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Highlights

What are the main findings?

• This comprehensive review identifies 36 specific interaction points between structural,
energy, forestry, and occupant comfort modeling approaches for vertical forest build-
ings, revealing that 58% require high integration (direct coupling) and 28% require
medium integration (coordination).

• Three distinct finite element modeling approaches for trees are established, as follows:
high-fidelity 3D models using LIDAR data with detailed trunk and crown architecture;
simplified branch-mass models with distributed masses; and equivalent two-element
models for large-scale simulations.

What are the implications of these findings?

• Successful vertical forest building implementation requires coordinated multidis-
ciplinary design approaches rather than isolated domain-specific solutions, funda-
mentally changing how urban building renovation projects should be approached
and managed.

• The systematic tree modeling framework enables practitioners to balance computa-
tional efficiency with accuracy based on project requirements and available resources,
providing a practical methodology for integrating living forest ecosystems into urban
buildings while maintaining structural safety and occupant well-being.

Abstract

This current review examines modeling approaches for renovating reinforced concrete (RC)
buildings for vertical forest (VF) application, taking into account structural retrofitting,
energy systems, forestry integration, and occupant comfort. The study assesses research
conducted with an advanced 3D finite element analysis and the use of retrofitting modeling
techniques, including textile-reinforced mortar (TRM), fiber-reinforced polymer (FRP),
seismic joints, and green concrete applications. The energy system modeling methods
are reviewed, taking into account the complexity of incorporating vegetation and sea-
sonal variations. During forestry integration, three main design parameters are identified,
namely, root systems, trunks, and crowns, for their critical role in the structural stability
and optimal environmental performance. The comfort models are identified evolving from
static to adaptive models incorporating thermal, acoustic, visual and air quality param-
eters. The current review consists of more than one hundred studies indicating that the
integration of natural systems to buildings requires a multidimensional and multidisci-
plinary approach with sophisticated systems. The findings of this review provide the basis
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for implementing VF models to RC buildings, while highlighting areas requiring further
research and validation.

Keywords: vertical forest buildings; building renovation; structural retrofitting; energy
modeling; forestry integration; occupant comfort; FEM; textile-reinforced mortar; fiber-
reinforced polymer

1. Introduction
The requirements for sustainable but modern structures have been intensified by

urbanization and climate change [1]. The main objective is to use natural mechanisms
for a sustainable environment with air of high quality and less and controlled humidity,
that can provide satisfaction and comfort for inhabitants. Vertical forests (VFs) are aligned
with these principles [2,3]. These structures include vegetation in their design and they
represent a new type of architectural biodiversity with the objective of mitigating pollution,
and promoting energy efficiency [4,5]. Vegetation can be implemented into facades and/or
rooftops, offering benefits such as carbon sequestration, improved air quality, and thermal
regulation [6,7]. However, their use is challenging, particularly in balancing structural
demands, energy systems, and occupant comfort [8].

Recent advancements in materials and modeling methodologies have enabled the
development of modern retrofit materials to address the structural and energy challenges of
vertical forest buildings. Techniques such as textile-reinforced mortar (TRM) [9] and fiber-
reinforced polymer (FRP) [10,11] systems have proven effective in enhancing the resilience
of masonry and reinforced concrete structures. At the same time, green concrete [12] and
other composite materials [13] have shown an improving sustainability while maintaining
structural performance. Complementing these efforts, energy renovation models have
explored strategies for integrating renewable energy systems and optimizing building
energy use [14]. Another critical aspect of vertical forest buildings is their impact on
occupant comfort. Thermal, acoustic, visual, and air quality models play a vital role in
ensuring that these structures provide healthy and pleasant living environments [15,16].
Additionally, forestry models offer insights into the mechanical behavior and ecological
contributions of the integrated vegetation, further underscoring the complexity of these
buildings [17,18].

This review reflects the complexity of VF buildings, where multiple systems must
integrate to achieve sustainability and functionality. The current study focuses on the
numerical modeling aspect that is critical for an early assessment of VF buildings and
does not provide design guidelines that would require another extensive research. The
review is organized into four main sections with the following structure: Section 2 examines
retrofit models and materials for reinforced concrete structures, emphasizing strengthening
techniques including TRM, FRP, polymer seismic joints, and green-concrete, and presents
implications for structural engineering and material-development trends. Section 3 in-
vestigates energy-renovation models across scales, from building components to regional
systems. The analysis encompasses energy models, frameworks, demand–consumption
patterns, and methodological tools and classifies modeling approaches, enabling practition-
ers to select methodologies for varying applications. Section 4 presents forestry-modeling
approaches for the built environment, introducing three methodologies based on complex-
ity and computational requirements. The section examines static-tree analysis, wind–tree
interaction and root-system models. Section 5 addresses occupant comfort through thermal,
acoustic, visual, and air-quality models, examining their interdependence in VF buildings,
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where the vegetation affects indoor environmental quality, among others. Each section
presents the state-of-the-art potential and limitations as well as the research directions,
enabling independent reading whilst maintaining coherence. In each section summary, a
comprehensive table for the modeling approaches is provided. The paper synthesizes these
approaches and identifies research needs for the proper modeling of vertical forest building.

2. Retrofit Models
The selection and integration of retrofitting techniques for vertical forest buildings

requires a multidisciplinary approach that considers not only structural performance but
also energy efficiency, environmental impact, and occupant comfort. Recent advances
in multi-criteria decision-making frameworks have demonstrated that retrofit selection
should be based on comprehensive cost–benefit analyses that incorporate expected annual
loss (EAL), life-cycle costs, and stakeholder priorities [19,20]. Research has shown that
invasiveness and disruption to occupants are among the most critical factors influencing
retrofit decisions, particularly in residential buildings where minimizing tenant displace-
ment is paramount [21]. Furthermore, the integration of seismic retrofitting with energy
efficiency measures has emerged as a preferred approach, enabling comprehensive building
requalification while optimizing resource utilization [20].

In this context, the current review focus on lightweight, natural, and recyclable materi-
als, such as textile-reinforced mortar (TRM), fiber-reinforced polymer (FRP), seismic connec-
tions, and novel green concrete composites, as these materials offer enhanced compatibility
with vegetation systems, reduced structural loads, superior deformability, temperature
resistance, and minimal impact on building stiffness—characteristics that are fundamental
for supporting integrated forestry components while maintaining optimal energy per-
formance and occupant comfort. The research has established significant improvements
in computer-aided calculation techniques, mainly finite element techniques (FEM), also
referred to as finite element analysis (FEA), enabling more precise representation of the
behavior of structures, interaction between different materials, and mechanisms causing
their failures under different forms of stress. The advancements of such models led to more
complex forms with pre- and post-elaborations, and also the performance optimization
of rehabilitated structures. This may include their resistance against earthquakes, their
energy efficiency, and overall sustainability. The coupling of experimental testing and
computational modeling has led to more realistic and reliable retrofit solutions, not only
addressing the safety of structures, but also ecological factors related to the restoration
of buildings.

2.1. Textile-Reinforced Mortar (TRM)

Textile-reinforced mortar (TRM) is an advanced material for masonry retrofitting [22,23]
and reinforced concrete (RC) structures [24] that can increase ductility, corrosion resistance,
and compatibility with the existing structural materials [25]. Several studies use TRMs
for seismic retrofitting and many numerical investigations have been carried out. Cao
et al. (2024) [26] examined the flexural performance of TRM-strengthened RC beams by
using finite element modeling together with experimental validation. They used LS-DYNA
software to develop 3D nonlinear models and conduct four-point bending tests. The results
showed that by adding TRM layers stiffness and flexural capacity can be improved, while
longer textile lengths can improve the ultimate strength and ductility. However, textile
mesh sizes larger than 17.5 mm × 17.5 mm had a minimal impact on load capacity but
increased ductility. Earlier, Gulinelli et al. (2020) [27] developed finite element models to
simulate TRM-strengthened masonry under diagonal compression. They used ABAQUS
software and a multiscale approach, and the masonry was simulated as 3D continuum
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elements, TRM layers as 2D shell elements, and TRM-wall interfaces as cohesive elements.
Numerical modeling is found to provide accurate prediction of load, stiffness and failure
modes in TRM systems, e.g., the characteristic two-phase response of glass-TRM. The
models need further improvement, particularly in simulating post-peak behavior and
diagonal-tension failure mechanisms in basalt-TRM. Karlos et al. (2020) [28] present a new
system that integrates TRM with thermal insulation for concurrent seismic and energy
retrofitting of masonry buildings. Experimental investigations and finite-element analyses
demonstrate that this integrated system substantially enhances out-of-plane strength and
deformation capacity. The experimental program establishes that external TRM placement
relative to the insulation layer yields superior performance compared with conventional
TRM applications. Both analytical and numerical models correlate well with experimen-
tal data, validating the system’s effectiveness in addressing seismic vulnerability whilst
improving thermal efficiency of masonry structures. Thomoglou et al. (2018) [29] ex-
amined the seismic behavior of unreinforced masonry (URM) walls strengthened with
fabric-reinforced cementitious mortar (FRCM) and fiber-reinforced polymer (FRP). The
researchers developed 3D finite element models by using ANSYS software, and the models
revealed significant upgrade in the wall shear capacity and validated the reliability of finite
element methods for analyzing the URM wall behavior. Finally, D’Ambrisi et al. (2013) [30]
researched, experimentally, carbon-FRCM composite bond behavior in masonry strength-
ening. They carried out double-shear tests in order to characterize bond–slip behavior
between masonry substrates and carbon-FRCM. They concluded that debonding happens
when the fibers/matrix interface significantly slip, and they confirmed the material is
effective as an external reinforcement. The study contributed to a calibrated bond–slip
model, essential for the design of carbon-FRCM retrofit systems, particularly relevant for
modern seismic code requirements.

2.2. Seismic Joints and Infill Strengthening

Seismic protection systems for RC-framed infilled structures take into account new
technologies like polyurethane-flexible joints (PUFJ), fiber-reinforced polyurethane (FRPU)
jackets and decoupling mechanisms [31]. A recent investigation by Vanian et al. (2024) [32]
examined RC frames with unreinforced masonry (URM) infills strengthened by PUFJ and
FRPU systems. Numerical modeling using ANSYS and ABAQUS demonstrates that proper
calibration of the material characteristics and precise geometric modeling enhance pre-
dictability. The study determines that PUFJ and FRPU installations significantly enhance
the ductility and dynamic response of the structure. Earlier, Rousakis et al. (2021) [33]
created 3D finite element models using ANSYS software to study the seismic response of
RC frames with and without the above interventions. They concluded in their research
that FRPU jackets ensured infill integrity for story drift higher than 3.6%, and structures
renovated with advanced seismic joints made of PUFJ exhibited a similarly ductile response
by avoiding infill disintegration for story drift as high as 3.7%. These studies determine the
importance of such advanced materials in achieving high stiffness, base-shear strength and
seismic performance, thus encouraging new structural retrofitting techniques. Akyildiz
et al. (2021) [34] investigated the use of PUFJ on RC buildings with masonry infills. Based
on finite-element analyses—made up of static, modal, and dynamic analyses—they reached
the conclusion that PUFJ has good potential to reduce interfacial failure while maintain-
ing structural integrity during seismic loading. There is high potential for its use in new
building construction and in retrofitting in high seismic risk zones, as it offers upgraded
seismic performance capability. Butenweg and Marinković (2018) [35] studied INODIS
(Innovative Decoupled Infill System), which benefits from the employment of elastomeric
components in the U-shape to protect masonry-infill panels -reinforced-concrete frame
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vulnerable boundary regions. Experimental and numerical analyses demonstrate that
INODIS increases deformation capacity, reduces stiffness and base shear, while increas-
ing energy dissipation of the whole bearing system. This solution satisfies Eurocode 8
specifications and renders infill panels non-structural, and hence optimizes the seismic
response of the structural bearing frame. Finally, Tsantilis and Triantafillou (2018) [36]
developed an isolation technique with cellular materials in the frame–infill interface to
isolate infill panels from RC frames. The technique prevents damage under moderate
seismic loads by suppressing frame–infill interaction at low-to-medium drift levels. At high
drifts, the infills are engaged, increasing their strength and stiffness. Their analytical model,
validated experimentally, offers a procedure for avoiding infill damage and improving
seismic performance. These tests demonstrate that such methods render infilled RC frames
more resilient against earthquakes.

2.3. Fiber-Reinforced Polymer (FRP)

FRP confined concrete elements’ application has been explored by extensive experi-
mental and analytical studies towards a more accurate prediction of the performance of
these structures. Recently, the flexural behavior of high-strength thin reinforced concrete
(RC) slabs strengthened with FRP laminates was evaluated using a 3D nonlinear finite
elements analysis by Assad et al. (2022) [37]. Using experimental data, they first validated
the numerical data, then they performed a parametric analysis by applying various FRP
materials and various concrete strengths. The result indicated that the best material found
to enhance the slabs’ flexural capacity was carbon fiber-reinforced polymer (CFRP), while
other materials’ behavior had the same tendency. Al-Saawani et al. (2022) [38] developed
an FE model with ABAQUS software simulating the debonding failures that occurred in
FRP-strengthening beams by applying a cohesive zone model. They concluded that this
analysis has the ability to accurately simulate the debonding failures and indicate the effect
of parameters including the shear span-to-depth ratio and the spacing of the stirrups on
the performance. The study provides an efficient FE modeling approach for analyzing
CFRP-strengthened beams, potentially adaptable for other FRP types and strengthening
configurations. The study by Naser et al. (2021) [39] has reviewed FEA approaches toward
strengthening by applying FRP on reinforced concrete (RC) beams, focusing on essential
parameters including the materials’ simulation, bond–slip models as well as various load
cases. The study has emphasized the need for applying cohesive zone models simulat-
ing the debonding phenomena. The study has found areas for future work, including
simulating the long-term behavior and analyzing the fire resistance, as well as providing
useful practical application recommendations. Fanaradelli and Rousakis (2020) [40] further
advanced the analysis of FRP-confined concrete columns by applying pseudo-dynamic 3D
FEA, together with advanced material models, including the Riedel–Hiermaier–Thoma
(RHT) concrete model. In this work, a monotonic, as well as seismic (cyclic) axial load,
analysis of columns was executed, and it exhibited an accurate capturing of the columns’
experimental stress–strain behavior, as well as of the local concrete damage–FRP fracture
interactions and accumulation. In addition, this work further explored the axial capacity
and deformability of confined concrete through hybrid experimental–analytical approaches.
It identified the most vulnerable regions of concrete–FRP damage initiation and offered
recommendations for most critical local strain measurements on steel and FRP, verified by
experimental results. Finally, rope confinement of concrete with pseudo-dynamic 3D FEA
was developed and evaluated. Rousakis et al. (2008) [41] developed a strain-hardening
Drucker–Prager-type model for FRP confined concrete, aiming at a more accurate predic-
tion of concrete axial strains. Karabinis et al. (2008) [42] researched strengthening old-type
deficient RC columns confined by FRP materials by applying the finite element analysis
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(FEA) method, specifically by applying three-dimensional finite elements. In this work,
Drucker–Prager type plasticity was developed for concrete behavior, while orthotropic
lamina elements were utilized for the FRP material. They concluded that bar buckling
may be significantly delayed with FRP confinement and also that it upgrades columns’
mechanical behavior. Steel reinforcement detailing and section geometries may also have
an effect on the distribution of confining stresses exerted by internal stirrups and an FRP
jacket. The study highlights the explicit modeling of the FRP jacket, while their suggested
parametric studies have the capacity to facilitate the retrofitting processes.

In conclusion, these studies (among others) highlight the advancement accomplished
by the analytical and numerical analysis of FRP-strengthened concrete elements using FEA.
They also address very essential issues such as debonding failures, the prediction of axial
strain, and performance-under-load cases from monotonic and seismic up to fatigue.

2.4. Green Concrete and Other Composites

Material behavior in RCMs (Reinforced Concrete Models) is effectively captured
through combinations of linear, nonlinear, and inelastic features as shown in [43–45]. Lin-
ear elastic models assume that concrete and steel are elastic materials whose states of stress
and strain are related in direct proportion up to failure. This simplification is appropriate for
initial design considerations and for structures experiencing low stress conditions in which
material nonlinearity can be considered insignificant [46,47]. Nonlinear models provide a
more advanced methodology by integrating behaviors including concrete cracking, yield-
ing of steel reinforcement, as well as strain hardening and strain softening [48–50]. These
models consider energy dissipation and dependence on the load history, making them
essential for accurate analysis in high loading level, seismic actions, or an assessment of
ultimate load-carrying capacity [51–53]. While nonlinear models capture some features of
inelasticity, fully inelastic models more comprehensively explain permanent deformations
and irreversible changes in material structure [43,54,55]. These sophisticated models are
crucial for extreme loading, detailed seismic assessments, fatigue problems, and progres-
sive collapse scenarios as defined by ASCE/SEI 41-17 and CEB-FIP Model Code [56,57]. By
including inelastic properties, engineers can interpret the post-yield response of the rein-
forced concrete structure and develop more resilient and efficient structures. The approach
to be chosen will then depend on the scope of the analysis, the importance of the structure,
and the available computational resources, balancing simplicity and speed in linear models
and accuracy with increased model complexity in nonlinear and inelastic models [58,59].

Green composites and green concrete have undergone extensive research recently.
Kytinou et al. (2022) [60] explored RC beam-column joints reinforced by CFRP bars un-
der cyclic load. In this study, full-scale experimental tests supported by a detailed FEA
analysis simulated with ABAQUS software adopted a nonlinear concrete behavior model,
as well as cohesive modeling, simulating the CFRP concrete bond. The CFRP-RC joint
has a substantial capacity for energy dissipation. This aspect allows for further research
even towards replacing, in some cases, conventional steel reinforcement with CFRP bars in
earthquake-resistant construction. Guan et al. (2022) [61] compared the flexural properties
of steel fiber-reinforced recycled aggregate concrete (SFRAC) beams using finite element
analysis and experimental four-point bend tests. According to the ABAQUS computer
program, nine specimens with varied parameters such as steel fiber percentage, recycled
aggregate proportions, and concrete proportions have been investigated. It indicated the
enhanced ductility of the SFRAC beams compared with plain concrete beams. Increased
steel percentage and concrete proportions improved the capacities of the beams, but higher
proportions of the recycled aggregate decreased the capacities. Luo (2022) [62] presented a
technique called microstructure-free finite element modeling (MF-FEM) to describe, design,
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and formulate fine particulate composites. The simplified procedure removes the need
for accurate microstructure geometries, thus significantly minimizing complexity. The
study proved that, considering the sufficiently small inclusion-to-Representative Volume
Element (RVE) ratios, the composite properties do not depend on the inclusions’ shape or
size. Mortar et al. (2022) [63] performed a finite element analysis (FEA) using ABAQUS
software to study geopolymer concrete-reinforced beams under blast loading. They used
the Johnson-Cook damage model for analysis. The findings of the research showed that
higher scaled distances were associated with a more elastic response, while shorter dis-
tances caused compressive and tensile failures. The research highlighted the need for
further studies to investigate the blast resistance of geopolymer concrete in comparison to
conventional materials, given the limited research available on its performance under blast
loading. Earlier, Al-Osta (2019) [64] conducted a numerical study using finite element anal-
ysis via ABAQUS to investigate the response of reinforced concrete (RC) beams retrofitted
with Ultra High Performance Fiber Reinforced Concrete (UHPFRC) under impact loading
conditions. Experimental data were used for model validation under static loading con-
ditions. The study investigated different strengthening modalities by simulating impact
loads. The findings showed that three-side strengthening with UHPFRC resulted in a
significant decrease in maximum deflection, and the addition of a 20 mm bottom layer
significantly improved structural performance. The main contribution of the study is its
provision of useful insights into the response of RC beams under extreme impact loading
conditions through finite element simulations.

2.5. Section Summary and Implications Concerning Structural Retrofit Models

In the last couple of years, structural engineering has made significant advancements
in terms of retrofit modeling and the development of new materials to further enhance the
performance of concrete structures. Innovative materials such as textile-reinforced mor-
tar (TRM), flexible PU seismic joints and flexible PU infill strengthening, fiber-reinforced
polymer (FRP), and green concrete and other composites can significantly enhance the
durability, sustainability, and performance of new and especially existing structures. The
degradation of the infrastructure is being faced constantly with ever-growing events such
as seismic activities and extreme loading conditions. Thus, the need for the development
of new and effective strengthening methodologies has become important. The current
trend toward sustainable construction precipitated an investigation into different materials
and techniques. This state of the art focuses on the finite element analyses and mod-
eling of these techniques, that will enable the accurate prediction and improvement of
structural performance.

TRM is an advanced method for strengthening masonry and concrete. Several stud-
ies [26,27] have shown evidence of the effectiveness of TRM in enhancing flexural capacity
and ductility. Accurate finite element models, specifically those with a focus on concrete
damaged plasticity, may enable better predictions of improved structural performance
using TRM for different load conditions. Flexible PU seismic joints and flexible PU infill
strengthening are two innovative techniques to enhance the performance of reinforced
concrete frames against earthquakes. The research work done by Vanian et al., 2024,
Rousakis et al., 2021, and Akyildiz et al., 2021 [32–34], on polyurethane flexible joints (PUFJ)
and fiber-reinforced polyurethane (FRPU) jacketing, respectively, points out a significant
ductility gain and energy dissipation enhancement. These studies underline the need
for developing new advanced 3D finite element modeling capable of capturing complex
structural interactions. Information about the models is provided in Figure 1.
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Figure 1. Detailed numerical modeling of RC structures for VF building structural investigation [32].

FRP is still in the forefront of research, considering several practical tests that were
conducted [38,42] on the FRP strengthening of concrete beams and columns. The ongoing
development of advanced models for predicting debonding failures and overall structural
performance has accelerated the progress toward reliable structural design using FRP
reinforcement. Recent research has focused on sustainable materials like green concrete and
other composites. Studies [61,62] examined materials such as steel fiber-reinforced recycled
aggregate concrete and fine-particulate composites. These advanced materials offer both
ecological benefits and structural properties that can enhance performance. Finite element
modeling techniques continue to evolve across all these areas—from microstructure-free
modeling approaches to complex 3D simulations incorporating damage models. These
techniques enable researchers and engineers to make accurate predictions about structural
behavior and optimize designs. The general description and classification of retrofit models
are given in Table 1.

The development of finite element modeling methodologies has allowed a more real-
istic prediction of complex structural response and interaction using performance-based
models like the ones provided in the OpenSees framework, among others. Character-
istic information for basic models for concrete and steel are provided in Appendix A—
Tables A1 and A2. Such models become indispensable tools for the improvement of design
and investigation of effectiveness for various strengthening procedures. While most of
the challenges remain, especially regarding long-term performance and standardization of
new materials and processes, the tendency of research here is encouraging. Future studies
should aim more at bridging the gap between laboratory studies and practice, developing
all-round design guidelines, and pushing the modeling effort toward a wider coverage
of load conditions and material behaviors. Advanced materials and modeling method-
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ologies will be significant in setting the future directions of structural engineering as the
construction industry continues to move toward being more resilient and sustainable.

Table 1. Classification of recent research in retrofit modeling and innovative materials for con-
crete structures.

Category Application Key Modeling Techniques Reference

Textile-Reinforced
Mortar (TRM)

Masonry Strengthening Multiscale FEM, Cohesive Elements [27]
Concrete Beam Strengthening 3D Nonlinear FEM, CDP Model [26]

Masonry Bond Behavior Double Shear Tests, Bond–Slip
Relation [30]

Seismic and Energy Retrofitting Macro-modeling, Shell Elements [28]

Seismic Joints and
Infill Strengthening

Flexible Joints PUFJ, FRPU, 3D Explicit Dynamics [33]
Infill Wall Protection PUFJ, Mooney–Rivlin Model [34]

Dynamic Modeling of RC Frames RHT Damage Model, PUFJ, FRPU [32]
Damage Reduction System INODIS, Micro-modeling [35]

Cellular Material Isolation Single-Strut Elements,
Nonlinear Springs [36]

Fiber-Reinforced
Polymer (FRP)

Column Strengthening 3D FEM, Drucker–Prager Model [42]
Beam Strengthening Cohesive Zone Model, CDP Model [38]

FRP-Confined Concrete Strain-Hardening Drucker–Prager
Model [41]

Pseudodynamic Analysis RHT Model [40]

Thin RC Slab Strengthening 3D Nonlinear FEM, Cohesive
Elements [37]

FRP Modeling Strategies
Review Various FEM Techniques [39]

Green Concrete and
Other Composites

Recycled Aggregate Concrete Steel Fiber Reinforcement, CDP
Model [61]

Fine-Particulate Composites Microstructure-Free FEM [62]
Geopolymer Concrete Johnson-Cook Damage Model [63]

Ultra High-Performance
Concrete

CDP Model, Explicit Dynamic
Analysis [64]

CFRP Bar Reinforcement CDP Model, Surface-Based
Cohesive Approach [60]

3. Energy Renovation Models for VF Building Results
Energy renovation modeling has grown progressively more complex in its ability

to address the complex challenge of building efficiency integrating renewable sources
and overall regional-wide sustainability. Today’s methodologies converge physics-based
methods with data-driven methods, covering a variety of analyses ranging from overall
regional-wide energy models down to focused demand-and-consumption assessments,
incorporating regional factors and approaches for integrating renewable sources. The
available research depicts a clear movement from conventional methods of forecasting
towards more complex hybrid methods incorporating a variety of factors, such as the
behavior of the building, human interaction, economic impacts, and ecological impacts.
Today, such models act as critical tools for policy makers, engineers, and stakeholders
working on the planning of transition, the performance optimization of buildings, and
achieving decarbonization goals on a scale ranging from single buildings to regions.

3.1. System-Wide Energy Models

Recently, Subramanian et al. (2018) [65] and Kaddoura (2022) [66] highlighted the
collaboration between physics-based and data-driven modeling approaches for optimizing
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energy systems, focusing on hybrid approaches like physics-informed machine learning.
These studies emphasize the importance of optimization and control in enabling an efficient
integration of renewable energy resources. The review article by Li et al. (2015) [67] presents
pricing policies used in district heating (DH) networks with a focus on their importance in
reducing CO2 emissions as well as energy consumption. The paper categorizes the pricing
components under connection fee, standing cost, and unit cost, and compares them to
approaches adopted by regulated (cost-plus) as well as deregulated (marginal-cost) markets.
They discuss issues related to joint cost allocation in combined heat and power plants,
marginal cost, and review innovative pricing practices that can contribute to sustainable,
fair, and competitive markets. DeCarolis et al. (2012) [68] address the transparency and
reproducibility problems of energy economy optimization models, citing the lack of data
and the risks posed by coding errors and hidden assumptions. Finally, they promote the use
of open-source software as a way of solving the aforementioned problems, thus enabling
improved energy policy-making. When talking of energy modeling issues, Pfenninger
et al. (2014) [69] also call for interdisciplinary solutions, openness, and open-source. They
address issues such as uncertainty, temporal resolution, and the representation of human
behavior, and suggest new solutions for enhancing model applicability.

3.2. Regional Analysis Models

Fragkos et al. (2017) [70] provide a joint energy and economic modeling of the Euro-
pean Union’s decarbonization targets. They conclude that a 40% reduction in greenhouse
gas (GHG) emissions by 2030 is achievable with relatively limited macroeconomic conse-
quences, including minor GDP losses of 0.4% by 2030. The study calls for electrification,
renewables, and energy efficiency in addressing policy-related issues such as eliminating
market barriers and changing consumer behavior. Hall and Buckley (2016) [71] provide a
systematic review of UK energy system models, classifying them by purpose, technological
detail, and mathematical form. Their typology improves model transparency and enhances
model transparency and supports decision-making by clarifying model purposes, struc-
tures, and applications, potentially aiding policy design. Ekonomou (2010) [72] presents
a study on the structure and methodology adopted in forecasting long-term energy con-
sumption in Greece using Artificial Neural Networks (ANNs). To forecast Greek energy
consumption for the years 2005–2008, 2010, 2012, and 2015, the researcher developed an
ANN model adopting the multilayer perceptron (MLP) structure. The results indicated
a very high accuracy level in the ANN model, with an estimated 2% error rate between
predicted and actual values of energy consumption. When looking at energy systems
in the developing countries, Urban et al. (2007) [73] determine dominant characteristics,
such as low levels of electrification, predominance by informal economies, and reliance on
traditional biomass, which are typically not addressed by current models. The authors state
that it is important for these models to be developed because they give better predictions
of future energy conditions and the resultant environmental impacts. In Denmark, Lund
and Mathiesen (2009) [74] illustrate the viability of a 100% renewable energy system in
2050 based on biomass, wind, wave and solar integration. They highlight energy efficiency,
fossil fuel substitution, and system design integration. While their analysis focuses on
Denmark, these findings may have implications for global energy transformations.

3.3. Demand and Consumption Models

A large-scale survey by Nacht et al. (2023) [75] overviews various approaches toward
residential energy consumption in domestic settings. These include causal modeling,
energy system modeling, mobility modeling, power efficiency modeling, and energy
consumption modeling. The study examines approaches implemented across building
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envelopes, heating, ventilation, air-conditioning (HVAC) systems, appliances, building
management systems, and generation technologies, including solar power (photovoltaics)
and micro-scale wind power. The publication also explores future business models, urban
energy modeling, and local climatic data. It presents useful findings for researchers,
policymakers, as well as industry experts committed to achieving maximum efficiency in
energy consumption in buildings. Rebelatto and Frandoloso (2020) [76] carry out extensive
analysis of methodological approaches and application areas related to energy modeling,
highlighting their importance for building, as well as dwelling energy utilization, while
pointing toward the relevance to Sustainable Development Goal 7 (Affordable and Clean
Energy). The paper overviews various approaches, including Building Energy Models
(BEM) and Urban Building Energy Models (UBEM). Further, it focuses on engineering,
statistics, as well as intelligent approaches, while considering occupant behavior as a
factor in power utilization. It overviews application areas, quality assessment of models,
simulation models, and future issues, while emphasizing the need to unify efficiency
approaches with human behavior when deriving models to achieve accurate predictions.
Suganthi and Samuel (2012) [77] overview various approaches to forecasting electricity
power demands, from traditional approaches to recent approaches, including artificial
neural network, as well as fuzzy logic. They support unifying intelligent models to enable
efficient management for achieving power utilization with maximum efficiency. The Swan
& Ugursal (2009) [78] paper examines both bottom-up building energy use models as
well as models that are top-down. The top-down method applies energy use analysis by
considering macroeconomic indicators, while the bottom-up approach estimates energy
utilization by extrapolating data from single individual dwellings. The paper provides a
critical analysis of each technique, focusing on their strengths, shortcomings, and purposes,
along with a review of models reported in the literature.

3.4. Renewable Energy Integration

Dagoumas and Koltsaklis (2019) [79] review models used for incorporating renewable
energy sources (RES) into generation expansion planning (GEP), a process that leads to emis-
sions reduction and decarbonization. The paper classifies GEP models into optimization
models, equilibrium models, and other models, analyzing their strengths and limitations,
in addressing the complex technological, economic, as well as environmental challenges of
GEP. Through its systematic review of cutting-edge methods, the paper makes an important
contribution to policymakers and researchers, informing future strategic choices and re-
search in sustainable energy planning. Ringkjøb et al. (2018) [80] summarize energy models
designed for high shares of renewables, emphasizing challenges related to representing
variability and highlighting the importance of including consumer participation in models.
They promote increased transparency and increased sectoral coordination in future models.
In the case of Great Britain, Pfenninger and Keirstead (2015) [81] investigate future plans for
the blending of renewables, nuclear, and fossil fuels. Cost, emissions, and energy security
trade-offs are demonstrated with grid-scale storage being key to reaching high renewable
levels at low cost. Kaldellis et al. (2013) [82] analyze Greek people’s attitudes toward
renewables and identify broad support for wind, solar, and hydro technologies despite
aesthetic, noise, and land use concerns. The authors indicate that exposure to renewable
systems increases public support.

3.5. Methodology and Tools

The methodology and tools of open data play a crucial role in energy research, accord-
ing to Pfenninger et al. (2017) [83]. They emphasize leveraging established models and
data sets to foster collaboration, transparency, and policymaking. They claimed that energy
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research lacks the openness compared to other disciplines, and they suggested the need
to address ethical and practical issues. Earlier, Connolly et al. (2010) [84] listed the com-
putational tools for renewable energy integration, analyzing their capabilities for specific
objectives. They claimed that no single tool is universally ideal, advising users to choose
tools for their goals while considering factors like time resolution and technology coverage.

3.6. Feasibility and Planning

Heard et al. (2017) [85] consider the feasibility of powering the grid by 100% renew-
ables, identifying areas little recent work has covered, e.g., poor simulation of the grid,
and poor simulation demands. They argue that the burden of proof for excluding non-
renewable low-carbon technologies, such as nuclear power, is high and not sufficiently
justified. Leopold (2016) [86] provides an orderly overview of system dynamics (SD) mod-
els for energy issues for the period 2000–2015, whereby studies fall under four themes, that
is, fossil fuels, power from renewable, electricity systems, and other energy sources. The
overview includes applications of SD toward forecasting reserves, the analysis of market
dynamics, the analysis of implications from policy, and support toward decision-making
during power system changes. The review provides key findings, summarizes methods
in tabular form, and gives perspectives on future research directions, particularly energy
system transition, renewable energy integration, and modeling for policy and investment
decision-making. Connolly et al. (2016) [87] deal with transforming the EU into a 100%
renewable energy system by 2050, emphasizing sector coupling for flexibility and the eco-
nomic benefit of renewable investments, including the generation of jobs. Bhattacharyya
and Timilsina (2010) [88] provide an analysis of various models of the developing-country
relevant energy system, including bottom-up optimization, bottom-up accounting, top-
down econometric models, hybrid models, and electricity system models. The paper
points out that these models do not consider fundamental developing-country attributes,
including the coexistence of informal economies, indigenous fuels reliance, and the in-
equality of both the urban and the rural areas’ accessibility of power, perhaps rendering
recommendations by the policies incomplete. Stressing the necessity of improved modeling
approaches, the study singles out bottom-up accounting frameworks such as LEAP as
more flexible and invites greater efforts towards more accurately capturing the interplay
between energy and environmental factors, economic development processes, and climate
change impacts in these frameworks. In general, these works illuminate the complexity of
energy system modeling, evaluate their strengths and weaknesses in developing-country
contexts, and highlight the need for improvements to better inform energy, environment,
and climate policies.

3.7. Section Summary and Implications Concerning Energy Models

This current review of energy system modeling methodologies raises several chal-
lenges. One of the more noticeable general trends is a shift toward more complicated and
multi-sector modeling, which is motivated in part by the requirement to study systems
with high levels of variable renewable energy. Models are becoming more advanced in
their capacity to provide the necessary temporal and spatial precision for representing
renewables variability, energy storage, and grid restrictions.

However, Pfenninger et al., 2014 [69] observed that this increased sophistication from
several perspectives results in greater challenges, such as computational burden, input
data, and model transparency. The literature available emphasize an imbalance between
top-down economic models and bottom-up engineering approaches; however, recent
attention appears to shift towards hybrid models that incorporate components of both.
Top-down approaches are likely to capture macro-economic effects, but the bottom-up
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approaches provide the technological depth required to evaluate individual transitions.
Indeed, Bhattacharyya and Timilsina (2010) [88] argue that many contemporary models
cannot capture crucial features of the energy systems of developing countries and therefore
require tailored analyses. A common thread running through these is the need for models
to be flexible, adaptable, and context-sensitive, particularly for application in developing
countries. DeCarolis et al. (2012) [68] make a strong case for repeatable analysis in energy-
economy optimization models, while Pfenninger et al. (2017) [83] strongly advocate open
data and software in energy research. All these different efforts towards openness contribute
to trusting model results and the collaborative improvement of modeling tools. The
feasibility of high renewable energy scenarios is a topic of broader debate, although not
directly addressed in these publications. While studies like Connolly et al. (2016) [84]
project the technical feasibility of 100% renewable energy systems in Europe, others like
Heard et al. (2017) [85] argue that proposed 100% renewable electricity systems fail to
meet key feasibility criteria. This disagreement underlines the relevance of transparency
in assumptions and methodologies during energy system modeling. Analysis reveals an
increasing interest in embedding human behavior and social influences within energy
modeling frameworks. Traditional techno-economic approaches are thus supplemented
with insights from behavioral science that better represent consumer decisions and societal
transformations. This is also underpinned by the increased application of agent-based
modeling approaches, including the inclusions of behavioral variables within system
models. Recent advances in artificial intelligence (AI) and machine learning have reached a
point where they influence energy system modeling. For example, the work of Ekonomou
(2010) [72] uses the capacity of artificial neural networks in order to forecast long-term
energy consumption. Further works investigate the use of AI for demand forecasting and
system optimization. Those techniques enable the handling of larger datasets and the
extraction of complex nonlinear dependences within energy systems. Literature highlights
that energy storage will play a critical role in the development of high-renewable energy
scenarios. New modeling advances the representation of different storage technologies and
their operating characteristics. However, longer-duration and seasonal balancing remains
one of the challenging factors in effective modeling. Increasingly, there is recognition that
broader sustainability indicators beyond the simple cost and emissions profile are required.
Newer models indeed consider land use, water consumption, and social impact, among
other factors. The summary of the models can be found in Table 2.

Table 2. Classification of recent research in energy systems modeling and analysis approaches.

Category Application Key Modeling Techniques Reference

System-Wide Energy
Models

District Heating Systems Cost-plus pricing, Marginal cost
pricing, CHP allocation [67]

Energy Economy Optimization Open-source frameworks,
Reproducible analysis [68]

Energy System Challenges Temporal-spatial modeling,
Uncertainty analysis [69]

Process Systems Engineering Computational, Mathematical,
Physical models [65]

Simulation and Optimization Physics-based, Data-driven, PIML
approaches [66]
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Table 2. Cont.

Category Application Key Modeling Techniques Reference

Regional Analysis
Models

Developing Countries Bottom-up approaches, Traditional
fuel modeling [73]

European Union Systems PRIMES model, GEM-E3 model [70]

UK Energy Systems Purpose-based classification,
Mathematical approaches [71]

Danish Energy System
Hour-by-hour simulations,

Renewable
integration

[74]

Greek Energy System
Artificial Neural Networks, Time

series
analysis

[72]

Demand and
Consumption

Models

Residential Energy Use Top-down methods, Bottom-up
approaches [78]

Demand Forecasting Time series, Regression, Econometric
models [77]

Residential Approaches Causal modeling, Energy efficiency
modeling [75]

Building Energy Systems BEM, UBEM, Behavioral modeling [76]

Renewable Energy
Integration

Generation Planning Optimization, Equilibrium models [79]

Variable Renewables High-resolution modeling, Storage
integration [80]

Great Britain Power Sector Cost-emission trade-offs, Storage
impacts [81]

Public Acceptance Survey analysis, Statistical methods [82]

Methodology and
Tools

Computer Tools Review Integration assessment, Scenario
analysis [84]

Open Data Advocacy Transparency frameworks,
Collaborative methods [83]

System Dynamics
Fossil fuel dynamics, Market

behavior
modeling

[86]

Feasibility and
Planning

100% Renewable Systems Technical feasibility assessment,
Economic analysis [85]

Smart Energy Europe Sector coupling, System integration [87]

Energy System Models Review Comparative analysis, Framework
assessment [88]

4. Forestry Models
Forest modeling has undergone significant improvements in the last couple of years

with the use of complex computational methods for the biomechanical behavior of trees,
their stability, and their relationship with the environment. The use of the finite element
method (FEM) has been a key tool for tree response under different forms of environmental
stress, such as wind, and has encouraged extensive research on root, branch, and urban
tree policy. There has been extensive peer-reviewed research, suggesting a significant shift
from simple mechanical models towards complex three-dimensional simulations with root-
soil coupling, architectural tree crown traits, and boundary conditions. Today’s forestry
models also include a variety of methodologies, including terrestrial laser scanning (TLS),
computational flow and heat transfer (CFD), and quantification of tree structure models
(QSMs), and hence, there has been a holistic approach towards understanding tree behavior
under natural and urban environments.
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4.1. State of the Art on Forestry Models

Recently, Zhang (2024) [89] presented a nonlinear physics-based formulation (vali-
dated by FEM) simulating massive tree deformations by hurricane-force winds (45 m/s). In
terms of a sympodial branching system, coupled by aerodynamic damping, the formulation
simulated distributions of stresses and self-similar curvature profiles along branches, to-
gether with exponential drag reduction. Finite difference validation confirmed the model’s
accuracy. In revealing stress hot spots at the trunks and first-order branches, the study has
limitations due to two-dimensional formulation and simplified leaf models, together with
assumption of isotropic materials.

Karapetkov et al. (2023) [90] study the influence of inertial forces on car passengers
while frontal collisions happen against static obstacles utilizing FEM with ABAQUS Explicit
solver. A detailed simulation has been developed, including six degrees of freedom, tire
rigidity, suspension stiffness, and various forces acting on the car. Both regimes—the
impact and the post-impact—were simulated, indicating dominance by the translational
inertial forces during the impact phase, while centrifugals together with Coriolis forces play
a leading role in the post-impact phase. Inertial force magnitudes are greatly influenced by
angular velocity around the vertical axis. Seat belts greatly maintained passengers’ stability,
preventing injury during collisions. The analysis successfully simulated maximum inertial
force magnitudes, while exposing detailed information about passenger behavior inside the
car cabin. The FEM approach proves highly accurate in simulating impact scenarios and
provides deeper insight into occupant protection. Although the study focuses primarily
on frontal collisions, the approach has the potential to be generalized to other types of
collisions and vehicle models. The findings hold important implications for vehicle safety
system concepts and crash test protocols, offering substantial potential to reduce collision-
related injuries.

Coleman et al. (2022) [91] conducted a review of 429 papers discussing the structural
attributes, function, and value of urban street trees. The paper documents increased re-
search from the late 1990s, focusing on ecosystem functions, cooling, waste utilization, and
environmental equity. Contributions are mostly from North America, although research
output from Asia and Europe has been steadily increasing since 2010. The review identifies
persistent gaps in bridging biophysical drivers and human drivers, determinants of tree
longevity and development. The authors advocate for coupled studies, economic assess-
ment, and financial impediment identification toward managing forestry in the city. The
synthesis provides findings for scholars, urban planners, and decision-makers, maximizing
benefits from the city’s street trees.

Lee et al. (2021) [92] introduced an earthquake-resistant curtain wall system utilizing
displacement control fasteners, substantiated by extensive tests and a three-dimensional
(3D) finite element analysis. The study compares the seismic performance of conventional
and seismic curtain wall systems under various directional load cases using FEM simu-
lations to analyze stress distributions and identify potential failure points. The proposed
curtain wall system outperformed conventional designs by significantly reducing stress
transmission and enhancing seismic resilience. In addition, the system accomplished signifi-
cant thermal insulation, air tightness, watertightness and wind load-bearing resistance. The
study documents FEM analysis necessity while creating curtain wall earthquake-resistant
systems. It emphasizes movable fastener merits, modular inter-story separations, toward
earthquake-induced stresses minimization.

The study by Moravčík et al. (2021) [93] bridged finite element analysis (FEM) and
terrestrial laser scanning (TLS) to simulate static behavior, hazard, and tree failure in an
urban environment. A Tilia cordata Mill. tree was modeled as a beam structure by means
of the application of 44 variable cross-sections with geometrical data derived from TLS.
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The internal decay was incorporated through acoustic tomography. A structural analysis
conducted using SCIA Engineer software (version 20) evaluated the tree’s response to self-
weight, foliage, and wind loads showing maximum displacements, alongside maximum
stresses, of 280.4 mm, +8.8 MPa (tensile), and −8.9 MPa (compression), respectively. These
values were below the safe threshold, showing minimal hazard probability. Although the
study provides an accurate platform for tree stability analysis, it emphasizes the need for
further experimental validation and computer-aided design generation processes, alongside
root–soil interaction simulations.

Dounar et al. (2020) [94] simulated the chestnut tree branch’s biomechanical failure by
means of complex finite element analysis (FEA). The study integrated three-dimensional
(3D) modeling and nonlinearity, alongside both isotropic and orthotropic material models
to analyze stress distributions due to crown masses varying under wind pressures. The
analysis suggested that the branch acted as an “equal-strength console” with stress concen-
trations distributed along its length rather than at the trunk–branch junction. Nonlinear
modeling predicted a 33% increase in displacement and a 35% rise in stress compared
to linear approaches, showing the relevance of accounting for geometric nonlinearity for
accurate prediction. The study generally provides insights toward bionic design along-
side urban forestry but highlights the need for dynamic analysis and improved crown
simulation in future works.

Jackson et al. (2019) [95] further advanced the field of TLS modeling by utilizing FEM
coupled with quantitative structure models (QSMs) created by TLS. Broadleaf tree models
with power-law profiles simulated under wind forces were created utilizing ABAQUS
software. Dynamical measurements of strain had excellent correlation (R2 > 0.79) with
experiment data, whereas predictions of the critical velocities exhibited lower accuracy. The
approach established the possibility of coupling FEM with high-resolution TLS data but
also raised issues with scalability and the critical need for accurate material property data.

Jian et al. (2018) [96] evaluated the performance of tree canopy windbreaks using
computational fluid dynamics (CFD) considering the geometry, configuration, and porosity
of the canopy. In conducting this assessment, canopy porosity—defined numerically and
informed by previous wind tunnel data—played a crucial role; notably, lower porosity
values did not necessarily ensure effective wind reduction near ground level. The study
also found that simplified canopy representations, such as cylindrical models, may be
sufficient for practical applications. While this work offers a solid foundation for future
research on windbreak design, upcoming studies will need to incorporate more complex
canopy structures and enhance turbulence modeling for greater accuracy.

This experimental–numerical study by Aly et al. (2013) [97] evaluated tree-wind
relations for trees integrated into vegetated building envelopes. Through miniature-scale
channel tests, as well as full-scale Wall of Wind tests, it indicated that shape changes caused
by increased wind velocity significantly reduced the wind loads on trees. Previous FEM
analyses cited in the study suggested that geometric factors significantly affect tree response
to wind, highlighting implications for support system design. The authors recommended
future testing in turbulent wind conditions to capture effects not addressed under the
smooth-flow conditions used in the Wall of Wind experiments.

Mickovski et al. (2011) [98] performed a finite element analysis (FEA) to analyze the
reinforcement mechanisms provided by roots. They established two dimensional (2D)
and three dimensional (3D) models in Plaxis and Diana software to simulate rooted and
unrooted soils under direct shears, while considering elastic-plastic soil behavior and linear
elastic roots properties. The presence of roots increased the shear strength of soil, with
multi-rooted models showing significantly greater resistance compared to single-rooted
configurations. Based on the study, the three-dimensional models predicted higher max-
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imum stresses and more realistically represented root–soil interactions compared to the
two-dimensional models. Laboratory tests also agreed with the simulations, showing
increased ductility and shearing strength by rooted samples. Concluded, the study high-
lights the need for improved data on root properties, consideration of soil hydrological
conditions, and validation through field measurements to advance vegetation-based soil
stabilization design.

In this study, Wang et al. (2017) [99] explore optimizing mechanical harvesters for
various trained fruit tree types using FEM to model their dynamic responses to shaker
excitations. Three-dimensional models of spindle, open center, and vertical plane trees
were created in Pro/Engineer and imported into ANSYS for analysis. Modal and harmonic
response analyses examined tree responses to reciprocal, orbital, and multidirectional
shaker excitations. The results indicated that tree morphology greatly influences natural
frequencies and mode shapes, with resonance frequencies ranging from 7 to 20 Hz. The
optimal excitation method varied by tree type: multidirectional excitation at 13.5 Hz was
most effective for spindle trees, while orbital excitation at 12.0 Hz yielded the best results
for open center trees. The study demonstrates FEM’s potential for optimizing harvester
designs, allowing for efficient processes without extensive physical prototyping. How-
ever, limitations remain due to simplifications of tree structures and material properties,
which can lead to deviations from actual behavior. Future research should incorporate
damping, soil–root interactions, and more detailed modeling to improve the reliability and
applicability of these findings.

James et al. (2018) [100] conducted an overview of recent progress in tree biomechanics,
considering mechanical response to wind and recent advancements toward tree form
and branching. The main findings suggested that architectural variation in branching
patterns and tree form play a more critical role than material properties in governing
mechanical behavior. Traditional concepts based on stress were challenged by recent
findings that emphasize the adaptive, stimulatory role of strain. Advances, such as optical
measurements of strain, gave detailed data regarding strain distribution. The study also
noted subtle patterns of wood fibers intertwining near branching attachments, essential for
strengthening. Authors advocate for dynamic, strain-mediated models that incorporate
architectural structure, branching behavior, and adaptive growth, with implications for
hazard assessment and forestry management.

Sagi (2016) [101] examined tree stability due to wind, considering trenching influences,
and root–soil interaction. By correlating field tests on mature Norway spruce with wind
tunnel experiments on saplings, the study performed a Winkler foundation analysis cou-
pled with a cantilever beam analysis. The findings highlighted the essential role of root–soil
interaction in stability, with load transfer strongly dependent on soil type. Aerodynamic
damping was found to increase linearly with wind speed, reaching levels three to four
times higher than structural damping. The effects of trenching differed markedly between
frictional (sand) and cohesive (clay) soils. The study contributes to tree stability modeling
with implications for forest management, emphasizing the integration of soil parameters
into predictive frameworks.

Manso and Castro-Gomes (2015) [102] critically analyze green wall systems, providing
a comprehensive review of their classification, construction methods, and technological
innovations. Green walls are categorized into green facades—comprising direct and in-
direct systems—and living walls, which include continuous and modular systems. Their
analysis outlines key system components, including structural support, growing medium,
vegetation types, drainage systems, and irrigation methods. Innovations, including the
application of light materials, increased retaining capacity, improved drainage capacity, and
the minimization of water and nutrient consumption, are discussed. There is a growing
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preference for modular systems due to their ease of installation, simplified maintenance,
and reduced need for replacement. Authors also point out the eco-friendly and economic
benefits of these systems, including assessments of life cycles, that consider, among oth-
ers, material use, and climate and plant species. They advocate further studies toward
increased geometrical variability, and an increased application of recycled materials and
local vegetation. Assessment is presented as an essential tool for planners, researchers, and
practitioners involved in sustainable architecture and urban development.

Yang et al. (2014) [103] conducted a finite elements simulation of tree uprooting that
incorporated sequential root breakage. ABAQUS software, together with three-dimensional
(3D) models, were used to represent the architectural description of the roots, soil, and
continuum damage mechanics (CDM)-based failure law for roots. Validation using tree-
pulling tests on Pinus pinaster indicates good agreement between simulated data and
experimentally recorded force-displacement data. The results highlighted that anchorage
strength is influenced by the mechanical property of the roots, while thick lateral roots play
an essential role. A limitation of the model was the overestimation over initial stiffness
suggesting a need for improved modeling of soil–root interactions. The study contributes
to advancing research in tree anchorage, forestry management, and risks assessment due
to wind.

James et al. (2014) [104] conducted an extensive review of biomechanical studies on
trees, with a focus on dynamic analysis approaches and particular attention to open-grown
trees typically found in urban environments. The study emphasized the crucial role of
tree form and morphology in dynamic wind responses, which were found to be more
influential than the material properties of the tree. Simple models disregarding branch
dynamics were found inadequate, while multimodal and finite elements presented an
accurate description of tree dynamics. The findings highlighted central contributions of
branch sway in influencing tree stability, dynamic amplification factors (DAF), as well
as processes of nonlinear damping. The study highlighted the need for further research
regarding wind loads, torsion forces, and pruning strategies to mitigate wind-induced
damage, supporting the use of sophisticated models for urban forestry management and
hazard assessment.

Crespi et al. (2013) [105] conducted an examination of the aerodynamic load experi-
enced by trees installed on the balconies of skyscrapers, using both wind tunnel experiments
and finite element method (FEM)-based simulations. Across various test scenarios, the
measured forces were lower than predicted, and no failures were observed during the
experiments. FEM predictions closely matched the experimental results, highlighting the
critical importance of accurately estimating drag coefficients in the calculations. The study
underscores the significance of evaluating wind effects on balcony-installed trees for the
structural safety of high-rise buildings, particularly in hurricane-prone regions.

Tankut et al. (2014) [106] describe finite element analysis (FEM) application in the
design of furniture, wood products, and structural building elements. The paper describes
the FEM capabilities, such as modeling intricate wood products using beam and spring
elements and performing both linear and nonlinear analyses. The ANSYS software for
primary FE analysis and IDEAS for 3D modeling are mentioned. The paper highlights
that accuracy in simulation relies on the proper simulation of wood orthotropic behavior,
alongside the semi-rigid joint behavior. The FEM is capable of simulating both static and
dynamic load cases, as well as accurately predicting stress distributions and deformations,
particularly when validated against experimental results. Nevertheless, accurately simulat-
ing the complex behavior of wood remains challenging, particularly for intricate 3D models,
which also require significant computational resources. The paper concludes that FEM is
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a powerful and efficient tool in wood product design, with the potential to transform the
field by enabling innovative, cost-effective, and optimized solutions.

Raumonen et al. (2013) [107] introduce an automatic method toward the generation of
accurate shapes of 3D trees from terrestrial laser-scanned data. Their approach reconstructs
tree geometry using small surface patches and models the structure with interconnected
cylinders. The method captures detailed branching and trunk architecture, enabling fast,
scalable, and accurate tree analysis. It is especially effective for larger woody parts, though
fine branches may be less reliable due to scan limitations. This tool supports forestry
applications like biomass estimation and structural analysis. However, foliage is not
included in the modeling process.

Chave et al. (2009) [108] aggregate extensive datasets toward wood attributes—
including density, hydraulic conductance, mechanical, and chemical composition—toward
proposing the concept of a “wood economics spectrum” (WES), which relates these at-
tributes to plant performance and resource-use strategies. The authors identify key trade-off
in the wood traits, for the attributes of the datasets, and propose that WES integrates these
traits with broader aspects of plant ecology (among others growth, mortality, and nutrient
cycling). They recommend adding wood features into Dynamic Global Vegetation Models
(DGVMs) to improve the accuracy of climate change projections. Finally, they emphasize
that for improving the forest understanding and global processes, more comprehensive
datasets and models alongside further research are needed.

The study by Moore and Maguire (2008) [109] examines the dynamic behavior of
twenty year old Douglas-fir trees under wind load using finite element simulation. Unlike
previous models that treated branches as discrete masses, this study modeled them as
cantilever beams, improving predictions of natural frequency, particularly in trees with
large crowns. Three trees were analyzed using detailed measurements and ANSYS software
under various loading scenarios. Results showed that branch oscillations significantly
enhanced structural damping, especially with lower stiffness. The study highlights the
importance of accurately modeling branch architecture and identifies the need for better
data on branch properties, refined stem modeling, and aerodynamic considerations. These
insights support improved forest management and tree breeding for wind resistance.

Hu et al. (2008) [110] developed two finite-element tree models (realistic and symmet-
ric) simulating tree swaying in a windy field, both considering fluid–structure interaction
(FSI) and vortex-induced vibration (VIV), which were analyzed under leafless and leaved
conditions. The main findings indicate that asymmetrical material properties lead to com-
plex, looping tree swaying, while the presence of leaves enhances the aerodynamic force
and increases swaying primarily along the wind direction. The simulations demonstrate
that branch interactions play a crucial role in preventing resonance-induced swaying. The
study uses a simplified representation of leaves through a virtual shell and does not explic-
itly incorporate root–soil dynamics, which may limit the model’s realism in capturing full
tree–ground interaction. This work contributes to the field of tree biomechanics by offering
insight into tree stability under wind loading, with potential implications for biomimetic
design and forestry management

Dupuy et al. (2007) [111] developed an extensive FEM considering realistic root system
architecture, together with soil mechanics. The study emphasized that soil cohesion had
significant implications for uprooting resistance and noted that simulated anchorage forces
tended to be overestimated, likely due to assumptions such as rigid root–soil interactions.
Although the model successfully visualized root–soil failure interactions, the authors
acknowledged limitations such as the absence of anisotropic root material properties and
the lack of time-dependent soil behavior in the simulations.
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Sellier et al. (2006) [112] developed a finite-element model to investigate how crown
architecture affects tree oscillations and associated damping mechanisms. The models
accurately simulated swaying frequencies and revealed that aerodynamic drag from needles
accounts for approximately 80% of total damping. Simplified crown models that reduced
architectural complexity tended to overestimate swaying frequencies by up to 20%. Future
extensions of the model include coupling with wind flow and plant growth models and
improving realism through explicit consideration of root–soil interaction.

Clair et al. (2003) [113] examined the behavior of buttressed trees under bending
stresses by field experiment as well as beam modeling. The results suggested that under
minor stresses, the buttresses exhibit linear and elastic behavior. However, the sides of
the buttresses are significantly more vulnerable to shear and tangential stresses. These
findings challenge the constant stress hypothesis, suggesting that stress distribution during
buttress development is not always steady or uniform. The study also emphasizes how the
buttress’s precise form influences its mechanical behavior.

4.2. Section Summary and Implications Concerning Forestry Models

In the field of structural engineering and biomechanics, the finite element method
(FEM) has emerged as a crucial tool for analyzing complex biological structures such as
trees. The application of FEM to tree modeling presents a unique set of challenges and
opportunities, primarily due to the intricate and variable nature of tree morphology. Three
distinct approaches to FEM modeling of trees (see Figure 2), each representing a different
level of abstraction and computational complexity, are proposed based on an extensive
literature review, presented in a previous subsection, and the tabular summary can be
found in Table 3.

 (a) (b) (c) 

Figure 2. Finite element method (FEM) modeling approaches for tree structures, showing increasing
levels of abstraction from left to right. (a) High-fidelity 3D model. (b) Simplified branch-mass model.
(c) Equivalent two-element model.
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Table 3. Classification of key forestry modeling and analysis approaches.

Category Application Key Modeling Techniques Reference

Static Tree Analysis

Single Tree Risk Assessment
- 3D laser scanning
- Acoustic tomography
- Beam structure FEM

[93]

Biomechanical Structure
Analysis

- 3D modeling
- Linear/nonlinear FEA
- Isotropic/orthotropic materials

[94]

Buttressed Tree Analysis
- Strain gauge measurements
- Beam theory modeling
- Cross-sectional analysis

[113]

Wind-Tree Interaction

Dynamic Wind Response
- TLS-based modeling
- QSM generation
- Dynamic FEA

[95]

Large Deformation Analysis
- Sympodial branching patterns
- Nonlinear PDEs
- FDM with Newton–Raphson

[89]

Building-Integrated Trees
- Wind tunnel testing
- Full-scale experiments
- Multi-scale analysis

[97]

Windbreak Performance
- Porous media approach
- CFD simulation
- Modified k-ε turbulence

[96]

Root System Models

Soil–Root Interaction
- 2D/3D FEM
- Mohr–Coulomb soil model
- Direct shear simulation

[98]

Tree Stability Analysis
- Root breakage modeling
- Continuum damage mechanics
- ABAQUS/Explicit

[103]

Foundation Effects
- Winkler foundation model
- Strain gauge monitoring
- Dynamic analysis

[101]

Root Architecture
- 3D FEM
- Automatic mesh generation
- Root–soil coupling

[111]

Tree Dynamics

Branch Motion
- FEM with beam elements
- Asymmetric properties
- VIV and FSI analysis

[110]

Aerial Architecture
- Timoshenko beam elements
- Modal analysis
- Direct time integration

[112]

Douglas-fir Behavior
- Branch cantilever modeling
- Time domain analysis
- Spectral analysis

[109]

Biomechanical Review

Dynamic Analysis Review
- Multi-modal analysis
- Form and morphology focus
- Damping mechanisms

[104]

General
Biomechanics

- Strain-based modeling
- Optical measurement
- Branch attachment analysis

[100]

Applied Analysis

Wood Material Properties
- 3D solid modeling
- Orthotropic properties
- Joint behavior analysis

[106]

Fruit Tree Harvesting
- Pro/Engineer modeling
- SOLID186 elements
- Harmonic response analysis

[99]

Wind Forces Assessment
- Load cell measurements
- Construction stage analysis
- FEM validation

[105]

Impact Analysis Vehicle–Tree Collision
- 6-DOF modeling
- ABAQUS/Explicit
- Inertial force analysis

[90]

The most detailed representation, as illustrated in model (a), is a high-fidelity 3D
model. This methodology employs LIDAR (Light Detection and Ranging) data to capture
the tree geometry at high resolution [107]. The resultant model comprises detailed trunk
architecture, branching patterns, root systems (primarily in experimental configurations
where root access is feasible) and foliage elements. However, the generation and manipula-
tion of such models requires substantial computational resources and processing time, due
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to big data. These high-fidelity models utilize specialized databases—including the Forest
Inventory and Analysis Database [114], the Global Wood Density Database [115], and Wood
Handbooks [116]—to characterize the heterogeneous material properties throughout the
tree structure.

For further simplification, model (b) may be considered as an intermediate model
between information and computational efficiency. A tree in this model may be visualized
as a system of connected lines and point masses. In other words, there would be one
main vertical line, at times with inclining lines representing the trunk and secondary lines
accounting for the major branches and tertiary lines for the smaller ones or even twigs. One
crucial feature included is that of the distributed masses, represented by the black circles
at the terminus of the branches. These masses have important implications for obtaining
precise transient analyses, especially when the response of the tree is tested for dynamic
forces due to wind or seismic excitations. This sort of approach to modeling is based on the
work by James et al. [104], who provided the basic infrastructure necessary for developing
such effective but simplified models.

The most abstracted representation model reduces the tree to its very basic elements.
This highly simplified model consists of a single vertical line, but slanted lines can be
employed for the trunk, a thinner line at the top for the crown, and a large black dot
that represents the overall mass of the entire crown system (model (c)). Although this
may be a somewhat over-simplified model, it nonetheless serves a major role in large
simulations or situations when speed of analysis is important. Such an equivalent mass
on the crown can thus be justified based on several items in the literature referring to the
dynamic properties of trees, such as that of [109] that establishes methods for the estimation
of natural frequencies.

Each of these approaches embodies a critical trade-off between the goals of the research,
the available computational resources, and the scale of the inquiry. Detailed explanations
of different aspects related to the modeling are given in Table 4.

Table 4. Comparative analysis of FEM tree modeling approaches (based on Figure 2).

Aspect High-Fidelity 3D Model (a) Simplified Branch-Mass Model (b) Equivalent Two-Element
Model (c)

Level of Detail Highest Intermediate Lowest

Main Components

- Detailed trunk
- Complex branching
- Root system
- Individual leaves/clusters

- Main trunk line
- Branch lines
- Twig lines
- Distributed masses

- Single trunk line
- Crown line
- Single crown mass

Geometric
Representation Full 3D geometry Interconnected lines Two connected lines

Mass Distribution Distributed throughout structure Concentrated at branch ends Single point at crown top

Computational
Complexity Highest Moderate Lowest

Typical Data Source LIDAR or detailed 3D scans Field measurements,
simplified scans Basic tree measurements

Best Suited For
- Individual tree analysis
- Detailed stress studies
- Wind load analysis

- Small forest studies
- Urban tree assessment
- Wind–tree interaction

- Large-scale forest
simulations
- Preliminary urban planning
- Rapid assessments

Key Advantage Highest accuracy Balance of detail and efficiency Computational efficiency

Main Limitation High computational demand Reduced local detail Limited individual tree
information

Transient Analysis
Capability Highly detailed Good, with distributed masses Basic, using single crown mass

Scalability Limited to few trees Moderate, suitable for small groups Highly scalable, large forests

Note: (a), (b), and (c) refer to the modeling approaches shown in Figure 2.
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5. Comfort-Related Models
Comfort-related models constitute a systematic framework for the assessment and

prediction of occupant well-being in the built environment across multiple sensory and
psychological dimensions. These models incorporate thermal, acoustic, visual and air-
quality parameters, together with their combined effects and psychological aspects, offering
essential guidance for the design and operation of buildings to optimize occupant comfort
and satisfaction. The subsequent sections analyze each model category, from fundamental
physical-comfort metrics to sophisticated integrated approaches that address the multidi-
mensional nature of occupant comfort, bridging the gap between theoretical predictions
and observed occupant response.

5.1. Thermal Comfort Models (TCMs)

Grassi et al. (2022) [117] review 166 papers published between 2017 and 2021 dealing
with thermal comfort models and building control approaches. The Predicted Mean
Vote (PMV) model remains the predominant approach, although adaptive and data-driven
alternatives are also widely employed. The analyzed control approaches include rule-based,
model predictive control (MPC), machine learning, and optimal techniques. Though PMV
models are widely coupled with MPC for simulations, rule-based simple approaches find
more frequent use in prototypes. The review indicates significant shortcomings with regard
to thermal comfort needs for the vulnerable and limited use of enhanced control methods
in real environments. The study points towards the need for enhanced interaction between
architects, engineers, and comfort experts for developing personalized and energy-efficient
thermal comfort solutions.

Davidsson et al. (2013) [118] conduct research on hybrid and heat-recovery systems of
mechanical ventilation with the use of simulations from TRNSYS. The study contrasts base-
line heat-recovery-free mechanical ventilation with hybrid ventilation and heat recovery
systems, wastewater heat recovery configurations, and alternative heat source systems. The
study finds that hybrid systems with 86%-effective heat exchangers perform on the same
terms with 75%-heat recovery systems and with 400 kWh of saved annual electricity. The
study identifies heat exchanger efficiency as the key determinant of system performance,
with supplementary measures such as ground-sourced heat exchangers offering minimal
additional savings. Challenges associated with hybrid ventilation systems include manag-
ing airflow, maintaining clean heat exchanger surfaces, and mitigating noise transmission.
The study offers valuable insights into low-energy ventilation strategies, highlighting the
potential of hybrid systems for residential applications.

In addition, D’Ambrosio Alfano et al. (2011) [119] research the reliability of the Hu-
midix index against conventional indicators of traditional heat, including the wet-bulb
globe temperature (WBGT), predicted heat strain (PHS), and predicted mean vote (PMV).
The study finds a systematic under-estimation by Humidix of higher-temperature environ-
ments, with greater impacts being registered with low-heat generation environments and
low-humid environments. The model finds substantial shortcomings in treating critical
temperature parameters, including clothing resistance, heat from human metabolism, and
uneven temperature field. The authors conclude Humidix’s unsuitability for indoor heat
estimation and suggest, instead, utilizing the higher quality of performance of the rational
methods of such approaches such as the use of PHS and PMV. Future research may focus
on novel indices, such as the Universal Thermal Climate Index (UTCI), to enable broader
and more accurate thermal environment assessments.

Djongyang et al. (2010) [120] review theoretical frameworks and applications for heat
comfort, contrasting and comparing the rational heat-balance model (e.g., PMV and PPD
indexes) with adaptive approaches. The study describes heat-exchanging mechanisms
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between human and environment, i.e., conduction, convection, radiation, human heat
generation processes, and clothing resistance. The study addresses thermal comfort in
varying environments—educational spaces, healthcare structures, and outdoor spaces.
The study references adaptive predictive comfort and future research directions, with
specific references made towards outdoor heat comfort. The review provides a complete
source of references for academics and specialists in HVAC system optimization and
building performance.

Nicol and Humphreys (2002) [121] contend that conventional thermal comfort models,
established via experimental tests, are not able to satisfactorily represent real-environmental
comfort. The authors’ adaptive model defines indoor comfort temperature and outdoor
environment parameters with a correlation represented by the equation Tc = 13.5 + 0.54To.
The authors present the notion of ‘adaptive opportunity’ and emphasize the capacity of
people to change their environment and behavior towards achieving thermal comfort. Vari-
able temperature set-points that adjust to outdoor conditions are recommended to reduce
energy consumption in conditioned spaces while promoting the use of natural ventilation.
The transition towards adaptive standards, including climatic factors, architectural features,
and human behavior, supports the design of energy-efficient and sustainable structures.

Brager and de Dear (2001) [122] report on an adaptive comfort criterion for naturally
ventilated structures from research of more than 21,000 datasets for 160 structures on four
continents. Defining structures in terms of two categories, centrally air-conditioned (HVAC)
and naturally ventilated (NV), and employing regression analysis, authors established
relationship between indoor and outdoor comfort temperature. In derived format, this
suggests people working in NV structures can tolerate a higher range of temperature
compared with people working in HVAC structures, and points towards the contribution
of psychological adaptation and changing expectations. Also, an 80% and 90% acceptance
band for the optimal temperature of comfort were established—of value in real-world
design. Some of the future research directions include heat variability, between-individual
variations in comfort, and coupling indoor air quality with the utilization of energy. The
adaptive model has massive potential in terms of NV building design and energy-efficiency;
its employment for mixed-mode structures and task-ambient conditioning needs investi-
gation. The study suggests a transition towards context-specific, adaptive approaches of
thermal-comfort appraisals, away from conventional heat-balance methods.

Raja et al. (2001) [123] conducted research on the use of indoor temperature comfort
controls by office personnel in naturally ventilated workplaces in the United Kingdom,
with field measurements made in Oxford and Aberdeen. The study indicates that 62% of
responses were from the use of windows, whose use correlated with temperature fluctu-
ations. Conversely, the use of fans had a relatively lower rate of 38%, and solar-control
systems, mainly for lowering luminance, contributed 24% of responses. Also, a greater
provision of environmental controls indicated negative correlation with thermal dissatisfac-
tion, highlighting the paramount significance of adaptive methods in architectural design.
The study supports incorporating methods of occupant control into computer simulations
of naturally ventilated structures for improving temperature performance and energy use.

5.2. Acoustic Comfort Models (ACMs)

Torresina et al. (2018) [124] present a thorough review of experimental studies con-
cerned with the cumulative effects of several factors in indoor environments—acoustic,
thermal, visual, and air quality—upon performance and perception in humans. In an
analysis of 45 laboratory studies, the review clarifies interactions between factors and
architectural implications for architectural design. Thermal factors dominate in the review,
with less consideration for visual, acoustic, and air quality factors. Evidence shows that
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interactions vary by case—for instance, high temperature and humidity affect perceived
air quality—but inconsistencies across studies make generalization difficult. Despite less
consideration in studies, even for performance, trends can be discerned, and high tem-
peratures impair both cognitive and physical performance. Differences in methodologies
make comparisons between studies on acoustic comfort models challenging. Authors
note a demand for standardized experimental protocols and multi-model frameworks for
consideration of dynamic relations, occupant behavior, and factors over time. In addition,
translating such information into standards for buildings can inform methodologies for
enhancing design. In future studies, development of models, expansion of experimental
studies into real-life settings, and consideration of individual variation must be addressed.
Existing studies are synthesized in the review, and several aspects of indoor environments
present in it form a basis for future improvements in indoor environments and occupant
comfort and well-being. Aletta and Kang (2018) [125] present a predictive model for urban
vibrancy that integrates both aural and visual dimensions of soundscapes. Vibrancy is
defined as a multivariate perceptual concept, inherently linked with aural dimensions
such as human speech, variation, loudness, and music, and visual cues such as presence
of persons and activity. Employing data acquired in 46 UK and Chinese urban locations,
the authors conducted experiments, in which participants rated vibrancy, pleasantness,
and eventfulness. According to the regression analysis, five significant predictors, namely,
roughness, fluctuation strength, loudness, presence of people, and music, predicted 76%
of vibrancy variance. According to the results, vibrancy is closely related to eventfulness,
but its relationship with pleasantness is not strong. In addition, the visual environment
plays a significant role in assessments of pleasantness, and variation in loudness yields a
nonlinear contribution towards vibrancy perception. This work conforms to ISO 12913-
1:2014 [126] and extends soundscape evaluation through vibrancy quantification. The
predictive model proposed opens avenues for urban planning through actionable insights
and identifies a key role for both aural and visual stimulation in creating vibrant public
spaces. Hongisto (2005) [127] creates a predictive model for evaluating speech intelligibility
impact on performance in an open-plan office environment. Drawing from a thorough
review of the relevant literature, the study engages with the issue of speech, with a specific
consideration of intelligible speech, and its performance-disruptive impact during cogni-
tively taxing operations such as recalling, reading, and proofreading. Implementation of
speech intelligibility is conducted through use of the Speech Transmission Index (STI), with
values between 0 (entirely unintelligible) and 1 (totally intelligible). Performance is seen to
suffer appreciably, a loss of 7%, when the STI level reaches 0.60, a common state in poorly
designed spaces for open-plan use, and performance suffers when below 0.20, a common
feature of well-designed private spaces. Identification of a critical range for productivity
loss in terms of STI value 0.30 to 0.50, and its use in terms of a target for future studies,
is a key contribution of the investigation. In terms of practice, an imperative for an STI
level below 0.50 in spaces for use in an open-plan arrangement is stressed, a target that will
require a mix of effective techniques, such as high sound absorption, high partition height,
and effective speech-masking techniques, and a model for estimating productivity gain
through sound improvements should be developed, allowing companies to evaluate return
for investment in such interventions. Although valuable, the model has limitations and
must be validated through future studies across a range of STI values, using both laboratory
and field methods to ensure accuracy. In collating disparate studies into a single theoretical
model, Hongisto creates a platform for studying the impact of sound environments and cog-
nitive performance, an impact with significant implications for productivity and workforce
efficiency in both office planning and development. Babisch (2003) [128] integrates current
studies with regard to sound exposure and its relation to hormonal concentrations of stress,
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closely investigating physiologic processes through which such factors can contribute to
susceptibility to cardiovascular disease. The investigation specifically identifies three key
stress hormones: adrenaline, noradrenaline, and cortisol, acting as bio-messenger chemicals
in the autonomous stress reaction system of the body. In coordination with an examination
of its prevalence, work-related sound exposure corresponds with high concentrations of
stress hormones, with a specific role for noradrenaline, and sources of community sound,
such as cars and aircraft, yield mixed results. Methodologic obstacles, such as diurnal
fluctuations in hormonal discharge and complications in distinguishing between acute and
long-term consequences, complicate an evaluation of findings.

5.3. Visual Comfort Models (VCMs)

Gunay et al. (2017) [129] created an adaptive algorithm for the purpose of controlling
a device for determining daylight and covering occupant preferences. Experiments in a
real office setting proved the reduction of lighting demand with comfortable levels being
sustained with real-time blind and photosensor threshold adjustments. The personalized
solution performs satisfactorily with varying occupancy preference, hence maximizing
performance and satisfaction. The research conducted by Konstantzos and Tzempelikos
(2016) [130] explored perception of glare with regard to usage of window shades, coupled
with a modified daylight glare probability (DGP) equation under solar irradiation. A new
glare index, with regard to vertical illuminance, was also proposed, enabling quantification
of glare with factors such as transmittance and coloration of cloth. The research contributes
towards the design of systems of shading for vision-related comfort improvement. Bellia
et al. (2014) [131] made a daylight comparison of daylight in three office spaces in Naples,
focusing on spectral characteristics and circadian impacts. The main findings outlined
indoor spectral properties and related color temperatures between different spaces and
daylight requirements. The research underscores the importance of daylight in supporting
circadian regulation by evaluating its potential impact on melatonin suppression. The
findings aim to inform future design strategies that leverage natural daylight’s non-visual
benefits. This study by Jakubiec and Reinhart (2012) [132] assesses discomfort glare param-
eters and puts forth the idea of the “adaptive zone,” where the capacity of the occupants
for adjusting their location and view direction towards reducing glare has been considered.
Using Radiance simulations, the authors conclude Daylight Glare Probability (DGP) as
the best predictor for estimating glare in daylit spaces. The adaptive zone approach led
to a 10% decrease in average glare inside lit office spaces, highlighting the importance of
occupant flexibility for reducing glare. The study also brings daylight parameters and
glare analysis into unison for maximizing energy efficiency and visual satisfaction inside
building design. The study of Wienold and Christoffersen (2006) [133] established Daylight
Glare Probability (DGP), a new parameter for the estimation of glare, with 94% correlation
with the human perception of glare. Using CCD camera-based luminance mapping, the
authors demonstrated that existing glare indices—such as the Daylight Glare Index (DGI)—
exhibited limited predictive accuracy. Daylight Glare Probability (DGP) seamlessly unites
vertical eye illuminance with source parameters of glare and hence forms a very useful tool
for daylight optimized and sustainable building design.

5.4. Indoor Air Quality Models (IAQMs)

The research by Liu et al. (2017) [134] examines physiological responses under raised
temperature (35 ◦C) and CO2 levels (3000 ppm) under experimental conditions. The subjects
experience raised tympanic and skin temperature, raised heart rate, and weight reduction,
accompanied by lower arterial O2 saturation and cardiac interval variability—a marker
of thermophysiological stress. The cognitive performance and air quality perception are
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reduced considerably. Elevating CO2 levels to 3000 ppm did not produce additional signifi-
cant physiological effects beyond those caused by thermal exposure alone. The data affirm
35 ◦C as a limiting temperature for necessary limitation of the rate of work and for protect-
ing outdoor working populations, with critical importance for heat-stress prevention under
global warming. The study of Wolkoff (2012) [135] considers the contribution of indoor air
pollution from VOCs, particulate matter, and ozone-initiated reaction compounds under
office settings. Although VOC levels in offices are usually below sensory irritation criteria,
some chemicals—such as formaldehyde—may nevertheless create reported discomfort
or irritation, especially when mixed with other contaminants. Particulate matter from
automotive emissions or from combustion of candles can be harmful for cardio-pulmonary
status for sensitive subjects. In addition, ozone–terpene reactions may be able to yield
harmful second generation compounds, such as formaldehyde. This analysis suggests the
need for target measurement and mitigation techniques, with regard to chemical interac-
tions and individual susceptibilities, to maintain indoor air quality. The study of Fisk and
Seppanen (2007) [136] illustrates the economic benefits of enhanced indoor environment
quality (IEQ) in office and residential settings, with regard for the thermal environment and
air quality. The optimal performance is seen to be achieved best between 21 and 22 ◦C, with
improvements in ventilation rates from 6.5 to 13 L·s−1 for every individual achieving a
1% rise in productivity. Benefit–cost ratio values up to 80, and annual per-capita economic
gains of EUR 500, substantiate the economic value of IEQ improvements on individuals’
health and productivity. The study underscores the need for more research on cognitive
performance and low-energy solutions.

5.5. Integrated Comfort Models (ICMs)

A meta-analysis of 41 different methods of field studies of indoor environment quality
(IEQ) conducted by Kakoulli et al. (2022) [137] has established biased trends for some
parameters, including temperature (75.6%), carbon dioxide (73.2%), and relative humid-
ity (70.7%). Interestingly, the samples’ distribution indicated classroom environments
had the highest percentage of focus (49%) while underperformance existed for healthcare
environments, shopping centers, and transportation infrastructure environments. System-
atic shortcomings of the review are the lack of standard calibration processes, the lack of
data collection for temporal parameters, and the lack of proper regard for human-related
parameters (17.9%). The study has underlined the need for setting measurement frame-
works, improvement of data collection methods, and use of complete descriptions of indoor
pollutant species, hence enabling evidence-based performance assessments. In addition,
research undertaken by Huang et al. (2012) [138] covering a wider range of parameters
has conclusively established correlations between temperature, luminance, and acoustics
in office environments, in addition to their individual contribution towards overall per-
formance and satisfaction. The research has identified temperature and acoustics as main
determinants of environment acceptance and has established undesirable values of these
parameters, influencing people’s perceptions. The study supports holistic methods in
addressing such parameters, and not single-parameter methods, in order to attain optimal
indoor environment quality. The study also supports the use of evidence-based design
for office environments, where the identification of optimal parameters for satisfaction
improvement and task performance becomes necessary. In a related study on spatial
configuration, Lee et al. (2010) [139] performed a study of determinants of satisfaction in
LEED-registered office spaces, with a specific view on acoustical performance, determinants
of privacy, and ease of interaction. The results indicate that open-plan offices with high
partitions (high cubicles) often produce lower degrees of satisfaction than enclosed private
offices and open-plan offices without partitions (bullpens). Interestingly, the bullpen office
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style, despite lacking barriers, showed comparable satisfaction levels to covered shared
offices in all assessed areas, including privacy and acoustic quality. The research also
finds key office environment design requirements for sustainability, including measurable
parameters of satisfaction beyond traditional sustainability parameters. In a different re-
search study, Candido et al. (2010) [140] explore allowable air movement rates for naturally
ventilated buildings under tropical and humid climatic regions of Brazil. Empirical data
suggest minimum allowable air movement rates must not be lower than 0.4 m/s when
temperature levels rise up to 26 ◦C, with maximum allowable rates up to 0.9 m/s when
temperature levels rise up to 30 ◦C—at which point they approach or even exceed the
0.8 m/s upper limit stipulated by the American Society of Heating, Refrigeration, and
Air-Conditioning Engineers Standard 55 [141] for lightly clothed, sedentary occupants.
Empirical measurements also find systematic correlations between higher levels of ambient
temperature and greater air velocity tolerance among people, contradicting conventional
regulations of air movement under air-conditioned spaces. The interaction between temper-
ature and air movement illustrates the greater performance efficacy of adaptive ventilation
techniques under naturally ventilated spaces, with performance being optimized under
higher temperature and humid levels.

5.6. Psychological and Subjective Comfort Models (PSCMs)

One hundred fifty-four publications, related to occupants’ comfort, from the period
2002–2022 were evaluated in Faraji et al. (2023) [142]. The main examined parameters of the
study, related to occupant comfort assessment, were thermal, visual, acoustic and indoor air
quality. The analysis revealed that many studies focused only on one parameter until 2016,
and thereafter there is a significant trend toward a multicriteria approach and machine
learning. The investigation identifies significant research gaps, notably in building typology
diversity and tropical-climate contexts, whilst emphasizing requirements for longitudi-
nal measurements and physiologically-informed comfort models. This comprehensive
review provides methodological direction for future investigations aiming to optimize the
interplay between energy efficiency and occupant comfort. Machine-learning frameworks
developed by Kim et al. (2018) [143] enabled occupant-specific thermal preference mod-
eling through the analysis of behavioral data from temperature-controlled office seating.
Their probabilistic classification methodology achieved 73% median accuracy—exceeding
conventional thermal comfort indices—with Random Forest algorithms demonstrating
superior predictive capability. Analysis of feature importance identified personal comfort
system (PCS) as primary determinants of thermal preferences. These findings establish the
viability of data-driven comfort modeling for optimizing both environmental conditioning
efficiency and occupant thermal satisfaction. Wei et al. (2014) [144] established a systematic
classification of occupant-driven space-heating determinants, identifying 27 parameters
across environmental, architectural, behavioral and auxiliary domains. Their critical anal-
ysis revealed significant limitations in contemporary building performance simulation,
particularly regarding simplified heating–behavior algorithms that omit key parameters—
including occupant energy cognition and envelope thermal resistance. The investigation
advocates calibrated parameter integration to optimize simulation fidelity whilst managing
computational complexity. This work reinforces the need for performing quantitative be-
havioral studies for understanding the determinants affecting domestic energy use trends
and for gaining a better understanding of them. A rigorous statistical examination of
occupant satisfaction indicators for different building cohorts (n = 144) was performed
by Altomonte and Schiavon (2013) [145] between LEED-certified and non-certified build-
ings. The statistical assessment indicated there were not significant differences between
aggregated satisfaction indicators and office environment quality indicators. Though LEED
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certification had a marginal improvement in indoor air quality indicators, the indoor envi-
ronments in LEED-certified spaces had lower levels of occupant satisfaction with regard to
luminous environments. This systematic study challenges the hypothesized relationship
between certificate protocols and occupant-perceived office environment quality, hence
setting up significant implications for performance-oriented certificate protocols in sustain-
able design. Zhang et al. (2010) [146] created predictive equations for measuring thermal
comfort in environments with non-uniform and transient conditions, with data gathered
from measurements of 19 individual human body parts. Validated for use in vehicular
environments, these equations have the potential for making asymmetrical thermal envi-
ronments equal if not greater in terms of comfort and with greater efficiency compared to
environments of uniform distributions. By focusing on the individual human body part,
this research presents a wide range of methodologies for addressing improvements for
architectural and automotive thermal design improvements.

5.7. Section Summary and Implications Concerning Comfort Models

A critical review of comfort-related frameworks identified the holistic nature of occu-
pant comfort in the built environment. In that respect, optimal comfort would be considered
an integrated approach involving thermal, acoustic, visual, indoor air quality, and psycho-
logical parameters. While existing traditional models deal with each of these elements in
isolation from one another, complex, multidimensional interactions between the several
environmental factors participating in general occupant satisfaction and well-being can
hardly be addressed. The import information is summarized in Table 5.

Table 5. Classification of comfort-related modeling and analysis approaches.

Category Application Key Modeling Techniques Reference

Thermal Comfort
Model

Naturally Ventilated Buildings Adaptive comfort model, Regression
analysis [122]

Residential Buildings Computer simulations using TRNSYS [118]

Building Control Systems PMV method, Data-driven models,
Machine learning [117]

Office Buildings Field surveys, Statistical analysis [123]
Indoor Environment

Assessment
Temperature–Humidity indices
comparison [119]

General Building Design Heat-balance method, Adaptive
approach [120]

Building Standards
Development Adaptive algorithms, Field studies [121]

Acoustic Comfort
Model

Open-Plan Offices Speech Transmission Index modeling [127]
Multiple Environment Types Experimental laboratory studies [124]
Health Impact Assessment Stress hormone analysis [128]

Urban Soundscapes Perceptual modeling, Vibrancy
prediction [125]

Visual Comfort Model

Daylit Spaces Glare metrics, Radiance simulation [132]
Office Environments Spectral analysis, Circadian impact [131]

Daylight Environments CCD camera-based luminance mapping [133]
Window Shading Systems Modified DGP equation [130]

Office Lighting Control Adaptive algorithms, Machine learning [129]

Indoor Air Quality
Model

Non-industrial Workplaces Cost–benefit analysis [136]
Office Environments VOC assessment, Particle analysis [135]

Climate Chamber Studies Physiological response measurement [134]
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Table 5. Cont.

Category Application Key Modeling Techniques Reference

Integrated Comfort
Model

Multiple Building Types Field measurement studies review [137]
Office Environments Multi-factor interaction analysis [138]

LEED-certified Buildings Privacy and acoustic quality assessment [139]
Naturally Ventilated Buildings Air movement acceptability analysis [140]

Psychological and
Subjective Comfort

Model

General Building Assessment Meta-synthesis review [142]
Residential Buildings Behavioral analysis [144]

Office Buildings Machine learning, Personal comfort
systems [143]

LEED vs. Non-LEED
Buildings Occupant satisfaction surveys [145]

Non-uniform Environments Local comfort modeling [146]

Thermal Comfort Models (TCMs) span from static indices such as Fanger’s PMV and
PPD to adaptive models, taking as input the dynamic way occupants interact with their
thermal environment. Brager and de Dear (2001) and Nicol and Humphreys (2002) [121,122]
provided evidence of the role of psychological adaptation and personal control in naturally
ventilated buildings. Their inclusion in recent standards, such as ASHRAE Standard 55 and
ISO 7730, reflects the fact that, due to occupants’ behavioral adaptations and expectations,
occupants are able to accept a wider temperature range.

Acoustic Comfort Models (ACMs) identify sound as a significant parameter on oc-
cupant health and productivity. The model by Hongisto (2005) [127], proved that speech
intelligibility in open-plan offices decreases cognitive performance. According to Babisch,
2003 [128], with chronic noise exposure, the amount of stress hormones is increased, cre-
ating cardiovascular risks. This synthesis of acoustic comfort with other environmental
variables, according to Torresin et al. (2018) [124], indicates that acoustic metrics cannot be
considered in isolation but interrelate to thermal and visual contexts

Visual Comfort Models (VCMs) focus on both natural and artificial lighting and deal
with glare, daylighting, and other circadian issues, as well. New metrics for evaluation
such as the DGP developed by Wienold and Christoffersen (2006) [133] offer reliable tools
for assessing discomfort glare in rooms lit by daylight. Analyses by Jakubiec and Reinhart
(2012) and Bellia et al. (2014) [131,132] have revealed the need to consider a balance in the
use of daylight between utilization and visual comfort, taking into account both visible and
non-visible (photobiological) effects of the light on occupants.

Indoor Air Quality Models (IAQMs) are important tools used in assessing and improv-
ing environmental conditions that have a direct effect on the occupants’ health and comfort.
As Fisk and Seppanen (2007) [136] noted, improving indoor environmental quality leads to
significant economic benefits due to improved health and increased productivity. Wolkoff’s
2012 [135] review on indoor air pollutants highlights the complexity brought about by
indoor air quality problems and furthers stresses the need for accurate measurement and
mitigation methods grounded in standards such as ASHRAE Standard 62.1 [147] and ISO
16000 [148].

Integrated Comfort Models (ICMs) represent a holistic approach where a number of
comfort variables are interrelated. According to Huang et al. (2012) and Kakoulli et al.
(2022) [137,138], research has shown that cumulative effects are needed since both thermal
and noise variables have a great combined effect on general satisfaction with the indoor
environment. The employment of building performance simulation tools like EnergyPlus
and TRNSYS enhances the modeling of complicated interactions, enabling designers to
project and optimize multiple elements of comfort at the same time.
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Psychological and Subjective Comfort Models (PSCMs) focus on occupant perceptions
and satisfaction, recognizing that individual preferences and behaviors significantly in-
fluence comfort. Faraji et al. (2023) [142] highlight that while thermal comfort has been
extensively studied, there is a growing need to consider all aspects of comfort collectively.
Kim et al. (2018) [143], demonstrate that personal comfort models using machine learning
for predicting individual thermal preference result in better occupant satisfaction. POE and
principles of environmental psychology are also useful in understanding design elements
affecting occupants’ well-being.

Analysis results highlight standards and guidelines as the key drivers of comfort
models and construction methodologies. Important standards and guidelines, such as
ASHRAE Standards 55 [141] and 62.1 [147] and ISO 7730 [149] and EN 12464-1 [150],
provide a critical framework of assessment and design with respect to comfort. Indeed,
these standards involve both conventional and adaptive models, which, upon consideration,
offer flexibility toward meeting comfort standards in an expansive range of buildings and
climatic conditions.

In conclusion, comfort and sustainability in built environments are a result of an
integral approach in understanding the dynamic and interacting features of various comfort
variables. Future research would do well to continue exploring how these environmental
factors interact, develop occupant-specific comfort interventions, and refine modeling
approaches to capture occupant diversity and adaptive behaviors. This means that by
applying advanced modeling tools and adhering to evolving standards, designers and
engineers can maximize a building’s system interactions on behalf of the occupants to
produce a positive effect on well-being and productivity.

6. Conclusions
This manuscript examines the modeling approaches for the renovation of vertical

forest reinforced concrete buildings, taking into consideration four main aspects: structural,
energy, forestry, and occupant comfort. This new concept of architecture differs from tradi-
tional zero-energy building concepts in the way it embeds real forest ecosystems into urban
buildings, targeting high-density urban forestation with an attempt to bring sustainability
into urban areas, while embedding green infrastructure into an existing building stock. The
complexity of VF building systems necessitates a systematic understanding of domain in-
teractions. Figure 3 presents an integration matrix derived from this comprehensive review,
identifying 36 specific interaction points between structural, energy, forestry, and comfort
modeling approaches. The analysis demonstrates that 58% require high integration (direct
coupling) and 28% require medium integration (coordination), with only 14% involving
minimal or no interaction, emphasizing the need for coordinated multidisciplinary design
approaches rather than isolated domain-specific solutions.

Technical analysis in small subcomponent systems, renovated or not, is proposed
with advanced modeling techniques, such as advanced 3D finite element modeling using
Explicit Dynamics (e.g., ANSYS, ABAQUS) and complex material models for concrete,
steel, infill, mortar, and composites. This methodology couples structural integrity and
environmental benefits by using comprehensive modeling in the renovation of urban
buildings. For more extensive systems, including whole buildings or a group of buildings,
the use of sophisticated engineer packages, focused on a performance based approach
with advanced beam and truss elements, is proposed (e.g., OpenSees). This framework
will enable practitioners to better balance computational efficiency and accuracy, hence
allowing them to choose modeling approaches that best meet the project requirements,
available resources, and desired analytical outcomes.
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Figure 3. Domain interaction matrix for vertical forest building systems showing integration levels
between structural, energy, forestry, and occupant comfort modeling approaches. Classification based
on coupling requirements: high (direct coupling required); medium (coordination needed); low
(minimal interaction); and none (independent operation). Note: Double-headed arrows (↔) indicate
bidirectional data exchange between domain models.

During the literature review three primary forestry design parameters were identified:
root systems, trunks, and foliage. It is important to model the root system more carefully
because it is highly related to structural stability and soil–structure interaction. Detailed
analysis at the microscale of soil–root interfaces and their mechanical behavior provides
the essential inputs for the foundation of vertical forest buildings. Trunk modeling requires
biomechanical analysis for numerous loading conditions and growth patterns, whereas
foliage modeling has to take into consideration seasonal variations, wind loads, and the
dynamic nature of living systems. This multiscale approach, ranging from micro-level
soil–root interaction to macro-level structural considerations, provides a comprehensive
understanding of integrated forest elements in the built environment.

Energy system modeling has evolved for vertical forest buildings to include the
increasing intricacies of modern low-carbon transitions while maintaining transparency in
their decision-making processes. Models need to account for the peculiar integration of
vegetation with systems by considering natural shading, evaporative cooling, and seasonal
variations of energy demand. While open data and reproducible analysis strengthen model
credibility, the field acknowledges the inherent challenges in predicting long-term energy
performance of these innovative building systems.

Other important aspects include comfort modeling, which entails the thermal, acoustic,
visual, and air quality parameters of the buildings with forest elements incorporated within
them. The field has evolved from comfort modeling as static indices to adaptive models
that better reflect occupant–environment interactions. In the development of Thermal
Comfort Models (TCMs), special attention should be given to the varying microclimates-
integrated vegetation, humidity, air movement, and radiant temperature. Visual Comfort
Models (VCMs) must balance natural daylighting benefits with dynamic foliage shading
patterns, while Indoor Air Quality Models (IAQMs) must incorporate plant biological
processes and their impact on air quality. These comfort models integrated into the vertical
forest buildings provide modern insights into occupant well-being, integrating seasonal
variations and occupant behavioral patterns through Psycho-Social Comfort Models for an
integrated evaluation framework.

The combination of natural systems with built infrastructure has, indeed, great poten-
tial to define a path to more sustainable urban environments. Success in this area calls for
ongoing refinement of modeling approaches, validation through post-occupancy studies,
and the development of best practices for the design and implementation of vertical forest



Fibers 2025, 13, 101 33 of 41

buildings. Future research should focus on enhancing the integration and accuracy of
these different modeling approaches while maintaining practical applicability for design
professionals. The given comprehensive model framework demonstrates that living sys-
tems can be integrated into the structure of urban buildings while achieving optimum
structural performance, energy efficiency, and comfort for occupants using sophisticated
analytical techniques.

Despite the current in-depth analysis of numerical modeling, further research is
required to identify the biomechanical influence of trees on structural performance. A
practical application could include the construction of prototype physical and digital
buildings for research and optimization purposes. The specimens could help optimize
resilience against hazards, manage disaster risk, and educate students to increase societal
awareness. Finally, based on the results, practical guidelines for the renovation of existing
buildings into VFs considering combined structural, energy, forestry, and comfort aspects
could be generated.
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Appendix A
Informative section on main material properties for a performance-based analysis of

VF structures using the open-source FEM package OpenSees.

Table A1. Basic concrete models in OpenSees.

Model Name Description References

Concrete01

The Concrete01 material models a uniaxial concrete object following
the Kent–Scott–Park model with no tensile strength and features
degraded linear unloading/reloading stiffness. It is typically used to
simulate the nonlinear, inelastic behavior of concrete under
compressive loads, making it applicable for both static and
dynamic analyses.

[48,151,152].

Concrete02

The Concrete02 material is a uniaxial concrete material model with
linear tension softening that is generally adopted for the simulation of
nonlinear behavior under both static and dynamic loading conditions.
It incorporates provisions for tension softening, compressive
unloading/reloading stiffness, and damage developed.

[151–153].

Concrete04

Concrete04 is a uniaxial OpenSees material model, where the Popovics
model is considered for concrete in tension and compression, while the
degrading linear unloading/reloading stiffness is considered by the
Karsan–Jirsa’s model. The Concrete04 model can be used for nonlinear
and inelastic analysis because this model traces the development of
damage under cyclic loadings.

[48,151,152,154,155].
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Table A1. Cont.

Model Name Description References

Concrete06

Concrete06, a uniaxial concrete material that models both compressive
and tensile responses with nonlinear tension stiffening and
compressive curves based on the Thorenfeldt curve, is one of the most
used materials for both static and dynamic analyses while modeling
complex behaviors like tension cracking and compression damage.

[151,152,154,156,157].

Concrete07

The Concrete07 material is based on the model developed by Chang
and Mander. It is primarily applied for the simulation that involves
confined and unconfined concrete under cyclic loading and includes
simplified protocols for unloading and reloading. It is a versatile
model that can represent nonlinear and inelastic response in both static
and dynamic conditions for reinforced concrete elements with ease.

[151,152,158].

Concrete01
WithSITC

Material Concrete01WithSITC improved from the material of
Concrete01, takes into consideration “Stuff In The Cracks” (SITC),
defining the effect of microcrackings with regard to stiffness loss in
concrete under cyclic loading. This model describes nonlinear inelastic
behavior, and it allows for dynamic and static analysis of the damage.

[151,152,159].

Confined
Concrete01

The OpenSees material model ConfinedConcrete01 represents a
nonlinear concrete formulation that was developed in confined
concrete, including details regarding transverse reinforcement and
external Fiber Reinforced Polymer (FRP) wraps. It is intended for
performance modeling of confined concrete under both static and
dynamic loading conditions.

[151,152,155,160–162].

ConcreteD

ConcreteD is a one-dimensional element constitutive model of
concrete implemented in OpenSees, with its basis on the concrete
design code of China. Compressive and tensile behaviors of concrete
have been modelled by employing individual parameters of plasticity.

[151,152,155,163–166].

Table A2. Basic steel models in OpenSees.

Model Name Description References

Steel01

The Steel01 material model represents a uniaxial bilinear steel material
characterized by kinematic hardening and with the possibility of
isotropic hardening to simulate nonlinear and inelastic responses
under static as well as dynamic loading conditions.

[151,152,167]

Steel02
Material Steel02 is based on the Menegotto–Pinto model, enhanced
with an isotropic strain hardening rule that accounts for nonlinear and
inelastic responses caused by both static and dynamic loadings.

[151,152,167,168]

Steel4

Material Steel4 (uniaxial) combines the kinematic and isotropic
hardening mechanisms and provides nonsymmetrical behavior. It
gives an ultimate strength limit beyond which the material response
may be considered plastic. The model has been commonly used in
static and dynamic analyses.

[151,152]
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Table A2. Cont.

Model Name Description References

ReinforcingSteel

The ReinforcingSteel material is based on the Chang and Mander
model, adding some new functionality for buckling and fatigue based
on the Coffin–Manson relationship. It includes isotropic hardening, a
descending yield plateau, and the accumulation of plastic strain to
further refine simulations with respect to the behavior of reinforcing
steel bars. It has characteristic features concerning cyclic degradation
and fatigue modeling necessary for simulating the fatigue failure in
reinforcing bars.

[151,152]

Dodd_Restrepo

The Dodd–Restrepo steel material represents a uniaxial material model
of reinforcing steel developed to simulate the cyclic behavior of
reinforcement under both tensile and compressive stresses. The model
is particularly useful in analyzing the response of steel members under
seismic or cyclic loading, considering the Bauschinger effect, strain
hardening, and typical strain reversals developed during such
loadings.

[151,152,169]

Ramberg
OsgoodSteel

The Ramberg–Osgood steel material models the nonlinear stress–strain
relationship of structural steel using the Ramberg–Osgood relationship.
This will be useful in replicating hysteretic behavior for steel under
cyclic loading conditions. The Ramberg–Osgood model provides a
smooth transition from elastic to plastic behavior and plays a major
role in realistically representing the behavior of steel members under
repeated load reversals.

[151,152,170]

SteelMPF

SteelMPF represents an advanced version of the Menegotto–Pinto steel
model. This model represents a number of developments compared to
other steel models, such as Steel02, for example, with regard to cyclic
behavior handling and isotropic hardening. It finds a wide application
in the simulation of reinforced concrete (RC) elements, such as walls
and columns, under a reversed cyclic loading condition.

[151,152]

Steel01 Thermal

Material Steel01Thermal represents an upgraded version of the Steel01
material model, especially developed for the temperature-dependent
behavior of Eurocode 3. The main area of its application is the
thermomechanical analysis of the changes within mechanical
properties of steel at higher temperatures. This material model can be
utilized for both beam and column elements under thermal analyses,
especially in the case of thermal expansion evaluation or heat that is
considered to affect structural integrity.

[151,152]
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93. Moravčík, L’.; Vincúr, R.; Rózová, Z. Analysis of the Static Behavior of a Single Tree on a Finite Element Model. Plants 2021, 10,
1284. [CrossRef]

94. Dounar, S.; Iakimovitch, A.; Mishchanka, K.; Jakubowski, A.; Chybowski, L. FEA Simulation of the Biomechanical Structure
Overload in the University Campus Planting. Appl. Bionics Biomech. 2020, 2020, 8845385. [CrossRef] [PubMed]

95. Jackson, T.; Shenkin, A.; Wellpott, A.; Calders, K.; Origo, N.; Disney, M.; Burt, A.; Raumonen, P.; Gardiner, B.; Herold, M.; et al.
Finite Element Analysis of Trees in the Wind Based on Terrestrial Laser Scanning Data. Agric. For. Meteorol. 2019, 265, 137–144.
[CrossRef]

96. Jian, Z.; Bo, L.; Mingyue, W. Study on Windbreak Performance of Tree Canopy by Numerical Simulation Method. J. Comput.
Multiph. Flows 2018, 10, 259–265. [CrossRef]

97. Aly, A.M.; Fossati, F.; Muggiasca, S.; Argentini, T.; Bitsuamlak, G.; Franchi, A.; Longarini, N.; Crespi, P.; Chowdhury, A.G. Wind
Loading on Trees Integrated with a Building Envelope. Wind Struct. 2013, 17, 69–85. [CrossRef]

98. Mickovski, S.B.; Stokes, A.; Van Beek, R.; Ghestem, M.; Fourcaud, T. Simulation of Direct Shear Tests on Rooted and Non-Rooted
Soil Using Finite Element Analysis. Ecol. Eng. 2011, 37, 1523–1532. [CrossRef]

99. Wang, D.; Chen, D.; Wang, S.; Chen, Z.; Zhang, F. Analysis on Vibratory Harvesting Mechanism for Trained Fruit Tree Based on
Finite Element Method. Trans. Chin. Soc. Agric. Eng. 2017, 33, 56–62.

100. James, K.R.; Moore, J.R.; Slater, D.; Dahle, G.A. Tree Biomechanics. CABI Rev. 2018, 12(038), 1–11. [CrossRef]
101. Sagi, P.V. Foundation Effects of Trees Under Wind Loads. Ph.D. Thesis, The University of Western, London, ON, Canada, 2016.
102. Manso, M.; Castro-Gomes, J. Green Wall Systems: A Review of Their Characteristics. Renew. Sustain. Energy Rev. 2015, 41, 863–871.

[CrossRef]
103. Yang, M.; Défossez, P.; Danjon, F.; Fourcaud, T. Tree Stability under Wind: Simulating Uprooting with Root Breakage Using a

Finite Element Method. Ann. Bot. 2014, 114, 695–709. [CrossRef]
104. James, K.R.; Dahle, G.A.; Grabosky, J.; Kane, B.; Detter, A. Tree Biomechanics Literature Review: Dynamics. Arboric. Urban For.

2014, 40, 1–15. [CrossRef]
105. Crespi, P.; Franchi, A.; Longarini, N.; Aly, A.M. An Experimental Investigation of the Wind Forces on Trees. In Proceedings of the

39th IAHS World Congress on Housing, Changing Needs, Adaptative Buildings, Smart Cities, Milan, Italy, 17–20 September 2013.
106. Tankut, N.; Tankut, A.N.; Zor, M. Finite Element Analysis of Wood Materials. Drv. Ind. 2014, 65, 159–171. [CrossRef]
107. Raumonen, P.; Kaasalainen, M.; Åkerblom, M.; Kaasalainen, S.; Kaartinen, H.; Vastaranta, M.; Holopainen, M.; Disney, M.; Lewis,

P. Fast Automatic Precision Tree Models from Terrestrial Laser Scanner Data. Remote Sens. 2013, 5, 491–520. [CrossRef]
108. Chave, J.; Coomes, D.; Jansen, S.; Lewis, S.L.; Swenson, N.G.; Zanne, A.E. Towards a Worldwide Wood Economics Spectrum. Ecol.

Lett. 2009, 12, 351–366. [CrossRef]
109. Moore, J.R.; Maguire, D.A. Simulating the Dynamic Behavior of Douglas-Fir Trees under Applied Loads by the Finite Element

Method. Tree Physiol. 2008, 28, 75–83. [CrossRef] [PubMed]
110. Hu, X.; Tao, W.; Guo, Y. Using FEM to Predict Tree Motion in a Wind Field. J. Zhejiang Univ. Sci. A 2008, 9, 907–915. [CrossRef]
111. Dupuy, L.X.; Fourcaud, T.; Lac, P.; Stokes, A. A Generic 3D Finite Element Model of Tree Anchorage Integrating Soil Mechanics

and Real Root System Architecture. Am. J. Bot. 2007, 94, 1506–1514. [CrossRef]
112. Sellier, D.; Fourcaud, T.; Lac, P. A Finite Element Model for Investigating Effects of Aerial Architecture on Tree Oscillations. Tree

Physiol. 2006, 26, 799–806. [CrossRef]
113. Clair, B.; Fournier, M.; Prevost, M.F.; Beauchêne, J.; Bardet, S. Biomechanics of Buttressed Trees: Bending Strains and Stresses. Am.

J. Bot. 2003, 90, 1349–1356. [CrossRef] [PubMed]
114. Forest Products Laboratory Forest Inventory and Analysis Database. Available online: https://data-usfs.hub.arcgis.com/

documents/bc09d4e07dbb4d539a8e46dd3639b5fe/explore (accessed on 18 February 2025).
115. Zanne, A.E.; Lopez-Gonzalez, G.; Coomes, D.A.; Ilic, J.; Jansen, S.; Lewis, S.L.; Miller, R.B.; Swenson, N.G.; Wiemann, M.C.;

Chave, J. Data from: Towards a Worldwide Wood Economics Spectrum. Dryad 2009, 12, 351–366.
116. Forest Products Laboratory. Wood Handbook—Wood as an Engineering Material; U.S. Department of Agriculture, Forest Service,

Forest Products Laboratory: Madison, WI, USA, 2021; FPL-GTR-282; p. 543.
117. Grassi, B.; Piana, E.A.; Lezzi, A.M.; Pilotelli, M. A Review of Recent Literature on Systems and Methods for the Control of

Thermal Comfort in Buildings. Appl. Sci. 2022, 12, 5473. [CrossRef]
118. Davidsson, H.; Bernardo, R.; Hellström, B. Hybrid Ventilation with Innovative Heat Recovery—A System Analysis. Buildings

2013, 3, 245–257. [CrossRef]
119. Alfano, F.R.D.A.; Palella, B.I.; Riccio, G. Thermal Environment Assessment Reliability Using Temperature—Humidity Indices.

Ind. Health 2011, 49, 95–106. [CrossRef]
120. Djongyang, N.; Tchinda, R.; Njomo, D. Thermal Comfort: A Review Paper. Renew. Sustain. Energy Rev. 2010, 14, 2626–2640.

[CrossRef]
121. Nicol, J.F.; Humphreys, M.A. Adaptive Thermal Comfort and Sustainable Thermal Standards for Buildings. Energy Build. 2002,

34, 563–572. [CrossRef]

https://doi.org/10.3390/plants10071284
https://doi.org/10.1155/2020/8845385
https://www.ncbi.nlm.nih.gov/pubmed/33488766
https://doi.org/10.1016/j.agrformet.2018.11.014
https://doi.org/10.1177/1757482X18791901
https://doi.org/10.12989/was.2013.17.1.069
https://doi.org/10.1016/j.ecoleng.2011.06.001
https://doi.org/10.1079/PAVSNNR201712038
https://doi.org/10.1016/j.rser.2014.07.203
https://doi.org/10.1093/aob/mcu122
https://doi.org/10.48044/jauf.2014.001
https://doi.org/10.5552/drind.2014.1254
https://doi.org/10.3390/rs5020491
https://doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1093/treephys/28.1.75
https://www.ncbi.nlm.nih.gov/pubmed/17938116
https://doi.org/10.1631/jzus.A0720035
https://doi.org/10.3732/ajb.94.9.1506
https://doi.org/10.1093/treephys/26.6.799
https://doi.org/10.3732/ajb.90.9.1349
https://www.ncbi.nlm.nih.gov/pubmed/21659235
https://data-usfs.hub.arcgis.com/documents/bc09d4e07dbb4d539a8e46dd3639b5fe/explore
https://data-usfs.hub.arcgis.com/documents/bc09d4e07dbb4d539a8e46dd3639b5fe/explore
https://doi.org/10.3390/app12115473
https://doi.org/10.3390/buildings3010245
https://doi.org/10.2486/indhealth.MS1097
https://doi.org/10.1016/j.rser.2010.07.040
https://doi.org/10.1016/S0378-7788(02)00006-3


Fibers 2025, 13, 101 40 of 41

122. Brager, G.S.; De Dear, R. Climate, Comfort, & Natural Ventilation: A New Adaptive Comfort Standard for ASHRAE Standard 55; UC
Berkeley Center for the Built Environment: Berkeley, CA, USA, 2001.

123. Raja, I.A.; Nicol, J.F.; McCartney, K.J.; Humphreys, M.A. Thermal Comfort: Use of Controls in Naturally Ventilated Buildings.
Energy Build. 2001, 33, 235–244. [CrossRef]

124. Torresin, S.; Pernigotto, G.; Cappelletti, F.; Gasparella, A. Combined Effects of Environmental Factors on Human Perception and
Objective Performance: A Review of Experimental Laboratory Works. Indoor Air 2018, 28, 525–538. [CrossRef]

125. Aletta, F.; Kang, J. Towards an Urban Vibrancy Model: A Soundscape Approach. Int. J. Environ. Res. Public Health 2018, 15, 1712.
[CrossRef] [PubMed]

126. ISO 12913-1:2014; Acoustics—Soundscape—Part 1: Definition and Conceptual Framework. International Organization for
Standardization: Geneva, Switzerland, 2014.

127. Hongisto, V. A Model Predicting the Effect of Speech of Varying Intelligibility on Work Performance. Indoor Air 2005, 15, 458–468.
[CrossRef] [PubMed]

128. Babisch, W. Stress Hormones in the Research on Cardiovascular Effects of Noise. Noise Health 2003, 5, 1–11. [PubMed]
129. Gunay, H.B.; O’Brien, W.; Beausoleil-Morrison, I.; Gilani, S. Development and Implementation of an Adaptive Lighting and

Blinds Control Algorithm. Build. Environ. 2017, 113, 185–199. [CrossRef]
130. Konstantzos, I.; Tzempelikos, A. Daylight Glare Evaluation with the Sun in the Field of View through Window Shades. Build.

Environ. 2017, 113, 65–77. [CrossRef]
131. Bellia, L.; Pedace, A.; Barbato, G. Daylighting Offices: A First Step toward an Analysis of Photobiological Effects for Design

Practice Purposes. Build. Environ. 2014, 74, 54–64. [CrossRef]
132. Jakubiec, J.; Reinhart, C. The ‘Adaptive Zone’—A Concept for Assessing Discomfort Glare throughout Daylit Spaces. Light. Res.

Technol. 2012, 44, 149–170. [CrossRef]
133. Wienold, J.; Christoffersen, J. Evaluation Methods and Development of a New Glare Prediction Model for Daylight Environments

with the Use of CCD Cameras. Energy Build. 2006, 38, 743–757. [CrossRef]
134. Liu, W.; Zhong, W.; Wargocki, P. Performance, Acute Health Symptoms and Physiological Responses during Exposure to High

Air Temperature and Carbon Dioxide Concentration. Build. Environ. 2017, 114, 96–105. [CrossRef]
135. Wolkoff, P. Indoor Air Pollutants in Office Environments: Assessment of Comfort, Health, and Performance. Int. J. Hyg. Environ.

Health 2013, 216, 371–394. [CrossRef]
136. Fisk, W.; Seppanen, O. Providing Better Indoor Environmental Quality Brings Economic Benefits; Lawrence Berkeley National

Laboratory: Berkeley, CA, USA, 2007.
137. Kakoulli, C.; Kyriacou, A.; Michaelides, M.P. A Review of Field Measurement Studies on Thermal Comfort, Indoor Air Quality

and Virus Risk. Atmosphere 2022, 13, 191. [CrossRef]
138. Huang, L.; Zhu, Y.; Ouyang, Q.; Cao, B. A Study on the Effects of Thermal, Luminous, and Acoustic Environments on Indoor

Environmental Comfort in Offices. Build. Environ. 2012, 49, 304–309. [CrossRef]
139. Lee, Y.S. Office Layout Affecting Privacy, Interaction, and Acoustic Quality in LEED-Certified Buildings. Build. Environ. 2010, 45,

1594–1600. [CrossRef]
140. Cândido, C.; De Dear, R.J.; Lamberts, R.; Bittencourt, L. Air Movement Acceptability Limits and Thermal Comfort in Brazil’s Hot

Humid Climate Zone. Build. Environ. 2010, 45, 222–229. [CrossRef]
141. ASHRAE ANSI/ASHRAE Standard 55-2020; Thermal Environmental Conditions for Human Occupancy. American Society of

Heating, Refrigerating and Air-Conditioning Engineers: Atlanta, GA, USA, 2020.
142. Faraji, A.; Rashidi, M.; Rezaei, F.; Rahnamayiezekavat, P. A Meta-Synthesis Review of Occupant Comfort Assessment in Buildings

(2002–2022). Sustainability 2023, 15, 4303. [CrossRef]
143. Kim, J.; Zhou, Y.; Schiavon, S.; Raftery, P.; Brager, G. Personal Comfort Models: Predicting Individuals’ Thermal Preference Using

Occupant Heating and Cooling Behavior and Machine Learning. Build. Environ. 2018, 129, 96–106. [CrossRef]
144. Wei, S.; Jones, R.; De Wilde, P. Driving Factors for Occupant-Controlled Space Heating in Residential Buildings. Energy Build.

2014, 70, 36–44. [CrossRef]
145. Altomonte, S.; Schiavon, S. Occupant Satisfaction in LEED and Non-LEED Certified Buildings. Build. Environ. 2013, 68, 66–76.

[CrossRef]
146. Zhang, H.; Arens, E.; Huizenga, C.; Han, T. Thermal Sensation and Comfort Models for Non-Uniform and Transient Environments,

Part II: Local Comfort of Individual Body Parts. Build. Environ. 2010, 45, 389–398. [CrossRef]
147. ASHRAE ANSI/ASHRAE Standard 62.1-2022; Ventilation and Acceptable Indoor Air Quality. ASHRAE: Atlanta, GA, USA, 2022.
148. ISO 16000-1:2004; Indoor Air—Part 1: General Aspects of Sampling Strategy. International Organization for Standardization:

Geneva, Switzerland, 2004.
149. ISO 7730:2005; Ergonomics of the Thermal Environment—Analytical Determination and Interpretation of Thermal Comfort Using

Calculation of the PMV and PPD Indices and Local Thermal Comfort Criteria. International Organization for Standardization:
Geneva, Switzerland, 2005.

https://doi.org/10.1016/S0378-7788(00)00087-6
https://doi.org/10.1111/ina.12457
https://doi.org/10.3390/ijerph15081712
https://www.ncbi.nlm.nih.gov/pubmed/30103394
https://doi.org/10.1111/j.1600-0668.2005.00391.x
https://www.ncbi.nlm.nih.gov/pubmed/16268835
https://www.ncbi.nlm.nih.gov/pubmed/12631430
https://doi.org/10.1016/j.buildenv.2016.08.027
https://doi.org/10.1016/j.buildenv.2016.09.009
https://doi.org/10.1016/j.buildenv.2013.12.021
https://doi.org/10.1177/1477153511420097
https://doi.org/10.1016/j.enbuild.2006.03.017
https://doi.org/10.1016/j.buildenv.2016.12.020
https://doi.org/10.1016/j.ijheh.2012.08.001
https://doi.org/10.3390/atmos13020191
https://doi.org/10.1016/j.buildenv.2011.07.022
https://doi.org/10.1016/j.buildenv.2010.01.007
https://doi.org/10.1016/j.buildenv.2009.06.005
https://doi.org/10.3390/su15054303
https://doi.org/10.1016/j.buildenv.2017.12.011
https://doi.org/10.1016/j.enbuild.2013.11.001
https://doi.org/10.1016/j.buildenv.2013.06.008
https://doi.org/10.1016/j.buildenv.2009.06.015


Fibers 2025, 13, 101 41 of 41

150. EN 12464-1; Light and Lighting—Lighting of Work Places—Part 1: Indoor Work Places. European Committee for Standardization:
Brussels, Belgium, 2021.

151. McKenna, F. OpenSees: A Framework for Earthquake Engineering Simulation. Comput. Sci. Eng. 2011, 13, 58–66. [CrossRef]
152. Mazzoni, S.; McKenna, F.; Scott, M.H.; Fenves, G.L. OpenSees Command Language Manual; Pacific Earthquake Engineering Research

(PEER) Center: Berkeley, CA, USA, 2006.
153. Yassin, M.H. Nonlinear Analysis of Prestressed Concrete Structures Under Monotonic and Cyclic Loads. Ph.D. Thesis, University

of California, Berkeley, CA, USA, 1994.
154. Popovics, S. A Numerical Approach to the Complete Stress-Strain Curve of Concrete. Cem. Concr. Res. 1973, 3, 583–599. [CrossRef]
155. Karsan, I.D.; Jirsa, J.O. Behaviour of Concrete under Compressive Loadings. J. Struct. Div. 1969, 95, 2543–2563. [CrossRef]
156. Belarbi, H.; Hsu, T.C.C. Constitutive Laws of Concrete in Tension and Reinforcing Bars Stiffened by Concrete. ACI Struct. J. 1994,

91, 465–474. [CrossRef]
157. Palermo, D.; Vecchio, F.J. Compression Field Modeling of Reinforced Concrete Subjected to Reversed Loading: Formulation. ACI

Struct. J. 2003, 100, 616–625. [CrossRef]
158. Chang, G.A.; Mander, J.B. Seismic Energy Based Fatigue Damage Analysis of Bridge Columns: Part I—Evaluation of Seismic Capacity;

State University of New York: Buffalo, NY, USA, 1994.
159. Stanton, J.F.; McNiven, H.D. The Development of a Mathematical Model to Predict the Flexural Response of Reinforced Concrete Beams to

Cyclic Loads, Using System Identification; Earthquake Engineering Research Center: Berkeley, CA, USA, 1979.
160. Attard, M.M.; Setunge, S. Stress-Strain Relationship of Confined and Unconfined Concrete. Mater. J. ACI 1996, 93, 432–444.
161. Braga, F.; Gigliotti, R.; Laterza, M. Analytical Stress-Strain Relationship for Concrete Confined by Steel Stirrups and/or FRP

Jackets. J. Struct. Eng. 2006, 132, 1402–1416. [CrossRef]
162. D’Amato, M. Analytical Models for Non Linear Analysis of RC Structures: Confined Concrete and Bond-Slips of Longitudinal

Bars. Ph.D. Thesis, University of Basilicata, Potenza, Italy, 2009.
163. GB 50010-2010; Code for Design of Concrete Structures. China Architecture & Building Press: Beijing, China, 2010.
164. Wu, J.Y.; Li, J.; Faria, R. An Energy Release Rate-Based Plastic-Damage Model for Concrete. Int. J. Solids Struct. 2006, 43, 583–612.

[CrossRef]
165. Zeng, S.J. Dynamic Experimental Research and Stochastic Damage Constitutive Model for Concrete. Ph.D. Thesis, Tongji

University, Shanghai, China, 2012.
166. Ren, X. Multi-Scale Based Stochastic Damage Constitutive Theory for Concrete. Ph.D. Thesis, Tongji University, Shanghai, China,

2010. (In Chinese)
167. Filippou, F.C.; Popov, E.P.; Bertero, V.V. Effects of Bond Deterioration on Hysteretic Behavior of Reinforced Concrete Joints; Technical

Report No. UCB/EERC-83/19; National Technical Information Service, U.S. Department of Commerce: Springfield, VA, USA,
1983.

168. Menegotto, M. Method of Analysis for Cyclically Loaded RC Plane Frames Including Changes in Geometry and Non-Elastic
Behavior of Elements under Combined Normal Force and Bending. In Proceedings of the PIABSE Symposium on Resistance and
Ultimate Deformability of Structures Acted on by Well Defined Repeated Loads, Lisbon, Portugal, 1973; Volume 11, pp. 15–22.

169. Dodd, L.L.; Restrepo-Posada, J.I. Model for Predicting Cyclic Behavior of Reinforcing Steel. J. Struct. Eng. 1995, 121, 433–445.
[CrossRef]

170. Ramberg, W. Description of Stress-Strain Curves by Three Parameters. U.S. Patent NACA-TN-902, 1 July 1943.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/MCSE.2011.66
https://doi.org/10.1016/0008-8846(73)90096-3
https://doi.org/10.1061/JSDEAG.0002424
https://doi.org/10.14359/4154
https://doi.org/10.14359/12803
https://doi.org/10.1061/(ASCE)0733-9445(2006)132:9(1402)
https://doi.org/10.1016/j.ijsolstr.2005.05.038
https://doi.org/10.1061/(ASCE)0733-9445(1995)121:3(433)

	Introduction 
	Retrofit Models 
	Textile-Reinforced Mortar (TRM) 
	Seismic Joints and Infill Strengthening 
	Fiber-Reinforced Polymer (FRP) 
	Green Concrete and Other Composites 
	Section Summary and Implications Concerning Structural Retrofit Models 

	Energy Renovation Models for VF Building Results 
	System-Wide Energy Models 
	Regional Analysis Models 
	Demand and Consumption Models 
	Renewable Energy Integration 
	Methodology and Tools 
	Feasibility and Planning 
	Section Summary and Implications Concerning Energy Models 

	Forestry Models 
	State of the Art on Forestry Models 
	Section Summary and Implications Concerning Forestry Models 

	Comfort-Related Models 
	Thermal Comfort Models (TCMs) 
	Acoustic Comfort Models (ACMs) 
	Visual Comfort Models (VCMs) 
	Indoor Air Quality Models (IAQMs) 
	Integrated Comfort Models (ICMs) 
	Psychological and Subjective Comfort Models (PSCMs) 
	Section Summary and Implications Concerning Comfort Models 

	Conclusions 
	Appendix A
	References

