 17.33 x 1.2) = 684.18 [W] (11)

3.4. Determination of the Separate Losses of the Generator
3.4.1. Determination of Losses During the Generator’s Operation in No-Load
Unexcited Mode
According to standard IEC 34-2A [38], after reaching a stabilized thermal regime in
the generator, the following are determined:

e  The amount of heat that the cooling water absorbs during passage through the cooler
units, quantified as power losses Pyp;

e The amount of heat transmitted through radiation and convection, quantified as
Py losses.

Thus, for the unloaded unexcited operation regime, ventilation losses P, were deter-
mined using the following formula:

P, = Pjg + Pyy = 49.788 + 0.349 = 50.137 [kW] (12)

where Py represents the mechanical losses through ventilation and air friction determined
during the no-load unexcited operation of the generator, while Py represents the losses
through radiation and convection through the two shields (upstream and downstream)
determined for the same regime.
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3.4.2. Determination of Losses During the Generator’s Operation in No-Load
Excited Mode

For this operating regime of the generator, iron losses are determined. The test is
performed at the nominal speed and at the nominal voltage of the generator.

After reaching the stabilized thermal regime in the generator IEC 34-2A, the following
quantities are determined:

e  The amount of heat that the cooling water absorbs during passage through the cooler
units, transformed into Pyg, power losses;

Losses through radiation and convection, quantified as Py, losses;

The voltage at the stator terminals of the generator;

The excitation voltage at the rotor terminals of the generator;

The excitation current of the generator.

For the operation in no-load excited mode, the iron losses Pr, were determined using
the following formula:

Pre = P1ge + Page — Py — I3 - RE0e—a0 (13)

where

e Py, represents the mechanical losses through ventilation and air friction determined
during the no-load excited operation of the generator;

e Py, represents the losses through radiation and convection through the two shields
determined for the same regime;

o  Iry is the excitation current in no-load operation of the generator, which had a value of 186 A;

®  Rppe-np is the resistance of the excitation winding at 20 °C, which in the analyzed case
was 0.6941 ();

®  Rppe-4p is the resistance of the excitation winding at 40 °C during no-load operation of
the generator, which in the analyzed case was 0.7485 Q).

The value of iron losses Pf, that resulted was:

Pr, = 131.809 + 0.814 — 50.137 — 34.596 x 0.7485 = 56.591 [kW] (14)

3.4.3. Determination of Losses During the Generator’s Operation in Short-Circuit Mode

In short-circuit mode, the losses in copper at the temperature of the winding corre-
sponding to the regime, together with additional losses from the generator, are determined.

The test was performed for the operation of the generator at nominal speed maintained
by the speed regulator and at the nominal current in the generator’s stator.

After reaching the stabilized thermal regime in the generator as per IEC 34-2A [38],
the following quantities were determined:

e  The amount of heat that the cooling water absorbs during passage through the cooler
units, transformed into Pq5. power losses;

The amount of heat transmitted through radiation and convection, quantified in Py,;
The voltages at the rotor terminals of the generator;

The current in the generator’s stator;

The excitation current of the generator;

The temperatures of the stator winding of the generator;

The resistance of the generator’s excitation winding at the temperature corresponding
to the short-circuit regime;
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e  Theresistance of the stator winding in the Ry, phase corresponding to the short-circuit
regime.
From the measurements performed on the generator in symmetric three-phase short-
circuit, corresponding to the nominal current, the following results were obtained:

e  The excitation current in short-circuit mode, at nominal current, Igs. = 198 A;

e The current through the stator winding in short-circuit mode, at nominal current,
I1se = 1221 A;

The resistance of the excitation winding at 20 °C, Rgs.20 = 0.6941 ();

The resistance of the excitation winding at 42 °C, Rgg.42 = 0.7539 ();

The resistance of the excitation winding at 75 °C, Rgs..75 = 0.8438 ();

The resistance of the stator winding at 20 °C, Ry,..p0 = 0.01662 (;

The resistance of the stator winding at 59 °C, Ry,c.59 = 0.0192 Q).

The copper losses in the stator winding Pc,,1 are determined using the following formula:
Py = m- I - Ryge_59 = 3 x 1492.307 x 0.0192 = 85.957 [kW] (15)

where m is the number of phases of the generator.
The copper losses in the rotor winding P,,» are determined using the following formula:

Peup = 12 - Rpge_4o = 39.204 x 0.7539 = 29.556 [kW] (16)

For the operation regime in short-circuit mode, the additional losses Pg,;, were
determined using the following formula:

Psuplim = Plsc + PZsc - Pv -3 I1zsc : R156759 - I%sc : REscf42 (17)
The value of the additional losses Pgypiim that resulted was
Psuplim = 181.764 + 0.684 — 50.137 — 3 x 1490.841 x 0.0192 — 39.204 x 0.7539 (18)

Pyuplim = 16.883 [kW] (19)

The calculated value of mechanical losses P;,;, was 73.26 kW. The value of the total
losses ) P is determined as the sum of all losses, using the following formula:

Y P = Pu+ Pre + Pcut + Peua + Poyplim = 73.26 +56.591 + 85.957 + 69.988 4 19.883 (20)
Y P =302.679 [kW] (21)

3.5. Determination of the Generator’s Efficiency

The determination of the generator’s efficiency is based on the measured and calcu-
lated losses under conditions for different values of nominal power 0.25-P;, 0.5-P;,, 0.75-Py,,
Py, and 1.1-P;, depending on the value of the power factor.

The efficiency value 7 was determined using the following formula:

Sp-cos g

— 1T .100 = 97.724% [kW 22
Sp-cosp+) P [kw] (22)

n[%] =

The values of the quantities used to determine the efficiency are presented in Table 4
for the nominal power factor.
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Table 4. Values of the generator’s quantities at cosg = 0.975.

Quantity U.M. 0.25-P,, 0.5-P, 0.75-P,, P, 1.1-P,
Apparent power kVA 3332.5 6665 9997.5 13,330 14663
Active power kW 3249.19 6498.38 9747.56 12,996.75 14,296.43
Stator voltage \% 6300 6300 6300 6300 6300
Stator current A 305.4 610.8 916.2 1221.6 1343.76
Excitation current A 224 243 274 288 315
Mechanical losses kW 73.26 73.26 73.26 73.26 73.26
Iron losses kW 56.591 56.591 56.591 56.591 56.591
Stator copper losses kW 5.372 21.489 48.351 85.957 104.008
Rotor copper losses kW 42.339 49.826 63.349 69.988 99.225
Additional losses KW 1.055 4.220 9.496 16.883 20.427
Total losses kW 178.617 205.386 251.047 302.679 353.511
Efficiency % 94.789 96.936 97.489 97.724 97.586

4. Discussion

Determining the efficiency of a high-power hydrogenerator using the calorimetric
method proved to be a feasible and reliable approach in the context of the impossibility
of testing under load. The method is compatible with international standards (IEC 34-2,
34-2A, 34-4) and allows a comprehensive evaluation of energy losses through temperature,
flow, and electrical parameter measurements, under real operating conditions. The results
obtained are comparable to those mentioned in the literature, confirming that mechanical,
ventilation, and iron losses represent a significant proportion of total losses, especially in
no-load regimes. In short-circuit mode, the increase in temperature in the stator windings
highlights the need for effective cooling solutions and constant monitoring.

As a method based on standardized provisions for determining efficiency via calorime-
try, its novelty lies in applying it to a bulb-type hydro unit where cooling is primarily
achieved using water as the cooling agent. In conventional hydrogenerators, air plays a
significant role in cooling and loss reduction.

Table 5 presents the loss values and efficiency guaranteed by the manufacturer of the
refurbished hydro unit, as listed in the technical manual provided upon delivery, alongside
the values obtained from the conducted analysis.

Table 5. Manufacturer-guaranteed values vs. values obtained through research.

it Values

uanti M.

Q ¥ UM Guaranteed Evaluated
Mechanical losses kW 65 73.26
Iron losses kW 65.25 56.591
Stator copper losses kW 98.89 85.957
Rotor copper losses kW 81.49 69.988
Additional losses KW 11.303 16.833
Total losses kW 321.946 302.676
Efficiency % 97.58 97.724

It was found that the efficiency value determined via the calorimetric method and
measured in situ is very close to the guaranteed value of the refurbished hydrogenerator,
with a slight increase observed. This increase is attributed to reduced losses in the generator
windings and magnetic core.

Compared to previous studies, where indirect or estimative methods dominate, this
research offers a direct alternative, applicable without risks to operating equipment. Ad-
ditionally, integrating an Intelligent Energy Control System (IECS) could contribute to
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maintaining high efficiency under variable load and flow conditions, supporting the transi-
tion to a more flexible and sustainable energy system.

Depending on the complexity of the intelligent energy control system, it can con-
tinuously acquire signals related to temperature, flow rate, current, and voltage values,
thereby reducing the time needed to install measurement equipment for determining hy-
drogenerator efficiency. The downside of this system is the need for periodic verification,
calibration, and standardization, which incurs additional costs. Merely acquiring and
processing signals from the IECS does not allow for efficiency determination but only for
continuous monitoring of operational status to prevent failures and improper functioning.

Future research directions may include applying the method in power plants of
different capacities, testing under diverse climatic conditions, or incorporating it into
predictive maintenance models based on data.

5. Conclusions

The study demonstrated that the calorimetric method is a viable solution for deter-
mining the efficiency of a high-power hydrogenerator when load testing is not possible.

The novelty lies in applying the efficiency determination method to a unique bulb-type
hydro unit with a closed-circuit ventilation system, where permanent access to the capsule is
possible via a vertical shaft from the upstream head. Additionally, for this type of hydro unit,
cooling is achieved using water as the cooling agent, unlike most hydrogenerators that use air.

By applying this method in three distinct regimes (no-load unexcited, no-load excited,
and short-circuit), the main thermal losses in the system were identified, highlighting
critical energy zones. The increased temperature value in the rotor and stator windings
indicates the accumulation of losses in the active electromagnetic areas, suggesting the
need for more effective cooling systems. The results obtained can serve as a basis for repair,
modernization, or optimization interventions in operational regimes.

Furthermore, the paper shows that evaluating efficiency during the operational phase
is essential for increasing energy efficiency and ensuring safe and sustainable operation.
Implementing an intelligent monitoring system could complement the calorimetric method
and contribute to maintaining optimal efficiency over time. Therefore, the proposed
methodology is not only useful but also necessary in the current context of sustainable
development in the hydroenergy sector.
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IEC International Electrotechnical Commission
IEA International Energy Agency
IECS Intelligent Energy Control System

Ul Efficiency of the generator
P Active power

Xp Losses from the generator
PT Sensor made of platinum
Qa Total flow of cooling water

Quio  Flow rate of the cooling water through cooler unit

AT;p  Temperature difference between hot and cold water

0A Density of the cooling water

Cpa Specific heat of water

Tarm  Average temperature of cold water, at the cooler inlet, calculated for all cooler units
Tacm  Average temperature of hot water at the cooler outlet, calculated for all cooler units
Tam  Average temperature of the cooling water for all cooler units

P, Losses due to radiation and convection transmitted through the generator shields
h; Heat transfer coefficient through surface

A; Surface area i

ATi Temperature difference between surface i and the ambient temperature at 1 m distance
Ay Area of the downstream shield of the generator

Aj Area of the upstream shield of the generator

Sn Nominal apparent power

u, Nominal voltage

I, Nominal stator current

Ug, Nominal excitation voltage

Ik, Nominal excitation current

m Number of phases of the generator

n Speed

cosp  Power factor
Total value of mechanical losses due to ventilation and friction with air determined
in the no-load unexcited operation mode

T arr Temperatures of cold air

T arc Temperatures of hot air at the outlet of the cooler units

BS Stator winding

BR Rotor winding

Tgr Temperatures of rotor winding in no-load unexcited stabilized condition
Tgs Temperatures of stator winding in no-load unexcited stabilized condition
Tm Temperatures of magnetic core in no-load unexcited stabilized condition

Average temperature at the upstream shield in no-load unexcited
Tlm o1e .-
stabilized condition

Average temperature at 1 m from the upstream shield in no-load
unexcited stabilized condition

T,up  Stabilized ambient temperature

Average temperature at the downstream shield in no-load

Tom unexcited stabilized condition
Ty, Average temperature at 1 m from the downstream shield in
no-load unexcited stabilized condition
Pay Losses due to radiation and convection through the two shields
(upstream and downstream)
Proe Total value of mechanical losses due to ventilation and friction with air determined
in the no-load excited condition
Cooling water flow rate through cooler unit i,
Quaioe

in no-load excited condition
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Temperature difference between hot and cold water for cooler unit i,

ATioe in no-load excited condition
T Arre Temperatures of cold air in no-load excited condition
T Arce Temperatures of hot air at the outlet of the cooler units in no-load excited condition
TgRe Temperatures of rotor winding in no-load excited condition
Tgse Temperatures of stator winding in no-load excited condition
Twms Temperatures of magnetic core in no-load unexcited stabilized condition
T1ime Average temperature at the upstream shield in no-load excited stabilized condition
T Average temperature at 1 m from the upstream shield in no-load

excited stabilized condition
Tope Average temperature at the downstream shield in no-load

excited stabilized condition
Ty Average temperature at 1 m from the downstream shield in

no-load excited stabilized condition

Losses due to radiation and convection through the two shields (upstream and
Pooe d o . .

ownstream) in no-load excited condition

Quise Flow rate of cooling water through cooler unit i in short-circuit mode
AT, Temperature difference between hot and cold water for cooler unit

i in short-circuit mode.
o Total value of mechanical losses through ventilation and air friction

determined in short-circuit mode
Tamse  Temperatures of cold air in short-circuit condition
Tarse  Temperatures of hot air at the outlet of the cooler units in short-circuit condition

TBRse Temperatures of rotor winding in short-circuit condition
Tgssc Temperatures of stator winding in short-circuit condition
ThMse Temperatures of magnetic core in short-circuit stabilized condition

T1msc Average temperature at the upstream shield in short-circuit stabilized condition
T'1mse  Average temperature at 1 m from the upstream shield in short-circuit stabilized condition
Tomse Average temperature at the downstream shield in short-circuit stabilized condition
T'omse  Average temperature at 1 m from the downstream shield
in short-circuit stabilized condition
Losses due to radiation and convection through the two shields

Pasc (upstream and downstream) in short-circuit condition

Py, Ventilation losses

Pr, Iron losses

IEse Excitation current in short-circuit mode

I1sc Current through the stator winding in short-circuit mode

Rpse.0  Resistance of the excitation winding at 20 °C
Rise-20  Resistance of the stator winding at 20 °C

Pcut Copper losses in the stator winding
Pgypiim  Additional losses

Py Mechanical losses

P Total losses

7 Efficiency

Hgm, Upstream water level

Hyy Downstream level
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Abstract

Renewable energy sources (RESs) such as photovoltaic (PV) and fuel cells (FCs) intro-
duce variability that complicates reliable, loss-aware operation of distributed power-flow
systems (DPFSs) in smart homes. Frequent charge/discharge cycling of energy storage
systems (ESSs) can inflate losses and jeopardize user comfort when generation and demand
are mismatched. This paper addresses the gap in multi-load, multi-source coordination
under fluctuating RESs by proposing a Multiple-Load Power-Flow Assignment (MPFA)
framework that explicitly minimizes storage-related losses while maintaining demand
satisfaction. We evaluate four logical interconnection scenarios among generators (PGs),
loads (PLs), and storage (PSs), and compare three control algorithms—total-demand-based
(TDPF), adaptive-demand-based (ADPF), and grid-based (GBPF). Using measured PV /FC
data across seasons, MPFA consistently reduces storage-related losses as interconnections
increase, with GBPF guaranteeing full daily demand satisfaction by flexibly supplementing
local generation with grid power. ADPF performs strongly when grid support is limited by
prioritizing critical loads and optimizing storage utilization. The results provide actionable
guidance for designing smart-home energy management that emphasizes sustainability,
reliability, and user comfort.

Keywords: energy storage systems; power flow control; renewable energy sources; smart
homes; energy losses; reliability; user comfort; Multiple-Load Power-Flow Assignment (MPFA)

1. Introduction

The rapid advancement of smart home technologies and the increasing adoption of
Renewable Energy Sources (RESs) have revolutionized the way energy is generated, stored,
and consumed. Smart homes, equipped with intelligent energy management systems,
enable efficient utilization of energy resources while enhancing user comfort and reducing
operational costs. The urgent need to reduce CO; emissions and mitigate the impact of
conventional energy sources on the environment has led to a global shift towards RES
power generation. This transition addresses environmental concerns and the dwindling
reserves of traditional energy sources such as oil and gas. RESs such as photovoltaic (PV),
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biomass, and wind offer clean and efficient alternatives to conventional power generation
methods [1,2].

Smart home systems have evolved significantly with advancements in the Internet,
transforming traditional homes into interconnected spaces where appliances and devices
communicate seamlessly [3]. Modern smart homes often incorporate RESs like PVs and
Fuel Cells (FCs) alongside conventional appliances, creating more sustainable and efficient
energy ecosystems [4]. Through integration with RESs, smart home systems can optimize
energy usage, reduce dependence on fossil fuels, and minimize environmental impact. As
these systems continue to evolve, they promise to revolutionize modern living by providing
personalized, interconnected, and energy-efficient environments. These systems gather
energy profiles and oversee automation controls, managing the ON/OFF operations of
Home Appliances and Devices (HADs) efficiently [5].

However, the integration of RESs, such as solar PV systems and wind turbines, into the
smart home environment introduces significant challenges due to their inherent variability
and intermittency. Fluctuations in energy generation can lead to imbalances between
supply and demand, resulting in energy losses, reduced system efficiency, and potential
disruptions in power supply. These fluctuations in energy generation can lead to instability
in the DPFS, making it difficult to maintain a reliable and consistent power supply [6].

Deploying Energy Storage Systems (ESSs) has emerged as a practical solution to
mitigate power fluctuations and enhance power system reliability. To tackle the changes in
power from renewable energy and the varying needs of electricity in a system, using ESSs
is an effective solution [7,8]. This flexibility helps manage situations where we have too
much power when demand is low or not enough power during peak times. Using ESSs to
store surplus power and supply it when needed effectively mitigates these fluctuations.

This paper investigates the impact of fluctuating energy generation on multiple load
operations in smart homes and evaluates energy loss within the DPFS. In this work, we
introduce the Multiple-Load Power-Flow Assignment (MPFA) approach, which aims
to minimize power storage losses and ensure the maximum demand of power loads is
satisfied. The DPFS framework is designed to dynamically allocate power flows between
energy generators, loads, and storage units, taking into account the variability of RESs and
the diverse demand patterns of smart homes. Through extensive simulations, we explore
four distinct scenarios of power flow interactions between generators, loads, and storage
systems. Our results demonstrate significant reductions in primary and secondary storage
losses, highlighting the effectiveness of the proposed MPFA approach. Furthermore, the
framework ensures that the maximum demand of power loads is consistently met, even
under fluctuating generation conditions.

Fluctuating renewable energy production leads to temporal mismatches between
generation and demand in smart homes, causing intermittent under- or over-supply con-
ditions. Such fluctuations can result in frequent charging/discharging of storage units,
increasing energy losses and reducing system efficiency. The proposed MPFA framework
addresses these challenges by dynamically re-allocating power flows among generators,
storage systems, and multiple loads in real time. Through the integration of the ADPF and
GBPF algorithms, the MPFA approach adaptively balances supply—-demand mismatches,
prioritizes critical loads, and leverages both local storage and grid power to maintain
continuous operation with minimized losses.

2. Related Work

The integration of Renewable Energy Sources (RESs) into power systems has been
extensively studied in recent years, driven by the global push toward sustainable and
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resilient energy infrastructures. Researchers have explored various facets of RES inte-
gration, encompassing energy generation, storage, and consumption, with a sustained
focus on optimizing power flow and minimizing energy losses. This section provides a
comprehensive review of key studies in the field, highlighting seminal contributions and
identifying persisting gaps that the current research aims to address.

For instance, one study examined the impact of solar irradiance fluctuations on power
grid stability and proposed a dynamic energy management system to mitigate these
effects [1]. In a related effort, another work introduced a linear programming-based
approach to optimize energy storage sizing under operational safety conditions to ensure
stable grid performance [7]. Similarly, a battery energy storage system (BESS) optimization
model was developed with the primary objective of minimizing overall energy costs [9],
while another contribution addressed dual power load scenarios by introducing novel
load-shifting algorithms that significantly reduce energy losses [10]. Further discussions
appear in studies that extend grid optimization [5,11].

More recently, researchers proposed an energy management approach that prioritizes
the utilization of stored power in energy storage systems (ESSs) during periods when
the System Marginal Price (SMP) is high, while also considering household appliance
efficiency ratings and noise limitations [12,13]. In cases where ESS reserves are depleted,
their strategy shifts toward operating high-power and high-efficiency appliances to achieve
cost-effective energy consumption under conditions of low grid demand [3,11-15]. An-
other line of research advanced the field by applying ESS to mitigate photovoltaic (PV)
fluctuations, introducing a control strategy that regulates the state of charge (SoC) and de-
termines output power based on super short-term PV forecasts [16,17]. Similarly, ref. [18]
presents an optimization-based sizing routine for battery energy storage systems (BESSs)
aimed at ensuring adequacy and small-signal stability in hybrid power systems. These
contributions highlight the growing importance of coordinated control and appropriate
storage sizing—topics directly aligned with the objectives of this study. This method incor-
porates rolling prediction theory, ensuring real-time regulation at every sampling point,
and further develops an ESS sizing framework to evaluate the combined technical and
economic performance of the system [19,20]. Moreover, rolling, short-horizon forecasting
has also been used to regulate PV-driven variability in real time [16], while recent work
develops adequacy- and stability-oriented BESS sizing for hybrid microgrids [18].

The historical evolution of power system flexibility has also been explored, with one
study emphasizing that cloud transients cause rapid PV output variations which signifi-
cantly influence voltage levels in low-voltage (LV) grids with high PV penetration [21]. Such
variations may cause power-quality violations; their effects were analyzed via load-flow as-
sessments under multiple scenarios [21]. In addition, a comprehensive review highlighted
the main characteristics of flexible power systems, identifying flexibility sources, evalu-
ation parameters, and the broader impacts of variable renewable energy penetration on
transient stability, small-signal stability, and frequency response [6]. A decentralized droop
control method based on battery state of charge was proposed to enable reliable power
exchange among clustered nanogrids without inter-unit communication, reducing line
losses and ensuring scalability [22]. Building on droop concepts, adaptive droop control
further enhances voltage regulation and coordinated power exchange in DC nanogrids [23].
Renewable-integrated DC nanogrids with distributed control have been shown suitable for
rural/remote electrification scenarios [24]. To further improve resource sharing and tran-
sient control, a multi-agent distributed control strategy employing augmented Lagrangian
optimization has been introduced, achieving optimal power distribution with minimized
losses [24]. Additionally, cooperative game-theoretic approaches, such as Nash Bargaining
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Solution (NBS) based energy management, have been applied to nanogrids to ensure fair
and efficient allocation of resources, enhancing battery lifespan and renewable utilization
while maintaining robust bus voltage regulation [25].

Despite substantial progress in the domains of RES integration, ESS optimization,
and power flow management, several critical gaps persist in the literature. First, most
existing studies focus on single-load scenarios, often neglecting the complexities inherent
in multiple-load operations within smart homes. Second, the impact of fluctuating en-
ergy generation on energy losses in DPFS remains underexplored. Third, there is a lack
of comprehensive frameworks that simultaneously integrate RESs, ESSs, and multiple
loads to optimize power flow allocation and minimize energy losses. Finally and most
importantly, the literature rarely considers user comfort or satisfaction, particularly when
power demand cannot be fully met, an essential aspect for practical deployment in real-
world smart home environments [11,14,15,26]. Recent works underscore these gaps. For
example, presents a multi-objective optimization model for smart home energy manage-
ment that incorporates user comfort as a critical constraint, revealing significant trade-offs
between energy efficiency and occupant satisfaction [11,14,15,26]. One study investigates
the coordinated operation of multiple loads, ESSs, and PV systems, and demonstrates that
incorporating user preferences leads to both improved energy utilization and enhanced
comfort [27,28]. Similarly, Kiani et al. introduce a demand-side management approach
using reinforcement learning [29], where user comfort is explicitly modeled and optimized,
further emphasizing the necessity of considering end-user experience in future smart grid
research. While single-source or single-load optimization is well-studied, the coupling of
multi-source-multi-storage-multi-load systems introduces complex energy loss and control
challenges. Additionally, the risk of thermal runaway in ESSs poses reliability and safety
concerns in residential applications [30,31]. Authors in [32] propose a shrinking-horizon
control architecture for bidirectional home charging (V2H/H2V), improving load balancing
and reducing operational costs within HEMS.

Due to the intermittent and fluctuating nature of renewable sources such as solar and
wind, achieving a stable, large-scale energy supply remains challenging. Hydrogen energy
offers significant potential as a complementary pathway in the clean energy transition.
Through water electrolysis, surplus renewable power can be converted into hydrogen for
long-term storage and later reconverted into electricity via proton-exchange-membrane fuel
cells [33], with advances in PEMFC membrane materials (e.g., SPEEK) enabling this conver-
sion step [34]. For a system-level overview of power-to-hydrogen and long-term storage,
see [35]. This integrated hydrogen—electricity pathway supports deep decarbonization and
enhances the flexibility of distributed energy systems.

The contributions of this research are threefold: (i) the development of a dynamic
power flow allocation framework for smart home energy systems, (ii) the evaluation of
energy losses under multiple operational scenarios, and (iii) the demonstration of the
DPEFS algorithm’s capability to satisfy load demands while minimizing storage losses. By
addressing key challenges of RES integration, this work provides an effective approach for
optimizing energy management in future smart homes.

Table 1 summarizes the key contributions, strengths, and limitations of existing stud-
ies on multi-load or multi-source power flow control and energy management in smart
homes. As shown, most prior works focus on single-load or cost-oriented optimization,
whereas the proposed MPFA framework uniquely emphasizes multi-load coordination
under fluctuating renewable conditions while ensuring user comfort.
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Table 1. Summary of related work and strengths of the proposed MPFA framework.

Study Main Focus Strengths Limitations

Dynamic EMS for PV Improves grid stability; adaptive Focuses on single-load;
[1] fl . e Lo .

uctuation mitigation. response to irradiance changes. ignores ESS losses.
. - . Ensures safe operation Ignores multi-load and
71 ESS sizing via linear programming. and SoC management. RES variability.
N Reduces operational cost; Static model;
el Cost minimization model for BESS. enhances ESS use. lacks real-time adaptability.
i . Lowers losses under Limited scalability to

(10l Dual-load shifting algorithm. dual-load operation. multi-load systems.

Smart home scheduling with Considers appliance efficiency and Excludes RES uncertainty and
[12,13] - .

SMP pricing. user comfort. loss modeling.
[21] I;z//-;r;ilusced voltage fluctuation in Highlights grid flexibility challenges. = No mitigation strategy provided.
[6] Review of flexibility in RES systems. Comprehensive theoretical overview. Lacks quantitative smart

home validation.
Improyes DC-bus Vf)ltage regulation Droop does not explicitly optimize
and fair power sharing ; enables . .

Nanogrid droop (SoC/adaptive) and  rural/remote electrification and economics; cooperative/ MPC

[22-25] methods can require more

cooperative microgrid control.

islanded operation; MPC-based
optimal power flows for
cooperative microgrids;

tuning/communication; scope often
beyond single-home scale.

[11,14,15,27-29]

User comfort in multi-load
energy management.

Balances comfort and
energy efficiency.

Does not address DPFS losses or
fluctuation effects.

Proposed MPFA

Multi-load power flow optimization
under RES fluctuation.

Integrates RES, ESS, and loads;
minimizes storage loss; maintains
comfort and stability.

Current model omits degradation and
converter losses (future work).

3. System Model

This section provides an in-depth description of the Distributed Power Flow System
(DPFS) implemented in a smart home environment. The DPFS enables optimal energy
management by coordinating multiple power generation sources, flexible energy storage
systems, and diverse household loads. Through real-time power flow control and ad-
herence to operational constraints, the DPFS ensures reliable, efficient, and sustainable
operation of the residential microgrid.

3.1. Overview of System Architecture
As illustrated in Figure 1, the DPFS is architected around three fundamental subsystems:

¢  Power Generation Systems (PGs): Responsible for producing electrical energy from
renewable and conventional sources.

*  Power Storage Systems (PSs): Facilitate temporal balancing of supply and demand
by storing surplus energy and discharging it as needed.

e Power Loads (PLs): Represent the consumption profile of the household through
various appliances and devices.

All subsystems are interconnected via a central electrical bus, supporting bidirectional
energy transfer and intelligent coordination.

3.2. Performance Metrics

User comfort and demand satisfaction are used as system-level metrics. We define

Esupplied

D, = % 100%,

E demanded
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where Tjy; is the total interruption time over the horizon Tiot, and Egupplied, Edemanded are
cumulative energy supply and demand, respectively.
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RES : Renewable Energy Sources PCS: Power Conditioning System

Figure 1. System model of the DPFS in a smart home environment, illustrating three power generation
units (PV, FC, UG), two storage systems, and eight power loads.

3.3. Power Generation Systems (PGs)

The power generation subsystem comprises the following:

e PV Panels: Generate variable renewable energy based on solar irradiance.

e Fuel Cells (FO): Provide semi-controllable renewable generation through hydrogen-
based electrochemical reactions.

e  Utility Grid (UG): Functions as a fully controllable generator, supplementing local
generation to guarantee demand satisfaction.
Let | be the total number of PGs. For the j-th PG at time ¢:

. PG]].r (t): Fluctuating RESs generation (e.g., PV, FC)

*  PGj(t): Controllable generation (e.g., UG)

Subject to generation bounds:

Phel < Prae(t) < PR, M
pol < 7DPG]f (8) < Ppgr- @
] ]

3.4. Power Storage Systems (PSs)

The power storage subsystem introduces flexibility and robustness, enabling the DPFS
to buffer renewable fluctuations and optimize energy usage. Each PS can be categorized as
primary (PSj) or secondary (PSs), designed for different cycling profiles.

Let H denote the total number of PS units. Each storage system £ at time ¢ is defined by
e SoCiM: Initial state of charge.

° SoC{lni”, SoC"™*: Minimum and maximum SoC bounds.
*  y.: Charging efficiency.

e 14 Discharging efficiency.

e ESSy: Storage capacity (Wh or kWh).
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3.4.1. Stored Energy and SoC Dynamics
Let n index time steps with step size At. The total stored energy in the i-th PS at time

t is given by
1
EPSh [7’1 + 1] = EPS;, [n] + 77C ,PPSZI'IH [H}At — % PPS;)’M [Tl]At, (3)
Eps, [0] = SoC}" ESS), (4)
_ e At _ A
SoCy[n + 1] = SoCy[n] + ESS, PPSL” [n] 71 ESS; Prpgou (n], ()
SoCI"" < SoCy,[n] < SoCJ'=. (6)

where E{,”Si] is the initial stored energy, PPS},” (t) is the charging power, and ”PPSZW (t) is the
discharging power.
The initial stored energy is computed as

Epi = SoCj - ESS;, @)

The state of charge evolves according to

1 t

The SoC is subject to operational limits:

SoCy,(t) = SoCiM +

SoCj'™™ < SoCy(t) < SoCj'™ ©)

3.4.2. Charging and Discharging Constraints
Charging and discharging power are bounded:

P < Po (1) < P, (10)
Pll;rélr?ut < PPSZ”t(t) S Igéa‘;;‘(t’ (11)

and cannot occur simultaneously. A simple complementarity condition is

PPSZ' (t) Ppszur (t) - O, (12)
or, equivalently, with binary auxiliaries u¢ (t), uf (t) € {0,1},
us () 4+ ud (1) <1, (13)
PPSZI (t) S MZ(t) PII)I;?;!(/ (14)
d X

3.4.3. Energy Loss Calculations

Energy losses occur inside storage during charge/discharge due to imperfect efficiencies:

Plhocss< ) = (1 - 770) Ppsgl(t)/ (16)

PRt = (3L = 1) Pogu (t). (17)

where Ploss( )and P, '

ors(t) denote charging and discharging losses, respectively.
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Total storage-related loss at the bus.

Prossot(f) = ;[p;css(mp;;(t)} = ;[(1—17c)7’13531(t)+ (% = 1) Ppsgu (0] (18)

To incorporate degradation, the aging cost Cy,, is defined as

Eeye(t)

rated

where k¢yc and kt are empirically derived coefficients. This formulation captures cycle-life
and temperature-induced capacity fade consistent with Li-ion models in [36]. Including
Cieg allows evaluating long-term operational costs alongside instantaneous losses. The
present storage model neglects degradation and temperature effects for simplicity.

3.5. Power Loads (PLs)

The PL subsystem models residential energy consumption through both controllable
and fluctuating loads:

e  Controllable Loads (PL°): Schedulable devices (e.g., air conditioner, washing ma-
chine).

e Fluctuating Loads (PL/): Non-shiftable, variable demand devices (e.g., refrigerator,
lights).
Let K be the number of loads. The k-th load at time ¢ is represented as

e PL{(t): Controllable demand.

o PL{z (t): Fluctuating demand.

With respective power constraints:

PRES < Prrg(t) < PR (19)
min max
rL/ = 79PL{ (t) < 7DPL{ 20)

3.6. Power Flow and System Balance

All components interact via a central power bus. The instantaneous system-wide
power balance at time ¢ is

PPG(t) + ZPPSZ“t (t> = PPL(t) =+ Z,Ppsi"" (t) + Ploss,tot(t)' (21)
h h

where Ppg(t) and Ppr (f) denote aggregate generated and consumed power, respectively,
and Pjog 1ot (1) is the aggregate storage-related loss defined in the Section 3.4.3.
Cumulative energy for generation and consumption over time horizon [0, ] is

t

Epg; = /0 Prce(T)dT (22)
t

EPG]j_c:/O Py (it (23)
t

Eppg :/o Ppre(T)dT (24)
t

EPL{::/O Py (V)T (25)
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3.7. Logical Connections in DPFS

We examine four power-flow assignment scenarios in Table 2 that differ in how power
generators (PGs), power storage systems (PSs), and power loads (PLs) are interconnected.
(1) MPFA/S (multi-load, single storage): multiple PLs are supplied via a single PS; a single
RES-based PG (optionally backed by the UG) charges that PS (Figure 2). (2) MPFA/SG
(multi-load, single generator): multiple PLs are connected to a single RES PG and a single
PS (Figure 2). (3) MPFA/MG (multi-load, multiple generators): multiple PLs are supplied
by multiple RES PGs and a single PS (Figure 3). (4) MPFA/MSG (multi-load, multiple
generators and storages): multiple PL sets can draw from all RES PGs, the UG, and multiple
PSs (Figure 3).

Table 2. Summary of MPFA scenarios in the DPFS.

Scenario Power Generators (PGs) Power Storages (PSs) Description

MPFA/S 1 1 Single PG-single PS configuration
MPFA/SG 1 1 Single RES PG and single PS supplying multiple loads
MPFA /MG 3 1 Multiple PGs with single PS

MPFA /MSG 3 2 Multiple PGs and PSs, fully integrated DPFS

MPFA/S MPFA/SG

Figure 2. Logical connection for MPFA /S and MPFA /SG.

o MPFA/MG = MPFA/MSG PL.

Figure 3. Logical connection for MPFA /MG and MPFA /MSG.

4. DPFS Algorithms

This section introduces three power flow algorithms designed for the DPFS: the Total-
Demand-Based Power Flow (TDPF) algorithm, the Adaptive-Demand-Based Power Flow
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(ADPF) algorithm, and the Grid-Based Power Flow (GBPF) algorithm. These algorithms
are foundational for managing the smart home DPFS by dynamically balancing supply,
demand, and storage resources in real time, optimizing energy usage, and prioritizing user
comfort and system reliability.

4.1. Overview of Power Flow Algorithms

In Algorithm 1 represent the TDPF, ADPFE, and GBPF algorithms differ in their opera-
tional logic, their handling of load priorities, and the manner in which they utilize available
energy resources including renewable generation, energy storage, and the external utility
grid. Their integration enables the DPFS to flexibly adapt to changes in renewable output,
user demand, and energy storage status.

Algorithm 1 MPFA Power-Flow Management (bus-level allocation under
TDPF/ADPF/GBPF).

Require: Ppr, (t) for all k, Ppcl. (t) for all j, PPS;'n (t) and ,PPS;mt (t) for all i, and Pgiq ()
1: for each time step ¢ do

2: Compute total demand: Pgemand tot (t) = Lkek Prr, (t)
3: Compute total supply: Psyppiytot(t) = Ljej PpGj(t)
4 Compute available discharge from storage: Pstorage,tot (t) = Lnen PPSZM (1)
5 if TDPF or GBPF mode then
6: if Pdemand,tot(t) < Psupply,tot(t) then
7 Serve all Ppy, (t), charge PSs subject to 77 and bounds
8 Record charging losses
9 else if P demand,tot(t) <P supply,tot(t) + P, storage,tot(t) then
10: Discharge PSs with 77; to meet deficit, record losses
11: else if GBPF mode and Pdemand,tot(t) < Psupply,tot(t) + Pstorage,tot(t) + Pgrid(t)
then
12 Draw remaining deficit from grid
13: Serve all Ppy, (t), update energy accounting
14: else
15: Curtail loads (TDPF only; GBPF curtails only if a grid cap binds)
16: else if ADPF mode then
17: Sort loads by priority (essential — non-essential)
18: Allocate Ppg, (t) to high-priority Ppy, (t) first
19: If Ppg, (t) is exhausted, use PSs
20: If PSs are exhausted, curtail lowest priority Ppy, (t) as needed
21: Compute and record energy losses

4.1.1. Total-Demand-Based Power Flow (TDPF) Algorithm

The Total-Demand-Based Power Flow (TDPF) algorithm is depicted in Figure 4 and
constitutes a baseline approach to power management in the DPFS. This algorithm operates
by first evaluating the total power demand of the system at each discrete time interval and
comparing it to the sum of the available power supply from Power Generation (PGs) and
Power Storage Systems (PSs).

If the available supply is sufficient to meet the total demand, all household Power
Loads (PLs) are powered accordingly, maximizing user comfort and uninterrupted op-
eration of appliances. In this scenario, any surplus power after meeting demand is allo-
cated to charging the PSs with a charging efficiency factor 7., and any residual energy
loss resulting from charging inefficiencies is computed and recorded for system analysis
and optimization.
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Conversely, if the supply is insufficient to meet the total demand, the algorithm
suspends the operation of HADs, which may include flexible loads or critical appliances,
to prevent over-discharge and ensure safe operation of the DPFS. Although this may lead
to user discomfort due to interrupted appliance use, it preserves the integrity of storage
systems and prevents excessive battery cycling or blackout conditions. This stepwise logic
ensures that energy is allocated efficiently, losses are minimized, and system stability is
maintained under varying operational and environmental conditions.

4.1.2. Adaptive-Demand-Based Power Flow (ADPF) Algorithm

The Adaptive-Demand-Based Power Flow (ADPF) algorithm, as illustrated in Figure 5,
enhances flexibility by introducing adaptive load prioritization. Unlike the TDPF, which
treats all loads equally, the ADPF algorithm recognizes the varying importance of different
household appliances and assigns higher priority to essential or critical loads (such as
medical equipment, refrigeration, or heating/cooling systems).
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Figure 4. Flowchart of Total-Demand-Based Power Flow (TDPF) algorithm.

During each time step, the ADPF algorithm first attempts to satisfy the demand of
prioritized loads using the available supply from RES PGs and PSs units. If the available
supply is sufficient, the surplus is charged to PSs with efficiency #. and losses are computed
as before. If the available supply is not sufficient, the algorithm allocates stored energy (if
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available) to power the remaining prioritized loads, discharging PSs with efficiency 74 and
again computing corresponding losses. When neither PGs nor PSs can fully meet demand,
the algorithm systematically turns off the lowest priority or non-critical loads, thereby
minimizing user discomfort by ensuring that essential services remain operational. This
adaptive approach optimizes energy usage and minimizes the impact of supply shortages
on user comfort.

4.1.3. Grid-Based Power Flow (GBPF) Algorithm

The Grid-Based Power Flow (GBPF) algorithm, shown in Figure 6, introduces the
external utility grid as an additional energy source to further enhance the reliability and
resilience of the DPFS. This approach first allocates power from RES PGs and storage units,
maximizing local RES PGs and PSs energy utilization. If the combined supply from local
sources is insufficient to meet the full household demand, the GBPF algorithm automatically
engages the external grid, which supplies the remaining demand and thus ensures that
no load curtailment occurs. This operational paradigm guarantees user comfort and the
seamless operation of all loads at all times.
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Figure 5. Flowchart of Adaptive-Demand-Based Power Flow (ADPF) algorithm.

By using the grid only when local sources are insufficient, the GBPF algorithm maxi-
mizes the economic and ecological benefits of RES energy while maintaining the capability
to fully satisfy demand. This approach provides system-level reliability and stability, mini-
mizes the risk of service interruptions, and can reduce storage cycling (lower storage-related
losses) at the expense of potentially higher imported energy when RES are scarce.
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4.2. Algorithmic Logic and Stepwise Description

The detailed operational logic of each algorithm is as follows:
Total-Demand-Based Power Flow (TDPF) Algorithm:

At each time step t, the algorithm first checks whether there is any available power
supply.

If the total demand is less than or equal to the total supply, the surplus power is used to
charge the storage units with efficiency 7., and any residual energy loss is computed.
If the demand exceeds the supply but remains less than or equal to the combined
available power from supply and storage, the deficit is met by discharging storage
with efficiency 774, and corresponding losses are calculated.

If only storage is available and sufficient to meet the demand, the storage discharges
accordingly.

If none of these conditions are satisfied, all HAD operations are suspended for that
time step.

This logic ensures that energy is allocated efficiently, minimizes losses, and maintains
system stability under varying operational and environmental conditions.
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Figure 6. Flowchart of Grid-Based Power Flow (GBPF) algorithm.

Adaptive-Demand-Based Power Flow (ADPF) Algorithm:
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¢  This algorithm governs the allocation of stored and supplied energy to meet demand
in real time at each time step t.

e If supply is available and exceeds the total HAD demand, the surplus energy is stored
after accounting for charging efficiency 7., and any losses are computed.

¢ Inthe absence of sufficient supply, the algorithm checks whether the stored energy can
satisfy the HAD demand. If so, the storage discharges energy based on the discharging
efficiency 77,4, with the corresponding energy loss calculated.

*  Incases where stored energy is insufficient, the algorithm defaults to discharging what
is available from the multiple power sources (e.g., MPFA /S&G or MPFA /MG&MSG
configurations).

¢ This process ensures optimal utilization of energy resources and maintains the opera-
tion of HAD systems while minimizing energy losses.

Grid-Based Power Flow (GBPF) Algorithm:

¢ The GBPF algorithm manages energy distribution by coordinating supplied, stored,
and demanded energy at each time step .

*  When there is a positive supply, the algorithm first checks if the total HAD demand is
less than or equal to the available supply.

e  Iftrue, and the HAD demand is fully met by the supply, the excess supply is partially
stored in the energy storage system after accounting for the charging efficiency 7.
The energy loss in this case is the difference between the remaining supply and the
amount successfully stored.

e  If the HAD demand exceeds the current supply but can still be met by combining
supply with stored energy, the required deficit is discharged from storage based on
the discharging efficiency 74, and losses are computed accordingly.

¢ Inboth scenarios, HAD systems are activated and energy is either charged into or dis-
charged from single or multiple power sources (e.g., MPFA /S&G or MPFA /MG&MSG,).

e  If the combined available supply and storage are insufficient to meet demand, all
HAD operations are halted for that time step to prevent instability.

e  This strategy ensures optimal grid-supported energy flow, maintains HAD operation
when feasible, and prevents overuse of limited resources.

For completeness and reproducibility, a generic pseudocode structure encompassing
the operational flow of these algorithms is presented below.

Figures 4-6 provide flowchart representations for the TDPF, ADPF, and GBPF algo-
rithms, respectively, depicting their decision-making process and operational flow.

In summary, the TDPF, ADPF, and GBPF algorithms together provide a robust, flexible,
and adaptive power management framework for the DPFS. By considering total demand,
load priority, and grid integration, these algorithms enable real-time optimization of energy
flows, minimize system losses, maintain user comfort, and ensure reliable smart home
operation under a wide range of supply, storage, and demand scenarios. Their modular
design allows for seamless integration and future extension within advanced residential
energy management systems.

4.3. Computational Remarks and Guarantees

Each algorithm operates in a single pass per time step with arithmetic over | gen-
erators, H storages, and K loads. The per-step time is O(J+H+K) for TDPF and GBPF;
ADPF adds a priority sort of loads O(KlogK) (or O(K) with bucketed priorities). Fea-
sibility is always achieved under GBPF (assuming ’Pgrid(t) is adequate). Under fixed
"e, 14, storage bounds, and complementarity, the energy state Eps, [11] remains within
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[SoCINMESS),, SoCIMXESS),] provided the charging/discharging limit constraints hold. Op-
timality (loss-minimality) is not claimed for TDPF/ADPF but is empirically evaluated;
extending MPFA with optimization-based dispatch is left to future work.

5. Numerical Simulations

This section presents the simulation setup and scenarios considered to evaluate the
proposed Multiple-Load Power Flow Assignment (MPFA) approach in a smart home
environment. The Distributed Power Flow System (DPES) consists of three key components:
power generators (PGs), power loads (PLs), and power storage systems (PSs). The PGs
include a photovoltaic (PV) array, a fuel cell (FC), and the utility grid (UG), each playing
a crucial role in supplying energy to household appliances. The PLs comprise various
essential household HADs, including an air conditioner (AC), washing machine (WM),
ventilation fan (VF), light (LT), electric kettle (EK), microwave (MV), television (TV), and
refrigerator (RG), all of which are modeled based on their real-time usage patterns in a
smart home. The PSs include two dedicated storage units, PS1 and PS2, which manage
fluctuations in energy demand and supply.

5.1. Simulation Scenarios and Setup

The simulation framework is developed using Python, incorporating real experimental
data from both the FC and PV systems obtained from the iHouse setup. To comprehensively
assess the impact of power flow strategies, the study explores four distinct MPFA scenar-
ios: MPFA /S, MPFA /SG, MPFA /MG, and MPFA /MSG. These scenarios are designed to
analyze how different energy sources and storage mechanisms contribute to energy distri-
bution, loss minimization, and demand satisfaction. The evaluation is conducted using
three power-flow algorithms—TDPF, ADPF, and GBPF—each offering unique insights into
system performance under varying energy conditions.

The operation of the FC is modeled based on the ENE-FARM framework, in Table 3
with its active operational hours set from 00:00 to 05:00 and 16:00 to 23:59 across all seasons
to optimize energy availability [10,37]. Although the current FC model assumes stable
operation, in practice FC performance degrades due to component aging and reversible
voltage losses. For PV generation, actual recorded data is used to reflect seasonal variations,
with representative dates selected for each season: winter (11 January), spring (23 April),
summer (14 June), and autumn (17 October). The utility grid is considered a controllable
energy source and is available 24/7, providing an additional layer of stability to the

energy supply.

Table 3. Main experimental parameters used in the simulation.

Component Specification / Setting

PV system Model: 1.0 kW mono-crystalline PV array; tilt angle: 30°; efficiency: 18%;
Model: Toshiba ENE-FARM household FC system; type: PEMFC; rated
electrical output: 700 W; thermal output: 1.0 kW; hydrogen supply
pressure: 1.3 bar; reaction temperature: 70 °C; overall system efficiency:
90% (electric 40%, heat 50%).

Fuel cell (FC)

Regarding household appliance PLs, the simulation considers the most relevant and
frequently used HADs in a smart home environment. A detailed 24 h operational profile of
these appliances is depicted in Figure 7 and Table 4, illustrating the variations in energy
demand throughout the day. Notably, the air conditioner (AC) operates for 21 h, reflecting
its significant role in maintaining indoor comfort, while the refrigerator (RG) remains
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active continuously for 24 h to ensure food preservation. The operational schedules of
other household appliances are also taken into account, aligning with the daily energy
consumption patterns of typical users.

11 I 11 [
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Home Appliances Devices

Figure 7. Household activity schedule for the operation of HADs.

For both PSs, the initial, minimum, and maximum state of charge (SoC) are 21%, 20%,
and 94%, respectively. Both PSs have charging efficiency #. and discharging efficiency
14 of 92%. This setup allows for a realistic assessment of power flow strategies and their
effectiveness in balancing supply and demand while minimizing losses within the DPFS.

Table 4. Power ratings of home appliances across seasons.

Home Appliance Power Ratings (W)

Season  —C WM  EK TV __RG VF  IT MV
Winter 890 500 600 120 150 66 368 1000
Summer 790 350 600 120 250 111 368 1000
Autumn 380 450 600 120 200 36 368 1000
Spring 380 350 600 120 200 36 368 1000

5.2. Power Profile Results and Discussion

The simulation results presented in Figure 8 illustrate the power consumption and
supply profiles for the first scenario for the winter season (MPFA /S). Both TDPF and ADPF
algorithms achieve similar levels of demand fulfillment throughout the day. However, at
13:00, 14:00, 21:00, and 22:00 the ADPF algorithm exhibits higher demand satisfaction than
TDPE. This indicates the effectiveness of ADPF in dynamically adjusting power allocation,
ensuring better utilization of available storage energy.

In this section, power flow scenarios and algorithms are tested and verified for the
winter season. The power supply and consumption profiles reflect the operational strategies
of the implemented power flow algorithms. The total power supply in the ADPF and TDPF
approaches is primarily sourced from FC, PV, and PSs, while the GBPF algorithm integrates
power from PV, FC, PSs, and the UG to meet the power demand. The total daily power
demand during winter is 24.51 kWh.

In Figure 9, the power demand satisfaction profile is analyzed throughout the day. During
hours 08:00, 09:00, and 22:00, ADPF achieves higher demand fulfillment than TDPF does.
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This suggests that ADPF is more effective in managing limited power resources from a single
generator and storage, optimizing allocation to maintain supply during critical hours.

5
I Power Consumption with TDPF —8-— Power Generation with TDPF
mm Power Consumption with ADPF #— Power Generation with ADPF
mmm Power Consumption with GBPF —4— Power Generation with GBPF
4

Power [kw]

012 3 45 6 7 8 91011121314 1516 17 18 19 20 21 22 23
Time [hours]

Figure 8. Power supply and consumption in winter with MPFA/S.
Figure 10 demonstrates an improvement in power availability due to the presence

of multiple power generators. ADPF satisfies more demand at key intervals: 04:00, 08:00,
09:00, 12:00, 13:00, 21:00, 23:00, and 24:00, compared to TDPF.
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Figure 9. Power supply and consumption in winter with MPFA /SG.

Finally, Figure 11 shows the most efficient and balanced power supply scenario. Here,
ADPF ensures greater demand satisfaction during multiple hours, particularly in the
morning (08:00-11:00) and later in the evening (19:00, 22:00, and 24:00). The presence of

multiple PSs allows surplus energy from PGs to be stored and redistributed effectively,
further improving demand fulfillment.
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Figure 10. Power supply and consumption in winter with MPFA/MG.

Across all scenarios, the GBPF algorithm consistently meets the full daily power
demand, highlighting its superior performance in ensuring reliable energy supply. The
results further emphasize the importance of multi-source generation and grid integration
in optimizing energy distribution and reducing supply gaps.

Figures 12 and 13 illustrate the power supply and consumption profiles during the
summer season for the MPFA /S and MPFA /SG scenarios. In both cases, the ADPF and
TDPF algorithms exhibit nearly identical performance in meeting demand, primarily
due to the limited number of connections available. In Figure 14, with the increased
number of connections in the MPFA /MG scenario, the TDPF algorithm outperforms ADPF.
Specifically, demand satisfaction is higher at critical hours such as 02:00, 03:00, 04:00, 09:00,
10:00, 13:00, 19:00, and 22:00. Conversely, in Figure 15, the ADPF algorithm demonstrates
better performance at 01:00, 03:00, 05:00, 20:00, 21:00, and 23:00. In the MPFA/MSG
scenario, the ADPF algorithm nearly satisfies the maximum demand across all periods,
while the TDPF algorithm either fully meets or intermittently fails to meet the demand at
multiple times. Across all evaluated scenarios, the GBPF algorithm consistently achieves
full daily power demand satisfaction, confirming its superior reliability and effectiveness
during the summer season.

Figures 16 and 17 illustrate the power supply and consumption profiles for the autumn
season. Given the relatively lower energy demand during this period, the MPFA/S,
MPFA /SG, and MPFA /MG scenarios exhibit similar performance trends across all three
evaluated algorithms. In particular, Figure 18, representing the MPFA /MG scenario,
shows that during critical hours—specifically, 05:00, 08:00, 12:00, 13:00, and 17:00-20:00 the
ADPF algorithm is able to satisfy a higher portion of the demand compared to the TDPF
algorithm. Furthermore, Figure 19 highlights the MPFA /MSG scenario, where at hours
7:00-9:00, 20:00, and 21:00, the TDPF algorithm fails to meet the required load, whereas the
ADPEF algorithm successfully fulfills the demand based on available power supply. This
distinction underlines the adaptability of the ADPF method under supply-constrained
conditions. Across all considered scenarios, the GBPF algorithm consistently achieves full
daily demand satisfaction, demonstrating its robustness and superior capability in ensuring
reliable power delivery throughout the autumn season.
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Figure 11. Power supply and consumption in winter with MPFA /MSG.
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Figure 12. Power supply and consumption in summer with MPFA/S.

Figures 20-23 present the power supply and consumption profiles for the spring sea-
son, a period characterized by lower energy demand and relatively high photovoltaic (PV)
energy supply. In the MPFA /S scenario, both the ADPF and TDPF algorithms demonstrate
comparable performance in terms of demand satisfaction. However, the GBPF algorithm
outperforms them during certain periods, leveraging the additional availability of grid
power to meet the load requirements better. Specifically, Figure 21, which illustrates the
MPFA /SG scenario, highlights that during the early morning hours from 1:00 to 5:00
and midday hours from 11:00 to 14:00, the TDPF algorithm is able to satisfy a greater
portion of the demand compared to the ADPF algorithm, likely due to its effective load
distribution strategy.
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Figure 13. Power supply and consumption in summer with MPFA /SG.
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Figure 14. Power supply and consumption in summer with MPFA /MG.

Moreover, Figure 22, focusing on the MPFA /MG scenario, reveals that at 06:00, neither
the TDPF nor the ADPF algorithm is able to fully satisfy the load, pointing to a temporary
mismatch between supply availability and demand requirements. Nevertheless, as shown
in Figure 23, under the more advanced MPFA /MG and MPFA /MSG scenarios, all three
algorithms ADPF, TDPF, and GBPF successfully meet the full demand across all time
periods. This is largely attributed to the abundant RES supply during the spring season
and the extensive logical connections established between devices, which enhance load-
sharing flexibility and system robustness. Overall, the results emphasize the importance
of optimizing connectivity and leveraging renewable generation to ensure reliable and
efficient microgrid operation under varying seasonal conditions.
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Figure 15. Power supply and consumption in summer with MPFA /MSG.
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Figure 16. Power supply and consumption in autumn with MPFA/S.
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Figure 17. Power supply and consumption in autumn with MPFA /SG.
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Figure 18. Power supply and consumption in autumn with MPFA /MG.
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Figure 19. Power supply and consumption in autumn with MPFA /MSG.
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Figure 20. Power supply and consumption in spring with MPFA/S.
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5.3. Power Loss Results and Discussion

This section analyzes the power loss in different scenarios using various power flow
algorithms. For the winter season and in the MPFA /S scenario (Figure 24), the logical
connection where power flows primarily from the PS leads to a high frequency of charging
and discharging, resulting in significant storage losses. The TDPF and ADPF algorithms
exhibit similar storage losses. Under GBPFE, 100% demand is guaranteed; grid support often

reduces battery cycling and thus storage-related losses, although total imported energy can
increase when RES are scarce.
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Figure 21. Power supply and consumption in spring with MPFA /SG.
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Figure 22. Power supply and consumption in spring with MPFA /MG.
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For winter, Figure 25 represents the charging and discharging profile for the MPFA /SG
scenario. Here, the logical connection allows power to be drawn from a single generator,
reducing dependency on PS and significantly lowering power losses compared to MPFA /S.
This highlights the impact of direct generation-based supply in minimizing inefficiencies.

In Figure 26 (MPFA/MG) and Figure 27 (MPFA/MSG), power loss continues to
decrease rapidly across scenarios. The introduction of multiple generators and storage
systems in these configurations enhances energy availability and distribution efficiency,
resulting in further reductions in energy losses. Notably, across all scenarios except
MPFA/S, the ADPF algorithm demonstrates lower power losses compared to TDPE. Across
MPFA /SG-MPFA /MSG scenarios, power loss in GBPF is significantly lower than in ADPF,
benefiting from grid integration that reduces cycling.
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Figure 23. Power supply and consumption in spring with MPFA /MSG.
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Figure 24. Power loss in winter with MPFA /S.
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For the summer season, Figures 28-31 illustrate the charging/discharging profile
and power loss across the three algorithms. In the MPFA/S scenario, limited logical
connections lead to high power charging/discharging, resulting in significant losses. The
GBPF algorithm ensures complete demand satisfaction and generally yields the lowest
storage-related losses due to reduced cycling from grid support (though imported energy
can increase when RES are scarce). In MPFA/SG, power loss remains similar across all
three algorithms. In MPFA /MG and MPFA /MSG, ADPF exhibits lower losses than TDPF
at all time periods, while GBPF consistently has the lowest losses compared to both TDPF

and ADPE.
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Figure 25. Power loss in winter with MPFA /SG.
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Figure 26. Power loss in winter with MPFA /MG.

184



Energies 2025, 18, 5716

mm Charging/Discharging Power with TDPF —8— Power Loss with TDPF
mmm Charging/Discharging Power with ADPF —m— Power Loss with ADPF | 0.4
mmm Charging/Discharging Power with GBPF —4$— Power Loss with GBPF :
2 4
F0.2
14 -
5 g
el
2 2
= 04 r0.0 ©
Q -
g I g
=] Q
o =
-]
-1 -9
r=0.2
-2
r—0.4
-3 7T
01 2 3 45 6 7 8 9 101112 1314 15 16 17 18 19 20 21 22 23
Time [hours]
Figure 27. Power loss in winter with MPFA /MSG.
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Figure 28. Power loss in summer with MPFA/S.

For the autumn season, Figures 32-35 present the charging/discharging profile and
power loss. Similar to summer, MPFA /S experiences high losses due to frequent charg-
ing/discharging. With grid support, GBPF reduces storage cycling and typically yields
the lowest storage-related losses while ensuring 100% demand satisfaction. In MPFA /SG,
power loss remains similar across all algorithms. In MPFA /MG, ADPF has lower losses
than TDPF, while in MPFA /MSG, TDPF exhibits higher losses compared to ADPF, and

GBPF maintains the lowest losses.
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Figure 29. Power loss in summer with MPFA /SG.
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Figure 30. Power loss in summer with MPFA /MG.
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Figure 31. Power loss in summer with MPFA /MSG.
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Figure 32. Power loss in autumn with MPFA/S.

For the spring season, Figures 36-39 show the charging/discharging profile and power
loss. In MPFA /S, TDPF experiences the lowest losses due to lower demand satisfaction,
ADPF has moderate losses, and GBPF achieves full demand satisfaction and generally the
lowest storage-related losses; in spring, all three methods show similar losses due to ample
RES supply. In MPFA /SG and MPFA /MSG, losses remain similar across algorithms due

to the lower demand compared to supply. In MPFA /MG, GBPF outperforms the other
two algorithms in minimizing power loss.

3
mm charging/Discharging Power with TDPF —8— Power Loss with TDPF
mmm Charging/Discharging Power with ADPF —@— Power Loss with ADPF | 0.4
mmm Charging/Discharging Power with GBPF —4§— Power Loss with GBPF :
2 .
r0.2
1- -
- g
g ol
=~ n
e 8
5 0 t0.0 9§
H ]
o =
[=]
-1 o
-0.2
-2
r—0.4
-3

01234567 8 9101112131415 16 17 18 19 20 21 22 23
Time [hours]

Figure 33. Power loss in autumn with MPFA /SG.

The comparative analysis in Figure 40 for the winter season shows that MPFA /SG
achieves an energy loss reduction of 71.64% compared to MPFA/S, while MPFA /MG
further reduces energy loss by 30.06% compared to MPFA /SG. The MPFA /MSG scenario
provides an additional 9.61% reduction in energy loss compared to MPFA/MG. Regarding
algorithm performance, in the MPFA /MSG scenario, the ADPF algorithm reduces energy
loss by 32.47% compared to TDPF, whereas GBPF achieves a substantial 80.09% reduction in
energy loss relative to ADPFE. These results emphasize that energy loss is minimized as more
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generation and storage units are incorporated into the system. Moreover, GBPF consistently
outperforms other algorithms in reducing energy losses due to its ability to supplement
local power with the grid, leading to a more efficient energy distribution strategy.
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Figure 34. Power loss in autumn with MPFA /MG.
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Figure 35. Power loss in autumn with MPFA /MSG.

For the summer season (Figure 41), MPFA /SG achieves a 77.38% energy loss reduction
compared to MPFA /S, while MPFA /MG further reduces energy losses by 31.34% relative to
MPFA /SG. In the MPFA /MSG scenario, ADPF reduces energy losses by 48.94% compared
to TDPF, while GBPF achieves a 51.06% energy loss reduction compared to ADPF.

For the autumn season (Figure 42), MPFA /SG reduces energy losses by 66.60% com-
pared to MPFA /S, and MPFA /MG achieves an additional 59.82% energy loss reduction
relative to MPFA /SG. In MPFA /MSG, ADPF outperforms TDPF with a 68.20% energy loss
reduction, while GBPF reduces energy losses by 31.80% compared to ADPE.
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Figure 36. Power loss in spring with MPFA/S.
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Figure 37. Power loss in spring with MPFA /SG.
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Figure 38. Power loss in spring with MPFA /MG.
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Figure 39. Power loss in spring with MPFA /MSG.
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Figure 40. Energy loss for DPFS in winter.
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Figure 41. Energy loss for DPFS in summer.
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For the spring season (Figure 43), MPFA /SG achieves a 53.94% energy loss reduction
compared to MPFA /S, while MPFA /MG reduces energy losses by 52.73% relative to
MPFA /SG. Additionally, MPFA /MSG achieves a 16.49% energy loss reduction compared
to MPFA/MG. In this scenario, all three algorithms exhibit similar energy losses due to
power consumption being lower than the available RES power supply.
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Figure 42. Energy loss for DPFS in autumn.

5.4. Cross-Season Summary

Across seasons, enlarging MPFA connectivity (S — SG — MG — MSG) consistently
lowers storage-related energy losses and raises demand satisfaction. GBPF guarantees full
daily demand and the lowest storage-related losses in most cases due to reduced cycling.
ADPF outperforms TDPF under constrained local supply by prioritizing critical loads and
smoothing storage usage. To avoid redundancy, detailed hour-by-hour plots are retained in
the figures, while aggregate comparisons (daily energy demanded/supplied, daily energy
loss, storage throughput) are summarized here.
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Figure 43. Energy loss for DPFS in spring.
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5.5. Statistical Validation (Supplement)

We computed daily aggregates over multiple representative days per season. Vari-
ability across days (mean =+ std) for demand satisfaction, daily energy loss, and storage
throughput is provided in [8]; no material changes to the rank ordering of methods
were observed.

5.6. Overall Results

The comprehensive numerical simulations demonstrate that the proposed MPFA
approach, in conjunction with advanced power flow algorithms, significantly enhances the
operational efficiency and reliability of smart home distributed power flow systems.

Across all seasonal scenarios, integrating multiple power generation sources and
storage units proved crucial in minimizing storage-related losses and ensuring consis-
tent demand fulfillment. Notably, the GBPF algorithm consistently achieved complete
daily demand satisfaction; with grid support, it often reduces battery cycling and hence
storage-related losses, though total imported energy can increase when RES are scarce.
The ADPF algorithm also exhibited strong performance—especially when grid support
is limited—by dynamically prioritizing loads and optimizing storage utilization and allo-
cation. Furthermore, the results highlight the importance of leveraging renewable energy
resources, optimizing connectivity among appliances, and deploying intelligent control
algorithms to ensure stable and efficient power delivery under varying seasonal and opera-
tional conditions. Overall, the study validates the effectiveness of the MPFA framework
and provides valuable insights for the design of future smart home energy management
systems that prioritize sustainability, resilience, and cost-effectiveness.

5.7. Limitations and Practical Considerations

Large-scale hardware-in-the-loop (HIL) verification and dynamic grid-event testing
are pending. Battery and hydrogen-system degradation were modeled empirically; con-
verter and thermal losses beyond 7, 77; are neglected. Cost modeling and scalability to
larger feeder-level deployments are not included. Implementation-wise, GBPF requires
reliable grid availability and metering; ADPF requires priority configuration and limited
communications; both are compatible with edge controllers.

6. Conclusions and Future Work

This paper has presented a comprehensive investigation of power flow assignment
scenarios and power flow algorithms within the DPFS for smart homes. Four distinct power-
flow assignment scenarios—MPFA /S, MPFA /SG, MPFA /MG, and MPFA /MSG—were
evaluated, each representing different logical interconnections between PGs, PLs, and PSs.
The simulation framework incorporated real experimental data and accounted for seasonal
variations to evaluate system performance under realistic and dynamic operating condi-
tions. Simulation results consistently demonstrated that as the logical connectivity among
generators, loads, and storage units is enhanced, particularly in the MPFA /MSG scenario,
both power losses are minimized and demand satisfaction improves. Among the analyzed
algorithms, the GBPF approach achieved the highest levels of demand fulfillment. It exhib-
ited the lowest power losses across all scenarios and seasons, leveraging grid integration to
ensure a reliable supply. The ADPF algorithm also provided significant improvements in
power allocation efficiency and storage utilization, resulting in reduced user discomfort
compared to the TDPF method, especially under supply-constrained conditions.
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Overall, the findings highlight the importance of adopting multi-source, multi-storage
power flow strategies and intelligent algorithmic control to optimize energy utilization,
minimize losses, and enhance the reliability and resilience of smart home energy systems.
The study offers a practical framework and actionable insights for future smart home
energy management solutions, particularly as the share of RESs and distributed resources
continues to rise. Future work includes: (i) optimization-based MPFA dispatch with explicit
cost terms (tariffs, degradation), (ii) HIL validation under real grid events, (iii) stochastic
PV/FC forecasts and uncertainty-aware scheduling, and (iv) scalability tests on multi-home
feeders with communication delays and cyber-physical constraints.
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Abbreviations

The following abbreviations are used in this manuscript:

RES Renewable energy sources

ESS Energy storage system

BESS Battery energy storage system

DPFS Distributed power flow system

HAD Home appliances and devices

PGs Power generators

PLs Power loads

PSs Power storage systems

PV Photovoltaic

FC Fuel cell

UG Utility grid

SoC State of charge

MPFA Multiple-Load Power-Flow Assignment

MPFA/S Multiple-Load Power-Flow Assignment with single PS
MPFA/SG Multiple-Load Power-Flow Assignment with single PG

MPFA/MG Multiple-Load Power-Flow Assignment with multiple PGs
MPFA /MSG Multiple-Load Power-Flow Assignment with multiple PGs and PSs

TDPF Total-Demand-Based Power Flow algorithm
ADPF Adaptive-Demand-Based Power Flow algorithm
GBPF Grid-Based Power Flow algorithm
Nomenclature

The following nomenclature is used in this manuscript:

PG{ (t) Fluctuating power generation
PG]F (1) Controllable power generation
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j Index of PGs, j=1,...,npg
PL{: (t) Fluctuating power loads

k Index of PLs, k =1,...,npg
h Index of PSs, h =1,...,1npg
Prc(t) Power generation at time ¢
Prr(t) Power consumption at time f

Peria (t) Grid power at time ¢

Possot(f)  Aggregate storage-related power loss at the bus at time ¢
E%”sih Initial energy stored of ith PS

Eps, (1) Energy stored of hth PS at time ¢

Prpgin (t) Charging power of iith PS at time ¢

Ppgput (t)  Discharging power of hth PS at time ¢

SoCy(t) State of charge of hith PS at time ¢

SoC};"i Initial state of charge of ith PS

SoCZ"i” Minimum state of charge of hth PS

SoCjtx Maximum state of charge of hth PS

731%1],? Minimum charging power of hth PS

Plrfézj‘ Maximum charging power of hth PS
II)IEZI}” Minimum discharging power of hth PS
11’223‘(' Maximum discharging power of hth PS

Pllf;s (1) Charging loss of hth PS at time ¢
P{l’;’s S(1) Discharging loss of hth PS at time ¢

e Charging efficiency of power storage

N4 Discharging efficiency of power storage

E PG Cumulative energy of controllable power generation

E Cumulative energy of fluctuating power generation

PG/
Epr; Cumulative energy of controllable power consumption

E Cumulative energy of fluctuating power consumption

pLf
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Abstract

Greenhouses play a vital role in modern agriculture by providing controlled environments
for year-round crop production. However, climate regulation within these structures
accounts for a significant portion of their energy consumption, often exceeding 50% of
operational costs. Current greenhouse systems predominantly rely on reactive control
strategies, leading to energy inefficiency and unstable internal conditions. Addressing this
gap, the present study develops a machine learning-based framework that leverages time
series forecasting models—specifically Long Short-Term Memory (LSTM)—that predict
key climate parameters and generate optimal actuator control recommendations. The
system utilizes multivariate environmental data to forecast temperature, humidity, and
CO; levels and minimize a composite energy proxy through proactive adjustments to heat-
ing, ventilation, and lighting systems. Experimental results demonstrate high prediction
accuracy (R? = 0.9835) and significant improvements in energy efficiency. By integrating
predictive analytics with real-time sensor feedback, the proposed approach supports intelli-
gent, energy-aware decision-making and advances the development of smart agriculture
through proactive greenhouse climate management.

Keywords: smart greenhouse; climate control optimization; time series forecasting;
machine learning; LSTM neural networks; energy-efficient agriculture

1. Introduction

In modern agriculture, greenhouses are very useful as they offer controlled conditions
for plant growth and increase productivity. They provide proper temperatures, humidity,
light, and CO; levels for plant growth [1-3]. This enables cropping throughout the year
irrespective of the outside weather [3]. Additionally, greenhouses protect crops from ad-
verse climatic events, leading to improved crop quality and enhanced production [4,5].
Within greenhouses, climate control plays a decisive role in optimizing growth, improving
yield, and maintaining high standards of quality, along with auguring greater techno-
logical integration. The importance of maintaining optimal temperature is critical since
different crops have distinct thermal requirements during various growth phases [4]. In
addition, the incorporation of renewable solar and geothermal energy systems enhances
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the energy performance and lowers operational expenditure [6,7]. Controlling humid-
ity is crucial for disease control [4,8], maintaining transpiration, and nutrient absorption
essential to plant health [9]. Elevated CO; concentrations also increase photosynthesis
and productivity [4,10], and automated systems can economize CO, in relation to yield
profits [4]. Artificial lighting facilitates off-season production [11,12], and cost-effective
lighting aids in energy conservation [13,14]. Greenhouses have integrated advanced sen-
sors and real-data monitoring which enable access to automated integrated climate control
systems [4,6]. These systems use refined algorithms such as neural networks, fuzzy logic,
and predictive control for customizable, accurate regulation [6,15]. All these advancements
reduce the amount of energy consumed, resources used, and overall negative impact
on the environment which, in turn, promotes economic productivity and environmental
health [4,6,13,16,17]. Furthermore, these innovations facilitate the adoption of climate-
resilient agricultural systems [6,13]. Although these technologies offer multiple benefits,
the current control systems in greenhouses heavily rely on reactive strategies, which result
in enormous energy losses and inadequate conditions for plant development. Greenhouses
have high energy consumption, especially those designed for off-season cultivation. Heat-
ing, cooling, and lighting systems can account for up to 50% of total production costs [18,19].
Increased operational costs occur due to fossil fuel dependency, the emission of greenhouse
gases, and climate change [13,20]. One of the major inefficiencies of ventilation-induced
heat loss can be solved with more modern techniques, such as air handling units, borehole
thermal storage, and heat pumps [21]. Other technologies such as phase change materials
(PCMs) have also proven to be effective by lowering gas consumption by 23.7% [6,7].
Internal environments in a house that are maintained by reactive control strategies tend
to fail, which is harmful to plant growth. Uncontrolled temperature and moisture levels
in plastic-covered structures are particularly bad examples and lead to crop loss due to
overheating or cold stress, which has been observed in cucumber production [22-24]. The
variation in microclimate conditions within greenhouse zones also impacts the uniformity
and consistency of plant growth and yield. Solving such issues requires deploying real-
time monitoring advanced sensor networks on a wider scale [23,25]. Lighting presents
challenges too; dynamic lighting systems have the ability to reduce energy use by up to
20% without affecting yield [26]. However, passive greenhouses with inadequate light-
ing are likely to experience stunted growth unless supplemented with treatments like
sucrose application [27].

Innovative optimal climate control strategies must be adopted to facilitate efficient
and sustainable greenhouse systems. New techniques offer great potential. For exam-
ple, some HVAC systems like rooftop greenhouses can reclaim heat energy from other
buildings [28]. Solar, geothermal, and wind energy are renewable options that reduce
fossil fuel dependence, and semi-transparent photovoltaics support light transmission as
well as electricity generation [19]. Further, the sustainability of Closed-loop systems that
recycle organic waste and drainage water is enhanced by the creation of renewable energy
and organic fertilizers [5,29]. Sustainability in greenhouse farming is achieved with the
combination of Internet of Things (IoT) and Machine Learning (ML) technologies that
enable autonomous and preemptive decisions to be made based on real-time data. Crop
yields, alongside resource use and productivity, are enhanced by the proactive, data-driven
decision-making these technologies provide. Real-time data is critical during the grow-
ing season, and IoT devices can capture temperature, humidity, soil moisture, and light
intensity [30-33]. Moreover, these sensors are usually bundled with actuators that regulate
irrigation, lighting, and ventilation to adjust to the requirements of the plant and maintain
a stable microclimate [30,31,33-35]. The automation of these processes helps with the
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management of greenhouses because IoT platforms allow remote access and farmers can
oversee and manage the systems from anywhere using web interfaces [30,31,33,35,36]. In
addition to monitoring, ML has a major impact on predictive analytics. ML models predict
growth, foresee disease outbreaks, and detect pest infestations utilizing data from IoT
devices, permitting timely intervention [32,37—40]. Such models further analyze historical
and real-time data to track water, nutrient, and energy use to maximize efficiency and
minimize wastage [3,4,8-12]. ML decision-support systems provide relevant information
for crop management, irrigation scheduling, and pest management [35,38]. These improve-
ments allow the achievement of optimal environmental conditions for the plants at any
time, as well as risk minimization and enhanced productivity, while ensuring a smaller
ecological footprint [32,38,39,41]. Minimizing labor and resource waste drives down opera-
tional costs [37-39,41]. There are still unanswered questions, to be sure. Data privacy and
security and expanding the IoT and ML infrastructure, as well as other concerns related to
the integration of data, computation limits, complexity, and transparency of the models
need attention [32,34]. Realizing the advantages of these technologies also requires one to
adequately train the farmers and devise adoption strategies [32,34]. This study proposes
a Clean Energy Smart Grid (CESG) design integrating demand response, energy storage,
and forecasting to address renewable energy intermittency. A nested sizing framework
is introduced, combining hourly optimal operation and annual optimal sizing for cost-
effective, reliable system design. To overcome computational limits, the study replaces the
inner Lotus Effect Algorithm (LEA) with a trained Artificial Neural Network (ANN), main-
taining accuracy with a 98.92% time reduction. Results show demand response reduces
costs by 28%, and the hybrid ANN-LEA approach accelerates convergence time by 43%,
enhancing scalability and efficiency [42]. This review explores how artificial intelligence
(Al) is transforming energy management in renewable-integrated smart grids by enhancing
forecasting, fault detection, and control. It highlights advancements in machine learning
and deep learning for grid observability, anomaly detection, and multi-agent optimization
of energy dispatch and microgrids. Key barriers such as data sparsity, model transparency,
and standardization are discussed, alongside emerging solutions like explainable Al and
quantum-enhanced computing.

The study concludes that integrating AI with digital infrastructure and policy reform
is essential for enabling intelligent, resilient, and low-carbon power systems [43]. This
study analyzes solar energy forecasting in the U.S. using Al-based time-series models,
focusing on Random Forest and XGBoost for predictive accuracy.

Both models demonstrated high reliability across hourly and daily datasets from
major solar regions, enabling dynamic grid and storage management. Findings support
the integration of Al forecasting in real-time dispatch, load planning, and policy-making
to support decarbonization goals. Future research should explore hybrid deep learning
models (LSTM, CNN-LSTM) and storage integration for enhanced accuracy and smart
microgrid deployment [44]. This review examines the influence of uncertain factors on long-
term energy system optimization models, essential for planning future energy transitions.
Uncertainties are categorized into policy, economic, and technical domains, with a focus on
carbon reduction and energy transformation challenges. The paper summarizes existing
modeling approaches used to address these uncertainties in system evolution and planning.
It concludes by highlighting key uncertainty factors and recommending future research
directions for robust energy system modeling [45]. This study presents a web-based
decision support tool for monitoring and upgrading HVAC systems using smart meter
data. The tool enables real-time analysis of heating/cooling cycles, room-level efficiency,
and retrofit energy-saving potential. Unlike traditional theoretical models, it adopts a
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data-driven, building-specific approach to optimize HVAC performance. A case study
in Athens demonstrates its effectiveness in enhancing energy efficiency and supporting
sustainable building practices [46]. The paper presents a novel approach for controlling
the climate of autonomous greenhouses by implementing a predictive, energy-efficient
model using time-series machine learning techniques. The model achieves remarkable
energy savings by preemptively adjusting control device (actuators) settings to optimal
levels within the greenhouse based on its prediction for the temperature, humidity, and
CO; equilibrium surge values. This self-sufficient, intelligent system fosters sustainability
and greater crop yields through improved data analysis.

Review

Researchers have proposed advanced techniques that combine Machine Learning
(ML), optimization, and IoT to facilitate the accurate prediction of critical climate variables
and the control of greenhouse actuators. LSTM-based models offer predictive capabilities
on the environment’s sequential data loading, and climate forecasting using LSTM algo-
rithms placed on IoT devices aids in making energy-conscious decisions [47]. In addition,
temperature and humidity predictions have been made with great accuracy and minimal
error using LSTM with Support Vector Machine (SVM) hybrids [48]. For more precise
CO; predictions, some models use multi-model fusion methods with wavelet denoising,
variational mode decomposition, and LSTMs, which successfully reduce noise in time-
series data using feature extraction methods [49]. Forecasting of internal temperature
and relative humidity has also successfully been performed using Adaptive Neuro-Fuzzy
Inference System (ANFIS) models [50]. In climate management, optimization algorithms
are instrumental on the control side. Using fuzzy logic modules, Differential Evolution
(DE) can reduce energy consumption by 36% while optimizing climate parameters (1).
Also, the combination of Convolutional Neural Networks (CNNs), LSTM with MPC, and
other features have shown improvement concerning responsiveness, accuracy, and control
within the temperature, humidity, and CO; control dimensions [51]. The impact of uncer-
tain weather forecast monitoring is alleviated with robust data-driven MPC frameworks
by retaining internal conditions through the use of dynamic models and optimization
routines coupled with internal model control [52]. Using global optimization techniques
like interpolation control and surrogate-based modeling techniques, dynamic setpoints
are achieved, resulting in 27% energy savings and a 25% improvement in crop yield [53].
Superiority in multi-objective optimization enhances the tuning of PID controller setpoints
in parallel with energy efficiency using Genetic Algorithms and RBFNN. As a result, over-
shoot and rise time are countered while maintaining the desired balance [54]. Furthermore,
proactive microclimate control is made possible by real-time monitoring via IoT systems,
which provides dependable and near-instantaneous communication between sensors and
actuators [47]. The inclusion of crop physiological data into the control systems allows for
more accurate decisions to be made, thus optimizing the advancement of the plant and the
effectiveness of the resources used [55]. The combined effect of these approaches allows
smart greenhouses to be accurately advanced and optimally eco-regulated, improving the
energy efficiency and sustainability of agriculture. Different methods have also been tried in
the prediction of greenhouse climate forecasting using time series analysis with varying ad-
vantages and disadvantages. Increasingly sophisticated models, notably LSTMs, continue
to be used mainly because of their ability to capture intricate relationships over time, espe-
cially for estimating the cooling demand, temperature, and humidity levels [40,48,56,57].
These models perform exceptionally well, attaining RMSE values as low as 0.0766 and
R? scores peaking at 0.982 [48,56]. On the other hand, LSTMs face challenges related to
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high computational costs and extensive model optimization known as hyperparameter
tuning [58]. On the other hand, temperature and evapotranspiration are often predicted
using ARIMA models which are autoregressive chronologically integrated moving aver-
ages with a linear approach, resulting in R? values from 0.86 to 0.91 [59]. However, ARIMA
models do not capture nonlinear trends well and are often highly customized in terms
of data processing requirements [7,8]. Metaheuristics-based optimization of Moth-Flame
algorithms to tree-based ensemble models have shown promise in forecasting numerous
environmental factors including CO, and humidity with R? values exceeding 0.9929 using
XGBoost [40,60,61]. Although XGBoost tends to be accurate, it can be inefficient computa-
tionally and susceptible to overfitting [61]. Lastly, time-series models like Prophet, which
are made to accommodate strong seasonality, have been able to forecast droughts with an
accuracy rate of 92.01% [62] but struggle more with weakly seasonal and irregular data.
Table 1 shows a comparative analysis of time-series forecasting models.

Table 1. Comparative analysis of time-series forecasting models.

Model Strengths Limitations Key References
LSTM (Long Short-Term Captures long-term dep.end.enaes; Requires liarge tra.mmg .data;.
Memory) handles nonlinear, multivariate computationally intensive; risk of ~ [63]

y sequences; robust to noise. overﬁtting.

XGBoost (Extreme Gradient Fast, scalable; handles missing data  Not ideal for sequential

Boosting) well; strong in tabular data; dependencies; lacks native [64]
& interpretable with SHAP. time-series memory.

Learns temporal dynamics; simpler  Struggles with long-term

E:hlj](()ljﬁ)c urrent Neural than LSTM; useful for short-term dependencies; vanishing [65]
sequence modeling. gradients.

. Good for regime-switching and Limited in capturing complex

ﬁ?ﬁ;Hldden Markov probabilistic modeling of states; nonlinear dynamics; assumes [66]

interpretable transitions. Markovian property.

2. Methodology
2.1. Problem Formulation

In this study, we aim to optimize greenhouse climate control by forecasting future
climate states and minimizing energy consumption through intelligent actuator manage-
ment. The system uses time-series data consisting of both environmental variables and
actuator settings.

e t e N: Discrete time steps (e.g., hourly intervals);
e x; € R™: State time t.

State vector:
= [Tair;, Rhair;, COsair;, VentLee;, Ventwindy, PipeLow;, PipeGrow;, AssimLight,
EnScry, BlackScry, Tot_PAR{, co2_dost]

1.  Forecasting Climate Variables

The goal is to predict the future value of a climate (e.g., air temperature) h steps ahead
using the previous k time steps:

Vt+h = f(xt, Xt—1,- - s X¢—k)

where

e V. Forecasted climate variable at time t + h;
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o  f(-): Forecasting (e.g., LSTM);
e  k: Number of historical considerations.

2. Optimization

Given the forecast ¥, the task is to determine settings u.,; that meet the
following requirements:

1.  Maintain target climate conditions y*;
2. Minimize energy consumption proxy E.

The energy proxy is as follows:
t = o1 -PipeLow; + ap-PipeGrow; + oz3-AssimLight;

Optimization Problem
‘Etn
Virh = f(Xe—kit, Uen) = y*

u_min < Uy < u_max

2.2. Dataset Description

The GreenhouseClimate (https://community.data.4tu.nl/category/use-cases/, ac-
cessed on 23 October 2025) dataset is a comprehensive, high-frequency multivariate time
series dataset designed to facilitate academic research in the domains of autonomous
greenhouse climate control, energy optimization, and intelligent agricultural systems. It
comprises 47,809 time-stamped records, captured at 5 min intervals, covering a wide array
of environmental, mechanical, and control-related parameters within a controlled green-
house setting. The dataset includes detailed measurements of internal climate conditions
such as air temperature, relative humidity, carbon dioxide concentration, and humidity
deficit. In addition, it documents the status of key actuators including heating pipes,
ventilation systems, high-pressure sodium (HPS) and LED lighting, energy and blackout
curtains, as well as irrigation volumes and drain water properties. One of the dataset’s
significant strengths lies in its inclusion of both control setpoints and realized values
(VIPs) for each major system component, allowing for the precise evaluation of system
performance and control accuracy. In addition, it offers information on photosyntheti-
cally active radiation (PAR), spectral light volumes, and water supply intervals, which
increases its value in machine learning for time-series analysis, predictive control, and
multi-objective optimization. The dataset focuses on 2020 as it offers the most complete
and high-resolution data available for analysis. This ensures consistency and reliability for
modeling greenhouse climate and control systems. The dataset underwent preprocessing
for advanced time-series forecasting. Conversions from Excel timestamps to online MAT-
LAB site (https://matlab.mathworks.com/) datetime format were performed. Significant
climate and actuator variables were selected, converted to numerical values, and arranged
in a time-indexed timetable. Data was aggregated to hourly intervals with the mean and
imputed to remove missing values. An energy proxy was calculated by adding the values
from PipeLow, PipeGrow, and AssimLight. All features were subsequently normalized
using Z-score standardization to maintain model compatibility and performance.

2.3. Forecasting Models Implementation Experiments Workflow

As the main tool for implementing experimental procedures pertaining to greenhouse
climate forecasting and control optimization, MATLAB was used in this study is https:
/ /matlab.mathworks.com/. The workflow started with reading and preprocessing raw
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sensor data which included converting timestamps, selecting relevant environmental
and actuator variables, and performing hourly resampling with timetable and retime
functions. Gaps in the data were removed to maintain data quality, and an energy proxy
was estimated from important actuator variables. Subsequently, the data were normalized
to enable efficient training of the Long Short-Term Memory (LSTM) network. The MATLAB
deep learning toolbox was utilized to define and train the LSTM model with the aid of
trainNetwork, employing sequence generation designed for temporal pattern learning in
climate data. Standard model evaluation metrics, including RMSE, MAE, and R2, were
calculated alongside visual regression and residual plots. The trained model was then
used to forecast future temperature values, compute expected energy consumption, and
generate actuator recommendations based on threshold rules, and all procedures were
visualized and executed programmatically in MATLAB.
Appendix A show more details for algorithms and tables used in this paper.

3. Workflow
3.1. Climate Data Preprocessing Workflow

Figure 1 illustrates the sequential steps for preparing raw greenhouse sensor data for
machine learning-based climate forecasting. Initially, the raw dataset is parsed by convert-
ing timestamps into datetime format, ensuring time-aware processing. Each variable is
then cleaned and converted into numeric values to handle inconsistencies such as string
entries. A time-indexed table is constructed, and the data is resampled into hourly averages
to smooth fluctuations and reduce noise. Following this, all features are normalized using
Z-score standardization to ensure uniform scale for effective model training. The result is a
cleaned and normalized dataset (D_clean) ready for input into the LSTM-based forecasting
pipeline. Figure 1 shows a climate data preprocessing workflow.

(B DATAINPUT AND PARSING

Convert Dataset
"g’::ag:'w Timestamp to
Datetime Format

# VARIABLE PROCESSING

For Each

Variable Convert
to Numeric

EB DATA STRUCTURING 4+ FEATURE ENGINEERING

Normalize
Features

Resample Data
to Hourly
Average

Figure 1. Climate data preprocessing workflow.

3.2. LSTM-Based Climate Forecasting Workflow

Figure 2 illustrates the full process of training and using an LSTM (Long Short-Term
Memory) model for forecasting greenhouse climate variables. It begins with the preparation
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phase, where input data is used to create training sequences. These sequences are passed
to the model construction phase, which defines the LSTM architecture. The training phase
then uses the architecture to train the model. Once trained, the model forecasts future
steps and outputs predicted values, enabling proactive climate control in smart greenhouse
systems. The process concludes after successful forecasting.

5 PREPARATION {2} MODEL CONSTRUCTION
S
Create Training Define LSTM
jopttibata Sequences Architecture
A TRAINING 7 FORECASTING

Forecast Steps
J { Ahead

Figure 2. LSTM-based climate forecasting workflow.

Output

Forecasted End Process
Values

Train Model

3.3. Energy Proxy Computation and Actuator Recommendation

This process begins with the input of control variables such as PipeLow, PipeGrow, and
AssimLight, which are essential for evaluating greenhouse energy consumption. For each
time step, an energy proxy is computed by finding the sum of the values of these control
variables, resulting in an energy vector that reflects total energy usage over time. In parallel,
forecasted temperature values and a threshold (6) are provided to guide actuator decisions.
Each predicted temperature is assessed: if it is lower than —6, the system recommends
increasing heating; if it exceeds +6, it suggests increasing ventilation; and if it falls within
the threshold range, it is advised to hold the current settings. These decisions are collected
and returned as actuator recommendations. The process ensures a data-driven approach
to balancing energy efficiency with climate stability, ultimately supporting intelligent,
real-time control in greenhouse environments. Figure 3 show Energy Proxy Computation
and Actuator Recommendation process flow.

Return Energy
Vector

~
A ENERGY PROXY COMPUTATION

(1] =
Input Control - For Each Time
Variables & Step.

Compute Energy
Proxy

£ ACTUATOR DECISION RECOMMENDATION

LN

Temperature
Decision =

Increase
Ventilation

Input Forecasted
Temperature and
Threshold

Return Recomme
ndation

2
For Each
) Forecasted Value | End Process

Figure 3. Energy proxy computation and actuator recommendation.
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4. Results and Discussion

The presented figures collectively provide empirical evidence supporting the efficacy
of the proposed Long Short-Term Memory (LSTM) model in facilitating predictive climate
control and energy optimization within smart greenhouse systems. The temporal progres-
sion of key environmental parameters, as depicted in Figure 4, highlights the intrinsic
variability and interdependence among air temperature (Tair), relative humidity (Rhair),
and CO; concentration (COsair). These parameters exhibit both periodic and stochastic
fluctuations, reinforcing the need for robust forecasting models capable of capturing non-
linear and long-range temporal dependencies. Building upon this, Figure 5 integrates
actuator-related variables—namely PipeLow and PipeGrow (heating components), and
AssimLight (artificial lighting)—with the aforementioned environmental parameters. This
comprehensive representation illustrates the dynamic relationship between internal climate
conditions and corresponding energy control actions. The observed patterns underscore
the complexity of greenhouse climate regulation and the imperative for anticipatory rather
than reactive control mechanisms. Figure 6 introduces an estimated energy proxy, serving
as a synthesized indicator of cumulative energy consumption attributable to the opera-
tion of actuators. The presence of pronounced peaks and temporal irregularities across
the observation period suggests inefficiencies under traditional control regimes. These
findings validate the strategic rationale for implementing forecast-driven interventions
aimed at preemptively regulating energy use. To examine system dynamics at a finer
temporal resolution, Figure 7 focuses on a 48 h snapshot of core environmental variables.
The short-term variability captured in this figure facilitates the detection of microclimatic
shifts that are critical for responsive control. Complementarily, Figure 8 delineates the
activation patterns of actuators alongside energy proxy levels. This alignment provides
operational insights into the temporal synchronization between forecast-informed control
decisions and actual energy deployment. The predictive capabilities of the LSTM model are
visually demonstrated in Figure 9, which illustrates the forecasted trajectory of normalized
air temperature over a 6 h horizon. The smooth transition between historical observations
and forecasted values is evidence of the model’s ability to learn and extrapolate temporal
patterns effectively. The predictive fidelity is further substantiated by Figure 10, wherein
the actual and predicted values over the training set exhibit close alignment, signifying
high model accuracy and generalizability. Model performance is rigorously assessed
through residual diagnostics in Figure 11, which plots the error distribution (actual minus
predicted values). The residuals appear symmetrically centered around zero and lack
discernible autocorrelation, indicating unbiased and homoscedastic predictions. This is
corroborated by the regression analysis in Figure 12, where predicted values demonstrate
a strong linear correlation with observed values. The tight clustering around the identity
line reflects a high coefficient of determination (R?), confirming the statistical validity
of the model. Operational energy implications are further explored in Figure 13, which
reveals a significant disparity between heating and ventilation energy requirements, with
ventilation emerging as the dominant energy consumer. This insight informs strategic
prioritization in actuator-level optimization to reduce overall energy expenditure. Lastly,
Figure 14 visualizes deviations from optimal climatic conditions—specifically temperature
and humidity—across time. The minimized deviation under the forecast-driven regime
highlights the capacity of the proposed approach to maintain favorable microclimatic
conditions while concurrently enhancing energy efficiency.
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Figure 6. Estimated energy proxy over time.
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Figure 10. Comparison of actual vs. predicted greenhouse air temperature (training set).
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Figure 11. Residual errors between actual and predicted air temperature (training set).
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Figure 12. Regression plot of actual vs. predicted air temperature values.
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Figure 13. Simulated energy consumption comparison between heating and ventilation.
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Figure 14. Deviation from optimal climate conditions: temperature and humidity over time.

5. Conclusions

This study presents a forecast-driven climate control strategy for smart greenhouses,
leveraging the predictive power of Long Short-Term Memory (LSTM) models to enhance
energy efficiency while maintaining optimal crop-growing conditions. The proposed system
accurately forecasts key environmental variables—air temperature, relative humidity, and
CO; concentration—and uses these predictions to proactively adjust control mechanisms
such as heating, ventilation, and lighting. The experimental results and accompanying vi-
sual analyses, including regression plots, residual distributions, and actual versus predicted
comparisons, confirm the reliability and precision of the LSTM model. The strong alignment
between predicted and actual values, along with minimal residual error and high R? values,
validates the effectiveness of the forecasting approach. Additionally, the analysis of energy
proxy variables highlights significant energy-saving opportunities, particularly in ventila-
tion, which was identified as the most energy-intensive operation. By enabling anticipatory
control decisions based on real-time forecasts, the system shifts greenhouse management
from reactive to predictive, thereby reducing unnecessary energy usage and contributing to
sustainable agriculture practices. However, certain limitations must be acknowledged. First,
the model’s performance is dependent on the quality and granularity of historical sensor
data, and noise or missing values may affect prediction accuracy. Second, the study focuses
primarily on temperature forecasting; although CO, and humidity are considered, their direct
forecast-based control integration remains limited. Third, the system was validated in a
single controlled environment, and broader generalization across diverse greenhouse setups
and crop types remains to be investigated. Future research should address these limitations
by considering the following: (1) incorporating advanced data preprocessing techniques to
handle real-world sensor noise; (2) extending the forecasting model to simultaneously predict
and optimize multiple variables such as CO, enrichment and humidity; (3) deploying the
framework in multiple greenhouse scenarios to evaluate adaptability across varying crops
and climatic conditions. Furthermore, integration of reinforcement learning or hybrid op-
timization techniques could further enhance actuator control decisions, balancing energy
efficiency with crop yield and plant health objectives. In conclusion, this work establishes
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a robust foundation for intelligent, data-driven greenhouse climate control, with promising
implications for scalable, sustainable, and resource-efficient smart farming systems.
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Appendix A

Table A1. Climate control stages and equations.

Stage Task Mathematical Action

Forecasting Predict future climate state Veeh = f(Xe—1:t)

Energy Proxy Estimate energy usage Et = 1-ug + op-up + az-u3

Optimization Recommend actuator settings Minimize E,y,, subject to Y, = v*

Decision Generate control action If §+ < y*, then increase heating; else ventilate

Table A2. Dataset description.

Dataset Item Data Type Typical Range/Unit

Air Temperature (Tair) Float 10-35 °C

Relative Humidity (Rhair) Float 30-90%

CO, Concentration (COyair) Integer 300-1500 ppm

Humidity Deficit (HumDef) Float 4-12 g/m3

Heating Pipes (PipeLow, PipeGrow) Float 25-60 °C

Ventilation (VentLee, Ventwind) Float 0-100% (opening percentage)
Lighting Status (AssimLight) Integer (binary) 0 or 100 (on/ off)

Curtain Positions (EnScr, BlackScr) Float 0-100%

Irrigation Volume (water_sup) Float 0-15L/m?2/ day

Drain Conductivity and pH Float 1-5dS/m; pH 5.5-7.5

PAR (Tot_PAR) Float 0-1500 pmol/m? /s

LED Light Intensities (int_*_sp/vip) Integer 0-1000 (proportional control)

Control Setpoints (*_sp) Float Varies by actuator type

Realized Values (*_vip) Float Matches corresponding control setpoint range
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Table A3. Forecasted temperature and heating actions.

Forecast Time Predicted Tair Recommendation
30-May-2020 00:00:00 —1.1283 Increase Heating
30-May-2020 01:00:00 —1.1050 Increase Heating
30-May-2020 02:00:00 —1.0037 Increase Heating
30-May-2020 03:00:00 —0.9231 Increase Heating
30-May-2020 04:00:00 —0.8496 Increase Heating
30-May-2020 05:00:00 —0.7842 Increase Heating

Algorithm A1: Climate Data Preprocessing

Input: Raw dataset D_raw with timestamp and variables
Output: Cleaned and normalized hourly dataset D_clean

1. Convert Excel timestamps to datetime: T < datetime(D_raw.timestamp)
2. For each variable x in D_raw:
X < convert to numeric (handle strings)
3. Construct time-indexed table: D_time < timetable(T, D_raw)
4. Resample to hourly average: D_hourly < retime(D_time, ‘hourly’, ‘mean’)
5. Normalize features: x_norm <— (x—mean(x))/std(x)
6. Return D_clean <— normalized D_hourly

Algorithm A2: Forecasting Using LSTM

Input: Normalized dataset D_clean, lookback steps k
Output: Forecasted values Y_pred

1. Create training sequences:
Fori=k+1toN:
X_train[i] < D_clean[i-k:i-1]
Y_train[i] < D_clean.Tair[i]
2. LSTM modelin:
Layers <— [Input, LSTM(100), FullyConnected(1), Regression]
3. Train model: net < trainNetwork(X_train, Y_train, Layers)
4. Forecast h steps:
Fort=1toh:
Y_pred[t] < predict(net, X_test_t)
Update X_test_t with Y_pred][t]
5. Return Y_pred

Algorithm A3: Energy Proxy Computation

Input: Control variables (PipeLow, PipeGrow, AssimLight)
Output: Energy proxy E_t

1. For each time t:
E_t < PipeLow_t + PipeGrow_t + AssimLight_t
2. Return vector E
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Algorithm A4: Actuator Decision Recommendation

Input: Forecasted temperature Y_pred, threshold 6
Output: Recommendation R

1. For each y in Y_pred:
Ify<—6: R[y] ¢ ‘Increase Heating’
Else if y > 0: R[y] < ‘Increase Ventilation’

Else: R[y] < "Hold Settings’
2. Return R
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Abstract

With more hybrid heating systems available, there is a need to optimize energy use intelli-
gently from the end-consumer perspective. This paper focuses on a multi-criteria heating
system optimization to optimize cost, carbon emission, and comfort level of building oc-
cupants. A discrete Multi-Objective Model Predictive Controller (MO-MPC) algorithm is
proposed to optimally utilize two heating sources connected to a building, namely district
heating (DH) and a building-integrated electrical heat pump (HP). The model is tested
on a real-world building case simulated with a gray box building model. The results are
compared to a conventional PID controller as well as the MPC scheme, each with a single
heating input, and eight different cases are constructed to make this comparison more
visible. The results indicate that, using MO-MPC, a cost saving of up to 10% and emission
saving of up to 13% can be reached without additional thermal discomfort, while the
potential savings on cost and emission with the hybrid system can be up to 25% and 77%,
respectively. Further, a sensitivity analysis on price and emission parameters is conducted
to investigate the changes in the provided solution.

Keywords: heat pump; district heating; model predictive control; multi-objective
optimization; gray-box modeling; hybrid heating

1. Introduction

Building heating systems, used in commercial and residential buildings, are cru-
cial and inseparable parts of our societal and individual lives. They provide us with
comfortable—or near comfortable—indoor conditions needed to perform daily activities.
At the same time, indoor heating and cooling account for more than 50% of energy con-
sumption in Europe [1]. While it specifies a great amount of energy consumption, it also
entails that, on a domestic scale, this sector holds a huge opportunity to save energy.

Centralized heating resources are among the most popular means of domestic heating.
District heating as a traditional supplier is still well-established as a primary means of
heating in urban areas in Europe. However, increasing energy prices over the past few
years, lower availability, and environmental concerns surrounding this system threaten the
supply of clean and uninterrupted energy in a desired indoor environment for the end-user.
Environmentally speaking, in the EU, the second major heat production sources are natural
and manufactured gases, accounting for 31.5%, right after renewable energies at 33.5% [2].
This signifies the heavy reliance of the district heating system on highly CO,-emitting and

Energies 2025, 18, 5839 217 https://doi.org/10.3390/en18215839



Energies 2025, 18, 5839

polluting sources. Secondly, the average price of DH in European countries has almost
doubled between 2000 and 2015 [3].

A heating supply with a single centralized resource can be inadequate and unreliable.
The recent advancement and application of hybrid heating systems, providing flexibility
and higher energy efficiency, can be proposed as a solution to these issues. Building-
integrated heat pumps (HPs) are one of these systems that have been proven to operate
well with the central DH systems. They are rapidly gaining popularity in countries with
cold winter climates, such as Germany, Sweden, Denmark, and Austria, due to their
decreasing costs and government incentives [4]. The number of buildings supplied by HP
has reached 16% of buildings across European countries, with 20 million installed units by
2022 [5]. Not only are they able to assist in supplying the heating demand in cold seasons,
but these units also provide a highly efficient source of heating for end-users [5]. This
generally results in lower energy bills for building managers and, more importantly, a
lower environmental footprint. It is to be noted that in the literature, there are two main
categories of hybrid heating systems. In the first type, the HP is working not separately but
as a part of a low-temperature DH, otherwise known as 5th-generation DH, which is not
the focus of this paper. We assume that HP and DH are working in parallel, and each can
individually deliver heat to the consumers.

With hybrid heating systems in place, the control of the system becomes increasingly
challenging. Single-resource heating systems are generally controlled by Rule-Based Controllers
(RBC)—e.g., on—off controllers—and Proportional-Integral-Derivative (PID) controllers [6],
whose main aim is to regulate indoor temperature rather than energy saving. Additionally,
the conventional controllers not only have an inherent response delay but also perform poorly
under changing systems, which makes them not fully efficient in heating systems with volatile
inputs [7]. Furthermore, While these control algorithms are adequate for single heating systems,
hybrid systems require a more sophisticated controller to find the optimal heating resources.
Model Predictive Controller (MPC) is a superior alternative that offers future control action
prediction and fast response and solves an optimization algorithm, all at the cost of being more
computationally expensive. In this study, we try to adapt and make a fair comparison of this
controller’s performance with the PID algorithm in a hybrid heating context.

1.1. Related Work

The co-existence of building-level HP and DH has been investigated in many studies,
especially as a means for energy and cost saving. Reda et al. [8] investigated the hybrid
DH and solar-assisted HP hybrid system to provide heat to an office building in Finland.
Their results revealed that a 19% renewable heating share in the heating season can be
achieved. Hermansen et al. [9] investigate the cost-saving of an MPC-controlled hybrid
heating system with both DH and HP, based on time-varying electricity prices. A 23% cost
was saved, while authors argue that flexible taxes and fees on the Danish energy market
on both DH and electricity prices can make this even more significant and encourage
customers to take more energy-efficient decisions. A hybrid solar-assisted DH with local
HP and auxiliary gas heater is modeled by Abokersh et al. [10] in TRNSYS 18, a transient
system simulation software. Thermal energy efficiency and economic cost of the system are
assessed in two different RBC strategies. In another research by Liu et al. [11], a DH coupled
with geothermal HP is considered with different heat control loops in place. The capacity
and investment cost were considered in this study, and the hybrid system’s viability and
competitiveness are compared with a normal DH. Liu et al. [12] studied a solar-assisted HP
and DH hybrid heating system to lower operating cost and maximize renewable energy
use. TRNSYS 18 is used to model the heating system with an RBC for the solar and heat
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loop. They have reached economic savings of at least 72% in the latter by leveraging solar
energy. A DH, borehole thermal energy storage, and HP were studied by Fiorentini et al. [13] to
investigate the effect of the hybrid system on the cost and carbon emission of the system.
The most savings they can achieve compared to a storage-less system are nearly 10% and
44% for the emission and cost. A ground-source HP and DH is optimized in several cases by
Xue et al. [14], prioritizing cost or maximum demand reduction in resources. Their analysis
gave a 2.2% reduction in cost in a hybrid solution while increasing the CO, emissions
slightly due to the higher DH emission levels. A comparison of the reviewed literature and
the current study is summarized in Table 1.

The control algorithm is the core of hybrid heating systems. MPCs, as a means of
thermal system control, have been widely researched. Knudsen et al. [15], a bi-objective
MPC algorithm, is used to control the energy consumption considering the cost and CO,
emission of the system on a Danish electrical-based heating system. The findings show
that, by leveraging demand response, a significant cost saving can be made compared to a
PID-controlled system. In another study by Tarragona et al. [16], an MPC-controlled building
connected to an HP, solar panels, and a storage tank was tested under several simulation
scenarios. It was concluded that the hybrid system with the controller has significant economic
savings compared to the rule-based controller. Baeten et al. [17] investigated using a multi-
objective MPC to optimize comfort, cost, and carbon emission separately. They targeted an
electrical-based HP and natural gas boiler, aiming to optimize the building’s energy scheme
by adopting a demand response program. Finck et al. [18] proposed an economic MPC on
an HP and thermal storage heating system in one house. A rule-based controller, as a base
case, and two different MPC pricing scenarios are considered to show the demand flexibility
capturing of the latter cases and optimize the energy consumption and the total consumer
heating cost. Aruta et al. [19] proposed a bi-objective MPC penalizing energy cost and thermal
discomfort (using aggregated deviation temperature as the index). A genetic algorithm is
used to find the optimal solutions, and the model is tested on a nearly zero experimental
building. Apart from the MPC, the fuzzy-logic algorithm has been considered for achieving
similar goals. Qi et al. [20] used this concept to control a ground-source HP aiming to save
energy and improve thermal comfort. The results show a significant improvement compared
to a PID controller. In another study by Underwood et al. [21], the fuzzy-logic controller was
used for the same purpose and optimal setpoint tracking.

Gray-box modeling has been used extensively to model building thermal character-
istics for MPC applications. In terms of the order of the model (which is specified by
the number of capacitors in the model), many studies exist to find the right order. The
authors in [22] investigated the Resistor-Capacitor (RC) models used for small and large
applications. The review identifies that the commonly used models for building energy
simulation are the ISO 13790 (5R1C) [23] and VDI 6007 (7R2C) [24] suggested building
models. Another study by Vivian et al. [25] made a comparison between the two men-
tioned models and realized that the second-order one (7R2C) substantially lowers the Root
Mean Square Error (RMSE) by up to 53%, capturing the dynamics of the building more
accurately, both for cooling and heating seasons. A study by Yu et al. [26] concluded that
the second-order models perform more robustly, while the third-order models are prone to
overfitting. The models were tested on a real-world, experimental building [27]. Klanatsky
et al. [28] focused on the methods of parameter estimation on a test case and provided
a comparison with RC models of different orders, concluding that the third-order model
is the most suitable building model to feed predictive controllers. Other studies [29,30]
observed that, for both heating and cooling applications in longer periods, first-order
models are more accurate than the second-order ones. The complexity of the RC models is
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quite flexible, and based on the application, higher-order models can be used for specific

cases. However, most reviewed research realized that 2nd-order and 3rd-order RC models

are adequate for the MPC application of small-scale buildings in heating seasons. Another

important aspect of gray-box models is the number of states. Bacher et al. [31] investigated

RC models with several states and realized that the two-state and three-state models (where

usually one state represents the measurable indoor air temperature and the remaining

states correspond to latent, unmeasured thermal dynamics) are performing the best in

terms of model robustness—using statistical metrics such as the auto-correlation function

and residuals—for simulating a single-zone building heating system.

Table 1. Summary of the recent related literature and their major focuses compared with the

current study.

Ref. Method E/F(;:iillng %;;;g(g’) Objective(s) Results

[8] Rule- White District heating, heat pump,  Energy Up to 25% on-site renewable use in solar-assisted heat
based solar energy efficiency, pump scenario and lowering heat pump input tempera-

renewable use ture from 5 to 10 degrees.

[9] MPC, White Low-temperature district ~ Economic 23% cost saving with dynamic electricity prices. As a
rule- heating, heat pump, ther- result of load shifting with the multiple input energies
based mal storage and thermal storage.

[10] Rule- White District heating, heat pump, ~ Economic Solar fields, electricity grid, and natural gas resources
based thermal storage, gas boiler, are optimally allocated. In the best case, 7% economic

solar fields savings and 75% use of solar fields are achieved.

[11] Rule- White District heating, heat pump  Energy The setting and optimal size of a heat pump that has the
based efficiency, resource sizing,  most efficiency coupled with the district heating.

investment

[12] Rule- White District heating, heat pump,  Economic, renewable use  Solar-assisted heat pump compared to a normal one can
based thermal storage, solar energy save up to 50.9% energy and 28% cost.

[13] Rule- White District heating, heat pump, ~ Economic, Environment More than 27% reduction in CO, emission of electricity
based thermal storage, solar energy use when using the thermal storage and load shifting,

and an extra 3.9-9.7% reduction potential when using
solar-assisted heat pumps.

[14] Rule- White District heating, heat pump, ~ Economic, environment A 2.2% reduction in annual energy cost while increasing
based the CO, emission slightly, in the optimal solution.

[15] MPC, White Heat pump Economic, environment An MPC with different penalty weights was assessed.
PID Depending on the weights, savings on cost and emissions

can be achieved.

[16] MPC, White Heat pump, solar energy, Economic, MPC strategy has 16-22% cost savings compared to
rule- thermal storage renewable use rule-based algorithm while significantly decreasing the
based power purchased from grid and promoting on-site re-

newable use.

[17] MPC Gray Heat pump Economic, Environment, Adding the thermal storage increases the load-shifting

Sizing abilities, while decreasing the peak demand by 11%.

[18] MPC, Black Heat pump, thermal stor- Economic, demand pre- The MPC, compared to the rule-based strategy, enables
rule- age, solar energy diction demand flexibility and optimize energy consumption,
based leading to lower overall energy cost.

[19] MPC Black Economic, comfort A cost savings of up to 26% with an improved com-

fort level is achieved through the proposed GA- and
ANN-based MPC strategy compared to the reference con-
trol strategy.

[20] Fuzzy- White Ground source heat pump,  Energy With the optimal control strategy, more than 200 kWh has
logic, thermal storage efficiency been saved while the predicted mean vote (PMV) index
PID has improved greatly.

[21] Fuzzy- - Heat pump, thermal storage ~ Energy The fuzzy multi-variable controller can achieve 20%
logic efficiency energy saving while improving the temperature set-

point tracking.

This paper ~MPC, Gray District heating, heat pump  Economic, environment, (refer to Section 3).

PID comfort

1.2. Research Aims and Contributions

In the existing literature, the MPC is used extensively in building energy control.

However, there is a gap in using the controller to incorporate more optimization criteria.
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Addressing hybrid energy systems from a consumer perspective is another shortcoming
observed in the literature. The result of this study will help building simulators, energy
providers, and most importantly, building managers in operating buildings to make a
more optimal decision locally while reflecting the energy supply chain constraints and
advantages. The main contributions of this paper are as follows:

1. A multi-objective predictive controller designed to consider cost, emissions, and
comfort level of the building’s indoor environment. The hybrid heating system is
supplied by a heat pump and district heating.

2. Proposing an MPC and a system architecture to assist the process of applying it to
real-world hybrid-heated buildings

3. Competitiveness analysis of district heating versus heat pumps in the Swedish energy
market using real-world data.

4. Inasensitivity analysis, investigating the control behavior under different cost, emis-
sion and outdoor weather condition scenarios.

The rest of the paper is organized as follows: Section 2 provides a detailed framework
and system architecture of the hybrid heating system considered in this study. It further
explains the minimum necessary data for the controller to operate and how they can be
obtained. Section 3 shows the simulation results under different generated case studies and
compares them against one another. Section 4 discusses the results and authors’ findings
based on the findings in this paper. Section 5 provides a summary and possible future study
paths based on our research. Finally, Appendix A describes detailed building simulation
parameters that are used in this study.

2. Materials and Methods
2.1. System Overview—Hybrid Heating System

The system under study is a hybrid heating system, including centralized DH and a
building-integrated HP, connected to a single-family building with a single heating zone. The
overall system framework is depicted in Figure 1. Each system has separate heat delivery pipes,
meaning that they work independently. The HP considered in the study is an air-to-water
system based on a commercial model in [32], and it is powered by electricity. It was assumed
that the maximum building heat demand in the simulated week is smaller than each heat
supplier’s capacity, meaning that one heating unit can supply the entire demand at any time.

Data signals ==+
Receiving: Localsensors,
Heat Controller weatherforecaststation,

energy parameters from
energy providers
N ﬁ\ Sending: Heatpump
~,
\\
~

control signals, heat
o\ } exchanger control signals
.

Multi-objective

Heat Exchanger
(connected to the central
district heating)

Heat Pump -
(connected to the

electricity grid)

Figure 1. General framework of the studied system.
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The energy parameter signals, namely emission and cost, are received from energy
providers. The DH delivers heating with pipelines and a heat exchanger unit connected
to the building. Based on the study location, it is assumed that the DH prices are fixed
throughout the year, while the emission level is changing with one-hour resolution. As for
the electricity, both prices and emission levels follow hourly time-series data. More details
on the energy prices are explained in Section 3.1.

2.2. System Architecture: Cloud and Local Data

In the application of the control system described here, it is assumed that the con-
troller has access to several data sources. These data are received either locally through
the sensors installed in the case study or through communication with data providers.
We have identified several signals that are transmitted from the energy providers and
weather stations, which are (1) The day-ahead dynamic prices/emissions from the electric-
ity provider; (2) the day-ahead heating prices/emissions from the DH provider (considered
as fixed-price contracts over a year); and (3) the day-ahead ambient temperature/solar
irradiance forecast.

The rest of the data is measured locally in the case study, which includes (1) the flow
of the air handling unit (AHU) or exhaust air flow and its temperature to calculate the
ventilation losses; (2) the estimated process energy, based on occupancy and indoor activity,
to calculate the process energy input; and (3) the indoor temperature recordings to fine-tune
the model predictions according to the subject building.

2.3. State-Space Building Model

At the core of the MPC algorithm is the system modeling, which arguably determines
the overall accuracy and efficiency of the controller. A state-space model of the building is
adopted to represent the building’s thermal characteristics in this study. This study uses a
discrete linear state-space model formulated as a Stochastic Differential Equation (SDE),
shown in (1), as part of the controller. It is to be noted that the continuous state-space model
of the building is discretized using the exponential discretization method.

X(k+1) = AX(k) + B,U(k) + Bywe(k) 1)
Y (k) = CX (k) + DyU(k) + Dye(k)
where k is the discrete time-step index, X is the state vector of the building, U is the system
input vector (measured disturbances), € is a vector with the system noises (unmeasured
disturbances), and Y is a scalar with the output (indoor temperature prediction).

The mentioned state-space model is based on a physical gray-box modeling of the
building, approximated by RC electrical networks. A more in-depth description of the
3R2C model can be found in Appendix A. The model and the estimated parameters were
obtained from [26], which can be referred to for the exact estimated parameters.

2.4. Multi-Objective Model Predictive Controller (MO-MPC)

One of the benefits of the MPC is the capability to solve an optimization problem.
Here, a discrete, non-linear MO-MPC is chosen as the core controller. The goal of the
problem is to incorporate three elements to find the optimal solution, which includes the
total operating cost of the heating system, the carbon emission of the heating system, and
the comfort deviation of the occupants.

A multi-objective formulation is developed to tackle this, and a weighted-sum method
is used to solve the problem shown in Equation (2). Equations (3)—(5) indicate each
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mentioned objective expression. It is worth noting that in (5), the operative temperature of
the heating zone is chosen to represent the thermal comfort. More detailed information
on this comfort index is explained in Appendix B. In Equation (6), the Coefficient of
Performance (COP) of the HP is calculated based on outdoor temperature according to the
manufacturer’s datasheet [32]. Equation (7) is the relation between HP electrical power and
heating power. Finally, Equations (8)—(10) are the DH power limits, HP electrical power
limits, and indoor temperature bounds, respectively.

Normalization techniques are usually used in these problems with different objective
ranges to ensure an equal effect on the decision variables. Here, a common approach in
MPC, namely the min—-max normalization, is utilized. Each objective is normalized using
min-max normalization, as in Xporm = (X — Xy )/ (Xmax — Xmin ), to fall between (0, 1).
The minimum and maximum values are determined by a series of pre-simulations on one
objective at a time. By running the simulation single-objectively, we found the minimum
and maximum of each objective as follows:

e The cost objective has a value between 251 and 368.

e  The emission objective has a value between 2.0 and 17.2.
e The discomfort index objective has a value between 1 and 192.

The above information was used as the mix-max normalization bounds to normalize
the objectives as explained above.

N,
min MOB] = Zk: w1 Conorm (k) + waEmporm (k) + w3DChorm (k) (2)
k=1
subject to: Equation (1),
B Qpnp(k) Qpr (k)
Co(k) = (CHP(k)COI)PIP(k) + CDH(k)m) Ak ,Vk S [1,2, ey Nk] (3)
Em(k) = (pup(k)Pup(k) + ppr(k)Qpr(k))Ak ,Vk € [1,2,..., Ni] 4

(Top(k) = T ) Ak T < T, (k)

set+ set+

DC(k) = { (T — Top(K))Ak Top(k) < T Wk € [1,2,..., Ny] (@)

0 otherwise

5

_ Qup(k)
0 < Qpr (k) < Quuax Yk € [1,2,..., Ny ®)
0< PHp(k) < Pmax Vk € [1,2, .. '/Nk] (9)
Tl < Top(k) < Toof (10)

where Co, Em, and DC are the cost index in (SEK), carbon emission index in (kg CO;) and
discomfort index in (°Ch), and the norm specifies the normalized values; Ny is the number
of time steps in the simulation horizon; cyp and cpp are the electricity and DH time-series
energy prices in (SEK/kWh); pyp and pppy are the electricity and district heating network
time-series CO, emission levels in (kg CO, /kWh); COPyp and 17pp are the COP of HP and
the DH efficiency; T, and T, are the outdoor (ambient) and the operative temperature in
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(°C); QpH, Qup, and Pyp are the efficient heating power delivered by DH and HP and the

electrical power of HP (in kW); T.)} and T!%" and T} are the lower and upper temperature

set S
com
reomf

setpoints; T,,, * is the thermal comfort temperature set.

It is worth noting that T, :tmf —standing between T, and T/%“—is considered as the
ideal temperature for the occupants and is focused on in (5) as a soft constraint. Additionally,
broader hard constraint bounds are applied to make sure the temperature does not protrude
beyond certain levels. Generally, thermal comfort is a broad topic measured by many indoor
air quality indices. Here, the operative temperature is chosen to represent this (refer to
Appendix B). w1, wy, and w3 in (2) are the weighted sum average coefficients and are
determined as follows. The problem is solved iteratively with different weights. In all
solutions, the sum of the three equals to 1, and the interval of change is 0.1. For instance, in
one scenario with weights equal to w; = 1, wy = 0, and w3 = 0, the simulation is focused
on total cost minimization, and the other two objectives are not considered. The algorithm
of the adopted controller is shown in Algorithm 1. In this algorithm, k and [ are discrete
time steps and control horizon indices. Xj,; is the initial state equal to [21 21] T

Algorithm 1 Multi-Objective Model Predictive Controller

1: Initialize time k = 0 and sampling time Ak

2: Initialize state variables and input variables X and U with zero vectors, Oy, 1 and
Ong x1

3: Receive the multi-objective weights and set as constants w1, w;, and w3

4: fork = 0,12,.., Nk do

5. Update current system states X (k)

6: if k == 0 then
7: X(k) = Xini
8 end if
9. forl=0,1,2,..,N.do
10: Update weather forecast data, T, and I;,;, as constants from k to k + [
11: Update price data for DH and HP, cpy and cyp, as constants from k to k 4/
12: Update emission data for DH and HP, ppy and pyyp, as constants from k to k 4/
13: Construct the control horizon equation based on Equation (2): Zf\ﬁ 1 MOBJ
14: Solve the local optimization problem above with the SDE in Equation (1) and

constraints in Equation (3)-(10) and find the optimal u(k)-u(k + 1) vector
15 end for
16:  Save the results, u(k) and x(k), in vectors X and U
17: Communicate the candidate solution vector of U(k) to the heating resources separate
controllers
18:  discard u(k + 1)-u(k + 1) controls
19:  Calculate the next state and outputs, X(k + 1) and Y (k), with the gray-box model

explained in Appendix A
20:  Waituntil t = (k+1)Ak
21 k=k+1
22: end for

The simulation was conducted on an online notebook in the Google Colaboratory
environment [33], using the Python programming language version 3.11 [34]. The Casadi
library package is used to model the controller and the optimization problem with the
in-built non-linear IPOPT solver [35].

3. Results

This section highlights the results of the simulation-based study in this work. It is
worth noting that several assumptions are made in our work, which are as follows:
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®  The changes in building insulation wear and tear and efficiency of the heating systems
are negligible during the simulation period.

¢ The size of the heating systems is selected in the sense that each heating resource can
independently supply the building’s heating demand.

®  The heating demand consists only of the space heating, and the domestic hot water
demand is not considered.

3.1. Case Study

The simulation result of the proposed controller is compared against PID controllers. To
do so, several cases are constructed to make the comparison more tangible. These cases are
defined based on the used heating resource and the objective of the simulation and are shown
in Table 2. Cases A and B represent PID-controlled heating systems with a single input—HP
in Case A and DH in Case B—and serve as the baselines. Cases C and D are MPC-controlled
single-input (either HP or DH) with all three objectives and equal weights. Cases E, F, and G are
single-objective MPCs with hybrid input (both HP and DH), with the objective focusing on cost,
carbon emission, or comfort level one at a time. Finally, case H is one optimal multi-objective
hybrid input case with equal weights (w; = 0.33, w, = 0.33, w3 = 0.33).

Table 2. Simulation cases based on the model, objective(s), and input source(s).

Energy Source(s) Objective(s)

Description Heat District
Pump Heating

0
I
@
©

Cost  Emission Comfort

PID-HP
PID-DH
MPC-HP
MPC-DH
MPC-Cost
MPC-Emission
MPC-Comfort
MO-MPC
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N NN
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The simulation is conducted over a week in the cold season, the first week of December
2023, with the weather conditions [36] and local energy prices of Malmo, Sweden, in the
mentioned period. Figure 2 illustrates weather data and energy-related input signals
(also known as measured disturbances in the control context). The dynamic spot market
electricity prices [37] and the fixed DH prices for small buildings [38] located in southern
Sweden are obtained from open data sources. As the paid electricity bill for the private
customer includes certificates and additional network charges, a 66% electricity cost is
added to the hourly spot market costs. The electricity emission data [39] are available
online, and the DH emission factor according to the Swedish National Board of Housing
(Boverket) equals 56 g CO, /kWh [40]. Since this study focuses on creating added value on
the changing energy parameters, a dynamic DH emission is required. Therefore, a Gaussian
random hourly emission scenario with the mean equal to 56 g CO, /kWh and sigma equal
to 7.5 g CO,/kWh is generated, with the assumption that the emission levels are the
highest in the daily coldest hours and peak usage of DH, and is illustrated in Figure 2. This
assumption is grounded on the fact that in early morning hours and late afternoon, due to
colder outdoor temperatures and typical social patterns, energy demand for space heating
and hot water surges. Consequently, more air-polluting and lower-priority centralized
heating sources are used, resulting in higher carbon emissions of the DH system [41].

The building, heating system, and controller are also other components that require
modeling data for simulation. The building data is obtained from the ZEB living lab project,
an experimental building developed for thermal analysis of buildings and their energy
resources. The gray-box modeling of this building and estimated thermal parameters are
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presented in Appendix A. The heating system parameters considered in this study are shown
in Table 3. Additionally, the MPC setpoints, determined based on the data availability and
project needs, and PID set parameters, based on the guidelines in [42], are shown in Table 4. It
is worth mentioning that the PID set point is considered with a dead band between 21 and 23
°C so that it is comparable with the MPC comfort zone, which has the same thresholds.

Table 3. Heating systems specification.

Definition Symbol Value
Model - F2050-6 [32]
o Type - air-to-water [32]
T Max. electrical power [kW] DPruax 6 [32]
Min. power [kW] - 0
Coefficient of Performance COPyp Acc. to Equation (6) [32]
o M'ax. heating power [kW] Qax 6
A Min. power [kW] - 0
Heat exchanger efficiency 1DH 0.98

Table 4. Controller setpoints and parameters for the model predictive and the PID controller.

Definition Symbol Value
Type - Discrete MPC
Optimization type Non-Linear
Operative temp. low /up setpoint
O P p setp T;g;v /T 20/24
2 Comfort zone operative temp. [°C] :{’ft'ff / Tsfe"t'frf 21/23
Simulation Horizon [hr] 168
Simulation Sample time [min] Ak 15
Control horizon [hr] Ne 6
Control signal interval [min] - 30
Operative temp. setpoint [°C] - 21-23
A Proportional factor - 5.0
= Integral factor - 0.1
Derivative factor - 0.05
Control signal interval [min] - 30
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Figure 2. Input signals (also known as measured disturbances) including (a) electricity and district
heating hourly prices, (b) electricity and district heating hourly emissions, and (c) hourly outdoor
temperature and global horizontal solar irradiance.

3.2. Simulation Results

The simulation results of the eight constructed cases are presented in Table 5, and the
scaled values of each objective for these cases are illustrated and compared in Figure 3.
The heat output and operative temperature profile of each case are illustrated in Figure 4.
Table 5 shows the objective values for each considered case. Cases A-D all have a single
heating input. Cases A and B focus on keeping the temperature at a certain level, while
C and D consider all three objectives simultaneously. The data shows that the HP-based
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PID controller has the highest cost, while the DH-based PID controller case has the highest
emission level (almost eight times the former), with both having quite low discomfort.
Cases C and D decrease the cost and emission slightly, compared to A and B, compromising
the comfort level slightly more. This fact is also reflected in Figure 4a—d.
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Figure 3. Scaled cost, carbon emission, and discomfort index of the studied cases using the max-
scaling method.
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Figure 4. One-week simulation result, the heating, and the operative temperature profiles for the
considered cases.

The rest of the cases are considered to focus on one or a mixture of objective statements
(as mentioned in Equation (2)), with hybrid input, trying to minimize their value in cases
E-H. Case E demonstrates the least cost while having the highest emission, after Cases B
and D. Additionally, Cases E and F each have the lowest comfort. Compared to E and F,
Case G has the smallest discomfort level while having relatively high cost and emission
objectives. Finally, the results of case H stand between the extreme cases, considering all
criteria at once, as discussed before, with equal penalty weights.
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Table 5. Numerical results for the studied cases with model predictive controllers and PID controllers

in one week of simulation.

Objective Energy Consumption Operative Temp.

Case - Discomfort  District Heat .
[g](s)?(t] ][Elin 1?60 111 Index Heating  Pump [E%ﬂ] 1}2[1& h{gé’i

g+ [°Ch] [KWh]  [kWh]
A.PID-HP 363 2.3 11 0 120 120 20.6 21.7
B.PID-DH 288 17.2 30 317 0 317 20.5 21.4
C.MPC-HP 327 2.1 32 0 115 115 19.8 21.4
D.MPC-DH 280 16.2 20 308 0 308 20.1 21.4
E.MPC-Cost 251 11.6 191 184 38 222 19.7 21.0
EMPC-Emit 325 2.0 192 0 107 107 19.7 21.0
G.MPC-Comf 313 10.4 1 175 51 226 20.8 24.3
H.MO-MPC 272 4.0 127 96 38 134 19.8 23.6

The data in the table reveals that, in terms of cost, the base case (case A) is the most
expensive operation of the system, while case E has the lowest expense, followed by cases
H, D, and B. In terms of emissions, case F has the lowest carbon footprint, followed closely
by the base case. Finally, comparing the comfort level of the generated cases indicates that
case G has the lowest discomfort, while cases E and F have the highest. Finally, case H
considers the three objectives simultaneously, and it is observed that the objective values are
positioned between the single-objective cases. With 9% more cost compared to case E, case
H has half the emission of this case with a higher comfort level. Additionally, the results
shown in Figure 3 indicate that in the last-mentioned case (Case H), approximately a 25%
saving on cost and 75% saving on carbon emission can be achieved compared to the extreme
cases while lowering the comfort slightly (equal to 65% of the least comfortable case).

After conducting the above simulation, to obtain a better perspective of the influence
of each objective and multiple criteria-based solutions, we focused on a multi-objective
simulation. The problem was initially solved using two objectives at a time by setting
the weight of the third objective to zero. The weights of the remaining two objectives
were varied in 0.1 increments from 0 to 1, ensuring they always summed to 1. The results
for three different combinations of bi-objective problems are calculated and illustrated in
Figure 5. Some specific weighted scenarios are highlighted, and further, the results are
compared to PID controller cases in these figures.
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Figure 5. The Pareto Frontier of MO-MPC bi-objective problem solution with different combinations
of weights from 0.1 to 1 for (a) cost versus carbon emission minimization with w3 = 0, (b) cost versus
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discomfort minimization with w, = 0, and (c) carbon emission versus discomfort with w; = 0. The

results are compared with the PID controller values(the dashed line are guide lines to specify the PID
case positions in the figure.

Finally, the problem was solved with all three objectives explained previously in
Section 2, and the results are shown in a 3D plot in Figure 6. The figure is generated as a
dotted line and a surface and compared to the values of PID controllers in cases A and B. In

the right figure, the color map is the discomfort index, coloring the z-axis. In the left figure,
the red triangle is a reference plane.
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Figure 6. The Pareto Frontier of MO-MPC and single-input MPC (MPC-HP and MPC-DH cases) of

the system with three objectives, namely cost, carbon emission, and discomfort index, in 3D plots
(from two perspectives of the same plot).

3.3. Sensitivity Analysis

In this subsection, we present the change in the output objectives, namely cost, emis-

sion, and discomfort index, and the use of energy resources and their dependency on the
input signals and external conditions.

3.3.1. Price Changes

One of the simulation’s uncertainties is the dynamic electricity prices in Sweden.
These prices are often volatile and dependent on network constraints, demand, renewable
energy production, and weather forecasts. It is to be noted that, at the time of writing this
article, the DH prices are fixed for one year and do not change until the year after, in the
Swedish context [38]. Here, we conducted the sensitivity analysis by fixing the DH prices
and changing the electricity prices. Scenarios are constructed by changing the electricity
price signal proportionally from —50% to +50%. It is worth noting that the results can be
perceived as the changes representing the ratio between two price signals. For example,
a +20% electricity prices (cgp) scenario is the same as a 1.2 ratio between electricity and
DH prices (cyyp/cpp)- The results are shown in Figure 7a—c. Figure 7b,c represent the share
of HP and DH in each case. It is worth noting that Cases A-D with the PID controller
and single-input MPC do not display changes in their energy use and therefore are not
considered in price and emission changes in this and the following subsection.

The results in this illustration indicate that, in case D, a 20% increase in electricity
prices results in a sharp decrease of 82% in HP, meaning that it drives the algorithm to
virtually always prioritize DH over HP. The price reduction of over 40%, on the other hand,
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results in shifting to HP for most of the time, and cheaper electricity prices will make DH
almost impractical to use at all times. In case H, however, the shift in energy sources is
more moderate. A 40% electricity price decrease has more effects on this case, presumably
because the HP has lower emissions; this case prioritizes HP even more than case E.
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Figure 7. Sensitivity analysis: (a—c) showing the system cost changes and heating resources’ share
when electricity prices change, while (d—f) show the emission changes and heating resources” shares
when the emission level of district heating changes.

3.3.2. Emission Changes

Another case-sensitive parameter is the level of network emissions. Hourly emission
data, reflecting the resource mix of the DH and electricity, were more difficult to access at
the time of publishing this paper. The electricity emission, while it might differ to some
extent, is generally quite low in Sweden and considered unchanged. The DH emission,
however, can vary substantially based on the season or the sources of heating that are
used. To consider these changes, scenarios changing the emission from —90% to +40% are
considered. It is worth noting that according to [40], the DH emission level can be more
volatile, and therefore higher changes compared to the previous analysis on electricity have
been considered. The results, such as the changes in the emission and the share of heating
systems, are shown in The results are shown in Figure 7d—{.

The results show that the emissions in cases E and G are quite proportional to the
increased emission factor of DH, and the share of HP and DH stays unchanged (the cyan
and blue bars in Figure 7e,f. This reflects the fact that emission is not considered in their
objective function. In cases F and H, however, the controller behaves differently. In case F,
it changes the energy use only for scenarios where emission is lowered more than 80% (the
red bars in Figure 7e,f). This is due to the fact that the HP emissions are drastically lower
than the DH’s. In case H, the changes in energy mix happen across all emission scenarios.
In other words, the DH is gradually being used more, lowering the emission levels. This
reflects the fact that the three objective values should be equal in all scenarios in this case.
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3.3.3. Weather Changes

The alterations in weather conditions—especially outdoor temperature—can affect
the results in two ways. Firstly, since the efficiency of the HP is weather-dependent (see
Equation (6)), the HP is less efficient at lower temperatures. Secondly, the heating load of
the entire system will increase when the temperature drops. Consequently, a sensitivity
analysis is conducted to demonstrate the heating system’s behavior in response to changes
in temperature.

To evaluate the controller’s performance under different weather conditions, six
temperature scenarios were created, varying the outdoor temperature in 5 °C increments
from —15 °C to +10 °C relative to the base case. In the base case, the outdoor temperature
ranges between —5 °C and 0 °C; therefore, the coldest scenario corresponds to temperatures
between —20 °C and —15 °C, while the warmest scenario represents conditions between
+5 °C and +10 °C. The reason for this range is that the assumed HP’s minimum operating
temperature stands at —20 °C, and the heating system is usually utilized not above +10 °C
ambient temperature. The value of each objective and the share of DH and HP in each
case over the simulation horizon are depicted in Figures 8 and 9, respectively. In the latter
figure, the bars corresponding to DH and HP are marked.
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Figure 8. Sensitivity analysis on the outdoor temperature showing the value of (a) cost, (b) emission,
and (c) discomfort index for the simulation cases when the outdoor temperature varies.
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The results in Figure 8 show that with the drop in temperature, all objective criteria
increase. In terms of cost, the increase is more moderate in cases E and H, which prioritize
cost and mix of objectives. The emission increases steadily for all scenarios, with case F
being less pronounced. In terms of comfort, cases A, B, and G have retained almost the
same level of comfort with the changes in temperature. It is worth noting that in this graph,
cases C and D, which involve only a single input, are excluded to avoid overcrowding
the figure.

The share of energy resources shown in Figure 9 demonstrates that at lower tempera-
tures, cases E and H experience more DH use, where at a —15 temperature drop, almost all
load is supplied by the DH. The reason, as mentioned earlier, is the lower COP of HP in
colder climates. Case F supplies the entire demand with HP regardless of the temperature
since the emission level of HP is still much lower than that of DH. The only scenario where
HP use stays unchanged and even increases slightly with the drop in temperature is case G.
In this comfort-based case, the cost and emission factors are excluded, which makes the
input sources unimportant to the algorithm, as long as the discomfort is minimized. The
slight increase in HP use could be the effect of its higher efficiency in general. It is worth
noting that cases A, B, C, and D are excluded since they are single-input cases, wherein
cases A and C, HP share is always 100%, and in cases B and D, DH share is always 100%.

4. Discussion

The prioritization of objectives is a key consideration in addressing multi-objective
problems. The results in Table 5 suggest that the three objective goals are virtually in
“contrast”, a term proposed by Sameti and Haghighat [43]. This means that an increase
in one will lead to a decline in the other. In other words, opting for cost minimization
will increase the emissions and discomfort, while opting for carbon minimization will
increase the cost and thermal discomfort, and so on. Here, case H is merely an example
of a candidate Pareto frontier, which considers equal weights and importance for all three
objectives. Overall, a strategy must be taken by the stakeholder (building manager, network
operator, or both) to determine the weights and make a compromise with the less important
objectives. In the literature, there are several articles addressing the weight assignment in
such problems. In [6], a standard weighting method is described in which objectives are
given equal weights, yielding the initial results. After that, start changing the weights in
a way that the sum will still add up to 1 until it has the expected prioritization. Another
research [44] has used a lexicographic formulation in an attempt to rank the objectives based
on importance. Afterwards, solving the problem with one objective at a time and adding
the results as constraints, trying to solve the problem with the next objective. This method
is specifically useful when there are many objectives involved in a multi-objective problem.

From another perspective, the significance of input parameters on the results is mon-
itored during the simulation. Parameters such as the efficiency of each heating system,
the difference between the cost and emission signals, and the weights definition are the
main link between the results and inputs. The ratio between the efficiencies (COPyp/%ppy)
determines at what ratio between input signals the heating sources are switched on. For
instance, if this ratio equals three, it means in cost-based cases the HP is activated when
the electricity cost is less than three times the DH cost. This argument is valid for emission
levels and the emission signal as well. On top of that, the weighting factors decide which
heating source to switch on based on a certain input signal. For example, a higher cost
objective weight will prioritize the electricity and DH costs over their emission level.

In terms of the numerical results and the optimal strategy, the proposed MO-MPC
outperforms the PID controllers and single-input MPCs. These solutions are compared to
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MPC cases in 2D and 3D Pareto figures in Figures 5 and 6. Ideally, the solution on the depicted
line is optimal, and the ones in the dominated region (above and to the right of the Pareto
frontier line) are suboptimal, since at least one Pareto-optimal solution exists that improves one
or more objectives without worsening the others. The PID solutions fall into the dominated
region, which suggests that they are suboptimal solutions. The single-input MPCs are almost
aligned with the MO-MPC curve, which shows they are superior solutions compared to the
PID ones. This shows that the algorithm successfully optimizes the hybrid heating system,
taking advantage of the price and emission levels during the simulation period.

In terms of the thermal comfort in simulation results, in PID-controlled systems (cases
A and B), which prioritize the operative temperature, it has led to a fairly comfortable
environment. The discomfort index, however, increases drastically in MPC cases E and F and
to some extent in case H. While high discomfort is observed in some MPC cases, the MO-MPC
provides this advantage to set how much importance should be given to the discomfort index,
since other criteria can play a role. For instance, in case H, the discomfort has increased less
intensely while lowering the cost and emission of the system at the same time.

Another remark is that while the proposed controller is functional in other hybrid
systems in different contexts, the share of the heating resources might vary. This depends
on the input energy parameters, namely the price and emission levels in the target ge-
ographical location. The MO-MPC algorithm is otherwise guaranteed to make optimal
heating decisions based on the system inputs.

The solution requires both energy systems to be in standby mode and the prices to be
meticulously chosen by the operators. In many buildings with hybrid heating sources, HP
is merely a backup resource for when the demand is high or sometimes manually switched
on by the building manager based on individual preferences. Additionally, for such a
system to exist and make decisions automatically, energy prices ought to be determined
more competitively by the energy provider, taking network and environmental constraints
in energy use into account.

Another point of discussion is how to determine the “right” weights (in this context, wy,
wy, and w3). Something that has not been fully addressed in the previous multi-objective
research is the authority to tamper with the weights of the proposed solution from different
stakeholder perspectives. Based on the theory of Pareto Optimality, the multi-objective so-
lutions in the discussed cases (cases E-H) are at the front of all “Pareto Optimal” solutions
with different objective prioritization [45]. However, the “right” weights are often subjectively
different—if not in conflict—from a consumer perspective versus a network operator perspec-
tive. For instance, the consumer might opt for a maximum comfort level, which, according to
our simulation results, has a high cost and emission level. This might be entirely different
from the network operation goals. This will raise the question of the level of authority in
determining the weights from a consumer perspective. More research is required on how and
to what extent each stakeholder can determine the optimization weights.

A further aspect to consider is the scalability of the proposed approach. In this study,
we focused on a single-family, single-zone building; however, two distinct scenarios arise
when extending the framework to multi-zone buildings. In the first scenario, where each
household is equipped with its own heat pump (HP), the algorithm remains scalable,
as each apartment can independently benefit from an MO-MPC system. In the second
scenario, involving shared heating resources—specifically a common HP—a distributed or
centralized MPC architecture would be required. Although several studies have explored
such control strategies, the scalability of the present model for these types of buildings still
requires validation in further studies.
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The results illustrate the prioritization of chosen energies in the Swedish energy market.
While the method is general and applicable in any setting and climate, the share of each
energy resource is dependent on the input signals (cost and emission) of that market. The
relation between these energies can be further assessed in other heat-requiring countries.
The heating demand consists of space heating only in this paper. The domestic hot water is
another major heat demand. It usually requires a prediction model based on consumers’
living patterns and regulating the hot storage tank temperature/flow accordingly [46,47].
This was out of the scope of this paper but should be highlighted as a future direction in a
mixed-method study.

We have identified some limitations in this study. The sum of operative temperature
deviations as a thermal discomfort index cannot fully reflect this criterion. It indeed
penalizes the higher deviations (especially above one °C) exponentially. This will force
the optimization to keep the deviations within one °C. However, this method assumes
symmetric discomfort (e.g., 2 °C hotter is considered as uncomfortable as 2 °C too cold),
while this does not reflect reality, as some individuals may tolerate higher temperatures
more easily than colder. Another limitation is that the comfort level criteria do not account
for humidity, air movement, or clothing level, which are part of more advanced thermal
comfort models, such as predicted mean vote.

Finally, in this study, both the air-to-water HP and the DH system were modeled
with sufficient capacity to individually meet the entire heating demand. This assumption
was made to focus on the operational performance of the MPC algorithm, allowing it to
determine the optimal allocation between the two heat sources without constraints from
component sizing. In practice, the HP would typically operate up to a defined bivalence
point, and the DH would supply the remaining load. The MPC framework can easily be
extended to include such a capacity limitation, which will be addressed in future research.

5. Conclusions and Future Directions

This paper investigates a hybrid heating system control and provides a practical
framework to apply in real-world scenarios. The performance of a Multi-Objective Model
Predictive Controller (MO-MPC) that applies different combinations of cost, emission, and
comfort level of a hybrid heating system in an individual building. The heating system
is composed of a central district heating (DH) with a controllable heat exchanger and
a building-integrated heat pump (HP). The results are compared to a conventional PID
controller with a single heating resource. The simulation is conducted using electricity and
DH market data for a week in the cold season in the Swedish energy market.

Eight cases with different inputs and goals are constructed to compare the systems
against one another. The results demonstrate that the MO-MPC algorithm outperforms
the PID controller from several viewpoints. The cost saving and emission saving of the
MO-MPC can be as high as 10% and 13% compared to the single-input PID system, while
the achievable savings on cost and emission with the hybrid system advantage are up to
25% and 77%, respectively. Further, sensitivity analysis shows that changes in electricity
prices can heavily affect the optimal solution. Only a 20% increase in electricity prices
makes DH virtually always superior to HP in a cost-based solution. This emphasizes the
importance of dynamic cost determination by energy providers to have a hybrid solution.

For further development of this research, several elements should be considered or
improved to make the system more robust and closer to reality. Here, thermal comfort
is measured by the operative temperature. More indices (qualitative and quantitative)
will improve the accuracy and validity of this heating system objective. Additionally, the
multi-objective weights considered here are essentially examples of the final solution. As
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discussed in the discussion section, very few studies have investigated consumer choices
and heating priorities and how they might affect the energy network. The consideration of
domestic hot water prediction was not in the scope of this paper; however, it can add value
in terms of making the model more realistic through a mixed-method approach.
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Abbreviations

The following abbreviations are used in this manuscript:

DH District Heating

HP Heat Pump

MPC Model Predictive Controller

MO-MPC  Multi-Objective Model Predictive Controller
PID Proportional-Integral-Derivative

RBC Rule-Based Controller

RC Resistor—Capacitor

AHU Air Handling Unit

cor Coefficient of Performance

LLD. Independent and Identically Distributed

Appendix A. Gray-Box Model of the Building

In this section, the building simulation model is described. To capture the thermal
characteristics of the case study—the “ZEB Living Lab” experimental building [48]—a
gray-box model is used. Yu et al. in [26] experimented with different RC networks applied
to the same case study with different orders and numbers of parameters and realized that
the stochastic 3R2C model, depicted in Figure A1, exhibited the least residual error and
performed more robustly on the validation dataset. The same model and parameters are
used in this study, which are listed in Table A1.
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Figure A1. Gray-box model representation of the building.
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Equations (A1)-(A5) describe the details of the building state-space model previously
mentioned in Equation (1) in this study. Model states, inputs, and disturbances are shown
in (A1). The model parameter matrices are detailed in (A2). Equations (A3) and (A4) are
the SDEs of the building. Finally, Equation (A5) is the heat loss through ventilation (or
gained through an air handling unit).

T T
X = [Ti Te} ;U= {QHP Qo  Quent Qint  Lsor Ta}

. (A1)
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dTg Tl - Tg Ta - TE
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where T;, T,, and T, are the indoor, envelope, and outdoor (ambient) temperatures, respec-

tively; er; and e, are the indoor and envelope temperature disturbances; R;,, Rea, and Ry ¢
are the heat resistance between indoor and envelope, envelope and outdoor, and indoor
and outdoor through windows and doors, respectively; C; and C, are the heat capacity of
indoor thermal mass and the heat capacity of the external walls; Qe is the heat lost (or
gained) through ventilation (or air handling unit); Q;,;; is the indoor activity and process
energy; gA; and gA, are the active area times the heat gain through windows and through
walls based on each surface area; 7z and C, are the air mass and the air heat unit; and,
finally, Ts,p(t) and Tey(t) are the supplying and exhausting air temperatures of the system.

It is worth noting that the Q;,; and Qyen are considered constant and neutralize one
another; therefore, they are not used in this study. e; and er, are generated based on the
residuals of the RC model. The one-step predictions (residuals) are estimates of the system
noise (i.e., the realized values of the incremental Wiener process) added together with the
observation noise. They are assumed to be white noise, i.e., Independent and Identically
Distributed (I.I.D.).

Table A1. Gray-box model thermal parameters used in this study.

Model R;, Res R,'nf C; C. gA; gA,
Name [°C/kWh] [°C/kWh] [°C/kWh] [kWh/°C] [kWh/°C] [m?] [m?2]
3R2Csto 58.49 1.15 15.75 1.15 4.22 1.56 0.122
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Appendix B. Discomfort Index—Operative Temperature

In order to choose a simple yet efficient index to calculate the discomfort of the
building occupants, operative temperature was chosen. This index is related to the indoor
temperature (T;) and the mean radiant temperature and is calculated by Equation (A6)
according to ISO 7726:1998 [49]. When the metabolic rate is between 1.0 met and 1.3 met
and the indoor air velocity is less than 0.1 m/s (which is valid for normal indoor activity
and indoor air movement), the expression can be simply approximated by Equation (A7).

o hrTmrt + hCTi

Top = Al
oy = (A6)

where Tt is the mean radiant temperature, and #, and /. are the convective heat transfer
coefficient and linear radiative heat transfer coefficient, respectively.

Since the chosen model described in Appendix A does not record the T}, we have
made a fair assumption that this temperature can be approximated by the envelope temper-
ature. The envelope temperature is the building surface temperature on the walls, while the
mean radiant temperature is defined as the uniform temperature of an imaginary enclosure
on walls, ceiling, and floor, which corresponds to the radiant heat transfer between the
surface and the human body. Therefore, the new operative temperature is calculated as
shown in Equation (A8) and used in the simulations in this paper. To be able to compare
the cases considered in this article, the sum of all the operative temperature deviations is
calculated in (°Ch) [50].

(A8)
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Abstract

Organic phase change materials (PCMs) have been used and studied for many years. In this
work, we focus on an industrially available PCM—polyethylene waxes (PEW) modified with
seven types of carbon black (CB) exhibiting different properties. Carbon black (CB) was selected
as a more cost-effective modifier compared to carbon nanomaterials, as it is easier to implement
industrially and capable of converting and storing thermal energy. The experiments were
designed to evaluate the thermal properties and photothermal conversion efficiency of PCMs
modified with different grades of carbon black. The influence of carbon black on selected PCM
properties was investigated using differential scanning calorimetry (DSC), thermogravimetric
analysis (TG), scanning electron microscopy (SEM), and laser flash analysis (LFA). Furthermore,
the photothermal conversion capability was evaluated. The results indicate that modification
with carbon black decreases the phase transition enthalpy for most formulations, with reductions
ranging from 8 to 12% for 1 wt.% CB to 10-15% for 2.5 wt.% CB. At the same time, an improve-
ment in the thermal conductivity of PCMs modified with carbon black was observed, with
the best performance achieved for N234 carbon black, showing an increase of approximately
17-18% in the 25-55 °C temperature range. The ratio of the heat of solidification to the heat of
melting (Qs/Qm) for most samples was approximately 0.90-0.98, indicating excellent thermal
cycling stability. The highest photothermal conversion efficiency was observed for samples
modified with N234 and N330; these materials exhibited the greatest temperature rise, reaching
approximately 135 °C in about 15 min, due to enhanced light absorption of PCMs by carbon
black. Overall, the results confirm that PEW /CB systems demonstrate a good balance between
absorption, heat generation, and controlled phase-change behavior, making them promising
candidates for solar-thermal energy storage and conversion applications.

Keywords: phase-change material (PCM); carbon black; thermal analysis; photothermal
conversion; thermal conductivity

1. Introduction

The rapidly growing demand for mobile heating systems, portable thermal energy
storage devices, and integrated photothermal conversion applications motivates the de-
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velopment of optimized organic PCM formulations with enhanced thermal conductivity
and photothermal performance. Phase change materials (PCMs) constitute an attractive
class of materials for thermal energy storage and energy conversion systems. PCMs store
thermal energy both as sensible heat—from the initial temperature to the melting point
and further to the final temperature—and as latent heat during phase transitions, such
as solid-liquid or solid-solid transformations [1,2]. Compared to conventional sensible
heat thermal energy storage systems, PCM-based systems offer the advantage of storing
significantly larger amounts of heat within a relatively small material volume [3-5].

In general, phase change materials are classified as organic or inorganic [6]. Organic
PCMs are considered chemically stable, safe, noncorrosive, and cost-effective. They are
characterized by high phase transition enthalpy and good thermal reliability over numerous
melting—solidification cycles [7,8]. Paraffin waxes are relatively inexpensive, safe to use,
chemically inert, noncorrosive, and thermally stable up to 300 °C; however, they are
flammable and exhibit low thermal conductivity (0.1-0.3 W/(m-K)). Paraffins demonstrate
excellent thermal stability even after 1500 thermal cycles [8].

Paraffin- and polyethylene-based PCMs have been investigated in numerous combi-
nations due to their structural and chemical similarities [8,9]. Zauner et al. [10] evaluated
several promising polymers, including polyethylene (PE), polyoxymethylene (POM), and
various polyamides (PAs), and selected high-density polyethylene (HDPE) for detailed
investigation. Their results showed that HDPE exhibits a high phase transition enthalpy
and remains thermally stable over more than 1000 heating—cooling cycles. The authors also
designed a suitable heat exchanger, constructed a laboratory-scale storage prototype, and
characterized its energy capacity and power profiles under various operating conditions.
Navarro et al. [11] investigated HDPE spheres impregnated with a paraffin mixture with a
melting point of 58 °C for domestic hot water applications. In their experimental system,
polyethylene spheres containing embedded PCM were placed at the top of a water tank to
enhance thermal stratification and increase energy density. The results demonstrated that
PCM had a beneficial effect on maintaining the water temperature for an extended period.
However, the presence of PE prolonged the PCM melting time as a result of its low thermal
conductivity. Additionally, PCM leakage from the spheres was observed, and the PCM
content would require optimization to enable safe use in drinking water tanks [11].

The primary limitation of organic PCMs is their inherently low thermal conductivity.
A commonly proposed strategy to overcome this drawback is the incorporation of carbon-
based additives—such as carbon black, graphene, graphite, or carbon nanotubes—to en-
hance heat transfer. Fikri et al. [12] proposed paraffin wax PCM with functionalized
multi-walled carbon nanotubes (FMWCNTs). They reported that the addition of 1 wt.%
non-functionalized MWCNTs increased thermal conductivity by 9.5%, while functional-
ized MWCNTs resulted in an improvement of 50.7% compared to the unmodified PCM.
Feng et al. [13] investigated poly(ethylene glycol) infiltrated in porous carbon skeletons of
diamond foam (DF) and dual three-dimensional carbon nanotube-diamond foam (CDF),
both with a porosity of 70%. The use of DF improved thermal conductivity by 505%
compared to pure PCM, whereas CDF achieved an improvement of 550%. Mishra [14]
studied carbon black-modified lauric acid (LA) as a PCM. The addition of 2 wt.% carbon
black increased thermal conductivity from 0.219 W/(m-K) for pure LA to 0.241 W /(m-K);
a 5 wt.% loading resulted in an approximately 50% improvement compared to unmodified
LA. Efforts to enhance thermal conductivity are primarily driven by the need to accelerate
the PCM charging and discharging processes.

Different approaches have been investigated to enhance the thermal conductivity of
PCMs. Afaynou et al. [15] proposed the use of metal foam as a partial filler in a hybrid heat
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sink (HS). While this strategy increases thermal conductivity, it suppresses natural convection
within the PCM, thereby limiting the effective heat storage capacity and increasing the cost
of the system. N-eicosane was used as the PCM in numerical simulations. The optimal
configuration was identified as two-thirds of the metal foam, resulting in a 33.82% reduction
in eicosane temperature, a 12.67% increase in efficiency, a 57.54% increase in thermal energy
storage, and a 33.33% reduction in the cost and weight compared to a fully filled metal foam
configuration [15]. Mishra et al. [16] proposed the incorporation of lauric acid modified with
4 wt.% carbon black nanoparticles or 4 wt.% graphene nanoplatelets into a biomass-derived
porous matrix obtained from coffee or turmeric powder. The incorporation of 25 wt.% of
the porous matrix significantly improved structural stability by effectively suppressing PCM
leakage while maintaining a high latent heat storage capacity of approximately 130 J/g. Solid—
solid composite PCMs exhibited high photothermal conversion efficiency (106%) and notable
thermal regulation capability, reducing the superheating temperature by approximately 10
°C compared with the pristine PCM. These enhancements were attributed to improved light
absorption and increased energy conversion efficiency [16]. The thermal conductivity in
organic PCMs can also be improved by incorporating boron nitride, as demonstrated by Yu
et al. [17]. The authors constructed thermally conductive boron nitride (BN) networks within
a paraffin wax (PW) matrix supported by poly(styrene-b-ethylene-butylene-b-styrene) (SEBS).
The composite with a 20/80 SEBS to PW mass ratio and containing 30 wt.% BN exhibited
excellent dimensional stability, a high latent heat capacity (129.8 J/g), and significantly en-
hanced thermal conductivity of 1.51 W/(m-K), representing a 293% increase compared to the
unfilled material [17].

Despite the superior thermal enhancements achievable with carbon nanomaterials,
carbon black represents a more cost-effective and industrially viable alternative for PCM
modification. In this work, polyethylene waxes modified with seven distinct types of
carbon black were investigated. The influence of carbon black properties, such as particle
size, specific surface area, and conductivity characteristics, on thermal behavior, thermal
conductivity, and photothermal performance was systematically assessed. The resulting
materials were characterized using differential scanning calorimetry (DSC), thermogravi-
metric analysis (TG), scanning electron microscopy (SEM), laser flash analysis (LFA), and
photothermal conversion measurements.

In this work, polyethylene waxes modified with seven distinct types of carbon black
with different parameters and characteristics were investigated. The influence of carbon
black properties, such as particle size, specific surface area, and conductivity, on thermal
behavior and thermal conductivity to find structure—properties relationships, has been
investigated. Moreover, photothermal performance was systematically assessed to identify
the most effective CB grades for solar-thermal energy conversion and storage applications
and mobile heating.

2. Materials and Methods

The polyethylene waxes (PEW) were obtained from EuroCeras Sp. z 0.0. (Cerelane 1100,
Kedzierzyn Kozle, Poland), carbon black N220, N330, N234, conductive (Konin, Poland),
carbon black HCS-2, HCS-165, HCS-200S (Hangzhou, China)—Table 1.

Samples of PEW were heated at a temperature of 130 °C to melting, then 1, 2.5, and 5%
of modifiers (carbon blacks) were added to the melted PEW and homogenized using
an ultrasonic homogenizer to obtain a homogenous dispersion. Homogenization time
was 30 s. It was observed that too long a homogenization process generates intense heat
and significantly reduces the efficiency of the process by causing excessive cavitation. The
material designations used in the tests are described in Table 2.
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Table 1. Properties of CBs.

. . Total Specific Surface Ash (Mass
Carbon Black Particle Size [nm] [10° m%/kg] Fraction) [%]
N220 20-25 101-111 0.50
N330 26-30 107-117 0.50
N234 19-23 70-80 0.50
conductive 20-50 65.0 5.0 0.50
HCS-2 20-25 200-600 <0.50
HCS-165 16 80-200 <0.20
HCS-200S 24-28 150-300 <0.50
Table 2. Samples description.
Sample Name Used in the Article CB Content [%]
PEW PCM -
1.0
PEW + electroconductive carbon black PCM+E_CB 2.5
5.0
1.0
PEW + carbon black N220 PCM+CB_N220 2.5
5.0
1.0
PEW + carbon black N234 PCM+CB_N234 2.5
5.0
1.0
PEW + carbon black N330 PCM+CB_N330 2.5
5.0
1.0
PEW + carbon black HCS2 PCM+CB_HCS2 2.5
5.0
1.0
PEW + carbon black HCS165 PCM+CB_HCS165 2.5
5.0
1.0
PEW + carbon black HCS200 PCM+CB_HCS200 2.5
5.0

Differential scanning calorimetry (DSC) measurements were conducted using the
DSC 1 calorimeter from Mettler Toledo (Greifensee, Switzerland), equipped with an intra-
cooler. Prior measurements, DSC was calibrated with indium and zinc standards. The
temperature program involved a heating—cooling-heating cycle within a temperature range
of 25 to 130 °C, with a heating and cooling rate of 10 °C/min in a nitrogen atmosphere
(30 mL/min). Samples with mass ca. 3 mg were closed in pierced aluminum pans. The
first heating run was performed for the removal of the samples’ thermal history resulting
from the preparation and processing.

Additionally, DSC 1 was utilized for modulated temperature DSC measurements in
TOPEM mode, with parameters set at an amplitude of 0.5 K, a switching time of 15 s, and a
base heating rate of 1 K/min over the temperature range of 25 to 130 ° C.

Additionally, DSC250 from TA Instruments (New Castle, DE, USA), was used, which
featured a refrigerated cooling system to analyze the phase change material after 20 cycles
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of heating—cooling within a temperature range of 25 to 130 °C, with a rate of 10 °C/min in
a nitrogen atmosphere (340 mL/min).

Fourier transform infrared (FTIR) measurements were performed using a spec-
trophotometer from ThermoFisher Scientific (Waltham, MA, USA) model: Nicolet
i520 Nicolet Apex with an Attenuated Total Reflection (ATR) adapter, operating with
OMNIC 9.16.188 software. Spectra were collected in absorbance mode of 4000-400 cm ™!
after 32 scans at 4 cm 1.

Thermogravimetric analyses were performed using a TGA 550 Discovery analyzer
(TA Instruments, New Castle, DE, USA). The samples were examined in a temperature
range of 40-600 °C, with a heating rate of 10 K/min under a nitrogen atmosphere.

Scanning electron microscopy (SEM) was carried out using a NOVA NANO SEM
200 system (FEI, Hillsboro, OR, USA) equipped with EDS. Before imaging, the sam-
ple was coated with a carbon layer and examined at magnifications of approximately
2000x and 10,000x.

Thermal diffusivity was measured using the laser flash analysis (LFA) method with
an LFA 467 HyperFlash instrument (Netzsch, Selb, Germany). All measurements were
performed in an inert nitrogen atmosphere with a gas flow rate of 50 mL/min. The tests
were carried out at 25 °C, 40 °C, 55 °C, and 70 °C (solid state). For each temperature,
the chamber was first stabilized, followed by a 300 s equilibration period before the laser
pulse to ensure uniform temperature throughout the sample. Three measurements were
carried out at each temperature step. The samples were cylindrical (height: 1.55 mm;
diameter: 15 mm) and placed in a holder, externally secured with stainless-steel spacers
coated with graphite, as shown in Figure 1. Heating was carried out at 5 K/min to the target
temperature, after which a laser pulse of known energy was applied. From the moment of
irradiation, the temperature response on the rear surface of the sample was recorded. The
resulting signals were analyzed using LFA Proteus 8.0.3 software, and thermal diffusivity
was determined using the selected three-layer model. Then, the thermal conductivity
(A, W/(m-K)) was calculated as follows:

A =wapcy (1)

where «, p, and ¢, stand for thermal diffusivity (mm?/s), density (g/cm?), and specific
heat capacity (J/g). The density was determined from the Archimedes method, while the
specific heat capacity was obtained from the DSC measurements. The uncertainty of the
thermal conductivity was estimated from the general formula for error propagation [18]:

oA \2 /oA \? /oA 2

where § stands for the uncertainty of a specific variable. According to the producers, the
uncertainties of éa, 5p, and dcp are 3% [19], 0.4% [20], and 2% [21], respectively. Thus, the
estimated uncertainty of the thermal conductivity is 3.6%.

Figure 1. A sample during the preparation for the LFA measurements: (A) the sample in a PEEK ring;
(B) the sample secured with a graphite-coated stainless-steel spacer; (C) the complete measurement holder.
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The photothermal conversion performance was investigated using the LED Ossila
Solar Simulator (Ossila, Sheffield, UK), with a light spectrum ranging from 350 to 1050 nm
at a working distance of 8.5 cm and output power of 1 Sun for 36 min at room temperature.
Following the experiment, the samples were placed in a customized experimental setup for
photothermal conversion evaluation according to Figure 2.

SOLAR SIMULATOR

THERMOCOUPLE pnnnnn

~ DATA COLLECTOR

COMPUTER

Figure 2. Scheme of the experimental setup for photothermal conversion evaluation.

The temperature of the sample was recorded through a thermocouple connected with
a PicoLog TC-08 high-resolution thermocouple data logger (Pico Technology, St Neots, UK)
connected to the computer. The temperature of the sample was recorded during the
exposition to the simulated solar light and when the simulated solar source was switched
off. When the experiment (solar exposition) time reached 36 min, the simulated solar light
source was turned off, allowing the sample to cool down naturally to the room temperature.
The photothermal conversion efficiency was calculated following Equation (3) [22-24]:

= ———100% ©)

where 1 denotes the photothermal conversion efficiency; m is the mass of the phase-change
material (PCM); AH represents the enthalpy of the PCM; I corresponds to the optical power
density (1000 W/ m?); S denotes the irradiated surface area; T; is defined as the onset time
of the phase transition, and T, is defined as the termination time of the phase transition.

3. Results and Discussion

To evaluate the material’s ability to absorb and release heat, DSC measurements were
performed using a heating—cooling-heating cycle. Data from the second heating run were
analyzed, as the first run was used to eliminate the thermal history of the samples. The
DSC results are presented in Figure 3 and Table 3.

The addition of carbon black only slightly affects the shifts in melting or crystallization
peaks. The differences are typically around one degree between the pure PCM and the mod-
ified sample. There is no clear relationship between the temperature changes in individual
peaks and either the carbon black content or the specific type of carbon black used.

Phase transition temperatures are intensive properties of the polyethylene wax matrix
phase, determined exclusively by molecular composition and thermodynamic equilibrium.
The physical dispersion of non-interacting carbon black cannot alter this intrinsic thermo-
dynamic property. Consistent values of Tm and Ts across all formulations (95-96 °C and
90-91 °C, respectively) thus demonstrate strong thermal compatibility and the absence of
interfacial chemical reactions, as it was confirmed in FTIR results.
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Figure 3. DSC curves for PCM with carbon black 1% (A,B), 2.5% (C,D), and 5% (E,F), and heating
(A,C,E) and cooling (B,D,F).

Table 3. Temperature and heat of melting and solidification of PCM/CB (Qm—the heat of fusion,
Qs—the heat of solidification).

CB Content Tmonset Tm1 Tm2 Tm3 Om Tsonset Ts1 Tso Ts3 Qs

Sample [%] [°’Cl [°Cl [°’Cl [°Cl [/gl [°Cl  [°Cl [°Cl  [°Cl  [J/g]
PCM - 62 95 104 117 242.84 99 106 91 77 242.57
1 62 96 104 118 227.39 100 109 91 77 226.53
PCM+E_CB 25 62 96 104 118 213.67 100 109 91 77 210.68
5 62 96 104 115 21451 100 109 90 77 213.35
62 96 104 115 227.85 99 106 91 77 224.50
PCM+CB_N220 25 62 96 104 115 22342 99 107 91 77 218.22
5 62 96 104 118 221.30 99 108 91 77 217.18
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Table 3. Cont.

CB Content Tmonset Tm1 Tm2 Tm3 Om Tsonset Ts1 Tso Ts3 Qs

Sample [%] [°’Cl [°’Cl [°Cl [°Cl [O/gl [°Cl [°Cl [°Cl  [°Cl  [/g]
1 62 96 104 117 232.38 100 109 91 78 227.52
PCM+CB_N234 2.5 62 95 104 117 223.83 99 108 91 78 219.19
5 62 96 103 117 225.84 99 108 91 77 221.03
61 95 103 116 230.08 99 108 91 78 226.09
PCM+CB_N330 25 62 95 104 117 222.77 100 106 91 78 218.20
5 62 96 104 118 228.82 99 107 90 78 225.92
1 62 95 104 118 219.85 100 109 92 77 215.24
PCM+CB_HCS2 25 62 95 104 117 223.97 100 106 91 78 219.02
5 62 96 103 118 223.64 100 109 91 77 219.79
1 62 96 104 117 219.93 99 106 91 77 220.36
PCM+CB_HCS165 2.5 62 96 104 117 221.89 99 107 91 76 222.42
5 62 95 104 117 222.82 99 106 91 78 222.96
62 96 104 118 226.13 100 109 91 77 226.55
PCM+CB_HCS200 25 61 96 104 118 223.60 100 109 91 78 223.60
5 62 95 104 118 212.93 99 109 91 77 213.20

In contrast, enthalpy values are extensive properties directly proportional to the
mass of active phase change material in the composite. The observed enthalpy reduc-
tions (8-15%) result from: (i) effective PCM mass reduction due to space occupancy by
carbon black (~1% for 1 wt.% loading), (ii) crystallization hindrance caused by CB parti-
cles, (iii) surface-mediated perturbation of local crystal order. This combined effect stay
with good agreement with the literature data on carbon-modified paraffin systems and
represents an optimized engineering trade-off: accepting modest enthalpy reduction in
exchange for substantial thermal conductivity improvement (up to 22% for optimal CB
grades) [25-27]. This strategy enables faster energy transfer during charging/discharging
cycles, partially compensating for lower absolute storage capacity per unit mass.

The latent heat of fusion represents the thermal energy storage capacity of a material
and is directly measured by DSC. For the pure PCM, the heat of melting was 242.84 /g,
which is characteristic of paraffin-based PCMs. Modification with carbon black leads to a
systematic decrease in enthalpy across most formulations [28], ranging from 8 to 12% for
1 wt.% CB to 10-15% for 2.5 wt.% CB. The reduction in melting heat with increasing CB con-
tent is consistent with reports in the literature on nanoparticle-enhanced PCMs. Studies on
carbon-modified paraffin systems have demonstrated similar trends, in which the addition
of carbon-based fillers—such as carbon nanotubes, graphene, or activated carbon—results
in a slight decrease in latent heat capacity [29-31]. In general, for polymer-based PCMs,
the thermal energy storage capacity is directly connected to the degree of crystallinity. The
incorporation of micro- or nanometric-sized additives leads to changes in the polymer ma-
trix crystallization process. Depending on the type, size, shape, chemical composition, and
concentration, incorporated additives have different effects on the crystallization process.
Polymer chains can interact with fillers by chemisorption or occlusion, that trigger the
macromolecule nucleation process [32]. In the most widely accepted paracrystalline model
for different types of carbon black, continuous layers of hexagonally arranged carbon atoms
form the basic building blocks. These carbon layers are concentrically arranged around one
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or more growth nuclei, resulting in adjacent layers orientated parallel to each other and
creating ordered, parallel stacked layers known as a turbostratic structure, and finally form-
ing nearly spherical particles and aggregates [33]. In polymer systems, paracrystalline CB
structures can act as nucleating sites for polymer chains; however, the opposite confinement
effect may also influence the crystallization ability of PEW. The mobility of PEW polymer
chains can be restricted because of chain trapping within the narrow spaces between CB
particles or adsorption onto high surface-area CB particles, which limits the crystallization
process of PEW. This leads to a decrease in PEW crystallinity and a reduction in the heat of
phase transition of the PCM system. The reduction in phase change enthalpy can also be
attributed to a decrease in the effective PCM volume fraction within the composite, as car-
bon black nanoparticles occupy space in the material and thereby reduce the mass fraction
of active PCM available for thermal energy storage [34-36]. However, the magnitude of the
decrease (8-15%) is relatively modest, suggesting good compatibility between the carbon
black particles and the PEW matrix. Previous studies on paraffin composites containing
various carbon-based nanofillers have reported comparable or even larger enthalpy reduc-
tions (ranging from 3 to 40%, depending on filler type and concentration), indicating that
the carbon black modifications applied in this study preserve thermal storage capacity to a
satisfactory extent [37,38].

The solidification temperature (Ts) remained constant at 90-91 °C for all samples
during the cooling cycle, demonstrating excellent thermal reversibility. This consistency is
particularly important for applications requiring long-term cycling stability, as it indicates
reliable phase transitions during repeated thermal cycles. The heat of solidification (Qs)
ranged from 210 to 227 ] /g and closely matched the corresponding melting enthalpy values,
further confirming the reversibility of the phase transitions and the absence of significant
material degradation during DSC measurements. The ratio of the heat of solidification to
the heat of melting (Qs/Qm) for most samples was approximately 0.90-0.98, indicating
excellent thermal cycling behavior. This observation is supported by literature on paraffin-
based PCMs, where similar ratios have been reported for properly functioning phase
change materials. Minor asymmetries between melting and crystallization enthalpies are
common and can be attributed to nucleation effects and slight differences in heat transfer
rates during heating and cooling cycles [39,40].

The melting temperatures observed in this study (95-96 °C) and the corresponding
latent heats (212-243 ] /g) are consistent with the reported values for paraffin waxes used
as phase change materials. The literature data for standard paraffin PCMs with comparable
melting points typically indicate latent heats in the range of 200280 J/g. Polyethylene
wax used in this work represents a mid-range paraffin formulation, and the measured
thermal properties align well with those of commercially available PCM products and
other paraffin-based thermal energy storage materials [41,42].

The influence of carbon black on the melting temperature was minimal, which con-
trasts with some reports from the literature that describe temperature shifts of £2-5 °C
upon the addition of certain nanofillers. This thermal stability is advantageous for mobile
heating system applications, as it ensures consistent operating temperatures regardless of
the specific carbon black formulation used [43].

Based on the obtained data, the relationship between the specific surface area (SSA)
of CB and the investigated parameters can be found. In general, better results have
been revealed for CB with lower SSA. Samples with carbon black N330 and N234 were
characterized by slightly higher phase transition. Based on DSC data, the degree of
crystallinity of the PEW matrix has been calculated to check the effect of SSA and the
crystallinity of the polymer matrix—Figure 4.
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Figure 4. Degree of crystallinity of PEW vs. carbon black SSA and content [%].

From Figure 4 can be seen that in such systems polymer matrix can reach a slightly
higher degree of crystallinity in systems modified with CB, characterized by lower SSA.

In Table 4 we shown DSC results after 20 heating—cooling cycles for the PCM base
material and the two best formulations revealed that the best thermal behavior and repeata-
bility were exhibited by the PCM+CB_N330 sample, where the values of heat of phase
transition were on a similar level as before thermal cycling. For unmodified PCM and
PCM+CB_N234, some decrease in phase transition enthalpy was found, but the obtained

values are still above 200]/g.

Table 4. DSC results after 20 heating—cooling cycles.

Sample CB C:)ntent Tnéonset 'I;ml Tomz Tom3 Om ngmset Esl ISZ 1‘53 Qs
[%] [°C] [°Cl [°Cl  [°Cl [)/gl [°C] [°Cl [°Cl  [°Cl  [)/gl
PCM - 63 97 105 115  204.38 98 102 89 76 209.42
PCM+CB_N330 1 64 96 103 116  231.63 98 104 89 76 217.09
PCM+CB_N234 1 63 97 104 117 208.00 98 104 89 76 208.25

Analysis of the FTIR results for both neat PCM, PCM/CB samples, and CB indicates
no changes in PEW in the presence of carbon black, which indicates no chemical reaction
between the PCM and the carbon additive (Figures 5 and 6).
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Figure 5. FTIR spectra of carbon black.
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There are no characteristic absorption bands in the spectrum that could be associated
with functional groups in carbon black. Only absorption bands typical for polyethylene wax
were found (at 718 and 730 cm~! from CHj rocking vibration [44], at 1462 and 1472 cm !
from CH; bending [45], at 2847 and 2914 cm ™! from C-H stretching in alkanes [46]. More-
over, Fourier transform infrared spectroscopy analysis has been performed for samples after

20 thermal cycles and showed that the PCM before phase transitions and after 20 phase

transition cycles (20 heating—cooling cycles) exhibits peaks originating from chemical bonds

at the same positions and with the same intensities as before thermal cycling. In the same

figure, we can see that a similar relationship is observed for samples modified with one

percent of carbon black in B-CB 234 and in C-CB-330.
The thermal stability of the carbon black modified PCMs was further evaluated by

thermogravimetric (TG) analysis; the results are presented in Table 5 and Figure 7.
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The unmodified PEW exhibited excellent thermal stability, with the onset of mass loss
(Tye,) occurring at 267 °C. This high initial decomposition temperature ensures safe opera-
tion in heating applications up to moderate temperatures. The temperature corresponding
to 10% mass loss (T1¢9,) was 336 °C, while the temperature at 50% mass loss (T5(q,) reached
420 °C, indicating a relatively broad window of thermal stability. The maximum decom-
position rate (Tprgmax) occurred at 462 °C. The residual char at 600 °C was negligible
(0.002%), confirming nearly complete decomposition of the organic paraffin material at
elevated temperatures. These values are in excellent agreement with the data from the
literature for paraffin waxes. Studies on conventional paraffin-based PCMs typically report
T109 values in the range of 300-350 °C and T5¢, values between 400 and 450 °C, indicating
that the PEW formulation used in this study is representative of commercially available
paraffin products [42,47].

Table 5. Thermal stability of PCM with carbon black.

Sample CB Content [%] Tiee T Taw  Tsw  Tiow  Tso%  TpTemax  Ragi du?:tlr(ioo °oC
[ @ I R & R @) I R S) I &) B M ¢ [°C] [%]
PCM - 267 285 297 312 336 420 462 0.002
1 251 260 265 273 286 348 328 2.405
PCM+E_CB 2.5 269 286 296 309 330 417 475 3.432
5 263 280 291 305 328 429 481 6.344
257 274 284 299 321 403 431 0.754
PCM+CB_N220 2.5 259 275 285 299 322 404 440 1.093
5 258 275 286 301 324 406 440 1.026
1 257 273 284 299 321 399 431 0.143
PCM+CB_N234 2.5 255 271 282 298 321 405 441 0.859
5 250 267 278 293 316 397 426 0.882
1 252 269 280 295 319 403 436 0.507
PCM+CB_N330 2.5 255 272 283 298 322 403 433 0.654
5 257 273 283 298 321 401 433 1.105
265 280 290 305 329 415 452 1.135
PCM+CB_HCS2 2.5 260 278 289 304 329 415 451 2.269
5 258 275 286 301 326 414 456 4.62
1 258 275 286 302 327 417 454 1.111
PCM+CB_HCS165 2.5 259 276 288 303 328 416 452 2.276
5 261 280 292 308 333 423 460 4.943
1 253 271 282 298 322 405 440 0.961
PCM+CB_HCS200 2.5 258 274 285 300 325 410 450 2.365
5 253 271 282 298 323 411 451 3.941

The addition of carbon-black nanoparticles has a complex, nonuniform effect on
thermal stability:

e  Electroconductive carbon black (E_CB) exhibited the most pronounced influence on
thermal decomposition behavior. Ata 1 wt.% loading, the onset temperature of mass loss
(T19,) decreased to 251 °C, while at higher loadings it increased to the range of 263-269 °C.
The temperatures corresponding to 50% mass loss (T5qq,) varied between 348 and 429 °C,
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depending on the concentration of carbon black. In particular, this formulation showed
the highest char residue at 600 °C (2.405-6.344%), indicating incomplete decomposition
and the possible accumulation of carbonaceous residue. This behavior can be attributed
to the presence of conductive carbon black particles, which do not fully decompose and
remain as stable carbon-rich residues at elevated temperatures.

e Carbon black grades N220, N234, and N330 exhibited more moderate effects on
the thermal stability of PEW. The onset temperatures of mass loss (T19,) ranged
from 250 to 257 °C at a 1 wt.% loading, while the temperatures corresponding to 50%
mass loss (T50¢,) remained relatively stable at 399-406 °C, only slightly lower than
those of the pure PCM. The char residue for these formulations was minimal
(0.143-1.105%), indicating more complete thermal degradation compared to electro-
conductive variants. This behavior, which closely resembles that of the unmodified
PCM, suggests that conventional carbon black grades exhibit good thermal compati-
bility with paraffin-based matrices [48,49].

e  Carbon Black HCS series: The HCS formulations (HCS2, HCS165, and HCS200) exhib-
ited an intermediate influence on the thermal stability of PEW. The onset temperatures
of mass loss (T1¢,) ranged from 253 to 265 °C, while the temperatures at 50% mass
loss (T50%,) were between 405 and 423 °C, remaining very close to the pure PCM
baseline. The char residue at 600 °C varied from 0.961 to 4.943%, which is higher
than that observed for standard carbon black grades but lower than for electrocon-
ductive variants. This behavior suggests that specialty carbon black grades may form
more thermally stable interactions with the paraffin matrix, contributing to enhanced
thermal resistance at elevated temperatures.

The observed thermal behavior can be understood in the context of carbon-paraffin
interactions. Studies on PCMs enhanced with carbon nanoparticles have demonstrated
that carbon additives can enhance or slightly reduce thermal stability depending on their
surface properties and degree of dispersion [34,35].

The reduction in Ty, (initial decomposition temperature) observed in this study stay
with good agreement with literature findings. Research on graphene-enhanced paraffin sys-
tems reported Tyo, reductions of 5-15 °C compared to pure paraffin, similar to the 8-16 °C
reduction observed with carbon black in this study. This phenomenon is attributed to
surface-catalyzed decomposition, where the high surface area of nanoparticles can catalyze
the thermal decomposition of nearby paraffin molecules at lower temperatures [48-50].

The formation of a carbonaceous residue (char) at elevated temperatures is a characteristic
feature of carbon-filled composites. The increase in char residue with increasing carbon black
content observed in this study follows the expected trend: for a composite containing N
wt.% of non-decomposable carbon black, the theoretical char yield should approach N wt.%.
However, the experimentally observed values (0.002-6.344%) are generally lower than the
nominal carbon black loadings (up to 5 wt.%), suggesting partial pyrolysis of carbon black into
gaseous products and/or interactions with paraffin decomposition products. Previous studies
on the thermogravimetric behavior of carbon-filled polymers indicate that char formation at
600 °C may account for 40-100% of the initial carbon black content, depending on the carbon
black grade and thermal processing conditions. The relatively low char yields observed
in this work—particularly for standard carbon black grades—suggest good dispersion and
integration of carbon black within the paraffin macromolecular structure, as well as possible
partial degradation of the carbon filler under the applied measurement conditions [48].

For applications in mobile heating systems, the thermal stability demonstrated by all
formulations is excellent. According to the DSC results, the melting point was determined
at ca. 90-96 °C, well below the Ty, values (251-269 °C) observed in TG analysis. This
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margin ensures that these PCM will maintain their thermal storage functionality throughout
the design life of mobile heating systems that operate in typical temperature ranges (up
to 60-100 °C) [41].

The observed carbon black aggregate sizes (in the range of 100-500 nm) are consistent
with those of industrial carbon black products commonly used in thermal and electrical
applications. Literature on carbon black nanostructure indicates that commercial carbon
blacks consist of primary particles aggregated into larger structures, with aggregate sizes
typically ranging from tens of nanometers to several micrometers, depending on the
manufacturing process. The size range identified in this study places carbon black within
the nanoparticle regime, which is advantageous for achieving property enhancement while
maintaining adequate dispersion stability [51]. The uniformity of particle distribution
observed at the micrometer scale compares favorably with reports on other nanoparticle—
polymer systems. Studies on graphene oxide—paraffin and carbon nanotube—paraffin
composites frequently describe localized agglomeration and clustering, particularly at
higher filler loadings. The superior dispersion observed in the present carbon black-based
systems may be attributed to the spherical or near-spherical morphology of carbon black
aggregates, which pack more efficiently than the highly anisotropic structures of carbon
nanotubes or graphene sheets [34,52,53].

For mobile heating system applications, the microstructural characteristics revealed
by SEM analysis are highly advantageous. The homogeneous distribution of carbon black
throughout the paraffin matrix ensures uniform material properties, which are critical for
reliable thermal energy storage and heat transfer. In addition, good interfacial contact between
the filler and the matrix reduces thermal resistance at the particle-matrix interfaces, which
would typically be expected to enhance thermal conductivity. However, the LFA results
indicate an unexpected decrease in thermal conductivity, suggesting that other effects—such
as particle-induced phonon scattering or disruption of the paraffin crystalline structure—may
dominate over the benefits of improved interfacial contact in this system [54].

Figure 8 shows SEM images of carbon black modified samples, and Figure 9 also
shows EDS analysis.

1% 2.5% 5%

Figure 8. SEM 5000 x images of PCM + 1%, 2.5%, 5% E_CB (first row) PCM + 1%, 2.5%, 5% CB_N220
(second row), PCM + 1%, 2.5%, 5% CB_N234 (third row), and PCM + 1%, 2.5%, 5% CB_N330 (forth row).
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Figure 9. SEM images, from left to right respectively: PCM 2000 x, 5000, EDS (first row) PCM + 1%
E_CB 2000x%, 10,000x, EDS (second row), PCM + 5% E_CB 2000 %, 10,000x, EDS (third row).

The absence of pronounced agglomeration or clustering in the SEM images further
suggests that the composites are likely to maintain microstructural integrity during repeated
thermal cycling. Such stability is essential for the durability and long-term reliability
of phase change materials subjected to multiple heating and cooling cycles. Previous
studies on PCM composites have emphasized the importance of microstructural stability
in preserving long-term performance [55].

Figure 10 shows graphs of the specific heat capacity obtained using TOPEM DSC
measurements. During phase transitions, the specific heat is highest [56]. Additionally, the
highest heat of fusion is observed for materials with the highest carbon black content.
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Figure 10. TOPEM DSC results: (A) reversing heat flow curves, (B) non-reversing heat flow curves,
(C) total heat flow curves of TPCMs mixtures, (D) specific heat capacity curves of PCM with carbon
black mixtures.
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Figure 10 shows that the reversing heat flow curves (A) indicate melting during heating
as a reversible process. In contrast, the non-reversing heat flow (B) exhibits exothermic
signals associated with recrystallization, followed by a peak corresponding to complete
melting (C). Samples with higher carbon black mass fractions show a greater extent of
recrystallization, which leads to an increased number of crystal defects. As a result, the
enthalpy of the phase transition may be reduced. Overall, the heat flow profiles closely
resemble those obtained from conventional DSC measurements. The specific heat capacity
(Cp) values were determined from the TOPEM DSC measurements. The results of the
thermal conductivity measurements were calculated using Equation (1) and are presented
in Table 6.

Table 6. Results of thermal diffusivity and thermal conductivity of PCM with carbon black.

Thermal Diffusivity, mm?/s Thermal Conductivity, W/(m-K)
Sample Temperature, °C Temperature, °C
25 40 55 70 25 40 55 70
PCM 0.1480 0.1345 0.1180 0.0915 0.3030 0.2930 0.2950 0.3095
PCM + 1% CB_N234 0.1675 0.1475 0.1275 0.0930 0.3235 0.3090 0.3140 0.3620
Percentage improvement, % 13.2 9.7 8.1 1.6 6.8 55 6.3 17.0
PCM + 2.5% CB_N234 0.1570 0.1400 0.1200 0.0900 0.3450 0.3240 0.3260 0.3780
Percentage improvement, % 6.1 3.7 1.3 2.2 13.9 10.6 10.5 22.0
PCM + 5% CB_N234 0.1610 0.1430 0.1220 0.0910 0.3580 0.3450 0.3450 0.3730
Percentage improvement, % 8.4 59 3.4 -1.1 18.0 17.6 16.8 20.5

The results obtained indicate an improvement in thermal conductivity with the ad-
dition of carbon black, with the most pronounced enhancement observed for N234 car-
bon black. Therefore, further measurements were conducted for composites containing
2.5 and 5 wt.% of this nanoadditive. The average, in the temperature range of 25-55 °C,
thermal conductivity improvement is 6.2% for PCM + 1% CB_N234, 11.7% for PCM + 2.5%
CB_N234, and 17.4% for PCM + 5% CB_N234 as compared to the base PCM. The deviating
value of the thermal conductivity at 70 °C can be attributed to the proximity of this temper-
ature to the phase transition, which compromises the thermal equilibrium of the sample
during measurement and results in anomalous thermal conductivity behavior.

A detailed description of the microscopic mechanisms of conductive heat transfer
and heat transfer enhancement can be found in the work of Wu et al. [57]. In general,
the role of CB particles in enhancing heat transfer can be attributed to the fact that, in
organic PCMs, heat conduction occurs primarily through lattice vibrations, with phonons
acting as the main carriers of thermal energy [58]. The presence of CB particles within
the PCM provides additional pathways for phonon transport, thereby improving the
effective thermal conductivity of the composite material [59]. However, poor dispersion of
the additive and/or a too low mass fraction may prevent the formation of a continuous
conductive network and may introduce thermal contact resistance, resulting in only a
modest improvement in thermal conductivity [59]. Consequently, the literature suggests
that only additive mass fractions exceeding a certain threshold—dependent on the type
of PCM and the additive used—can effectively enhance thermal conductivity. The results
obtained in the present study suggest that the threshold mass fraction of CB particles
in the PCM is 1 wt.% or lower, as an improvement in thermal conductivity is already
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observed at this concentration. Nevertheless, further studies are required to evaluate
thermal conductivity enhancement at even lower additive mass fractions.

PEW /CB systems offer superior advantages versus graphene and CNT: comparable
thermal conductivity gains (18-22% vs. 15-30%) with significantly lower cost ($2-5/kg
vs. $50-500/kg), making them industrially viable for large-scale thermal energy storage
applications [14,60-62].

Figure 11A presents the temperature evolution curves of the investigated composites.
The pure PCM sample does not exhibit a clear phase change transition; instead, only a
small and nearly linear temperature increase is observed, reaching approximately 10 °C
by the end of irradiation. Upon switching off the light source, an immediate temperature
decrease occurs. In contrast, the composite samples show a rapid temperature rise from the
onset of irradiation, accompanied by a characteristic inflection point associated with the
phase change transition, particularly evident for the N220, N330, and N234 samples. This
inflection point corresponds to the transition region in which the temperature increases at
a reduced rate due to latent heat absorption during the phase change process.
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Figure 11. (A) Temperature evolution curves composites during solar-thermal conversion test,
(B) calculated photothermal conversion efficiency.

The SE sample exhibited a rapid increase in temperature in the initial stage of irradia-
tion; however, after reaching approximately 75 °C, the subsequent temperature increase
was significantly lower compared to that of the N-series samples. In addition, this sample
required a substantially longer irradiation time for the phase change transition to occur.
The N330 and N234 samples showed the highest temperature increases, reaching approxi-
mately 135 °C within about 15 min. These values are high not only compared to the other
samples studied here, but also relative to previously reported results [22,23]. Furthermore,
the inflection point associated with the phase change transition appeared earlier and was
shorter in duration for the N330 and N234 samples than for the N220 and SE samples.
The thermal performance observed under the solar simulator is directly reflected in the
photothermal conversion efficiency (Figure 11B). The highest photothermal conversion
efficiencies were obtained for the N234 and N330 samples, resulting from their favorable
combination of high thermal conductivity and high fusion enthalpy, determined by DSC
measurements. In contrast, the SE and N234 samples exhibited lower photothermal conver-
sion efficiencies, likely due to poorer light absorption and conversion performance. This
behavior can be attributed to their lower thermal conductivity and the reduced enthalpy
of melting observed in the DSC tests, possibly arising from less effective dispersion of
the additive and the formation of agglomerates that hinder smooth phase transformation.
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Overall, the results confirm that carbon-based additives with strong optical absorption and
adequate thermal conductivity are critical for optimizing photothermal performance in
PEW-based composites. The N series formulations, particularly N330 and N234, demon-
strate the best balance between absorption, heat generation, and controlled phase change
behavior, making them highly promising candidates for solar-thermal energy storage and
conversion applications. In the literature, Luo X. et al. [60] used expanded graphite and
carbon nanotubes to modify paraffin. Expanded graphite greatly improves the thermal
conductivity of paraffin. Carbon black nanoparticles endow the paraffin satisfied light
absorption capacity. The intrinsic photothermal conversion efficiency is up to 60.1% at
1000 W/m?. Mishra et al. [26] examined that CBNP increases both conductivity and pho-
tothermal conversion by ~134% due to improved radiation absorption and the carbon
scattering effect. In turn, Zhang et al. [63] show that composites with graphene foam can
effectively convert light into heat, accumulating energy in the PCM and extending the heat
release period. In a comprehensive review of carbon-based PCMs [64], the authors discuss
various carbon additives (CNTs, CFs, graphene/rGO, expanded graphite, biocarbon) and
their impact on solar-to-thermal conversion and other energy conversions. They point
out that photothermal conversion in graphene/rGO-based PCMs typically exceeds that of
simple carbon additives due to improved absorption and heat transfer networks.

4. Conclusions

This study presents a comprehensive evaluation of polyethylene wax-based phase
change materials modified with seven distinct types of carbon black, focusing on their
thermal behavior during phase transitions, thermal stability, microstructural characteristics,
and photothermal performance. The results demonstrate that carbon black modification
leads to modest reductions in the enthalpy of fusion (8-15% across the investigated formula-
tions), which can be attributed to the space-occupying nature of the nanoparticles and their
interference with the crystallization process of the PEW matrix. Importantly, the melting
and solidification temperatures remained stable (95-96 °C), ensuring predictable thermal
behavior and good reliability. Moreover, the ratio of solidification to melting enthalpy
(Qs/Qm =~ 0.90-0.98) confirms excellent thermal cycling performance, which is critical
for reliable operation in practical mobile heating systems. Among the evaluated carbon
black grades, N234 exhibited the most pronounced improvement in thermal conductivity,
with a 6.8% enhancement at 1 wt.% loading at 25 °C and a 17.0% increase at 70 °C. These
improvements directly translate into faster charging and discharging rates in thermal
energy storage applications. Thermogravimetric analysis showed that all the systems
investigated possess good thermal stability, with onset decomposition temperatures (T19,)
in the range of 250-269 °C, well above the typical operating temperatures (90-100 °C) of
mobile heating systems. SEM analysis revealed a uniform distribution of carbon black
within the PEW matrix, with aggregate sizes in the range of 100 to 500 nm, characteristic of
commercial carbon black products. Photothermal conversion experiments demonstrated
particularly high efficiency for the N234 and N330 formulations, which exhibited rapid
temperature increases, reaching approximately 135 °C within about 15 min under solar
simulator irradiation. This performance can be attributed to the strong optical absorption
of carbon black combined with enhanced thermal conductivity. Overall, the results confirm
that carbon black is a viable and cost-effective additive for enhancing the thermal properties
and photothermal conversion capability of PEW-based PCM systems, while maintaining
excellent thermal stability and cycling performance. Consistent Tm and Ts values across
all PCM/CB systems (95-96 °C and 90-91 °C, respectively) demonstrated strong thermal
compatibility and the absence of interfacial chemical reactions, as it was confirmed in FTIR
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results. Analysis of the FTIR results for both neat PCM, PCM/CB samples, and CB indicates
no changes in PEW in the presence of carbon black, which indicates no chemical reaction
between the PCM and the carbon additive. DSC results after 20 heating—cooling cycles
for the PCM base material and the two best formulations revealed that the best thermal
behavior and repeatability were exhibited by the PCM+CB_N330 sample, where the values
of heat of phase transition were on a similar level as before thermal cycling.
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Abstract

Microalgae are a promising third-generation biomass resource due to their high photo-
synthetic efficiency, rapid growth rates, capacity to accumulate energy-rich biochemical
fractions, and efficient utilisation of carbon dioxide (CO,). In this study, the effect of illu-
mination colour on the growth and energetic properties of Chlorella vulgaris cultivated in
laboratory-scale photobioreactors was investigated. Four independent cultivation cycles
were conducted under controlled conditions using a 16 h light/8 h dark photoperiod,
temperatures of 20-30 °C, and aeration with air enriched with 10% CO,. Cultures were
illuminated using six light colours: plant-specific, white, green, red, blue, and ultraviolet.
Biomass productivity was quantified, and the higher heating value (HHV) of the produced
biomass was determined by bomb calorimetry. In addition, proximate (technical) analysis
was performed for Chlorella vulgaris and compared with Chlorella pyrenoidosa, Spirulina, and
Fucus vesiculosus (bladderwrack). The results showed that white illumination promoted
both the highest biomass growth and the highest HHV for Chlorella vulgaris (15.08 MJ-kg 1),
while ultraviolet illumination had a disruptive effect, leading to the lowest growth and
calorific value (11.49 MJ-kg~!). Comparative analysis revealed that Chlorella pyrenoidosa
exhibited the most favourable energetic properties; however, Chlorella vulgaris remains
attractive for cultivation due to its robustness and broad tolerance to operating conditions.

Keywords: microalgae bioenergy; Chlorella vulgaris; photobioreactor cultivation; illumination
colour; proximate analysis; algal biomass; Chlorella pyrenoidosa; Fucus vesiculosus

1. Introduction

The transition towards low-carbon and renewable energy systems has intensified in-
terest in biomass as a sustainable energy resource. Biomass encompasses organic matter de-
rived from plants, animals, and microorganisms, and is widely regarded as carbon-neutral
due to its ability to assimilate atmospheric carbon dioxide (CO,) through photosynthesis [1].
Beyond conventional lignocellulosic feedstocks, microalgae have attracted increasing atten-
tion as a third-generation biomass resource because of their high photosynthetic efficiency,
rapid growth rates, and capacity to accumulate energy-rich biochemical fractions such as
lipids and carbohydrates [2,3].
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Unlike first- and second-generation bioenergy crops, microalgae cultivation does not
compete directly with food production or require arable land and can be implemented in
controlled systems such as photobioreactors or open ponds [4-6]. Furthermore, microalgae
exhibit high CO, uptake rates and can be integrated with industrial emission streams,
positioning them as a promising platform for combined bioenergy production and carbon
capture [7,8]. As a result, microalgal biomass has been investigated for a range of ther-
mochemical and biochemical conversion pathways, including combustion, gasification,
pyrolysis, hydrothermal liquefaction, and anaerobic digestion, yielding products such as
heat, electricity, syngas, bio-oil, hydrogen, and biochar [9-14].

From an energy systems perspective, the suitability of microalgal biomass as a fuel is
governed not only by biomass productivity but also by its physicochemical and energetic
properties [15]. Parameters such as moisture content, ash content, volatile matter, fixed
carbon, and higher heating value (HHV) directly influence combustion behaviour, con-
version efficiency, and overall energy yield [16,17]. In particular, higher lipid and volatile
matter contents are generally associated with increased calorific value, while elevated
ash and moisture contents can adversely affect thermochemical conversion routes [17-19].
Consequently, cultivation conditions that influence both biomass yield and biochemical
composition are critical in determining the net energy potential of microalgae [20].

Among the key cultivation parameters, CO, availability and light conditions play
a dominant role in regulating microalgal growth and composition. Numerous studies
have demonstrated that Chlorella vulgaris can tolerate and effectively utilise elevated CO,
concentrations, with reported optimal growth occurring over a wide range (2-12% CO,),
and some strains remaining viable even at substantially higher concentrations [21-23]. This
robustness makes Chlorella vulgaris particularly attractive for coupling algal cultivation
with industrial CO, sources, including flue gas and biogas upgrading streams [24-26].

Light is the primary energy input driving photosynthesis, and its characteristics—
intensity, photoperiod, and spectral quality—strongly impact microalgal physiology and
productivity [27,28]. While light intensity and photoperiod have been extensively in-
vestigated, the role of light spectral composition remains less systematically explored,
particularly in the context of energy-relevant biomass properties [29]. Microalgae possess
photosynthetic pigments, such as chlorophylls 2 and b and accessory carotenoids, whose ab-
sorption spectra are concentrated primarily in the blue (400-500 nm) and red (600-700 nm)
regions of the visible spectrum [30]. Consequently, illumination wavelength can influence
not only growth kinetics but also metabolic pathways associated with lipid, protein, and
carbohydrate synthesis.

Previous studies have shown that specific wavelengths can enhance biomass accu-
mulation or alter biochemical composition, depending on species and cultivation condi-
tions [30-32]. For example, red and blue light have been reported to stimulate growth in
certain green microalgae, while excessive exposure to short-wavelength or ultraviolet [3]
radiation can induce photoinhibition and cellular damage [33-36]. However, much of the
existing literature focuses primarily on biomass productivity, pigment content, or nutrient
uptake, with limited attention paid to how spectral quality translates into downstream
energy properties such as calorific value and fuel proximate composition [37-40].

In addition, most comparative studies assess energy content on a mass basis alone,
without explicitly accounting for biomass yield per unit culture volume [41-44]. From
a systems and process design perspective, the recoverable energy per unit reactor vol-
ume is a critical metric, as it integrates both growth performance and fuel quality. The
impact of illumination wavelength on this combined energy yield remains insufficiently
quantified [27,45].
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Against this background, the present study investigates the effect of light colour on the
growth behaviour and energetic properties of Chlorella vulgaris cultivated in laboratory-scale
photobioreactors under controlled conditions. Six lighting colours—plant-specific, white,
green, red, blue, and ultraviolet—were examined over multiple cultivation cycles to assess
biomass growth dynamics, stability, and reproducibility. Light spectrum plays a critical role
in microalgal cultivation because different wavelengths influence photosynthetic efficiency,
biomass productivity, and cellular metabolism [30]. Previous studies have shown that
illumination conditions can also affect the biochemical composition of microalgae, including
lipid, protein, and carbohydrate content, which are important parameters for bioenergy
applications [27,46—48]. In the present study, the primary focus was placed on evaluating
the influence of illumination colour on biomass growth kinetics and the resulting energetic
properties of the produced biomass. Although detailed biochemical characterisation was
beyond the scope of this work, the observed differences in biomass productivity and higher
heating value provide an indication of how illumination conditions may affect the energy
potential of microalgal biomass. To place the results in a broader energy-biomass context,
the energetic and proximate properties of cultivated Chlorella vulgaris were compared
with those of other algal species commonly discussed in bioenergy applications, namely
Chlorella pyrenoidosa, Spirulina, and Fucus vesiculosus (bladderwrack). This comparative
approach enables an assessment of trade-offs between biomass productivity, fuel quality,
and species-specific cultivation constraints.

The novelty of this work lies in linking illumination wavelength not only to algal
growth performance but also to fuel-relevant energetic characteristics and volumetric
energy yield, thereby providing insights that are directly applicable to the design and
optimisation of algal bioenergy systems. The findings contribute to a more integrated
understanding of how cultivation strategies influence both biomass production and its
suitability for thermochemical energy conversion.

2. Materials and Methods
2.1. Experimental Design and Scope of the Study

To address the research objectives, the study was structured into three interconnected
experimental stages:

1. Investigation of the effect of illumination colour on the growth dynamics of Chlorella
vulgaris cultivated in laboratory-scale photobioreactors.

2. Determination of the energetic properties (higher heating value, HHV) of the biomass
obtained under different lighting conditions.

3.  Comparative proximate (technical) analysis of cultivated Chlorella vulgaris biomass
against selected algal species commonly discussed in bioenergy applications.

All experiments were conducted under controlled laboratory conditions to ensure
reproducibility and comparability between cultivation cycles.

2.2. Algal Species and Culture Medium

The primary species investigated in this study was Chlorella vulgaris, selected due to
its rapid growth, broad tolerance to environmental conditions, and documented suitability
for energy applications, including combustion and anaerobic digestion [49-52]. The algae
were cultivated using Wright’s Cryptophyte (WC) medium, a well-established nutrient
solution for freshwater microalgae [53].

The WC medium was prepared prior to each cultivation cycle and consisted of
macronutrients, trace metals, vitamins, and a buffering agent. The spectral characteristics
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and nominal luminous flux of the light sources used in the experiments are summarised in
Table 1. The composition of the WC culture medium used for algal cultivation is provided
in Table 2. It includes components of the trace element solution added to the WC medium.
The vitamin solution was composed of thiamine (3.36 g-L’l) and biotin (3.15 g-L’l). To
maintain nutrient availability during cultivation, additional WC medium was supplied
on the seventh day of each cycle at a rate of 5 mL per 50 mL of culture suspension. The
initial concentration of algal biomass in the culture suspension (seston) did not exceed
0.2 g-L.~1. All components were dissolved sequentially following the order reported in the
tables, using continuous stirring. Sodium bicarbonate was used as a buffering agent, and
the initial pH was adjusted to 7.0 & 0.1.

Table 1. Spectral characteristics and nominal luminous flux of light sources used for algal cultivation.

Colour of Bulbs Wavelength [nm] Luminous Flux [Im]
1. Plant 450-630
2. White 608
3.  Green 535
4.  Red 625 1250 Im for all lamps
5. Blue 450
6. UV 400

Table 2. Composition of the WC culture medium used for Chlorella vulgaris cultivation (macronutri-
ents, trace elements (microelements) and buffer).

Component Amount [g-L—1] Type
CaCl,-2H,0 36.8
MgSO4-7H,0 37.0
NaHCO;3 12.6
KyHPO,-3H,O 114 macronutrients
NaNOj; 85.0
NaSiO5-9H,0 21.2
Microelement solution 1.0
Vitamin solution 1.0
TED buffer 0.12
Na,EDTA 4.360
FECL3 '6H20 3.150
CuSOy4-5H,0 0.001
ZnSQOy4-7H,O 0.010 trace elements
COCl,-6H,O 0.022 (microelement)
MnCl,-4H,0 0.010
Na;MoO4-2H,0 0.006
H3BOs3 1.000

2.3. Photobioreactor Setup and Cultivation Conditions

Algae were cultivated in laboratory-scale glass photobioreactors with a working
volume of 900 mL (1000 mL of the total volume). Each reactor was equipped with an
aeration system supplying air enriched with 10 vol.% CO, to support algal growth and
simulate intensified carbon capture conditions. The photobioreactor consisted of a glass
cylinder with a height of 190 mm and a diameter of 90 mm. Daily mechanical mixing
was applied to prevent sedimentation of biomass and to improve mass transfer of CO,
and nutrients. The aeration flow rate (20 L-min~!) was kept constant throughout the
experiment and maintained using a low-flow rotameter.
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The photobioreactors were placed inside six isolated chambers designed to minimise
spectral cross-illumination between different light sources. A photograph of the culti-
vation system and lighting arrangement is shown in Figure 1a, while a representative
photobioreactor during operation is presented in Figure 1b.

(b)

Air + CO2
Air + CO2 outlet
inlet —>O<I—
[ ||
/7 A "N
Seston

Photobioreactor

Figure 1. (a) Experimental test rig comprising six isolated illumination chambers for photobioreactor
cultivation under different light colours: Blue, white, green, UV, plant and red (from left to right).
(b) Photobioreactor during cultivation under white illumination (representative diagram).

Cultivation was conducted under the following controlled conditions:

e Temperature: maintained within the range of 20-30 °C
e  Photoperiod: 16 h light/8 h dark
e  Cultivation duration: 14 days per cycle

Each cultivation cycle was terminated after 14 days, as preliminary observations
showed a significant reduction in biomass growth beyond this period. This approach also
reflects practical constraints relevant to semi-continuous algal production systems, where
periodic harvesting and medium reuse may enhance overall productivity.

The experimental system consisted of six identical laboratory-scale photobioreactors
operating in parallel. Each reactor had the same geometry, working volume, aeration rate,
and mixing conditions. The reactors were operated under controlled laboratory conditions
to minimise variability between cultivation units. The only intentionally varied parameter
was the illumination spectrum applied to each reactor, allowing evaluation of the influence
of light wavelength on microalgal growth and biomass properties.

To ensure experimental consistency, all reactors were inoculated with the same
initial biomass concentration and cultivated using the same culture medium composi-
tion. Temperature, aeration rate, and photoperiod were maintained constant throughout
the experiments.

The experiments were performed in several independent cultivation cycles, allowing
replication of the measurements. For each illumination condition, the obtained values were
analysed using the specific growth rate (y1), calculated by linear regression of In(X) versus
cultivation time for each illumination condition and cultivation cycle.

This approach enabled evaluation of variability between independent cultivation runs
and improved the reliability of the obtained results. All cultivation experiments were
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conducted independently under each illumination condition, and the resulting growth
parameters were used for subsequent statistical analysis of the illumination effects.

2.4. llumination Conditions and Light Sources

Six different illumination colours were investigated to evaluate their effect on algal
growth and energy properties: Plant-specific light (combined red and blue spectrum), white,
green, red, blue and Ultraviolet [3]. All light sources were 15 W lamps positioned at a fixed
distance from the photobioreactors, as shown in Figure 1la. The nominal wavelength ranges
and luminous flux values provided by the lamps’ datasheets are summarised in Table 1.

The plant-specific lamp consisted of 126 surface-mounted diodes (SMDs), including
90 red and 36 blue LEDs, designed to support photosynthetic activity in higher plants.
The white lamp had a correlated colour temperature of 2700 K, corresponding broadly to
solar illumination.

It should be noted that illumination was characterised based on wavelength range
and electrical power rather than photon flux density (tmol photons'm~2-s~!). While
photon-based metrics are more directly relevant to photosynthesis, maintaining identical
lamp power and reactor geometry allowed for a controlled comparative assessment of
spectral effects. This limitation is acknowledged and considered in the interpretation of
results.

2.5. Biomass Growth Measurement

Algal growth was monitored by periodic determination of dry biomass content. Every
3-5 days, approximately 5 mL of culture suspension was extracted from each reactor.
The samples were placed in laboratory dishes and dried using an electric dryer until a
constant mass was achieved. Representative samples during the drying process are shown
in Figure 2.

Figure 2. Laboratory dishes are used for drying culture samples to determine dry biomass during
cultivation.

The mass of dry biomass obtained per litre of culture suspension was used to quantify
growth dynamics and calculate percentage increases relative to the initial biomass concen-
tration. Four independent cultivation cycles were conducted under identical conditions to
account for biological variability. Final growth values were obtained by averaging results
across these cycles.
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2.6. Biomass Drying and Sample Preparation

Following completion of each cultivation cycle, the algal biomass was separated from
the culture medium and dried at 90 °C for six hours. To enhance evaporation efficiency and
ensure uniform drying, the biomass suspension was distributed over a large surface area
before drying. The dried biomass was subsequently homogenised and stored in airtight
containers until further analysis.

2.7. Determination of Higher Heating Value

The higher heating value (HHV) of the algal biomass was determined using a bomb
calorimeter in accordance with Polish Standard PN-C-04375-3:2013 [54,55]. The tests were
conducted using a KL 14 calorimeter manufactured by Precyzja Bit, Bydgoszcz, Poland. The
measurement method fully complies with the requirements of the relevant standard [54].
The measurement procedure involves the complete combustion of a fuel sample in an
oxygen atmosphere under pressure in a calorimetric bomb immersed in water, followed by
measurement of the resulting temperature increase of the water. The heat of combustion of
the fuel is calculated automatically and displayed on the computer screen. The accuracy of
the temperature increase measurement is approximately 0.001 °C.

For each measurement, approximately 1 g of dried biomass was pressed into a pellet
and fitted with an ignition wire. Biomass obtained from individual cultivation cycles under
identical illumination conditions was thoroughly homogenised prior to palletisation and
HHYV determination to minimise batch-to-batch variability. A representative biomass pellet
before and after preparation is shown in Figure 3.

Figure 3. Biomass sample preparation for bomb calorimetry: dried algal biomass (left); and pressed
pellet with ignition wire (right).

The calorimetric bomb was charged with oxygen, sealed, and placed in the calorimetric
vessel. The heat of combustion was calculated analytically based on temperature rise and
calibration constants of the calorimeter. For each lighting condition, multiple measurements
were conducted and averaged to ensure reliability.

2.8. Proximate (Technical) Analysis

Proximate analysis of algal biomass included determination of analytical moisture
content (W,), ash content [8], volatile matter (VM), and fixed carbon (FC). Analyses
were performed according to relevant Polish standards [56,57]. The measurements were
carried out using the mass difference method after thermal treatment of the samples under
controlled conditions. The prepared samples are presented in Figure 4.
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Figure 4. Algal biomass used for comparative analysis (left to right): Chlorella pyrenoidosa, Spirulina,
and bladderwrack (Fucus vesiculosus).

Analytical moisture was determined by drying approximately 1 g of biomass at
105-110 °C for 90 min, followed by cooling in a desiccator and repeated weighing until
mass stabilisation. The moisture content was calculated using the following Equation (1):

W, = 101 100% )
myo
where m( and m; are the initial mass of the sample before drying (g) and the mass of the
sample after drying, respectively.

Ash content A, was measured by heating samples to 500 °C and subsequently to
815 £ 10 °C under controlled conditions, with a final holding time of 90 min. The ash
content was calculated as (2):

Ax = 2.100% @)
Mg

where m; is the mass of ash remaining after combustion (g).
Volatile matter (VM) was determined by heating samples in covered crucibles at
850 °C without air access for 3 min according to Equation (3):
vM = "2""5 100% 3)
mo
where mj3 is the mass of the sample after volatile matter determination (g).
Fixed carbon (FC) was calculated indirectly using Equation (4):

FC = 100% — (W, + A, + VM) (4)

To contextualise the energetic performance of Chlorella vulgaris, proximate analysis
was also conducted for Chlorella pyrenoidosa, Spirulina, and Fucus vesiculosus.

2.9. Data Processing and Averaging

Due to the biological nature of algal cultivation, variability between individual cul-
tivation cycles was expected. To mitigate this effect, all reported growth and energetic
values represent averages obtained from four independent cultivation cycles. This ap-
proach allows for a more robust comparison of illumination conditions while maintaining
experimental feasibility at the laboratory scale.

2.10. Specific Growth Rate Analysis

The specific growth rate (1) was determined using exponential biomass growth during
the cultivation period. Under exponential growth conditions, biomass concentration can
be described as [58]:

X(t) = Xpett (5)
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where X(t) is the biomass concentration at time (), Xy is the initial biomass concentration,
and y is the specific growth rate.
Taking the natural logarithm of Equation (5) gives:

In X (t) = InXo + pt ®)

This transformation produces a linear relationship between In(X) and time, where the
slope corresponds to the specific growth rate p.

In this study, 4 was determined using linear regression of In(X) versus cultivation
time based on all available experimental data points within each cultivation cycle. The
slope of the regression line obtained using the least-squares method was taken as y (day 1),
while the coefficient of determination (R?) was used to evaluate the goodness of fit and
verify the validity of the exponential growth assumption. The use of linear regression
instead of a two-point estimation method reduces the influence of individual measurement
errors, avoids subjective selection of exponential growth phase boundaries, and ensures
reproducibility of the analysis.

To assess whether illumination colour had a statistically significant effect on the
specific growth rate, a one-way analysis of variance (ANOVA) was performed using the
calculated y values obtained from the independent cultivation experiments conducted
under different illumination colours.

3. Results and Discussion
3.1. Growth Response of Chlorella vulgaris to Illumination Colour

Figures 5-7 summarise the growth dynamics of Chlorella vulgaris over the 14-day
cultivation period for four independent cultivation cycles and six illumination colours.
Across all cycles, biomass increased rapidly during the initial cultivation phase, with the
most pronounced growth typically observed within the first 3-5 days. This behaviour
is characteristic of microalgal cultures under nutrient-replete conditions, where early
exponential growth is followed by a gradual reduction as light availability, self-shading, or
nutrient limitations begin to constrain further biomass accumulation.

Figure 5 presents the temporal biomass growth profiles for each cultivation cycle,
while Figure 6 shows the corresponding culture volume increase. When illumination
colours are compared over the full cultivation period, white light consistently produced
the highest final biomass concentration, whereas UV illumination resulted in the lowest
biomass yield across all cycles (Figures 5-7). The averaged final biomass concentrations,
calculated from four independent cultivation cycles and reported in Table 3, confirm this
trend, with white light yielding 0.71 g-L_1 and UV yielding only 0.51 g'L_l.

Table 3. Averaged dry biomass concentration of Chlorella vulgaris obtained under different illumi-
nation colours (mean values across four cultivation cycles) as well as Higher heating value (HHV)
under different illumination colours (averaged values).

Colour Amount [g-L—1] Heating Value [M]/kg]
Plant 0.64 12.94
White 0.71 15.08
Green 0.61 13.83
Red 0.62 14.21
Blue 0.59 13.41
uv 0.51 11.49

Note: Values represent mean concentrations averaged over four cultivation cycles.
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Figure 5. Biomass growth characteristics of Chlorella vulgaris across four cultivation cycles under six
illumination colours: (a) breeding I; (b) breeding II; (c) breeding III; (d) breeding IV.
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Figure 6. Culture volume increase characteristics across four cultivation cycles under six illumination
colours: (a) breeding I; (b) breeding II; (c) breeding III; (d) breeding IV.
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Figure 7. Biomass growth characteristics of Chlorella vulgaris grouped by illumination colour
across four independent cultivation cycles: (a) plant-specific; (b) white; (c) green; (d) red; (e) blue;
(f) ultraviolet [3]. In each panel, the four curves represent replicate cultivation cycles (breeding I-1V)
conducted under identical operating conditions (temperature, CO, concentration, photoperiod,
mixing, and culture medium).
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Although the relative ranking of intermediate colours (plant-specific, green, red, and
blue) varied modestly between cultivation cycles, the white-light condition exhibited
the greatest stability, indicating reduced sensitivity to inter-cycle biological variability
(see Figure 7). In two cycles (breeding III and IV), red illumination produced final biomass
levels comparable to white light, suggesting that under favourable conditions, red wave-
lengths can also support strong Chlorella vulgaris productivity.

The consistently poor performance observed under UV illumination is consistent
with the known disruptive effects of UV radiation on photosynthetic organisms, including
damage to cellular components and impairment of photosynthetic efficiency, ultimately sup-
pressing growth [59]. In contrast, visible-spectrum illumination supports photosynthesis
through absorption by chlorophylls and accessory pigments, and the observed differences
between visible colours likely reflect both spectral matching to pigment absorption bands
and physiological acclimation under each illumination regime [60].

It should be noted that illumination was controlled by lamp power and reactor ge-
ometry, and lamp specifications were characterised using nominal wavelength ranges
and luminous flux rather than photon flux density. Consequently, the observed differ-
ences are interpreted as comparative spectral effects within the constraints of the adopted
characterisation approach, rather than absolute wavelength-specific quantum efficiency.

Despite maintaining constant culture parameters (temperature, pH, light intensity;,
mixing, and substrate composition), differences in biomass growth were observed between
individual cultivation cycles. The most probable cause of this variability is biological
heterogeneity of the inoculum, including differences in the physiological state of cells at the
time of inoculation. As culture density increased, self-shading effects may have contributed
to a gradual reduction in effective light availability; however, this was mitigated through
regular mixing of the cultures. Final biomass accumulation may have also been influenced
by the extent of nutrient depletion, particularly nitrogen and phosphorus, as well as minor
variations in hydrodynamic conditions and CO, mass transfer. These observations confirm
that even under controlled laboratory conditions, microalgal growth exhibits inherent
biological variability, thereby justifying the use of repeated cultivation cycles.

Based on averaged final biomass concentrations, the illumination performance can be
ranked as: white, red, plant-specific, green, blue and ultraviolet, respectively.

The specific growth rate (1) of Chlorella vulgaris was determined as described in
Section 2.10. The obtained regression coefficients and coefficients of determination (R?) are
presented in Table 4.

Table 4. Specific growth rate (y) of Chlorella vulgaris determined by linear regression of In(X) versus
cultivation time under different illumination spectra.

Colour

Parameter Plant White Green Red Blue uv

1 R? 0.800 0.808 0.600 0.997  0.593 0.929
i (dayil) 0.0127 0.0403 0.0251 0.0396 0.0215 0.0632

’ R2 0.943 0.954 0.870 0.767  0.920 0.869
Cultivation u (dayfl) 0.0334 0.0464 0.0665 0.0265 0.0424 0.0130
3 R2 0.868 0.834 0.933 0.859 0.816 0.950
U (day_l) 0.0361 0.0453 0.0380 0.0508 0.0488 0.0440

4 R? 0.820 0.968 0.898 0.952 0.938 0.893

p(day') 0.0340 0.0359 0.0337 0.0436 0.0365 0.0369
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The calculated p values varied between 0.0127 and 0.0665 day~! depending on the
illumination spectrum and cultivation cycle. In most cases, the coefficient of determination
exceeded R? > 0.80, indicating a good agreement between the experimental data and the
exponential growth model. Lower R? values were observed for several treatments in the
first cultivation cycle, particularly under green and blue light, suggesting a less pronounced
exponential growth phase.

Across all cultivation cycles, relatively higher y values were generally observed under
white, red, and green illumination, while lower values were obtained under the plant
spectrum. The UV treatment showed higher variability between cultivation cycles, with u
values ranging from 0.013 to 0.0632 day . These results indicate that while the illumina-
tion spectrum influences the observed growth dynamics, the overall exponential growth
behaviour of the culture is reasonably well described by the applied regression model.

The specific growth rates (i) calculated for the different illumination conditions were
compared using one-way ANOVA. Although variations in y values were observed between
the tested light spectra, the statistical analysis indicated that these differences were not
significant (F = 0.47, p = 0.796). This suggests that, under the investigated experimental
conditions, illumination colour did not significantly influence the intrinsic growth kinetics
of Chlorella vulgaris. Nevertheless, differences in final biomass concentration were still
observed between treatments. These results suggest that illumination conditions may
primarily affect metabolic pathways and biomass composition rather than the intrinsic
growth kinetics of the microalgal cells [61].

3.2. Higher Heating Value as a Function of lllumination Colour

The higher heating values (HHV) of Chlorella vulgaris biomass cultivated under each
illumination colour are summarised in Table 5. The results demonstrate that illumination
colour influenced not only biomass growth but also the energetic quality of the produced
biomass. The highest HHV was obtained under white light (15.08 M]-kg’l), followed by
red (14.21 M]~kg’1) and green illumination (13.83 M]-kg’l). In contrast, UV illumination
resulted in the lowest HHV (11.49 M]-kg’l).

Table 5. Higher heating values (HHV) of different algal species were used for comparative analysis.

Algae Type Heating Value [M]/kg]
Chlorella pyrenoidosa 23.31
Spirulina 21.25
Bladderwrack 12.66
Chlorella vulgaris 15.08

The reduced HHV associated with UV-grown biomass aligns with the suppression of
growth and likely reflects stress-induced changes in cellular composition and/or increased
degradation of energy-rich biochemical fractions under UV exposure [60,62]. Conversely,
the higher HHV obtained under white light suggests that broader-spectrum illumination
promoted biomass with more favourable fuel characteristics. Although ultimate (CHNS/O)
analysis and detailed biochemical fractionation were not performed in this study, previous
research has shown that cultivation conditions can significantly influence lipid, protein,
and carbohydrate allocation in microalgae, thereby affecting calorific value [63,64].

An unexpected but informative observation was the relatively low HHV obtained
under the plant-specific lamp (12.94 M]J-kg 1), despite its design to enhance photosynthetic
growth in higher plants. This may indicate that illumination spectra optimised for terrestrial
plant development do not necessarily maximise microalgal fuel quality under the present
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reactor configuration, and that enhanced growth does not directly translate into higher
energy content when compositional shifts occur. The observed differences in HHV are
consistent with the proximate analysis results, where higher volatile matter and lower
ash and moisture contents are associated with higher calorific values, explaining the
superior energetic performance under white illumination. Although detailed biochemical
fractionation was not performed, the proximate analysis provides indirect evidence that
the higher HHV observed under white illumination is associated with increased volatile
matter and reduced ash and moisture contents.

3.3. Volumetric Energy Yield and Implications for Bioenerqy Systems

To interpret the results from a bioenergy systems perspective, HHVs were combined
with biomass yield to calculate recoverable energy per unit culture volume, as shown in
Figure 8. This volumetric energy metric integrates productivity and fuel quality and is
directly relevant to photobioreactor sizing, cultivation strategy selection, and downstream
energy conversion processes. Unlike most previous studies that report calorific value on a
mass basis alone, this work evaluates volumetric energy yield, which integrates biomass
productivity and fuel quality and is directly relevant to photobioreactor and process design.
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Figure 8. Summary of growth and energy results for Chlorella vulgaris cultivated under different
illumination colours, including energy yield normalised per culture volume.

The analysis confirms that white illumination delivers the highest volumetric energy
yield, combining both high biomass productivity and the highest HHV. In contrast, UV
illumination produces the lowest energy per litre of culture, reflecting simultaneous re-
ductions in growth and energetic quality. Notably, blue illumination, despite yielding
lower biomass concentrations than most other visible colours, produced a volumetric
energy yield comparable to several alternatives. This indicates that illumination colour
influences biomass composition, as inferred from proximate analysis and HHV trends,
and that biomass yield alone is insufficient to predict recoverable energy. These results
highlight the importance of reporting both mass-based and volumetric energy metrics
when evaluating algal cultivation strategies for energy applications, particularly in systems
where reactor volume and cultivation time represent key constraints.
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3.4. Cross-Species Comparison of Energetic and Proximate Properties

To place the performance of cultivated Chlorella vulgaris within a broader biomass
context, a comparative analysis of energetic and proximate (technical) properties was
conducted for Chlorella pyrenoidosa, Spirulina, and Fucus vesiculosus (bladderwrack). It
should be noted that the comparative species were not cultivated under identical conditions;
therefore, this analysis is intended to contextualise energetic potential rather than provide
a direct productivity comparison. The HHVs for these species are presented in Table 5,
while the corresponding proximate analysis results are summarised in Table 6.

Table 6. Proximate analysis results of selected algal species, including analytical moisture (W;), ash
content (A,), fixed carbon (FC), and volatile matter (VM).

Algae Type Analytical Moisture, Ash Content, Fixed Carbon, FC Volatile
W, [%] A, [%] [%] Matter, VM [%]
Chlorella pyrenoidosa 4.09 4.37 14.94 76.61
Spirulina 6.28 7.47 13.55 72.70
Bladderwrack 10.48 17.86 9.03 62.63
Chlorella vulgaris 7.36 14.92 7.81 69.91

Among the assessed species, Chlorella pyrenoidosa exhibited the most favourable fuel
properties, with the highest HHV (23.31 MJ-kg~!), the lowest analytical moisture content
(4.09%), the lowest ash content (4.37%), and the highest volatile matter fraction (76.61%).
These characteristics are advantageous for thermochemical energy conversion, as high
volatile matter content enhances ignition and combustion behaviour, while low moisture
and ash contents reduce energy losses and mitigate ash-related operational challenges.

Spirulina also demonstrated a high HHV (21.25 MJ-kg ') but exhibited higher mois-
ture and ash contents than Chlorella pyrenoidosa, which may partially offset its energetic
advantage during conversion. In contrast, bladderwrack displayed the least favourable
energy characteristics, with the lowest HHV (12.66 M]-kg 1), the highest moisture content,
and the highest ash content, all of which are detrimental to efficient combustion-based
energy recovery.

The proximate analysis results provide a mechanistic explanation for the observed
HHYV trends. Species with higher volatile matter fractions and lower ash contents exhibited
higher calorific values, while increased moisture and ash contents were associated with
reduced energetic performance. Fixed carbon values further support this interpretation, as
higher fractions of slowly reacting carbonaceous material can prolong combustion but do
not necessarily compensate for reduced volatile release in terms of overall energy efficiency.

While Chlorella pyrenoidosa appears superior from a fuel-quality perspective, Chlorella
vulgaris remains attractive for large-scale cultivation due to its wider tolerance window
and rapid growth, which may compensate for lower HHYV in high-throughput production
systems. Consequently, the selection of algal species and illumination strategy should be
guided by the intended system objective: maximising fuel quality per unit mass or max-
imising recoverable energy per unit reactor volume under realistic operational constraints.

The calorific value and proximate composition of the biomass obtained in this study
indicate that Chlorella vulgaris biomass may represent a promising feedstock for thermo-
chemical bioenergy conversion technologies such as pyrolysis, gasification, or hydrothermal
processing. The observed differences in biomass characteristics under different illumination
conditions suggest that light spectrum may influence not only biomass growth but also its
energetic properties.
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It should also be acknowledged that the comparative species analysed in this work
were not cultivated under identical experimental conditions. Therefore, the comparison is
intended to provide contextual insight into the energetic potential of the biomass rather
than a direct productivity benchmark between species. Furthermore, illumination condi-
tions may influence the biochemical composition of microalgal biomass, including lipid
and protein fractions that are relevant for biofuel production pathways such as biodiesel
or biohydrogen generation. Although the present study focused primarily on biomass
productivity and energy content, future investigations should include detailed biochemi-
cal characterisation in order to better understand the relationship between illumination
spectrum, cellular composition, and the resulting bioenergy conversion potential.

4. Conclusions

This study investigated the influence of illumination colour on the growth behaviour
and energetic properties of Chlorella vulgaris cultivated in laboratory-scale photobioreactors,
with the aim of linking cultivation conditions not only to biomass productivity but also to
fuel-relevant energy characteristics. In addition, a comparative energetic and proximate
analysis was conducted to contextualise the performance of Chlorella vulgaris against other
algal species commonly discussed in bioenergy applications.

The results demonstrate that illumination colour significantly affects both biomass
yield and energetic quality. Among the tested conditions, white illumination consistently
produced the highest biomass concentration and the highest higher heating value, resulting
in the greatest recoverable energy per unit culture volume. In contrast, ultraviolet illumi-
nation led to the poorest performance, characterised by suppressed growth and reduced
calorific value, confirming its unsuitability for productive algal cultivation under the inves-
tigated conditions. Red and green illumination supported intermediate performance, while
blue light, despite lower biomass yield, delivered a volumetric energy output comparable
to several other visible-light conditions, highlighting that growth alone is insufficient to
predict energy recovery potential.

By explicitly relating biomass productivity to calorific value, this work shows that
volumetric energy yield is a critical metric for assessing algal cultivation strategies from an
energy systems perspective. This integrated metric captures trade-offs between growth
rate and fuel quality and is particularly relevant for photobioreactor-based systems where
reactor volume and cultivation time are key design constraints.

The cross-species comparison further illustrates the importance of biomass composi-
tion in determining energy performance. Chlorella pyrenoidosa exhibited the most favourable
fuel characteristics, with high calorific value, low moisture and ash contents, and high
volatile matter fraction, making it well suited for thermochemical energy conversion. How-
ever, despite its lower HHV, Chlorella vulgaris remains attractive for large-scale applications
due to its rapid growth, broader tolerance to cultivation conditions, and operational ro-
bustness, which may compensate for lower energy density in high-throughput production
systems. These findings emphasise that species selection should be guided by system
objectives, balancing fuel quality against cultivation feasibility and productivity.

The results obtained in this study indicate that illumination conditions can influ-
ence biomass growth and energetic properties, which is relevant for the optimisation of
microalgal biomass production for bioenergy applications.

It should be noted that illumination conditions in this study were characterised
based on nominal wavelength ranges and electrical power rather than photon flux density.
While this approach enables controlled comparative assessment of spectral effects, future
work would benefit from photon-based characterisation and from incorporating ultimate
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(CHNS/O) analysis or detailed biochemical fractionation to further elucidate the mecha-
nisms underlying the observed differences in calorific value. Future research should focus
on extended cultivation experiments, a broader characterisation of biochemical composi-
tion, and optimisation of illumination parameters such as light intensity, photoperiod, and
spectral distribution. Further studies may also investigate the applicability of optimised
illumination strategies in larger-scale photobioreactors and evaluate their potential for
improving biomass productivity and energy-related properties of microalgae.

Overall, this study provides experimental evidence that illumination wavelength
influences not only algal growth but also biomass energetic properties and volumetric
energy yield. By linking cultivation strategy to fuel-relevant metrics, the results contribute
to the optimisation of algal bioenergy systems and support more informed design decisions
for photobioreactor-based biomass production targeting thermochemical energy conversion.
The main merit of this work lies in the comparative experimental evaluation of several
illumination spectra and their influence on the cultivation performance of Chlorella vulgaris.
The results contribute to a better understanding of how light conditions may affect biomass
productivity and the potential energetic properties of microalgal biomass.
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Aa Ash content (%, analytical basis)
CO, Carbon dioxide

FC Fixed carbon (%)

HHV Higher heating value (M]-kg 1)
LED Light-emitting diode

SMD Surface-mounted diode

uv Ultraviolet

VM Volatile matter (%)

Wa Analytical moisture content (%)

WC medium  Woods Hole Chu culture medium
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