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Highlights

What are the main findings?

A total of 117 PHA-coated wall systems were evaluated via dynamic simulations.
P3HD achieved the lowest annual energy use and CO, emissions.

P3HB4HB ranked highest in overall material performance by MUNRA

Thermal conductivity strongly depended on polymer crystallinity.

XPS-insulated wall systems showed the best energy performance.

What are the implications of the main findings?

o  Low-crystallinity PHAs can improve building energy efficiency.

e  PHA coatings offer sustainable alternatives for fagade applications.
e  Material crystallinity is critical for coating selection decisions.

e Integrated simulation-MADA supports sustainable material design.

e  Bio-based coatings can reduce environmental impacts in buildings.

Abstract

An approach for the thermo-energy and environmental evaluation of polyhydroxyalkanoate
(PHA)-based biopolymer coatings in green building envelopes is presented in this study.
A boutique hotel designed for Antalya, Tiirkiye, was selected as a case study, and 117 multi-
layer wall composites assemblies incorporating 13 different PHA-based coatings were
evaluated. The thermal conductivity values were predicted by a crystallinity-dependent
semi-empirical equation and used in dynamic building simulations with Integrated Envi-
ronmental Solutions—Virtual Environment (IES-VE) to predict the annual energy use and
CO, emissions. The performance of material was evaluated based on biodegradability,
density, crystallinity, thermal stability, and mechanical properties by using the integrated
LOGSTA-LODECI weighting and MUNRA ranking techniques. P3HB4HB showed the
best overall material performance, in contrast to P3HB, which had the lowest energy re-
quirement and emissions. The findings emphasize crystallinity as a key determinant for
material and building energy performance.

Keywords: PHAs; biopolymers; bio-based polymer coatings; building cladding; energy
efficiency; MADA (multi-attribute decision-approach)
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1. Introduction

Buildings use cladding systems as the outermost layer of the exterior to improve the
building’s aesthetic appearance and protect them from weathering. The basic purpose
of cladding is to protect the building envelope from weather-related elements like water
penetration, solar radiation, wind pressure, and temperature variations, thereby maintain-
ing the structural stability and extending the life of service of building [1-3]. In modern
construction, the function of cladding, however, has changed drastically to more than just
protection and visual appeal. The increasing worldwide energy demand and concerns over
climate change have led to building envelopes being considered as fundamental elements
in the design and realization of energy-efficient buildings [4-6]. Therefore, enhancing
the thermal performance of building envelope systems has gained great importance in
sustainable building design and engineering.

The building industry accounts for over 40% of worldwide energy use and greenhouse
gas emissions, which necessitates the demand for eco-friendly material alternatives [7-9].
In this regard, the choice of cladding materials is crucial to reducing the energy needed
for buildings and the associated environmental burden. Traditional cladding materials
such as metals, concrete, glass, and petroleum-based polymers have been employed in
the past due to their mechanical properties, reliability, and environmental stability [10-12].
Despite these advantages, they also have severe limitations, from a sustainability point of
view, such as high embodied energy, dependence on non-renewable fossil resources, and
challengeable end-of-life recyclability [13-15].

In particular, polymer-based cladding materials, which are petrochemical-based, are
challenging from an environmental standpoint. Their production involves energy use and
greenhouse gas emissions, and they are resistant to biodegradation, resulting in long-term
environmental persistence and accumulation in solid waste. In addition, thermal degrada-
tion in incineration or accidental burning can liberate dangerous and toxic substances into
the environment and to human health [16-18]. These limitations highlight the challenge
to find new materials that satisfy both performance and sustainability aspects. Bio-based
polymeric materials have thus been considered an attractive candidate to facilitate green
building development in this aspect [19-21].

Biopolymers are polymers produced from natural monomers obtained from renew-
able biological resources or their waste products and are considered among the most
promising alternatives to the fossil fuel-based synthetic polymers. Cellulose, starch-based
polymers, lignin, chitin, and protein-based polymers possess beneficial characteristics
such as biodegradability, renewability, potential for carbon sequestration, and low energy
consumption during their processing [22-25]. These features make biopolymers promis-
ing candidates to minimize the environmental impacts of the building materials while
controlling their performance. In addition, the development of hybrid systems based on
biopolymers and synthetic polymers has led to novel composite materials with improved
mechanical properties, enhanced stability, and tailored degradation [26-28].

Although these features are promising, most of the current studies have been concen-
trated on applications in packaging and biomedical and automotive sectors, and limited
attention has been paid to building envelope systems [29-31]. This gap is more important
because of the increasing need for sustainable facade materials that enhance energy and
environmental performance. The global biopolymer market is also observing faster growth
from North America and Europe due to increasing populations in these regions and rising
environmental concerns, which is expected to register a CAGR of around 11.07% for a
period from 2021 to 2030, with a revenue of USD 13.7 billion in 2021 to USD 35.25 billion by
2030 [32]. The trend is highlighting the importance of biopolymer applications, mainly in
the construction sector.
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Among the numerous biopolymer types, the class of polyhydroxyalkanoates (PHAs) has
become one of the most promising candidates due to its unique combination of thermoplastic
nature, biodegradability, and adjustable physicochemical characteristics [33-35]. PHAs can be
biosynthesized by a diversity of microbes through renewable carbon feedstocks like sugars
and agricultural residues and may thereby be highly integrated into circular economy schemes.
The most well-known member of this class, poly(3-hydroxybutyrate) (PHB)’s crystallinity is
very high, and its mechanical properties are comparable to those of the conventional polymers
like polypropylene, though with relatively lower ductility [36-38].

Apart from the favorable mechanical properties, PHAs are intrinsically hydrophobic
and chemically stable, which leads to a low requirement for extra surface modifiers and a
reduction in unwanted interactions with substrates. These materials” biodegradability in the
environment is a further advantage to apply them for sustainable coating systems [39—41].
Such properties make the PHA material an especially good candidate for an exterior cladding
coating, where a durable and environmentally friendly solution is a must.

In addjition to construction-related applications, PHAs have been studied extensively
in a wide range of other areas such as biomedical relevance, drug delivery, tissue engi-
neering, and additive manufacturing technologies, further illustrating their potential and
flexibility [42—44]. New developments have also pointed out their potential for innovative
applications, as in flexible electronics and transient devices, which further support the
vision of these materials as multi-functional candidates for future technology [45-47].

However, even if a number of studies have been conducted on PHAs, they are mostly
focused on single-material assessments and fail to thoroughly investigate the layered per-
formance of a range of PHA-based materials applied as whole-building envelope systems.
Specifically, there are no long-term, full-scale studies of the thermal performance of multi-layer
wall systems with various PHA-based finishes exposed to real climate conditions.

The thermophysical properties of cladding materials also play a significant role in
the determination of the overall energy efficiency of a building. Among these properties,
thermal conductivity is considered most influential on heat transfer through building
envelopes. However, experimental thermal conductivity results of many PHA-based mate-
rials are scarce or do not exist, thus requiring accurate methods to estimate them. Several
semi-empirical models that are based on the structure of the material (e.g., crystallinity-
dependent models) are available to estimate the heat transfer behavior based on the contri-
butions of the amorphous and crystalline states.

Also, choosing materials for use in a building is a multi-faceted and sometimes com-
peting response to diverse attributes such as thermal performance, mechanical behavior,
environmental performance, and cost. Recently, MADA methods have been increasingly
applied toward addressing such complex decision-approach problems and for the sys-
tematic evaluation and ranking of alternative materials. The coupling of material thermal
modeling at the microscopic level, building energy simulation at the macroscopic level,
and MADA at the decision level for bio-based cladding materials is still a novelty.

Although there is increasing interest in bio-based polymers for green building, a num-
ber of gaps remain unresolved. Most of the previous work has focused on PHA materials
in terms of synthesis, physicochemical characteristics, biodegradability, or mechanical
properties, and relatively few studies have been devoted to examining their effect on the
thermo-energy performance of building envelope systems. To date, studies have focused
on material characterization and building energy performance separately, and few of the
existing approaches have considered material characterization, dynamic energy simulation,
and MADA as one common evaluation framework. As a result, there is still the need for
methodologies that can effectively select optimal PHA-based coating materials by concur-
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rently assessing their thermal properties, energy performance, environmental implications,
and decision-making quality under the same building operating conditions.

To fill these gaps, the study at hand introduces a holistic Life Cycle Material As-
sessment (LCMA) approach consisting of (i) crystallinity-dependent thermal conductiv-
ity estimation, (ii) dynamic whole-building energy simulation with IES-VE, and (iii) the
LOGSTA-LODECI-MUNRA MADA. Instead of focusing on inherent material properties
or building performance alone, the developed screening process and decision framework
creates a direct and systematic link between thermal behavior at the material level and
energy performance at the building level, and can be used as a powerful aid in selecting
suitable bio-based coating materials. To our knowledge, this work is the first to perform a
simultaneous comparison of 13 PHA-based coating materials for 117 wall configurations
by the application of this integrated approach.

In contrast to prior analyses that have typically considered PHA materials from ei-
ther the materials science or building energy viewpoints, this study introduces a holistic
decision support framework, tailored by crystallinity-dependent thermal conductivity
prediction and integrated with dynamic whole-building energy simulation (IES-VE) and
LOGSTA-LODECI-MUNRA multi-criteria decision analysis in a single procedure. Instead
of material properties analysis or operational energy evaluation, the present methodol-
ogy is a total approach for initial selection and classification of bio-based coating mate-
rials based on their thermos-energetic and environmental performances under the same
operating environment.

The originality of this work is not to state that a thin bio-based coating could have
a significant impact on whole-building energy demand, but to present a comparative,
reproducible analysis framework within which the most promising PHA coating candidates
can be evaluated under the same simulation conditions. With the combination of theoretical
thermal-property estimation, along with dynamic building energy simulation and advanced
multi-criteria decision analysis, this work makes it possible to systematically compare
alternative PHA formulations before experimental processing. Moreover, the proposed
approach delivers a (bio-based) coatings material-benchmarking example between various
sustainable building enclosure systems that has the potential to be further developed for
low-carbon, circular economy-based building materials in the future.

In order to fill these gaps, this paper is dedicated to an integrated and holistic method-
ology to assess PHA-based biopolymer coatings for use in building exterior walls. Based
on the degree of crystallinity, thermal conductivity of the selected materials is predicted
through a semi-empirical model, and their performance under a multi-layer wall system
and real-life climatic conditions is evaluated. Building energy simulation tools are used to
evaluate the performances of a total of 117 alternative designs, and their performances are
ranked using multi-attribute decision-approach techniques.

Results may offer new perspectives on bio-based polymer coatings as sustainable so-
lutions to enhance building energy efficiency and green building solutions, thus providing
building materials developers with useful information for the building environment.

Thus, the study is conceived as a theoretical screening analysis combining semi-
empirical thermal conductivity modeling, dynamic building energy modeling, and multi-
criteria decision-making to single out potential PHA-based coating materials for follow-up
result verification.

2. Materials and Methods

In this section, the selection of PHA-based biopolymer materials that are suitable for
replacing conventional materials in exterior wall coating applications is reported in terms
of properties and decision attributes. The work is dedicated to a representative collection
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of homopolymer and copolymer PHA derivatives in order to achieve an all-encompassing
study of their structural, thermic, and mechanical properties.

2.1. Classification of PHA-Based Polymers

PHAs are a broadly applicable family of biodegradable thermoplastic polymers with
different monomer compositions and side-chain group structures. The evaluated PHA-based
polymers: chemical structure and side-chain properties are reported in Table 1 [48-55].

Table 1. Chemical structure classification and side-chain characteristics of evaluated PHA-based

polymers.
Abbreviation Chemical Name Structure Side Classes
PHBO Poly(3-hydroxybutyrate-co-3-hydroxyoctanoate) Copolymer Methyl/Heptyl
PHBHHX Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) Copolymer Methyl/Propyl
P3HB4HB Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) Copolymer Methyl/Hydrogen
PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) Copolymer Methyl/Ethyl
P3HD Poly(3-hydroxydecanoate) Homopolymer Heptyl
P3HN Poly(3-hydroxynonanoate) Homopolymer Hexyl
P3HO Poly(3-hydroxyoctanoate) Homopolymer Pentyl
P3HHp Poly(3-hydroxyheptanoate) Homopolymer Butyl
P3HV Poly(3-hydroxyvalerate) Homopolymer Ethyl
P4HB Poly(4-hydroxybutyrate) Homopolymer Hydrogen
P3HB Poly(3-hydroxybutyrate) Homopolymer Methyl

The chosen polymers include homopolymers (such as P3HB, P4HB, and P3HV) and
copolymers (such as PHBV, PHBHHXx, and PHBO), offering the opportunity to investigate
differences in structure—property relationships. Particularly, side-chain length modification
[from short-chain groups (methyl, ethyl) to medium-chain groups (hexyl, heptyl)] is a key
factor influencing crystallinity, flexibility, and thermal properties.

Copolymerization has been established to decrease crystallinity and, therefore, en-
hance ductility, whereas homopolymers generally have greater stiffness and thermal stabil-
ity properties. Hence, the use of the two types of polymers makes possible a fair comparison
of the mechanical strength and the flexibility—both properties are necessary for the exterior
cladding to withstand the environmental loading.

2.2. Thermal Conductivity Prediction Using the Semi-Empirical Model

In this work, the thermal conductivity of PHA-based polymers was not directly
accessible for all types; thus, a semi-empirical method was applied. The model assumes
that (semi-crystalline) polymers are composed of two phases, a dual-phase system with an
amorphous phase and a crystalline phase, where heat transport is different in each phase.
The effective thermal conductivity (k) of a semi-crystalline polymer can be calculated by
using the rule-of-mixtures strategy:

k= ka(1— Xo) + ke(Xo)

where k; and k; are the thermal conductivities of the amorphous and crystalline phases,
respectively, and X, is the crystallinity fraction. Crystallinity is calculated as below.

X, = crystallinity (0 —1)
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This expression is borrowed from the classical theory of composites, in which the
matter is considered a two-phase system having parallel heat conduction channels. Be-
cause crystalline regions have more ordered molecular structures, phonon transport is
more efficient, which leads to higher thermal conductivity in crystalline regions than in
amorphous regions.

It is necessary to point out that the developed semi-empirical model based on crys-
tallinity is intended to be a theoretical screening method and not a complete predictive
model for real coating systems. While crystallinity is a primary factor that controls heat
transfer in semi-crystalline polymers, other factors, such as molecular orientation, crys-
talline morphology, porosity, additives, processing history, moisture uptake, aging, and
coating—substrate interfacial effects, may also affect effective thermal conductivity. These
variables were deliberately neglected to allow for a fair comparison of the PHA materials
studied. Hence, the predicted values of thermal conductivity are to be regarded as rela-
tive estimates for the sake of material screening and not as accurate values of the coating
performance in service.

2.3. Building Energy Simulation Framework

The thermos-energetic performance of the proposed multi-layer wall systems was
quantitatively analyzed by dynamic building energy simulations in the IES-VE platform.
The simulation platform was intended to provide a direct connection between the material
thermal characterization and the whole-building energy performance under real operating
conditions [56].

The case study draws on a reference building model that serves as a mini boutique
hotel and is tailored to the climate requirements of Antalya. The building model was
the same for all the simulations for consistency and to avoid any confounder effects: the
building shape, orientation, envelope (except for the wall under study), internal heat
gains, occupancy schedule, and HVAC (Heating, Ventilation, and Air Conditioning) operation
schedule were predefined and fixed for all the runs. This controlled setup allowed for an
isolated analysis of the effect of changes in wall material on total building energy load [57].

In total, 117 different wall systems were formulated by adding various PHA-based
coating materials and multi-layer wall systems. To each layer were attributed the thermo-
physical properties, among which the most important were those of thermal conductivity
(which were obtained through the semi-empirical model that depends on crystallinity
that is explained in Section 3.1). Additional material properties, such as density and heat
capacity, were taken into consideration to simulate building material moisture dynamics,
as well as transient heat transfer and thermal inertia effects in the building envelope.

The simulations assumed typical weather-year climate data for the selected site, and
seasonal and diurnal thermal loads were analyzed. The transient solution of heat transfer
in the building envelope under dynamic boundary conditions and coupled heat exchange
modes was developed based on transient conduction theory.

Figure 1 shows the climatic boundary conditions of Antalya, which is used as the
input for building the energy simulations in this study. The preliminary screening a cooling
domination, as observed in the temperature profile where dry-bulb temperatures are high
during the summer period while relatively moderate winters give low heating requirements.
The difference between the dry-bulb and the wet-bulb temperatures indicates the effect
of the humidity that is characteristic of the Mediterranean climate. It can be seen on the
sun-path diagram that there is strong solar radiation all year long and more strongly in
summer. This highlights the importance of building envelope systems in maintaining
thermal stability. Therefore, the thermal properties of the bio-based polymer coatings over
the door can be considered a factor to enhance energy efficiency overall.
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Figure 1. The climatic condition used in the IES-VE energy simulations for a building in Antalya,
Tiirkiye. (a) Average monthly dry-bulb and wet-bulb temperature profiles of the typical meteorolog-
ical year used for the simulations. (b) Annual variation in a sun-path diagram with solar altitude
and azimuth angles, which are used to define the seasonal variation in solar radiation incident on
the building surface. These climate variables are also the boundary conditions to be applied in the
analysis of the thermo-energetic performance of 117 PHA-coated wall assemblies.
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Figure 2 shows the annual power consumption variations for Type 1 and Type 117
building models in three dimensions on an hourly and monthly basis. According to the IES-
VE simulation results, both models show a distinct seasonal trend in power consumption
throughout the year. It is particularly noteworthy that power consumption drops to
minimum levels during the summer months (June-August) and reaches maximum values
during the winter months (December—February).

Power (kW)

Power (kW)

Sep

Jut Aug
May, Jun
Mar AP Date:' Wed 01/Jan to Wed 31/Dec

(b)

Figure 2. Annual power consumption distribution obtained using IES-VE software: (a) three-
dimensional representation of hourly variations for the Type 1 building model and (b) Type 117
building model.

Figure 3 shows the architectural design, digital model, and solar radiation analysis of
the case-study mini boutique hotel. The building envelope is formed by a multi-layered
system (biopolymer coating, external plaster, insulation, structural wall, and internal plas-
ter) in an externally insulated wall system configuration. The solar radiation calculations
show the highest solar gains occur at the roof and the south facades. This distribution
highlights the importance of focusing on the materials in these two regions to minimize the
cooling load. The findings suggest that the use of bio-based polymer coatings in external
wall assemblies has the potential to favorably impact thermal performance under high
solar radiation conditions, which can lead to reduced energy use in building envelopes
and, consequently, to the development of energy-efficient and sustainable buildings.
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(@)

(b)

(©

Figure 3. Architectural model and solar radiation analysis of the case-study building. (a) Technical
drawings of the building geometry. (b) Three-dimensional model of the mini boutique hotel. (c) Solar
radiation distribution on building surfaces.
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A schematic cross-section and 3D exploded view of the externally insulated wall
system integrated with a biopolymer coating are given in Figure 4.

—~—— 0 30cm
\-—l:';_-;::\\ L E— "
_‘;\\ - T ——— 1. PLASTER (2 cm) <

2. STRUCTURAL WALL (20 cm)

3. INSULATION LAYER (5 cm)

1. PLASTER (3 :cm)

4. BIOPOLYMER COATING (0.5 cm)

EXTERNALLY INSULATED WALL SYSTEM

Figure 4. Schematic cross-section and 3D exploded view of the externally insulated wall system
integrated with a biopolymer coating.

The geometric and constructional parameters of the building model, used as inputs
for the energy simulation, are presented in Table 2. The building is a single-story reinforced
concrete structure, with a total floor area of 500 m2, an external wall area of 280 m?2, and
60 m? of window-door openings.

Table 2. General building characteristics and wall layer thicknesses of the case-study model used in
the energy simulation.

Building Information

Carrier System Reinforced Concrete
Total Floors 1
Floor Height 3.00m
Total Construction Area 500 m?
Total Exterior Wall Area 280 m?
Total Window-Door Area 60 m?
Material Knowledge [mm]
Building Material Thickness 200
Insulation Material Thickness 50
Plaster Thickness 50
Wall Covering Material Thickness 5
Total 305

The assembly is modeled as a multi-layered system with a thickness of 305 mm:
a 200 mm structural layer (concrete block), a 50 mm layer of insulation sandwiched between
two layers of plaster (internal and external) of 10 mm each, and a 5 mm thickness of the
external wall finishing. These variables are considered as constants within the simulation
to allow a straightforward comparison between all the alternative wall solutions.
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The values of thermal conductivity and density for the relevant materials used in the
wall system, including the structural material and the PHA-based biopolymer coating,
are shown in Table 3. The difference in thermal conductivity between coating materials
(0.130-0.260 W /(m-K)) also reflects a difference in insulation effectiveness. Also, insulating
materials like XPS, EPS, and rock wool have low thermal conductivity, which contributes
significantly to minimizing heat flow in the building envelope. These thermophysical
properties are the key input parameters for the energy simulation model and have a direct
impact on total heat transfer, energy consumption, and CO, emissions.

Table 3. Thermophysical properties of used materials in this research.

Wall Materials Therr?‘i} /C(?;l?(l;]c tvity Density [kg/m?]
Bims 0.18 703
Gas Concrete 0.20 703
Brick 0.24 703
Plaster 0.021 700
Insulation Materials Them[i‘i} /C(?::?(L)llc tivity Density [kg/m?]
Rock Wool 0.033 40
XPS 0.031 16
EPS 0.032 32
Wall Coating Materials Therrr[l‘?\}/(?((;??s]c tivity Density [kg/m?]
PHBP 0.195 1170
PHBD 0.185 1200
PHBO 0.170 1180
PHBHHXx 0.196 1210
P3HB4HB 0.180 1190
PHBV 0.220 1230
P3HD 0.130 1080
P3HN 0.140 1100
P3HO 0.150 1120
P3HHp 0.165 1220
P3HV 0.200 1240
P4HB 0.130 1160
P3HB 0.260 1250
) U Value
Tile Roof

0.18 W/(m?K)

This is the full list of the 117 wall assemblies considered in this work (Table 4). Each
variant is multi-layered, containing indoor plaster (2 cm), the structural wall material
(20 cm; bims, gas concrete, or brick), an insulation layer (5 cm; rock wool, XPS, or EPS),
external plaster (3 cm), and an external biopolymer coating (0.5 cm). The systematic
combination of the three structural materials, the three types of insulation, and the thirteen
PHA-based coating materials leads to a very rich design space. This grid allows for a
rigorous comparison of thermal, energy, and environmental performance. The structured
layering of materials facilitates the discovery of optimized solutions and highlights how
sensitive building performance is to material selection within the external wall system. The
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Table 4. Configuration matrix of the 117 externally insulated wall assembly alternatives considered

building energy simulation parameters adopted in this study are summarized in Table 5
in the IES-VE simulations.

(compiled from Refs. [58-60]).
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Table 5. Building energy simulation parameters.

Parameter

Value

Simulation software

IES-VE

Weather file

Antalya EPW (Typical Meteorological Year)

Simulation period

1 January-31 December

Calculation time step 1h
HVAC system Ideal Loads Air System
Heating set point 21°C
Cooling set point 24 °C

Standard hotel schedule

Occupancy schedule (24 h operation with variable occupancy)
Occupancy density 0.10 person/m? (=10 m?/person)
Lighting load 10 W/m?
Equipment load 8 W/m?
Ventilation rate 10 L/s-person
Infiltration 0.50 ACH

Internal gains

Occupants (75 W sensible + 55 W latent per person),
lighting (10 W/m?), and equipment (8 W/m?)

Exterior convection

ASHRAE exterior surface heat transfer model (IES-VE
default dynamic convection coefficients)

Interior convection

ASHRAE interior surface heat transfer model (IES-VE
default adaptive convection coefficients)

CO, emissions factor

0.42 kgCO, /kWh

Simulation outputs

Annual heating, cooling, total energy, operational CO,

External boundary condition

Outdoor ambient air temperature and solar radiation
from the Antalya EPW weather file

Internal boundary condition

Conditioned indoor space maintained at heating and
cooling setpoints

2.4. LOGSTA-LODECI-MUNRA Methodology

In this study, the LOGSTA, LODECI, and MUNRA methods were employed. While
the weights of the criteria were determined using the LOGSTA and LODECI methods, the
alternatives were evaluated using the MUNRA method.

2.4.1. LOGSTA Method

LOGSTA (LOGarithmic normalization and STAndard deviation) is an objective criteria
weighting method proposed by Stevic et al. (2025) [57]. The method applies logarithmic
normalization to the decision matrix with separate formulas for benefit and cost criteria

and combines the resulting standard deviations with a logarithmic scaling factor to derive

criterion weights. The procedure consists of four steps.

Step 1: The initial decision matrix Z is constructed form alternatives and n criteria, where

zjj denotes the performance value of alternative i with respect to criterion j.

7z = [Zlﬂmxn (1)
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Step 2: The decision matrix is normalized using logarithmic normalization. Equation (2) is
applied for benefit criteria (j € B); Equation (3) is used for cost criteria (j € C).

In(z;)
ti=|—————|,]€B 2
Ul ln( ;r;lzij) ]6 ()
1— (ln(zii>)
In(TT2, zi .
tij m_11] ,j€C ®3)

Step 3: Matrix G is computed, where each element g; is the product of the standard de-
viation ¢; of the normalized values for criterion j and the inverse of the natural
logarithm of the sum of ¢;; values.

G= [gj]lxn (4)

. -1
8j = 0j ( Xz In(ty) ) )
WiLoG = ?ngj (6)

]zlgf

2.4.2. LODECI Method

LODECI (LOgarithmic DEComposition of criteria Importance) is an objective weight-
ing method introduced by Pala [61]. It measures the discriminatory power of each criterion
through pairwise maximum deviations in the normalized decision matrix and then trans-
forms these deviations logarithmically to produce criterion weights. The procedure consists
of five steps Pala et al. [62].

Step 1: A decision matrix Z is established, incorporating m alternatives and n criteria. This
matrix is presented in Equation (1).

Step2: The decision matrix is normalized. Equation (7) is applied for benefit criteria;
Equation (8) is used for cost criteria.

2o
dj=—"71—,j€EB 7)
max(zjj)
di=1-—9 _icc (8)
J max (z;)

Step 3: The maximum pairwise deviation SD;; is computed for each alternative 7 under
each criterion j, where r # i.

SDl] = maxr#i|dl-j - d,,]| (9)

Step4: The Logarithmic Deviation Value LSD; is calculated for each criterion j.
" SDj;
LSD;=In{14+ ——— (10)
m

Step 5: The weight of each criterion is obtained by normalizing the LSD; values.

LSD;
WiLop = m (11)
7=
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The criteria weights obtained from LOGSTA and LODECI are combined using Equa-
tion (12).
WiLOG X WjLOD

(12)
Y1 WjLoG X WjLoD

w]'[ =

The wj; shown in Equation (12) represents the combined weight of criterion j. Follow-
ing the determination of the criteria weights, the MUNRA method is applied to rank the
alternatives.

2.4.3. MUNRA Method

MUNRA (Multiple Normalization Rating Analysis) is a novel ranking method pro-
posed by Ulutas et al. [63]. It integrates three distinct normalization procedures, linear,
vector, and nonlinear, to enhance robustness and reduce reliance on any single scaling
scheme. The three normalized matrices are each weighted by the criteria weights and then
aggregated with equal coefficients («x = § = y = 1/3) to produce the final performance
scores. The procedure consists of four steps.

Step 1: The initial decision matrix Z is established, and this matrix is presented in Equa-
tion (1).

Step 2: The decision matrix is normalized using three separate procedures. Equations (13)
and (14) represent linear normalization, Equations (15) and (16) vector normaliza-
tion, and Equations (17) and (18) nonlinear normalization.

Linear normalization:

ni=—2J _ jeB (13)
T max(zij)’ J
min(z;;)
rij = dfj 4 ), jec (14)
Vector normalization:
7.0
vij = #, JEB (15)
Zi:ﬁ‘j
1 %ij C 16
Yij=1- === j€ (16)
i—lzij
Nonlinear normalization:
= Z” i€ B (17)
Pij max(zij) | J
min (zjj)
pij = (Zz]]> ,jeC (18)

Step 3: Weighted arithmetic operations are computed separately for each of the three
normalization matrices.

i = = Xwj-rj+ Zw] rij (19)
jeB

yi = Zw;-yij+ Zw;j -y (20)
JeB JeC

pi = Twj-pi+ Zw;-pij (21)
JeB Jec
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Step 4: The final score v; for each alternative is computed by aggregating the three weighted
scores with equal coefficients. The alternative with the highest v; is ranked first.

1
v=arit Byt pa=p=1=7 @)

3. Results and Discussion

In this section, the results of the combined evaluation framework that includes
crystallinity-dependent thermal conductivity calculation, dynamic building energy sim-
ulation, and MADA analysis are presented. The findings are organized to methodically
evaluate the effect of PHA-based biopolymer coatings on the thermal and environmental
performance of multi-layer wall systems.

First, we study the PHA materials’ predicted thermal conductivity values’ ranges as a
function of crystallinity and structure. These material-scale differences are then mapped to
the building scale through energy simulation results to provide a direct comparison of their
effect on heating and cooling loads in real-world climate conditions. Subsequently, the total
energy use and the related carbon emissions are calculated for all the 117 wall models.

Finally, the alternative configurations are evaluated in terms of performance by ap-
plying MADA methods to obtain solution sets (design alternatives) that are best suited to
the chosen attribute following the thermal, mechanical, and environmental sustainability
attribute. This two-level integrated approach allows for more comprehensive understand-
ing of results, providing, e.g., the trade-offs and synergies between material properties and
building performance.

3.1. Semi-Empirical Thermal Conductivity Prediction of PHA-Based Polymers

Based on reported values in the polymer literature, ka was estimated to fall within the
range 0.10-0.15 W/m K, and kc was assumed to be 0.25-0.35 W/m K. The values are in
line with those observed experimentally for semi-crystalline biopolymers.

The crystallinity range for each material was converted into fractional values and
inserted into the above equation to determine a range of thermal conductivity values.

For instance, for P3HB, having an average crystallinity of the order of about 70%
Xc=0.7):

k=(0.12 x 0.3) + (0.30 x 0.7) = 0.036 + 0.21 k = 0.246 W/mK.

The value obtained is within the range reported in previous works for PHB-based
polymers, confirming the applicability of the model. Also, results from less crystalline
materials (e.g., P3HD, PAHB) are at the low end of the thermal conductivity scale, while
results from more crystalline materials (e.g., P3HB, PHBV) are at the high end of the scale.
This is consistent with the physical nature of the model.

Although the model does not capture the full complexity of polymer morphology, in
the absence of experimental data, it allows for a sound and scientifically based prediction.
As a result, the obtained values of thermal conductivity are deemed appropriate for relative
assessment under the simulation.

Figure 5 shows the average thermal conductivity k of the PHA-based polymers,
evaluated from the predicted ranges by using a crystallinity-dependent semi-empirical
equation. The effective thermal conductivity of a semi-crystalline polymer is considered
to be a function of the thermal conductivities of the amorphous and crystalline phases. It
can be seen how higher crystalline polymers such as P3HB and PHBV have higher thermal
conductivity and low-crystallinity polymers like P3HD and P4HB have low values. The
results agree with the well-known dependence of crystallinity on heat transfer for the
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polymeric material. The results obtained were then used as input variables for simulation
analyses to assess the compatibility of these materials with use as outside wall cladding
applications.
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Figure 5. Average thermal conductivity of bio-based PHA polymers from crystallinity-dependent
semi-empirical calculations vs. experimental data.

From a microscopic viewpoint, the thermal properties of semi-crystalline PHA mate-
rials depend on the polymer chain conformation and the presence of the crystalline and
amorphous phases. More-ordered chain structures, leads to increased crystallinity, promote
closer molecular packing, which in turn facilitates phonon transport in the crystalline
regions. As a result, heat transfer is enhanced, which results in highly effective thermal
conductivity. On the other hand, the amorphous phases have a larger amount of topological
and molecular defects that scatter phonons and thus act as thermal barriers, increasing
thermal resistance and decreasing heat transfer. Therefore, the total thermal conductiv-
ity of a PHA coating is the result of combined contributions of crystalline/amorphous
phases and not only due to the crystallinity degree of the material. Although the direct
microscopic characterizations and molecular-level simulations were not conducted in this
study, these trends are in line with theoretical heat conduction models for semi-crystalline
polymers as well as previously reported experimental ones. The subsequent research can
be combined with SEM, XRD, DSC, AFM, and molecular dynamics simulations to present
a deeper insight into the structure—property relationships of thermo-energy performances
of PHA-based building coatings.

Therefore, this study is the first application of the buffering effect to building-scale
thermodynamic energy evaluation supported by material properties estimation; however,
the microscopic-scale detailed structure—property relationships are still a challenging issue
for further study.

3.2. Thermo-Energy and Environmental Performance of Wall Assemblies by IES-VE Software

The yearly space on energy and CO, emissions for the PHA-based cover materials
calculated from the dynamic simulation model are a clear indication that the thermophysical
properties of the cover material had a significant effect on the multi-layer wall system’s
thermal performance. The comparative analysis of 117 wall designs demonstrated that the
type of insulation layer and the structural wall material influenced the building energy
behavior directly, and the thermal conductivity of the outer biopolymer coating acted as
the modifying effect parameter.

Yearly building energy use, as calculated by IES-VE for the 117 multi-layer wall assem-
blies with various combinations of the structural wall material, insulation material, and the
PHA-based biopolymer coating is given in Figure 6. Among all the simulation alternatives,
the minimum total energy consumption is achieved for Type 20 with 60,929 kWh, while the
maximum energy consumption is recorded for Type 117 with 61,173 kWh. Thus, the total
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improvement in performance of the lowest and highest-performing wall systems was about
244 kWh, which equated to a percentage increase of approximately 0.4%. A similar pattern
was also noted for environmental performance, with the minimum CO; emission value
being for Type 20 with 24,388 kgCO,, and the maximum emission value being associated
with Type 91 with 24,448 kgCO,. Therefore, the total reduction potential between the
two extremes was about 60 kgCO,, which suggests that relatively small changes in the
thermal conductivity of the coating can lead to clearly measurable environmental benefits
when scaled to the whole-building envelope application.
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Figure 6. Yearly building energy use, as calculated by IES-VE for the 117 multi-layer wall assemblies
with various combinations of the structural wall material, insulation material, and the PHA-based
biopolymer coating. (a) Bims-based node sets (1-39), (b) gas concrete-based node sets (40-78), and
(c) brick-based node sets (79-117).
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The detailed analysis of wall assemblies showed that the optimal solution (Type 20)
was an internally plastered BIMS block wall with XPS insulation and an external coat-
ing of P3HD (Poly(3-hydroxydecanoate)). On the other hand, the best wall assembly
(Type 117) was a brick wall, with EPS insulation and an exterior coating of P3HB (Poly(3-
hydroxybutyrate)). The reason for the better performance of Type 20 can mainly be found
in the extremely low-thermal-conductivity value of P3HD = 0.13 W/m-K, combined with
the low heat transfer coefficient associated with the XPS insulation plate. In contrast to this,
high energy demand in type 117 was related to the significantly higher thermal conductivity
of P3HB (0.26 W/m-K), which leads to a more severe heat flux across the building envelope.

The simulation results also indicated that the coating materials’ rankings were well
consistent with their crystallinity-dependent thermal conductivity obtained in the stage
of semi-empirical modeling. Lower crystallinity materials, such as P3HD and P4HB, had
the lowest thermal conductivity and thus produced lower annual energy consumption
values in virtually every wall assembly. Conversely, polymers with high crystallinity like
P3HB and PHBV were found to have higher thermal conductivity and consequently lead
to higher transmission heat losses and cooling/heating demands. This proves the close
connection between polymer morphology and macroscopic building energy performance.

From the perspective of the insulation material, wall systems with XPS insulation
performed better than those with rock wool and EPS insulation. The XPS-based designs
(types 14-26, 53-65, and 92-104) resulted in the minimal energy use in all types of structural
walls because of the lower thermal conductivity coefficient of XPS (0.031 W/m-K). In con-
trast, EPS-based ones achieved the middle results, while rock wool solutions demonstrated
a bit larger total energy use. These results demonstrate that it is critical to consider not
just the coating material but also the insulation-structural wall element interaction in an
integrated facade system design.

The effect of the bare structural wall can also be seen in later sections of this study.
Bims’ block-based designs always resulted in lower energy consumption levels as compared
to the gas concrete and the brick variants. The highest annual energy demand was found
for brick walls due to the higher thermal conductivity and higher heat transfer capacity.
For instance, brick-based designs (Types 79-117) consumed more energy systematically
than bims-based designs (Types 1-39), even when they were coated with the same material.
This means that the positive impact on energy efficiency of bio-based coatings is further
enhanced when they are applied to thermal sink substrate materials. Yearly operational
CO;, emissions relating to 117 wall options from dynamic IES-VE simulations are given
in Figure 7.

For the study, an equally significant result was that the total energy demand differences
between the coat materials closely paralleled their predicted thermal conductivity. The
P3HD and P4HB coatings were also among the best-performing options for the lowest
crystallinity (6% and 5%, respectively) since that reduced phonon-assisted heat transfer
through the polymer matrix. On the other hand, the highest thermal conductivity and thus
worst thermal performance were found for P3HB, with the highest crystallinity (70%). This
observation validates the application of the crystallinity-dependent semi-empirical model
applied in this study and suggests that it can be used for predicting the energy behavior of
PHA-based coatings in the building envelope context.

In summary, these findings imply that poor conductive PHA-based biopolymer coat-
ings layered in multi-layered wall constructions can have a positive effect on building
energy efficiency and environmental friendliness. In particular, P3HD was the most energy-
efficient coating fabric, and P3HB had the poorest thermal performance of all the studied
options. Results also indicate that the use of low-crystallinity biopolymers in combination
with good insulation materials such as XPS in conjunction with low-conductivity wall
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materials like BIMS can also achieve high thermo-energetic performance in sustainable
building envelopes. These results confirm the excellent potential of bio-based polymer
coatings as sustainable facade materials for future energy-efficient buildings.
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Figure 7. Yearly operational CO, emissions relating to 117 wall options from dynamic IES-VE
simulations. (a) Bims-based walls, (b) gas concrete-based walls, (c) brick-based walls.

Table 6 presents the best and worst wall assembly options among the 117 considered
cases. The result shows that the proposed framework can differentiate the relative thermos-
energy performance of different PHA-based coating materials with the same simulation
setup even if the absolute gap of the yearly energy and operational CO, emissions is quite
small due to the thin (5 mm) coating layer.

An explanation of the energy savings as a function of the coat layer thickness is
necessary, as the investigated coat layer thickness is rather small. Since the PHA coating
is just a 5 mm surface layer within a wall system that already includes a 50 mm thermal
insulation layer, the effect the PHA cladding layer has on the total thermal resistance of the
building envelope is by default very small. Therefore, it is anticipated that the differences
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in annual energy use of these options will be relatively small. Rather than showing large
whole-building energy use reductions, these results provide a systematic comparative
analysis of the relative performance of various PHA coating materials in a simulation
environment. In addition, real building performance can be affected by other sources of
uncertainty such as climate variability, occupant behavior, operation of HVAC systems,
construction quality and workmanship, and service life material degradation. Hence, the
current results should be viewed as comparative theoretical outcomes to assist in making
material selection and not as projections of dramatic operational energy savings due to a
thin coating layer application alone.

Table 6. The best- and worst-performing wall assembly configurations identified from the IES-VE
simulations.

Wall Assembly Annual .CO.2
Case Confieuration Energy Emissions Performance
8 (kWh)  (kgCO,/year)
Lowest energy
Type 20

Best (P3HD + XPS + BIMS) 60,929 24,388 demand. ar-ld
CO, emissions
Highest energy

Worst Type 91 61,208 24 448 demand and

(P3HB + Rock Wool + Brick) CO, emissions

3.3. MADA Evaluation of PHA-Based Coatings

In this study, 13 PHA-based biopolymer coating and insulation-structural materials
were evaluated considering 10 criteria. While the criteria weights were determined using
the LOGSTA and LODECI methods, the materials were ranked using the MUNRA method.
The criteria used in this study are as follows:

Biodegradability;
Density (g/cm?);
Thermal decomp. (°C);
Crystallinity (%);

Tg (°C);

e Tm(°C);

e Impact strength (kJ/ m?);

e  [Elongation at break (%);
e  Young’'s modulus (GPa);
e  Tensile strength (MPa).

Together these properties dictate how well the materials will perform as building
envelope products. For example, crystallinity was included in the decision model as an
indicator of the material performance and not as a measure of potential thermal insulation
ability, which is the effect of material fill. Higher degrees of crystallinity are thought to
be related to better dimensional stability, mechanical strength and barrier properties of
(semi-)crystalline PHAs. The effect on thermal performance was considered separately
with the thermal conductivity values adopted in the building energy simulation. Thus,
crystallinity and thermal conductivity become two distinct functionalities of material
performance in the proposed decision framework. Also, the glass transition temperature
(Tg) determines the temperature range over which a material can be used, and the melting
temperature (IT'm) and the thermal decomposition temperature show the thermal stability
at high temperatures.
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Mechanical properties, including impact strength, elongation at break, and tensile
strength, are also important for the determination of the ability to resist environmental
loads such as wind, thermal expansion, and mechanical load. In particular, materials with
higher ductility are less susceptible to cracking, and higher stiffness ensures the stability of
the structure.

However, it should also be kept in mind that there are considerable differences between
the types of PHAs. The short-chain-length PHAs (e.g., P3HB, PHBV) typically exhibit high
crystallinity and stiffness and low ductility, while the medium-chain-length PHAs (e.g.,
P3HO, P3HN) display high flexibility and impact resistance but poor mechanical strength.
This inherent trade-off indicates a multi-attribute decision-approach framework is essential.

Due to the multi-faceted nature of material performance, the determination of the best
PHA-based coatings involves a multi-attribute decision-making approach. In this work, a
number of relevant decision attributes were established from the literature and engineering
needs, as described in Table 7.

Table 7. Selection attributes for decision approach, type of evaluation, and direction of optimization
in choosing bio-based polymer coatings by application of decision support techniques.

Attribute Unit Type Optimization Rationale
Biodegradability - Benefit Maximize Fosters env1ron¥ne.njtal sustainability
priorities.
Density o /cm Cost Minimize Lower dens1ty means lesg str.uctural load
for building applications.
Crystallinity o Benefit Maximize Improves the mechamcal properties and
the barrier property.
Thermal decomposition oC Benefit Maximize Represents better thgrmal stability and
temperature longer duration of use.
Melting Temperature °C Benefit Maximize These.h.lgher \{alues ensure thermal
stability at higher temperatures.
Impact Strength kJ/m? Benefit Maximize Ephances protectl(?n against external
impacts and environmental loads.
Elongation at Break % Benefit Maximize Bigger ductility = less cracks formation.
Young’s Modulus GPa Benefit Maximize Greater rigidity leads to jbetter resistance
to deformation.
Tensile Strength MPa Benefit Maximize Higher strength leads to better durability

of the surface of the exterior cladding.

The attributes are broken down along the lines of three categories: benefit, cost, and
target-based. The biodegradability, mechanical strength, and thermal stability parameters
are considered benefit attributes and are to be maximized. But density is a cost criterion,
because less density means less structural load and more efficient material.

The glass transition temperature (Tg) is considered a beneficial criterion because
performance under service conditions could be negatively impacted by too high a value.
This procedure enables a more realistic simulation of the material at work.

The chosen attributes address together the main concerns about efficient and effective
heating, mechanical strength, and protection of the environment, which will serve as the
basis of the next stage, i.e., the MADA analysis.

Of the criteria mentioned above, only the density criterion is a cost criterion, while
the remaining criteria are treated as beneficial criteria. The decision matrix is presented
in Table 8.
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Table 8. Decision matrix [48-55].

T bosegaany Doy BERS ooty e rmo SRR SRR JRREL S
Materials €0 (KJ/m?) (%) (GPa) (MP2)
PHBP 3.000 1.185 235.000 35.000 —12500  127.500 62.500 325.000 0.700 13.000
PHBD 3.000 1.200 245.000 30.000 ~15.000  125.000 50.000 350.000 0.900 16.000
PHBO 3.000 1175 235.000 25.000 —20.000  125.000 45.000 300.000 0.850 15.000
PHBHHx 3.000 1.210 245.000 35.000 ~12500  140.000 30.000 225.000 1.250 17.500
P3HB4HB 3.000 1.200 245.000 30.000 ~12500  120.000 60.000 400.000 1.500 22.500
PHBV 2.000 1.230 265.000 50.000 ~2.500 160.000 10.000 30.000 2,500 27.500
P3HD 3.000 1.075 195.000 6.000 —45000  80.000 105.000 850.000 0.020 3.500
P3HN 3.000 1.100 205.000 9.000 —35.000  90.000 85.000 700.000 0.030 4500
P3HO 3.000 1125 215.000 12.500 —25.000  100.000 70.000 550.000 0.060 6.000
P3HHp 3.000 1.210 235.000 20.000 ~15.000  130.000 55.000 400.000 0.300 10.000
P3HV 2.000 1.230 265.000 40.000 —5.000 150.000 17.500 125.000 1.500 20.000
P4HB 3.000 1175 250.000 5.000 —47500  55.000 75.000 1500.000 0.075 12.500
P3HB 1.000 1.250 280.000 70.000 2.500 175.000 3.500 7.500 3.750 35.000
As can be seen, the decision matrix contains negative values; the Z-score method was
employed to transform these values into positive ones. The decision matrix adjusted using
the Z-score method is presented in Table 9.
Table 9. Adjusted decision matrix.
T Biadegradabity Densiy  Deeomp.  Collimty  Tg Tm o singh GBSl Nodws  Stegin
Materials €0 (kJ/m?) (%) (GPa) (MP2)
PHBP 31781 27487 24985 3.0504 3.1003 2.8753 3.0597 2.3940 2.3878 2.4033
PHBD 3.1781 3.0348 29134 2.7827 2.9387 2.8000 2.6425 2.4566 2.5691 27322
PHBO 3.1781 2.5579 2.4985 25149 2.6154 2.8000 24756 23315 2.5238 2.6225
PHBHHx 3.1781 3.2256 29134 3.0504 3.1003 3.2517 1.9750 21438 2.8862 2.8966
P3HB4HB 3.1781 3.0348 29134 2.7827 3.1003 2.6495 2.9762 25817 3.1128 3.4447
PHBV 15918 3.6071 3.7430 3.8537 3.7469 3.8540 1.3075 1.6557 4.0189 3.9928
P3HD 3.1781 0.6503 0.8392 1.4974 0.9989 1.4449 44781 3.7079 1.7716 1.3619
P3HN 3.1781 11272 1.2540 1.6581 1.6455 1.7460 3.8106 3.3325 1.7807 14715
P3HO 31781 1.6041 1.6689 1.8455 22921 2.0472 33100 29571 1.8079 1.6359
P3HHp 31781 3.2256 24985 22472 2.9387 2.9506 2.8094 25817 2.0254 2.0744
P3HV 1.5918 3.6071 3.7430 3.3182 3.5853 3.5529 15578 1.8935 3.1128 3.1707
P4HB 3.1781 2.5579 3.1208 1.4439 0.8372 0.6921 3.4769 5.3346 1.8215 2.3485
P3HB 0.0056 3.9886 43653 49248 4.0702 43057 1.0906 1.5994 5.1517 4815
The steps of the LOGSTA method are applied to this matrix, and the criteria weights
are determined. Table 10 presents the results of the LOGSTA method.
Table 10. The results of the LOGSTA method.
criterta Biodegradability '(Dge/’c‘;g TD}:ET;;I CWS(E,ZI)“““Y & S sItrn:;?tth POREA"  Modufus sTtingh
Results Q) (kJ/m?) (%) (GPa) (MPa)
g 0.00664 0.00011 0.00098 0.00090 0.00094  0.00090  0.00100 0.00080 0.00081 0.00091
WiLoG 0.4750 0.0082 0.0700 0.0641 0.0670 0.0643 0.0715 0.0571 0.0579 0.0649
Rank 1 10 3 7 4 6 2 9 8 5
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Following the determination of the criteria weights using the LOGSTA method, the
criteria weights are subsequently obtained using the LODECI method. Table 11 presents
the results of the LODECI method.

Table 11. The results of the LODECI method.

T bty Dy D cogaliniy Te o Tmosnhah WRN MGREL degn
Results Q) (kJ/m?) (%) (GPa) (MPa)
LSD; 0.6531 0.5004 0.4558 0.4274 0.4750 0.4758 0.4392 0.4425 0.4350 0.4314
wjL0p 0.1379 0.1057 0.0963 0.0903 0.1003 0.1005 0.0928 0.0934 0.0919 0.0911
Rank 1 2 5 10 4 3 7 6 8 9
The criteria weights obtained from the LODECI and LOGSTA methods are combined
using Equation (12). Table 12 presents the weights of the criteria according to the LODECI
and LOGSTA methods, along with their combined weights.
Table 12. The combined weights of the criteria.
T bty Dy D Comaliniy 00 tmeo Swomh  WBk Molhe  Seeh
Results Q) (kJ/m?) (%) (GPa) (MPa)
WiLoG 0.4750 0.0082 0.0700 0.0641 0.0670 0.0643 0.0715 0.0571 0.0579 0.0649
wj1op 0.1379 0.1057 0.0963 0.0903 0.1003 0.1005 0.0928 0.0934 0.0919 0.0911
w1 0.5683 0.0075 0.0585 0.0502 0.0583 0.0560 0.0575 0.0463 0.0461 0.0513
Rank 1 10 2 7 3 5 4 8 9 6

According to the combined weights, the criteria are ranked as follows: biodegradability,
thermal decomposition, Tg, impact strength, Tm, tensile strength, crystallinity, elongation
at break, Young’s modulus and density. Thus, the most important criterion is identified as
biodegradability, while the least important criterion is determined to be density. Following
the determination of the criteria rankings and weights, the MUNRA method is applied to
rank the alternatives. The steps of the MUNRA method are applied to the adjusted decision
matrix presented in Table 7. Thus, the ranking of the alternatives is obtained. The rankings
are presented in Table 13.

Table 13. The rankings of the materials.

Results
i y; P v; Rankings
Materials
PHBP 0.8235 0.2936 0.7245 0.6077 3
PHBD 0.8232 0.2935 0.7223 0.6069 4
PHBO 0.8057 0.2861 0.7011 0.5917 6
PHBHHXx 0.8273 0.2952 0.7311 0.6117 2
P3HB4HB 0.8414 0.3020 0.7448 0.6231 1
PHBV 0.5889 0.2275 0.3833 0.3959 11
P3HD 0.7554 0.2643 0.6818 0.5615 9
P3HN 0.7621 0.2676 0.6690 0.5606 10
P3HO 0.7737 0.2723 0.6728 0.5672 8
P3HHp 0.8054 0.2850 0.7048 0.5924 5
P3HV 0.5656 0.2167 0.3436 0.3716 12
P4HB 0.7800 0.2775 0.7054 0.5818 7
P3HB 0.3505 0.1605 0.3280 0.2769 13
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According to the results of the MUNRA method, the ranking of the materials is as
follows: P3HB4HB, PHBHHx, PHBP, PHBD, P3HHp, PHBO, P4HB, P3HO, P3HD, P3HN,
PHBYV, P3HV, and P3HB. The material with the highest performance is PSHB4HB, while
the material with the lowest performance is P3HB.

The difference between the MADA ranking and the results of building energy sim-
ulation should be understood in the context of their different evaluation goals. Due to
the nature of selection criteria, the MADA framework was constructed to evaluate the
intrinsic material properties of the studied PHA coatings, while the dynamic building
simulations measured their impact on whole-building thermo-energy performance on
a uniform platform of operation. Therefore, the top-ranked material from the MADA
analysis is not required to give the minimum annual energy consumption or operational
CO; emissions. Hence, by combining material characterization with dynamic building
simulation, a sounder methodology to pick sustainable coating materials can be developed
compared to when only one method is used.

One limitation of the present work is that it was only the coating material that was
purposefully varied, while all the other parameters were kept the same to provide a
fair and controlled comparison among the options under examination. This facilitated
the comparison of the thermo-energy performance of different PHA-based coatings on a
relative basis by not having to consider the effect of building geometry, insulation type,
occupancy schedules, operation of HVAC, or climatic conditions. While it is possible
that interaction effects between these parameters also affect the absolute building energy,
examining these was beyond the scope of this material-comparative study. In conclusion,
research should include factorial experiments, global sensitivity analyses, or multivariable
optimization methods to assess the combined influence of coating thickness, insulation
properties, climatic conditions, and operational variables on a bio-based building envelope
system’s overall performance.

Several additional limitations should also be considered when interpreting the results.
The PHA materials studied were not directly measured, but their thermal conductivity
values were predicted with a crystallinity-dependent semi-empirical model. Secondly, the
life cycle analysis of the building energy consumption focused only on the operational
energy use and associated operational CO, emissions, and the embodied carbon as well
as whole life cycle impacts were not considered in the study. Third, to facilitate fair com-
parisons between the investigated materials, all the simulations were carried out with the
same constant coating thickness of 5 mm and under the same operational conditions. As a
result, differences reported in the literature should be considered as theoretical compara-
tive results, which can be used as a reference for material screening, rather than absolute
predictions of in-service building performance.

3.4. Sensitivity Analysis
3.4.1. Sensitivity Analysis of PHA-Based Coating Materials on Energy Consumption and
CO, Emissions

To enable the assessment of the thermo-environmental performance of the studied
PHA-based coatings, a detailed sensitivity analysis was performed with the results of
the annual total energy use and the operational CO, emissions of all 117 multi-layer wall
combinations. The analysis was conducted to investigate the effect of coating thermal
conductivity and polymer crystallinity on the whole-building performance at the same
climate, operation, and building size.

The results from the simulation showed a high correlation between annual energy
usage and operational carbon emissions. Lower total energy consumption was always
associated with lower wall system CO, emission values, which implied that the thermal
resistance enhancement also improved the environmental performance. This relationship
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24,460 kgCO,

24,440 kgCO,

24,420 kgCO,

24,400 kgCO,

4,380 kgCO,

confirms that the thermophysical properties of the building envelope are key factors that
influence both the building’s operational energy use and building-related carbon emissions.

Among all the options analyzed, Type 20 had the best overall thermo-environmental
performance (lowest annual total energy consumption and CO,). Type 20: internal plaster
+ BIMs block + XPS + external plaster + P3HD biopolymer coating. The excellent result is
mainly due to the low thermal conductivity of PBHD (0.13 W/mK) and the high thermal
resistance of XPS, which is completely stacked with the high thermal conductivity of the
PC. This combination dramatically reduced conductive heat transfer through the building
envelope and subsequently minimized annual heating and cooling loads.

On the other hand, the largest annual total energy consumption was found for Type 117
with 61,173 kWh, and the highest CO, emission values during the operation were for Types
84 and 91 with 24,448 kgCO,. These wall systems typically include brick structural walls
with high crystallinity PHA coatings like P3HB and PHBV. The poor thermo-environmental
performance of these systems is attributed to the relatively larger thermal conductivity
of the coating materials, which augmented heat transfer into the facade, thereby leading
to higher demand for HVAC-related energy and carbon emissions. Relationship between
the yearly energy consumption of a building and the operational CO, emissions for the
117 alternative wall assemblies is presented in Figure 8.

61K 61.1K 61.2K

Figure 8. Relationship between the yearly energy consumption of a building and the operational
CO; emissions for the 117 alternative wall assemblies. [Note: A point corresponds to one wall
design configuration. The increasing linear relationship indicates that savings in the annual energy
demand translate into a reduction in the operational carbon emissions, which is consistent with the
environmental improvement of low-thermal-conductivity PHA-based coatings].

The seemingly dichotomous role of crystallinity is indicative of the polymeric material
having to perform several functions. A higher degree of crystallinity can lead to better me-
chanical/barrier properties, but also the higher thermal conductivity of a more crystalline
material can lead to higher heat transfer. Rather than having opposing effects, these two
effects represent a trade-off in material design, where gains in one area of performance can
lead to losses in another. In the current context, the trade-off was taken into account by
treating crystallinity as a material performance attribute and subtracting that out, whereas
thermal performance was treated as a separate variable through thermal conductivity and
whole-building energy simulator results.

Sensitivity analysis also showed that the performance ranking of the tested coating
materials well conformed to the trend of crystallinity-controlled thermal conductivity
predicted in the semi-empirical modeling process. Coatings with low crystallinity (P3HD,
P4HB, and P3HN) yielded the lowest annual energy and CO, emissions in almost all
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wall types and combinations. The lesser crystalline phase content of these polymers
minimized the phonon-assisted conductive heat transfer in the material matrix, resulting
in an improved thermal resistance of the building envelope.

On the other hand, very crystalline polymers like P3HB, PHBV, and P3HYV result in
significantly greater annual energy demand and operational emissions of carbon. Out
of these materials, the performance of P3HB was the poorest overall, due to its high
crystallinity ratio (about 70%) with the corresponding high thermal conductivity value
(0.26 W/mK). The highly ordered molecular structure of P3HB also promotes heat transfer
through the wall, which decreases the thermal performance of the facade system.

A further relevant result of the study is the evident impact of the type of insulation and
construction material of the walls on the thermo-environmental performance of the building
enclosure. XPS insulation-paneled wall systems consistently have better results than those
using EPS and rock wool and other substitutes due to the lower thermal conductivity value
of XPS. In the same way, wall systems made out of BIMs blocks also recorded lower energy
and CO; values when compared to gas concrete and brick solutions. Brick walls regularly
produce the highest thermal loads because their thermal conductivity and heat flow rates
are the highest.

The scatter distribution of annual energy use versus operational CO, emissions ex-
hibits an almost linear trend, resembling that of the electricity demand associated with the
HVAC system, which was predominantly responsible for operational carbon generation in
the building type examined in the simulation model. Thus, the decrease in heat conduction
loss through the wall assembly contributed directly to the environmental gain.

While the numerical variances between the coating materials are relatively moderate
for a year, these fluctuations become increasingly more impactful when taking into account
large building stocks as well as long operation periods. Reductions in energy demand
in even a single year can translate into large accumulative energy savings and carbon
abatement over building lifetime. As a result, the enhancement and development of the
crystallinity and thermal conductivity properties of PHA-based biopolymers could be a
potent tool for advancing sustainable architectural systems of the future.

In summary, the sensitivity analysis showed that P3HD and P4HB were the best
options for the PHA-based coatings to be applied on building envelopes for energy-saving
and green building applications, while P3HB showed the worst thermo-environmental
performance among all the candidates considered. These results demonstrate that op-
timizing crystallinity-controlled thermal conductivity has the potential to substantially
impact whole-building energy use and operational environmental emissions, and therefore,
bio-based PHA coatings have great potential for low-energy and low-carbon building
technologies in the future.

3.4.2. Comparative and Sensitivity Analysis for the MADA Methods

To verify whether the MUNRA ranking held up under alternative aggregation log-
ics, the results were compared with eight established MADA methods: ARAS, WASPAS,
CORASO, ALPAS, RAWEC, CRADIS, MARCOS, and CoCoSo. The Spearman rank cor-
relation between MUNRA and each method was uniformly high, ranging from 0.912 for
CoCoSo to 0.989 for ARAS, CORASO, ALPAS, CRADIS, and MARCOS, with WASPAS and
RAWEC at 0.978. Agreement at the extremes was unequivocal: PAHB4HB and PHBHHXx
occupied the first two positions and P3HV and P3HB the last two, across every method
without exception. The closest agreement was with the ratio-normalization family of
ARAS, CORASO, ALPAS, CRADIS, and MARCOS, whose linear ratio logic is close to
the linear component of MUNRA and which produced identical orderings among them-
selves. CoCoSo diverged the most, a consequence of its min-max normalization, and its
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disagreement was limited to the middle band, where it shifted PHBV, P3HD, and P4HB
by a few positions without disturbing the leading or trailing alternatives. The consistency
obtained across methods with markedly different mathematical structures gives reasonable
confidence that the MUNRA ranking reflects the structure of the underlying data rather
than a normalization artifact.

The ranking stability observed here deserves attention beyond the correlation figures
alone. A high Spearman coefficient indicates that two methods broadly agree on ordering,
but it says nothing about where the disagreements concentrate. In this comparison, the
divergence between MUNRA and the eight comparison methods was almost entirely
confined to the middle ranks, where the alternatives are genuinely close in performance
and small differences in normalization or aggregation naturally produce some reshuffling.
The top two and the bottom three held firm regardless of which method was applied. This
pattern is more informative than the coefficients alone, since it suggests that the three-stage
normalization of MUNRA does not introduce a systematic bias toward any particular
alternative but instead adds discriminatory sensitivity precisely in the range where it
matters most, among competitors that are difficult to separate on the raw data alone.

To assess whether the MUNRA rankings hold up under conditions of weight uncer-
tainty, a Monte Carlo simulation procedure was carried out over 100 independent runs. In
each run, a new set of criteria weights was drawn from a Dirichlet distribution centered
on the original weight vector, introducing controlled but realistic perturbations across the
weight space. The resulting rank distributions for all thirteen alternatives are summarized
in Table 14, which reports the baseline rank, mean rank, standard deviation, observed
minimum and maximum, the 95% confidence interval bounds, and a stability index defined
as the proportion of simulations in which each alternative retained its baseline rank.

Table 14. The results of the sensitivity analysis.

Materials Baseline Mean Std. Min Max 2.5th 97.5th Rank Stability
Rank Rank Dev. Rank Rank Pct. Pct. Range (%)
PHBP 3 3.47 0.90 1 5 2.0 5.0 4 30.0
PHBD 4 3.59 0.66 3 7 3.0 5.0 4 47.0
PHBO 6 5.92 0.92 5 10 5.0 8.0 5 43.0
PHBHHXx 2 2.51 1.28 1 10 1.0 5.0 9 63.0
P3HB4HB 1 1.15 0.43 1 4 1.0 2.0 3 87.0
PHBV 11 11.00 0.00 11 11 11.0 11.0 0 100.0
P3HD 9 9.00 1.59 1 10 4.0 10.0 9 22.0
P3HN 10 9.27 0.90 2 10 8.0 10.0 8 37.0
P3HO 8 8.03 0.75 6 10 7.0 10.0 4 58.0
P3HHp 5 5.74 0.70 5 8 5.0 7.0 3 39.0
P3HV 12 12.00 0.00 12 12 12.0 12.0 0 100.0
P4HB 7 6.32 2.18 1 10 1.0 10.0 9 50.0
P3HB 13 13.00 0.00 13 13 13.0 13.0 0 100.0

The results leave little ambiguity at the extremes of the ranking. P3HB4HB held the
first position in 87 of the 100 runs, with a mean rank of 1.15 and a standard deviation of 0.43,
confirming it as the most robust top performer underweight uncertainty. The lower end
was fixed even more firmly: P3HB, P3HV, and PHBV retained ranks 13, 12, and 11 in every
single run, each with a standard deviation of zero and a stability rate of 100%. Because
the sampled weight vectors span a meaningful portion of the feasible weight space, this
persistence is difficult to attribute to a methodological artifact. The practical implication is
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that the separation between the leading alternative and the trailing group is wide enough
to survive considerable uncertainty in how the criteria are weighted.

The middle of the ranking tells a more nuanced story. P3HD and P4HB, placed
9th and 7th under the baseline weights, showed the highest sensitivity, with standard
deviations of 1.59 and 2.18 and observed ranges spanning as many as nine positions across
the simulations. Their stability rates of 22% and 50% indicate that, although they remain in
the lower-middle band, their precise placement is not something the data can definitively
resolve. This is not a deficiency of the method. It reflects genuine closeness in performance
that any well-calibrated ranking procedure should expose rather than mask.

At the bottom, P3HB, P3HV, and PHBV remained anchored to the last three positions
with complete consistency, mirroring the firmness of PAHB4HB at the top and reinforcing
that the extremes of this ranking are robust to the kind of weight variation practitioners are
likely to encounter. Across all 100 simulations, the mean Spearman correlation between
the perturbed rankings and the baseline was 0.9579, indicating that the global ordering
remains highly stable even as individual positions in the middle band shift slightly.

The MADA framework-based results and the energy simulations within IES-VE in-
dicate a significant and scientifically useful differentiation between multi-criteria perfor-
mance on the material level and performance in terms of thermo-energy performance at
the building level. While the P3HB was the best choice among the alternatives based on the
LOGSTA-LODECI-MUNRA combined decision-making tool, the IES-VE results indicated
that P3HD yielded the minimum annual energy usage and CO; emission in the multi-layer
wall systems. This is clearly a case where the two approaches are not in disagreement, as
they measure very different things, each with its own objective function and viewpoint
of evaluation.

The MADA evaluation was performed based on physicochemical and thermomechani-
cal properties in Table 12 with the following criteria: biodegradability, density, temperature
of thermal decomposition, crystallinity, glass transition temperature, melting temperature,
impact strength, elongation at break, Young’s modulus, and tensile strength. In this con-
text, PBHB received the best score in all criteria, ranging from high crystallinity, tensile
strength, Young’s modulus, and thermal decomposition stability to melting temperature.
Together, these properties represent enhanced structural rigidity, dimensional stability,
mechanical strength, and thermal durability. In particular, P3HB’s high degree of crys-
tallinity significantly promotes the intermolecular packing and molecular organization, and
consequently, the mechanical integrity and resistance to thermal deformation are enhanced.
Thus, the MADA framework can be expected, from a materials engineering and durability
perspective, to appropriately identify P3HB as the most well-balanced and technically
robust coating material.

Nonetheless, the IES-VE analyses pertain to a whole different realm of performance.
The energy simulation model mainly referred to the thermophysical properties of Table 3;
the thermal conductivity was the most variable of heat transfer in building envelopes by
conduction. In this sense, P3HD showed the best thermo-energetic performance due to its
extremely low value of thermal conductivity (0.13 W/mK), which drastically decreased
heat flow through the wall assembly and, hence, resulted in the smallest annual HVAC
energy consumption and associated operational CO, emissions. In contrast to the MADA
model, the building simulation did not implicitly favor mechanical strength or stiffness or
thermal degradation resistance but rather measured the operational energy effects of heat
transfer processes in varying climatic conditions.

This separation emphasizes an important scientific understanding: the scalable supe-
rior mechanical and physicochemical properties of a material do not guarantee the best
building-scale energy efficiency. The better MADA ranking of P3HB is only related to its
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high crystallinity-dependent mechanical performance, while the better simulation results of
P3HD are directly attributed to its low-crystallinity-dependent thermal conductivity. In fact,
the same structural feature that increases the mechanical strength of PSHB—its high levels
of ordered crystalline morphology—also contributes to phonon scattering and reduces
conductive heat transfer in the polymer matrix. Therefore, despite the fact that P3HB is
favorable in mechanics, its high thermal conductivity decreases the thermal resistance
of the wall construction. On the other hand, the reduced crystallinity of P3HD favors
the suppression of phonon-assisted lattice heat conduction, leading to enhanced thermal
insulation performance, even though it is not as good mechanically.

Hence, the results of the MADA and IES-VE procedure are not to be misleading
as contradicting results, but the analysis results on the various levels of the material
characteristics. The MADA methodology selects optimum material from engineering
perspective taking into consideration multi-attribute engineering requirements, whereas
the energy simulation model selects the material that results in optimum operational energy
performance when applied in a real building envelope. This combined interpretation
highlights the need for coupling material-scale decision methods with whole-building
simulation approaches when assessing novel bio-based facade materials.

From the engineering perspective, the position results suggest that P3HB is more
suitable for high structural durability, thermal stability, mechanical resistance-required
applications, and P3HD is potentially attractive for low-energy and environment-friendly
building envelope systems with thermal insulation as its major function, but also for
future energy-considered, environment-friendly building envelope systems. Thus, the
investigation illustrates that the best choice of PHA-based biopolymer coatings is highly
dependent on the intended purpose of application, and that it will not be possible for one
material to fulfill all the functional requirements without compromise.

Consequently, these results highlight the value of multi-scale coupled assessment
approaches for the study of sustainable building materials. The methodology of crystalline-
dependent thermal modeling combined with dynamic building energy simulation, and
advanced MADA approach, leads to better insights on the interplay between polymer mor-
phology, thermophysical properties and operational building performance. Such a holistic
assessment scheme provides science-based guidance for the further development and tai-
loring of bio-based polymer coatings for sustainable, energy-efficient building envelopes.

3.5. Sustainability and Life Cycle Perspective

Even though this paper focuses on energy performance during the use of PHA-based
coatings, the material-based environmental sustainability of coating materials should be
evaluated with a full life cycle perspective. Operational energy is just one stage in the
environmental impact of a building material, but embodied carbon, manufacturing energy,
maintenance, longevity, fire safety, and end-of-life scenarios all have significant muddling
effects on the environmental outcomes of materials.

PHAs have inherent sustainability benefits when compared with traditional petroleum-
based coating polymers. They are produced from renewable biological feedstocks, and they
are biodegradable under suitable environmental conditions, lessening the accumulation of
long-term plastic waste upon disposal. Moreover, it has been shown in previous investiga-
tions that under application of sustainable feedstocks and if production routes are suitably
optimized, the embodied carbon of bio-based polymers can be significantly below that of
fossil-derived polymers. Yet the magnitude of the overall environmental gain is highly
dependent on agriculture, fermentation efficiencies, energy for processing, transport, and
manufacturing methods.
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From a building engineering viewpoint, both long-term durability and maintenance
need to be considered. The durability of coating materials has a direct impact on the
replacement rate and building lifetime environmental burden. Similarly, fire retardancy,
ultraviolet stability, water resistance, and the aging process should be studied further
before removing the restriction on using PHA coatings on building envelopes on a large
scale. Sustainable material choice is also influenced by end-of-life management. Differing
from many traditional coating materials, PHAs can degrade in a controlled environment
(e.g., industrial composting), which could also be leveraged for enhanced waste manage-
ment. However, biodegradability does change significantly as a function of polymer type,
environment, and waste management options.

Thus, the current study has to be seen as an assessment of operational performance
and not a full-scale environmental life cycle assessment.

4. Conclusions

The significant energy consumption and greenhouse gas emissions of the construction
industry underscore the pressing need for sustainable building materials. Environmental
compatibility and sustainability are frequently lacking in conventional cladding materials.
Although cladding provides buildings with both protection and aesthetic appeal, sustain-
able measures must be adopted due to rising global energy usage and environmental
concerns. While addressing the drawbacks of traditional synthetic polymers, the use of
biopolymer materials in cladding offers a promising way to improve building sustainability.

Because of their low embodied energy, renewability, and biodegradability, biopoly-
mers, which are made from living things or their byproducts, offer a potential remedy. By
offering environmentally friendly substitutes that meet the requirements of sustainable
building, these materials have the potential to completely transform cladding techniques.
Combining biopolymers with synthetic polymers can improve the biodegradability of a
material and accelerate its overall breakdown. Prominent biopolymers with sustainability
and biodegradability, including PLA, PHAs, starch-based polymers, cellulose, PHB, and
PBS, are at the forefront of cladding applications. There is little research to determine the
use and constraints of biopolymers as building cladding materials, despite substantial
research on biopolymer applications in several fields.

In the present work,

- The applicability of PHA-based biopolymer coatings for multi-layer building envelope
systems was assessed by means of a novel thermo-energetic, environmental, and
decision-oriented evaluation procedure.

- The methodology presented has been based on combining crystallinity-dependent
semi-empirical thermal conductivity modeling on a dynamic building energy sim-
ulation with the IES-VE simulation tool with advanced MADA techniques such as
LOGSTA, LODECI, and MUNRA.

- The integrated design made it possible to concurrently study material-scale physic-
ochemical processes and whole-building dynamic performance under realistic
weather conditions.

- It was found that the thermal conductivity of PHA-based coatings (depending on the
degree of crystallinity) is a crucial factor for overall annual building energy use and
operational CO, emissions. -Higher thermal insulation was achieved with materials
exhibiting reduced crystallinity, especially P3HD and P4HB.

- The minimum annual energy demand and CO, emission for the exterior wall were
found among 117 configurations for a wall assembly with P3HD coating with XPS
insulation and BIMS as the structural wall material.

https:/ /doi.org/10.3390/ coatings16070873


https://doi.org/10.3390/coatings16070873

Coatings 2026, 16, 873

32 0of 36

- Highly crystalline polymers such as P3HB and PHBV showed higher conductive heat
transfer through the wall system and thus higher HVAC-related energy demand (due
to their higher mechanical strength and thermal stability).

- The MADA result showed P3HB as the first material in the ranking for which the
tensile strength, Young’s modulus, crystallinity, and thermal resistance were high.

- The results of building-level simulations also indicated that the highest mechanical
performance may not be the best thermodynamic efficiency. This differentiation
demonstrates the necessity to consider multi-scale and multi-objective evaluation
methods when selecting sustainable materials.

- From an energy operation perspective, P3HB exhibited the worst performance
due to its high heat transfer behavior (higher crystallinity) yet higher operational
energy efficiency.

- The results of sensitivity and correlation analysis reinforce reliability and consistency
of the proposed framework.

- The consistency between MUNRA ranking and the other competing MADA methods,
along with robust Monte Carlo sensitivity analysis results, illustrated the reliability of
the resultant decision ranking.

- The strong correlation between annual energy consumption and operational carbon
emissions highlights the immediate effect of envelope thermal resistance on environ-
mental building performance.

- Although the variation in annual energy usage for the studied options is relatively
small due to the thinness of the coating layer, the proposed scheme can effectively
differentiate the relative thermo-energy performance of various PHA materials at the
same condition. As such, the method is a comparative selection of materials rather
than an indication that a thin coating by itself will have a large impact on the building
energy demand. Further work is needed to analyze the effect of coating thickness, in-
sulation design, and long-term experimental performance to more accurately quantify
the potential effect of PHA-based coatings in actual buildings.

- Akey result of this research is that optimal intrinsic material performance and optimal
building thermo-energy performance may not be the same. Hence, the sustainable se-
lection of materials needs to account for both material-scale characteristics and whole-
building operational performance using two complementary evaluation methods.

Together, the results suggest that PHA-based biopolymer coatings have a lot of promise
for next-gen low-carbon and energy-efficient facade solutions. The use of minimally con-
ductive biopolymers with enhanced insulation materials can have a huge impact on de-
creasing a building’s demand for operational energy while also promoting environmental
sustainability. Hence, the present study offers a scientifically sound as well as practi-
cally feasible approach for the design of innovative bio-based cladding systems for green
building applications.

Future work should concentrate on the experimental confirmation of the thermal
conductivity of the manufactured PHA coating systems and the usage of these results in
dynamic building energy simulation. A comprehensive cradle-to-grave LCA, including
embodied carbon and studies on durability and weathering, fire performance, moisture
resistance, and optimization of coating thickness, should be considered as well to demon-
strate the long-term environmental and technical feasibility of PHA-based coatings for
sustainable building envelope solutions. In addition, the development of the decision
support methodology for multi-functional bio-based coating systems with the inclusion of
recycled or nano-engineered additives is a potential path for future research work.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation  Full Term

PHA Polyhydroxyalkanoate

P3HB Poly(3-hydroxybutyrate)

P3HV Poly(3-hydroxyvalerate)

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PHBH Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
IES-VE Integrated Environmental Solutions—Virtual Environment
HVAC Heating, Ventilation, and Air Conditioning

LOGSTA LOGarithmic normalization and STAndard deviation
LODECI LOgarithmic DEComposition of criteria Importance
MUNRA Multiple Normalization Rating Analysis

MADA Multi-Criteria Decision-Making

LCA Life Cycle Assessment

CO, Carbon Dioxide
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