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Preface

Currently, energy and sustainability are two of the major concerns worldwide. Given the relevant

energy consumption share of the buildings sector, it is very important to search for innovative design

solutions and for the optimal thermal performance of buildings in order to reduce energy bills and

greenhouse gas emissions while maintaining the comfort levels of the occupants. Additionally, given

the environmental burdens of the construction sector, seeking more environmentally responsible

processes and a more efficient use of resources is currently attracting more attention.

The fourth edition of this Special Issue, published in the Energies journal, is dedicated to the

analysis of the recent advances on the following topics: (1) the thermal behaviour improvement of a

building’s elements (e.g., walls, roofs, floors, doors, windows, etc.); (2) energy efficiency in buildings;

and (3) sustainable construction. The main goal is to compile scientific works within these topics

making use of different possible research approaches, such as theoretical, experimental, numerical,

computational, analytical, case studies, and their combinations. This reprint collects a set of original

research works of an excellent academic standard and of complete scientific soundness.

The Guest Editor would like to extend their heartfelt gratitude to the contributors whose expertise

and dedication have enriched this compilation, as well as to the reviewers who have significantly

contributed to improving the quality of the manuscripts. As editor, it is my sincere hope that this

collection inspires dialogue, sparks creativity, and serves as a catalyst for transformative action in the

pursuit of highly energy-efficient buildings and more sustainable construction practices.

Paulo Santos

Guest Editor
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Abstract: Building materials are responsible for significant CO2 emissions and energy consumption,
both during production and operational phases. Earth as a building material offers a valuable
alternative to conventional materials, as it naturally provides high hygrothermal comfort and air
quality even with passive conditioning systems. However, disadvantages related to high density,
conductivity, and wall thickness prevent its effective inclusion in the mainstream. This research
explores enhancing the thermophysical properties of compressed earth blocks (CEBs) by using locally
sourced natural materials. The study is framed in the Portuguese context and the natural materials
involved are wheat straw (WS) as a by-product of wheat harvesting, cork granules (CGs) from bottle
caps, and ground olive stone (GOSs) residues from olive oil production. Blocks were produced with
different mixtures of these materials and the thermal response was examined in a hot box apparatus.
Best results include a 20 and 26% reduction in thermal conductivity for mixtures with 5v.% CG and
10v.% GOS, respectively, and an associated reduction in bulk density of 3.8 and 5.4%. The proposed
approach therefore proves to be effective in improving the key thermophysical characteristics of
CEBs. The article includes a comparative analysis of the experimental data from this study with
those from the literature. The study contributes to the growing knowledge of sustainable materials,
providing insights for researchers and practitioners looking for innovative solutions for low-carbon
and energy-efficient materials.

Keywords: compressed earth blocks; natural materials; thermal properties; hot box testing; sustainable
construction

1. Introduction

The construction sector has a significant impact on the planet. To deliver infrastructure
and buildings, it consumes a large amount of natural resources and non-renewable en-
ergy [1]. According to the European Commission, accounting for materials and operations,
buildings are responsible for 40% of energy consumption and 36% of greenhouse gas
emissions [2]. Furthermore, it is estimated that this industry produces more than 35% of
the total waste in Europe [3]. Therefore, the quest for energy-efficient and environmentally
conscious building materials and methods has become paramount. In the ever-evolving
landscape of sustainable construction, a crucial aspect is the integration of technologies that
facilitate thermal energy storage and passive cooling systems [4]. Traditional building ma-
terials often struggle to adapt to external temperature fluctuations, leading to an increased
reliance on energy-intensive climate control systems. In this context, earth as a building
material is experiencing a renaissance as it naturally guarantees high hygrothermal comfort
and indoor air quality with low or no energy requirements for conditioning [5–7].
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Compressed earth blocks (CEBs) are unfired masonry blocks made from locally
sourced earth and compressed with a manual or hydraulic press. The stages of raw
material extraction, transportation, and production are characterised by minimal energy
consumption, making them highly environmentally sustainable building materials. In
a 2020 study, Dabaieh et al. [8] found that eliminating the firing process (in favour of
sun-drying) leads to the reduction of about 6 tonnes of CO2 and over 5000 MJ of embodied
energy to produce 1000 clay bricks. Fernandes et al. [9] quantified 0.39 kg of CO2 emissions
and 3.94 MJ of total embodied energy per CEB. In the cradle-to-gate analysis of walls, the
authors found that the use of earth-based materials (CEBs and rammed earth) reduced the
environmental impact by 50% compared to the use of conventional materials (fired clay
bricks and concrete blocks). According to Ben-Alon et al. [10], earthen wall assemblies re-
duce environmental impact by 62–99% compared to conventional assemblies such as timber
frame and concrete blocks. At the end of their life cycle, CEBs can be reused, recycled [11],
or possibly disaggregated and returned to the natural environment. These characteristics
are critical for the assessment of the environmental performance of the product, positioning
CEBs as promising candidates to contribute to the decarbonisation of the construction
sector and the promotion of a circular economy in the building materials cycle [12].

In addition to their environmental advantages, from a technical point of view CEBs
have high thermal mass, meaning they can store and release heat slowly, acting as a natural
reservoir of heat. According to [13], for different moisture levels, the capacity of earth
to absorb it is fifteen and ten times higher than that of concrete blocks and fired clay,
respectively. These properties help to stabilise indoor temperatures and reduce fluctuations
and the need for active cooling systems [14]. Nevertheless, the regulatory frameworks
geared towards conventional building materials and the physical limitations associated
with the material itself (high thermal conductivity, heaviness, and wall thickness, among
others) prevent it from being effectively included in the mainstream [15,16].

The thermal conductivity of earthen building elements lies in the range of
0.60–1.20 W/mK [17], with corresponding bulk density values typically between 1700 and
2000 kg/m3. These values are higher than those of insulation materials, which are char-
acterised by very low densities and thermal conductivity of less than 0.10 W/mK. At the
same time, they are superior to or comparable with conventional building materials such as
concrete blocks, fired clay bricks, and stones, yet stronger. Therefore, to achieve a satisfactory
level of thermal insulation, the earthen building envelope can reach significant thicknesses.
On the other hand, from a mechanical point of view, typical compressive strength values
in the 1.0–2.0 MPa range (unstabilised or slightly stabilised mixtures) allow the safe use of
CEBs for one- or two-storey constructions (maximum two in seismic areas) [18], or higher if
combined with other load-bearing structures. Though, such cases are still rare.

However, in light of the environmental, economic, hygrometric, and non-toxicity
advantages, the wide availability of the material, and considering the pressing demand for
housing due to the growing population, complying with the EU 2050 climate neutrality
target [19], the scientific effort pursued aims to mitigate the described limitations by
modifying the basic mixtures with other materials.

This study responds to a very specific research question: is it possible to improve
the thermophysical properties of CEBs without compromising their quality and keeping
environmental impact and costs low? To answer this question, the proposed experimental
strategy is to use local natural materials with low density and low thermal conductivity in
the mixture. In this category, residues and by-products are prime candidates.

In a previous study [20], we reviewed the research published from 2015 to 2021 on the
use of materials of natural origin for the optimisation of CEBs. The abundant quantities of
natural residues generated daily by agricultural, textile, and food industry processes are
routinely dumped in landfills or, at best, used as biofuels. However, depending on their
form and composition, their potential can be better exploited. Fibres and straws improve
the ductility of the blocks, mitigate cracking and shrinkage, and elevate the thermal proper-
ties. Nevertheless, their hydrophilic nature entails disadvantages such as increased water
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absorption rate, which compromises the mechanical and adhesion properties between the
fibre and the matrix, and hence the durability [21]. To counter this, surface chemical treat-
ment of fibres can be implemented [21,22], albeit at the expense of sustainability. Examining
the studies, the fibres and straws involved ranged from bamboo, hemp, date palm, banana,
kenaf, and jute fibres to fonio, lavender, barley, wheat, and rice straw. In general, plant
fibres exhibit low density and lightweight properties. Overall, the studies reveal that, when
introduced into the soil mixture, intrinsic properties and constituents, aspect ratio, concen-
tration, orientation, and bonding capacity must be considered as key factors in achieving
effective composite behaviour. Natural aggregates, such as argan nutshell, olive stone,
shea butter residue, and sawdust, share a composition with fibres, consisting of natural
polymers (cellulose, hemicellulose, and lignin). They exhibit high porosity and lightweight
properties, making them ideal for enhancing thermal characteristics. Powders or ashes
of natural origin, with distinct purposes, often contribute to stabilisation. Examples are
eggshell or mussel powders [23,24], and sawdust, wood, rice husk, and sugarcane bagasse
ashes. While aggregates are usually derived by simple grinding, powders and ashes derive
from more complex processes such as thermal treatments (e.g., calcination). The presence
of oxides such as CaO, SiO2, and Al2O3 confers them a certain degree of reactivity allowing
for pozzolanic reaction in the presence of water and over time [25,26]. Therefore, their use
could improve the compressive strength, durability, and overall quality of the blocks.

Considering the above, the use of local waste and by-products to enhance the proper-
ties of earthen building materials fosters a virtuous chain of values in terms of environmen-
tal regeneration and the circular economy. The use of local resources is now necessary to
counter the environmental and social problems of our time, as advocated by the 17 Sus-
tainable Development Goals claimed by the United Nations [27]. The proposed solution
also contributes to mitigating their accumulation and reducing the extraction of raw soil.
However, the inherent diversity of the materials involved makes the response of new
products very difficult to predict [28]. Uncertainties in the interaction between soil and
different natural materials represent one of the main limitations of this research topic.
Furthermore, the literature review revealed a lack of data on thermal properties, with only
one-third of the research addressing these aspects, compared to more than 80% of the
research addressing mechanical aspects [20]. Other limitations are related to the wide vari-
ability of the available data, which makes it difficult to compare results. The limited data
available and the multiple methods of measuring thermal properties adopted (stationary
and non-stationary methods) result in an overall fragmented and heterogeneous picture.
Therefore, to be fully understood, the topic must still be investigated. As this approach
helps mitigate the thermophysical limitations of CEBs and has the advantage of proposing
new local waste streams, this type of research has recently been strongly encouraged in the
literature [13,20,29–31]. It is believed that feeding the literature with more data can provide
a less heterogeneous picture and clarify the extent to which these differences should be
adequately considered. In addition, procedures and criteria for the reference mix design
are outlined that can support the setting of standards, government policies, and social
acceptance, all of which are essential factors to support the true dissemination of materials
incorporating waste [32].

This study provides experimental data on CEBs incorporating separately and in
various percentages three different natural materials. It is framed in the Portuguese context
and the natural materials to modify the mixtures were selected according to local availability.
These are wheat straw (WS), cork granules (CGs) and ground olive stones (GOSs). While
straw is more widely used in soil-based mixtures, even traditionally [33], little data have
been found in the literature on the use of cork granules [34,35] and olive oil residues [36].
Therefore, this study could be seen as confirmatory research.

The blocks used as reference for this study are produced by a company in the south of
the country and are commercially available. Their properties were analysed in a previous
work [35], in which another variable that largely governs thermophysical behaviour, the
particle size of the soil, was studied. The key attributes are: bulk density—1850 kg/m3;
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open porosity—32%; natural moisture content—0.60%; thermal resistance—0.23 m2K/W;
thermal conductivity—0.65 W/mK; thermal diffusivity—3.99 × 10−7 m2/s; compressive
strength—2.03 MPa; E-Modulus—46.21 MPa; ultrasound pulse velocity—1079.09 m/s;
flexural strength—0.21 MPa; coefficient of capillarity absorption—0.15 g/(cm2√min);
electrical resistivity—1.57 kΩcm and; water absorption by total immersion—16% (refer to
the R2-180D mixture).

Based on this reference, the objective of this research is to improve the thermophysical
properties of these CEBs by using locally sourced natural materials. By selecting WS,
CGs, and GOSs, a new waste stream management is proposed for southern Portugal.
The experimental results presented here are part of a comprehensive study, including
analyses of mechanical strength and durability, the results of which will be presented in
future studies.

2. Materials and Methods

This section introduces and characterises the raw materials used and describes sam-
ple preparation. Subsequently, the experimental methods for investigating the blocks
are presented.

2.1. Raw Materials and Sample Preparation

CEBs used as reference for this study consist of a mixture of soil, hydraulic lime as
stabiliser, and water. The blocks were produced by a company in the south of Portugal with
long experience in earthen construction, Betão e Taipa. The company supplied these materials.

Natural materials used for the experimentation are wheat straw (from wheat harvest-
ing), cork granules (from recycling bottle stoppers) and ground olive stones (from olive oil
production). These materials were selected according to local availability and the producers
who supplied them. As the aim is to keep raw materials minimally processed, they were
not subjected to any treatment aimed at changing their surface or microstructural attributes.

2.1.1. Soil Characteristics

The soil was quarried in the region of Serpa, Alentejo, Portugal. The main character-
istics were deduced from common physical and geotechnical testing methods. Comple-
mentary analyses such as X-ray diffraction (XRD) and thermogravimetric analysis (TGA)
provided microstructural insights.

The primary characteristics are given in Table 1, along with the standards followed.

Table 1. Physical and geotechnical characteristics of the soil used.

Characteristics Test Methods Standards

Consistency limits 1 wL = 29.5%, wP = 18.5%, IP = 11% Atterberg limits NP-143 [37]
Particle density 1 2.71 g/cm3 Pycnometer test NP-83 [38]

Specific heat (at 26.85 ◦C) 1,2 883.93 J/kg◦C DSC ASTM E1269 [39]
Maximum dry density 2.01 g/cm3

Proctor test E 197 [40]
Optimum water content 12.0%

Sand content 18.80% Sand equivalent test NP EN933-8 [41]
Activity of clay minerals 0.67 mg/g Blue methylene test NP EN933-9 [42]

Organic content 3.50% Loss on ignition ASTM D2974 [43]
1 This test is standardised for a maximum particle size of 4.75 mm. 2 Due to the apparatus’s calibration, it was
impossible to obtain reliable measurements at 20 ◦C.

Based on this characterisation, the soil is classified as ‘sandy’. Figure 1 illustrates the
particle size distribution, showing adequate clay content to produce CEBs (~10%) [44].

XRD analysis, used for mineral identification, was conducted using a Locked Cou-
pled configuration on a Bruker AXS D8 Discover diffractometer (Bruker, Billerica, MA,
USA) equipped with Cu-Kα radiation (λ = 1.54060 Å) at 40 kV and 40 mA. Scanning was
performed between 5◦ and 82◦ with a step size of 0.04◦s−1 and a step time of 3 s. Phase
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identification was performed using EVA analytical software (v. 4.2.2). Crystalline phases
were indexed in the International Centre for Diffraction Data (ICDD) database. Quantitative
phase analysis was attained employing Rietveld refinements with TOPAS software (v. 3).

Figure 1. Particle size distribution curve of the soil used.

The obtained XRD pattern is presented in Figure 2. Peak-matching analysis reveals
the presence of three plausible main crystalline phases: quartz (13%), muscovite (55%), and
clinochlore (32%).

Figure 2. X-ray diffraction pattern of the soil sample analysed.

Quartz (SiO2) belongs to one of the most significant and common classes of minerals,
and its presence is expected in sandy soils. This element suggests a significant granitic
and metamorphic influence on the soil. Muscovite and clinochlore are phyllosilicates,
minerals consisting of parallel sheets of hydrated silicate tetrahedra with water or hydroxyl
groups attached. Muscovite (KAl2[(AlSi3O10)(OH)2]) is the most common dioctahedral
mica characterised by perfect basal cleavage [45]. Clinochlore (Mg5Al[(AlSi3O10)(OH)2]) is
a Mg-dominant species belonging to the chlorite group (clay mineral group). Generally
green, with a pearly to glassy lustre, it is relatively soft and has a scaly, platy appearance [45].
On visual examination and touch, the presence of such soft and relatively soft minerals as
muscovite and clinochlore is evident.
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Soil characterisation is finally completed with TGA. The analysis was performed by an
SDT Q600 V20.9 Build 20 apparatus (TA Instruments, New Castle, DE, USA). The temperature
program set was a linear ramp with an increase of 10.0 ◦C/min up to 1100.0 ◦C. The mass loss
of each analysed sample is recorded against the increase in temperature. The first derivative
of the gravimetric curve is then plotted to identify the peaks corresponding to the reactions in
the sample. The soil gravimetric curve and its first derivative are shown in Figure 3.

Figure 3. Thermograms of the raw materials involved: at the top the thermogravimetric curves (TG),
at the bottom their first derivative (DTG) for peak identification.
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It is anticipated that, for a more direct comparison, Figure 3 shows the thermo-
grams of all the raw materials involved in this study. Please refer to the specific sections
(Sections 2.1.2 and 2.1.3) for the discussion about these results.

The first derivative (DTG) of the soil thermogravimetric (TG) curve revealed five
distinctive peaks. The initial weight loss below 100–140 ◦C corresponds to hygroscopic
water loss (free water between clay particles). This loss continues to increase at higher
temperatures due to water being bound to exchangeable cations in the minerals. In the tem-
perature range 200–400 ◦C (low), decomposition of organic matter occurs first, followed by
oxidation of the carbon content. Therefore, the peak identified at 280 ◦C possibly represents
the dehydroxylation or decarboxylation of organic compounds. However, it could also
represent the loss of hydroxyl groups from gibbsite (Al(OH)3) or the dehydroxylation of
goethite (FeO(OH)), which occurs in the 290–330 ◦C range and whose possible presence
is based on visual inspection of the soil sample (characteristic iron-red colour). In the
temperature range of 400–500 ◦C (moderate), a peak at 470 ◦C suggests the decomposition
of more complex organic compounds or the presence of clay minerals (most likely the
presence of the latter, as the same peak was detected in the analysis of soil samples free
of organics). Finally, carbon thermal degradation occurs in the high-temperature range
above 600 ◦C. Peaks at 880 ◦C and 980 ◦C may correspond to mineral decomposition and
oxidation processes, respectively. It is reported in the literature that phyllosilicates detected
by XRD (muscovite and clinochlore), for example, show a simple dehydroxylation reaction
in the temperature range 820–920 ◦C, compatible with the peak found [46]. The presence of
quartz, with its characteristic peak at 573 ◦C corresponding to phase transition α-β, was
not found [47,48].

2.1.2. Natural Hydraulic Lime

As sandy soils may lack of cohesion, 5% by volume (5v.%) of Natural Hydraulic Lime
(NHL5) was used for stabilisation. The grey TG and DTG curves in Figure 3 form the
fingerprint of hydraulic lime with the two main peaks at 410 ◦C and 760 ◦C. The first one is
associated with the dehydroxylation of Ca(OH)2, while the second indicates the thermal
decomposition of CaCO3 to form CaO and CO2 [49].

2.1.3. Natural Materials

This study defines ‘natural materials’ as all raw materials of plant or animal origin,
such as fibres, straw, leaves and any aggregate, powder or ash derived from fruit stones,
shells, and wood. To be considered residues and by-products, these materials must derive
from other processes and not be extracted directly. In this study, three were selected on
the basis of their local availability. These are wheat straw, cork granules, and ground
olive stones.

Wheat straw (WS) is an agricultural by-product of wheat cultivation represented by
the residual stalk, which includes stems and leaves. Cellulose, hemicellulose, and lignin
are the main components of its fibrous structure. Observing Figure 3, the weight loss in
the 140–540 ◦C range and the peak at 305 ◦C in the DTG curve are indeed related to the
release of condensable vapours (acetic acid, methanol, and wood tar) and incondensable
gas (CO, CO2, CH4, H2, and H2O) deriving from their decomposition (pyrolysis) [50]. The
lightweight and porosity characteristics of straw fibres make them suitable for inclusion
in composite materials designed for construction purposes. In this study, the WS was
chopped into pieces 3 to 5 cm long.

Cork granules (CGs) are a recycled product from bottle stoppers. Along with Spain,
Algeria, and California, Portugal is one of the leading countries producing commercial cork.
For its ease of availability in the local market and outstanding properties (low density and
permeability, elasticity, resiliency, acoustic and thermal insulation, chemical and biological
inertia, and fire resistance [51–53]), this material emerges as a valuable candidate for
enhancing the thermal performance of CEBs. As a natural aggregate, unlike fibres, CGs are
used as a partial substitute for soil. The TGA (Figure 3) shows that, like straw, the most
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prominent mass loss occurs in the 140–540 ◦C range. In this region, a smaller peak around
280 ◦C corresponding to the degradation of polysaccharides composed of cellulose and
hemicellulose can be noticed. However, a second, more important reaction is noticeable
at 415 ◦C, corresponding to more stable aromatic structures, such as lignin and suberin.
Above 540 ◦C, the mass loss rate is slow until the cork reduces to ash [54].

Ground olive stones (GOSs) are the residual by-products of olive oil production. GOSs
are composed mainly of the hard, inner seeds crushed during olive oil processing and exhibit
a durable and granular structure, rich in lignin and cellulose, also confirmed by TG analysis.
Figure 3 shows that the most significant mass loss occurs in the 140–540 ◦C range. Identified
peaks at about 325 ◦C and 460 ◦C are due to the cellulose. The long tail corresponds to the
thermal decomposition of lignin, which indeed decomposes, overlapping the cellulose [55].
The physical properties of GOSs include a low density and high porosity, making them ideal
candidates for enhancing materials’ thermal and structural characteristics.

Table 2 provides the main characteristics of selected natural materials.

Table 2. Characteristics of the natural materials involved in this study.

Thermal Conductivity
[W/mK]

Moisture Content
[%]

Bulk Density
[g/cm3]

Porosity
[%]

Absorption
[%]

Wheat straw (WS) 0.041–0.049 1 [56] 5.02–7.79% [57] 0.98–1.77 [57];
0.104 [29] – –

Cork granules (CGs) 0.036 [35] – 0.70 [35] 51% [35] 2.40 [35]
Olive stones (GOSs) – – 0.65; 0.70 [36] 83% [36] 4.60 [36]

1 This range was calculated on wheat straw bales. Note: If not calculated, data in the table were taken from
the specific literature referenced. Due to the highly variable composition, materials’ properties do not have an
unambiguous value but fall within a range of values.

Pictures in Figure 4 show their appearance.

(a) (b) (c)

Figure 4. Appearance of the natural materials selected: (a) WS—wheat straw (WS); (b) CGs—cork
granules; (c) GOSs—ground olive stones.

2.1.4. Preparation of the Samples

The block samples were prepared at the company’s premises, following company
practice. Regarding preparation conditions, some important information about the produc-
tion process should be highlighted: (i) at the company scale, it was not possible to oven-dry
the raw soil before mixing; therefore, the water content was defined for each mixture based
on the producer’s experience and may not reflect the optimal content deduced from the
Proctor test; (ii) as for company uses, all mixtures were prepared on a volumetric basis; (iii)
the blocks produced do not have the same volume (block height varies slightly depending
on the mixture).

To produce CEBs, raw materials were mixed ‘dry’ first to ensure an even distribution.
Water was added gradually until the dropping ball test conditions were satisfied [33,58,59].
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This field test, which consists of dropping a ball of moist earth from a height of 1 metre and
observing how it breaks, is considered adequate for non-plastic earthen techniques [17].

In this study, the reference blocks are CEBs consisting of soil, 5% by volume (v.%)
hydraulic lime addition, and water. This basic mixture is identified here as ‘REF’. The
designed mixtures covered by this study are those shown in Table 3.

Table 3. Designed mixtures.

Soil
Hydraulic Lime

[v.%]
Natural Material

[v.%]
Mixing Water

[v.%]

Reference mixture—REF 1 REF 100% 5% - 10%

Mixtures with addition of wheat
straw—WS

WS5 100% 5% 5% 13%
WS10 100% 5% 10% 12%
WS15 100% 5% 15% 11%

Mixtures with replacement of soil with
cork granules—CGs

CG1 99% 5% 1% 16%
CG3 97% 5% 3% 15%
CG5 95% 5% 5% 14%

Mixtures with replacement of soil with
ground olive stones—GOSs

GOS10 90% 5% 10% 15%
GOS15 85% 5% 15% 14%

1 The blocks used as reference for this study were characterised in their main thermophysical, mechanical and
durability attributes in a previous study [60], see batch ‘R2-180D’.

According to the above-presented mixes, CEBs were produced using a hydraulic press
machine (Eco Máquinas, São Domingos, Brazil—Eco Master 7000 Turbo II) at
10 MPa (Figure 5a). Blocks have standard dimensions of 300 mm × 150 mm × 80 mm
(length × width × average height). After compression, the blocks were stored in a sheltered
area, sprayed with water twice a day for the first week and covered with a plastic sheet.
They were cured for 180 days before testing (Figure 5b).

  
(a) (b) 

Figure 5. (a) Freshly manufactured blocks and (b) batch of blocks (mixture WS15) ready for curing.

2.2. Experimental Methods

The experimental investigation consisted of characterising the physical–geometric
and thermal attributes of the CEBs. For each mixture, the batch of blocks produced
comprises at least eighteen blocks. Due to the inherent variability of the material, to
provide the best representative value, the physical and geometric attributes refer to the
average measurement of the entire batch. Thermal tests were instead performed on a
sample of three blocks.
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2.2.1. Physical Characterisation of the Blocks

The volume and mass of each block was measured at natural moisture content. The
bulk density, expressed in kg/m3, is estimated according to Equation (1):

γ = m/V, (1)

where m and V are the measured mass and volume of the block, respectively. The dry bulk
density (γd) is estimated through Equation (1), by replacing the mass m with the dry mass
(md). The blocks were considered dry when their mass stabilised after several days in the
oven at 40 ◦C. An estimation of the percentage of open porosity (ϕ) and natural moisture
content (ω) can be then obtained through equations:

ϕ = 1 − (γd/γs), and (2)

ω = (γ − γd)/γ (3)

where γs is the soil particle density (see Table 1).

2.2.2. Thermal Characterisation of the Blocks

The thermal characterisation of the blocks was performed in a hot box apparatus.
The primary output of the hot box is the thermal resistance. The thermal resistance was
measured under steady-state conditions according to ASTM C1363-11:2011 [61] and ISO
9869-1:2014 [62]. Each block was placed between two sensors in a temperature-controlled
enclosure while a known temperature difference was applied. The sensors measured the
heat flux. Steady-state conditions are assumed to occur when the percentage change in
heat flux throughout the sample is ≤5% at 24 h intervals and after a minimum of 72 h of
testing. For a detailed description of the apparatus, please refer to [63].

The thermal resistance, expressed in m2K/W, is defined by Equation (4):

R = ΔT/q, (4)

where ΔT is the applied temperature difference, and q is the heat flux across the sample.
From it, thermal conductivity (W/mK) can be deduced according to Equation (5):

λ = d/R, (5)

where d is the thickness of the product (wall thickness), and R is the thermal resistance.

3. Results and Discussion

3.1. Physical Properties of the Blocks

The average bulk density values calculated for the entire batch of CEBs produced for
each mixture are presented in Figure 6a. The graph of Figure 6b shows the estimated open
porosity associated with each mixture.

The reference CEBs (REF) are characterised by a bulk density of 1848.0 kg/m3 and
an estimated open porosity of 32.6%. In the histograms, the dashed line indicates these
reference values, while the percentages on each bar represent the variation from the ref-
erence. As a general tendency, the incorporation of natural materials reduces the bulk
density as their concentration increases. In the case of WS, the effect is less pronounced
as the fibres were added to the mixture rather than replacing a portion of soil. In fact,
mixtures containing 5 and 10v.% WS only marginally reduced bulk density to 1841.2 and
1842.5 kg/m3, respectively—less than 1% of the reference. Porosity is estimated to be 32.4%
for WS5 and 31.7% for WS10. The mixture with 15v.% WS recorded a slightly lower bulk
density (1825.5 kg/m3), and higher porosity (34.9%).
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(a) (b)

Figure 6. Bulk density (a) and open porosity (b) of CEBs incorporating different natural materials.

The replacement of 1 and 3v.% of soil with CGs had an almost negligible impact on
the bulk density, with values of 1853.3 and 1837.1 kg/m3 respectively—both still varying
within 1%. Porosity is estimated to be 32.0% for CG1 and 32.4% for CG3. Incorporating 5v.%
CG resulted instead in 4% lower bulk density (1777.5 kg/m3), and higher porosity (34.9%).
These results, particularly those for CG1 and CG3, are due to the minimum substitution
rate examined. Unfortunately, it was not possible to go any further as, for concentrations
above 5v.%, a degradation of the blocks’ quality was observed during production. As
shown in Figure 7, beyond this threshold, the blocks exhibited poor quality and a lack of
cohesion that made them prone to crumbling immediately after compaction. It can be said
that 5v.% represents the upper limit for effective soil replacement with CGs.

(a) (b)

Figure 7. CEBs incorporating 10v.% CG broke down (a) and cracks (b) immediately after compaction.

Mixtures incorporating GOSs exhibited more remarkable results. Replacing 10 and
15v.% of soil with GOSs reduced the bulk density to 1747.8 and 1636.7 kg/m3: in percentage,
5.4 and 11%, respectively. The estimated porosity raised up to 35.9% for GOS10 and 40% for
GOS15. Unlike CG, even at higher concentrations, GOS mixtures encountered no significant
issues during the production process. This disparity may be attributed to the differences
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between the two natural aggregates. Although both are characterised by considerable
lightness and porosity, the hardness of the olive kernel and the surface’s roughness prove
to be more akin to soil particles compared to the soft and resilient honeycomb structure of
cork. Therefore, GOSs exhibit a superior affinity than CGs for replacing a portion of the
soil in mixtures intended for CEBs.

With the exception of GOS15 blocks, the bulk density of the CEBs examined falls
within the typical range disclosed in the literature—from 1700 to 2000 kg/m3 [20]. It
should be noted that there are no regulatory requirements on this aspect in most parts of
the world. Only Indian and Sri Lankan standards have set a minimum bulk density of
1750 kg/m3 [30,64,65]. This notwithstanding, despite lower density values in the range
1600–1650 kg/m3, blocks with 15v.% GOS showed no discernible problems during the
production process (as in the case of blocks with >5v.% CG).

Finally, in the reference CEBs as in those with natural materials, the natural moisture
content at 180 days was always around 0.6%.

3.2. Thermal Properties of the Blocks

The average results of thermal tests performed in the hot box apparatus are presented
in Figure 8. As in the previous graphs, the dashed lines indicate the reference values, while
the percentages on each bar represent the variation from this reference.

(a) (b)

Figure 8. Thermal resistance (a) and conductivity (b) of CEBs incorporating different natural materials.

Reference CEBs are characterised by a thermal resistance of 0.23 m2K/W. The incorpo-
ration of WS did not lead to any significant alterations of the thermal response: in the case
of 5v.% addition, the increase in resistance is below 1%; in the case of 15v.%, it is slightly
above 2%. A modest increase of 5.6% can be noted for a concentration of 10v.% (WS10:
R-0.24 m2K/W). However, it would be premature to attribute this result to the presence of
fibres for two reasons: the first is that the relatively low percentages considered can make
the soil thermal response dominant over the presence of straw; the second is that mixing
on a volumetric basis and producing blocks on a large scale (company scale) increases
data scattering. Similar to the WS5 blocks, the CG1 blocks include an extremely small
percentage of CGs (1v.%), essentially incapable of modifying the thermal resistance. On
the other hand, the other CG mixtures exhibit a sharper response. Replacing 3 and 5v.%
of the soil with CGs brings the thermal resistance of the blocks to 0.25 and 0.29 m2K/W,
corresponding to an increase of 8.7 and 25.3% for CG3 and CG5, respectively. However, the
best results are obtained for CEBs incorporating GOSs. The R-value increases by 35.6%,
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reaching 0.31 m2K/W in the case of a 10v.% GOS concentration (GOS10), and by 28.4%,
reaching 0.30 m2K/W, in the case of a 15v.% GOS concentration (GOS15). Overall, the incor-
poration of natural materials increases the thermal resistance of the blocks, enhancing their
insulating potential. Note that, according to the actual laying in masonry walls, the blocks
were measured in flat position and, therefore, the R-values correspond to a wall-thickness
of 15 cm. Regardless of the thickness, Figure 8b represents the thermal conductivity of each
mixture experimented.

As in the case of thermal resistance, the same non-linear trend is observed for the
reciprocal thermal conductivity in blocks with WS and GOS mixtures (Figure 8b). In fact, in
the case of these mixtures, the results show an initial improvement in the thermal properties
(see WS10 and GOS10) followed by their decay (see WS15 and GOS15), in line with the
literature findings suggesting a maximum concentration threshold limiting the benefits
related to the presence of natural materials [20]. Interestingly, the CG mixtures exhibit
a more linear trend: the thermal conductivity, as well as the bulk density (Figure 6a),
decrease steadily as the concentration of CGs increases. This response may be attributed to
the presence of non-hygroscopic water associated with the microstructure of the natural
materials involved. In fact, for dry soils, relatively small increases in water content can
substantially increase the thermal contact between soil particles, resulting in a non-linear
increase in thermal conductivity [66]. As evidenced by the thermograms in Figure 3, the
water content (mass lost below 140 ◦C) exceeds 10% in the case of WS and GOSs, while for
CGs it remains below 4%. Experimental data are provided in Table 4.

Table 4. Thermophysical properties of CEBs incorporating natural materials 1.

γd [kg/m3] 2 R-Value [m2K/W] λ [W/mK]

REF 1831.53 ± 4.72 (0.26%) 0.231 ± 0.01 (4.13%) 0.650 ± 0.03 (4.11%)
WS5 1835.31 ± 13.14 (0.72%) 0.232 ± 0.03 (12.28%) 0.653 ± 0.09 (13.08%)

WS10 1805.36 ± 68.06 (3.77%) 0.243 ± 0.04 (14.45%) 0.625 ± 0.08 (13.60%)
WS15 1816.43 ± 32.24 (1.77%) 0.236 ± 0.02 (6.35%) 0.636 ± 0.04 (6.59%)
CG1 1771.21 ± 41.65 (2.35%) 0.232 ± 0.03 (12.85%) 0.653 ± 0.08 (12.32%)
CG3 1848.86 ± 76.02 (4.11%) 0.251 ± 0.02 (7.94%) 0.600 ± 0.05 (8.32%)
CG5 1748.36 ± 7.21 (0.41%) 0.289 ± 0.04 (12.15%) 0.523 ± 0.06 (11.54%)

GOS10 1737.31 ± 16.21 (0.93%) 0.313 ± 0.01 (4.17%) 0.479 ± 0.02 (4.14%)
GOS15 1626.84 ± 50.87 (3.13%) 0.297 ± 0.01 (3.24%) 0.506 ± 0.02 (3.21%)

1 This table shows the average data with their standard deviation and, in brackets, the coefficient of variation.
2 These data refer to the average dry bulk density of only the CEBs used for the thermal tests (three). Therefore,
they may differ from the values shown in the histogram of Figure 6a, as those values were calculated by averaging
the entire batch of blocks produced (eighteen per mixture) to obtain a more robust measurement.

3.3. Comparison and Analysis

In the graph of Figure 9, the experimental data are presented along with data from
the literature. As the compression process entails some substantial changes in soil particle
packing and heat transfer, it is worth mentioning that these data were collected within the
context of a previous study [20] focusing exclusively on the case of CEBs incorporating
natural materials. These materials are indicated in the legend.

Experimental data of this study fit well into the broader framework collected, being
in the range of both conventional density and thermal conductivity values. Although one
cannot speak of a linear dependency relationship between the two variables—statistical
analyses have estimated very low coefficients of determination (in the range 0.2–0.4, see
Figure 9, top left-hand corner)—a certain increase in the thermal conductivity as the bulk
density increases is noticeable. It is legitimate to query whether more data availability
could support this hypothesis which remains an open issue [45].
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Figure 9. Comparison of the experimental data with the literature data. The main graph shows average
values, while the zoom in the top left-hand corner presents the raw data and the linear regression.

However, data reassure on the effectiveness of the natural materials considered in
improving thermal properties of CEBs. Observing the graph and the highlighted cases, the
consistent reduction in thermal conductivity of mixtures modified with natural materials
compared to those unmodified can be noted. The most significant reduction in thermal
conductivity, exceeding 50%, was observed in mixtures containing 3% by mass of wheat
and barley straw [67] (highlighted in red). This notable achievement can be attributed to
the significant amount of fibres used (calculated on a mass basis), fairly above the concen-
trations considered in this study (calculated on a volumetric basis). Without compromising
the essential mechanical strength and durability of the blocks, these results suggest the
possibility of exploring even higher proportions.

Other noteworthy examples showcased reductions in thermal conductivity exceeding
35%, particularly in mixtures incorporating rice husk ash [25] (highlighted in yellow) and
olive stones (highlighted in green) [36]. In this regard, the results of the present study
concerning GOS mixtures align consistently with those reported by [36] and other studies
not included in the review article [68,69].

In the case of CGs, the results of this study still find consensus with the literature,
but outside of that included in the review article [34,35]. The thermal conductivity as well
as the bulk density of mixtures incorporating CGs decreased with a linear trend. The
authors agree on attributing this result to the low density and low thermal conductivity
of this natural aggregate. However, within the scope of this study, production problems
were observed for concentrations above 5v.% CG. Above this threshold, in fact, the blocks
crumbled and broke immediately after demoulding.

In conclusion, continuing to explore the potential of natural materials to improve the
thermal characteristics of CEBs has proven beneficial. The increase in thermal resistance
improves the insulation potential of the material, allowing a reduction in the thickness of
the building envelope. Many natural materials inherently exhibit a lightweight and porous
structure, making them particularly well suited for achieving this purpose. When sourced
from production processes, such as those in the agro-food industry, the utilization of these
materials not only presents a substantial opportunity for improving thermal behaviour but
also contributes significantly to waste reduction. The findings underscore the feasibility of
simultaneously attaining diverse objectives that could generate a positive environmental
and economic impact for the building industry [70].
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4. Conclusions

This study investigates enhancing the thermophysical properties of compressed earth
blocks (CEBs) by incorporating locally sourced natural materials. The experimental de-
sign involved formulating eight different mixtures with varying volume concentrations
(v.%) of wheat straw (WS—5, 10 and 15v.%), cork granules (CGs—1, 3, and 5v.%), and
ground olive stones (GOSs—10 and 15v.%). The resulting blocks were tested using a hot
box apparatus and characterised in their thermophysical attributes. The findings reflect
the distinct impact of adding natural fibres (as seen with WS) or substituting soil with
natural aggregates (the case observed with CGs and GOSs) on the mixtures’ properties.
Notably, the variations in properties were more pronounced with natural aggregates. Cer-
tain mixtures showed superior thermal properties compared to standard blocks (REF:
R—0.23 m2K/W and λ—0.65 W/mK). The best mixture incorporating WS, albeit with
modest improvements, achieved a 4% decrease in thermal conductivity at a 10v.% concen-
tration (WS10: R—0.24 m2K/W and λ—0.63 W/mK). In contrast, mixtures with 5v.% CG
and 10v.% GOS reduced conductivity by approximately 20 and 26%, respectively (CG5:
R—0.29 m2K/W and λ—0.52 W/mK; GOS10: R—0.31 m2K/W and λ—0.48 W/mK). These
findings underscore the potential of these materials to enhance the thermal properties
of earth-based mixtures while also contributing to waste reduction and minimising raw
material extraction.

Some observations:

• Further research is warranted to refine the material ratios and manufacturing pro-
cesses to achieve optimal thermal performance in mixtures incorporating WS. Con-
trary to the existing literature [67], this study did not observe an improvement in
thermal properties.

• Utilising CGs from bottle stoppers showcases the recycling and reusing potential of this
natural material. However, concentrations exceeding 5v.% were found to compromise
block quality, as evidenced by immediate block crumbling post compaction.

• The inclusion of GOSs in mixtures is a promising alternative for enhancing earth’s
insulating properties and overall energy efficiency, while also proposing a sustainable
waste management technique. Positive results from their use align with the existing
literature [36], marking a significant milestone. Further experimentation in other
producing countries would be beneficial.

• The investigation did not reveal a linear correlation between density reduction and
thermal conductivity reduction. Two considerations: the introduction of natural ma-
terials into the soil matrix, whose properties diverge from those of the soil grains,
lead to non-linearities in the heat flux paths. Accurately describing this problem using
analytical models is difficult without significant simplifications. On the other hand,
numerical approaches employing random discrete-element modelling could simulate
the behaviour of the mixed granular medium, albeit with computational cost. Despite
low coefficients of determination indicating weak correlations, a certain pattern is still
decipherable. Consequently, while more data can increase confidence in navigating
the survey space, the creation of a comprehensive database could make it easier to
exploit the potential of artificial intelligence.

Enhancing our understanding and refining the thermophysical properties of earth-
based building materials incorporating natural elements is an essential prerequisite for
their advancement. Therefore, continued research in this area is strongly encouraged.

In the comprehensive evaluation of the proposed new products, following studies
will present the analysis of mechanical and durability aspects as well as the life cycle
assessment in terms of environmental impact and cost. Further investigations will focus on
the possibility of using materials of natural origin for soil stabilisation, thus eliminating
traditional binders (cement or lime, as in the case of this study).

Future prospects should encompass conducting experimental thermo-hygrometric
investigations on walls and simulations to evaluate their performance across different
climate zones, thus enabling the transition from product to building scale.
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This study represents a foundational yet indispensable step towards the implementa-
tion of a closed-loop approach that positions earth as a central component of sustainable
and regenerative building solutions. The integration of residues and by-products of natural
origin not only enhances thermal performance, but also sets the stage for a transformative
shift in the use of unconventional materials in the construction industry.
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Abstract: Enhancing the energy efficiency and climate resilience of existing buildings is crucial
amid growing environmental challenges. While extensive research has focused on non-residential
buildings, studies on thermo-hygrometric conditions in warehouse-type buildings, particularly
in subtropical climates, remain limited. This study investigated the impact of building envelope
deficiencies on indoor thermal and moisture regulation at the Nori Distribution Center. Using
infrared thermal imaging and long-term environmental monitoring, significant thermo-hygrometric
fluctuations were identified, primarily due to design and construction deficiencies. Poor insulation,
inadequate sealing, and the lack of moisture barriers contributed to unstable indoor temperature and
humidity. Seasonal analysis showed that during summer, the median second-floor air temperature
reached 28.8 ◦C, peaking at 39.2 ◦C, with relative humidity exceeding 70% for 45% of the time.
First-floor relative humidity surpassed 70% for 72% of the time. While condensation risk remains low
year-round, it increases significantly with air infiltration through gaps in the building envelope. This
study recommends enhancing the sealing of the building envelope, upgrading insulation materials
and moisture barriers, particularly in the roof, and optimizing the HVAC system to improve energy
efficiency and storage conditions. These findings offer valuable recommendations for retrofitting
warehouse-type buildings in subtropical climates to improve energy efficiency and climate resilience.

Keywords: building envelope; thermo-hygrometric control; subtropical climates; deficiency detection;
insulation; warehouse-type buildings

1. Introduction

As the built environment faces growing demands for sustainability, optimizing the
energy performance of existing buildings is crucial for reducing energy consumption
and carbon emissions [1,2]. In reflecting on the current capabilities and the possibilities
for improving the building stock, it is essential to design buildings that can adapt to
climate changes throughout their entire life cycle [3]. Adapting buildings to local climatic
conditions—characterized by high humidity, significant temperature fluctuations, and
intense solar radiation—presents considerable challenges [4–6]. These conditions stress
traditional building methods and severely impact indoor thermo-hygrometric conditions,
which are essential for occupant comfort [7–10], material integrity preservation [11,12], and
energy efficiency [13].

The built environment plays a crucial role in addressing climate change, particularly in
urban areas where dense populations and high levels of human activity intensify environ-
mental pressures. The concentration of population in cities makes them more vulnerable
to the externalities of emissions and the impacts of climate change [14]. As a result, cities
have become central to both mitigation and adaptation efforts [15]. Mitigation strategies
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aimed at reducing greenhouse gas emissions are essential for improving energy efficiency
and minimizing the environmental impact of buildings [16]. At the same time, buildings
in edge-of-city or suburban areas, while exposed to different environmental conditions,
face equally significant challenges as cities expand to incorporate rural and industrial
zones [17]. Therefore, targeted strategies are necessary to ensure both energy efficiency and
the long-term performance of buildings in these regions.

In the context of climate-responsive building design, distinguishing between mitiga-
tion and adaptation strategies is critical. Mitigation measures address the root causes of
climate change by reducing greenhouse gas emissions and improving energy efficiency [1].
In contrast, adaptation measures aim to enhance a building’s capacity to endure the effects
of climate change, maintaining functionality under shifting environmental conditions [18].
To comprehensively address the complexities of climate-related challenges, adaptation
must be given equal priority alongside mitigation [19].

With the intensification of these environmental challenges, prioritizing the mainte-
nance, renovation, and retrofitting of existing buildings has emerged as a key strategy to
enhance their resilience and sustainability [2,20,21]. By mitigating the impacts of climate
on building integrity and functionality and subsequently maintaining optimal thermo-
hygrometric conditions, we can ensure the long-term sustainability of the built environ-
ment [22,23].

Adaptation strategies of buildings to diverse climatic conditions have been extensively
researched, predominantly focusing on residential buildings [24–28]. Although significant
attention has been directed toward non-residential buildings [29–33], challenges specific to
warehouse-type buildings in subtropical climates are less studied [34]. This research gap
is particularly evident in the specific structural and environmental control requirements of
warehouse-type buildings, especially in maintaining optimal thermo-hygrometric conditions.

In hot and torrid climates, the internal heat load of commercial and industrial buildings
is mainly determined by solar heat gain through the roof, walls, and floors [35,36]. How-
ever, the loads that most influence internal temperatures, apart from those entering from
opaque structures, are the solar loads entering through windows [37]. Such facilities are
typically characterized by large open spaces and high ceilings, which contribute to significant
vertical temperature gradients and increase infiltration heat loads due to their small shape
factor [38,39]. Additionally, warehouse-type buildings often utilize metal roof panels and
lack surrounding shading structures, frequently exposing roofs to prolonged direct sunlight,
exacerbating temperature and humidity fluctuations and causing overheating [40,41]. Under
subtropical climate conditions, these factors can lead to condensation and mold growth,
compromising the structural integrity of the building and reducing product quality [42–45].

Non-destructive in situ investigations are increasingly recognized as essential for
the thermal characterization of building envelopes. These techniques offer significant
advantages by allowing the evaluation of thermal performance without causing damage to
the structure [46]. Key parameters for thermal characterization include heat flux, which
measures the rate of thermal energy transfer per unit area, and thermal transmittance, which
quantifies the rate of heat transfer through building materials. Accurate measurement of
these parameters is critical for assessing the performance of building envelope components
and identifying areas where energy efficiency can be improved [47]. Recent studies have
demonstrated the effectiveness of direct and indirect heat flux measurement techniques and
highlighted the environmental impact of conducting such tests in existing buildings [48,49].

However, in many existing buildings, due to equipment and cost limitations, in situ
measurements can be challenging. In such cases, theoretical methods that calculate thermal
resistance and transmittance based on material properties offer a practical alternative [50].
While these methods may not match the accuracy of in situ measurements, they remain
useful when direct measurement is not feasible. Furthermore, infrared thermography has
been widely applied as a non-destructive testing method for both qualitative analysis and
quantitative analysis [51–53].
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The thermal and moisture management capabilities of the building envelope are
crucial for maintaining indoor comfort, especially in regions with challenging climate
conditions such as high humidity and temperature variability [54,55]. Improper design
or construction can exacerbate the impact of external environmental stresses, leading to
heat loss and moisture infiltration in the building envelope, which, in turn, increases
energy consumption and accelerates material degradation [51,56]. Therefore, an optimally
designed building envelope is essential to withstand harsh environmental stresses and
ensure the internal environment necessary for maintaining optimal conditions [53,57,58].

Given the essential role of a well-designed building envelope in maintaining optimal
conditions, many industrial facilities are turning to thermal retrofitting and renovation
strategies to enhance overall energy efficiency [36,38,59]. However, the variability in the
design and operation of warehouse-type buildings, often tailored to specific materials and
products, complicates fair comparisons of energy efficiency across different facilities [60,61].
Given these complexities, effective state monitoring and building diagnostics are crucial for
ensuring the long-term performance and safety of buildings [51,62]. In summary, managing
thermo-hygrometric conditions and mitigating building envelope deficiencies are critical for
the long-term stability and efficiency of such facilities, particularly in subtropical climates.

An illustrative example of these challenges is the Nori (dried seaweed) Distribution
Center, located in a subtropical zone. This facility is specifically designed to manage the
storage, quality control, and pricing of nori—a product highly sensitive to environmental
conditions [63,64]. It exemplifies the critical need for building envelope solutions. Inherent
deficiencies in its design and construction amplify environmental challenges [65], mak-
ing the Center an ideal case study to evaluate how the building envelope impacts the
operational efficacy, functionality, and long-term viability of warehouse-type buildings
in subtropical climates. The building envelope’s role as a key determinant of a facility’s
climate responsiveness was a pivotal focus of this research [17].

This study conducted a comprehensive empirical analysis of the Nori Distribution
Center, focusing on how deficiencies in the building envelope affect the performance and
functionality of the facility under subtropical conditions. It aimed to identify specific
deficiencies in the building envelope, analyze their impact under high humidity and tem-
perature fluctuations, and develop targeted improvement strategies. These strategies were
designed to significantly enhance the indoor thermo-hygrometric environment, along with
the energy efficiency and sustainability of the facility, ensuring that it is better equipped
to withstand the climatic conditions of its region. While this study primarily focused on
adaptation strategies to improve the ability of the building to cope with the hot and humid
subtropical climate, some of the proposed measures, such as enhanced insulation and seal-
ing, also contribute to mitigation efforts by reducing energy consumption and associated
emissions. Before beginning renovations, it is crucial to conduct a detailed evaluation of
the existing building conditions to accurately determine the necessary modifications and
interventions.

The insights derived from this research are intended to provide architects, engineers,
and policymakers with actionable, evidence-based information to aid in making informed
decisions about adapting warehouse-type buildings to the environmental and energy
challenges of subtropical climates.

2. Materials and Methods

2.1. Study Case

This study examined a Nori Distribution Center constructed in 2017 in Kumamoto,
Kyushu, Japan. The two-story facility has a total floor area of approximately 4990.76 m2

and a building footprint of 2692.76 m2. It features a steel frame structure with a standing
seam interlocking roof made of color-coated Galvalume steel sheets and exterior walls
composed of corrugated color-coated Galvalume steel sheets (Figure 1). The facility is
located in a predominantly residential and agricultural area, situated away from any
high-rise buildings.
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Figure 1. Building selected for the case study. The red dashed circle highlights the location of the
Nori Distribution Center.

The thermal properties of the opaque building envelope components are summarized
in Table 1, while the thermal properties of the transparent components (windows) are
detailed in Table 2. The calculation of thermal parameters is referenced in Appendix A.

Table 1. Thermal properties of the opaque building envelope components.

Element
Thermal Transmittance
(U-Value/Heat Transfer
Coefficient) (W/m2·K)

Layer Composition (from
Inner Side to Outer Side in

the Zone)
Layer Thickness (mm)

Thermal Conductivity
(λ) (W/(m·K))

Roof 3.70 High flame retardant foam 4 0.029
Galvalume steel sheet 0.6 45

Wall 0.59

Calcium silicate board 8 0.14
Glass wool 50 0.038

Non-closed air layer - -
Polyethylene foam 4 0.037

Galvalume steel sheet 0.5 45

Floor 2 2.56

Polyvinyl chloride flooring
sheet 2 0.19

Concrete 130 1.60
Galvanized Steel Sheet 1.2 45

Floor 1 3.33 Concrete 180 1.60

Roller
Shutter 6.67 Steel sheet 1.6 55

Note: the thermal property of the non-closed air layer was set as thermal resistance (=0.07 m2·K/W).

Table 2. Thermal properties of the windows.

Element Type of Glass
Glass Layer

Composition (Layer
Thickness (mm))

Glass Thermal
Transmittance

(W/(m2·K))

Solar Heat
Gain

Coefficient

Window
(Glass with Frame)

Thermal Transmittance
(W/(m2·K))

W1 Single-glazed glass Single-glazed glass (4) 6 0.88 6.3

W2 Double-glazed
glass

Transparent glass (5)
air gap (6)

transparent glass (5)
3.3 0.79 4.2

The primary functions of the facility are the storage, quality assessment, and pricing
of nori. From late November to April, nori is stored on the ground floor in cardboard boxes
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and plastic bags, while the second floor contains a specialized inspection room for quality
evaluation. Due to the variability of nori quality influenced by weather conditions, the
facility urgently needs to maintain strict temperature and humidity controls to standardize
the bidding process. This ensures competitive bidding and potentially higher prices for
fishermen, promoting improved production techniques and quality management [66].

However, the steel-framed construction, with its corrugated sheet roofing, faces signif-
icant challenges in Kyushu’s humid and rainy climate, requiring effective climate control
measures. Records indicate issues such as nori shrinkage and the occurrence of conden-
sation, emphasizing the need to address building deficiencies through inspections and
corrective actions to improve thermo-hygrometric management and maintain optimal
conditions in this subtropical environment.

2.2. Study Area and Climate Condition

Kumamoto, located at 32◦48′ N and 130◦42′ E, exemplifies the Köppen Cfa climate
category, characterized by a humid subtropical climate prevalent in Japan’s Kyushu region
(Figure 2). This climate features warm, humid summers and mild winters, consistent
with other humid subtropical zones, as evidenced by TMYx data obtained from the online
repository https://climate.onebuilding.org/ (accessed on 5 September 2024) [67] and
shown in Table 3.

Figure 2. Location of Kumamoto City.

Table 3. Climatic data for Kumamoto City.

Month Mean Ta (◦C) Max Ta (◦C) Min Ta (◦C) Mean RH (%) Max RH (%) Min RH (%)

January 6.02 15 −4 70.91 100 36
February 7.68 20.3 −2.9 68.04 95 27

March 9.78 23.2 −1.7 70.91 100 36
April 15.55 27.8 2.9 75.00 100 28
May 20.04 30 7 66.95 100 26
June 23.47 33.8 13.9 78.52 99 38
July 27.26 35.6 21.1 80.27 100 46

August 27.92 34.7 20.9 74.97 99 40
September 24.95 33.5 15.5 69.59 93 30

October 19.72 28.6 8.8 69.24 98 30
November 13.03 22 3.6 71.55 100 36
December 8.23 18.5 0.9 71.57 96 37

The TMYx data reveal significant monthly precipitation variations (Figure 3). June
sees the highest average precipitation at 448.5 mm during the ‘tsuyu’ period [56], markedly
contrasting with January’s low of 57.2 mm. Seasonal variations in solar radiation are
significant, with a peak of 18.4 MJ/m2 in May and a low of 8.1 MJ/m2 in December. In
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June, during the rainy season, sunshine duration significantly decreases to 130.8 h due to
increased cloud cover and precipitation, while the peak in August reaches 206.0 h.

 
Figure 3. Monthly climatic trends in kumamoto city: precipitation, solar radiation, and sun-
shine hours.

The TMYx data further show that Kumamoto’s winter air temperature (Ta) typically
remains above 0 ◦C, suggesting a short and moderate winter. In contrast, during the
summer, Ta frequently exceeds 30 ◦C, accompanied by high relative humidity (RH) and a
significant increase in precipitation, especially in June. This pattern aligns with the East
Asian rainy season, locally termed ‘tsuyu’, which is characterized by extensive rainfall, as
illustrated in Figure 3, and high RH, as shown in Table 3.

2.3. Data Collection

This study evaluated the interaction between the building envelope and the thermal-
humid environment to assess the impact of the subtropical climate on building performance.
The details of the instruments used, including their measurement ranges and accuracies,
are provided in Table 4. Initially, we used the FLIR ONE Pro infrared thermography camera,
sourced from FLIR Systems, Inc., Wilsonville, OR, USA, to conduct preliminary inspections
of the first-floor storage room and the second-floor inspection room, aiming to identify
potential thermal bridges and areas of moisture accumulation. Additionally, this study
involved a comprehensive evaluation of the design and construction quality of the building
envelope. Detailed checks focused on the compliance of materials, accuracy of construction,
and integrity of the insulation layer, aiming to address key issues that could undermine the
building’s thermal efficiency and indoor comfort [68,69].

Table 4. Instrumentation for Parameter Measurements.

Measurement
Parameter

Measurement
Instrument

Range of
Measurement

Accuracy
Measurement

Resolution

Surface temperature FLIR ONE Pro −20 ◦C~400 ◦C ±3 ◦C 0.1 ◦C

Air temperature
Air relative humidity T&D TR-72nw Ta: 0 to 55 ◦C

RH: 10 to 95% RH
±0.5 ◦C, ±5% RH
at 25 ◦C, 50% RH

0.1 ◦C
1% RH

Surface temperature T&D TR-71A −40 to 110 ◦C Avg. ±0.3 ◦C
at −20 to 80 ◦C 0.1 ◦C

The core of the research focused on continuous monitoring of key environmental
parameters. These parameters include outdoor air temperature (Ta,ex) and outdoor relative
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humidity (RHex), as well as indoor air temperature (Ta,in) and indoor relative humidity
(RHin) for the first-floor warehouse (Ta,in,1 and RHin,1) and the second-floor inspection
room (Ta,in,2 and RHin,2). Surface temperature (Ts) measurements were taken for the floors
in the first-floor warehouse (Ts,in,f,1) and second-floor inspection room (Ts,in,f,2), the internal
surfaces of the external walls in both rooms (Ts,in,w,1 and Ts,in,w,2), and the roof ceiling and
beam in the second-floor inspection room (Ts,in,r,2 and Ts,in,b,2). These parameters are critical
for maintaining the quality of nori and optimizing the building’s thermal performance. By
analyzing the building’s thermo-hygrometric behavior across different time periods, annual
monitoring results were obtained, covering seasonal, monthly, and typical weekly patterns.
Furthermore, the measurement of Ta and Ts, along with RH, is a well-established diagnostic
method for identifying defects [70]. The first-floor warehouse was selected as the main
monitoring point due to its location on the ground floor and its frequent operations, which
increase its susceptibility to moisture ingress and temperature and humidity fluctuations.
Additionally, the first-floor warehouse and the second-floor inspection room are the two
largest spaces in the building. The second-floor inspection room, located directly beneath
the roof, is prone to solar heat gain, making it a critical area for observing thermal behavior
in warehouse-type buildings.

To monitor environmental conditions continuously, a T&D series of high-precision
temperature and humidity sensors, including the T&D TR-72nw and T&D TR-71A models,
sourced from T&D Corporation, Matsumoto, Japan, were deployed, recording data at
10 min intervals. To ensure the accuracy and consistency of data collection while mini-
mizing disruptions to the routine operations within the facility sensors were strategically
positioned (Figure 4).

Despite over a year of continuous monitoring, we encountered challenges with data
loss, primarily due to equipment failures and restrictions on building access during the
COVID-19 pandemic. The initial infrared thermography survey was conducted on 4 June
2021, and continuous temperature and humidity monitoring commenced in July 2021.
Following these initial data collection efforts, starting from the winter of 2021, we initiated
additional monitoring of the Ts,in,r,2 and Ts,in,b,2 to refine our methodologies. Due to
data loss in June 2022, we replicated the monitoring and data collection in June 2023 to
supplement the missing information and finalize our annual analysis. Additionally, during
this period, we conducted a supplementary assessment of the Ta and RH near the roof
ceiling in the second-floor inspection room (Ta,in,r,2 and RHin,r,2). On 26 January 2023, a
further infrared thermography survey was performed. In the same month, we implemented
temperature and humidity monitoring following the same protocols that we planned for
June 2023 to enhance our data collection for the winter season.

 
(a) 

Figure 4. Cont.
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(b) 

Figure 4. Layout and instrumentation points for thermal-humidity assessment: (a) first-floor ware-
house, (b) second-floor inspection room.

2.4. Data Processing and Analysis

After completing data collection, this study utilized Microsoft Excel (version 2021)
and Python (version 3.11.5) for data processing, analysis, and visualization. Descriptive
statistics were employed to summarize key features of the data, while correlation analyses
were conducted to rigorously explore relationships and patterns among the variables.

2.4.1. Calculation Methodology for Air Dew Point Temperature and Humidity Variables

The air dew point temperature (DP) and the absolute humidity (AH) were calculated
from the measured parameters using the Tetens (1930) [71] equation as follows:

DP =
237.3 × log10(6.1078/ea)

log10(ea/6.1078)− 7.5
, (1)

where DP is the dew point temperature in the unit of ◦C, and ea is the actual vapor pressure
in the unit of hPa.

The actual vapor pressure (ea) was calculated using the following equations:

ea = es × RH
100

, (2)

es = 6.1078 × 10
7.5×Ta

Ta+237.3 , (3)

where es is the saturation vapor pressure in the unit of hPa, RH is the relative humidity in
the unit of %, and Ta is the air temperature in the unit of ◦C.

The absolute humidity (AH) was calculated as follows:

AH = as × RH
100

, (4)

as =
217 × es

Ta + 273.15
, (5)

where as is the saturation vapor density in the unit of g/m3, and AH is the absolute
humidity in the unit of g/m3.

2.4.2. Assessment of Hygrothermal Stability Using Monthly Average Diurnal Range

In building preservation and nori storage, maintaining a stable hygrothermal envi-
ronment is essential. The Monthly Average Diurnal Range (MADR) serves as an effective
indicator for quantifying the stability of hygrothermal conditions. The MADR measures
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the average daily variation in environmental parameters, representing the diurnal thermal
and moisture stability in a building. The calculation is expressed as follows:

MADR =
1
n∑n

i=1(mmax,i − mmin,i), (6)

where mmax,i denotes the peak daily value, mmin,i represents the lowest daily value, and n
is the number of days in the month.

2.4.3. Analysis of Condensation Risk via Vapor Pressure Ratios

This study investigated the condensation risk (CR) on interior surfaces by analyzing
vapor pressure ratios using a bifurcated approach, evaluating both the indoor air vapor
pressure relative to the saturation vapor pressure at the interior surface temperature and the
outdoor air vapor pressure relative to the saturation vapor pressure at the equivalent surface
temperature. Although HVAC systems are installed in the warehouse and inspection room,
they are used infrequently. In the facility’s daily operations, the HVAC system is only
used from November to April, for four days each month during bidding sessions on the
second floor, to optimize indoor conditions. The frequent operation of rolling shutters
leads to considerable natural air exchange. In this study, we assumed that the vapor
pressure of outdoor air remains unchanged when it enters the indoor environment. While
temperature and humidity differences can affect vapor pressure, this assumption simplified
our analysis, allowing us to focus on how air exchange impacts CR. This study categorized
condensation risk into four levels [58] based on the ratio of actual vapor pressure to
saturation vapor pressure:

• Category I, where ratios between 95% and 100% indicate a high likelihood of condensation;
• Category II, with ratios up to 95% suggesting potential condensation;
• Category III, ratios from 85% to 90% denoting probable condensation in the event of

significant environmental changes;
• Category IV, where ratios at or below 85% present a low risk of condensation.

3. Results and Discussion

3.1. Qualitative Analysis

This section conducts a qualitative analysis to evaluate the thermal performance and
identify potential insulation deficiencies within the nori distribution center. Utilizing
infrared thermal imaging surveys, visual inspections, and an extensive review of building
design documents, this study uncovered several critical insights. Table 5 outlines the
external environmental parameters recorded during the thermal imaging measurement
period, with data sourced from the Japan Meteorological Agency [72].

Table 5. External environmental parameters during the thermal imaging measurement period.

Date Mean Ta (◦C) Max Ta (◦C) Min Ta (◦C) Mean RH (%) Min RH (%)

4 June 2021 20.8 23.5 19.2 97.0 88.0
26 January 2023 2.3 7.6 −3.4 68 48

The initial infrared thermal imaging survey, carried out on 4 June 2021, after daytime
rainfall and conducted in the evening, revealed that, despite the absence of significant
thermal gradients, yellow linear streaks were observed along the roll-up door edges on the
first floor (Figure 5(I-a)), indicating air leaks through visible gaps [51]. Ts,in,f,1 and Ts,in,w,1
were lower than Ts,in,c,1 (Figure 5(I-b)), while Ts,in,f,2 was higher than Ts,in,r,2 (Figure 5(I-d)).
Additionally, the first-floor foundation rises displayed distinct yellow hues in the ther-
mal images (Figure 5(I-b)), which, upon verification against building design documents,
confirmed the absence of insulation material in this area.
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(I) 

  
  

(II) 

    
 (a) (b) (c) (d) 

Figure 5. Qualitative detection of thermal characteristics: (I) 4 June 2021; (II) 26 January 2023;
(a,b) first-floor warehouse visible image and thermal image; (c,d) second-floor inspection room
visible image and thermal image.

A subsequent thermal survey was conducted on the morning of 26 January 2023,
following the coldest day of the year. This survey revealed pronounced thermal anomalies
at the first-floor foundation rise and windows (Figure 5(II-b)), suggesting insulation de-
ficiencies. Thermal imaging of the second-floor inspection room (Figure 5(II-d)) showed
that Ts,in,r,2 was lower than other Ts, indicating inadequate insulation in the roof struc-
ture. The building’s design document indicates that the insulation layer beneath the steel
plate roof in the second-floor inspection room is only 4mm thick, with a calculated U-
value of 3.70 W/(m2·K), corresponding to a thermal resistance (R-value) of approximately
0.27 m2·K/W. However, the insulation standard for roofs in this type of building in the
region requires a minimum R-value of 1.35 m2·K/W, indicating that the current insulation
performance falls significantly short of the required standard [73]. Visual inspections also
revealed gaps at the joints of the insulation materials.

Additionally, although the exterior walls of the first-floor warehouse and the second-
floor inspection room are equipped with breathable waterproof membranes, the absence of
moisture barriers undermines the overall moisture control, potentially compromising the
effectiveness of insulation and increasing humidity-related issues [74]. Meanwhile, the first
floor’s flooring comprises a durable, low-maintenance concrete base with a coated finish
designed to support substantial loads, making it ideal for warehouse use. However, the
inherent high thermal conductivity of concrete, without adequate insulation, is likely to
lead to increased energy consumption and reduced energy efficiency in the building [75].
To enhance energy efficiency and regulate temperature, integrating an insulating layer or
thermal barrier is recommended. Additionally, in conditions of high RHin and low Ta,in,
the concrete’s propensity to retain cold can lead to condensation formation on the floor
surface, further complicating temperature management.
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3.2. Indoor and Outdoor Air Temperature and Humidity

Continuous monitoring allowed for the detection of subtle environmental variations,
particularly near the roll-up door on the north side of the first-floor storage area and in the
corresponding second-floor inspection room.

3.2.1. Air Temperature

A statistical analysis was conducted to assess thermal distribution in the outdoor
environment, first-floor warehouse, and second-floor inspection room under subtropical
humid conditions across seasons. During summer, no active HVAC systems are used,
emphasizing the building’s reliance on passive cooling and insulation. Table 6 highlights
the significant seasonal Ta variations.

Table 6. Seasonal air temperature distributions in various locations.

Season
Ta,ex (◦C) Ta,in,1 (◦C) Ta,in,2 (◦C)

Mean Median σ Min Max Mean Median σ Min Max Mean Median σ Min Max

Summer 27.27 27.2 3.57 17.7 36.8 26.65 26.9 2.28 20.8 31 28.97 28.8 4.01 19.7 39.2

Autumn 20.99 22.3 6.97 4.4 34.7 22.46 24.3 4.7 12.6 29.7 22.13 22.9 6.65 7.5 35.8

Winter 7.73 7.6 3.84 −2.1 19.9 9.38 9.2 2.29 3.4 15.3 9.15 8.8 3.51 1.1 22.9

Spring 17.59 18 5.41 1.7 30.9 17.01 17.5 3.94 5.4 23.9 18.84 19 5.22 3.8 32.1

Note: σ represents the standard deviation of temperature values.

Ta,in records indicate that, relative to the second floor, the first floor demonstrates
a modest level of thermal stability; however, passive thermal management remains in-
adequate, particularly during periods of peak summer Ta. The second-floor inspection
room faces significant challenges, with median Ta,in,2 reaching 28.8 ◦C during summer and
Ta,in,2 spikes up to 39.2 ◦C. These extreme Ta,in,2 continue into the transitional seasons, with
Ta,in,2 peaking at 35.8 ◦C in autumn and 32.1 ◦C in spring. Although there are no specific
regulations for warehouse-type buildings, researchers caution that Japan’s recommended
summer maximum Ta,in of 28 ◦C, may be insufficient to ensure occupant comfort [10,76].

During the transitional seasons of spring and autumn, while the extremes in Ta are less
severe compared with the harsh summer and winter months, the considerable variability
within these periods indicates that the current passive environmental control systems
struggle to adequately moderate these fluctuations. The consistently higher standard
deviations (σ) in Ta,in,2 across all seasons highlight its increased sensitivity to external
climatic conditions. By enhancing insulation, particularly on the second floor, peak Ta,in,2
can be reduced, mitigating the risk of overheating during the hot summer months [57,77].

The violin plots shown in Figure 6 present the monthly Ta data across different
locations. A violin plot combines elements of a box plot and a kernel density plot, providing
a comprehensive view of both the distribution range and the density of the data. The
median is represented by a thicker dashed line, while the first and third quartiles (Q1 and
Q3) are indicated by thinner dashed lines. The width of each violin plot reflects the density
of the temperature recordings, clearly illustrating the frequency distribution within specific
temperature ranges.

In August, the median Ta,ex reaches 27.4 ◦C, with peaks up to 36.8 ◦C, indicating the
presence of extreme heat. January contrasts sharply, with median Ta,ex falling to 7.3 ◦C and
lows nearing −2.1 ◦C, heralding the winter’s chill. Transitional months such as April and
October exhibit more moderate Ta,ex fluctuations, with median Ta,ex at 17.6 ◦C and 22 ◦C,
respectively.

On the first floor, the warehouse experiences a median August Ta,in,1 of 28.1 ◦C, slightly
above the external air, peaking at 31 ◦C. January’s median Ta,in,1 of 9 ◦C, with a low of up
to 4.3 ◦C, illustrates some capacity for heat retention, though not markedly superior to
external conditions. The first-floor warehouse displays a more concentrated Ta distribution
with smaller variations.
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(a) (b) 

  
(c) (d) 

Figure 6. Monthly Ta distribution of indoor and outdoor environments: (a) Summer: June to August,
(b) Autumn: September to November, (c) Winter: December to February, (d) Spring: March to May.

The second-floor inspection room shows consistently higher median Ta throughout
the year. In August, the median Ta,in,2 reaches 29.4 ◦C, with highs surging to 39.2 ◦C,
considerably above both Ta,ex and Ta,in,1. This heightened vulnerability to heat is partly
due to its elevated position and inadequate roof insulation [35]. In January, the median
Ta,in,2 slightly surpasses Ta,ex at 8.5 ◦C, with a minimum of 1.4 ◦C. Throughout the year,
the extensive Ta,in,2 variations observed in the second-floor violin plots highlight a marked
sensitivity to Ta,ex, necessitating a critical reassessment of both insulation and cooling
strategies to enhance comfort and operational efficiency [78,79].

3.2.2. Relative Humidity

A year-long analysis at the facility highlighted significant challenges in humidity
management. Figure 7 illustrates the monthly distribution of RH values, showing notable
seasonal and locational variations.

While there are no specific standards for RHin, it is crucial to avoid prolonged periods
of excessive humidity above 70%, which can increase moisture load and damage the
building structure [80,81]. Additionally, it is recommended to maintain RHin below 60%,
ideally between 30% and 50%, to ensure optimal conditions and prevent compromises to
the quality of nori [82].

In June, July, and August, RHin,1 exceeded 70% for 80%, 55%, and 79% of the time,
respectively. RHin,2 exceeded 70% for 52%, 30%, and 53% of the time, respectively. Addi-
tionally, in June, 4% of the time, RHin,1 exceeded 90%, while in August, RHin,2 exceeding
90% for 14% of the time.
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Figure 7. Monthly frequency distribution of indoor and outdoor RH values. The top left corner
values in the figure highlight the frequency of RH reaching the critical high-humidity range (70–100%)
across different zones. Blue values show RHex, green values represent RHin,1, and red values indicate
RHin,2, representing the proportion of time in each month when the RH exceeded 70%.

As temperatures decreased in autumn, 24% of the RHin,1 in October fell within the
60–70% range, with 7% of the time exceeding 70%, underscoring the urgency of enhanced
dehumidification efforts before the storage season. The November readings similarly
reflected this demand, with 53% of the readings falling in the 50–60% range, necessitating
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continuous dehumidification. From November to February, the proportion of high RHin,1
significantly decreased. However, RHin,2 exceeded 70% for 18% and 14% of the time in
November and December, respectively.

From March to May, RH levels rose in both rooms, with RHin,1 experiencing a higher
percentage of time with excessive RH levels compared with RHin,2.

The transition from monthly to seasonal trend analysis highlights that challenges in
humidity control are both persistent and seasonally variable. Table 7 shows the seasonal
frequency of RH exceeding 50% for both indoor and outdoor environments in the facility.

Table 7. Seasonal frequency distribution of indoor and outdoor RH values.

Season
RHex (%) RHin,1 (%) RHin,2 (%)

50–60 60–70 70–80 80–90 90–100 50–60 60–70 70–80 80–90 90–100 50–60 60–70 70–80 80–90 90–100

Summer 13 16 21 25 19 9 19 40 30 2 18 22 27 13 5
Autumn 20 19 23 17 9 32 28 16 0 0 27 33 17 3 0
Winter 22 19 18 10 3 35 17 3 0 0 36 23 7 0 0
Spring 18 21 19 11 10 34 27 16 8 0 27 23 13 4 0

During summer, RHin,1 frequently surpassed critical thresholds, with 40% of readings
falling within the 70–80% range and 30% within the 80–90% range, posing significant
risks of hygrothermal stress to building materials. Similarly, RHin,2 experienced excessive
humidity, with 45% of RHin,2 readings exceeding 70%.

In autumn, while RHex levels declined, RHin,1 and RHin,2 still exceeded 70% for 16%
and 20% of the time, respectively. Additionally, 28% of RHin,1 and 33% of RHin,2 readings
were in the 60–70% range. These findings highlight the need for proactive humidity
management to prevent RH from approaching or exceeding the critical 70% threshold,
which poses risks to both structural integrity and product quality.

During winter, high humidity levels decreased, though occasional RH peaks of 70–80%
were still observed (3% of RHin,1 and 7% of RHin,2). Despite these peaks, 52% of RHin,1 and
59% of RHin,2 remained in the 50–70% range, exceeding optimal conditions for nori storage.

As spring approached, humidity levels increased again, with 61% of RHin,1 and 50%
of RHin,2 falling within the 50–70% range. RHin,1 exceeded 70% for 24% of the time, while
RHin,2 exceeded 70% for 17% of the time.

From November to April, air conditioning was used on the second floor for four days
each month to optimize indoor conditions for preservation. Despite these efforts, the data
indicate ongoing challenges in controlling RH. To maintain seaweed quality, RH levels
should be kept below 50% in spring and winter and below 70% in summer and autumn to
prevent moisture-related damage to both the facility and the product.

3.2.3. Absolute Humidity

During the analysis, it became evident that examining RH levels alone did not fully
capture the facility’s indoor moisture conditions. Since RH is heavily influenced by tem-
perature fluctuations, it was necessary to introduce AH levels to obtain a more precise
quantification of the actual water vapor content in the air. This approach is supported by
studies that emphasize the advantages of using AH for more accurate moisture assessment
in environments with temperature variability [83,84].

A detailed boxplot analysis of AH levels, including outdoor AH (AHex), AH in the first-
floor warehouse (AHin,1), and AH in the second-floor inspection room (AHin,2), recorded
within the facility, is presented in Figure 8, highlighting pronounced seasonal fluctuations.
The observed peak in humidity levels during the summer aligns with a scheduled pause in
preservation activities, likely attenuating any immediate detrimental effects on product
quality. Nonetheless, this period of elevated humidity could compromise the structural
integrity of the facility, posing long-term risks.

The data from the boxplots show a clear reduction in AHin,1 and AHin,2 during the
colder months. As temperatures rise, both AH levels and their variability increase, reflect-
ing the complex indoor environmental dynamics. During key preservation months, the
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boxplot analysis highlights that, although AH levels decrease, the small difference between
AHin,1, AHin,2, and AHex indicates deficiencies in the building’s insulation and climate
control systems.

Figure 8. Monthly Absolute Humidity for Indoor and Outdoor Environments.

Table 8 provides a detailed monthly overview of the differences in AH between
indoor and outdoor environments. Specifically, ΔAH1 represents the difference in absolute
humidity between the first-floor warehouse and the outdoors, while ΔAH2 denotes the
difference between the second-floor inspection room and the outdoors.

Table 8. Monthly variability in absolute humidity differences between indoor and outdoor environments.

Month
ΔAH1 (g/m3) ΔAH2 (g/m3)

>0 g/m3 Min 25% 50% 75% Max Mean >0 g/m3 Min 25% 50% 75% Max Mean
(% of Time) (% of Time)

June 54 −3.78 −0.42 0.06 0.43 3.95 0.05 48 −8.00 −0.70 −0.03 0.50 4.84 −0.05
July 9 −5.09 −1.66 −1.08 −0.56 3.52 −1.13 14 −10.39 −1.70 −1.03 −0.33 3.98 −1.07

August 6 −5.15 −1.78 −1.25 −0.78 3.69 −1.28 14 −10.17 −1.72 −1.08 −0.46 3.95 −1.15
September 8 −5.31 −1.71 −1.16 −0.63 1.86 −1.18 17 −8.68 −1.74 −0.98 −0.29 3.69 −1.05
October 8 −4.39 −1.28 −0.74 −0.38 1.68 −0.86 23 −9.79 −1.21 −0.56 −0.05 3.14 −0.68
November 8 −3.11 −1.05 −0.64 −0.29 2.75 −0.70 24 −3.97 −0.95 −0.48 −0.01 3.43 −0.49
December 25 −2.74 −0.54 −0.28 −0.01 1.32 −0.32 39 −2.88 −0.55 −0.21 0.30 2.03 −0.17
January 24 −2.62 −0.40 −0.20 0.00 1.25 −0.28 37 −3.21 −0.45 −0.14 0.19 2.28 −0.21
February 42 −1.77 −0.35 −0.07 0.17 1.81 −0.12 49 −2.98 −0.49 −0.03 0.41 2.39 −0.09
March 23 −6.74 −0.99 −0.47 −0.03 4.51 −0.66 29 −3.85 −0.98 −0.45 0.14 4.25 −0.48
April 20 −4.77 −1.42 −0.59 −0.11 3.45 −0.79 27 −4.15 −1.41 −0.60 0.07 3.54 −0.65
May 17 −5.05 −1.36 −0.73 −0.25 4.79 −0.76 24 −4.81 −1.46 −0.71 −0.02 4.93 −0.69

In the early summer month of June, during the rainy season, ΔAH1 exceeds 0 for 54%
of the time and ΔAH2 for 48% of the time. By July and August, the occurrence of ΔAH1
exceeding 0 falls below 10%, while ΔAH2 does so for 14% of the time. Throughout the year,
the median values for ΔAH2 are consistently higher than those for ΔAH1.

During the crucial seaweed storage season from November to April, the air condition-
ing system, operational for only four days each month on the second floor, has minimal
impact on changing the monthly AH differences between indoor and outdoor settings.
During this period, the average values of ΔAH1 range from −0.79 g/m3 to −0.12 g/m3

and ΔAH2 from −0.65 g/m3 to −0.09 g/m3. Indoor AH levels are slightly lower than
outdoor levels.

Additionally, both ΔAH1 and ΔAH2 recorded maximum values exceeding 3 g/m3

during the summer and spring, indicating occasional substantial exceedances of indoor
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over outdoor AH levels. These peaks highlight potential challenges in indoor climate
control management.

The current indoor climate control measures seem inadequate in creating a noticeable
difference in humidity levels between indoor and outdoor environments, likely due to
factors such as limited HVAC operating time, poor insulation, high air exchange with
the outside, and the absence of a vapor barrier, all of which make it more challenging to
maintain optimal conditions for nori preservation.

3.2.4. Correlation Analysis

The correlation analysis was performed using Python, calculating Spearman correla-
tion coefficients to assess the relationships between environmental variables. This approach
provides robust and reliable insights into the data patterns. Heatmaps were generated
to illustrate the strength of these correlations, with values ranging from −1.0 to 1.0, rep-
resenting the Spearman correlation coefficient (ρ). A coefficient close to −1.0 indicates a
strong negative correlation, close to 0 indicates no correlation, and close to 1.0 indicates
a strong positive correlation. These values are clearly visualized in Figures 9 and 10. In
the seasonal analysis, summer (Figure 9a) exhibited an inverse correlation between Ta,ex
and RHex, which was more pronounced than in other seasons, highlighting the increased
air moisture capacity during warmer periods. In contrast, other seasons showed a weaker
Ta,ex—RHex correlation but a stronger link between Ta,ex and AHex.

 
(a) (b) 

Figure 9. Correlation analysis of various environmental parameters: (a) summer, (b) autumn.

In summer, there was a moderate correlation between Ta,ex and Ta,in,1 with ρ = 0.74,
while Ta,ex and Ta,in,2 showed a stronger correlation of ρ = 0.95, indicating that Ta,in,2 is
more sensitive to Ta,ex changes, likely due to inadequate roof insulation.

As shown in Figure 9b, in autumn, AHin,1 demonstrated a significant positive correla-
tion with AHex at ρ = 0.98, indicating a marked responsiveness to AHex fluctuations. The
exceptionally high correlation coefficient of ρ = 0.99 between the AHin,1 and AHin,2 suggests
a uniform humidity response throughout the building. Additionally, Ta,in,2 demonstrates a
robust positive correlation with Ta,ex at ρ = 0.98, and RHin,2 shows a substantial correlation
with RHex at ρ = 0.86.

In winter (Figure 10a), the correlation between Ta,in and Ta,ex diminishes, with the
first floor at ρ = 0.66 and the second floor at ρ = 0.81. The decrease may be influenced by
various factors. However, without further investigation, it remains unclear whether the
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HVAC system adjustments—specifically, four days of heating per month to accommodate
winter conditions on the second floor—played a significant role. Additionally, the strong
correlation between AHin,1 and AHex (ρ = 0.97) and between AHin,2 and AHex (ρ = 0.90)
highlights significant challenges in regulating indoor humidity.

 
(a) (b) 

Figure 10. Correlation analysis of various environmental parameters: (a) winter, (b) spring.

In spring, as illustrated in Figure 10b, Ta,in,1 (ρ = 0.84) and Ta,in,2 (ρ = 0.96) demonstrate
strong positive correlations with Ta,ex, indicating the building’s significant thermal response
to external temperature fluctuations. Notably, RHin,2 exhibits a pronounced correlation with
RHex at ρ = 0.90, highlighting its heightened sensitivity to springtime humidity changes.
Despite the air conditioning system being operational for four days each month on the
second floor during March and April to modulate the indoor climate, the persistent strong
correlations, particularly with RH, suggest that intermittent HVAC operation has limited
effect on modifying springtime indoor humidity levels. This pattern suggests that intrinsic
structural attributes, such as insulation quality and moisture management efficiency, play a
pivotal role in shaping the indoor climate.

The precise correlations between indoor and outdoor conditions show that deficien-
cies in insulation and moisture control exacerbate the impact of external environmental
variations. Ta,in,2 and Ta,ex and RHin,2 and RHex consistently show stronger correlations
compared with Ta,in,1 and Ta,ex and RHin,1 and RHex, indicating that the second floor is
more sensitive to external fluctuations. A previous study [85] used correlation analysis
to focus on the energy demands and thermal performance of opaque building elements.
In contrast, our research examined the relationship between indoor and outdoor condi-
tions, specifically how temperature and humidity interact with insulation performance
and moisture control, with attention to seasonal variations and their effect on indoor
climate stability.

3.2.5. Stability Analysis

In the depiction of the MADR of Ta in Figure 11, significant outdoor diurnal tem-
perature fluctuations are observed, peaking at 10.61 ◦C in October. The MADR of Ta,in,1
varies from 1.57 ◦C to 2.94 ◦C, with its annual peak occurring in December. Notably, during
the critical seaweed storage period from November to April, the first-floor warehouse
exhibits elevated MADR of Ta,in,1. In the second-floor inspection room, there is even greater
temperature variability during the spring months, with the maximum MADR of Ta,in,2,
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recorded at 8.49 ◦C in April. This pronounced thermal volatility on the second floor, present
throughout the year, is primarily due to inadequate insulation in the building envelope,
leading to increased heat gain and heat loss. Similar findings have been noted in studies on
building envelope deficiencies, which highlight the significant impact of poor insulation
on indoor temperature fluctuations and energy efficiency [53,86].

 
Figure 11. MADR of Ta.

As shown in Figure 12, the MADR of RHex fluctuates significantly throughout the
year, peaking at 45%. This high variability persists during the critical seaweed storage
months. RHin,1 exhibits a MADR ranging from 8% to 15%, aligning with the external
trend. In contrast, RHin,2 experiences a broader range of 18% to 28%, underscoring ongoing
challenges in maintaining humidity stability. This issue of humidity variability has also
been observed in other studies that focus on moisture management in non-residential
buildings, where insufficient insulation and air leakage can lead to significant humidity
fluctuations and increased moisture load [58,87].

Figure 12. MADR of RH.

The MADR of AH, measured in g/m3 and presented in Figure 13, displays notable
variability outdoors, spanning from 1.98 g/m3 to 4.73 g/m3, with a notable peak in May.
Indoors, the AH MADR values exhibit an increasing trend of variability from winter to
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spring. The differences between the AHin,1 MADR and the AHin,2 MADR are relatively
minimal, with values spanning from 1.06 g/m3 to 2.27 g/m3 and 1.21 g/m3 to 2.59 g/m3,
respectively.

 
Figure 13. MADR of AH.

The MADR analysis for Ta, RH, and AH reveals that the second-floor inspection room
consistently experiences greater environmental variability than the first-floor warehouse,
subjecting stored goods and building materials to heightened environmental stress. The
disparity between the first and second floors underscores the critical need for advanced
hygrothermal management strategies, especially for upper floors that are more exposed
to dynamic external conditions. Previous studies [12,39] have emphasized the need for
improved hygrothermal regulation in buildings exposed to vertical environmental gra-
dients and external stressors, highlighting the importance of both thermal and moisture
management in maintaining a stable indoor climate.

3.3. Analysis of Indoor Condensation
3.3.1. Air Dew Point Temperature (DP) and Surface Temperature (Ts)

Figure 14 illustrates the cumulative distribution functions (CDFs) for DP and Ts across
summer (Figure 14a) and autumn (Figure 14b). Higher DP indicates a greater amount of
moisture in the air, indirectly reflecting humidity levels [88].

 
(a) (b) 

Figure 14. Cumulative distribution functions of DP and Ts: (a) summer, (b) autumn.
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In summer, the median outdoor DP (DPex) of 22.95 ◦C reflects the season’s high
humidity, as shown in Figure 14a. Inside the building, the median DP on the first floor
(DPin,1) is 22.15 ◦C, and the median DP on the second floor (DPin,2) is slightly higher at
22.48 ◦C, indicating marginally lower indoor humidity levels compared with outdoors.
The median Ts,in,w,1 and median Ts,in,f,1 were 27.0 ◦C and 26.7 ◦C, respectively, while the
median Ts,in,w,2 and Ts,in,f,2 maintained a consistent 28.7 ◦C. With Ts,in,w,2 reaching a peak
of 38.7 ◦C and Ts,in,f,2 reaching 36.8 ◦C, this indicates severe overheating due to poor
insulation, far exceeding comfort and functional requirements, and compromising overall
thermal management.

Entering autumn, the median DPex decreased to 14.87 ◦C, reflecting the season’s
cooler, drier air, as depicted in Figure 14b. Internally, the building mirrors this trend, with
a median DPin,1 of 14.03 ◦C and DPin,2 slightly lower at 13.98 ◦C. Despite cooler external
temperatures, the surfaces in the second-floor inspection room maintain relatively high
temperatures, with median Ts,in,w,2 at 22.6 ◦C and median Ts,in,f,2 at 23.2 ◦C.

In the winter analysis, as depicted in Figure 15a, the minimum DPex dropped to
−12.57 ◦C. The median DPin,1 was slightly lower than the outdoor condition at −0.12 ◦C,
while the median DPin,2 was 0.03 ◦C. Critical minimum Ts were recorded at 3.3 ◦C for
Ts,in,w,1 4.1 ◦C for Ts,in,f,1, and 0.6 ◦C for Ts,in,w,2 and 2.2 ◦C for Ts,in,f,2. The proximity
of these temperatures, as shown in Figure 15a, underscores the necessity for improved
insulation or targeted heating interventions to prevent cold spots and mitigate the risk of
internal condensation, especially when humid air enters the building.

 
(a) (b) 

Figure 15. Cumulative distribution functions of DP and Ts: (a) winter, (b) spring.

Transitioning into spring, the median DPex rose to 10.74 ◦C, reflecting the shift towards
warmer and more humid conditions, as illustrated in Figure 15b. This increase in humidity
necessitates a thorough examination of the building’s capacity to maintain a condensation-
free environment. The spring minimum surface temperatures—5.1 ◦C for Ts,in,w,1 and
6.2 ◦C for Ts,in,f,1 and 3.2 ◦C for Ts,in,w,2 and 4.7 ◦C for Ts,in,f,2—underscore the challenges
posed by these conditions.

The analyses for winter and spring include an examination of Ts,in,r,2 and Ts,in,b,2. The
Ts,in,r,2 exhibits extreme fluctuations, highlighting the issue of insufficient roof insulation.
The lack of adequate insulation and moisture barriers exacerbates indoor thermal and
humidity issues.
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3.3.2. Condensation Risk

Assess the risk of condensation with a comprehensive seasonal analysis conducted on
wall and floor surfaces within spaces that typically do not use HVAC systems. This evaluation
involves both indoor and outdoor air conditions and includes calculating the following:

1. The ratio of indoor air vapor pressure to the saturation vapor pressure at the interior
surface temperature;

2. The ratio of ventilated outdoor air vapor pressure to the saturation vapor pressure at
the same interior surface temperature.

Data from these calculations were then categorized into four distinct risk levels, from
Category I—indicating the highest risk of condensation—to Category IV—representing
the lowest risk, as depicted in Figure 16 (note: Category IV is omitted in the figure). This
approach and categorization follow the analysis detailed in Section 2.4.3, where vapor
pressure ratios were used to evaluate CR levels.

 
(a) (b) 

 
(c) (d) 

Figure 16. Frequency statistics of CR categories on indoor surfaces by season: (a) spring, (b) summer,
(c) autumn, (d) winter. ‘in’ denotes indoor air and ‘vent’ stands for ventilated outdoor air. ‘1′ and ‘2′

refer to the first-floor warehouse and the second-floor inspection room, respectively. ‘w’ represents
walls, and ‘f’ denotes floors.

Seasonal changes significantly impact the risk of condensation within the building. In
spring observations, as shown in Figure 16a, CRin,1,w and CRin,1,f, as well as CRin,2,w and
CRin,2,f, predominantly fell into Category IV, representing minimal risk, with frequencies
nearing 98% or higher. However, the influence of ventilated outdoor air, denoted by ‘vent’,
indicates an increased risk of condensation. For instance, CRvent,1,f rose to 7.404%, markedly
contrasting with its counterparts influenced by indoor air.

During summer, as illustrated in Figure 16b, CR values vary; most indoor surfaces
remain within lower-risk categories. CRin,1,w, CRin,1,f, CRin,2,w, and CRin,2,f generally fall
into Category IV, with frequencies ranging from 87.55% to 91.47%. However, surfaces
exposed to ventilated outdoor air exhibit noticeable Category I risks, notably for CRvent,2,w
and CRvent,2,f, with respective frequencies of 4.86% and 3.67%. Category II and III risks also
appear, with CRvent,2,w and CRvent,2,f recording 4.55% and 4.21% in Category II and slightly
higher in Category III at 4.71% and 4.83%, highlighting potential CR under conditions such
as open doors and windows that raise humidity levels.
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In autumn, Figure 16c shows a predominance of Category IV across various surfaces,
indicating a very low risk of condensation overall. While most surfaces marked with ‘vent’
remain in Category IV, the 2.55% Category III risk for CRvent,2,w, underscores the subtle
impact of external factors on increasing CR.

During winter, the CR on indoor surfaces predominantly falls within Category IV, as il-
lustrated in Figure 16d. However, surfaces influenced by ventilated outdoor air, particularly
CRvent,1,f and CRvent,2,w, exhibit slight increases in higher-risk categories. Specifically, these
surfaces exhibit marginal Category I risks at 1.18% for CRvent,1,f and 0.90% for CRvent,2,w,
respectively. Although these percentages are minimal, they underscore that the infiltration
of cold outdoor air can escalate the risk of condensation during the colder months [33].

3.4. Typical Weeks

Typical weeks are selected based on regional climate characteristics and patterns,
ensuring that the architectural design and assessment fully account for the impacts of
climatic conditions on building performance. The data from Figures 17–20 demonstrate
variations in Ta, RH, and AH during these weeks across different seasons at the Nori
Distribution Center, emphasizing the significant influence of climate on the building’s
environmental functionality.

Figure 17. Variation in environmental parameters during early summer (rainy season), 1–7 June 2023.
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Figure 18. Variation in environmental parameters during winter (including heating days),
15–21 December 2021.
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Figure 19. Variation in environmental parameters during winter, 22–28 January 2023.
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Figure 20. Variation in environmental parameters during spring, 22–28 April 2022.

3.4.1. Early Summer (Rainy Season)

During the early summer rainy season, data depicted in Figure 17 indicate that the
HVAC system was inactive within the building. Ta,ex showed significant fluctuations,
peaking at 30.0 ◦C, with an average of 23.3 ◦C and a nocturnal low of 17.7 ◦C. Inside,
the first-floor warehouse maintained a relatively stable thermal environment, with an
average Ta,in,1 of 22.9 ◦C. In contrast, the second-floor inspection room recorded a higher
average Ta,in,2 of 24.6 ◦C and exhibited greater temperature variability than the first-
floor warehouse. These data clearly highlight significant thermal stratification within the
building, particularly near the second-floor roof ceiling, where Ta,in,r,2 soared to 40 ◦C and
RHin,r,2 reached 88%.
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The fluctuations in Ts of the walls were greater than those of the floors. Ts,in,r,2 peaked
at 47.4 ◦C, primarily due to direct solar radiation and inadequate roof insulation. Such
high temperatures, combined with high humidity, create localized hot zones within the
building, thereby increasing the demand for cooling. The AH levels inside the building
were very close to those outside, indicating that indoor humidity is significantly influenced
by outdoor conditions. On days with elevated RHex, the indoor DP closely approached
both the Ta,in and Ts,in, indicating a concerning level of moisture accumulation.

3.4.2. Winter

During the observed week in winter, as depicted in Figure 18, the building’s second-
floor air conditioning system executed significant heating cycles on the 16th and 17th
during daytime hours.

Ta,ex varied between 2.0 ◦C and 16.2 ◦C, with an average of 8.9 ◦C. RHex averaged 65%,
reaching full saturation at its peak. Inside, the first floor maintained an average Ta,in,1 of
10.0 ◦C, slightly above the Ta,ex, suggesting a stable yet minimally insulated environment.
RHin,1 levels were consistently above the optimal level most of the time, necessitating the
implementation of dehumidification measures for the warehouse.

During HVAC operations on the second floor, significant temperature fluctuations
were observed, especially a rapid cooling phase after reaching the set temperature and
switching to air supply mode. These abrupt fluctuations indicate the weak thermal mass of
the building envelope and poor insulation performance [86].

The winter Ta, RH and AH data, as shown in Figure 19, reveal significant deficiencies in
environmental control, failing to meet the strict requirements for nori storage. Ta,ex showed
significant variations, averaging 3.9 ◦C, ranging from −5.2 ◦C to 15.5 ◦C. Ta,in,1 exhibited a
narrower range of 2.7 ◦C to 11.2 ◦C, averaging 6.8 ◦C. In contrast, the fluctuations in Ta,in,r,2
were greater, ranging from −1.5 ◦C to 18.3 ◦C. The indicating that strong solar radiation
during the day leads to increased temperatures, while radiative cooling at night exacerbates
heat loss.

RHex also varied significantly, between 33% and 93%, with an average of 64%. RHin
levels frequently exceeded the optimal 50% threshold for nori storage, with RHin,1 aver-
aging 52% and peaking at 71%. RHin,r,2 averaged 56%, reaching highs of 75%. Figure 19
demonstrates that RHin closely mirrors outdoor variations. However, compared with the
second floor, the first floor exhibits more frequent fluctuations in humidity, indicating an
inability to maintain stable conditions within the building. This disparity highlights the
urgent need to improve environmental management strategies to ensure humidity control
across all floors.

3.4.3. Spring

Throughout the observed week in spring, the building’s environment, as depicted in
Figure 20, experienced varied conditions reflective of typical spring weather.

Ta,ex ranged between 13.1 ◦C and 27.2 ◦C, indicative of moderate to warm days with
cooler nights. Notably high RHex, averaging 82% and occasionally reaching full saturation
at 100%, was mirrored indoors, especially with average RHin,1, recorded at 78%. These
conditions underscore the challenges of managing indoor humidity in a persistently moist
external environment, particularly in areas lacking adequate moisture control measures.

During this period, a significant condensation event was recorded around 08:50 a.m.
on 27 April, following an afternoon of rainfall on 26 April that continued into the early
morning. This saturation of the outdoor atmosphere, coupled with cooler nighttime and
early morning temperatures, heightened the risk of condensation. Despite relatively stable
Ta,in,1, DPex surpassed Ta,in,1 and Ts,in,f,1 from approximately 06:00 a.m. on 26 April to
10:00 a.m. on 27 April. This disparity, together with high external humidity, fostered
conditions conducive to moisture condensation on cooler surfaces within the warehouse.
The occurrence of condensation also underscored structural vulnerabilities in the building,
such as inadequate vapor barriers and air leakage points, particularly around roll-up doors.
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These deficiencies facilitated the ingress of humid external air, which, when meeting the
cooler internal surfaces, led to condensation.

The observed data highlight the critical need for enhanced environmental management
strategies to ensure stable humidity levels across different building zones and to mitigate
structural vulnerabilities that exacerbate moisture issues.

Autumn was not included in the detailed weekly analysis because its temperature
and humidity levels are not as extreme as those observed in other seasons. This relative
mildness diminishes its impact on energy efficiency and thermo-hygrometric conditions,
making it less relevant for in-depth study.

4. Conclusions

This study examined the impact of building envelope deficiencies in warehouse-
type buildings situated in subtropical climates using a nori distribution center as a case
study. Employing infrared thermography alongside continuous monitoring of temperature
and humidity, complemented by both qualitative and quantitative analyses, this research
delineated how such deficiencies compromise indoor thermal and humidity stability. This,
in turn, impairs energy efficiency and the preservation of sensitive products.

Deficiencies in insulation, sealing, and moisture barriers during design and con-
struction substantially compromise temperature and humidity control. The negligence
of warehouse building managers in limiting the operating time of HVAC systems (in
the context of misunderstood “savings”) and the lack of care for proper thermal insula-
tion and humidity control can lead to inappropriate food storage conditions and related
financial losses.

Infrared thermography was employed to qualitatively assess thermal anomalies in
the building envelope. The thermal images revealed air leaks, insufficient sealing, and
thermal bridges, particularly around the roll-up doors and wall joints. These images clearly
identified locations of heat loss and air infiltration, especially on the roof. Such qualitative
data guided the identification of areas requiring immediate retrofitting. To complement
the infrared thermography, U-value calculations were performed to quantify the thermal
transmittance of key building components. The U-value for the roof was measured at
3.70 W/m2·K, which significantly exceeds the regional standards. This discrepancy under-
scores the urgent need for improvements in insulation. Inadequate insulation in the roof,
walls, and floors leads to significant heat accumulation and loss.

Seasonal analysis indicates that during the summer, the average temperature on the
second floor reaches 28.8 ◦C, peaking at 39.2 ◦C. Surface temperatures on the wall and
the floor reach maximum values of 38.7 ◦C and 36.8 ◦C, respectively. During transitional
seasons, temperatures can reach up to 35.8 ◦C in spring and 32.1 ◦C in autumn. Temperature
monitoring of the ceiling and beams on the second floor shows pronounced fluctuations
exceeding those of other indoor surfaces, underscoring the inadequate roof insulation.
Although the first floor exhibits more stable temperatures than the second floor, its thermal
performance remains deficient.

The risk of condensation remains generally low; however, it is significantly exacerbated
by the frequent opening of entrances and the infiltration of warm, humid air through gaps
in the building envelope due to sealing deficiencies. High humidity poses a major concern
during summer, with the first floor exceeding 70% relative humidity 72% of the time and the
second floor 45% of the time. This issue is similarly pronounced during spring and autumn.
Correlation analysis highlights the building’s heightened sensitivity to external climate
variations. Mean Absolute Daily Range analysis demonstrates significant fluctuations in
indoor temperature and humidity, underscoring the building’s instability due to structural
deficiencies. By analyzing the building’s thermo-hygrometric behavior across different
time periods, annual monitoring results were obtained, covering seasonal, monthly, and
typical weekly patterns.

To address these challenges, we recommend comprehensively sealing gaps in the
building envelope to prevent the ingress of warm, moist air. Upgrading the insulation
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materials and installing effective moisture barriers will further enhance the building’s
ability to regulate indoor temperature and humidity. Optimizing the existing HVAC
systems will improve energy efficiency and reduce operational costs. These measures are
expected to create better conditions for storing temperature-sensitive products like nori.
Focusing on the roof is particularly important, as it plays a pivotal role in managing the
thermal and humidity environment of warehouse-type buildings.

In conclusion, this study highlights the broader implications of building envelope
deficiencies for warehouse-type buildings in subtropical climates. Prior to implementing
targeted retrofitting and design improvements, conducting low-cost assessments of existing
deficiencies is essential to inform targeted interventions. This preliminary assessment
ensures that any proposed retrofits are based on a thorough understanding of the existing
problems, thus enhancing the functionality, sustainability, and environmental resilience of
these facilities.

5. Limitations and Future Works

This study identified several key areas where future research could expand upon
the findings. First, while the thermal properties of the opaque elements of the building
were the primary focus of this investigation, future studies should consider more detailed
monitoring of window surface temperatures. Given the significant role that windows
play in heat gain, a comprehensive assessment of their contribution to indoor temperature
fluctuations could offer valuable insights into improving overall building performance.

Second, employing more advanced non-destructive in situ heat flux measurement
techniques can more accurately analyze thermal bridging and heat flow patterns in build-
ing envelope components. This approach helps identify potential weak points that may
exacerbate energy inefficiency and indoor discomfort, thereby facilitating more targeted
building interventions.

Lastly, future research could explore the implementation of improved insulation mate-
rials, vapor barriers, and HVAC strategies specifically tailored to the needs of warehouse-
type buildings in subtropical climates. Simulations and case studies based on the findings
of this study could provide a clearer understanding of the long-term energy efficiency
gains and thermal comfort improvements achievable through targeted building envelope
enhancements.
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Appendix A

The heat transfer coefficient Ui,k is given by the formula [89]:

Ui,k =
1

Rse,i + Rsi,i + ∑i Ri,k,l
,

where the following is true:
Ui,k is the heat transfer coefficient (W/m2·K);
Rse,i is the external surface heat transfer resistance (m2·K/W);
Rsi,i is the internal surface heat transfer resistance (m2·K/W);
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Ri,k,l is the thermal resistance of layer l in part k of section i (m2·K/W), calculated
as follows:

Ri,k,l =
di,k,l

λi,k,l
,

where di,k,l is the thickness of layer l (m), and λi,k,l is the thermal conductivity of layer l
(W/mK).

Therefore, the surface heat transfer resistance on the external boundary Rse,i of the
general section i and the surface heat transfer resistance on the internal boundary Rsi,i of
the general section i are values defined in Tables A1 and A2, based on the Japanese Energy
Conservation Law for Buildings (current version) [90].

Table A1. Surface Thermal Resistance.

Element
Internal Surface Thermal

Resistance (m2·K/W)

External Surface Thermal
Resistance (m2·K/W)—Direct Air

Exposure

External Surface Thermal
Resistance (m2·K/W)—Other

Conditions

Roof 0.09 0.04 0.09 (e.g., air gap)
Ceiling 0.09 - 0.09 (e.g., attic space)

External Wall 0.11 0.04 0.11 (e.g., air gap)
Floor 0.15 0.04 0.15 (e.g., subfloor layer)

Table A2. Surface Thermal Resistance (Boundary and Floor Partitions).

Element
Surface Thermal Resistance (Target

Zone Side) (m2·K/W)
Surface Thermal Resistance (Adjacent

Zone Side) (m2·K/W)

Boundary Wall 0.11 0.11
Upper Floor Partition 0.09 0.09
Lower Floor Partition 0.15 0.15

References

1. Hashempour, N.; Taherkhani, R.; Mahdikhani, M. Energy Performance Optimization of Existing Buildings: A Literature Review.
Sustain. Cities Soc. 2020, 54, 101967. [CrossRef]

2. Li, Q.; Zhang, L.; Zhang, L.; Wu, X. Optimizing Energy Efficiency and Thermal Comfort in Building Green Retrofit. Energy 2021,
237, 121509. [CrossRef]

3. Díaz-López, C.; Verichev, K.; Holgado-Terriza, J.A.; Zamorano, M. Evolution of Climate Zones for Building in Spain in the Face of
Climate Change. Sustain. Cities Soc. 2021, 74, 103223. [CrossRef]

4. Wang, X.; Zhang, L.; Su, X.; Yang, H. Daylighting and Energy Performance of the Window with Transparent Insulation Slats in
the Humid Subtropical Climate Zone. Energy Build. 2023, 300, 113685. [CrossRef]

5. Zhou, Y.; Herr, C.M. A Review of Advanced Façade System Technologies to Support Net-Zero Carbon High-Rise Building Design
in Subtropical China. Sustainability 2023, 15, 2913. [CrossRef]

6. He, Y.; Wang, Z.; Wong, H.M.; Chen, G.; Ren, C.; Luo, M.; Li, Y.; Lee, T.; Chan, P.W.; Ho, J.Y.; et al. Spatial-Temporal Changes of
Compound Temperature-Humidity Extremes in Humid Subtropical High-Density Cities: An Observational Study in Hong Kong
from 1961 to 2020. Urban Clim. 2023, 51, 101669. [CrossRef]

7. Nasrollahzadeh, N. Comprehensive Building Envelope Optimization: Improving Energy, Daylight, and Thermal Comfort
Performance of the Dwelling Unit. J. Build. Eng. 2021, 44, 103418. [CrossRef]

8. Sung, W.-P.; Chen, T.-Y.; Liu, C.-H. Strategy for Improving the Indoor Environment of Office Spaces in Subtropical Cities. Buildings
2022, 12, 412. [CrossRef]

9. Haddad, S.; Paolini, R.; Synnefa, A.; De Torres, L.; Prasad, D.; Santamouris, M. Integrated Assessment of the Extreme Climatic
Conditions, Thermal Performance, Vulnerability, and Well-Being in Low-Income Housing in the Subtropical Climate of Australia.
Energy Build. 2022, 272, 112349. [CrossRef]

10. Takasu, M.; Ooka, R.; Rijal, H.B.; Indraganti, M.; Singh, M.K. Study on Adaptive Thermal Comfort in Japanese Offices under
Various Operation Modes. Build. Environ. 2017, 118, 273–288. [CrossRef]

11. Coelho, G.B.A.; Rebelo, H.B.; De Freitas, V.P.; Henriques, F.M.A.; Sousa, L. Current and Future Geographical Distribution of the
Indoor Conditions for High Thermal Inertia Historic Buildings across Portugal via Hygrothermal Simulation. Build. Environ.
2023, 245, 110877. [CrossRef]

47



Energies 2024, 17, 5192

12. Annila, P.J.; Hellemaa, M.; Pakkala, T.A.; Lahdensivu, J.; Suonketo, J.; Pentti, M. Extent of Moisture and Mould Damage in
Structures of Public Buildings. Case Stud. Constr. Mater. 2017, 6, 103–108. [CrossRef]

13. Chen, X.; Yang, H.; Zhang, W. Simulation-Based Approach to Optimize Passively Designed Buildings: A Case Study on a Typical
Architectural Form in Hot and Humid Climates. Renew. Sustain. Energy Rev. 2018, 82, 1712–1725. [CrossRef]

14. Creutzig, F.; Agoston, P.; Minx, J.C.; Canadell, J.G.; Andrew, R.M.; Quéré, C.L.; Peters, G.P.; Sharifi, A.; Yamagata, Y.; Dhakal, S.
Urban Infrastructure Choices Structure Climate Solutions. Nat. Clim. Change 2016, 6, 1054–1056. [CrossRef]

15. Grafakos, S.; Trigg, K.; Landauer, M.; Chelleri, L.; Dhakal, S. Analytical Framework to Evaluate the Level of Integration of Climate
Adaptation and Mitigation in Cities. Clim. Change 2019, 154, 87–106. [CrossRef]

16. Daioglou, V.; Mikropoulos, E.; Gernaat, D.; Van Vuuren, D.P. Efficiency Improvement and Technology Choice for Energy and
Emission Reductions of the Residential Sector. Energy 2022, 243, 122994. [CrossRef]

17. Barbaresi, A.; Bovo, M.; Torreggiani, D. The Dual Influence of the Envelope on the Thermal Performance of Conditioned and
Unconditioned Buildings. Sustain. Cities Soc. 2020, 61, 102298. [CrossRef]

18. Stagrum, A.E.; Andenæs, E.; Kvande, T.; Lohne, J. Climate Change Adaptation Measures for Buildings—A Scoping Review.
Sustainability 2020, 12, 1721. [CrossRef]

19. Sharifi, A. Co-Benefits and Synergies between Urban Climate Change Mitigation and Adaptation Measures: A Literature Review.
Sci. Total Environ. 2021, 750, 141642. [CrossRef]

20. Li, J.; Ng, S.T.; Skitmore, M. Review of Low-Carbon Refurbishment Solutions for Residential Buildings with Particular Reference
to Multi-Story Buildings in Hong Kong. Renew. Sustain. Energy Rev. 2017, 73, 393–407. [CrossRef]

21. Zheng, W.; Wei, F.; Su, S.; Cai, J.; Wei, J.; Hu, R. Effect of the Envelope Structure on the Indoor Thermal Environment of
Low-Energy Residential Building in Humid Subtropical Climate: In Case of Brick–Timber Vernacular Dwelling in China. Environ.
Technol. Innov. 2022, 28, 102884. [CrossRef]

22. Xia, D.; Xie, W.; Guo, J.; Zou, Y.; Wu, Z.; Fan, Y. Building Thermal and Energy Performance of Subtropical Terraced Houses under
Future Climate Uncertainty. Sustainability 2023, 15, 12464. [CrossRef]

23. Li, M.; Cao, J.; Xiong, M.; Li, J.; Feng, X.; Meng, F. Different Responses of Cooling Energy Consumption in Office Buildings to
Climatic Change in Major Climate Zones of China. Energy Build. 2018, 173, 38–44. [CrossRef]

24. Ouanes, S.; Sriti, L. Regression-Based Sensitivity Analysis and Multi-Objective Optimisation of Energy Performance and Thermal
Comfort: Building Envelope Design in Hot Arid Urban Context. Build. Environ. 2024, 248, 111099. [CrossRef]

25. Liu, S.; Kwok, Y.T.; Lau, K.K.-L.; Ouyang, W.; Ng, E. Effectiveness of Passive Design Strategies in Responding to Future Climate
Change for Residential Buildings in Hot and Humid Hong Kong. Energy Build. 2020, 228, 110469. [CrossRef]

26. Li, B.; Du, C.; Yao, R.; Yu, W.; Costanzo, V. Indoor Thermal Environments in Chinese Residential Buildings Responding to the
Diversity of Climates. Appl. Therm. Eng. 2018, 129, 693–708. [CrossRef]

27. Jalali, Z.; Shamseldin, A.Y.; Ghaffarianhoseini, A. Impact Assessment of Climate Change on Energy Performance and Thermal
Load of Residential Buildings in New Zealand. Build. Environ. 2023, 243, 110627. [CrossRef]

28. Avanzini, M.; Pinheiro, M.D.; Gomes, R.; Rolim, C. Energy Retrofit as an Answer to Public Health Costs of Fuel Poverty in Lisbon
Social Housing. Energy Policy 2022, 160, 112658. [CrossRef]

29. Azimi Fereidani, N.; Rodrigues, E.; Gaspar, A.R. A Review of the Energy Implications of Passive Building Design and Active
Measures under Climate Change in the Middle East. J. Clean. Prod. 2021, 305, 127152. [CrossRef]

30. De Azevedo Correia, C.M.; Amorim, C.N.D.; Santamouris, M. Use of Passive Cooling Techniques and Super Cool Materials to
Minimize Cooling Energy and Improve Thermal Comfort in Brazilian Schools. Energy Build. 2024, 312, 114125. [CrossRef]

31. Nguyen, A.T.; Rockwood, D.; Doan, M.K.; Dung Le, T.K. Performance Assessment of Contemporary Energy-Optimized Office
Buildings under the Impact of Climate Change. J. Build. Eng. 2021, 35, 102089. [CrossRef]

32. Chen, Y.; Ren, Z.; Peng, Z.; Yang, J.; Chen, Z.; Deng, Z. Impacts of Climate Change and Building Energy Efficiency Improvement
on City-Scale Building Energy Consumption. J. Build. Eng. 2023, 78, 107646. [CrossRef]

33. Cho, W.; Iwamoto, S.; Kato, S. Condensation Risk Due to Variations in Airtightness and Thermal Insulation of an Office Building
in Warm and Wet Climate. Energies 2016, 9, 875. [CrossRef]

34. Banti, N. Existing Industrial Buildings—A Review on Multidisciplinary Research Trends and Retrofit Solutions. J. Build. Eng.
2024, 84, 108615. [CrossRef]

35. Seifhashemi, M.; Capra, B.R.; Milller, W.; Bell, J. The Potential for Cool Roofs to Improve the Energy Efficiency of Single Storey
Warehouse-Type Retail Buildings in Australia: A Simulation Case Study. Energy Build. 2018, 158, 1393–1403. [CrossRef]

36. Zhou, B.; Wang, D. Integrated Performance Optimization of Industrial Buildings in Relation to Thermal Comfort and Energy
Consumption: A Case Study in Hot Summer and Cold Winter Climate. Case Stud. Therm. Eng. 2023, 46, 102991. [CrossRef]

37. Mustafa, J.; Alqaed, S.; Sharifpur, M.; Meyer, J. Optimization of Window Solar Gain for a Building with Less Cooling Load. Case
Stud. Therm. Eng. 2024, 53, 103890. [CrossRef]

38. Chen, Y.; Liu, J.; Pei, J.; Cao, X.; Chen, Q.; Jiang, Y. Experimental and Simulation Study on the Performance of Daylighting in an
Industrial Building and Its Energy Saving Potential. Energy Build. 2014, 73, 184–191. [CrossRef]

39. Liu, X.; Liu, X.; Zhang, T.; Ooka, R.; Kikumoto, H. Comparison of Winter Air Infiltration and Its Influences between Large-Space
and Normal-Space Buildings. Build. Environ. 2020, 184, 107183. [CrossRef]

40. Tian, D.; Zhang, J.; Gao, Z. The Advancement of Research in Cool Roof: Super Cool Roof, Temperature-Adaptive Roof and
Crucial Issues of Application in Cities. Energy Build. 2023, 291, 113131. [CrossRef]

48



Energies 2024, 17, 5192

41. Xu, J.; Li, Y.; Wang, R.Z.; Liu, W.; Zhou, P. Experimental Performance of Evaporative Cooling Pad Systems in Greenhouses in
Humid Subtropical Climates. Appl. Energy 2015, 138, 291–301. [CrossRef]

42. Riahinezhad, M.; Hallman, M.; Masson, J.-F. Critical Review of Polymeric Building Envelope Materials: Degradation, Durability
and Service Life Prediction. Buildings 2021, 11, 299. [CrossRef]

43. You, S.; Li, W.; Ye, T.; Hu, F.; Zheng, W. Study on Moisture Condensation on the Interior Surface of Buildings in High Humidity
Climate. Build. Environ. 2017, 125, 39–48. [CrossRef]

44. Ma, Z.; Cui, S.; Chen, J. Demand Response through Ventilation and Latent Load Adjustment for Commercial Buildings in Humid
Climate Zones. Appl. Energy 2024, 373, 123940. [CrossRef]

45. Li, Z.; Chen, W.; Deng, S.; Lin, Z. The Characteristics of Space Cooling Load and Indoor Humidity Control for Residences in the
Subtropics. Build. Environ. 2006, 41, 1137–1147. [CrossRef]

46. Gaspar, K.; Casals, M.; Gangolells, M. A Comparison of Standardized Calculation Methods for in Situ Measurements of Façades
U-Value. Energy Build. 2016, 130, 592–599. [CrossRef]

47. Bienvenido-Huertas, D. Assessing the Environmental Impact of Thermal Transmittance Tests Performed in Façades of Existing
Buildings: The Case of Spain. Sustainability 2020, 12, 6247. [CrossRef]

48. Evangelisti, L.; Barbaro, L.; Guattari, C.; De Cristo, E.; De Lieto Vollaro, R.; Asdrubali, F. Comparison between Direct and Indirect
Heat Flux Measurement Techniques: Preliminary Laboratory Tests. Energies 2024, 17, 2961. [CrossRef]

49. Evangelisti, L.; Barbaro, L.; De Cristo, E.; Guattari, C.; D’Orazio, T. Towards an Improved Thermometric Method: Convective
and Radiative Heat Transfer for Heat Flux Measurement through an Indirect Approach. Therm. Sci. Eng. Prog. 2024, 49, 102479.
[CrossRef]

50. Nardi, I.; Lucchi, E. In Situ Thermal Transmittance Assessment of the Building Envelope: Practical Advice and Outlooks for
Standard and Innovative Procedures. Energies 2023, 16, 3319. [CrossRef]

51. Kim, H.; Lamichhane, N.; Kim, C.; Shrestha, R. Innovations in Building Diagnostics and Condition Monitoring: A Comprehensive
Review of Infrared Thermography Applications. Buildings 2023, 13, 2829. [CrossRef]

52. Tardy, F. A Review of the Use of Infrared Thermography in Building Envelope Thermal Property Characterization Studies. J.
Build. Eng. 2023, 75, 106918. [CrossRef]

53. Bailo, C.M.; Matud, C.C.; García-Ballano, C.J.; Ruiz-Varona, A. Evaluation Thermal of the Building Envelope: Rehabilitated
Building versus Non-Rehabilitated. Case Stud. Constr. Mater. 2024, 20, e02846. [CrossRef]

54. Chowdhury, A.A.; Rasul, M.G.; Khan, M.M.K. Parametric Analysis of Thermal Comfort and Energy Efficiency in Building in
Subtropical Climate. In Thermofluid Modeling for Energy Efficiency Applications; Elsevier: Amsterdam, The Netherlands, 2016; pp.
149–168. ISBN 978-0-12-802397-6.

55. Chernousov, A.A.; Chan, B.Y.B. Numerical Simulation of Thermal Mass Enhanced Envelopes for Office Buildings in Subtropical
Climate Zones. Energy Build. 2016, 118, 214–225. [CrossRef]

56. Nardi, I.; Lucchi, E.; de Rubeis, T.; Ambrosini, D. Quantification of Heat Energy Losses through the Building Envelope: A
State-of-the-Art Analysis with Critical and Comprehensive Review on Infrared Thermography. Build. Environ. 2018, 146, 190–205.
[CrossRef]

57. Kumar, D.; Alam, M.; Zou, P.X.W.; Sanjayan, J.G.; Memon, R.A. Comparative Analysis of Building Insulation Material Properties
and Performance. Renew. Sustain. Energy Rev. 2020, 131, 110038. [CrossRef]

58. Xue, Y.; Fan, Y.; Wang, Z.; Gao, W.; Sun, Z.; Ge, J. Facilitator of Moisture Accumulation in Building Envelopes and Its Influences
on Condensation and Mould Growth. Energy Build. 2022, 277, 112528. [CrossRef]

59. Gourlis, G.; Kovacic, I. A Study on Building Performance Analysis for Energy Retrofit of Existing Industrial Facilities. Appl.
Energy 2016, 184, 1389–1399. [CrossRef]

60. Lewczuk, K.; Kłodawski, M.; Gepner, P. Energy Consumption in a Distributional Warehouse: A Practical Case Study for Different
Warehouse Technologies. Energies 2021, 14, 2709. [CrossRef]

61. Gu, J.; Goetschalckx, M.; McGinnis, L.F. Research on Warehouse Design and Performance Evaluation: A Comprehensive Review.
Eur. J. Oper. Res. 2010, 203, 539–549. [CrossRef]

62. El Masri, Y.; Rakha, T. A Scoping Review of Non-Destructive Testing (NDT) Techniques in Building Performance Diagnostic
Inspections. Constr. Build. Mater. 2020, 265, 120542. [CrossRef]

63. Tolstorebrov, I.; Senadeera, W.; Eikevik, T.M.; Bantle, M.; Sæther, M.; Petrova, I. Study on Drying of Seaweeds and Importance of
Glass Transition and Stabilization. Processes 2024, 12, 373. [CrossRef]

64. López-Pérez, O.; Picon, A.; Nuñez, M. Volatile Compounds and Odour Characteristics of Seven Species of Dehydrated Edible
Seaweeds. Food Res. Int. 2017, 99, 1002–1010. [CrossRef] [PubMed]

65. Faqih, F.; Zayed, T. Defect-Based Building Condition Assessment. Build. Environ. 2021, 191, 107575. [CrossRef]
66. Hikuma, M. Development of the Distribution Mechanism in the Processed Seafood Industry. J. Jpn. Soc. Distrib. Sci. 2018, 41,

33–46. (In Japanese) [CrossRef]
67. Climate.Onebuilding.Org. Available online: https://climate.onebuilding.org/ (accessed on 5 September 2024).
68. Barbosa, M.T.G.; Rosse, V.J.; Laurindo, N.G. Thermography Evaluation Strategy Proposal Due Moisture Damage on Building

Facades. J. Build. Eng. 2021, 43, 102555. [CrossRef]
69. Li, Z.; Jin, Y.; Liang, X.; Zeng, J. Thermography Evaluation of Defect Characteristics of Building Envelopes in Urban Villages in

Guangzhou, China. Case Stud. Constr. Mater. 2022, 17, e01373. [CrossRef]

49



Energies 2024, 17, 5192

70. Pereira, C.; De Brito, J.; Silvestre, J.D. Harmonising the Classification of Diagnosis Methods within a Global Building Inspection
System: Proposed Methodology and Analysis of Fieldwork Data. Eng. Fail. Anal. 2020, 115, 104627. [CrossRef]

71. Tetens, O. Über einige meteorologische Begriffe. Z. Geophys. 1930, 6, 297–309.
72. Japan Meteorological Agency. Available online: https://www.jma.go.jp/jma/indexe.html (accessed on 6 September 2024).
73. Ministry of Land, Infrastructure, Transport and Tourism (MLIT). Overview of the Energy Conservation Standards Revision;

MLIT: Tokyo, Japan, 2016; Available online: https://www.mlit.go.jp/common/001012880.pdf (accessed on 20 August 2024).
(In Japanese)

74. Bastien, D.; Winther-Gaasvig, M. Influence of Driving Rain and Vapour Diffusion on the Hygrothermal Performance of a
Hygroscopic and Permeable Building Envelope. Energy 2018, 164, 288–297. [CrossRef]

75. Asadi, I.; Shafigh, P.; Abu Hassan, Z.F.B.; Mahyuddin, N.B. Thermal Conductivity of Concrete—A Review. J. Build. Eng. 2018, 20,
81–93. [CrossRef]

76. Draganova, V.Y.; Yokose, H.; Tsuzuki, K.; Nabeshima, Y. Field Study on Nationality Differences in Adaptive Thermal Comfort of
University Students in Dormitories during Summer in Japan. Atmosphere 2021, 12, 566. [CrossRef]

77. Khoukhi, M.; Hassan, A.; Abdelbaqi, S. The Impact of Employing Insulation with Variant Thermal Conductivity on the Thermal
Performance of Buildings in the Extremely Hot Climate. Case Stud. Therm. Eng. 2019, 16, 100562. [CrossRef]

78. Zilberberg, E.; Trapper, P.; Meir, I.A.; Isaac, S. The Impact of Thermal Mass and Insulation of Building Structure on Energy
Efficiency. Energy Build. 2021, 241, 110954. [CrossRef]

79. Guo, L.; Liao, Y.; Cheng, Z.; Zheng, H.; Guo, L.; Long, E. Experimental Study on Dynamic Effect of External Insulation on Indoor
Thermal Environment and Energy Consumption. Energy Build. 2022, 274, 112299. [CrossRef]

80. Brambilla, A.; Sangiorgio, A. Mould Growth in Energy Efficient Buildings: Causes, Health Implications and Strategies to Mitigate
the Risk. Renew. Sustain. Energy Rev. 2020, 132, 110093. [CrossRef]

81. ASHRAE 62.1-2013; Ventilation for Acceptable Indoor Air Quality. American Society of Heating, Refrigerating and Air-
Conditioning Engineers, Inc.: Atlanta, Georgia, 2013.

82. United States Environmental Protection Agency. Mold Course Chapter 2. Available online: https://www.epa.gov/mold/mold-
course-chapter-2 (accessed on 6 September 2024).

83. Raunima, T.; Laukkarinen, A.; Kauppinen, A.; Kiviste, M.; Tuominen, E.; Ketko, J.; Vinha, J. Indoor Air Temperature and Relative
Humidity Measurements in Finnish Schools and Day-Care Centres. Build. Environ. 2023, 246, 110969. [CrossRef]

84. Ferrantelli, A.; Vornanen-Winqvist, C.; Mattila, M.; Salonen, H.; Kurnitski, J. Positive Pressure Effect on Moisture Performance in
a School Building. J. Build. Phys. 2019, 43, 121–142. [CrossRef]

85. Summa, S.; Remia, G.; Di Perna, C. Comparative and Sensitivity Analysis of Numerical Methods for the Discretization of Opaque
Structures and Parameters of Glass Components for EN ISO 52016-1. Energies 2022, 15, 1030. [CrossRef]

86. Jia, C.; Zhang, Z.; Wang, M.; Han, S.; Cao, J.; Rong, Y.; Du, C. Investigation on Indoor Thermal Environment of Industrial Heritage
during the Cooling Season and Its Impacts on Thermal Comfort. Case Stud. Therm. Eng. 2023, 52, 103769. [CrossRef]

87. Chae, Y.; Kim, S.H. Selection of Retrofit Measures for Reasonable Energy and Hygrothermal Performances of Modern Heritage
Building under Dry Cold and Hot Humid Climate: A Case of Modern Heritage School in Korea. Case Stud. Therm. Eng. 2022,
36, 102243. [CrossRef]

88. Bui, A.; Johnson, F.; Wasko, C. The Relationship of Atmospheric Air Temperature and Dew Point Temperature to Extreme Rainfall.
Environ. Res. Lett. 2019, 14, 074025. [CrossRef]

89. ISO 6946:2017; Building components and building elements—Thermal resistance and thermal transmittance—Calculation methods.
ISO: Geneva, Switzerland, 2017. Available online: https://www.iso.org/standard/65708.html (accessed on 3 October 2024).

90. Japanese Energy Conservation Law for Buildings, Section 3: Thermal Transmittance and Linear Thermal Transmittance. Available
online: https://www.kenken.go.jp/becc/documents/house/3-3_240401_v22.pdf (accessed on 3 October 2024).

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.

50



Article

Lumped-Parameter Models Comparison for Natural Ventilation
Analyses in Buildings at Urban Scale

Yasemin Usta 1, Lisa Ng 2, Silvia Santantonio 1 and Guglielmina Mutani 1,*

1 Department of Energy, Politecnico di Torino, 10129 Torino, Italy; yasemin.usta@polito.it (Y.U.);
silvia.santantonio@outlook.it (S.S.)

2 National Institute of Standards and Technology, Gaithersburg, MD 20899, USA; lisa.ng@nist.gov
* Correspondence: guglielmina.mutani@polito.it

Abstract: This study validates a three-zone lumped-parameter airflow model for Urban
Building Energy Modeling, focusing on its accuracy in estimating air change rates caused
by natural ventilation, referred to here as air change rate. The model incorporates urban-
scale variables like canyon geometry and roughness elements for the accurate prediction
of building infiltration, which is an important variable in building energy consumption.
Air change rate predictions from the three-zone lumped-parameter model are compared
against results from a three-zone CONTAM model across a range of weather scenarios.
The study also examines the impact of building level of detail on air change rates. Results
demonstrate that the three-zone lumped-parameter model achieves reasonable accuracy,
with a maximum Mean Absolute Error of 0.1 h−1 in winter and 0.03 h−1 in summer com-
pared to three-zone CONTAM model, while maintaining computational efficiency for
urban-scale energy consumption simulations. However, its applicability is limited to build-
ings within urban canyons rather than detached structures, due to the assumptions made
in the methodology of the three-zone lumped-parameter model. The results also showed
that the model had lower errors for low to mid-rise buildings since the simplification of
a detailed high-rise building into a three-zone model alters the buoyancy effect; a 4-story
building showed Mean Absolute Percentage Error of 7% and 5% for a typical winter and
summer day respectively when a detailed and simplified three-zone models are compared,
while the error for a 16-story building were 18% and 12%. The results of building air
change rates are used as input data in an hourly energy consumption model at urban scale
and validated against measured hourly consumption to test the effect of the calculated
urban-scale hourly air change rates.

Keywords: building ventilation; infiltrations; lumped-parameter model; ACR; CONTAM;
Urban Building Energy Modeling; place-based approach

1. Introduction

Building energy consumption represents the largest share of urban energy use. Accord-
ing to the International Energy Agency (IEA), operational energy use in buildings accounts
for about 30% of global final energy consumption [1]. In the United States, buildings are
responsible for 40% of total energy use, including 75% of all electricity use [2].

Building energy modeling (BEM) has emerged as a powerful decision-support tool,
enabling the assessment of energy efficiency strategies and identifying conditions that cause
higher energy consumption. For instance, the U.S. Department of Energy highlights BEM’s
adaptability, remarking on its applications, both for new buildings and retrofit design, to
develop building energy-efficiency codes and decision policies [3]. However, BEM usually

Energies 2025, 18, 2352 https://doi.org/10.3390/en18092352
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focuses on individual buildings and detailed energy systems, but the complexity of the
urban environment—particularly the influence of surrounding elements such as buildings
and trees—demands more comprehensive modeling approaches.

Urban Building Energy Modeling (UBEM) addresses this gap by extending energy
analysis to an urban scale, accounting for physical surroundings, microclimatic conditions,
and building-specific characteristics. Recent reviews have highlighted both the significance
and potential of UBEMs, while also addressing the challenges they face and suggesting
ways to enhance their robustness [4,5]. UBEM incorporates factors such as shading effects,
wind dynamics, and urban density to provide a comprehensive understanding of energy
consumption and production. For example, shadows from different urban elements can
impact the effectiveness of solar technologies [6], while modifications in wind speed caused
by surrounding structures or roughness elements can influence ventilation and airflow
rates [7–9]. Recent studies have also emphasized the critical role of occupant behavior in
urban-scale modeling, highlighting the need for detailed, data-driven occupancy models
to reduce simulation uncertainties and enhance the accuracy of energy demand predic-
tions [10]. These interdependencies highlight the importance and potential of UBEM in
identifying scenarios that improve an efficient use of energy at urban scale.

Given the complexity of urban environments and the volume of data required for
large-scale analysis, a flexible, time-efficient, and scalable modeling framework is essential
for analyzing large urban environments. In this context, process-driven UBEM provides an
effective approach to calculate building energy use based on physical descriptions and local
weather data. These models can rely on available open-source data for building details
such as thermal transmittance and geometric data and often implement the assumption of
fixed air change rate (ACR) that are based on a building permeability which is associated
with construction period.

However, the assumption of a constant ACR does not reflect real-world conditions, as
air infiltration is influenced by factors not only related to building envelope airtightness
but also by issues such as the wind pressure on the building envelope and indoor-outdoor
temperature gradients. A study that compared experimental methods for estimating
infiltration rates highlighted the variability introduced by wind speed, wind direction,
and temperature gradients [11]. The results emphasized that while experimental methods,
such as CO2, decay provide valuable insights on infiltration, they cannot fully account for
the complexities of urban environments, including the influence of urban geometry on
wind patterns.

The presented work contributes to broader research that aims to enhance the per-
formance of an hourly process-driven and place-based UBEM. Initial efforts were made
to improve ACR calculations focused on scenarios that involve using fixed ACR values,
day/night adjustments, and adding window operation schedule, which all demonstrated
significant impacts on energy consumption [6]. The second step refines ACR calculations by
correcting wind speed inside the urban canyon to incorporate the effects of urban geometry
on airflow dynamics. Lastly, the model is further developed to calculate energy consump-
tion by representing each building as three interconnected zones, which is intended to
better predict performance in large scales applications in conjunction with urban effects [12].
Validating this modeling approach will mark a critical step toward improving urban-scale
energy consumption analysis.

Finally, in this work, the term air change rate (ACR) is used to describe the rate of air
flow due to natural infiltration. While Air Change per Hour (ACH) is frequently applied in
both mechanical and natural ventilation contexts, ACR specifically refers to air changes
resulting from natural forces such as wind and temperature differences, providing a more
accurate description of the phenomenon under consideration.
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2. Objective of the Work

The primary aim of this analysis is to assess the accuracy of an already existing simpli-
fied three-zone lumped-parameter model [12] by comparing its results with CONTAM, a
multizone airflow and contaminant transport simulation program [13]. The methodology
presented in [12] calculated the ACR for a simplified building geometry by considering
the surrounding built environment, which affects wind speed inside urban canyons due to
urban roughness elements, as well as indoor conditions inside buildings.

The novelty of this work lies in analyzing the impact of building level of detail (LoD)
on building ACR calculations and evaluating whether the three-zone lumped-parameter
model, with its simplified representation of building geometry, is effective in estimating
ACR for energy use prediction. This assessment will help define the applicability and
limitations of the three-zone lumped-parameter model’s methodology in urban scale
natural ventilation load assessment.

The broader goal of this analysis is to support strategies to effectively use energy in
urban areas. This will be enabled by developing an effective model for calculating hourly
ACR as a function of urban geometry and local weather conditions, which can be then
used as an input for energy consumption modeling at urban scale, while also optimizing
simulation costs. By incorporating the effects of urban street canyons on wind speed and
airflow dynamics, this methodology seeks to provide a more accurate building ACR input
for UBEM, replacing widely used fixed assumptions.

3. Methods

The workflow followed in this analysis is outlined in Figure 1. The buildings used in
the analysis are provided in Section 3.1. The study begins with providing a Level of Detail
(LoD) analysis (Section 3.2) using CONTAM. This analysis aims to highlight the effect of
simplifying a detailed building into three zones on the results of building ACR.

 
Figure 1. Manuscript workflow.

Section 3.3 provides an overview of the general assumptions made in the existing three-
zone lumped-parameter model [12], and the boundary conditions used for the validation:
10 different indoor-outdoor temperature scenarios are tested under 12 wind speeds. The
results of the defined boundary conditions from the three-zone lumped parameter model
are compared with a three-zone CONTAM model. The results of both the LoD analysis
and the validation are discussed in Section 4.

Following the validation, the study explores the potential applications of the proposed
modeling approach, including its limitations, in Section 4.3.
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Finally, Section 4.4 demonstrates the application of using an hourly ACR from a three-
zone lumped-parameter model in estimating hourly energy consumption for space heating
in residential buildings by comparing it against using fixed ACR values. The hourly energy
consumption results of using hourly and fixed ACR are compared with real measured
consumption data.

3.1. Analyzed Buildings
3.1.1. Midrise Prototype Building

The midrise prototype building is selected from the detailed CONTAM models devel-
oped by the National Institute of Standards and Technologies (NIST) and derived from U.S.
Department of Energy (DOE) reference building models [14].

Figure 2 shows the typical floor plan of the prototype building. In this building the
corridor divides the apartments/office across two opposite facades, thus, there is no cross
ventilation for a single unit. The staircase and elevator are located at each end of the
corridor resulting in two shafts. The building has 4 floors, each with a height of 3.05 m.

Figure 2. Typical floor plan for the midrise prototype building.

3.1.2. Turin Building

The building is a typical condominium built before 1918, located on a large street
canyon (approximately 45 m wide), with adjacent buildings on both sides. It has two
opposing facades: a canyon façade and a courtyard façade on the same side of the buildings
as the staircase, which provides each apartment with cross ventilation. Unlike the prototype
building, the staircase and the elevator are in a single shaft.

The building consists of 5 floors: a ground floor with vehicle access to the courtyard
and 4 floors with layout as shown in Figure 3. The ground floor is excluded from the ACR
calculations, as it is generally not used for residential purposes. The floor height for the
typical floors is 3.3 m.

3.2. Level of Detail (LoD) Analysis
3.2.1. CONTAM

CONTAM (version 3.4.0.1) is a multizone modeling software, developed at the Na-
tional Institute of Standards and Technology (NIST) [15]. CONTAM accounts for room-
to-room, infiltration, and exfiltration airflows driven by temperature-induced pressures
(i.e., stack effect), wind pressures acting on the building exterior, and mechanically-driven
pressure differences (i.e., heating, ventilation, and air-conditioning system flows). The
meteorological variables considered in the calculation of airflow rates are the ambient
temperature [K], barometric pressure [Pa], wind speed [m/s], and wind direction [◦].

CONTAM is able to perform whole-building simulations for periods of up to one
year with an assumption that pressures only vary hydrostatically. Thus, its computa-
tional requirements are not as intensive as using other airflow simulation methods like
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Computational Fluid Dynamics (CFD). CONTAM has been validated in terms of program
integrity [16], laboratory experiments [17], and field studies in residential buildings [18,19].
It was also used to compare real-time infiltration estimates between detailed and simplified
(e.g., single zone) models of two residential test houses at NIST [20]. Depending on the
tightness of the test house and the simulated weather, the simplified models could capture
the whole-building infiltration rate as well as the detailed model for the buildings studied.

Figure 3. Typical floor plan for Turin building.

3.2.2. LoD Steps

The LoD analysis is performed using CONTAM and aims to evaluate the impact of
building simplification into three zones by comparing the ACR results between a detailed
building geometry and a simplified three-zone building: two heated zones representing
the upper and lower levels of the building and an unheated shaft connecting them.

The building geometry is simplified according to the schematization provided in
Figure 4, which outlines the LoD steps used for both buildings. The aim of including two
buildings in the LoD analysis is to test the effects of building simplification on models with
different floor plans and climate zones.

Figure 4. Level of Detail steps to achieve three-zone model.

The simplification starts with a detailed building geometry, considering all airflow ele-
ments that represent a real case (including leakages from windows, floors, internal/external
walls, and roof). Then the building geometry is progressively reduced, arriving at the
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three-zone model. In the detailed building step (LoD_1), the internal doors within each
apartment are assumed to be open, while the apartment/shaft doors are considered closed.

For the prototype building, the simplification starts with removing the partitions
between the apartments in LoD_2, followed by merging the building floors into two levels
in LoD_3, and finally removing the corridor and merging the shafts into single shaft to
arrive at three-zones in LoD_4.

For the building in Turin, the process starts by removing the internal partitions within
each apartment in LoD_2, followed by merging the building floors into two levels in LoD_3,
and finally removing the partition between the apartments in LoD_4.

Although the simplification steps differ between the two buildings, the main approach
remains consistent: both buildings are simplified into a three-zone model, with two zones
representing the upper and lower levels of the building and one shaft connecting them [21].
The results of this building simplification on ACR values are provided in Section 4.1.

3.2.3. LoD Models in CONTAM

For each analyzed building, the four LoD steps are modeled in CONTAM. Figures 5
and 6 provide CONTAM models for LoD_1 and LoD_4 only, to allow the direct comparison
between the detailed and simplified models. The figures provide the models for both
buildings with areas and volumes of each zone before and after the simplification (Figure a
and b respectively). The airflow elements considered in this analysis are mainly the leakage
from the envelope (in blue), the closed-door leakage (in red) and the floor leakage (in green).
However, it should be highlighted that in the three-zone lumped-parameter model there is
no leakage from the horizontal elements (floors, roof). To account for this behavior, it is
represented as LoD_4′′, which is the same as LoD_4 but excludes the leakage from the roof
and between floors of the apartments.

In the prototype building, as shown in Figure 5a, there are no partitions within each
apartment. Consequently, the only internal doors are the apartment/shaft doors (in red).

For the building in Turin, Figure 6a, there are two internal door types: within each
apartment (in pink), which are considered open, and the apartment/shaft doors (in red),
which are considered closed.

The leakage from the building envelope is obtained from available references related to
whole building airtightness testing results [22], which are usually provided as normalized
airflow rates, e.g., L/s/m2 @75Pa.

  
LoD_1 (a) LoD_4 (b) 

Figure 5. Prototype building CONTAM model for LoD_1 (a) and LoD_4 (b).
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LoD_1 (a) LoD_4 (b) 

Figure 6. Turin building CONTAM model for LoD_1 (a) and LoD_4 (b).

Having this normalized value, it was possible to calculate the leakage area AL

(cm2/m2) as an input for the flow elements in CONTAM using Equation (1) [14]. This leak-
age area is typically provided under reference test conditions, which include the discharge
coefficient (Cd), flow exponent (n), and pressure difference (ΔP).

Q =
CdAL

10000
·
√

2
ρ
·(ΔPr)

0.5−n·ΔPn (1)

where:

Qr is the predicted airflow rate at ΔPr (from pressurization test data) [L/s/m2]
Cd is the discharge coefficient [-], used here as 1
AL is the leakage area [cm2/m2]
ρ is the air density [kg/m3]
ΔPr is the reference pressure difference (from pressurization test data) [Pa]
n is the flow exponent [-], used here as 0.65
ΔP is the pressure difference, used here as 4 Pa.

The value of the flow exponent depends on the type of opening, whether it is large
or small [15]. Generally, the values are near 0.65 for small cracks, which can be used
to represent the leakage from window, door, and wall cracks [15,22]. For the discharge
coefficient (Cd), one of the common reference conditions for small leakage areas is 1.0 at
ΔP = 4 Pa [15,22]. Although these values can be used for small openings, Equation (1) can
be used to convert reference building airflow rates for the required boundary conditions.

For the prototype building, the airtightness value used is 3.83 L/s/m2 @75 Pa. For the
building in Turin, the whole building airtightness value is 3.09 L/s/m2 @75 Pa, which is the
average value for multi-unit residential buildings (MURBs), determined from airtightness
tests performed on 113 buildings [22].

Table 1 provides the leakage elements used in CONTAM for each building. The closed
apartment/shaft doors in the prototype building are modeled in CONTAM using the
Powerlaw Model: Orifice airflow element type.
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Table 1. Leakage data of the analyzed buildings.

Envelope (walls, floors, roof): Powerlaw Model: Leakage area

Prototype Turin

Leakage per unit area
[cm2/m2] 2.208 1.783

Discharge coefficient [-] 1 1

Flow exponent [-] 0.65 0.65

Pressure difference [Pa] 4 4

Internal doors

Prototype Turin

Apartment/shaft doors:
Powerlaw Model: Orifice

Internal doors (within apartments):
Two-way Model: Single-opening

Cross-sectional area [m2] 0.023 Height [m] 2.2

Flow exponent [-] 0.5 Width [m] 0.9

Discharge coefficient [-] 0.6 Discharge coefficient
[-] 0.78

Hydraulic diameter [m] 0.172 Apartment/shaft doors: Powerlaw Model:
F = C(ΔP)n

Reynold number [-] 30 Flow coefficient (C) [-] Equation (2)

Flow exponent (n) [-] 0.65

For the building in Turin, having two internal door elements, the open doors within
each apartment are modeled using two-way model: Single-opening, and for the closed
apartment/shaft doors using a Powerlaw Model: F = C(ΔP)n. For the latter, the flow
exponent (n) is 0.65 and the flow coefficient (C) is calculated using Equation (2) assuming a
typical leakage area of 12 cm2/m2 for each door. This estimate represents a loosely sealed
element, considering construction period of the building [23,24].

The flow coefficient Copening [kg·s−1·Pa−n] for the shaft door in the Turin building is
calculated using Equation (2). It is related to the leakage area (Aleakage) calculated using
the typical leakage area values (AL) available in standards or local databases [22–24].

Copening = Cd,opening·Aleakage·(2·ρ)
1
2 Aleakage = AL·Aopening (2)

where:

Cd,opening is the discharge coefficient of the opening [-], used here as 0.65
Aleakage is the leakage area of the opening [m2]
ρ is the air density [kg/m3]
AL is the leakage area [cm2/m2], used here as 12 cm2/m2

Aopening is the opening area of the airflow element [m2], used here as 1.98 m2.

3.2.4. LoD Indoor Temperature and Weather Data

For the LoD analysis, a simulation for a representative winter and summer day with a
one-hour timestep is used to calculate the hourly ACR. Although the overall simulation is
annual, each hourly interval is solved under steady-state conditions.

The setpoint temperatures for the heated zones are 20 ◦C in winter and 26 ◦C in
summer, while for the shaft the temperature is calculated using the equation provided in
Table 2. These temperature schedules are assigned to each zone using continuous value
files (.cvf) in CONTAM.
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Table 2. Internal conditions of the analyzed buildings.

Season
Temperature [◦C]

Heated Zones (a&b) Shaft (Zone c)

Winter 20 Tsh =
Tout + btr,u

*·(Tin − Tout)Summer 26
* btr,u: correction factor for confined spaces (shaft with one wall facing outwards), equals to 0.4 (Table 5 in the
Appendix A of the Italian standard UNI/TS 11300-1: 2014 [25]).

The weather data used for both buildings are sourced from the EnergyPlus weather
database [26], and subsequently converted from “.epw” format to CONTAM-compatible
“.wth” format using the CONTAM weather file creator [27].

Figure 7 provides the outdoor air temperature (in red) and wind speed (in black) for a
representative winter and summer day. These graphs show that the results of the three-zone
model simplification will be analyzed considering different weather conditions: tropical
(with hot and humid summers) in Miami for the prototype building and continental
temperate in Turin. Both analyzed buildings, midrise and Turin, are simulated using
the two weather files to compare the effects of climate and building geometry on the
ACR results.

  
(a) Winter (b) Summer 

Figure 7. Hourly weather data for Turin and Miami used in LoD analysis.

The wind pressure coefficients used in this vary as a function of the angle of the
envelope flow paths relative to wind direction only [28], i.e., coefficients do not vary
with height.

3.3. Three-Zone Lumped-Parameter Model
3.3.1. General Aim

The main aim of the three-zone lumped-parameter model being validated was to sim-
plify a building into three zones to enable urban scale natural ventilation load assessments
in energy consumption calculations, while minimizing simulation costs [12]. The exist-
ing model was used in this work with few impoorvements, e.g., neglecting the dynamic
component of the pressure in the internal zones. The results of this simplification of the
building geometry on the ACR results are discussed in Section 4.2.

The three-zone lumped-parameter model is used to consider outdoor airflow dynamics
within urban street canyons, which are significantly influenced by the urban geometry (i.e.,
height-to-width ratio H/W).
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3.3.2. Corrected Wind Speed

In this model, a Geographic Information System (GIS)-based approach is used to
calculate aerodynamic roughness parameters that influence wind dynamics within urban
areas. QGIS (Quantum Geographic Information System) is an open-source tool used to
analyze and visualize spatial data. It supports a wide range of geospatial formats and
provides various tools for geoprocessing and spatial analysis. To calculate the aerodynamic
and morphometric parameters, the Urban Multi-scale Environmental Predictor (UMEP)
plug-in within QGIS was employed [29]. This tool calculates aerodynamic and morphome-
tric parameters using a 3D representation of the urban environment, i.e., digital surface
models (DSM) and digital elevation models (DEM). To calculate the aerodynamic parame-
ters, including the displacement height (zd) and roughness length (z0), the Morphometric
Calculator tool within the plugin applies six different roughness calculation methods based
on morphometric parameters [30]. Depending on the selected method, the calculation
incorporates one or more morphometric parameters: plan area density (λp), frontal area
ratio (λf), average building height (zH), maximum building height (zHmax), and height
variability (zHstd). Among the six methods, the Kanda method is suggested for dense
urban environments, as it incorporates all five morphometric parameters for the calculation
of zd and z0 [31].

The primary parameter obtained from UMEP is the displacement height (zd), which
is determined as a function of the built environment and wind direction. Knowing the
displacement height (zd) in front of each building, the wind speed can be adjusted using
the logarithmic law for buildings above zd, where the flow is less turbulent and CFD
simulations for buildings below zd, in which turbulent flows occur. Most buildings in
dense urban environments have turbulent airflow inside the canyon, thus requiring CFD
simulations for the wind speed adjustment [32].

Considering the high simulation costs of CFD, this wind speed correction methods
used to reduce the number of simulations by categorizing wind effects related to urban
canyons according to height-to-width ratio (H/W). Generally, the canyons in a city can be
defined as large, medium, and narrow. These canyon categories and weather scenarios
for the CFD simulations are presented in Figure 8. The simulations are performed for four
effects considering the presence or absence of wind and temperature gradient between
opposing building facades in the urban canyon, four representative seasons, and four
positions of the building surfaces with respect to wind direction and solar irradiation;
windward/leeward with warm/cold façade. Thus, as illustrated in Figure 8, 192 CFD
simulations are performed, i.e., 64 simulations for each canyon geometry category. The
results of the CFD simulations are used as boundary conditions to calculate the ACR for
each building in the city considering its canyon category, building position, and the weather
conditions during each hour simulated.

 

Figure 8. CFD simulation scenarios: WW: windward warm façade, WC: windward cold façade, LW:
leeward warm façade, LC: leeward cold façade.
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3.3.3. Three-Zone Building Simplification
Geometrical Simplification

The corrected wind speed explained previously is used as input data for a three-zone
representation of each building in a city. The three interconnected zones shown in Figure 9
include two heated zones that correspond to the lower and upper apartment levels (zone a
and b) and an unheated shaft connecting them (zone). The airflow connections between
zones are depicted as thick lines (red for internal and blue for envelope connections) that
are labeled with their flow coefficient (e.g., Ca1). The nodes represented as black dots
in Figure 9 are characterized by steady-state conditions and air pressures, following the
available multizone airflow modeling tools, e.g., CONTAM and COMIS [33], as well as to
simplify the modeling approach which will be applied on urban scale.

Figure 9. Three-zone lumped-parameter model schematization.

It was assumed that there was no airflow between zones a and b, the roof of zone b
and c, and between the common walls of each building with its adjacent buildings. Thus,
the stack effect is accounted for only in zone c. This assumption reduces the number of
airflow path links, thereby minimizing simulation time for urban-scale analysis.

Physical Assumptions

In order to solve for the unknown internal zone pressures (Pa, Pb, Pc), a set of steady-
state mass airflow conservation equations were applied as shown in Equations (3) and (4).
The flow coefficient (C) is calculated for each link using Equation (2) provided previously.
This three-zone, nonlinear system of equations was solved using MATLAB (version R2023b)
applying the fsolve function and setting initial values and tolerance criteria [12,34].

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ṁa1 + ṁa3 + ṁac = 0

ṁb2 + ṁb4 + ṁbc = 0

ṁca + ṁcb + ṁc3 + ṁc4 = 0

(3)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ca1 (ΔPa1)
n + Ca3 (ΔPa3)

n + Cac (ΔPac)
n = 0

Cb2 (ΔPb2)
n + Cb4 (ΔPb4)

n + Cbc (ΔPbc)
n = 0

Cca (ΔPca)
n + Ccb (ΔPcb)

n + Cc3 (ΔPc3)
n + Cc4 (ΔPc4)

n = 0

(4)

where:
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C is the flow coefficient [kg·s−1·Pa−n]
ṁ is the airflow rate [kg/s]
ΔP is the total pressure difference [Pa].

The presented two-step approach—CFD simulations to calculate outside wind speed
within the urban canyon, followed by a three-zone airflow model to estimate ACR—links
urban-scale wind dynamics and building-level airflow rates, enabling the assessment of
building infiltration in dense urban environments.

Validation with CONTAM

The validation aims to test the three-zone lumped-parameter model, explained in
the previous section, with a three-zone CONTAM model to test the accuracy of the imple-
mented model. For this validation, the building in Turin is used.

The validation is performed with a steady-state simulation using a range of weather
data, which is derived from the hourly weather data presented previously in Section 3.2.4.
This range is defined to ensure that the model is tested under different conditions, including
extreme temperature cases (Tout), i.e., −10 ◦C to 34 ◦C and extreme wind velocity cases
(Ws), i.e., 10 m/s as provided in Table 3.

Table 3. Weather data used for the model validation.

Winter Summer

Tout [◦C] −10 −5 0 3 7 12 24 28 30 34

Ws [m/s] 0.1, 0.5, 1 → 10 (with an increment of 1 for each simulation)

The indoor setpoint temperatures remain the same as 20 ◦C and 26 ◦C for winter and
summer, respectively, for the heated zones, while for the shaft it is calculated using the
equation provided previously in Table 2.

4. Results

This section presents the performance of the three-zone lumped-parameter model,
implemented for urban scale energy analysis, through two steps. First, analyzing the
impact of LoD on building ACR results, then validating the three-zone lumped-parameter
model with a three-zone CONTAM model under a range of weather conditions. This is
followed by highlighting the field of application of the presented methodology. Finally,
an example application of this methodology on a residential building for space heating is
provided in Section 4.4.

To assess the model’s performance, the Mean Absolute Error (MAE) and the Mean
Absolute Percentage Error (MAPE) are calculated using Equation (5). These metrics are
applied to compare the difference in ACR results between a detailed CONTAM building
model (LoD_1) and three-zone CONTAM models (LoD_4 and LoD_4′′) and to assess
the difference in building ACR between the three-zone lumped-parameter model and a
three-zone CONTAM model.

MAE =
1
n

n

∑
i=1

|y − ŷ|MAPE =
1
n

n

∑
i=1

∣∣∣∣y − ŷ
y

∣∣∣∣× 100 (5)

where:

y is the actual value
ŷ is the predicted value
n is the total number of observations.
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4.1. Level of Detail (LoD) Analysis Using CONTAM
4.1.1. Midrise Prototype Building Results

The results of the ACR analysis for different LoD are presented in Figures 10 and 11,
for typical winter and summer days, in Miami. LoD_1 and LoD_2 exhibit similar results,
indicating that internal partitions have a negligible effect on the ACR. The most significant
change occurs in LoD_3, where the building floors are merged into two representative zones
(upper and lower levels). This simplification increases the ACR overall due to the absence
of internal obstructions. Additionally, it likely alters the buoyancy effect, as leakage in the
detailed representation is assumed to occur at the midpoint of each floor height, whereas
in LoD_3, leakage is assumed to occur at the midpoint of the merged zones, significantly
changing the buoyancy-driven airflow.

 

Figure 10. Hourly LoD effect on ACR (winter) for the midrise prototype building.

 

Figure 11. Hourly LoD effect on ACR (summer) for the midrise prototype building.

In LoD_4, where the corridor is removed and the shafts are merged into a single
shaft, the ACR values became slightly higher compared to LoD_3. However, the results of
LoD_4′′, a variation of LoD_4 where leakages from internal floors and roofs are excluded as
it is assumed in the three-zone lumped-parameter model, are generally lower than all LoD
steps. The average daily building ACR with floor and roof leakage (LoD_4) is 1.5 times
higher in winter and 1.2 in summer compared to LoD_4′′.

The hourly absolute difference is provided in Figure 12 by directly comparing LoD_1
with LoD_4, and LoD_1 with LoD_4′′ (which excludes the roof leakage). The hourly trend
reveals that in winter, the error increases as wind speed decreases, while in summer, the
error mostly followed the hourly wind speed trend. Moreover, the results demonstrate that
excluding floor and roof leakage significantly impacts the ACR values by underestimating
the ACR of a detailed model (LoD1).
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(winter) (summer) 

Figure 12. Hourly ACR difference comparing LoD_1 with LoD_4 (in red) and LoD_1 with LoD_4′′

(in blue) for the midrise prototype building.

For LoD_4, the average daily MAE is 0.005 h−1 and 0.003 h−1 for winter and summer
respectively, while for LoD_4′′, the MAE" increases to 0.01 h−1 in both seasons. Using
MAPE, the average daily error with floor and roof infiltrations included is 12% and 4% for
winter and summer respectively, while excluding the infiltrations from the floor and roof
resulted in 35% and 18% MAPE. Given that ACR measurements are low in magnitude, the
MAE provides the error values in the actual units and avoids errors’ overestimation that
occur with MAPE when small differences are compared. Thus, the comparison of ACR
values in the following sections is made using the MAE.

4.1.2. Turin Building Results

The LoD results for the building in Turin closely resemble those for the prototype
building, with the most significant difference occurring in LoD_3 and LoD_4 as represented
in Figures 13 and 14 for winter and summer, using Turin weather data. Like the prototype
building, merging the floors into two levels, from LoD_2 to LoD_3, alters the buoyancy
effect, resulting in higher ACR values. Moreover, the building in Turin showed low ACR
results when the partition between the two apartments is removed: from LoD_3 to LoD_4.

Excluding the leakage from floors and roof (LoD_4′′) results in considerable decrease in
ACR values in this building; the average daily ACR with roof leakage (LoD_4) is 1.8 higher
in winter and 1.6 in summer compared to the LoD_4′′.

 

Figure 13. Hourly LoD effect on ACR (winter) for the building in Turin.
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Figure 14. Hourly LoD effect on ACR (summer) for the building in Turin.

Figure 15 presents the hourly ACR difference between the detailed model LoD1 and
the three-zone model (LoD_4 and LoD_4′′)

  
MAE (winter) MAE (summer) 

Figure 15. Hourly ACR difference comparing LoD_1 with LoD_4 (in red) and LoD1 with LoD_4′′ (in
blue) for the building in Turin.

Excluding floor and roof leakage (LoD_4′′) significantly reduces the ACR values
resulting in underestimation for the building in Turin. Comparing LoD_1 with LoD_4, the
MAE for average daily building ACR is 0.02 h−1 and 0.006 h−1 for winter and summer
respectively, while for LoD_4′′, the MAE increases to 0.1 h−1 and 0.05 h−1. Accounting for
roof infiltration, by adding airflow links for the roof in zone b and c, would increase the
ACR, improving the simplified model’s alignment with the detailed one. This can be done
by introducing two flow elements in Equation (3), i.e., ṁbr and ṁcr with the correct flow
coefficients (C).

4.1.3. Summary

When each building was tested under different climate conditions, the overall trend
in results remained unchanged, indicating that building zoning primarily determined the
accuracy of the simplified model (LoD_4) compared to the detailed model (LoD_1). The
mid-rise building, which included a corridor and two shafts in the detailed model, had
different results compared to Turin building, which had no corridor and only a single
shaft. While the mid-rise building overestimated the ACR in the three-zone model in both
climates, the Turin building underestimated it, considering the average daily ACR.

Overall, the LoD analysis results for both buildings indicate a good balance between
the ACR differences observed between LoD_1 and LoD_4, despite the simplification of a
detailed building into only three representative zones. These findings suggest that this
simplified approach is effective for representing building volumes across a city, provided
that all leakage elements are accurately calculated (as in LoD_4). This finding offers a
practical and efficient for urban-scale simulations.
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4.2. Three-Zone Lumped-Parameter Model Validation with CONTAM

For the validation, the building in Turin was used to test 10 various indoor/outdoor
air temperature scenarios under 12 wind speed conditions. Table 4 presents the MAE
values comparing the three-zone lumped-parameter model with the three-zone CONTAM
model.

Table 4. The absolute difference in ACR [h−1] between three-zone CONTAM and lumped-parameter
model for the tested weather conditions.

[◦C]

Tout −10 −5 0 3 7 12 24 28 30 34

Tin 20 26

Tshaft 2 5 8 9.8 12.2 15.2 24.8 27.2 28.4 30.8

ΔT
|Tout − Tin| 30 25 20 17 13 8 2 2 4 8

Wind
speed
[m/s]

0.1 0.0005 0.0004 0.0016 0.0026 0.0044 0.0071 0.0128 0.0159 0.0154 0.0151

0.5 0.0005 0.0004 0.0016 0.0017 0.0005 0.0007 0.0063 0.0095 0.0106 0.0132

1 0.0036 0.0023 0.0008 0.0002 0.0019 0.0023 0.0053 0.0066 0.0103 0.0067

2 0.0132 0.0108 0.0049 0.0066 0.0047 0.0030 0.0036 0.0042 0.0049 0.0066

3 0.0309 0.0107 0.0056 0.0092 0.0081 0.0075 0.0006 0.0013 0.0021 0.0037

4 0.0099 0.0156 0.0120 0.0128 0.0120 0.0111 0.0053 0.0027 0.0016 0.0004

5 0.0408 0.0168 0.0179 0.0171 0.0160 0.0149 0.0081 0.0079 0.0066 0.0039

6 0.0457 0.0243 0.0225 0.0216 0.0203 0.0189 0.0101 0.0093 0.0090 0.0085

7 0.0448 0.0294 0.0274 0.0263 0.0248 0.0231 0.0122 0.0112 0.0107 0.0098

8 0.0373 0.0349 0.0326 0.0313 0.0296 0.0275 0.0145 0.0132 0.0126 0.0114

9 0.0434 0.0406 0.0379 0.0364 0.0344 0.0321 0.0168 0.0153 0.0146 0.0132

10 0.0496 0.0465 0.0435 0.0417 0.0395 0.0368 0.0193 0.0176 0.0167 0.0151

The results indicate that at lower wind speeds, the absolute differences of ACR are
generally low, particularly when the temperature difference is high (e.g., in winter). As
wind speed increases, the error rises across all temperature scenarios, with a more obvious
effect in winter. For instance, at ΔT = 30 ◦C, the error is significantly higher at a wind
speed of 2 m/s compared to 0.1 m/s. Beyond 5 m/s, the error stabilizes across different
temperatures, ranging from 0.014 h−1 to 0.05 h−1, suggesting a low influence of temperature
differences on ACR estimation. Wind speeds higher than 5 m/s are generally extreme cases
in high-density urban environments. Considering the average wind speed for winter and
summer in Turin were 1.26 m/s and 1.58 m/s, respectively, for the period 2015–2023, our
analysis shows that the lumped-parameter model could be applied with relatively low
errors in Turin.

Overall, the absolute differences remain low, with a maximum of 0.05 h−1 across
all tested weather conditions. These findings demonstrate that the implemented model
performs effectively with optimized fsolve settings for reduced simulation costs. The model
reliably estimates ACR under varying weather conditions, making it a suitable and practical
tool for large-scale infiltration analysis in urban environments.

4.3. Field of Application Analysis

The three-zone model presented in this work is applicable to certain building con-
figurations, based on the assumptions of the lumped-parameter model. It is particularly
suitable for buildings located in continuous urban canyons with homogeneous building
height, as commonly found in Turin and in city centers generally. This approach, detailed
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in Section 3.3.2, involves categorizing urban canyons into specific H/W classes to facilitate
CFD simulations of airflows in the urban canyon. As a result, the model is not suitable for
detached buildings. In such configurations, the lack of neighboring structures on all sides
complicates the application of CFD simulations. This is because, in detached buildings,
boundary conditions for the simulations become more challenging to define. Consequently,
CFD simulations in these scenarios would be less efficient and less representative of urban-
scale dynamics, making this model unsuitable for detached buildings.

Moreover, the results of the LoD analysis indicate that the most significant changes
occur when the building is simplified into two representative zones for the apartments,
which substantially alter the buoyancy effect. This finding makes the model more suitable
for low-rise buildings, as applying such simplifications to high-rise buildings can modify
the buoyancy effect significantly, potentially leading to inaccuracies in ACR calculations.

Figure 16 illustrates the airflow connection heights for LoD_1 and LoD_4, emphasizing
the impact of building height in the simplified model. The variations in airflow opening
heights representing the upper and lower zones highlight how simplifying a high-rise
building into just three zones can intensify discrepancies in the buoyancy effect.

 
LoD_1 LoD_4 

Figure 16. Airflow element heights in the detailed and schematized building models.

Figures 17 and 18 presents the hourly ACR for LoD_1 and LoD_4 for a typical winter
and summer day considering different building heights. The results demonstrate that as
building height increases, the ACR value decreases. This trend aligns with findings in the
literature [35,36] and can be also attributed to the reduced surface-to-volume (S/V) ratio in
taller buildings, which lowers the heat loss surface area.

 

Figure 17. Hourly LoD effect on ACR (winter) considering different building heights.

67



Energies 2025, 18, 2352

 

Figure 18. Hourly LoD effect on ACR (summer) considering different building heights.

For the detailed building model, LoD_1, the average daily ACR decreased by 26% in
winter and 27% in summer when comparing a 16-story building with a 4-story building.
While considering the three-zone model, LoD_4, this decrease is 13% in winter and 18% in
summer when comparing a 16-story building with a 4-story one.

Figure 19 provides the absolute difference between LoD_1 and LoD_4 for each ana-
lyzed building height. The data clearly shows that shorter buildings generally yield lower
differences, which becomes higher under low wind speed conditions. The average daily
MAE increases significantly with taller buildings; 1.4 times higher MAE for both winter
and summer when comparing a 16-story building with a 4-story one.

  
(winter) (summer) 

Figure 19. Absolute ACR difference comparing LoD_1 and LoD_4 for different building heights.

The three-zone model was initially designed for residential buildings, which are
generally not high-rise structures. Improving the three-zone model for high rise buildings
would primarily require detailing the airflow elements for zone c (shaft), which would
complicate the system of nonlinear equations (Equations (3) and (4)). A comprehensive
analysis on the effect on building internal zones on the ACR results, has shown that the
contribution of the number of internal zones on ACRs is higher than detailing of the airflow
elements across the façade [37].

Overall, the results showed higher errors for the 16-story building compared to the
4-story building, however the average daily MAE between the LoD_1 and LoD_4 of a
16-story building is 0.03 h−1 in winter and 0.01 h−1 in summer. This MAE would still be
accepted for urban scale applications if needed.
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4.4. Example Application: Energy Consumption for Space Heating
4.4.1. Selected Building

In this section, the methodology of the three-zone lumped-parameter model, previ-
ously presented, is applied to an hourly GIS-based engineering model for calculating the
energy consumption for space heating in residential buildings [6]. Among the buildings
examined, a case study building with available hourly consumption data has been selected.

The objective of this application is to evaluate the contribution of the hourly ACR as
input data for the energy model, compared to using a constant ACR value, in estimating
hourly energy consumption. Both will be compared to the real heating season consumption
data during the examined period.

First, the case study building was selected from the zones in the city of Turin that
correspond to the application field of the presented methodology. The chosen building is
located close to the city center of Turin, built between 1919 and 1945, and has available real
hourly energy consumption data. As shown in Figure 20, the examined building is in a
narrow canyon, oriented NE-SW (30◦N), and positioned on the left side of the canyon. The
hourly energy consumption data were collected from the local district heating company
and correspond to the heating season of 2022–2023 (15 October 2022–15 April 2023).

Figure 20. The examined building located in a narrow canyon, NE-SW (30◦N) oriented, and
left positioned.

Mutani et al. (2020) provided a detailed description of a dynamic engineering model
with three thermodynamic systems (TSs), which form the foundation of the GIS-based
UBEM [6]. In line with this work, the main input data for the hourly energy consumption
model can be summarized into three key categories: building characteristics, local weather
data, and heating schedule.

• Building characteristics including the construction period (i.e., 1919–1945), the associ-
ated ACR value, and thermal properties, such as thermal capacity (Ct) and thermal
transmittance (U) for both opaque (walls, roof, ground) and transparent (glazing)
building envelopes, the window-to-wall ratio (WWR), heating system efficiency (η).
Reference data are provided in Table 5, with the selected building’s construction
period highlighted.

• Local weather data includes hourly outdoor air temperature, humidity, pressure, solar
radiation, and sun altitude, recorded by the weather station of Politecnico di Torino [38]
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for the period from May 2022 to April 2023, in which the hourly consumption data
are available.

• Heating schedule, which details the building’s occupancy patterns and the operation
of the centralized heating system. In the analyzed scenarios, the system operates
according to national and local regulations, with the internal air temperature of 19 ◦C
during the day from 6 am to 9 pm with two interruptions at 9 am and 2 pm.

Table 5. Thermo-physical characteristics and ACR values according to construction period.

WALL ROOF GROUND GLAZING ACR
η

Period
Cenvelope Uwall Uroof Ufloor Ug WWR g-Value h−1

kJ·m−2·K−1 W·m−2·K−1 W·m−2·K−1 W·m−2·K−1 W·m−2·K−1 - - - -

<1918 504 1.45 1.80 1.75 4.85 0.13 0.85 0.5 0.78

1919–45 504 1.35 1.80 1.58 4.75 0.13 0.85 0.5 0.78

1946–60 283 1.18 1.80 1.23 4.40 0.20 0.85 0.5 0.78

1961–70 283 1.13 2.20 1.30 4.90 0.20 0.85 0.5 0.79

1971–80 257 1.04 2.20 1.00 3.80 0.25 0.75 0.5 0.80

1981–90 264 0.78 1.18 0.95 3.80 0.20 0.75 0.5 0.82

1991–00 274 0.7 0.68 0.80 2.15 0.20 0.67 0.5 0.84

2001–05 274 0.7 0.68 0.80 2.15 0.20 0.67 0.3 0.84

2006–12 267 0.42 0.38 0.41 2.60 0.20 0.50 0.3 0.92

2013–15 267 0.34 0.30 0.33 2.20 0.20 0.50 0.3 0.92

2016–19 267 0.30 0.25 0.30 1.80 0.20 0.35 0.3 0.92

4.4.2. Application Results

This section provides the results of the hourly energy consumption model, considering
the scenarios presented in Table 6. All scenarios are then compared to the real consumption
data of the case study building.

Table 6. Infiltration scenarios and ACR.

Scenario Building Permeability ACR

1 cons Based on construction period 0.5 constant during the day

2 cons+(d&n) Same as 1, with less permeability during
the night for window shutters

0.5 during the day and 0.3 during the nigh

3 cons+(d&n)+W Same as 2, with additional window
opening for three times of the day

For 3 h, with windows opening, ACR was
calculated by a correlation [6] considering
15 min of windows opening

4 hourly Air infiltration depends on the weather
conditions. It was considered an average
airtightness of masonry buildings, i.e.,
4.58 L/s/m2 @75

ACR was calculated from the three-zone
lumped-parameter model in each hour of
the year

In the constant scenario “cons”, the ACR for the analyzed building is set at 0.5 h−1,
based on its construction period (see Table 5). In the second scenario “cons+(d&n)” a day-
night variation is introduced to account for closed window shutters at night by reducing
the ACR to 0.3 h−1 from 9 p.m. to 8 a.m. In the third scenario “cons+(d&n)+W”, window
shutters are closed at night and windows are opened for 15 min three times per day [6].

The final scenario uses the hourly ACR (named "hourly") as a result of the three-zone
lumped-parameter model presented previously, with an airtightness value of 4.58 L/s/m2
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@75 Pa, representing the average airtightness for masonry buildings based on a sample of
152 buildings [22].

The main output of the energy model is the heat loss through ventilation (Qv) [kWh],
which directly depends on the ACR values. Figure 21a,b provide Qv for selected days
during the heating season, comparing the different analyzed ACR scenarios for two repre-
sentative days. Figure 21c,d present the hourly energy consumption for space heating for
the same days.

  

(a) (b) 

  

(c) (d) 

Figure 21. Hourly heat loss by ventilation QV [kWh] (a,b) and hourly energy consumption (EC) for
space heating (c,d) for selected days in the heating season for the analyzed scenarios.

By examining the hourly profiles of the ventilation load in Figure 21a,b, it is evident
that all constant ACR scenarios, particularly cons+(d&n)+W, show higher values compared
to the hourly ACR scenario. This suggests that the hourly ACR scenario may be influenced
by: the wind speed adjustment within the urban canyon (which is low), the low infiltration
value used in the three-zone lumped-parameter model (which could not reflect the real
situation), and finally the lack of roof infiltration considered in the three-zone lumped-
parameter model.

As seen in Figure 21c,d, the energy consumption using the hourly ACR scenario shows,
overall, lower values compared to the other three scenarios that use constant ACR. This
demonstrates the direct impact of building ACR on space heating energy consumption.

Figure 22 shows the calculated and measured energy consumption for selected days
in each month of the heating season. As this engineering model is directly influenced by
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the building physical characteristics and weather data, the use of hourly ACR presents a
more accurate approach compared to fixed values, especially with natural ventilation.

 

Figure 22. Daily energy consumption for space heating representative days during the heating season
comparing the ACR scenarios and the measured consumption data.

For each scenario and day examined in Figure 22, Table 7 provides the MAPE. Among
the analyzed scenarios, the hourly MAPE was lower, indicating that the three-zone lumped-
parameter model provided better estimates of the ACR values. However, the cons+(d&n)
scenario showed the lowest MAPE for 18 January, highlighting the role of unpredictable
user behavior or system performance. Generally, on the analyzed days, MAPE results were
low under conditions of low wind speed, aligning with the findings previously presented
in Table 4.

Table 7. MAPE of the different ACR scenarios in predicting the daily energy consumption for space
heating in representative days of the heating season.

Scenario 26-Dec 18-Jan 26-Feb

cons 12.6% 7.2% 22.9%

cons+(d&n) 10.3% 4.7% 19.6%

cons+(d&n)+W 14.5% 11.9% 25.4%

hourly 4.3% 7.6% 4.7%

Tout [◦C] 6.83 5.44 5.96

Ws [m/s] 1.88 0.97 1.93

Figure 23 compares the hourly energy consumption for space heating [kWh] using
both the cons ACR (solid red line) and hourly ACR (dotted red line), against the measured
hourly consumption (dashed red line) for two selected days during the heating season. The
figures also provide other relevant heat losses and gains [kWh] in the energy consumption
model, which are: the heat loss by ventilation Qv (blue line), the heat gain by internal gains
QI (violet line), the heat loss by transmission from opaque envelope Qt,e (light green line),
the heat loss by transmission from transparent envelope Qt,g (dark green line), the heat
gain by solar irradiation Qsol (yellow line). In addition, the solar irradiance Isol,h [W·m−2]
is also shown (dotted orange line).

Analyzing the two graphs, both the cons and hourly ACR scenarios align closely with
the real measured data (dashed red line), but generally the cons scenario overestimates the
consumption compared to the hourly scenario. However, as provided previously in Table 7,
the average daily MAPE for the presented two days in Figure 23 was lower for the hourly
scenario in December and slightly lower for cons scenario in January.
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Figure 23. Hourly profiles of the energy consumption for space heating for selected two days
comparing the measured data (dashed red line) with the ACR constant (solid red line) and the ACR
hourly (dotted red line) scenarios.

Generally, the hourly scenario is underestimating energy consumption compared to
the real measured data, which could be highly associated with the lack of roof infiltration
in the current three-zone lumped parameter model. As mentioned earlier, the three-zone
lumped-parameter model used in this study simplifies the building geometry by excluding
infiltration from the roof and internal floors. This simplification was done to reduce
simulation costs when solving the system of nonlinear equations. However, the model
can be improved to include two extra links to the current system of nonlinear equations
(Equation (3)) to account for roof infiltration from zones b and c. Nevertheless, the relatively
small difference between the measured energy consumption and the consumption based
on the hourly ACR, as presented in Figure 23, suggests that this methodology is promising.
It effectively accounts for the influence of the built environment and corrected wind speed,
which are critical for analyzing building airflow from natural ventilation and estimating
energy consumption at urban scale.

5. Conclusions

This study assesses the accuracy of a steady-state three-zone lumped-parameter model
by analyzing first the effect of simplifying a building into three-zones and then by validating
the implemented three-zone lumped-parameter model with a three-zone CONTAM model.
The lumped-parameter model accounts for natural infiltration in buildings and incorporates
the effects of the surrounding environment by adjusting outside wind speed within urban
canyons using CFD simulations for defined urban canyon and weather scenarios.

The comparison across different LoDs revealed that while internal partitions had a
minor impact, simplifications—such as merging floors into representative zones—had a
greater influence on ACR values, particularly by altering the buoyancy effect. Additionally,
the exclusion of infiltration through floors and roofs led to a notable reduction in ACR,
emphasizing the significance of including these elements in building infiltration modeling.
The effect of including leakages from the floor and roof on the average daily building ACR
was found to be 1.5 times higher in winter and 1.2 in summer for the prototype building,
while for the building in Turin it was 1.8 times higher in winter and 1.6 in summer.

The results of comparing the three-zone lumped-parameter model with CONTAM
using the building in Turin showed higher MAE in winter, with higher wind speed and
higher ΔT.

Applying this model to a real case study and comparing its results with measured
data confirmed that ACR values derived from the three-zone lumped-parameter model
were lower compared to the constant ACR value. This finding underscores the necessity of
accounting for all infiltration elements in buildings to improve model accuracy.

73



Energies 2025, 18, 2352

Despite these limitations, the proposed three-zone lumped-parameter model remains
a computationally efficient tool for estimating ACR in urban-scale energy modeling. Future
enhancements—such as refining the representation of infiltration pathways—could further
improve its accuracy. These refinements hold significant potential in enabling more accurate
assessments of ACR from natural ventilation at urban scale, which plays a crucial role in
building energy loads. The ultimate goal in enhancing energy consumption modeling is to
develop effective strategies for utilizing energy tailored to dense urban environments.
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Abstract: Frost heave in seasonally frozen soil surrounding natural gas pipelines (NGPs)
can cause severe damage to adjacent infrastructure, including road surfaces and buildings.
Based on the stratigraphic characteristics of seasonal frozen soil in Beijing, a soil–natural
gas pipeline–heat pipe heat transfer model was developed to investigate the mitigation
effect of the soil-freezing phenomenon by transferring shallow geothermal energy utilizing
heat pipes. Results reveal that heat pipe configurations (distance, inclination angle, etc.)
significantly affect soil temperature distribution and the soil frost heave mitigation effect.
When the distance between the heat pipe wall and the NGP wall reaches 200 mm, or when
the inclined angle between the heat pipe axis and the model centerline is 15◦, the soil
temperature above the NGP increases by 9.7 K and 17.7 K, respectively, demonstrating
effective mitigation of the soil frost heave problem. In the range of 2500–40,000 W/(m·K),
the thermal conductivity of heat pipes substantially impacts heat transfer efficiency, but
the efficiency improvement plateaus beyond 20,000 W/(m·K). Furthermore, adding fins to
the heat pipe condensation sections elevates local soil temperature peaks above the NGP
to 274.2 K, which is 5.5 K higher than that without fins, indicating enhanced heat transfer
performance. These findings show that utilizing heat pipes to transfer shallow geothermal
energy can significantly raise soil temperatures above the NGP and effectively mitigate the
soil frost heave problem, providing theoretical support for the practical applications of heat
pipes in soil frost heave management.

Keywords: gas pipeline; soil frost heave; heat pipes; shallow geothermal energy

1. Introduction

High-pressure gas is transported from the upstream pipeline to the city gate station and
then enters the urban gas pipeline network after pressure reduction. During this process,
the rapid expansion of natural gas in pressure-regulating valves causes a sharp temperature
drop in the pipeline due to the Joule–Thomson effect [1]. Consequently, the downstream
natural gas temperature may fall below the soil freezing point, inducing frost heave in
surrounding soils alongside the natural gas pipelines (NGPs). In view of the destructive
impacts of soil frost heave on public infrastructure, researchers have proposed various
mitigation strategies, such as soil replacement, adiabatic thermal insulation, preheating,
isolation, and drainage methods [2,3]. While these measures can partially alleviate the soil
frost heave problem, they often fail to achieve the expected effect due to the high cost in
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practice. Consequently, developing more efficient and sustainable solutions to mitigate
frost heave around NGPs remains imperative.

In recent years, a growing number of scholars have started to explore the use of renewable
energy as a means to mitigate the issue of soil frost heave. Zhang et al. [4] employed a solar
cycle heating embankment system for roadbed frost heave mitigation. Li et al. [5] utilized
electric heating cables to balance soil temperatures around pipelines. Huang et al. [6,7]
investigated geothermal energy applications for similar purposes. However, these approaches
typically rely on heat pumps for heat transfer, facing challenges such as system complexity,
high energy consumption, and limited environmental adaptability. To further enhance heat
transfer efficiency, emerging studies attempted to combine heat pipes with heat pumps to
achieve more efficient heat transfer and soil frost heave management.

As an efficient heat conductor, the heat pipe consists of three functional segments:
the evaporation section, the adiabatic section, and the condensation section. In the evap-
oration section, the liquid working fluid undergoes a phase change to a gaseous state by
absorbing heat from the outside heat source and flows toward the condensation section.
After exchanging heat with the cold outside environment, it condenses back to the liquid
phase, returns to the evaporation section by gravity, and continues to absorb heat in the
evaporation section, thus repeating the cycle [8]. Heat pipes have gained prominence in
geothermal applications, renowned for their exceptional thermal conductivity, working
without external energy, temperature self-regulation, long-term stability, environmental
resilience, compact structure, and easy maintenance, etc. [9–11]. Aiming at the geological
and meteorological characteristics of China’s cold regions, Wu et al. [12] analyzed the heat
transfer and freezing process of heat pipe technology for preventing and controlling foun-
dation freezing through numerical simulation, focusing on the effects of climatic conditions,
soil properties, and heat pipe geometry on seasonal freezing, which provided a design
basis for the application of heat pipe technology. Li et al. [13] established a thermo-hydro-
mechanical coupled model for simulating geothermal heat transfer in saturated frozen soils
under varying stress levels. Hu [14] established a distributed heating system combining
heat pipes with geothermal heat pumps to sustainably mitigate soil frost heave in a 20 m
railway subgrade subjected to seasonal freeze–thaw cycles. Deng et al. [15] designed a
gravity heat pipe system utilizing shallow geothermal energy to solve the problem of frost
damage in the root zone of grapes in Ningxia. Numerical simulations showed that the heat
pipe formed a medium-temperature impact zone in the soil with a horizontal diameter of
30.8 cm and a vertical diameter of 32.8 cm, which warmed the soil in the root zone by an
average of 7.0 ◦C and significantly reduced the frost damage.

Despite these advancements, direct utilization of shallow geothermal energy via
heat pipes for soil frost heave mitigation around NGPs remains underexplored. Shallow
geothermal energy refers to the energy source stored in soils, rocks, and groundwater
within a certain depth of the ground that maintains stable temperatures, typically ranging
from 10 ◦C to 25 ◦C [16]. By using heat pipes, the shallow geothermal energy can be
transferred from underground to the soil around NGPs to increase the local soil temperature,
thus alleviating the phenomenon of soil freezing, which is of practical significance for
guaranteeing the safety and stability of buildings, roads, and other infrastructures.

This work focuses on the investigation of the direct use of shallow geothermal energy
by utilizing heat pipes to address soil frost heave around NGPs. Through an in-depth
investigation into the operational characteristics of heat pipes in shallow geothermal
energy transfer, their coupling relationship with soil frost heave, and the optimal design of
heat pipe systems, Fluent software was employed to simulate heat pipes under various
positions and parameters. This study provides an efficient and sustainable novel approach
for preventing frost heave in gas transmission pipelines while offering theoretical support
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for the application of heat pipe heat conduction as a solution to mitigate seasonal soil
frost heaving.

2. Modeling

2.1. Geometric Configuration

Based on geological conditions in actual frost heave zones around NGPs, a soil–NGP–
heat pipe heat transfer model is developed, as shown in Figure 1. The spatial domain of
the geometric model is 10 m × 5 m × 12 m (L × W × H). According to the requirements of
the Chinese National Standard GB50028-Code for the design of city gas engineering, the
design burial depth of urban gas buried pipelines should ensure that the thickness of the
soil covering the top of the pipe (the vertical distance from the original soil layer surface
to the top of the pipe) is not less than 0.9 m., In accordance with the actual conditions of
certain buried high-pressure pipelines in Beijing, the pipe diameter in the geometric model
is specified as DN500, with a burial depth of 2 m, and the heat pipes are inserted into the
soil on both sides along the NGP.

Figure 1. Soil–NGP–heat pipe heat transfer model. (I. silty clay; II. sandy clay–silty clay α; III. sandy
clay–silty clay β).

To enhance the heat transfer performance of the heat pipes, fins can be added to their
condensation section to increase the contact area with the surrounding soil. To further
enhance the heat transfer performance of the heat pipe, additional fins were added to the
heat pipe to increase the heat transfer contact area between the heat pipe and the soil,
as shown in Figure 2. The spacing and number of fins were meticulously calculated to
optimize the heat transfer efficiency of the heat pipe.

To avoid the overlap of heating areas around heat pipes with added fins, the fin spacing
should be large enough. Meanwhile, the total thermal resistance of fins can be minimized
with an optimized fin spacing. The specific calculation formula [17] is as follows:

R f in =
1

η f inh f in A f in
(1)
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η f in =
tanh f in(nL f in)

nL f in
(2)

where R f in, η f in, A f in, h f in, L f in, and n are the thermal resistance, efficiency, total surface
area, convective heat transfer coefficient , height, and form factor of the fins, respectively.

Figure 2. Simplified model of heat pipes with added fins.

There exists an appropriate fin spacing, which can be specifically calculated as
follows [18]:

b =
1√

1
h f in

× 2δ f in
k f in

× tanh f in(nL f in)

(3)

n =

√
h f inP

k f inδ f in
(4)

where b, δ f in, and k f in are the spacing, thickness, and thermal conductivity of the
fins, respectively.

Based on the above calculation, the optimal fin pitch is determined as 100 mm, and
15 fins are equidistantly installed along the 1.5 m condensation section to maximize the
heat transfer process.

2.2. Assumptions

1. The flow velocity of the working fluid liquid film in the heat pipe is typically low,
constrained by the pipe wall, and is generally characterized as being in a laminar
flow regime.

2. At the macroscopic scale, soil is approximated as an isotropic porous medium with
physical properties independent of spatial orientation.

3. The particles in the soil are considered as rigid, with negligible volume changes during
the freezing process.

4. Moisture migration in soil occurs at a sufficiently slow rate, which exerts a negligible
impact on the heat transfer process.

5. The latent heat effects from ice–water phase change in frozen soil layers are insignifi-
cant to the overall heat transfer process.

6. Within heat pipes, vapor flow is relatively independent of liquid film flow, so its effect
on the liquid film flow is neglected.
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7. Under normal operating conditions, the vapor is typically in a saturated state, and it
is assumed that its temperature distribution is uniform.

These basic assumptions appropriately balance model simplification with result relia-
bility, which reduces the computational demands while maintaining physical validity for
subsequent frost heave mitigation simulations.

2.3. Heat Transfer Process

The heat transfer process can be categorized into the following three stages.

2.3.1. Heat Transfer Within the Soil

A porous medium heat transfer model is employed to describe heat transfer within
the soil. The governing equations are derived from energy conservation principles, incor-
porating heat exchange between the liquid and solid phases, as well as thermal conduction
effects within the porous medium. The equations are as follows.

(a) Energy Equation:

∂

∂t
[(ρcp)e f f ,sTs] +

∂

∂x
[(ρcp)e f f ,sux] +

∂

∂y
[(ρcp)e f f ,suy] +

∂

∂z
[(ρcp)e f f ,suz] =

∂

∂x
(ke f f ,s

∂Ts

∂x
) +

∂

∂y
(ke f f ,s

∂Ts

∂y
) +

∂

∂z
(ke f f ,s

∂Ts

∂z
) (5)

(b) Continuity Equation:

∂ρw

∂t
+

∂(ρwux)

∂x
+

∂(ρwuy)

∂y
+

∂(ρwuz)

∂z
= 0 (6)

(c) Momentum Equations:

Z-direction:
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∂uz
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R-direction:

ρw
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+

ρw
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∂ur

∂z
+ ur

∂ur

∂r
) =

μw

ε
(

∂2ur

∂z2 +
∂2ur

∂r2 )− ∂p
∂r

+ Sr (8)

where (ρcp)e f f ,s, ke f f ,s are the effective volumetric heat capacity and the effective thermal
conductivity of the soil, respectively; ux,y,z is the velocity of the pore water in the x, y, and
z directions; x, y, z, and r are the axial and radial coordinates; ρw, μw are the density and
dynamic viscosity of the water, respectively; p is the pressure; ε is the porosity of the soil;
S is the source term (values referenced from the literature [19]).

The key parameters include the effective volumetric heat capacity and effective thermal
conductivity of the soil, which can be calculated as follows:

(ρcp)e f f ,s = θsρsCs + (1 − θs)ρpcp (9)

ρp = ρi + H(T)× (ρw − ρi) (10)

Cp = Ci + H(T)× (Cw − Ci) (11)

kp = ki + H(T)× (kw − ki) (12)

ke f f ,s = kθs
s × k(1−θs)

p (13)

where θs is the volume fraction of the soil, cs is the specific heat capacity of dry soil, ρs is
the density of dry soil, cp is the specific heat capacity of water or ice in soil pores, ρp is
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the density of water or ice in the pores of the soil, ks is the thermal conductivity of dry
soil, cw is the specific heat capacity of water, ci is the specific heat capacity of ice, ρi is the
density of ice, kp is the thermal conductivity of water or ice in soil pores, kw is the thermal
conductivity of water, ki is the thermal conductivity of ice, and H(T) is the step function
with temperature as an independent variable [20].

2.3.2. Heat Transfer Between the Soil and the Heat Pipes

Heat transfer between the heat pipe and the soil relies mainly on convective heat
transfer between the air around the heat pipe and the air and moisture in the soil. The
formula is as follows:

q = −hΔT (14)

where q is the heat transfer between heat pipes and soil per unit time, h is the average
convective heat transfer coefficient of a heat pipe, and ΔT is the temperature difference.

The average convective heat transfer coefficient is calculated as follows [21]:

h =
1
L

L∫
0

hdl = 0.943

⎧⎨
⎩

ρl gλ3
l (ρl − ρv)

[
h f g + 0.68cpl(Tsat − Tw)

]
μl L(Tsat − Tw)

⎫⎬
⎭ (15)

where L is the effective length of heat transfer from a heat pipe, h is the local convective
heat transfer coefficient of a heat pipe, ρl is the density of the liquid working fluid, ρv is
the density of the steam working fluid, λl is the thermal conductivity of the liquid film,
cpl is the specific heat capacity of the working fluid, Tsat is the saturation temperature of
the working fluid, and Tw is the wall temperature.

The fundamental heat transfer equation for heat pipes is

Q =
•
m · h f g (16)

•
m =

ρl Alμl
1 − ν

(17)

where Q is the capacity of heat transfer,
•
m is the circulating mass flow rate of working fluid,

h f g is the latent heat of vaporization of working fluid, Al is the cross-sectional area of the
liquid working fluid flow, μl is the velocity of the liquid working fluid, and v is the volume
fraction of the steam working fluid.

2.3.3. Heat Transfer Inside the Heat Pipes

A multiphase flow model was adopted to simulate the heat transfer process inside the
heat pipes. The governing equations include the following:

(a) Continuity Equation:

∂Apipeρl

∂t
+∇t(Aρlul

→
et) = 0 (18)

(b) Equation for Conservation of Momentum:

ρl
∂ul
∂t

= −∇t pl
→
et − 1

2
fD

ρl
dpipe

|ul |ul (19)

(c) Equation for conservation of energy:
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ρl Apipecpl
∂Tl
∂t

+ ρl Acplul
→
et∇tTl = ∇t × (Akl∇tTl) +

1
2

fD
ρl A
dpipe

|ul |u2
l + Qwall (20)

where
→
et is the tangential vector in the direction of the pipe, ∇t is a differential operator in

the pipe coordinates, fD is the friction factor that depends on the Reynolds number, dpipe is
the diameter of the heat pipe, ppipe is the pressure inside the heat pipe, Tl is the temperature
of the liquid working fluid, and Qwall is the rate of heat transfer per unit length through
the pipe wall.

2.4. Mesh Partitioning and Independence Testing

The simulation domain is discretized with a mixture of triangular and quadrilateral
cells, as shown in Figure 3. Typically, the refinement of mesh cells will be beneficial for
obtaining simulation results that are closer to reality, but it will lead to higher computational
costs. To balance the calculation accuracy and cost, grid independence tests were carried
out on the established model and the research problem. Soil temperature at 1 m depth
along the model centerline is selected as a criterion of mesh quality, as shown in Figure 4,
and its temperature convergence diagram is shown in Figure 5.

Figure 3. Meshing view.

Figure 4. Schematic diagram of key monitoring points for mesh quality comparison.

The results show that when the total mesh count exceeds 5.02 million, temperature
variations at the monitoring point are below 0.1% (Figure 6). Further mesh refinement yields
no significant computational accuracy improvement but will increase the computational
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cost. So, the mesh system with 5.02 million cells is optimal for the problem investigated in
this work.

Figure 5. Convergence plot of temperatures at key monitoring points.

Figure 6. Mesh independence test.

3. Results and Discussion

3.1. Setting of the Working Conditions

Taking the Beijing area as a case study, the soil distribution in the frost heave zones
surrounding NGPs primarily consists of clayey silt (fill) and clayey sandy silt. The strati-
graphic configuration is illustrated in Figure 7, with the specific soil property parameters
for different strata listed in Table 1 [22].

Figure 7. Selected soil stratigraphic characteristics [19,20].
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Table 1. Soil characteristic parameter [22].

Soil Types Density (kg/m3)
Specific Heat

Capacity (J/(kg·K))
Thermal Conductivity

(W/(m·K))
Porosity

Silty Clay 1950 1460 1.695 0.43
Sandy Clay–Silty

Clay α
1970 1370 1.627 0.68

Sandy Clay–Silty
Clay β

1970 1370 1.627 0.73

By integrating the literature [23] and relevant data from the Chinese Soil Database, it
can be concluded that when the soil depth in Beijing reaches 15 m, the soil temperature
remains stable and is no longer influenced by fluctuations in ambient air temperature.
Based on simulation analysis (as shown in Figure 8), a constant-temperature soil layer at a
depth of 10–12 m with a temperature of 10 ◦C was ultimately selected as the heat source.

Figure 8. Temperature distribution map of the frost heave area of the soil around the gas pipeline at a
depth of 0–15 m.

The specific parameters of NGPs are shown in Table 2.

Table 2. Specific parameters of gas pipelines [24].

Name Material
Density
(kg/m3)

Specific Heat
Capacity (J/kg·K)

Thermal Conductivity
(W/m·K)

Thickness
(mm)

Gas pipeline Carbon steel 7850 480 52 16

Insulation layer Polyurethane
foam 45 1.72 0.022 8

The heat pipes employed in the work are made of copper, with the key geometric
parameters of the heat pipes being an outer diameter of 200 mm, total length of 9 m (1.5 m
in condensation section, 1.5 m in evaporation section, and 6 m in adiabatic section), and
thermal conductivity of 20,000 W/(m·K). Ethanol is selected as the working fluid inside
the heat pipes, with its physical properties being listed in Table 3.
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Table 3. Physical properties of ethanol [25].

Specific Heat
Capacity (kJ/kg·K) Boiling Point (K) Freezing Point (K)

Latent Heat of
Vaporization (kJ/kg) Viscosity (mPa·s)

2.42 280.8 1 159.1 831 0.594
1 The data are taken at 90% of the standard atmospheric pressure in a vacuum.

Natural gas will experience a sudden temperature drop due to the Joule–Thomson
effect when passing through the throttling valve at the gas gate station. The coefficient of
Joule Thomson coefficient is defined as

μJT =
Tm − Tb
Pm − Pb

(21)

where μJT is the coefficient of Joule–Thomson coefficient, Tm is the temperature of the gas
before passing through the throttle valve, Tb is the temperature of the gas after passing
through the throttle valve, Pm is the pressure of the gas before passing through the throttle
valve, Pb is the pressure of the gas after passing through the throttle valve.

According to the gas pressure difference and ambient temperature before and after the
throttle valve, μJT can be determined as 3.713 K/MPa from the check table [26]. Substituting
into Equation (21), the post-throttling gas temperature is calculated as −22 ◦C.

In this work, the influences and mitigation effects of heat pipes on the seasonal soil
frost heave problem are evaluated from the following five perspectives:

To analyze the mitigation effects of the distance between pipeline and heat pipe
(DPHP) on the soil frost heave problem, eight simulation scenarios with DPHP values from
50 mm to 400 mm at 50 mm intervals were conducted.

1. To see the mitigation effects of the angle between the central axis of the heat pipe and
the model centerline (AHPAMC) on the soil frost heave problem, six simulation cases
with the AHPAMC ranging from 15◦ to 30◦ at 3◦ increments were conducted.

2. To explore the mitigation effects of heat source temperatures caused by different heat
pipe insertion depths (HPIDs) on the soil frost heave problem, seven simulation cases
with HPID changing from 9 m to 15 m at 1 m intervals were studied.

3. To evaluate the effects of heat pipe thermal conductivity (HPTC) on the soil frost
expansion problem, five scenarios were simulated with HPTC values starting at
2500 W/(m·K) and increasing by factors of two, four, eight, and sixteen successively.

4. To analyze the mitigation effects of extra added fins on the soil frost heave problem, a
typical scenario with a DPHP of 200 mm was simulated, where extra fins were added
in the condensation section of the heat pipes.

3.2. Effects of Heat Pipe Positioning and Parameters on Soil Temperature Distribution
3.2.1. Effect of Thermal Conductivity

Figure 9 illustrates the temperature distribution along the model centerline under
various HPTC conditions. From the single curve with HPTC of 2500 W/(m·K), it can be
seen that in the depth range of 0–1 m, the soil temperature shows an increasing trend,
which is due to the release of heat from the condensing section of the heat pipe, which
raises the soil temperature. In the 1–2 m depth range, the soil temperature starts to de-
crease, which is due to the high speed transportation of low temperature gas in the NGP,
which releases cold. It can be seen that a local temperature peak appears in the soil above
NGPs at a depth of 1 m. Beyond 2.5 m depth, the soil temperature gradually increases
with depth but at a diminishing rate. Thereafter, the temperature rise accelerates signif-
icantly beyond 9 m depth, and then stabilizes near the thermostatic layer at 10 m depth.
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Further comparison demonstrates that the heat transfer capacity of heat pipes can be en-
hanced with the increase in HPTC. The local soil temperature peak above the NGP (around
1 m depth) rises from 261.9 K to 269.3 K when HPTC is increased from 2500 W/(m·K) to
40,000 W/(m·K). However, the differences in local temperature peak are only increasing by
0.6 K when HPTC is 20,000 W/(m·K) and 40,000 W/(m·K), indicating that the sensitivity
of soil temperature to HPTC decreases when it is already at a high level. That is to say, the
further increase in HPTC has a reduced enhancement on improving the heat transfer pro-
cess. Thus, it is crucial to appropriately select HPTC for optimizing soil temperature fields
around NGPs and thus to mitigate frost heave problems with an affordable requirement of
heat pipes.

Figure 9. Soil temperature distribution at the model centerline under various HPTC conditions.

Considering the manufacturing costs and technical challenges in achieving ultra-high
conductivity, heat pipes with thermal conductivity of 20,000 W/(m·K) were selected for the
subsequent investigations.

3.2.2. Effect of Heat Pipe Insertion Depth

Figure 10 shows the temperature distribution contours under different HPID (ld)
conditions. When ld is 8.5 m, the relatively low soil temperature at the evaporation section
of heat pipes limits the heat exchange efficiency with the surrounding soil, so that the soil
temperature around the NGP is not significantly elevated. With the increase of HPID, the
soil temperature in the localized area above the NGP increases.

The optimal heating state of heat pipes occurs when ld is increased to 14.5 m, where
the soil temperature at 1 m depth is significantly higher than that when ld is only 8.5 m. It
can be found from Figure 10 that when ld is larger than 9.5 m, heat pipes can effectively
elevate the soil temperatures around the NGP, thus guaranteeing the soil temperature
stability here and reducing the soil freezing potential.

Figure 11 plots the soil temperature distribution along the model centerline under
various HPID conditions. It is revealed that with the increase of HPID, the local peak soil
temperature above the NGP shows an upward trend, rising from 266.7 K to 271.4 K when
ld is increased from 8.5 m to 14.5 m. When ld is increased to 14.5 m, the local peak soil
temperature above the NGP is 12.4 K higher than that without heat pipes. Comparatively,
when ld is only 8.5 m, the local peak soil temperature at the same location is only 4.7 K
higher than that without heat pipes. With the increase of HPID, the bottom of the heat
pipe gets deeper, and the soil temperature at the evaporation section is higher, so more
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heat can be absorbed by the evaporation section. So, the elevation of soil temperature
above NPG is higher when HPID is increased. However, the increased amplitude in the
local peak soil temperature gradually decreases when HPID is continuously increased.
This indicates that there exist threshold effects of HPID on soil temperature improvement,
when HPID is increased to a certain value, its further increase in depth tends to have a
weak effect on soil temperature at a depth of 1 m above the NGP. Considering the rising
construction complexity with the increase of HPID, ld of 9.5 m is selected as the optimal
insertion depth of heat pipes in this work. With this insertion depth, the relatively high soil
temperature at the bottom of the heat pipes can be effectively utilized to enhance the heat
transfer characteristics of the heat pipe, to achieve acceptable regulation of soil temperature
above the NGP. Meanwhile, the excessive increase in cost and construction difficulty due
to larger insertion depth can be avoided.

Figure 10. Temperature contour under various HPID conditions.

Figure 11. Soil temperature distribution at the model centerline under various HPID conditions.
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3.2.3. Effect of Heat Pipe Insertion Depth

Figure 12 presents the temperature distribution contours under different DPHP (dh)
conditions. When dh is set as 200 mm, the thermal influence zones of heat pipes on the two
sides of the NGP start to overlap. When dh is reduced to 50 mm, the heating effect is the
best, and the local peak soil temperature at 1 m depth is increased by 12.6 K compared with
that without a heat pipe.

Figure 12. Local temperature contour under various DPHP conditions.

Figure 13 shows the soil temperature distribution along the model centerline under
various DPHP conditions, where the local peak soil temperature above the NGP increases
significantly with the decrease of the DPHP. When the DPHP is decreased from 400 mm to
50 mm, the local peak soil temperature above the NGP increases from 266.0 K to 271.6 K.
The reason is that when the DPHP is decreased, the heat transferred by heat pipes is more
concentrated in a small region above the NGP; thus, a more pronounced temperature
increase here can be witnessed. However, although the heating effect of heat pipes on
the soil above the NGP is most significant when dh is 50 mm, heat absorption at the
bottom of the heat pipes is too concentrated. Since the simulation domain is limited in this
work, the heat of the thermostatic layer is difficult to fully make up for the missing heat,
which tends to form a large temperature gradient near the heat pipe. Furthermore, in the
practical application process, this will lead to a significant temperature difference between
the soil near and far away from the heat pipes, thus resulting in a series of potential
problems, such as non-uniformity of soil thermal stress, reduction of the heat transfer
efficiency of heat pipes, and eventually, the possible performance degradation of heat pipes
in long-term operation.

With comprehensive consideration of the effects of DPHP on soil temperature distri-
bution, heat transfer efficiency of heat pipe, and the temperature recovery characteristics of
the thermostatic layer, dh of 200 mm is more reasonable for the investigated condition. With
this distance, the heating effect of heat pipes to the soil can be ensured, with the local peak
soil temperature above the NGP reaching 268.7 K. Meanwhile, the problem of excessively
concentrated heat absorption at the bottom of the heat pipe can be avoided, to ensure the
long-term stable operation of the heat pipe system.
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Figure 13. Soil temperature distribution at the model centerline under various DPHP conditions.

3.2.4. Effect of the Angle Between the Central Axis of the Heat Pipe and the Model
Centerline

Figure 14 plots the local soil temperature distribution contours under different AH-
PAMC (θ) conditions. When θ is set as 15◦, an obvious high-temperature zone is formed at
the ends of heat pipes and around the NGP, indicating that the heat transported from the
bottom thermostatic layer is mainly concentrated near the heat pipes and NGP. When θ

is increased to 30◦, the heating region is no longer confined to a specific small area. This
indicates that with the increase in the AHPAMC, the heating area of heat pipes expands,
and the high-temperature zone is not concentrated in a narrow area.

Figure 14. Local temperature contour under various AHPAMC conditions.

Figure 15 plots the soil temperature distribution along the model centerline under
different DPHP conditions. It is clear that a local peak soil temperature appears above the
NGP at a depth of 0.6 m. Beyond 2.5 m depth, the soil temperature gradually increases as
the soil depth continues to increase, and then stabilizes until it reaches the thermostatic
temperature at 10 m depth.
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Figure 15. Soil temperature distribution at the model centerline under various AHPAMC conditions.

With the increase in θ, the increased amplitude of soil temperature above the NGP
shows a decreasing trend. Beyond 2 m depth, the variation trend of the temperature curve
under different conditions remained consistent, although slight differences still exist in
the temperature recovery rates. When θ is 15◦, the local peak soil temperature above the
NGP is 276.7 K, which is 17.7 K higher than that without heat pipes. Meanwhile, compared
with the condition with θ of 30◦, the local peak soil temperature is 1.7 K higher, and the soil
temperature at 1 m depth is 3.2 K higher.

It can be concluded from the above analysis that the smaller the AHPAMC is, the more
concentrated the heat transferred by heat pipes is, and the stronger its ability to alleviate
the soil frost heave problem above the NGP. So, for the investigated scenarios, θ of 15◦

is recommended.

3.2.5. Effect of Adding Fins to the Heat Pipe

Figure 16 shows the local soil temperature distribution contours in the longitudinal
section of the model centerline (width direction of the simulation domain). The red zone
represents the concentrated heating area by the heat pipes, and the blue striped zone
represents the low-temperature flow area inside the NGP. Due to the high-speed movement
of natural gas inside the NGP and the strong thermal inertia of soil, the natural gas
temperature change in the NGP is small, which almost remains at 251 K. It can be observed
that when the heat transfer area is enlarged by the addition of fins, the heat transfer
process is significantly promoted, and the soil temperature above the NGP is improved to a
greater extent.

Figure 16. Local temperature contour under whether or not to add fins conditions.
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The soil temperature along the model central line is further quantitatively plotted
in Figure 17. At a depth of 1 m, the soil temperature above the NGP reaches 274.2 K
after adding fins, which is 15.2 K higher than that without a heat pipe and is also 5.5 K
higher than that without adding fins. These results demonstrate that the addition of fins
can remarkably improve the heat transfer efficiency of heat pipes, thus increasing the soil
temperature level above the NGP, which is of great significance in alleviating the soil from
frost heave problems.

Figure 17. Soil temperature distribution at the model centerline with or without fin conditions.

4. Conclusions

A method of using heat pipes to transfer shallow geothermal energy to mitigate the
frost heave problem in seasonal frozen soil around NGPs was proposed, and a soil–NGP–
heat pipe heat transfer model was developed to analyze the effects of various parameters
on the heat transfer performance and frost heave mitigation effects. Key findings are
as follows.

The minimum distance (ld) between the wall of the heat pipe and the gas pipe wall,
the angle (θ) formed between the central axis of the heat pipe and the central axis of the
model, as well as the depth (dh) of the heat pipe’s insertion into the ground, all significantly
influence the soil temperature distribution and the effectiveness of frost heave mitigation.
When ld is 200 mm or θ is 15◦, the heating effect of heat pipes is the most significant, which
elevates the local peak soil temperature above the NGP by 9.7 K and 17.7 K, respectively,
when compared with that without heat pipes.

The thermal conductivity of heat pipes is vital for soil frost heave mitigation. Simula-
tion analyses revealed that the heat transfer capacity of heat pipes increases as the thermal
conductance coefficient rises. However, when the thermal conductance coefficient reaches
20,000 W/(m·K), the enhancement in heat transfer efficiency begins to plateau.

Adding fins to the heat pipe can significantly enhance its heat transfer efficiency. When
fins are incorporated, the local peak temperature of the soil above the NGP reaches 274.2 K,
which is 5.5 K higher than that without fins.

These findings have demonstrated that the application of heat pipes in frost-heaving
soil surrounding NGPs can effectively mitigate soil frost heave. Additionally, the geometric
arrangement critically determines performance. At optimal values (ld = 200 mm, dh = 9.5 m,
adding fins), peak soil temperature rises by 15.2 K, and the soil frost heave displacement
is 36% higher compared to the condition with heat pipes. Nevertheless, their specific
implementation must be carefully analyzed in conjunction with site-specific conditions to
achieve optimal heat transfer performance.
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Abstract: Globally, construction is among the leading sectors causing carbon emissions.
Sustainable practices have become the focus, which aligns with the nation’s commitments to
the Paris Agreement by targeting a 30% reduction in emissions from the 2005 levels by 2030.
However, evaluation for sustainability is critical, and the Green Star certification provides
assurance. Building information modelling has emerged as a transformative technology,
integrating environmental sustainability into building design and construction. This study
explores the use of BIM to enhance green building outcomes, focusing on optimising
stakeholder engagement, energy efficiency, waste control, and environmentally sustainable
design. This study employed a case study of an educational building, illustrating how BIM
frameworks support Green Star certifications by streamlining design analysis, enhancing
project value, and improving compliance with sustainability metrics. Findings highlight
BIM’s role in advancing low-carbon, energy-efficient building designs while fostering
collaboration across disciplines. This research investigates the foundational approach
required to establish a framework for implementing the Green Star certification in non-
residential, environmentally sustainable designs. Further, this study underscores the
importance of integrating BIM in achieving Green Star benchmarks and provides a roadmap
for leveraging digital modelling to meet global sustainability goals. Recommendations
include expanding BIM capabilities to support broader environmental assessments and
operational efficiencies.

Keywords: building information modelling; green star rating; sustainability; energy
efficiency; stakeholder engagement

1. Introduction

The rapid development of New Zealand’s construction industry, particularly in the
Canterbury region following the 2011 earthquake, has raised concerns about the envi-
ronmental impact of new buildings and infrastructure [1]. Furthermore, there is also a
need to minimize the effects of climate change on buildings, which is possible by reducing
greenhouse gas emissions [2]. Sustainable buildings have proven economically viable
throughout their whole lifetime by reducing waste and efficiently using resources. Nev-
ertheless, these provide a value case for New Zealand [3]. However, the construction
of sustainable buildings is mainly influenced by central and local governments, client
demand, and social awareness [4]. As a technological factor for sustainable buildings,
energy efficiency focuses on energy generation and energy-saving features [5]. However,
improving energy efficiency depends on how much of the whole-of-life embodied carbon
emission is reduced, but there is limited awareness within the New Zealand construction
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industry [6,7]. Similarly, the sustainability rating tools are still in their infancy, such as
the Green Star NZ by the New Zealand Green Building Council (NZGBC) [8,9]. Green
Star NZ only focus on the environmental aspect of sustainability and is considered the
weakest among the building sustainability assessment tools [10]. There are constraints
to adopting Green Star NZ, such as the complexity of the certification system, limited
supporting policies, and issues related to material supply [11].

The manual operation of the Green Star rating system has several challenges, such as
the need for experts, the requirement for documentation, and the assessment of the breadth
of the six-star band [12]. It was reported that only half of the accreditation points cover
energy, emission, and IEQ, which requires a lot of information to process and evaluate [13].
Nonetheless, automation of the Green Star rating system streamlines the process and
is likely to help in the adoption of sustainability practices [14]. Building information
modelling (BIM), a digital intervention in building sustainability assessment, provides a
‘one-stop shop’ to meet the requirements of the sustainability criteria [15], and Green Star is
not exceptional. Most common analyses through BIM are related to energy and material [16].
Hence, BIM is still not fully oriented to sustainable buildings, requiring a more integrated
approach [14], from conceptual to empirical evidence. In New Zealand, BIM adoption is
still in transition due to limited awareness [17] about achieving its potential to improve
practices [16], but leadership is inevitable [18]. Nevertheless, BIM can potentially increase
the uptake of Green Star [18].

This study aims to map the integration between Green Star rating and BIM functional-
ities to assess the sustainability of existing and new buildings. Firstly, the studies on the
topic were critically reviewed to report on the extent of the work performed. Secondly, an
existing sustainable building was selected to assess the potential integration. The Green
Star rating was initially scored. Thirdly, the possible support of BIM functionalities was
checked. A detailed BIM model was developed for the case building. The findings were
reported and discussed in detail. This study aims to automate the sustainability evaluation
of new and existing buildings towards achieving a zero-carbon footprint.

2. Literature Review

BIM offers significant advantages over traditional building design methods by en-
abling early-stage design analysis and simulation, which can reduce project costs and
mitigate risks before physical construction or energy rating approval. It transforms tra-
ditional design into a sustainable one, with a focus on low-carbon, energy-saving, and
emission reduction principles [19,20]. Implementing BIM and a sustainability strategy con-
nects buildings, spaces, people, and communities, resulting in broader benefits [21]. While
green BIM strategies are adopted globally, the relationship between BIM and green design
requires further exploration [22,23]. Nonetheless, BIM has proven to be a fundamental
trend of true sustainability [24]. BIM is now a standard practice in the construction industry,
recognized for its contributions to sustainable strategies, becoming an integral part of the
project lifecycle for sustainable building design deliverables. For projects in New Zealand,
even if official green rating certification is not sought, utilizing a tool framework like Green
Star is recommended to identify sustainability objectives and establish a common language
for the design and construction teams [25].

Several studies have highlighted the integration of BIM tools and the Green Star rating
system. Client demand plays a vital role in urging the exploration of the BIM and Green
Star rating, which requires a high level of understanding to establish relationships [26].
Theoretically, BIM supports 75% of the Green Star criteria, but energy efficiency is the
main criterion [14], with the optimisation option. Lu et al. [21] reviewed BIM support for
green building assessment for Green Star Australia and reported that 64 out of 110 credits
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are achievable, but there is no minimum requirement. BIM partially supports site, trans-
portation, energy, and atmosphere/emission-related credits. However, it highly supports
water, materials, waste, and indoor environment quality-related credits. There was no
BIM support for innovation. Similarly, other studies highlight the limitations of covering
sustainability areas such as water, land, biodiversity, acoustics, socioeconomics, and ecol-
ogy in studies integrating BIM and green building certification [27], as well as culture [28].
Interestingly, stakeholder perception varied towards the potential of BIM applications for
Green Star approaches [29].

There is a strong correlation between sustainability and morphological elements in the
built environment [30]. However, there is no clearly defined relationship between BIM and
Green Star. This created a space for a new criterion to determine the building sustainability.
Nevertheless, there are barriers to integrating BIM and Green Star, including distinct
processes, a lack of understanding, insufficient client demand, the requirements of Green
Star submissions, and a low Level of Development (LoD) in BIM [31]. Gandhi and Jupp [32]
presented a case study of a commercial building to evaluate gaps in BIM applications for
green building certification. There was misalignment between design activities, certification
criteria, and issues around internal project coordination. Ly and Kiroff [33] conducted a
case study on six green star-rated head office in Auckland and found no or weak connection
between green building certification and BIM. There were issues of low-quality modelling,
inefficient procurement, and a lack of coordination at multi-disciplinary levels. Li et al. [34]
used a cloud-based BIM platform for a case study to validate the envelope thermal transfer
value calculation, as a key criterion for the green mark score. Further, simulation tools of
BIM were used for the energy and daylight performance through design and operational
phase optimisation [35].

The development of Green Star tools follows ‘district’ to ‘product’ (from macro to
micro), but for BIM, the focus is on ‘product’ to ‘element’ to ‘entity’ and ‘precinct’ (from
micro to macro) [36]. There is research confusion when investigating the integration of
BIM tools with the Green Star rating system, as to which direction of support is more
beneficial; however, the most common is BIM support [37]. However, this integration
makes the overall process towards sustainability more standardised and agile [38]. The
concept of Level of Development (LoDev) is crucial for Green Star rating, encompassing
both Level of Detail (graphical representation) and Level of Information (properties of the
object). For Green Star assessment, LoDev is suggested as the sum of LoI and LOD. BIM
provides benefits across various dimensions, from 1D (research, concept design) to 6D (per-
formance assessment, value engineering, save estimation, re-design) [39]. The architectural,
structural, and MEP (mechanical, electrical, and plumbing) BIM models provide specific
information essential for Green Star assessments. For example, architectural BIM defines
the building’s footprint, exterior, internal design, roofs, and sun shading. Structural BIM
includes foundations, load-bearing walls, openings, and framing. MEP BIM covers cooling
and heating pipework, HVAC services, lighting, and waste/waterworks [40].

The BIM framework leads this integration, and its adoption eventually overcomes the
barrier [41]. The BIM and Green Star integration helps the designers gain awareness of
the specific green building rating system, ultimately improving the design for sustainable
buildings [42]. By aligning project designs with Green Star principles, teams can estab-
lish a common language and objectives for a sustainable outcome [43]. The adoption of
Green Star ratings in New Zealand reflects a commitment to environmental sustainability
and resilience in building design. By leveraging BIM’s capabilities, projects can achieve
higher performance ratings, minimise waste, and optimise energy consumption [44]. This
framework also ensures compliance with evolving regulatory requirements and global
environmental targets, reinforcing BIM’s role as a fundamental element of modern sustain-
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able design practices [45]. The integration of BIM with Green Star certification provides
significant benefits by offering a strong platform for documenting, analysing, and improv-
ing compliance with the rating system’s requirements [46]. This study helps to develop an
evaluation criterion for comparing existing and newly constructed buildings.

Nevertheless, there was no clear standard or uniformity for integrating BIM and Green
Star in relevant studies to develop a holistic framework. Limited studies provide empirical
evidence of integration using proper case studies. Furthermore, there is no clarity about
mapping the integrations. This study starts with exploring sustainable design options
within the context of BIM. The Green Star rating system is applied to identify the potential
sustainability credits achievable through BIM. The influence of BIM on sustainability
outcomes and ratings is then assessed. The strategies proposed are to incorporate Green
Star principles into the project workflow. This study reports on the benefits of achieving
Green Star certification through BIM applications.

3. Research Methodology

3.1. Selection of the Case Building

This study focuses on leveraging BIM to meet Green Star certification requirements for
the Ara Institute of Canterbury’s Kahukura Block (K Block), refer to Figure 1a,b, located in
the inner city of Christchurch, New Zealand, with an area of 6500 sqm and three floors. This
is a public building, and the data for this property are accessible through an official request.
This project was unique due to sustainability considerations from the start, aligning with
institutional values. The project cost was around 38 million and was completed between
2014 and 2017. This project employed an early contractor involvement procurement
strategy, suitable for complex projects [39], which resulted in timely completion and budget
adherence through the use of BIM for scheduling quantities and administering project
costs, as well as design authoring, review, and engineering analysis [47]. This building
won several awards for educational facility, green building, timber design, spatial built
environment, and public and institutional space [48]. The case building is selected for public
use (educational) based on access to key information, documentation, and stakeholders.

 
(a) 

Figure 1. Cont.
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(b) 

Figure 1. K Block building views (Source: authors’ own work). (a) Real view photograph. (b) BIM
3D-model view.

3.2. Green Star Rating Calculation

The Green Star rating system, developed by the NZGBC, offers a systematic approach
to evaluate and certify sustainable building performance. It uses a point-based system
across nine categories, with each category including specific credits that indicate compli-
ance with sustainability criteria [49]. Achieving Green Star certification requires meeting
a minimum point threshold. Ratings from Four Stars to Six Stars indicate increasing
excellence in sustainable practices.

The Green Star rating system promotes sustainable building practices by encouraging
resource efficiency, energy and water savings, reduced operational costs, and healthier work
environments [44]. It evaluates projects across nine categories, awarding star ratings based
on total credits achieved, ranging from four stars to six stars, as shown in Figure 2. This
system ensures that all project team members actively engage with sustainability goals by
assigning documentation responsibilities and compliance tracking. Green Star Accredited
Professionals play a critical role by coordinating teams and verifying documentation during
various project stages.

Figure 2. Green star rating system (adapted from [49]).

The Green Star framework and its associated categories are pivotal to the sustainable
objectives of this research. The scope of this study encompasses four primary categories [50],
excluding land use and ecology and emissions:

Management: it includes commissioning processes, building tuning, metering and
monitoring, and operational waste management strategies.
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Indoor Environment Quality (IEQ): it focuses on improving indoor air quality (ventila-
tion), acoustics, lighting, and visual comfort, minimizing indoor pollutants, and optimizing
thermal comfort.

Energy: it considers thermal envelope performance, mechanical systems, lighting
efficiency, and on-site renewable energy generation (e.g., solar energy).

Materials: this section addresses the use of low-environmental-impact materials, in-
cluding steel, concrete, timber, adhesives, sealants, flooring, ceilings, applied coatings,
insulation, PVC, and furniture.

The Green Star certification process imposes specific requirements for services across
multiple disciplines, including mechanical, electrical, hydraulic, civil, and fire systems [51].
These requirements, detailed in the Green Star Office Interiors, emphasize promoting
sustainable building practices by establishing a common language and demonstrating the
tangible benefits of green buildings [52].

The Green Star rating assessment involves a structured methodology that identi-
fies achievable sustainability credits aligned with specific project goals, constraints, and
regulatory requirements. Detailed technical simulations and modelling, such as energy,
thermal comfort, and daylight analyses, are then conducted to substantiate the targeted
credits. Comprehensive supporting documentation—including drawings, product certi-
fications, and performance calculations—is prepared and submitted for rigorous review
by an independent expert panel appointed by the New Zealand Green Building Council
(NZGBC). This panel verifies compliance, finalises scores, and determines the project’s
Green Star rating.

In this study, documentation was analysed for a Green Star rating. This includes 2D
drawings (architectural, structural, and mechanical, electrical, and plumbing), a schedule
of quantities, and specifications. Maximum points available for the Green Star rating were
identified, and target points also met the four-star rating for K Block.

3.3. Building Information Modelling

BIM has emerged as a transformative digital technology in the construction industry,
offering a comprehensive platform. It has revolutionized the construction industry by
providing a unified model integrating physical and functional building characteristics.
Since its emergence in the late 20th century, BIM has become a central repository of
knowledge, facilitating well-informed decisions throughout a building’s lifecycle, from
initial design to decommissioning [53]. BIM adoption is determined through n-dimensions
(nD) of BIM, demonstrating different functionalities, which include 3D and 4D scheduling
and sequencing, 5D cost estimating, 6D procurement, 7D facilities management, 8D risk
assessment, 9D lean construction, and 10D prefabrication and continuing [54].

The design model, developed on Revit 2017 with LOF350, was initially received
from the consultant; see Figure 3. Revit has a proven BIM tool to integrate well with
green building assessment systems [38]. An as-built model was then developed based
on real-time information about the building features. The model was checked for sanity,
tagging, annotation, and connectivity. It was cleaned for errors to maintain its integrity.
The graphical and material information was also checked.

The BIM process for the K Block project involved several iterative stages, beginning
with creating an initial conceptual BIM model. The model was initially developed with basic
geometric representations and general spatial configurations to outline project feasibility
and preliminary sustainability goals. Throughout the design development phase, detailed
elements such as structural frameworks, interior partitions, and facade components were
progressively refined, enhancing the model’s graphical accuracy and completeness [55].
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(a) (b) 

(c) (d) 

Figure 3. BIM model views for K building. (a) Building isometric view. (b) First floor plan with
section view. (c) Second floor plan with section view. (d) Third floor plan with section view.

Significant changes were implemented before the sustainability analyses, including
the integration of specific material specifications, energy-related properties, and detailed
mechanical, electrical, and plumbing (MEP) systems. Adjustments to the model involved
optimising window-to-wall ratios, updating insulation specifications, refining HVAC sys-
tem designs, and incorporating precise occupancy and operational schedules. These
refinements ensured the BIM model accurately reflected the building’s anticipated real-
world performance, providing robust input data for subsequent analyses using tools like
Autodesk Insight and Green Building Studio (GBS) [56]. Ultimately, these updates facil-
itated accurate energy performance simulations and supported the project’s compliance
with Green Star sustainability requirements.

3.4. BIM Utilisation for Green Star Rating

BIM enables projects to meet Green Star requirements through advanced modelling
frameworks such as Levels of Development, which integrates Level of Detail and Level of
Information, as mentioned in Table 1. Architectural, structural, and mechanical, electrical,
and plumbing BIM models capture vital design details, including demolition, HVAC sys-
tems, lighting fixtures, and structural elements, providing a comprehensive framework for
sustainability assessment. BIM helps in an interoperable automation approach for certifica-
tion [57]. BIM cloud helps to synchronize design models for different disciplines [58].

Table 1. BIM methodology and LOD for Green Star process.

Green Star Process BIM Methodology LoD

Meet the requirements BIM approach and plan 100–200
Design and submission BIM development and coordination 200–400

Assessment BIM documentation review
and management 200–500

Certification Add value through the BIM lifecycle 100–500

A three-stage framework for integrating BIM with Green Star certification includes
the following: developing a matrix to correlate BIM technologies with Green Star criteria,
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validating the matrix through case studies, and auditing as-built BIM models for com-
pliance [51]. This structured approach underscores BIM’s role in achieving certification
efficiency by reducing manual documentation and improving stakeholder coordination.
The Green Star framework acknowledges local considerations, reflecting a commitment
to advancing sustainable construction practices in the region. One approach, for non-
residential projects, is to understand the Green Star rating and then explore the relationship
with BIM through analysis of the criteria, followed by a case study for illustration [31].
Another approach is to apply Green Star design principles during the BIM process and to
monitor and evaluate Green Star rating outcomes through BIM tools and workflows [59].

The model was then analysed with Autodesk Insight for building performance [60].
Autodesk Insight provides a comprehensive platform for analysing building energy and
environmental performance. Its cloud-based accessibility enables team members to collab-
orate and review projects from any device. Early-stage design reviews using Insight help
address sustainability concerns, with energy analysis data generated in Green Building
Studio and displayed on an intuitive dashboard. This functionality allows users to identify
design inefficiencies and implement energy-saving measures early.

Revit offers a familiar drafting and modelling environment, seamlessly transitioning
from concept design to construction and facility management. Its built-in tools enable users
to simulate building performance, meeting standards such as LEED and ASHRAE while
predicting sustainable outcomes. Revit’s energy analysis options assist in aligning projects
with Green Star rating requirements, facilitating informed design decisions.

Autodesk GBS is a cloud-based energy analysis tool designed to optimise energy
efficiency and reduce the carbon footprint of building designs [31]. GBS directly integrates
with BIM data from Revit models, ensuring a streamlined workflow for performance
evaluations. By incorporating energy engineering at the project’s inception, GBS ensures
that sustainability objectives are addressed during the design phase rather than as post-
design modifications. This proactive approach maximises the value of BIM in achieving
Green Star credits and highlights how Revit can model energy settings for sustainable
outcomes [61].

The selection of Autodesk GBS software (version 2023) for sustainability analysis in
the K Block project was based on its ability to integrate and analyse BIM data directly from
Revit models efficiently. GBS offers a streamlined, cloud-based platform that significantly
enhances the accuracy and speed of energy simulations and carbon footprint analyses. It is
particularly suitable for detailed energy assessments required by the New Zealand Green
Star certification process [11]. Moreover, GBS’s intuitive interface facilitates early-stage
engagement with sustainable design, enabling rapid evaluations of energy-efficient mea-
sures and fostering real-time collaboration among architects, engineers, and sustainability
consultants. The software’s capability to seamlessly generate comprehensive performance
data directly from BIM models simplifies compliance documentation, enhances decision
making, and ultimately supports higher Green Star ratings [62].

Autodesk GBS significantly supports the Green Star certification process through
its integration with BIM. GBS efficiently generates precise energy and carbon footprint
analyses by directly processing BIM data from Revit models. Its cloud-based platform
facilitates early design assessments and collaborative evaluations, enabling project teams
to test and optimise sustainability measures rapidly. Furthermore, GBS’s automated and
streamlined documentation simplifies compliance verification and reduces potential errors.
This ensures a more reliable, efficient path toward achieving higher Green Star certification
levels, ultimately enhancing overall project sustainability outcomes.
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4. Results and Discussion

4.1. Green Star Rating for Case Building

The case building was evaluated using the Green Star rating tool. Achieving a prelimi-
nary score of 56 points, surpassing the 45-point threshold for a four-star rating, as reported
in Table 2. The Green Star scoring for the K Block project was calculated by systematically
assigning points across multiple sustainability categories based on the detailed Green Star
rating sheet. This rating sheet, provided by the NZGBC, served as a structured frame-
work outlining specific sustainability criteria and associated credits across nine primary
categories: management, indoor environment quality, energy, transport, water, materials,
land use and ecology, emissions, and innovation. Each category includes defined credits,
and each credit is awarded a set number of points upon successful documentation and
compliance verification. The cumulative total of these points determines the project’s final
Green Star rating, with thresholds for ratings clearly specified (e.g., 45–59 points for a
four-star rating, indicating the best practice) [63].

Table 2. Green Star rating.

Category Maximum Points Available K Block Target Points

Management 15 10
Indoor Air Quality 17 10
Energy 22 12
Transport 10 7
Water 12 5

Total 76 44

In the K Block example, scoring involved detailed evaluations, technical modelling
(including energy performance and thermal comfort analyses), and comprehensive docu-
mentation demonstrating compliance with each targeted credit. Autodesk Green Building
Studio (GBS) and other BIM-integrated tools were instrumental in providing precise evi-
dence required for these credits.

Challenges encountered during the Green Star rating process primarily concerned
coordination and accurate data management. Specific difficulties included ensuring com-
prehensive documentation aligned precisely with Green Star requirements, maintaining
consistency and accuracy across multiple interdisciplinary inputs, and handling revisions
necessitated by changing project specifications or outcomes from technical simulations.
Additionally, effectively managing the alignment between BIM model data and Green Star
documentation requirements proved challenging, emphasizing the need for meticulous
data tracking and robust interdisciplinary communication throughout the project lifecycle.

4.2. BIM and Green Star Integrations

There is no guidance available to determine the suitability of a software package for
the Green Star rating system [27]. This study reported key integrations of the Green Star
rating and BIM dimensions.

The K Block project’s Green Star scoring was calculated using the Green Star rating
sheet provided by the NZGBC. This structured framework outlines sustainability criteria
across nine categories: management, indoor environment quality, energy, transport, water,
materials, land use and ecology, emissions, and innovation. Each category comprises
specific credits, and points are awarded based on thorough documentation and compliance
verification. The cumulative total of points determines the project’s final Green Star rating.

The integration of BIM and Green Star significantly enhances sustainability assess-
ments by providing a centralized platform for managing graphical and non-graphical data,
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streamlining documentation, and ensuring real-time data updates, ultimately promoting
sustainable construction practices nationwide. This comprehensive approach not only
improves project coordination and minimizes risks but also facilitates the achievement
of targeted Green Star rating points through advanced analysis and simulation tools. A
total of 297 integrations were mapped. There were 41 integrations for ‘management’,
36 for ‘indoor environment quality’, 13 for ‘energy’, 2 for ‘transport’, 5 for ‘water’, 18 for
‘materials’, 2 for ‘land ecology and use’, 9 for ’emissions’, and 29 for ‘innovations’. This
study demonstrates that BIM supports 52% of the Green Star criteria using extended BIM
dimensions, whereas previously, theoretically, BIM supported 75% [14].

The BIM integration analysis for each Green Star criterion followed these steps:

1. Management: BIM models facilitated comprehensive management strategies, incorpo-
rating building information commissioning and tuning, environmental management
plans, and ongoing monitoring through precise BIM data tracking and reporting.

2. Indoor Environment Quality: Simulations conducted through BIM tools ensured
optimal air quality, hazardous material management, thermal comfort, acoustic perfor-
mance, and visual comfort, verifying compliance through detailed model simulations.

3. Energy: Autodesk GBS and BIM-enabled energy modelling validated greenhouse
gas emission reductions and optimized peak electricity demand, ensuring efficiency
criteria were robustly met.

4. Transport: BIM helped visualize and plan alternative transportation programs, en-
hancing accessibility and efficiency through integrated transport mode surveys
and simulations.

5. Water: Water conservation strategies were validated through BIM-based simulations
of potable water use and fire protection services, demonstrating significant reductions
against baseline consumption.

6. Materials: BIM facilitated sustainable procurement processes, waste management
during construction, and refurbishment phases by embedding environmental product
declarations directly into the BIM model.

7. Land Use and Ecology: The ecological value and biodiversity contributions were as-
sessed using BIM tools to plan and optimize site landscaping and maintenance practices.

8. Emissions: Stormwater management, light pollution control, and refrigeration impact
assessments were modelled and analysed through BIM, ensuring adherence to Green
Star emission reduction criteria.

9. Innovation: Innovative technologies, processes, and strategies for global sustain-
ability benchmarks were identified, modelled, and documented through advanced
BIM functionalities.

Table 3 outlines the aspirations and contributions of BIM processes across Green Star
rating categories. These contributions encompass management practices such as commis-
sioning and tuning, ongoing monitoring, and environmental management. For indoor
environment quality, BIM supports improvements in air quality, lighting, thermal comfort,
and acoustics through detailed modelling and simulation. The energy category bene-
fits from reductions in greenhouse gas emissions and peak electricity demand, achieved
through optimised building designs and systems, while alternative transportation pro-
grams and surveys support transport credits. Additionally, BIM facilitates sustainable
procurement, operational waste reduction, and refurbishment management under the
materials category. The integration of BIM into green building design optimizes design
from initial stages, leading to more sustainable and economically efficient outcomes [64].
BIM-driven methodologies also enhance contributions to biodiversity, emissions control,
and innovation, such as adopting transformative technologies.
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Table 3. BIM and Green Star integrations.

Green Star Rating
Subcategory

BIM Functionalities

BEP GBS Insight 2D 3D 4D 5D 6D 7D

1. Management

Green Star Accredited Professional � � � � � � � � �

Building Information � � � � � � � � �

Commissioning & Tuning � � � � �

Ongoing Monitoring & Metering � � � � � �

Environmental Management � � � � � � �

Green Cleaning � � � � � � �

Commitment to Performance � � � � � � �

2. Indoor Environment Quality

Quality of Indoor Air � � � � � �

Hazardous Materials � � � � � �

Lighting Comfort � � � � � �

Daylight & Views � � � � � �

Thermal Comfort � � � � � �

Acoustic Comfort � � � � � �

Occupancy Comfort Survey � � � � � �

3. Energy

Greenhouse Gas Emissions � � � � � � � �

Peak Electricity Demand � � � � �

4. Transport

Alternative Transportation Program �

Transportation Modes Survey �

5. Water

Potable Water � � �

Fire Protection Services � �

6. Materials

Procurement & purchasing � � � � � � �

Waste from Operations � � � � � � �

Waste from Refurbishments � � � � � � � �

7. Land Use

Biodiversity and Ecological Value �

Groundskeeping Practices �

8. Emissions

Stormwater Control � � �

Light Pollution � � �

Impacts from Refrigeration � � �
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Table 3. Cont.

Green Star Rating
Subcategory

BIM Functionalities

BEP GBS Insight 2D 3D 4D 5D 6D 7D

9. Innovation

Innovative Technology or Process � � � � � � �

Market Transformation � � � � �

Improving Green Star Benchmarks � � � � � �

Global Sustainability � � � � �

Innovation Challenge � � � � � �

BIM’s contextual excellence, enabled by rich information within a collaborative 3D
environment, ensures effective project coordination and minimises risks across all project
phases. The ability to selectively target Green Star rating points through the BIM process,
using advanced analysis and simulation tools, further strengthens its role in advancing
sustainable design while minimizing impacts on the design and construction program.
The integration of BIM and Green Star ratings represents a significant step forward in
achieving sustainability goals for the construction industry, promoting more efficient,
environmentally responsible, and economically viable building practices [65].

4.3. Performance Evaluation

Integrating BIM on the K Block project significantly improved the Green Star rating
process. BIM enhanced the overall efficiency and effectiveness of sustainability assessments
by streamlining data management and facilitating precise simulation analyses. The inter-
vention of BIM significantly reduced the time required for conducting critical sustainability
analyses, including energy performance, daylight optimisation, and thermal comfort, by
enabling real-time model adjustments and immediate feedback [56].

Resourcefulness improved markedly as the BIM model consolidated essential docu-
mentation and facilitated accurate, cross-disciplinary data sharing, eliminating redundant
processes and minimizing errors. This integration led to efficient resource use, enabling
project teams to focus more directly on sustainability improvements than on administrative
tasks [66].

Furthermore, conduit modelling, a specific application within BIM, provided precise vi-
sualisation and planning capabilities for mechanical, electrical, and plumbing services [67].
This capability improved accuracy in resource allocation, reduced material waste, and opti-
mised service layouts, enhancing building performance and compliance with Green Star
rating criteria. Overall, BIM intervention dramatically streamlined the certification process,
enhanced accuracy, and improved resource efficiency throughout the project lifecycle.

5. Conclusions

This study evaluates the potential improvements and value that BIM offers in achiev-
ing Green Star certification. Through the case of the K Block project, this research demon-
strates how the integration of BIM enhances Green Star rating credits, facilitating sustain-
able construction practices. The findings underscore the advantages of implementing BIM
for Green Star-certified buildings, including its ability to provide a shared data environment
for enhanced data access and collaboration, reduce risks during the design and construction
phases by enabling better clash detection and issue resolution, create a rich and accurate
record of the project lifecycle for improved facility management, and increase efficiency
in the Green Star certification process [68]. The study demonstrated that integrating BIM
significantly enhances the efficiency, accuracy, and overall effectiveness of achieving Green
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Star certification. BIM streamlined the assessment process by enabling precise sustainability
simulations, effective resource management, and improved cross-disciplinary coordination,
collectively facilitating higher sustainability ratings.

The study’s scope was limited to the educational building, focusing primarily on the
management, indoor environment quality, energy, and materials categories. The exclusion
of other Green Star categories, such as land use and ecology and emissions, restricts the
broader applicability of findings. Additionally, reliance on a single case study limits the
generalizability of the conclusions. This study reveals 155 integrations, indicating 52%
coverage of the Green Star rating.

Theoretically, this research contributes to existing knowledge by demonstrating how
BIM can be instrumental in achieving sustainability goals systematically within building
certification frameworks. It reinforces BIM’s potential in facilitating integrated design
practices that align with sustainability certification criteria.

The findings provide actionable insights for architects, engineers, and sustainability
consultants on effectively leveraging BIM for Green Star certification. The demonstrated
methodology offers a practical framework for streamlining the sustainability certification
process, potentially reducing project timelines and costs.

The integration of BIM significantly improved the efficiency, accuracy, and effective-
ness of achieving Green Star certification for the K Block building at the Ara Institute of
Canterbury. The building, a key subject of this assessment, successfully demonstrated
compliance with specific Green Star sustainability criteria, such as management, indoor
environment quality, energy, and materials. The positive assessment signifies that K Block
has achieved substantial sustainability benchmarks, including optimized energy perfor-
mance, improved indoor environmental conditions, efficient resource management, and
effective cross-disciplinary collaboration.

This positive outcome confirms K Block as an exemplar of sustainable educational
facility design, meeting and exceeding the stringent sustainability requirements outlined by
the NZGBC. Practically, this demonstrates the robust capability of BIM tools to streamline
sustainability certification processes, reduce administrative burdens, and enhance resource
efficiency. Theoretically, this research reinforces BIM’s critical role in aligning building
design and construction practices with contemporary sustainability objectives.

Future research should explore BIM integration in broader sustainability categories not
covered in this study, such as land use and ecology and emissions. Comparative analyses
across multiple diverse building projects are recommended to enhance generalizability.
Additionally, further investigation into the integration of advanced BIM technologies, such
as digital twins and real-time monitoring systems, would provide deeper insights into
enhancing sustainability performance throughout a building’s lifecycle.
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19. Płoszaj-Mazurek, M.; Ryńska, E. Artificial intelligence and digital tools for assisting low-carbon architectural design: Merging the
use of machine learning, large language models, and building information modeling for life cycle assessment tool development.
Energies 2024, 17, 2997. [CrossRef]

20. Cao, Y.; Kamaruzzaman, S.N.; Aziz, N.M. Green building construction: A systematic review of BIM utilization. Buildings 2022,
12, 1205. [CrossRef]

21. Lu, Y.; Wu, Z.; Chang, R.; Li, Y. Building Information Modeling (BIM) for green buildings: A critical review and future directions.
Autom. Constr. 2017, 83, 134–148. [CrossRef]

108



Energies 2025, 18, 3994

22. Uddin, M.N.; Wei, H.H.; Chi, H.L.; Ni, M.; Elumalai, P. Building information modeling (BIM) incorporated green building
analysis: An application of local construction materials and sustainable practice in the built environment. J. Build. Pathol. Rehabil.
2021, 6, 13. [CrossRef]

23. Hajj, E.C.I.; Montes, G.M. Examining green building practices: The influence on building information modeling function diffusion.
Sustainability 2025, 17, 3843. [CrossRef]

24. Krygiel, E.; Nies, B. Green BIM: Successful Sustainable Design with Building Information Modeling; John Wiley & Sons: Hoboken, NJ,
USA, 2008.

25. Gonzalez, R.E.; Stephens, M.T.; Toma, C.; Dowdell, D. Incorporating potential environmental impacts in building seismic design
decisions. Bull. Earthq. Eng. 2023, 21, 4385–4428. [CrossRef]

26. Peng, W.; Feng, Z. The applications of building information modelling for the lifecycle performance of green buildings: A
systematic literature review. In Proceedings of the 7th New Zealand Built Environment Research Symposium (NZBERS),
Auckland, New Zealand, 17–18 February 2022.

27. Olanrewaju, O.I.; Enegbuma, W.I.; Donn, M.; Chileshe, N. Building information modelling and green building certification
systems: A systematic literature review and gap spotting. Sustain. Cities Soc. 2022, 81, 103865. [CrossRef]

28. Kamaruzzaman, S.N.; Salleh, H.; Lou, E.; Edwards, R.; Wong, P.F. Assessment schemes for sustainability design through BIM:
Lessons learnt. In Proceedings of the 4th International Building Control Conference, Kuala Lumpur, Malaysia, 7–8 March 2016;
p. 80.

29. Abdelaal, F.; Guo, B.H. Stakeholders’ perspectives on BIM and LCA for green buildings. J. Build. Eng. 2022, 48, 103931. [CrossRef]
30. Mobaraki, A.; Nikoofam, M.; Mobaraki, B. The Nexus of Morphology and Sustainable Urban Form Parameters as a Common

Basis for Evaluating Sustainability in Urban Forms. Sustainability 2025, 17, 3967. [CrossRef]
31. Doan, D.T.; Ghaffarianhoseini, A.; Naismith, N.; Ghaffarianhoseini, A.; Zhang, T.; Tookey, J. Examining Green Star certification

uptake and its relationship with Building Information Modelling (BIM) adoption in New Zealand. J. Environ. Manag. 2019,
250, 109508. [CrossRef]

32. Gandhi, S.; Jupp, J. BIM and Australian green star building certification. In Proceedings of the Computing in Civil and Building
Engineering (2014), Orlando, FL, USA, 23–25 June 2014; pp. 275–282.

33. Ly, L.; Kiroff, L. BIM use in green building certification processes. In Proceedings of the International Structural Engineering and
Construction, Chicago, IL, USA, 11–18 August 2023; pp. 1–6.

34. Liu, Z.; Wang, Q.; Gan, V.J.; Peh, L. Envelope thermal performance analysis based on building information model (BIM) cloud
platform—Proposed green mark collaboration environment. Energies 2020, 13, 586. [CrossRef]

35. Renganathan, R. Investigating the Role of BIM and Simulation Tools in Promoting Energy Efficiency for Green Building
Certification. Renew. Energy 2025, 1, 50–70. [CrossRef]

36. Gelder, J.; Agrawal, M.; Miller, J. Green Star Communities Rating Tool: An Assessment; CRC Low Carbon Living: Sydney,
Australia, 2018.

37. Ferdosi, H.; Abbasianjahromi, H.; Banihashemi, S.; Ravanshadnia, M. BIM applications in sustainable construction: Scientometric
and state-of-the-art review. Int. J. Constr. Manag. 2023, 23, 1969–1981. [CrossRef]

38. Alves Tenório de Morais, G.; RS de MS Nascimento, C.; dos Santos, E.B.; MN de Souza, K.; Fernandes, B.S.; Palha, R.P. Integration
potential between REVIT and LEED: A review. Archit. Eng. Des. Manag. 2024, 20, 510–525. [CrossRef]

39. Alfalah, G.; Al-Sakkaf, A.; Abdelkader, E.M. On the exploration of building information modeling capabilities for promoting
sustainability-related practices in construction projects: Case studies in china and usa. WSEAS Trans. Environ. Dev. 2021, 17,
764–786. [CrossRef]

40. Al Aamri, A.M.S.; Evdorides, H.; Baniotopoulos, C. Barriers and Opportunities for the Adoption of Building Information
Modelling in the Design of Buildings: Case Study of Oman. Sustainability 2025, 17, 3510. [CrossRef]

41. Fauzi, M.A.; Anuar, K.F.; Mohd Zainudin, N.; Ahmad, M.H.; Wider, W. Building information modeling (BIM) in green buildings:
A state-of-the-art bibliometric review. Int. J. Build. Pathol. Adapt. 2023. [CrossRef]

42. Arbabi, A.; Taherkhani, R.; Ansari, R. A novel approach for integrating BIM and green building rating systems in the construction
projects design phase. Eng. Constr. Archit. Manag. 2024. [CrossRef]

43. Nwaogbe, G.; Urhoghide, O.; Ekpenyong, E.; Emmanuel, A. Green construction practices: Aligning environmental sustainability
with project efficiency. Int. J. Sci. Res. Arch. 2025, 14, 189–201. [CrossRef]

44. Abdelaal, F. Integrating Building Information Modelling (BIM) and Whole Building Life Cycle Assessment (WBLCA) for Green
Building Rating Systems. Ph.D. Thesis, University of Canterbury, Christchurch, New Zealand, 2021.

45. Alves, J.L.; Palha, R.P.; de Almeida Filho, A.T. BIM-Based Framework for Photovoltaic Systems: Advancing Technologies,
Overcoming Challenges, and Enhancing Sustainable Building Performance. Sustainability 2025, 17, 3695. [CrossRef]

46. Tabrizi, A. Sustainable construction, LEED as a green rating system and the importance of moving to NZEB. E3S Web Conf. 2021,
241, 02001. [CrossRef]

109



Energies 2025, 18, 3994

47. BIMinNZ. ARA Institute of Canterbury Kahukura Block. Available online: https://www.biminnz.co.nz/casestudies/2017/ara-
institute-of-canterbury-kahukura-block (accessed on 3 February 2025).

48. Jasmax. Kahukura—A Mass Timber and Net Zero-Ready Learning Building for Ara. Available online: https://jasmax.com/
projects/ara-institute-kahukura (accessed on 3 February 2025).

49. NZGBC. Green Star Certification. Available online: https://nzgbc.org.nz/introduction-to-green-star (accessed on 3
February 2025).

50. Doocy, L.E.; Zarmehr, A.; Kider, J.T., Jr. A critical review of the effectiveness of the Sustainability Tracking, Assessment & Rating
System (STARS) framework on campus sustainability. Build. Simul. 2021, 17, 629–635.

51. Maskil-Leitan, R.; Gurevich, U.; Reychav, I. BIM management measure for an effective green building project. Buildings 2020,
10, 147. [CrossRef]

52. Narcida, L.; O’Dell, M.; Pacheco, M.; Perla, C.; Ramirez, V.; Sanchez, D.; Shoemaker, J.; Songco, L.; Zirakian, T.; Boyajian, D.
Undergraduate Design and Analysis of a LEED Certified Building. J. Civ. Eng. Archit. 2022, 16, 227–234.

53. Borkowski, A.S. A Literature Review of BIM Definitions: Narrow and Broad Views. Technologies 2023, 11, 176. [CrossRef]
54. Masood, R.; Kharal, M.; Nasir, A. Is BIM adoption advantageous for construction industry of Pakistan? Procedia Eng. 2014, 77,

229–238. [CrossRef]
55. Jankovic, L.; Carta, S. Biozero—Designing nature-inspired net-zero building. Sustainability 2021, 13, 7658. [CrossRef]
56. Escobar, K.A.; Valles, A.I.A.A.; Campoverde, T.O.C.; Herrera, R.F. Assessment of BIM use in the early stages of implementation.

Rev. Ing. Construcción 2021, 36, 311–321.
57. Solla, M.; Elmesh, A.; Memon, Z.A.; Ismail, L.H.; Kazee, M.F.A.; Latif, Q.B.a.I.; Yusoff, N.I.M.; Alosta, M.; Milad, A. Analysis of

BIM-based digitising of Green Building Index (GBI): Assessment method. Buildings 2022, 12, 429. [CrossRef]
58. Zhang, D.; Zhang, J.; Guo, J.; Xiong, H. A semantic and social approach for real-time green building rating in BIM-based design.

Sustainability 2019, 11, 3973. [CrossRef]
59. Lim, Y.-W.; Chong, H.-Y.; Ling, P.C.; Tan, C.S. Greening existing buildings through Building Information Modelling: A review of

the recent development. Build. Environ. 2021, 200, 107924. [CrossRef]
60. Autodesk. Autodesk Insight. Available online: https://www.autodesk.com/products/insight/overview (accessed on 1

June 2024).
61. Zhao, X.-g.; Gao, C.-P. Research on Energy-Saving Design Method of Green Building Based on BIM Technology. Sci. Program.

2022, 2022, 2108781. [CrossRef]
62. Arisanti, K.; Latief, Y.; Machfudiyanto, R. Development information system for building maintenance for structural components

of government green building using Building Information Modelling (BIM). IOP Conf. Ser. Mater. Sci. Eng. 2020, 830, 022060.
[CrossRef]

63. Pham, D.H.; Kim, B.; Lee, J.; Ahn, Y. An investigation of the selection of LEED version 4 credits for sustainable building projects.
Appl. Sci. 2020, 10, 7081. [CrossRef]

64. Li, L.; Gao, L.; Zhang, X.; Xu, H.; Jiang, L. Research on Building’s Carbon Emission Calculation and Reduction Strategy Based
on Life Cycle Assessment (LCA) and Building in Formation Modeling (BIM): A Case Study in Beijing, China. Buildings 2025,
15, 1403. [CrossRef]

65. Long, R.; Li, Y. Analysis of Designing Green Architecture Based on Building Information Modeling (BIM) Technology. IOP Conf.
Ser. Earth Environ. Sci. 2021, 827, 012018. [CrossRef]

66. Sonkamble, R.G.; Bongale, A.M.; Phansalkar, S.; Sharma, A.; Rajput, S. Secure data transmission of electronic health records using
blockchain technology. Electronics 2023, 12, 1015. [CrossRef]

67. Deng, R.; Li, X.; Tian, Y. A Review: The Application of Path Optimization Algorithms in Building Mechanical, Electrical, and
Plumbing Pipe Design. Buildings 2025, 15, 2093. [CrossRef]

68. De Castro, A.V.; Pacheco, G.R.; González, F.J.N. Holistic approach to the sustainable commercial property business: Analysis of
the main existing sustainability certifications. Int. J. Strateg. Prop. Manag. 2020, 24, 251–268. [CrossRef]

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.

110



Article

Influence of Solar Radiation on the Thermal Load of an External
Wall Taking into Account Its Material Properties
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Abstract: This study empirically verified the effect of solar radiation on the building
envelope, with particular emphasis on the generated surface temperature. A model of a
cellular concrete block wall with ETICS (External Thermal Insulation Composite System)
was constructed with varying insulation-plaster configurations, followed by tests in a
“sun chamber” aging chamber and numerical analyses. The measurement results were
compared with those from the numerical simulations, taking into account the thermal
properties of the materials used and the radiation exposure conditions. The purpose of the
study was to determine to what extent different types of plasters and insulation materials
affect the heating of the façades. Computer simulations confirmed the direction of energy
flow and the gradual heating of successive layers. Furthermore, the differences between
the material variants were consistent with the experimental observations. By modeling
perfectly uniform conditions, the numerical analysis allowed us to limit the impact of
radiation variability, resulting in results with reduced error.

Keywords: solar radiation; partition temperature; ETICS

1. Introduction

The European Directive 2010/31/E(EPBD) [1] forced the development of research on
the dynamic thermal properties of building elements. Thermal characteristics describe the
dynamic response of the system to varying loads over time [2]. Heat conduction is one of
the main means of heat transfer between the interior and exterior through the building
envelope [3], and the key parameters are the building’s aspect ratio [4], the window-to-wall
ratio [5], and the thermal conductivity of the walls [6,7]. However, in some cases (historic
buildings), due to the specific qualities of the façade, the use of thermal insulation is not
recommended or hindered. In addition, exterior wall insulation materials are often exposed
to adverse weather conditions including solar radiation [8].

The building material used in the construction of the walls, and which is exposed to
the direct influence of the external climate, has a direct impact on the temperature and
humidity inside the building, which is controlled by the wall structure [9–11]. The causes
of material decomposition can be determined from information on changes in temperature
and humidity [12], which promote chemical decomposition through dissolution, oxidation, or
physical decomposition [13,14] or biodeterioration in the form of microbial colonization [15,16].
Monitoring of the studied parameters is one of the priorities of microclimatic research [17]. It
should be noted that the absorption of solar energy by the wall is influenced by factors such as
the heat accumulation coefficient of the wall, the heat-transfer coefficient of the south wall’s outer
surface, the radiation intensity, consecutive sunny days, and the outdoor air temperature [18].

Energies 2025, 18, 4741 https://doi.org/10.3390/en18174741
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The results also show that the SER is strongly affected by the heat-transfer coefficient of the wall’s
outer surface, with lower coefficients having a more obvious influence [19]. Generally, all such
measures can be said to lead to so-called passive wall cooling [20]. In addition to façades with
high thermal inertia [21], passive radiative cooling materials [22], insulating materials [23,24],
modular living wall systems [25], ventilated façades [26], and Trombe walls [27], color-changing
partitions [28,29], are also used. Giovani’s research [29] showed that in desert climates, the
maximum surface temperature difference between black and white roofs in summer could
reach 30–40 ◦C, and that high-reflectance roofs made of reflective materials or colors reduced
the cooling energy demand and mitigated urban heat islands [30]. Therefore, the authors of this
article undertook research on the influence of façade materials, plasters, and paints on surface
temperature distribution and heat transport.

The authors of this article, through their research, obtained data to evaluate the in-
fluence of the type of plastering and the properties of thermal insulation on the process
of heat accumulation and heat transfer through the façade. The results of the experiment
may find application in the design of energy-efficient insulation systems as well as in the
selection of building materials that provide optimal protection against the overheating
of exterior walls under conditions of intense sunlight. The results of the empirical mea-
surements were compared with the results of the simulations. The aim of this comparison
was to verify the agreement of the experimental results with theoretical predictions and
to identify any discrepancies arising from real-world conditions, which cannot always
be fully accounted for in the models. The numerical calculations were based on classical
methods for determining the heat flow in the building partitions. In order to carry out the
numerical simulation, the partition under study was mapped in the Ansys and THERM
programs, which allow for the precise analysis of heat flow in complex material systems.
The model took into account the actual thermal properties of the materials used and the
boundary conditions corresponding to the values recorded during the laboratory test. The
heat flow acting on the surface of a partition was mapped, taking into account the influence
of solar radiation and convective heat exchange with the surroundings. Through the use
of computer simulation, it was possible to obtain an accurate picture of the temperature
distribution in the partition structure. A comparison of the numerical results with those
obtained empirically allowed for an assessment to be made of the accuracy of the model
used and its applicability in further research into optimizing the thermal insulation of
building façades. The added value of the work was the use of a world-unique aging
chamber. To simulate the atmospheric environment, a rotating climatic aging chamber
was applied, whose stand consisted of four chambers. The core was made up of a central
rotating chamber that had four exposition walls, with the dimensions 1.55 × 2.10 m, to
mount the test samples.

2. Methods

As part of this study, an experimental verification of the effect of solar radiation on the
building envelope was carried out, with particular reference to the temperature generated
on its surface.

For the purposes of the experiment, a model two-layer wall with ETICS insulation
with different insulation and plaster layer arrangements was created (chapter 2.1).

The experiment was conducted under laboratory conditions, in an aging chamber, a
‘sun chamber’, which enabled temperature changes to be reproduced precisely and the
effect of radiation on the test surfaces to be controlled (chapter 2.2). The scope of the work
did not include issues related to the moisture content of the materials, their long-term
aging, or the effect of UV radiation. The influence of atmospheric conditions other than
solar radiation (precipitation, wind) was also not analyzed.
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In addition, numerical calculations were carried out using the Ansys and THERM
programs (chapter 2.3), which allowed for precise analysis of the heat flow in complex
partition systems.

2.1. Characteristics of Testing Samples

In order to analyze the physical phenomena associated with the heating and heat
transfer of building materials, a stand was prepared with a varied combination of insulation
materials and renderings.

A sample of a two-layer wall with ETICS insulation with an area of 160 × 202 cm was
made. The structural layer of the wall was made of 12 cm thick cellular concrete blocks
with adhesive mortar. Then, a 20 cm thick layer of thermal insulation made of polystyrene
foam boards fixed with adhesive mortar was attached to the wall layer. For comparison
purposes, three types of polystyrene foam were used, laid in 50 cm wide horizontal strips,
with different thermal conductivity coefficients λ:

• White EPS with graphite (λ = 0.042 W/m·K);
• Graphite EPS (λ = 0.033 W/m·K);
• White EPS (λ = 0.040 W/m·K).

On the surface of the polystyrene-insulated wall, a reinforcement layer of glass-fiber
mesh embedded in adhesive mortar was made and then finished with a plaster coating
with a roughcast structure and a grain size of 1.5 mm. Three types of thin-coat plaster were
laid in 50 cm wide vertical strips:

• Acrylic render (λ = 0.76 W/m·K, α = 0.55) painted with heat-reflective paint to reduce
heat gain (d = 2 mm, λ = 0.053 × 10−2 W/m·K, ε = 0.99, α = 0.0996);

• Acrylic render (λ = 0.76 W/m·K, ε = 1, α = 0.55);
• Silicone render (λ = 0.76 W/m·K, ε = 0.98, α = 0.55).

The emissivity ε of the finishing layers was determined using a thermal imaging
camera and thermocouple-type sensors connected to a recorder on a separately laid plaster
strip outside the test bench.

We denoted the solar absorptivity by α.
The general layout of the wall layers and the location of subsequent partition systems

(layers: insulation and plaster) are shown in Figure 1.

Figure 1. Arrangement of layers: (a) diagram of the layers of the partition under consideration and
(b) the tested arrangements (insulation-plaster) of the partition.
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2.2. Tests in the Aging Chamber

Solar heating tests on plaster were carried out in an aging chamber. A test rig designed
for atmospheric aging was used to simulate solar radiation. A climate chamber, part of
the aging chamber, the so-called ‘sun chamber’, was used in the study, whose task was to
simulate solar performance through illumination.

The ‘sun chamber’ inflicts radiation close to natural sunlight in the 400–700 nm
range through a system of 20 metal-halide (MH) lamps, each with 8 kW of power and
10 UV-mimicking ultraviolet emitters. The MH lamps, with a color temperature of 4500 K
and a luminous flux of 35,000 Lm, are characterized by good reproduction in the spectrum
of natural solar radiation.

The test specimens were prepared as ETICS (External Thermal Composite Insulation
System)-type external wall insulation systems. The prepared system of nine specimens,
with different layers of polystyrene and plaster, was built over the entire surface of one
of the walls of the central exhibition chamber with an area of 1.6 × 2.1 m (as described in
chapter 2.1). In order to collect measurement data of the heating temperature of the plaster
in the central point of each sample (50 × 50 cm field), thermocouple-type sensors were
installed in the flush-mounted layer and on the render surface (Figures 2 and 3). Individual
sensors were connected to an Ahlborn Therm 5500-3 multi-channel recorder (Holzkirchen,
Germany). In this way, the test samples, together with the recording system, were prepared
for testing.

Figure 2. Layering of thermal insulation layers and temperature sensors: (a) under the render; (b) on
the render surface.

 

Figure 3. Location and marking of the temperature sensors under the render and on the render surface.

The experimental study was conducted under the following conditions: air temper-
ature near the sample: Meas. I—22.4 ◦C, Meas. II—33.5 ◦C, Meas. III—25.3 ◦C, Meas.
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IV—23.5 ◦C, Meas. V—23.5 ◦C; air temperature in the laboratory: 17.0 ± 0.2 ◦C; air
humidity: 24%; and air velocity inside the laboratory: 0.1 m/s.

The tests were repeated five times to verify the results and assess the effect of varying
the position of the radiation source on the temperature distribution on the partition surface.
The distance of the light source from the test surface was changed three times, while the
material properties and geometry of the partition were unchanged. The test was carried
out with the lamps positioned at distances from the test surface of the partition equal to
66 cm, 23 cm, and 45 cm (Figure 4):

Figure 4. Location of the solar radiation source in relation to the test wall.

Once the aging chamber lamps were switched on, regular temperature readings were
taken at 2-min intervals for a period of 2 h. This process allowed the surface temperature
changes of the tested materials to be accurately monitored under the influence of the
thermal radiation emitted by the lamps. By recording the temperature values at specific
measurement points, it was possible to analyze the dynamics of surface heating as a
function of time.

At the end of the heating stage, the lamps were switched off, and temperature readings
were continued at the same measuring points every 2 min for a further 2 h. This stage was
aimed at assessing the cooling process of the surface and determining the time required to
reach thermal equilibrium with the surroundings.

2.3. Numerical Analyses

In parallel to the tests in the aging chamber, the experimental situation was also
modeled in Ansys, version 2024 R2, and THERM, version 7.6.

In Ansys in the Steady-State Thermal module, 3D analyses were carried out using the
finite element method (FEM). The boundary conditions were set so that the specimen was
treated as a section of wall (i.e., the width and height of the specimen was not limited).
The simulation was based on the introduced geometry, taking into account the material
layers and their thermal properties as faithfully as possible, reflecting the specimens used
in the experimental studies. The boundary conditions corresponded to the test setup from
Measurement IV.

The modeling process in THERM began by importing the geometry of the system
under analysis and defining the material parameters and boundary conditions. In THERM,
2D finite-difference analyses were carried out on the created geometry of the analyzed
system and after defining the material parameters and boundary conditions.

3. Results and Discussion

The maximum temperatures recorded during the measurement are presented in Figure 5.
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Figure 5. Surface temperatures of render and insulation—Measurements I–V.

During the operation of the aging chamber, the light bulbs generate high tempera-
tures. To prevent emergency situations, the device is equipped with autonomous safety
mechanisms that deactivate individual bulbs depending on the temperature. In order to
analyze the impact of this aspect, the irradiance level in the central part of the wall, formed
by the nine test fields combined, was monitored. The readings were taken over a period of
2.5 h, at 2-minute intervals (Figure 6).

Figure 6. Variation of the solar radiation intensity over time. The area marked in red is enlarged in
Figure 7.

Figure 7. Dependency of temperature variation on the solar radiation intensity over time.
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The recorded temperature fluctuations on the surface of the wall section exhibited a
clear correlation with the observed variations in irradiance. This relationship is illustrated
in Figure 7 (a fragment of the measurement presented in Figure 6), where it is evident that
a decrease in irradiance resulted in a temperature drop, while an increase in irradiance led
to a renewed rise in surface temperature.

During the 150-minute measurement period, the irradiance levels varied between 441 W/m2

and 461 W/m2, representing a fluctuation of less than 5%. These temporal variations—caused
by automatic bulb shutoffs—resulted in corresponding fluctuations in the temperature readings;
however, the extent of these deviations was considered acceptable.

To ensure the reliability of the measurements, irradiance was verified using a so-
larimeter across different test fields on the wall. During Measurement I, Field 5 recorded
389.6 W/m2, while Field 3 showed only 275.8 W/m2. Even greater discrepancies were
observed during Measurement III, with irradiance ranging from a maximum of 499.4 W/m2

to a minimum of 332.0 W/m2. The distribution of irradiance across the surface of the wall
section is illustrated in Figure 8.

 
Figure 8. Irradiance values recorded for Measurements I and III.

To assess the significance of this parameter, the measured irradiance values were
compared with the corresponding render surface temperatures in Table 1.

Table 1. Summary of the irradiance measurements for individual test fields with corresponding
render surface temperatures—Measurements I and III.

Measurement No.
Irradiance [W/m2]/Temperature [◦C] for Subsequent Measurement Areas

S1 S2 S3 S4 S5 S6 S7 S8 S9

I
333.4 363.5 275.8 333.0 389.6 325.2 296.9 357.8 288.9
53.9 55.0 43.5 56.7 58.1 50.8 53.8 54.0 47.3

III
369.4 461.1 332.0 392.8 452.4 403.8 395.8 499.4 436.4
66.2 64.7 54.8 69.6 68.8 - 72.5 76.4 65.9

The study was conducted on fields with different material parameters, making it
necessary to determine the relationship between irradiance and temperature.

Based on Table 2, it was found that in the analyzed cases, an irradiance level ranging
from 5.5 W/m2 to 8.6 W/m2 was required to generate a 1 ◦C increase in temperature. As
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demonstrated in Table 1, the maximum difference in measured irradiance reached nearly
170 W/m2.

Table 2. Irradiance required to generate a 1 ◦C temperature rise, depending on the test field on the
wall section.

Measurement No.
Required Irradiance per 1 ◦C Temperature Rise for Each Measurement Area

S1 S2 S3 S4 S5 S6 S7 S8 S9

I 6.2 6.6 6.3 5.9 6.7 6.4 5.5 6.6 6.1

III 5.6 7.1 6.1 5.6 6.6 - 5.5 6.5 6.6

This analysis highlighted that directly comparing different test fields without stan-
dardizing the radiation intensity would be methodologically inappropriate. To ensure
the reliability and accuracy of the study results, a correction of the temperature readings
was necessary. It was assumed that the highest measured irradiance in a given test served
as the reference level (100%), and the values for the remaining fields were expressed as
a percentage of this reference value. Using this percentage relationship, the recorded
temperatures were recalculated accordingly.

Temperature corrections were performed based on the irradiance distribution pattern
shown in Figure 8 (where for Measurements I, II, IV, and V: 100% = 389.6 W/m2, and for
Measurement III: 100% = 499.4 W/m2), with the adjusted results presented in Figure 9.

 
Figure 9. Corrected temperature values based on irradiance uniformity—Measurements I–V.

To illustrate the dynamic impact of radiant exposure on the temperatures at the
render surface and within the insulation layer, Figures 10 and 11 present time-dependent
temperature profiles for two of the five measurements conducted.
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Figure 10. Temperature change over time: (a) under solar radiation exposure and (b) after switching
off the radiation source—Measurement II.

Figure 11. Temperature change over time: (a) under solar radiation exposure and (b) after switching
off the radiation source—Measurement IV.

The graphs captured both the heating phase, resulting from exposure to the radiation source
(Figures 10a and 11a), and the cooling phase following its deactivation (Figures 10b and 11b). This
dual-phase representation enabled the analysis of both the intensity of the thermal response and
the thermal release capability of the tested material assemblies.

It was observed that the temperature differences between the readings taken on the
render surface and those on the insulation (EPS) surface varied depending on the position of
the measurement points across the tested fields. The results are presented in Figure 12a–e.

Figure 12. Temperature difference between the render surface and insulation—(a) Measurement I,
(b) Measurement II, (c) Measurement III, (d) Measurement IV, and (e) Measurement V.
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The recorded differences in temperature values can, from a physical standpoint, be
attributed to varying material properties such as the thermal transmittance coefficient,
surface emissivity, or the ability to absorb radiation.

3.1. Influence of Plaster Type and Insulation Material on Temperature Variations

The diagrams presented in the following (Figures 13–15) illustrate the variations in tem-
perature differences between the values measured on the surface of the render (exterior plaster
layer) and those recorded on the surface of the thermal insulation over time. The measurements
were conducted on samples featuring different finishing systems: acrylic plaster finished with a
thermal-insulating paint, standard acrylic plaster, and a silicone plaster.

Figure 13. Temperature difference between the render surface and insulation—white polystyrene
with graphite, λ = 0.042 W/(m·K)—(a) Measurement I, (b) Measurement II, (c) Measurement III,
(d) Measurement IV, and (e) Measurement V.

To enable comparative analysis, the results were grouped based on the type of thermal
insulation used—specifically expanded polystyrene (EPS) variants with different thermal
conductivity coefficients.

The tests were carried out under defined atmospheric conditions, with temperature
values recorded at consistent time intervals. This ensured a reliable assessment of the
thermal characteristics of the tested assemblies.
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Figure 14. Temperature difference between the render surface and insulation—graphite polystyrene,
λ = 0.033 W/(m·K)—(a) Measurement I, (b) Measurement II, (c) Measurement III, (d) Measurement IV,
and (e) Measurement V.

The results for test fields in which white expanded polystyrene with a graphite ad-
ditive was used as an insulating layer are presented in Figure 13a–e. The acrylic render
variant finished with thermochromic paint demonstrated a medium and highest temper-
ature difference—indicating the best thermal properties. The acrylic and silicone render
consistently showed low to medium thermal properties.

Figure 14a–e refers to test fields in which graphite polystyrene was used as an insulat-
ing layer. The summary of the five measurement series indicates that when using the more
thermally efficient graphite-enhanced polystyrene (λ = 0.033 W/m·K), the measurement
results changed slightly. The acrylic render with thermal paint more frequently maintained
a high temperature differential, which may suggest its more favorable role in preventing
heat loss when paired with graphite insulation.
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Figure 15. Temperature difference between the render surface and insulation—white polystyrene,
λ = 0.040 W/(m·K)—(a) Measurement I, (b) Measurement II, (c) Measurement III, (d) Measurement IV,
and (e) Measurement V.

The measurement data for samples with white polystyrene insulation are shown in
Figure 15a–e. For white expanded polystyrene (λ = 0.040 W/m·K), the highest thermal
performance was generally exhibited by the acrylic render with thermal paint, which
throughout most of the test series achieved the greatest temperature differences, thus
providing the highest resistance to heat flow. In this configuration, the acrylic render per-
formed better than when combined with other insulation materials—often demonstrating
stable and predictable thermal behavior. In this case, silicone plaster definitely gave way to
the others.

Based on the analysis of fifteen graphs depicting the temperature difference between
the render surface and the insulation layer for three types of polystyrene—white expanded
polystyrene with graphite additive (λ = 0.042 W/m·K), graphite-enhanced polystyrene (Grey EPS)
(λ = 0.033 W/m·K), and white expanded polystyrene (λ = 0.040 W/m·K)—clear conclusions can
be drawn regarding the behavior of façade systems in response to thermal radiation. Despite
the variability in conditions (especially the notable difference in radiation source distance in
Measurements II and III), several repeatable tendencies and material-related distinctions
were observed.

The silicone render consistently exhibited a characteristic trend of rapidly decreasing
temperature differences, often resulting in negative values—indicating that the render
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surface became cooler than the insulation surface. This suggests a rapid transfer of thermal
energy through the finishing layer, which may be attributed to its low thermal mass and
high thermal conductivity, which allow heat to pass through the silicone coating without
significant accumulation at the façade level.

The acrylic render demonstrated a more stable and predictable behavior. In most
measurements—regardless of insulation type—it maintained moderate temperature differ-
ences (~0–5 ◦C), rarely falling below zero.

The acrylic render with thermal paint almost universally produced the highest tem-
perature differences, indicating high reflectivity, as claimed by the manufacturer. Its overall
profile suggests that this render variant most effectively reduced heat transfer to the insula-
tion layer, particularly under intense thermal exposure. This effect was most pronounced
in Measurement II (closest heat source), where the acrylic + paint system exhibited temper-
ature differences several times greater than the other render types.

When comparing system performance across insulation types, it is evident that grey
EPS, being the most thermally resistant (λ = 0.033 W/m·K), amplified the contrast between
the renders—highlighting the poor insulating performance of silicone and the strong barrier
effect of acrylic + paint. White EPS with the graphite additive presented a more balanced
profile, whereas the silicone render often showed moderate efficiency. Meanwhile, standard
white EPS, although theoretically less insulating, demonstrated a surprisingly effective
performance when combined with acrylic render—indicating a possible synergistic effect
between its moderate conductivity and the thermal mass of the render.

In an ETICS system with a façade plaster, sunlight absorption occurs primarily on
the plaster surface, but some long-wave thermal radiation can penetrate the plaster layer,
especially thin-layer plaster, and affect the polystyrene. Differences in α between the
polystyrene layers may then have a secondary, but measurable, effect on the temperature
distribution within the partition, as confirmed by the measurement results.

3.2. Influence of Radiation Source Distance

In order to fully understand the behavior of the tested material systems under thermal
exposure, five levels of exposure were analyzed, differing both in the distance between the
radiation source and the wall assembly and in radiation intensity. This comparison made it
possible to clearly distinguish the impact of external conditions from the intrinsic material
properties of the samples and assess how the geometric relationship between the source and the
wall influences the heating of façade surfaces. Table 3 presents the summarized measurement
data. The reported radiation intensity was the highest among the measured values.

Table 3. Overview of the measurement conditions.

Measurement No.
Distance Between the Radiation Source

and the Wall Assembly [cm]
Radiation Intensity [W/m2]

I 66 389.6
II 23 450.0
III 45 499.4
IV 66 389.6
V 66 389.6

Measurement II was characterized by the shortest distance between the radiation source
and the wall, combined with a very high radiation intensity, which allowed for the identification
of particularly adverse conditions for envelope systems exposed to local heat sources. Mea-
surement III, despite an even higher intensity, was conducted from a greater distance, which
significantly influenced the temperature distribution over time. Measurements I, IV, and V
formed a comparative group with standardized exposure conditions.
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The graphs do not include the values recorded during measurement disturbances
resulting from mechanical interference with the sensor system (e.g., the need to adjust their
mounting or restore proper contact with the tested surface). These data were deliberately
excluded from the analysis, as they are not representative of the actual thermal response of
the system.

In all nine measurement areas, the dominant influence of the distance between the
radiation source and the wall assembly on the temperature profile of the tested systems was
unequivocally confirmed (Figures 16–18). Measurement II, in which the source was placed
closest to the wall—just 23 cm away—at a radiation intensity of 450 W/m2, resulted in the
most rapid and extreme temperature increases across all samples. Under these conditions,
the final surface temperatures frequently exceeded 120 ◦C, regardless of the type of EPS or
render used. This clearly indicates that the thermal load intensity outweighs the effect of
the material characteristics. In Measurement III, despite an even higher radiation intensity
(499.4 W/m2), the use of a greater source-to-surface distance (45 cm) resulted in notably
lower temperatures. This confirms that the efficiency of heat transfer is determined not
only by the power of the thermal flux, but above all, by the spatial configuration between
the source and the heated surface including both the distance the radiation travels and the
presence of obstacles that may restrict free air movement and thus convection.
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Figure 16. Temperature change over time—comparison of the results on the surface of the finishing
layer in Measurement area 2 across consecutive measurements.
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Figure 17. Temperature change over time—comparison of results on the surface of the finishing layer
in Measurement area 5 across consecutive measurements.
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Figure 18. Temperature change over time—comparison of results on the surface of the finishing layer
in Measurement area 8 across consecutive measurements.

A key physical phenomenon that further explains the materials’ strong response to
proximity heating is the limitation of convective heat exchange with the environment. In
Measurement II, due to the very small gap between the radiation source and the wall
surface, airflow was severely restricted, preventing the efficient displacement of heated air.
This limited air circulation caused the formation of a localized layer of warm air that was
not effectively replaced by cooler ambient air. The resulting “thermal cushion” effect led
to continuous surface heating, as the heat that would otherwise be dissipated by natural
convection remained trapped. Consequently, the system exhibited a nonlinear temperature
increase in response to reduced distance; despite relatively minor differences in radiation
intensity between tests, temperature differences reached several tens of degrees Celsius.

Measurements I, IV, and V, conducted at the greatest distance (66 cm) and a radiation
intensity of 389.6 W/m2, showed the lowest temperatures and the most stable profiles. In
these cases, the available space allowed for free airflow and more efficient heat dissipation
into the environment, effectively limiting surface temperature rises. Furthermore, under
moderate radiation conditions, the differences between the materials became more dis-
tinguishable, suggesting that thermal performance characteristics become more apparent
when surface phenomena are not overshadowed by extreme radiation exposure.

In summary, reducing the distance between the radiation source and the wall assembly
increased both the intensity of heat input and the restriction of heat dissipation through
natural convection. These effects act synergistically, producing a pronounced nonlinear
rise in the temperature of the material. As a result, even minor changes in exposure
geometry may have greater thermal implications than the material parameters themselves.
This phenomenon has practical importance in real-world conditions, where wall systems
are often subjected to intense, directional solar radiation such as sun-exposed façades,
narrow gaps between buildings, or adjacency to heat-emitting surfaces like asphalt. In
such scenarios, the thermal protection performance depends not only on the insulation
properties, but also on environmental factors that either enable or hinder effective heat
exchange with the surroundings.

3.3. Numerical Simulation

In parallel with the experimental study, the scenario was also modeled using
Ansys software, version 2024 R2, the Steady-State Thermal module, and THERM software,
version 7.6.

THERM is a tool that uses a two-dimensional steady-state heat conduction model,
as described.
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This program focuses solely on thermal conductivity, without the ability to account
for full thermal radiation or dynamic phenomena.

Ansys Steady-State Thermal, on the other hand, is an advanced numerical tool that
also uses the Fourier equation in steady-state mode, but in a full 3D or 2D model:

∇(k∇T) + Q = 0 (1)

The analysis conducted in both programs focused on the case with one-way heat
transfer (from the outer to the inner surface of the partition), which physically implies a
1D model. However, using Ansys allowed for the accurate representation of the influ-
ence of solar radiation (through a defined heat flux and emissivity) and the temperature
distribution in the layered material, which exceeds the capabilities of THERM.

The numerical modeling conducted included several simplifying assumptions that
could have contributed to the differences between the simulation results and the actual
measurements. The most important include:

1. Ignoring natural airflows (free convection) around the tested element—the model
primarily considered thermal conductivity and radiation, assuming a simplified or
constant convection coefficient, without dynamic air exchange with the surroundings.

2. Idealization of contact conditions between the system layers (e.g., plaster—polystyrene)—in
reality, micro-gaps, discontinuities, or heat transfer resistances may occur, which were not
reflected in the model.

3. Simplified boundary conditions for thermal radiation—the simulation used averaged values
of emissivity and radiant flux, ignoring minor differences resulting from surface texture.

4. Assumption of material homogeneity—the model did not account for local inhomo-
geneities in the insulating material (e.g., in the case of white polystyrene with added
graphite), which could have affected the local temperature distribution.

5. Constant ambient conditions—constant ambient temperature and radiation conditions
were assumed, ignoring their possible fluctuations during the actual experiment.

The results for the selected test areas are presented in Table 4.

Table 4. Summary of selected results obtained using Ansys and THERM software.

Area No.
Ansys THERM

Maximum Temperature [◦C]

2

  

69.91  

 

61.88

5

  

69.62  
 

 

64.30

8

  

69.62  

 

64.80
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The analyses took into account the material parameters of the façade renders, the
thermal properties of the applied insulation, and the boundary conditions simulating solar
exposure (excluding UV radiation) as well as convective and radiative heat exchange with
the surrounding environment, consistent with the conditions of Measurement IV.

Table 5 presents the maximum surface temperatures obtained across nine test fields,
calculated using different numerical tools: Ansys Steady-State Thermal and THERM. For
comparison, these results were juxtaposed with data from the experimental measurements.

Table 5. Summary of results obtained through numerical simulation.

Area No.

Steady-State Thermal THERM

Measurement
IV

Result
Absolute Error vs.

Experimental Reading
Result

Absolute Error vs.
Experimental Reading

[◦C] [◦C] [%] [◦C] [◦C] [%] [◦C]

1 69.84 −4.7 −7 61.83 3.3 5 65.2
2 69.91 −14.1 −25 61.88 −6.0 −11 55.8
3 69.85 −14.4 −26 61.80 −6.4 −12 55.4
4 69.42 1.2 2 64.10 6.5 9 70.6
5 69.62 −2.4 −4 64.30 2.9 4 67.2
6 69.46 −4.5 −7 64.20 0.7 1 64.9
7 69.42 −1.7 −2 64.70 3.0 4 67.7
8 69.62 −11.1 −19 64.80 −6.3 −11 58.5
9 69.46 −12.7 −22 64.70 −7.9 −14 56.8

In the comparative analysis of results obtained in the simulation environments An-
sys (Steady-State Thermal) and THERM, against the measurement data from the fourth
experimental cycle, clear quantitative discrepancies were observed in the recorded surface
temperatures. In most cases, the THERM software more accurately reflected the experimen-
tal measurements—the absolute deviations were generally within ±5 ◦C, corresponding
to a relative error in the range of 1–11%. The results obtained in Ansys showed larger
differences, reaching up to 26% (e.g., Field 3), which may indicate limitations of the applied
model or simplifications in the boundary conditions.

The highest relative errors in both simulation environments were observed for
Fields 2 and 3, where the differences between the calculated and measured temperatures
reached −14.4 ◦C in Ansys and −6.4 ◦C in THERM. It should be noted that Fields 1–3 were
coated with a thermal insulation paint with reflective properties. This layer could have
reduced heat absorption and altered the local thermal balance, which may not have been
fully captured in the simulation models—especially in Ansys, where this effect may have
been underestimated.

For Fields 4–7, the agreement between the simulation results and the experimental
data was significantly better, particularly in the case of THERM. For example, Field 6
exhibited only a 1% error, confirming the reliability of the model when appropriately
configured with accurate material and boundary parameters. The discrepancies in Ansys
were more pronounced but still within the acceptable range for preliminary analyses.

The largest deviations (up to −14% in THERM and −22% in Ansys) for Field 9 may
have resulted from local differences in emissivity, conductivity, or even nonlinear thermal
conduction through the layers—effects that are often averaged or omitted in simplified
models. This highlights the need for further refinement of the simulation frameworks.

In summary, THERM—due to its simplified but accurately configured two-dimensional
model—proved more effective in replicating the experimental results. Ansys, while more
suitable for general analysis, requires precise input parameter definitions for comparative
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evaluations. Particular attention should be paid to the optical and thermal properties of
surface layers—such as reflective coatings—that can significantly affect the temperature
distribution within the envelope.

4. Conclusions

The conducted research enabled a comprehensive, multi-faceted evaluation of the influence
of thermal radiation on vertical building envelopes, taking into account material variability
and exposure geometry. Through five repeated measurement cycles and the application of
various finishing and insulation configurations, it was possible to analyze both the dynamic
characteristics of wall heating and the long-term effectiveness of thermal protection.

The results recorded across five measurement series clearly demonstrate that both
the radiation intensity and the mechanisms of heat dissipation into the environment
significantly influence the level of envelope heating as well as the way in which heat
is distributed throughout its structure. The most extreme heating conditions occurred
during Measurement II, where the smallest distance between the radiation source and the
envelope (23 cm) led to the highest recorded surface temperatures on the exterior render,
and in many cases, also on the surface of the insulation layer. In contrast, Measurement III,
although it had the highest recorded radiation intensity (499.4 W/m2), resulted in slightly
lower temperatures. This can be attributed to the greater distance, which allowed for
more efficient heat exchange with the surrounding air, thus reducing the severity of the
thermal load. In Measurements I, IV, and V, conducted with the radiation source placed at a
greater distance (66 cm), lower temperature values and greater measurement repeatability
were observed—creating optimal conditions for comparing the performance of different
insulation materials.

A comparison of the maximum temperatures recorded on the surface of the façade
render and on the insulation (Figures 19 and 20) revealed significant differences in the
thermal behavior of the tested material assemblies. In many cases, the render surface
reached higher temperatures during the initial phase of radiation exposure due to its
direct exposure to the heat source. However, with prolonged heating and increased
thermal load, the temperature on the insulation surface occasionally exceeded that of the
render—indicating heat accumulation in the deeper layers of the wall assembly. The final
temperature distribution was thus the result of both the individual material properties and
their interactions within the entire system.
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Figure 19. Graph of the maximum temperatures on the surface of the insulation layer for the nine
tested areas across five consecutive measurements.
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Figure 20. Graph of the maximum temperatures on the surface of the external render for the nine
tested areas across five consecutive measurements.

In this study, the distance between the radiation source and the test surface was treated
as a model equivalent of real-world conditions with limited heat dissipation such as dense
urban settings, poor natural ventilation, or shading. The findings indicate that under such
conditions, the envelope is subjected to intensified heating, which should be considered in
façade design and the selection of finishing materials.

The inclusion of numerical thermal simulations using dedicated software provided
valuable support to the experimental work. Two approaches were employed: a simplified
2D model using THERM to analyze cross-sectional heat conduction, and an advanced
3D simulation using Ansys, enabling the tracking of temperature distribution over time.

The simulations confirmed the direction of energy flow and the progressive heating of
successive layers. Differences between material variants observed in the simulation results
were consistent with the experimental findings. The numerical approach, based on ideally
homogeneous conditions, helped minimize the impact of radiation variability.

From an engineering perspective, the use of two independent simulation methods en-
abled the cross-validation of results and enhanced the reliability of conclusions. Numerical
tools allow for the rapid testing of new material and geometric configurations at the design
stage, making them an extremely useful component in optimizing construction solutions.
However, it is important to emphasize that experimentally obtained results remain more
representative of real-world use and are essential for validating numerical models.

The final analysis confirmed that the effectiveness of a thermal barrier is a function
of multiple interacting factors—not only material technical parameters, but also environ-
mental conditions and exposure geometry. Even with identical layer geometries, changes
in convective conditions can lead to significant differences in surface heating. The col-
lected measurements, supported by graphical analysis, suggest that insulation surface
temperature is one of the key indicators of the thermal protection efficiency of wall as-
semblies, directly impacting building energy performance and occupant comfort. This
work contributes to the broader discussion on the impact of façade materials and colors on
the passive cooling of buildings. Our research indicates a need for further development
in this area of passive cooling. On the one hand, we presented a research methodology
using a rotating chamber to simulate the aging of materials under real-world conditions,
which in itself is an original proposal to complement established research methods. On the
other hand, we confirmed research results obtained using other research methods known
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from the literature, simultaneously identifying gaps in knowledge and proposing further
research development in this area.
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Abstract: There is an urgent need to implement sustainable solutions in the construction
sector, particularly within the Peruvian context, where regulations on energy efficiency
and building rehabilitation are still under development. This study addresses the energy
and social rehabilitation of the Mercado Central in Lima, with the aim of identifying the
most effective interventions from both energy and economic perspectives while promoting
urban sustainability. A detailed assessment of the building’s original state—covering
the thermal envelope and technical systems—was conducted, followed by fifty energy
simulations using Ce3X© v.2.3. software. Based on the obtained energy rating, several
envelopes and system improvements were proposed and evaluated in terms of energy
savings, cost-effectiveness, and social benefits. The most advantageous option, Measure M9,
combines interventions in roofs, openings, and installations. It achieved a global energy
rating of 17.6 A, with a projected lifespan of 75 years and an investment of EUR 1,642,457.01,
recoverable in just 1.4 years. The results highlight the potential of integrated retrofitting
strategies to simultaneously improve energy performance and social impact. Measure M9
emerges as the most viable solution, providing a replicable model for sustainable urban
rehabilitation in Peru and other regions facing similar challenges.

Keywords: energy simulation; renovation; commercial building; economic analysis

1. Introduction

Sustainability in the construction sector has become a global priority, driven by the
urgent need to reduce environmental impacts, conserve natural resources, and promote
more responsible and environmentally conscious development [1]. Moreover, the adoption
of sustainable practices in construction not only contributes to the protection of the envi-
ronment but also improves the quality of urban life, creating healthier, more efficient, and
comfortable spaces for its inhabitants.

1.1. Challenges in Implementing Sustainable Solutions in Developing Countries

Many developing nations continue to grapple with a complex mix of structural barri-
ers that hamper the adoption of sustainable building practices. Regulatory frameworks
for energy efficiency are often fragmented, inconsistently enforced, or underdeveloped.
Without clear standards, performance targets, and predictable timelines, investments in
efficient technologies and materials struggle to compete with lower upfront costs or quick
fixes that yield limited long-term gains. Moreover, incentives such as subsidies, tax benefits,
or financing mechanisms are frequently misaligned or inadequately funded, reducing the
appeal of retrofitting projects that require higher initial capital.

Energies 2025, 18, 4903 https://doi.org/10.3390/en18184903
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The retrofitting of existing buildings emerges as a particularly stubborn hurdle.
Many structures were designed without energy efficiency in mind, and retrofits in-
volve technical complexities, higher upfront costs, and disruptions to occupants. In-
adequate data on building stock, limited technical expertise, and constraints in access
to financing further impede progress. Appliances, systems, and envelopes that could
dramatically reduce energy use are often outdated or unavailable locally, slowing the
pace of modernization. Additionally, the lack of robust consumer awareness and de-
mand for energy-efficient options means that market signals do not sufficiently reward
sustainable choices.

These combined challenges hinder cities from fully leveraging the benefits of sustain-
ability. When energy efficiency improvements stagnate, cities miss significant opportunities
for energy savings, lower greenhouse gas emissions, and enhanced social well-being,
including improved indoor comfort and health. A coherent, well-funded strategy that
aligns regulations, incentives, financing, and technical capacity is essential to unlocking the
potential of sustainable, resilient buildings and to translating environmental advantages
into tangible improvements for residents [2].

A clear example is Peru, a great biosphere for the planet, rich in biodiversity and
natural resources, whose environmental dynamics have a global impact. However, it
faces an enormous task in moving towards sustainable development and greater energy
efficiency. The country has a historical legacy of great heritage value, but its buildings do
not always receive the maintenance and rehabilitation they require [3]. When assessing
the state of conservation, energy consumption, and efficiency of these properties, many
historical structures are found to be prone to deterioration and disproportionate energy
consumption. While private companies are significantly driving the construction of new
buildings and environments in developed economies, historic centers and national heritage
sites, when dependent on public funding, often lag behind, without adequate rehabilitation
or energy efficiency upgrades.

This gap between the modernization of new buildings and the conservation of old
ones creates significant imbalances: greater vulnerability of historic sites to climatic events,
higher maintenance costs, and loss of cultural and tourist value. The lack of incentives
and technical capabilities to intervene in historic buildings hinders the implementation
of energy efficiency and sustainable rehabilitation solutions that respect architectural
identity and heritage value. As a result, sustainability efforts are misaligned with the
country’s cultural and tourist wealth, limiting the positive impact on emissions reduction
and community well-being.

The 2020 pandemic exacerbated the economic situation, causing a recession and
relegating sustainability to a secondary level in the face of immediate needs. This blow
highlighted the urgency of comprehensive strategies that connect heritage conservation,
sustainable urban development, and energy efficiency, supported by public and private
financing, clear regulatory frameworks, and technical capabilities. To convert Peru’s
biospheric potential into tangible benefits for its people, cohesive policies are needed that
prioritize the respectful rehabilitation of historic buildings, the modernization of existing
infrastructure, and the strengthening of demand for efficient solutions, without losing sight
of the cultural wealth that characterizes the country.

1.2. Greater Environmental Impact During the Building’s Occupancy Phase

To address these challenges effectively, it is essential to understand at which stage
of a building’s life the greatest environmental impact occurs. Studies assessing energy
costs at each stage of a building’s life cycle reveal that, although the material extraction,
construction, and demolition phases consume a significant amount of energy, their contribu-
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tion to total energy consumption is relatively small compared to the building’s occupancy
phase [4]. The latter, which includes daily use, maintenance, and operation, accounts for
most of the long-term environmental impact. This knowledge is key to guiding design,
management, and policy strategies to promote more sustainable and responsible construc-
tion [5]. Furthermore, depending on the lifetime of a building, the percentage of energy
consumption allocated to the construction phase alone represents 9% of the total for a
building with a lifetime of 50 years, and it decreases to 5% for a building with a lifetime
of 100 years. This demonstrates the importance of efficient resource management in the
occupancy phase of the building [6]. For this reason, it is essential to understand that one of
the resources that can decrease the current pressure on the environment is the retrofitting
of existing buildings [7].

In this context, retrospective analyses should emphasize the role of heritage-listed
and historically significant buildings, which often exhibit architectural features that limit
straightforward retrofits yet hold substantial cultural and economic value. Case studies in-
tegrating energy retrofits with preservation objectives can illuminate pathways to improve
energy performance, without compromising historical integrity, by leveraging passive
design principles, high-performance envelope assemblies compatible with conservation
guidelines, and targeted retro-commissioning of legacy systems. Such approaches require
multidisciplinary collaboration among conservation professionals, engineers, and policy-
makers to establish adaptable standards and funding mechanisms that align with both
conservation ethics and modern energy performance targets [8].

Additionally, adopting a life-cycle assessment framework tailored to historic urban
cores can quantify the trade-offs between conservation intervention, retrofit intensity, and
long-term energy savings. This involves probabilistic modeling of uncertainty in material
durability, climate exposure, and occupancy patterns to optimize retrofit sequences and
maintenance scheduling. The resulting evidence base can inform policy instruments—
such as targeted subsidies, performance-based financing, and regulatory relief for historic
districts—that incentivize progressive energy upgrades while preserving the architectural
and cultural identity that drives tourism, education, and community resilience.

1.3. Energy Consumption in Commercial Buildings: Previous Studies

On the other hand, MINEM (2020) [9] has an “Energy efficiency and energy diagnosis
guide for large stores”, where markets and supermarkets are considered large-scale build-
ings. These buildings are equipped with more electrical equipment, consume more energy,
and have greater demands than other types of buildings. Accordingly, in the informative
part on energy efficiency and sector characteristics of this guide, it is mentioned that large
shopping centers use electricity as their main source of energy. In addition, the distribution
of the energy consumption of electricity that is demanded in a large shopping center may
depend on the following factors: type of products it stores, operating hours of refrigeration,
and air-conditioning and lighting equipment [10]. The distribution of electrical energy is
led by lighting (44%), followed by air conditioning (43%) [9].

The retail sector in Europe is characterized by high energy consumption, with super-
markets being particularly significant, with one of the highest rates of energy consumption
in this sector. Given their impact, supermarkets represent a key element in Europe’s efforts
to meet its greenhouse gas reduction target of 10% by 2020 [11,12]. On the other hand, in
the United States, the commercial building sector consumes almost 30% of all energy in the
country [13], hence the importance of analyzing this building typology.

In Peru, persistent poverty and economic constraints have significantly conditioned
infrastructure and sustainability priorities. Investment in retrofitting existing buildings
and in environmental awareness campaigns is low, as the focus is mainly on immediate
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economic savings [14]. This reality contrasts with the situation in many European countries,
where energy efficiency policies and campaigns are closely linked to environmental aware-
ness and the promotion of sustainable practices [15,16]. In the Peruvian context, especially
in the commercial sector, this is reflected in high energy consumption in buildings that, for
the most part, have not been refurbished or modernized to improve their efficiency. The
lack of investment in upgrading these spaces not only perpetuates high energy consump-
tion but also limits opportunities to reduce costs and reduce environmental impact in the
long term. This scenario underlines the need to rethink energy management strategies in
Peruvian commercial buildings, considering the economic and social realities of the country,
in order to promote a more efficient use of energy and move towards more sustainable
development [17–19].

Several international studies have highlighted the potential of retrofitting measures in
markets and commercial buildings. For instance, Salgueiro (2021) analyzed the Atarazanas
Market in Málaga, focusing on envelope upgrades and system improvements compatible
with heritage preservation, achieving reductions in heating demand by 50% and a signifi-
cant decrease in carbon footprint [20]. Calado (2023) studied the San Cristóbal Market in
Madrid, evaluating roof insulation and installation improvements, with payback periods
ranging from 1.2 to over 40, depending on the intervention [11]. Echevarría (2023), in
turn, examined La Paz Market in Madrid, proposing user behavior changes and envelope
optimization, again showing the importance of glazing and skylight interventions [19].
These works confirm that envelope measures and installations can yield meaningful results,
yet they also show that cost-effectiveness strongly depends on context [21].

Beyond market typologies, the retail sectors in Europe and the US have been widely
studied due to their high energy intensity [13,14,22]. Integrated retrofit approaches—
those combining envelope, systems, and renewable generation—are increasingly recom-
mended because they unlock higher savings and better economic returns than isolated
measures [15,16]. However, most peer-reviewed evidence for integrated strategies comes
from high-income contexts with consolidated regulatory frameworks. By contrast, in Peru,
the few existing references highlight the predominance of basic efficiency measures (e.g.,
LED lighting, improved HVAC) [9,23,24] and show that broader integrated retrofits remain
underexplored. Importantly, while previous studies have examined packages of measures
targeting a simple element (e.g., only roofs or only façades), there is a lack of systematic
analyses of hybrid packages that combine roofs, openings, and installations with explicit
economic evaluation in markets of developing countries. This constitutes the specific
knowledge gap that the present study addresses.

This research focuses on the energy and social rehabilitation of the Mercado Central
of Lima, a landmark building with significant commercial and cultural relevance. The
main objective is to identify retrofit strategies that maximize energy savings, economic
viability, and social impact. The central hypothesis is that integrated packages combining
interventions in roofs, openings, and installations achieve superior performance compared
to isolated measures, both in terms of energy efficiency and cost-effectiveness, while also
enabling social reuse of building spaces.

Methodologically, the study conducts an initial assessment of the building’s envelope
and systems, followed by parametric simulations of retrofit measures using Ce3X©. This
tool, although simplified, provides an effective basis for comparative energy rating and
cost–benefit analysis. Complementary tools include PVGIS for solar potential assessment
and CYPE© for cost estimation. We acknowledge, however, the limitations of certification-
based software such as Ce3X©, particularly its inability to capture sub-hourly dynamics,
occupancy variability, and time-dependent interactions. For this reason, we incorporate a
discussion of the value of dynamic simulation and calibrated models, which recent studies
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have successfully applied to building retrofit assessments [17,19]. Such approaches can
enhance precision in evaluating scenarios with complex temporal interactions, internal
loads, or passive strategies and represent an important avenue for future research in the
Peruvian context.

The contribution of this article is threefold: it provides the first systematic evaluation of
hybrid retrofit packages (roofs + openings + installations) in a Peruvian market; it integrates
energy simulations with economic analysis to identify cost-effective and replicable solutions
for contexts with limited resources; and it incorporates social rehabilitation considerations,
such as the potential reuse of roof and communal spaces, highlighting the broader cultural
and economic value of sustainable retrofitting in historic urban centers.

2. Methodology

Modeling required a preliminary analysis of the building, studying its spatial, struc-
tural, and architectural configuration. On this basis, the input parameters for the energy
simulation were established, as well as the conditions of the building’s environment.

2.1. Preliminary Development: Architectural Configuration

The Central Market is located in the district of Cercado de Lima, province and depart-
ment of Lima, Peru. It was built in 1967. The district of Cercado de Lima is the oldest, most
historic and monumental district of Lima, as it is home to a series of monuments of great
relevance characterized by their historical, religious, and cultural value.

The mixed building consists of a parallelepiped that occupies the entire block and is
surrounded by a commercial perimeter ring. This volume is divided into three main levels,
the first of which is subdivided into two platforms separated by half a level; all these levels
are connected by ramps. Above the market volume is the nine-story office tower, which is
supported by columns that create an open floor plan (Figure 1).

 

Figure 1. Exploited isometry of formal analysis of the Central Market. Source: Tolentino, 2019 [25].

Inside, the market is composed of a free floor plan with a central triple-height void
that becomes the organizer of the main circulation of the complex and where the ramps
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connecting the different levels are located. This void is covered by a raised metal roof
structure that differs from the concrete roofs used in the rest of the building (Figure 2).

 

Figure 2. Section of the Central Market. Source: Tolentino, 2019 [25].

In general, the building has an arcade system of reinforced concrete columns and
beams. The perimeter walls of the building are also made of this material, while the interior
divisions of most of the commercial premises are simple masonry partition walls. The
parallelepiped volume is made up of nine blocks separated by 5 m seismic joints. The
office tower is supported on blocks A1 and A2, so the columns are replaced in this case by
reinforced concrete slabs 60 cm thick and 3 m long (Figure 3).

Figure 3. Schematic plan of structural modulation of the Central Market. Source: Tolentino, 2019 [25].

The slabs are 20 cm thick and are supported on secondary beams with a section of
35 × 50 cm. On the other hand, the ramps are structurally supported on trapezoidal section
beams that are continuations of the main structure. Likewise, the central void is covered by
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a metal roof that rests on a structure made up of full-section steel scissors with a variable
section, which in turn rests on reinforced concrete columns.

2.2. Initial Building Analysis

This section outlines the construction characteristics of the building envelope and the
facilities available for conducting an initial energy analysis (Tables 1–3).

Table 1. Characteristics of market envelopes.

Elements Name Dimensions Area (m2) U (W/m2k)

Roof
Market flat roof variable 8745.00 4.23
Market pitched roof variable 1838.00 7.04

Walls: Northeast façade Huallaga

F.M. Huallaga first level variable 550.82 2.36
F.M. Huallaga central space variable 517.80 4.00
F.M. Huallaga skylights variable 69.30 5.88
Wall in contact with terrain variable 576.31 0.66

Walls: Northwest façade Ayacucho
F.M. Ayacucho first level variable 458.35 2.36
F.M. Ayacucho second level variable 215.63 4.00
F.M. Ayacucho central space variable 123.55 4.00

Wall in contact with ground Wall in contact with ground variable 410.53 0.85

Southwest façade Ucayali
F.M. Ucayali central space variable 338.44 4.00
F.M. Ucayali skylights variable 69.30 5.88
Wall in contact with ground variable 302.81 1.01

Walls: Southeast façade
Andahuaylas

F.M. Andahuaylas first level variable 433.72 2.36
F.M. Andahuaylas second level variable 215.63 4.00
F.M. Andahuaylas space central variable 123.55 4.00

Wall in F.M. Andahuaylas skylights variable 69.30 5.88contact with
ground Wall in contact with ground variable 410.53 0.85

Andahuaylas

Soil
Soil in contact with ground 97.68 × 97.50 9523.80 1.00
Floor in contact with outside air variable 1059.00 3.18

Walls
F.M. Ucayali first level variable 288.19 2.36
F.M. Ucayali second level variable 540.09 4.00

Table 2. Characteristics of the office tower enclosures.

Elements Name Dimensions Area (m2) U (W/m2k)

Office flat roof Office flat roof variable 1465.00 4.23

Walls: Northeast façade avenida
Huallaga F.O. Huallaga variable 2501.14 4.00

Walls: Northwest façade avenida
Ayacucho F.O. Ayacucho variable 722.43 4.00

Walls: Southwest façade avenida
Ucayali F.O. Ucayali variable 2441.48 4.00

Walls: Southeast façade avenida
Andahuaylas F.O. Andahuaylas variable 772.43 4.00

Soil Soil on contact with outside air variable 1378.00 3.18
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Table 3. Characteristics of the office tower enclosures.

Characteristics of Office Tower Enclosures

Heating It does not have a heating system because the temperatures are not very low, so this
equipment is not indispensable.

Cooling The building does not have this type of system; however, some premises on the perimeter ring
on the first level have air-conditioning equipment for private use.

Sanitary Hot Water The building does not have domestic hot water (DHW). The commercial stalls belonging to the
semi-wet and wet areas, as well as the toilets, only have cold water.

Ventilation There is no ventilation system, so no data is entered in the program for this.

Lighting

In terms of lighting equipment, linear fluorescent-type luminaires predominate in the market,
both in the whole of the outer perimeter and in most of the interior of the market. It is
estimated that 80% of the surface area of this area has these types of luminaires. The remaining
parts of the interior of the market, specifically the sales stalls located near the main entrances,
have linear LED tube luminaires, covering 20% of the area’s surface. The office tower, which is
currently used as a warehouse, has incandescent luminaires due to the age of this sector.

The openings have different thermal properties that vary according to their typology,
which is defined according to the type of enclosure they have. In order to organize their
typologies, they have been named as follows: ROM, nomenclature for openings with
a roll-up enclosure; REM, nomenclature for openings with a static vertical louvered
or slatted enclosure; HM, nomenclature for openings without a defined enclosure; VO
and VM, for window openings with a glass enclosure; and MO and MM, for partition
openings with a glass enclosure. The thermal properties of the openings are defined as
estimated values.

The building has been designated for commercial use, which predetermines its occu-
pancy. Its intensity of use has been estimated as high, and its daily operating hours have
been set at 12 h. All of this data is crucial for defining its operation. The equipment that
affects the building’s operation is detailed below.

2.3. Instruments for Evaluating Energy and Economic Improvements

In order to carry out this study, several tools and approaches were used to compre-
hensively assess possible energy improvements in the building under analysis. Firstly, the
Ce3X© software was used, a platform specialized in energy analysis of buildings, in which
all the data related to the thermal envelope of the building was entered, including walls,
windows, doors, and other construction elements, as well as the existing installations. This
process allowed an initial energy rating of the building to be obtained, serving as a baseline
for future improvements.

Ce3X© was selected because it is widely applied for preliminary energy certifica-
tion and retrofit assessment, especially in contexts where comprehensive building energy
datasets are scarce and regulatory frameworks are under development, such as in Peru.
Compared to dynamic simulation tools [26–29], such as Energy Plus©, TRNSYS©, or De-
sign builder©, Ce3X© offers simplified calculations with reduced computational time,
which allowed the evaluation of fifty different retrofit scenarios. Its limitations include the
monthly resolution of results, the absence of sub-hourly dynamics, simplified internal load
representation, and lack of advanced control strategies. These limitations are acknowledged
in the discussion as potential sources of uncertainty.

Although Ce3X© provides a simplified and certification-oriented assessment of build-
ing energy performance, it does not capture the time-dependent dynamics of occupancy,
climate, and internal loads. In the broader context of building energy analysis, dynamic
simulation tools calibrated with real data can provide more accurate insights, especially
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when evaluating retrofit scenarios involving passive strategies and complex interactions
over time. Nevertheless, the choice of Ce3X© in this study is based on feasibility, data
availability, and its certification-driven purposes.

Subsequently, different individualized improvement measures, such as additional in-
sulation, window replacement, lighting improvements, and more efficient air-conditioning
and ventilation systems, were incorporated into Ce3X©. In addition, combinations of these
measures were analyzed to identify the most favorable configurations in terms of efficiency
and energy savings. To assess the economic viability of each option, the costs associated
with each measure and combination were entered, using data provided by the program
itself, which calculated the corresponding payback years, thus facilitating a comparison
between the different alternatives.

In addition, the SketchUp© software (v.2023) was used to carry out a detailed study of
the building’s sunlight. This analysis made it possible to determine which façades receive
the greatest amount of solar radiation throughout the day, which is crucial information for
defining improvement measures related to orientation and solar protection, thus optimizing
the efficiency of solar installations and other passive strategies. To dimension the PV
installation, the PVGIS-5 application© was used, which provides precise data on solar
yields based on geographical location and climatic conditions. With this tool, the required
power of the solar panels to cover the energy demands of the building was determined,
ensuring that the proposed solutions are technically feasible and efficient.

Finally, the CYPE© software, a price generator that allows for obtaining the updated
costs of the different improvement measures proposed, was used. This resource facilitated
the accurate estimation of the budgets required for the implementation of each alternative,
thus complementing the technical analysis with a sound economic evaluation. Together,
these tools and methodologies allowed for a comprehensive and informed analysis for the
selection of the best energy improvement strategies for the building under study.

According to all of the above, the integration of the software tools followed sequential
logic. SketchUp© was employed to create the 3D model and conduct the solar incidence
study. Geometric and envelope data were transferred into Ce3X© for energy simulations.
PVGIS© was used to estimate solar photovoltaic potential, and its results were incorporated
into Ce3X© for renewable energy scenarios. Finally, CYPE© was applied to calculate the
implementation costs of each measure, ensuring that technical and economic analyses were
consistently integrated.

2.4. Climate Data

The district of Cercado de Lima is located in the Lima region. In the report “Climas
del Perú: Mapa de clasificación climática Nacional”, the climate is classified as E (d)B,
which means that this province is located in a desert with an annual rainfall of 8 mm in the
form of drizzle, mainly between July and September. Temperatures are influenced by the
adjacent sea to the west, with maxima between 18 ◦C in August and 26.7 ◦C in February,
and minima between 13.5 ◦C in August and 19 ◦C in February [30]. With respect to altitude,
the city of Lima has an altitude of 101 m above sea level. According to Weather Spark, the
average relative humidity in Lima is 81%, while the average minimum humidity is 66%
and the maximum humidity is 92% [20].

In addition, a sunlight study of the building was carried out to evaluate the inci-
dence of the sun on the dates of the autumn equinox, 21 March 2024; the spring equinox,
23 September; the summer solstice, 21 December 2024; and the winter solstice, 21 June.
Through the project modeled in 3D in the Sketchup©, its geolocation and data such as
latitude of −12.0453 and latitude 12◦02′57′ South and longitude 77◦01′31′ West can be
entered in this file, and the following is obtained:
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• The northeast façade receives more hours of light and sunshine in the morning at the
autumn equinox, spring equinox, and winter solstice.

• The southeast façade receives more hours of daylight and morning sun at the autumnal
equinox, spring equinox, and summer solstice.

• The northwest façade receives more hours of light and sunshine in the afternoon at
the autumn equinox, spring equinox, and winter solstice.

• The southwest façade receives more hours of daylight and afternoon sun at the autumn
equinox, spring equinox, and summer solstice.

2.5. Model Verification and Limitations

The model was not calibrated with measured energy consumption data, as no historical
utility records were available for Mercado Central. Nevertheless, internal consistency
checks were performed, such as verifying energy balances within Ce3X© and comparing
demand values with benchmark studies of similar commercial markets in Peru and Spain.
These cross-checks suggest that the model produces results of reasonable magnitude. We
acknowledge, however, that the absence of a quantitative validation or calibration process
represents a limitation of this study.

3. Results

This section presents the results obtained in the evaluation of the energy improvement
measures. Firstly, an individual analysis of each improvement measure is carried out,
assessing its impact on the energy consumption, emissions, and demand of the building.
Subsequently, those measures that have shown the best results for these parameters are
selected and combined to form different intervention configurations. Finally, an economic
and payback analysis of the combinations with the best energy performance is carried out,
considering the associated costs and payback periods. This process makes it possible to
identify the most efficient and viable solution from a technical and economic point of view,
thus optimizing the improvement strategies for the building under study.

3.1. Evaluation of Individual Improvement Measures with the Ce3X© Software

In this first stage of evaluation of individual improvement measures, the objective is
to determine which of these proposals will be the ones that can be finally implemented in
the project. In this case, only those measures that have the highest percentage of savings
and qualification compared to the original situation of the building will be prioritized. For
improvement measures involving the thermal envelope, i.e., roofs, façades, and openings,
the percentage of demand savings is more important; on the contrary, for improvement
measures involving installations, the percentage of consumption savings will be the deter-
mining factor for the choice of the most suitable improvements.

3.1.1. Roof Improvement Measures

The results with respect to these measures show that, individually, the ones that
produce the greatest savings in terms of consumption, emissions, and demand are those
that have thicker thermal insulation. Regarding the proposals for improvements in the flat
roof of the market, it can be determined that the proposal to install XPS thermal insulation
with a walkable finish in one sector and a vegetation finish in another sector generates
greater savings than the proposal to install thermal insulation with a non-walkable finish.
With regard to the pitched roof on the market, it can be seen that incorporating PUR
thermal insulation of the sandwich panel type does not generate any energy savings for
the building, at least as an individual measure, and worsens the rating in the three factors
analyzed (Table 4).
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Table 4. Savings and rating of individual improvement measures on roofs.

Savings and Ratings of Individual Improvement Measures on Roofs Compared to Original Situation

Measures Consumption Emissions Demand

Original
Rating

Incorporate 80 mm thick XPS thermal
insulation in flat market roof with
walkable and vegetated finish.

Cooling: 4.8% Lighting: - Cooling: 4.8% Lighting: - Cooling: 4.8%

Incorporate 40 mm thick XPS thermal
insulation in flat market roof with
walkable and vegetated finish.

Cooling: 4.5% Lighting: - Cooling: 4.5% Lighting: - Cooling: 4.5%.

Incorporate 80 mm thick XPS thermal
insulation in flat roof of market with
non-trafficable finish.

Cooling: 3.4% Lighting: - Cooling: 3.4% Lighting: - Cooling: 3.4%

Incorporate 40 mm thick XPS thermal
insulation in flat roof of market with
non-trafficable finish.

Cooling: 3% Lighting: - Cooling: 3% Lighting: -

 

Cooling: 3%

Incorporate 80 mm thick XPS thermal
insulation in flat roof of offices with
non-trafficable finish.

Cooling: 0.4% Lighting: -

 

Cooling: 0.4% Lighting: - Cooling: 0.4%

 

Incorporate 40 mm thick XPS thermal
insulation in flat roof of offices with
non-trafficable finish.

Cooling: 0.4% Lighting: - Cooling: 0.4% Lighting: - Cooling: 0.4%

 

Incorporate 80 mm thick PUR
(sandwich panel) thermal insulation in
pitched market roof.

Cooling: −0.2% Lighting: - Cooling: −0.2% Lighting: - Cooling: −0.2%

Incorporate thermal insulation of PUR
(sandwich panel) of 30 mm thickness
in pitched market roof.

Cooling: −0.3% Lighting: - Cooling: −0.3% Lighting: -

 
Cooling: −0.3%

The most suitable improvement measures are to incorporate 80 mm thick XPS thermal
insulation into the flat roof of the market, with one sector with a walkable finish and another
sector with a vegetated finish, and to incorporate 80 mm thick XPS thermal insulation into
the flat roof of the offices with a non-walkable finish. All the chosen measures are then
carried out (Tables 5 and 6).

In this case, if all the improvement measures are carried out on roofs with 40 mm
thermal insulation, the savings and ratings in terms of consumption, emissions, and
demand improve by 1% compared to the original situation. This means that for the
climatic conditions in which the building is located, it is preferable to have improvement
measures with thinner insulation, because when the temperature rises, a thicker thermal
insulation material retains more heat inside the building and therefore causes a greater
cooling demand.

According to the analyses indicated, in building envelopes, the greatest savings come
from measures that increase thermal inertia and reduce heat gains and cooling demand,
with insulation thickness being the key factor. The greater the insulation thickness, the
lower the heat gain, and when accompanied by a thermal mass, it can moderate temperature
peaks and reduce demand, while in the flat roof of the market, the combination of 80 mm of
XPS with a walkable finish in one zone and a vegetated finish in another generates greater
savings than a non-walkable finish. In gable roofs, the incorporation of PUR sandwich panel
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insulation does not provide significant savings and can worsen the ratings by increasing the
interior heat gain without improving the overall thermal resistance; therefore, the optimal
sizes are 80 mm of XPS in the market’s flat roof with a walkable and a vegetated sector, and
80 mm of XPS in the office’s flat roof with a non-walkable finish, balancing demand and
heat gains through permeability and solar exposure. If all the improvements are applied to
roofs with 40 mm, the improvements in consumption, emissions, and demand are around
1% with respect to the original situation, indicating that, under these climatic conditions, it
is preferable to seek greater thickness when the outside temperature rises to avoid greater
cooling needs. As indicated in the limitations, this value could be adjusted with a heat flow
and interaction analysis.

Table 5. Savings and ratings of the set of improvement measures for roofs, case 1.

Savings and Rating of All Roof Improvement Measures Compared to the Original Situation
Original Situation

Measures Consumption Emissions Demand

Original
Rating

Incorporate XPS insulation
Roof thickness 80 mm
Market flat roof
Passable finish and garden Cooling: −1.3%

Lighting: -
Cooling: −1.3%
Lighting: -

Refrigeration: −1.3%

 Incorporate insulation
XPS insulation
80 mm thick in flat roof
Flat roof of offices with
non-trafficable finish

Table 6. Savings and ratings of the set of improvement measures for roofs, case 2.

Savings and Ratings of Combined Improvement Measures on Roofs Compared to Original Situation
Original Situation

Measures Consumption Emissions Demand

Original
Rating

Incorporate 40 mm thick XPS thermal insulation in
flat market roof with walkable and vegetated finish.

Cooling: 1% Lighting: - Cooling: 1%
Lighting: - Cooling: 1%

Incorporate 40 mm thick XPS thermal insulation in
flat roof of offices with non-trafficable finish.

3.1.2. Façade Improvement Measures

The results with respect to these improvement measures show that, individually, those
that contribute the most are the incorporation of 60 mm thick XPS thermal insulation on
the inside for both the northwest and southwest façades, which generates savings of 1.2%
in consumption, emissions, and demand (Table 7).

The best-performing improvements involve interior installation of 60 mm of XPS
thermal insulation on the northwest and southwest façades. Their effectiveness stems
from enhanced thermal inertia, which dampens temperature fluctuations and reduces
conduction losses, coupled with a higher overall thermal resistance that moderates solar
gains and convective heat losses. By increasing effective permeability and thermal mass,

143



Energies 2025, 18, 4903

these measures lower cooling demand and, in turn, reduce energy consumption and
associated emissions.

Table 7. Savings and ratings of individual improvement measures on façades.

Savings and Ratings of Individual Improvement Measures on Façades Compared to Original Situation

Measures Consumption Emissions Demand

Original
Rating

Incorporate 60 mm thick XPS thermal
insulation on the inside of NW and SW
façades (most solar radiation received).

Cooling: 1.2% Lighting: - Cooling: 1.2% Lighting: - Cooling: 1.2%

Incorporate 20 mm thick XPS thermal
insulation on the inside of the NW and
SW façades (more solar radiation
received).

Cooling: 1% Lighting: - Cooling: 1% Lighting: - Cooling: 1%

 

Incorporate 60 mm thick XPS thermal
insulation on the inside of NE and SE
façades (less solar radiation received).

Cooling: 0.2% Lighting: - Cooling: 0.2% Lighting: -

 

Cooling: 0.2%

 

Incorporate 20 mm thick XPS thermal
insulation on the inside of NE and SE
façades (less solar radiation received).

Cooling: 0.2% Lighting: - Cooling: 0.2% Lighting: - Refrigeration: 0.2%

3.1.3. Improvement Measures in Openings

The results with respect to these improvement measures show that, individually,
those that contribute the most are replacing the glass and frames of the northwest and
southwest façades with low-emissivity 4-12-4 double glazing in the vertical position that has
a thermal transmittance of 1.6/Wm2k and PVC frames with three air chambers that have
a thermal transmittance of 1.8/Wm2k, generating savings of 6.7%. Regarding skylights,
the measure that generates the greatest savings, exactly 2.6%, is the replacement of the
current material with low-emissivity 4-6-4 double glazing in the horizontal position that
has a thermal transmittance of 2.6/Wm2k and PVC frames with three air chambers that
have a thermal transmittance of 1.8/Wm2k. Finally, the replacement of the building’s static
vertical louvers with movable louvers has a better result if only applied on the northwest
and southwest façades, producing savings of 7.8% in building consumption, emissions,
and demand (Table 8).

Table 8. Savings and ratings of individual improvement measures in opening.

Savings and Ratings of Individual Improvement Measures in Openings Compared to Original Situation

Measures Consumption Emissions Demand

Original
Rating

Replace windows and screens with
low-emissivity 4-6-4 double glazing
and PVC frames with three air
chambers on NW and SW façades.

Cooling: 6.5% Lighting: - Cooling: 6.5% Lighting: - Cooling: 6.5%

Replace windows and partitions with
low-emissivity 4-6-4 double glazing
and PVC frames with three air
chambers on NE and SE façades.

Cooling: 4.6% Lighting: - Cooling: 4.6% Lighting: - Cooling: 4.6%
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Table 8. Cont.

Savings and Ratings of Individual Improvement Measures in Openings Compared to Original Situation

Measures Consumption Emissions Demand

Replace windows and partitions with
low-emissivity 4-12-4 double glazing
and PVC frames with three air
chambers on NW and SW façades.

Cooling: 6.7% Lighting: - Cooling: 6.7% Lighting: - Cooling: 6.7%

Replace windows and partitions with
low-emissivity 4-12-4 double glazing
and PVC frames with three air
chambers on NE and SE façades.

Cooling: 4.4% Lighting: - Cooling: 4.4% Lighting: - Cooling: 4.4%

Replace skylights with low-emissivity
4-6-4 double glazing and PVC frames
with three air chambers.

Cooling: 2.6% Lighting: - Cooling: 2.6% Lighting: - Cooling: 2.6%

Replace skylights with low-emissivity
4-12-4 double glazing and PVC frames
with three air chambers.

Cooling: 2.6% Lighting: - Cooling: 2.6% Lighting: - Cooling: 2.6%

 

Replace static louvers with movable
louvers on NW and SW façades.

Cooling: 7.8% Lighting: - Cooling: 7.8% Lighting: - Cooling: 7.8%

Replace static louvers with movable
louvers on NE and SE façades.

Cooling: 7.1% Lighting: - Cooling: 7.1% Lighting: - Cooling: 7.1%

Table 9 presents the ratings after selecting the measures that maximise savings for the
building, focusing on the openings.

Table 9. Savings and qualification of the set of improvement measures in openings.

Savings and Qualification of the Set of Improvement Measures in Openings

Measures Consumption Emissions Demand

Original
Rating   

Replace windows and partitions with low-emissivity
4-12-4 double glazing and PVC frames with
three-chambered glass on NW and SW façades.

Cooling: 17.4%
Lighting: -

Cooling: 17.4%
Lighting: -

 

Cooling: 17.4%

Replace skylights with low-emissivity 4-6-4 double
glazing and PVC frames with three air chambers.

Replace static louvers with movable louvers in in NW
and SW façades.

The most notable improvements come from modifications to key openings, such
as replacing the glazing and frames on the northwest and southwest façades with low-
emissivity double glazing. This change reduces unwanted solar heat gains and lowers the
total transmittance of the envelope, moderating thermal peaks and reducing conduction
losses. The result is a lower cooling demand and, therefore, savings of about 6.7% in
consumption, emissions, and demand.

As for skylights, the most cost-effective improvement is to replace the current material
with low-emissivity double glazing, which operates by reducing both excessive solar gain
and thermal losses, achieving approximately 2.6% savings.
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Replacing static vertical louvers with movable louvers offers the highest performance
when applied on the northwest and southwest façades only, with an estimated 7.8% savings
in consumption, emissions, and demand, by improving solar gain control and ventilation
(air intake) according to orientation.

The combination of these improvements in openings achieves total savings of 17.4%
for consumption, emissions, and demand by achieving solar gain reductions, reduced
transmission through the openings, and increased dynamic ventilation control capability.

3.1.4. Improvement Measures in Installations

The results with respect to these improvement measures show that individually, those
that contribute most are the incorporation of an air-conditioning system, with savings
of 80.3% in cooling consumption and 100% in lighting; the incorporation of solar panels,
which generates savings of 47.8% in cooling consumption and 100% in lighting; and, finally,
the replacement of current luminaires with LED luminaires, a measure that allows savings
of 42.1% in cooling and 88% in lighting (Table 10).

Table 10. Savings and qualification of individual improvement measures in installations.

Savings and Rating of Individual Improvement Measures in Installations Compared
to the Original Situation

Measures Consumption Emissions Demand

Original
Rating   

Incorporate
air-conditioning
equipment

Cooling: 80.3%.
Illumination: 100%.

Cooling: 80.3%.
Lighting: 100%

Cooling: 47.8%

 

Incorporate
ventilation
equipment

Refrigeration:
37.5%
Lighting: 100%

Cooling: 37.5%
Lighting: 100%

 

Cooling: 37.5%

 

Replace existing
luminaires with
LED luminaires

Cooling: 42.1%
Lighting: 88%

 

Cooling: 42.1%
Lighting: 88%

 

Cooling: 42.1%

Incorporate solar
panels

Cooling: 47.8%
Lighting: 100%

Cooling: 47.8%
Cooling: 47.8%

Cooling: 47.8%

 

Once the measures with the greatest savings for the building in terms of installations
have been chosen, these are then taken as a whole (Table 11).

Table 11. Savings and ratings of all improvement measures for installations.

Savings and Ratings of Set of Improvement Measures in Installations Compared to
Original Situation

Measures Consumption Emissions Demand

Original
Rating  
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Table 11. Cont.

Savings and Ratings of Set of Improvement Measures in Installations Compared to
Original Situation

Measures Consumption Emissions Demand

Incorporate air-conditioning
equipment

Cooling: 78.1%
Lighting: 88

Cooling: 78.1%
Lighting: 88%

Cooling: 42.1%

Replace existing luminaires
with LED luminaires

Incorporate solar
panels

Together, these improvements in installations produce savings of 78.1% and 88% in cooling
and lighting consumption and emissions, respectively. The savings in cooling demand are 42.1%.

3.2. Analysis of Combined Improvement Measures with the Ce3X© Software

Table 12 analyzes all combinations derived from the previously obtained sets for each
thermal envelope element and installation, identifying those that optimize consumption,
emissions, and demand reductions alongside the measure rating.

The table above shows that eleven possible combinations of all sets of improvement
measures can be obtained, which are M1, improvement measures in roofs and façades;
M2, improvement measures in roofs and openings; M3, improvement measures in roofs
and installations; M4, improvement measures in façades and openings; M5, improvement
measures in façades and installations; M6, measures to improve openings and installations;
M7, measures to improve roofs, façades, and openings; M8, measures to improve roofs,
façades, and installations; M9, measures to improve roofs, openings, and installations; M10,
measures to improve façades, openings, and installations; and finally, M11, measures to
improve roofs, façades, openings, and installations. Below is a table showing the eleven
proposed improvement measures combined; the percentage of savings in consumption,
emissions, and demand compared to the original situation; and the new rating that would
be obtained after applying each average (Table 13) for subsequent analysis.

- M1: Improvement measures on roofs and façades

It can be seen that if the improvement measures on roofs and façades are combined,
the percentage of savings in cooling is −10.1%. This means that it generates greater demand
than the current situation, which is reflected in the negative ratings of the three factors
analyzed; therefore, the overall rating worsens to 132.4 E. One of the most important factors
is the use of the roof and façade improvement measures.

One of the reasons for this is that warm air tends to rise, as it is less dense air, con-
centrating on the roofs and inside the building. While it is true that the set of individual
measures on roofs generated savings of 1%, which in itself is a low percentage, when
combined with the set of individual measures on façades, the hot air concentrated in the
building becomes very high, creating a greater need for cooling in the building. From
an energy point of view, this combination is not favorable for retrofitting. It should be
mentioned that, as analyzed in the previous section, the two sets of improvements in this
combination represent the lowest percentage savings in cooling demand for the building.
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Table 13. Savings and ratings of the combinations of improvement packages compared to the
original situation.

Consumption Emissions Demand Energy Rating

(%) (%) (%) (KgCO2/m2)

Original 114.7 30.4 78.5 129.4
M1 −10.1 −10.1 −10.1 132.4
M2 2.8 2.8 2.8 128.5
M3 78.9 78.9 44.1 18.1
M4 18.8 18.8 18.8 123.6
M5 78.4 78.4 42.6 18.9
M6 82.4 82.4 36.5 17.6
M7 −6.8 −6.8 −6.8 131.4
M8 77.0 77.0 39.1 18.6
M9 80.5 80.5 48.4 17.6
M10 82.9 82.9 54.7 17.3
M11 78.9 78.9 44.2 18.1

Note: The blue rows show the best solutions.

- M2: Roof and cavity improvement measures

In this case, combining roof and cavity improvements generates cooling demand
savings of 2.8%; consequently, the overall rating improves, and a rating of 128.5 E is
obtained. Although this rating is an improvement, it is not a combination that generates
high energy efficiency in the building, as the difference from the original rating of 129.4 is
small. In any case, it can be determined that the set of measures that contributes the most in
this combination is the one applied to the openings, which prevents solar gain towards the
interior in summer, thus representing savings in cooling demand. From an energy point of
view, this combination is favorable for the renovation of the building.

- M3: Improvement measures on roofs and installations

Combining the set of roof improvement measures with the roof installation measures
results in savings of 78.9% and 87% in cooling and lighting consumption and emissions,
respectively; on the other hand, the cooling demand has savings of 44.1%. In addition, the
overall rating improves to a value of 18.1 A. It can be determined that, despite the fact that
this combination includes the set of measures on roofs, which leads to 1% savings in the
three factors analyzed, the improvements in installations make the greatest contribution
in this combination and tend to improve the energy efficiency and therefore the overall
rating of the building much more. On the other hand, although implementing roof im-
provements can concentrate heat inside the building and generate greater cooling demand,
incorporating energy-efficient air-conditioning equipment helps to counteract this demand;
i.e., it minimizes the need for cooling and, in the process, helps to maintain the building’s
internal comfort conditions. In addition, this cooling equipment generates a percentage
savings in the energy consumed. In terms of lighting, the contribution of solar panels and
new LED luminaires also means that less energy is consumed from non-renewable sources.
From an energy point of view, this combination is favorable for building refurbishment.

- M4: Improvement measures in façades and openings

It is observed that combining the improvement measures in façades and openings
generates savings of 18.8% in energy consumption and cooling demand. This is reflected
in the overall rating improvement to 123.6 E. In this combination, the set of measures
that contributes the most is the one applied to the building’s openings, as analyzed in
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the previous section. From an energy point of view, this combination is favorable for the
renovation of the building.

- M5: Improvement measures on façades and installations

Combining the façade improvement measures with the installation measures results in
savings of 78.4% and 87% in cooling and lighting consumption and emissions, respectively;
on the other hand, cooling demand has savings of 42.6%. In addition, the overall rating
improves to a value of 18.9A. In this case, similar to Measure M3, a set of improvements in
the thermal envelope is proposed, this time in façades, which, despite showing savings of
1.2% in cooling demand, when combined with the improvements in installations, greatly
improves the energy efficiency and therefore the overall rating of the building. On the
other hand, although implementing façade improvements can prevent heat from entering
the building, if only this measure is applied, there is still a considerable cooling demand
that is countered by the incorporation of energy-efficient air-conditioning equipment, thus
minimizing the need for cooling and, at the same time, helping to maintain the internal
comfort conditions of the building. In addition, these cooling units generate a percentage
savings in energy consumed, as do the panels and the new LED luminaires. From an energy
point of view, this combination is favorable for building refurbishment.

- M6: Improvement measures in openings and installations

In this case, combining improvements in openings and installations generates savings
of 82.4% and 87% in cooling and lighting consumption and emissions, respectively; on
the other hand, cooling demand has savings of 53.5%. These high savings percentages
are reflected in the overall rating of the building, which improves to 17.6A. It is worth
mentioning that, as discussed in the previous section, the two sets of improvements in this
combination represent the highest percentage savings in cooling demand for the building.
From an energy point of view, this combination is favorable for the refurbishment of the
Central Market.

- M7: Improvement measures on roofs, façades, and openings

It can be seen that, if the improvement measures on roofs, façades, and openings
are combined in the building, the percentage saving in cooling demand is −6.8%. This
means that it generates greater demand than the current situation, which is reflected in the
negative ratings of the three factors analyzed; hence, the overall rating worsens to 131.4 E.
As mentioned in the analysis of the previous measures, this is due to the fact that hot air
tends to rise and concentrate on the roof, which, having thermal insulation, causes it to
concentrate more inside the building. This, together with the thermal insulation applied
to the façades, means that the hot air concentrated in the building is very high, creating a
greater need for cooling in the building. In this case, the measures applied to the openings,
which prevent solar gains towards the interior, are not sufficient to obtain better cooling of
the building.

- M8: Improvement measures on roofs, façades, and installations

If all the improvement measures on roofs, façades, and installations are combined,
savings of 77% and 87% in cooling and lighting consumption and emissions, respectively,
are obtained; on the other hand, the cooling demand has savings of 39.1%. In addition, the
overall rating improves to a value of 18.6A. In this case, similar to Measures M3 and M5, a
set of improvements in the thermal envelope is proposed, this time in roofs and façades,
which, despite showing savings of 1% and 1.2%, respectively, in cooling demand, when
combined with the improvements in installations, greatly improve the energy efficiency
and therefore the overall rating of the building. On the other hand, it was determined
that hot air from inside the building is concentrated on the roofs and that the thermal
insulation of the façades, while preventing heat from entering the building, also retains
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the heat that has already been generated. These two situations mean that there is still a
considerable demand for cooling, which is counteracted by the incorporation of energy-
efficient air-conditioning equipment, thus minimizing the need for cooling, while at the
same time helping to maintain the internal comfort conditions of the building. In addition,
these cooling units generate a percentage savings in energy consumed, as do the panels
and the new LED luminaires. From an energy point of view, this combination is favorable
for building refurbishment.

- M9: Improvement measures in roofs, openings, and installations

It can be observed that, if all the improvement measures in roofs, openings, and
installations are combined, savings of 80.5% and 87% in cooling and lighting consumption
and emissions, respectively, are obtained; on the other hand, cooling demand has savings
of 48.4%. In addition, the overall rating improves to a value of 17.6A. In this case, similar
to Measures M3, M5, and M8, a set of improvements in the thermal envelope is proposed,
this time in roofs, which, despite demonstrating savings of 1% in cooling demand, when
combined with the improvements in installations, achieves a much greater improvement
in energy efficiency and therefore the overall rating of the building. It should be noted
that, as analyzed in the previous section, it is the combined improvements to openings
and installations that represent the highest percentage of savings in cooling demand. For
this reason, although this combination includes the roof improvement package, which,
if applied individually, still creates a considerable cooling demand, this time it is offset
by the incorporation of energy-efficient air-conditioning equipment, thus minimizing the
need for cooling and, at the same time, helping to maintain the internal comfort conditions
of the building. In addition, these cooling units generate a percentage savings in energy
consumed, as do the panels and the new LED luminaires. From an energy point of view,
this combination is favorable for building refurbishment.

- M10: Improvement measures in façades, openings, and installations

This time, if all the improvement measures in façades, openings, and installations are
combined, savings of 82.9% and 87% in cooling and lighting consumption and emissions,
respectively, are obtained; on the other hand, the cooling demand has savings of 54.7%.
In addition, the overall rating improves to a value of 17.3 A, the best rating of the eleven
proposed. As with Measures M3, M5, M8, and M9, a set of improvements to the thermal
envelope is proposed, this time in façades, which, despite showing savings of 1.2% in
cooling demand, when combined with the improvements in installations, greatly improves
the energy efficiency and therefore the overall rating of the building. As analyzed in
the previous section, it is the combined improvements to openings and installations that
represent the greatest percentage of savings in cooling demand. Although this combination
includes the façade improvement package, which, when applied individually, still has a
considerable cooling demand, this time it is offset by the incorporation of energy-efficient
air-conditioning equipment, thus minimizing the need for cooling and contributing to
maintaining the building’s internal comfort conditions. In addition, these cooling units
generate a percentage savings in energy consumption, as do the panels and the new
LED luminaires.

- M11: Improvement measures on roofs, façades, openings, and installations

This last proposal is the combination of the four sets of measures applied to the roof,
façades, openings, and installations. If applied, savings of 78.9% and 87% in cooling and
lighting consumption and emissions, respectively, can be obtained; on the other hand,
cooling demand has savings of 44.2%. In addition, the overall rating improves to a value of
18.1 A. In this case, the set of measures that contribute most to this combination are those
applied to openings and installations, which allow for counteracting the hot air contained
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inside the building that is generated by the thermal insulation applied in façades and roofs,
thus reducing cooling demand. In addition, the cooling equipment, solar panels, and new
LED luminaires allow high savings in energy consumption. From an energy point of view,
this combination is favorable for building renovation.

The roof and façade improvement measures, when evaluated in isolation or combined,
show that the roof–façade combination tends to increase cooling demand and reduce its
overall energy performance, with a negative variation of −10.1% in cooling demand and
an overall rating that drops to 132.4 E. This result is explained by the tendency of warm air
to accumulate indoors when combining roof insulation with façade insulation, increasing
the need for cooling despite slight individual reductions (1% in roofs). Therefore, this
combination is not favorable for renovation from an energy point of view and should be
avoided or managed with complementary strategies (Figure 4).

Figure 4. Radial graph of percentage improvement in consumption, emissions, and demand (%).
Energy rating (KgCO2/m2).

In contrast, combinations that apply improvements to openings and installations
(M6) or installations with the thermal envelope (M3, M5, M8, M9, M10, and M11) show
significant improvements in cooling demand and overall performance (supported by
ratings between 17.3 A and 18.6 A). In particular, the synergy between openings and
installations produces the greatest cooling savings (53.5% in M6) and a notable decrease in
energy consumption thanks to efficient HVAC equipment, solar panels, and LED luminaires,
suggesting that strategies that prioritize improvements in installations and solar control of
openings are the most effective for energy renovation.

3.3. Economic and Cost–Benefit Analysis

In this section, the economic and payback aspects for each combined measure will be
analyzed in order to determine which is the most convenient and feasible according to these
parameters. The criterion for this selection is that the combined measures analyzed have a
low number of years of amortization, i.e., that the investment to be made to implement the
measure can be recovered in a few years.

In addition, it is necessary to specify that, as this is a study on the energy and social
rehabilitation of a building located in Peru, the study of the economic cost of the improve-
ment measures will be carried out in the nuevo sol currency, which is the one used in this
country, but later the conversion to euros will be carried out. The prices will be obtained
through the CYPE price generator and the budget sheets of the products that will be used as
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part of the improvement measures. The prices of the rehabilitation measures have been set
in accordance with the Peruvian economy (data provided by local construction company).

Below is a table showing the eleven proposed improvement measures combined, their
useful life, their implementation costs, the years of amortization, and the new rating that
would be obtained after applying each measure (Table 14), for later analysis.

Table 14. Data on the useful life, costs, and years of amortization of the combinations of the sets
of measures.

Data on the Useful Life, Costs, and Years of Amortization of the Combinations of the Sets of Measures

Combination of Measure Sets
Useful Life
(Years)

Implementation
Cost

Amortization (Years) New Rating

M1
ROOF + FAÇADES 60 EUR 416,912.51 −12.9

 

 

M2
ROOF + OPENINGS 60 EUR 633,087.44 69.3

 

M3
ROOF + FACILITIES 50 EUR 1,383,089.79 1.2

 

M4
FAÇADES + OPENINGS 50 EUR 302,559.52 5

 

 

M5
FAÇADES + INSTALLATIONS 40 EUR 1,052,261.88 0.9

 

M6
ROOMS + FACILITIES 40 EUR 1,268,736.80 1.1

 

M7
ROOF + FAÇADES+ OPENINGS 85 EUR 676,279.74 −31.1

 

M8
ROOF + FAÇADES +
INSTALLATIONS 75 EUR 1,426,282.09 1.2
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Table 14. Cont.

Data on the Useful Life, Costs, and Years of Amortization of the Combinations of the Sets of Measures

Combination of Measure Sets
Useful Life
(Years)

Implementation
Cost

Amortization (Years) New Rating

M9
ROOF + OPENINGS +
INSTALLATIONS 75 EUR 1,642,457.01 1.4

 

 

M10
FAÇADES+ OPENINGS +
INSTALLATIONS 65 EUR 1,311,929.10 1.1

 

M11
ROOF + FAÇADES+ OPENINGS +
INSTALLATIONS 100 EUR 1,685,649.31 1.4

 

- M1: Improvement measures on roofs and façades

This combined improvement measure has a useful life of 60 years, which is the sum
of 35 years of useful life of the roof measures plus 25 years of useful life of the façade
measures. The cost involved in this proposal is 416,912.51, making it the second-cheapest
measure, which could be amortized over −12.9 years. This means that, all in all, if these
two measures are combined, it would not be worth investing in this one because it is not
cost-effective.

- M2: Improvement measures on roofs and openings

The second combined improvement measure also has a useful life of 60 years, which
is the sum of 35 years of useful life of the roof measures plus 25 years of useful life of the
measures in the openings of the building. The cost of this proposal is EUR 633,087.43, being
the third-cheapest measure, which could be amortized over 69.3 years. It can be seen that
the amortization period is very high, so in principle, this would not be a favorable measure.

- M3: Improvement measures on roofs and installations

This combined improvement measure has a useful life of 50 years, which is the result
of the sum of 35 years of useful life of the measures applied to roofs plus 15 years of useful
life of the measures applied to the facilities of the project. The cost of this proposal is EUR
1,383,089.79, which could be amortized over 1.2 years. This measure requires a higher
amount of investment because it is composed of the two most expensive measures, which
are the implementation of new roofs and installations. However, the years of amortization
are ideal, as the investment could be recovered in a very short time, which indicates that it
is a measure worth investing in because it is profitable.

- M4: Improvement measures for façades and openings

This fourth combined improvement measure has a useful life of 50 years, which is the
sum of 25 years of useful life of the measures applied to the façades plus 25 years of useful
life of the measures applied to the openings of the building. The cost of this proposal is
EUR 302,559.52, which could be amortized over 5 years. The cost of this measure is the
cheapest of all the options considered; the number of years of amortization is a reasonable
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number to be able to recover the investment made, so it would be worthwhile to invest in
the measure.

- M5: Improvement measures for façades and installations

The fifth combined improvement measure has a useful life of 40 years, which is the
sum of 25 years of useful life of the façade measures and 15 years of useful life of the
facility measures of the project. The cost involved in this proposal is EUR 1,052,261.88,
which could be amortized over 0.9 years. This measure also has a high cost because it
contains improvements to installations; however, the number of years of amortization is a
reasonable time to be able to recover the investment made; therefore it would be convenient
to invest in the measure.

- M6: Improvement measures for openings and installations

This sixth combined improvement measure has a useful life of 40 years, which is
the sum of 25 years of useful life of the measures applied to the openings of the build-
ing plus 15 years of useful life of the installation measures. The cost of this proposal is
EUR 1,268,736.80 euros, which could be amortized over 1.1 years. Although it is true that
the cost of the measure is high, the years of amortization are few, which means that it is
worth investing in this measure.

- M7: Improvement measures for roofs, façades, and openings

The seventh combined improvement measure has 85 years of useful life, which is
the sum of 35 years of useful life of the measures on roofs, 25 years of the measures on
façades, and 25 years of useful life of the measures applied to the openings. The cost of this
proposal is EUR 676,279.74, which could be amortized over −31.1 years. This measure is
one of the cheapest of all the proposals; however, the payback period is long, so it would
not be advisable to invest in the measure because it is not cost-effective.

- M8: Improvement measures for roofs, façades, and installations

The eighth combined improvement measure has a useful life of 75 years, which
is the sum of 35 years of useful life of the roof measures, 25 years of the façade mea-
sures, and 15 years of useful life of the installation measures. The cost of this proposal is
EUR 1,426,282.09, which could be amortized over 1.2 years. This measure has the third-
highest cost; however, this amount of money could be recovered in a few years, which
means that it is worth investing in this measure.

- M9: Improvement measures for roofs, openings, and installations

The ninth combined improvement measure has 75 years of useful life, which is the
sum of 35 years of useful life of the roof measures, 25 years of the measures applied to
the openings of the building, and 15 years of useful life of the measures applied to the
installations. The cost of this proposal is EUR 1,642,457.01, which could be amortized
over 1.4 years. This measure has the second-highest cost; however, the amount of money
invested could be recovered in a few years, making it a favorable measure.

- M10: Improvement measures for façades, openings, and installations

This combined improvement measure has 65 years of useful life, which is the sum
of 25 years of useful life of the façade measures, 25 years of the measures applied to
the openings of the building, plus 15 years of useful life of the measures applied in the
installations. The cost of this proposal is EUR 1,311,929.10, which could be amortized over
1.1 years. The cost of this measure is high, but the years of amortization are few; therefore,
it is advisable to invest in this measure.

- M11: Improvement measures on roofs, façades, openings, and installations
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The last combined improvement measure has 100 years of useful life, which is the
result of the sum of 35 years of useful life of roof measures, 25 years of façade measures,
25 years of the measures applied to the openings of the building, and 15 years of useful
life of the measures applied to installations. The cost of this proposal is EUR 1,685,649.31,
which could be amortized over 1.4 years. This measure is the most expensive of the eleven
proposals because it combines all the possible improvements in the different elements of
the building; despite this, the payback years are few, so it would be feasible and advisable
to invest in this measure.

3.4. Energy and Economic Comparison Between the Initial State and the Adopted Solution

The rating of the building’s thermal envelope and installations in the initial state
is 129.4 KgCO2/m2 (E), and in the final state, after the selected improvements, it
is 17.6 KgCO2/m2 (A).

The demand and emissions for heating and DHW are considered unquantifiable, as
the program has not defined reference values for these demands. This is due to the climatic
characteristics of the location, which, as it does not experience very low temperatures,
does not require these systems. The opposite is true for the building’s cooling demand,
which is rated at 78.5 kWh/m2 in its initial state and drops to 40.5 kWh/m2 in its improved
state. The emissions produced by the cooling system drop from 30.4 Kg CO2/m2 to
5.9 Kg CO2/m2. On the other hand, with regard to the emissions produced by the lighting
system, in the initial state, they are 98.9 kg CO2/m2 due to the low efficiency and inadequate
characteristics of the installations, and they go down to a value of 12.9 kg CO2/m2.

The differences between the initial characteristics of the envelope and installations
and the characteristics with the improvement measures analyzed can be seen in the
following Figures 5 and 6.

 

Figure 5. Isometry explaining the energy rating of the current state of the building.

157



Energies 2025, 18, 4903

 

Figure 6. Explanatory isometry of the energy rating obtained by applying Measure M9.

The most energetically advantageous measure and, at the same time, the most eco-
nomically viable that fits the objective of this work—to achieve energetic and social
rehabilitation—is M9. This measure has an overall energy rating of 17.6 A, combines
improvement measures applied to roofs, openings, and installations, has 75 years of use-
ful life, and requires an investment of EUR 1,642,457.01, which can be amortized over
1.4 years. Although it is true that some measures also improve the overall energy rating
of the building and can be amortized over a few years, this combination is considered the
most favorable of all because it includes two improvement measures that are in line with
the social rehabilitation of the building, which are the improvements to the roof and the
installations, with the office tower refurbished by replacing the LED lights and adding an
air-conditioning system.

The results demonstrate significant energy and economic gains by focusing interven-
tions on openings and installations, especially with Measure M9, which obtains a rating of
17.6 A, a payback period of 1.4 years, and a useful life of 75 years. The evidence is consis-
tent with similar studies, such as Salgueiro [22] and Calado [31], showing that envelope
improvements and especially installations generate substantial reductions in demand and
emissions when properly combined. While Salgueiro highlights the impact of insulation
and renewable energy systems in reducing demand and carbon footprint, our analysis
shows that improvements in windows, frames, and movable louvers can achieve similar
or greater reductions in cooling demand, complemented by improvements in roofs and
systems. In both cases, integrated interventions outperform isolated measures.

In terms of analysis and transferability, the results reinforce the idea that interventions
targeting openings and systems are often the most energy-cost-effective, even when initial
costs are high. This aligns with the findings of Calado and Echeverría [23,31], who note
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that improvements in installations can offer quick wins, but sustained efficiency is best
achieved when acting on the envelope and combining measures. It is also noted that, as in
the Spanish studies cited above, consideration of local climatic contexts is crucial to avoid
solutions that, while efficient elsewhere, do not offer the same cost-effectiveness in the
Peruvian location. Ultimately, the integrated strategy M9 demonstrates consistency with
the literature, highlighting the need for packages of measures that combine the envelope,
openings, and installations to maximize energy and social benefits.

4. Discussion

After conducting multiple energy and economic analyses in the Central Market of
Lima (Peru), it is possible to conclude that the improvement measures applied to the
building’s openings and installations, although representing the most costly investments,
are the ones that contribute most significantly to the project, since they result in a higher
energy rating thanks to savings in consumption and demand for refrigeration and lighting.
This highlights the importance of prioritizing these interventions to achieve optimal energy
efficiency. The analysis of the thermal envelope and installations showed that interventions
on openings and installations generate the greatest energy and economic impacts of all the
measures evaluated. In particular, the replacement of glazing and frames on the northwest
and southwest façades, the optimization of skylights, and the adoption of movable louvers
offer significant reductions in unwanted solar gain, lower overall transmittance, and better
control of air intakes, which translates into lower cooling demand and, consequently, lower
emissions and operating costs.

On the other hand, improvements to the thermal envelope, such as façades and roofs,
on their own, do not generate considerable savings in cooling demand and, in terms of cost-
effectiveness, are not as efficient. However, when combined with facility measures, their
impact is enhanced. In addition, roof improvements can have an important social benefit,
as they can be transformed into meeting and leisure spaces or even generate economic
income, thus increasing the social and economic value of the property.

In the case of roofs, it was observed that a lower thickness of thermal insulation can
favor a better energy rating in certain contexts, as a greater thickness can retain more heat
and increase cooling demand. This underlines the need to adapt improvement measures to
the specific climatic conditions of the site in order to maximize energy benefits.

Peruvian regulations currently focus mainly on improvements in installations, such
as LED lighting or air-conditioning systems. However, this study shows that interven-
tions in openings, such as the replacement of glass or frames or the incorporation of
movable louvers, also offer great potential for energy savings and should be considered in
efficiency policies.

The limitations of the research are concentrated in several dimensions. On the one
hand the estimates of demand and emissions for heating and domestic hot water are
presented as non-quantifiable within the current framework due to the absence of reference
values; sensitivity analyses and long-term simulations were not performed to capture
seasonal variations and cost evolution. On the other hand, no sensitivity analyses or
long-term simulations were performed to capture seasonal variations and cost evolution,
and furthermore, the evaluation framework could be expanded to incorporate social and
economic metrics (rental value, quality of life, and use of rehabilitated spaces) and to
analyze impacts on the community.

The numerical results, on the other hand, should be interpreted according to the
climatic and design conditions of the site; the magnitude of benefits may vary according
to orientation, occupancy, and air-conditioning demand; furthermore, the model was not
calibrated with measured energy consumption data (there were no historical records of
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the Central Market), although internal consistency checks and comparisons with reference
studies in Peru and Spain were performed; the absence of quantitative validation represents
a significant limitation that will be addressed in future research. However, the proposed
approach combines improvements in the thermal envelope, openings, and systems and
incorporates a social dimension into decision making, demonstrating that efficiency policies
can generate multiple benefits, such as energy savings, cost reductions, improvements in
comfort, and opportunities for social use of rehabilitated spaces.

5. Conclusions

The conclusions reached in this research indicate that the optimal scenario is M9,
which integrates improvements in roofs, openings, and installations. It emerged as the
most favorable option from energy and economic points of view, with an overall energy
rating of 17.6 A, an estimated payback period of 1.4 years, and a useful life of 75 years.
This scenario also has a social dimension, as it provides recreational and leisure space for
users, in addition to improving the comfort of the building. This result reflects the synergy
between technical interventions and their appropriate alignment with the objectives of
social and economic rehabilitation.

Finally, this study highlights the importance of adopting a holistic approach that
combines technical improvements with social interventions. Building retrofitting should
focus not only on energy efficiency but also on enhancing the social and economic en-
vironment of the building. The reconversion of spaces such as the office tower and the
creation of meeting and leisure areas in renovated areas can generate a positive social
impact, promoting cultural change and improving the quality of life in the community.
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Abstract: External Thermal Insulation Composite Systems (ETICSs) are increasingly ap-
plied in both new construction and energy retrofitting, where long-term durability under
environmental exposure is critical to preserving thermal efficiency. Moisture ingress repre-
sents a key degradation factor, reducing insulation performance and undermining energy
savings promoted by the ETICS. The effectiveness of these systems is strongly influenced
by surface protection, which also reflects aesthetic and biological resistance. This study
investigates the influence of three commercial protective surface coatings, characterized
by hydrophobicity, photocatalytic activity, and resistance to biological growth, on ETICS
finishes based on acrylic, natural hydraulic lime (NHL), and silicate binders. An artificial
aging protocol was employed to evaluate coating stability and compatibility with the
finishing layers. Results show that acrylic-based finishes provided superior durability and
protection, while coatings on NHL and silicate substrates exhibited lower performance.
Notably, a TiO2 enriched photocatalytic coating, despite improved self-cleaning potential,
demonstrated the least durability. The findings highlight that optimal ETICS protection
requires coatings that combine low water absorption, effective drying, and biological
resistance, thereby ensuring sustained thermal and energy performance over time.

Keywords: ETICS; multifunctional coatings; durability; hydrophobicity; self-cleaning;
biocidal

1. Introduction

External Thermal Insulation Composite Systems (ETICSs), also known as Exterior
Insulation Finishing Systems (EIFSs) or Exterior Wall Insulation Systems (EWIs), consist

Energies 2025, 18, 5008 https://doi.org/10.3390/en18185008
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of thermal insulation materials, such as expanded polystyrene (EPS), mineral wool (MW),
or insulation cork board (ICB), bonded and/or mechanically fixed to façades and coated
with a reinforced rendering (a base coat with a glass fiber mesh) and a finishing coat
(e.g., paint) [1–3]. Since the 1960s, ETICSs have been widely used worldwide for new
constructions and retrofitting [4] due to their contributions to thermal insulation, building
envelope protection [5], and reductions in energy consumption and CO2 emissions [6].

However, ETICSs are continuously exposed to environmental and anthropogenic
agents [7] that affect their durability and in-service life, including wind-driven rain, solar
radiation, atmospheric pollutants, and biocolonization [8–11]. Water accumulation or
condensation can lead to several anomalies, including aesthetic changes and runoff stains,
thermo-mechanical stresses and microcracks [12,13], biological growth (e.g., algae, fungi,
bacteria, lichens) [14,15], and increased thermal conductivity of the insulation layer and
the whole system [6].

Applying protective products to ETICS surfaces can help reduce degradation and
enhance their durability. Multifunctional coatings and paints, which encompass biocide,
hydrophobic, and self-cleaning properties, can provide a suitable maintenance strategy [16].
Nevertheless, the coexistence of these functions raises concerns about the materials’ long-
term performance and the suitability of their protection function.

Hydrophobic binders or additives (e.g., siloxane, silicates, silane, aliphatic or fluori-
nated compounds) provide a water-repellent barrier on façades, preventing the penetration
of water and harmful ions (e.g., chlorides or sulfates) [17] and thus preserving the thermal
resistance of ETICSs. Silicon-based water repellents can form covalent bonds with the sub-
strate, resulting in a barrier at the air-substrate interface and/or nanoscale roughness [18].
These features induce low surface energy and increase the water contact angle. However, a
lack of data on the durability of hydrophobic emulsion coatings is often reported in the
literature [19,20].

Biocide additives in infinitesimal percentages (e.g., terbutryn, isothiazole, zinc
pyrithione) within surface protective coatings can hinder biological growth [15]. Bio-
cidal action generally includes enzymatic inactivation (disturbance of selected metabolic or
energetic processes by disintegration or chemical modification of antimicrobial agents), re-
duced intracellular accumulation, specific reactions, and physicochemical alterations at the
cellular target sites (i.e., mutational changes, chemical modification, and protection) [21].

Photocatalytic additives (e.g., titanium or zinc oxides, cadmium sulfide) provide
self-cleaning, air-purifying, and antimicrobial properties [22] when applied to façades.
Photocatalysts, activated by UV irradiation, accelerate photoinduced reactions and lead to
a heterogeneous advanced oxidation process (formation of free radicals) [23,24], decom-
posing organic molecules and forming superhydrophilic surfaces that can facilitate the
removal of contaminants [16,23,25–30].

A competitive effect between hydrophobic (water contact angle (θ) > 90◦ between
drops and the surface due to water-repellent additives) and superhydrophilic properties
(with θ ~ 0◦, induced by the photocatalytic products) can lead to a lack of long-term effec-
tiveness [25,26]. Similarly, the durability of biocides is a significant concern for façades [31].
Although their use has been increasingly limited [32], leaching phenomena and degradation
byproducts are rarely reported [33,34].

Most previous studies have addressed hydrophobic coatings, biocidal treatments, and
photocatalytic additives independently. Comprehensive data on their combined long-term
performance after aging remain limited [35–37]. In particular, the potential interactions
between these functionalities when applied to commercial ETICS [38] should be further
clarified. Addressing this gap is essential not only for developing sustainable maintenance
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strategies for façades but also for advancing the scientific understanding of multifunctional
coatings in building envelopes.

Therefore, this paper aims to investigate the performance of three commercially avail-
able multifunctional coatings with biocidal, hydrophobic, and photocatalytic properties
when applied to four different widely used commercial ETICS. Their long-term efficacy
was assessed by correlating moisture transport properties, mold growth, and photocat-
alytic activity to identify synergistic or competitive effects among the different additives.
Additionally, incompatibilities between additives and some of the coatings were found. A
recently developed innovative accelerated aging procedure [13], involving hygrothermal
cycles, ultraviolet (UV) radiation, and exposure to air pollutants (SO2), was conducted,
including examining the chemical and morphological changes that occurred during aging.

2. Materials and Methods

2.1. Materials
2.1.1. ETICS

Four commercially available ETICSs, with a European Technical Approval (ETA),
were selected based on the most common systems available on the market. The products
feature various thermal insulation materials (including EPS, ICB, and MW), base coats
(formulated with cement or natural hydraulic lime (NHL)), and finishing coats (acrylic-,
lime-, or silicate-based), as shown in Table 1.

Table 1. Constituent layers and thicknesses of the studied ETICSs.

System
Acronym

Thermal
Insulation

Base Coat (BC) 1
Finishing Coat (FC) Thickness

(mm)Key-Coat Finishing

S1 EPS
Cement, synthetic

resins, mineral
additives

Water-based
acrylic

dispersion

Water-based acrylic
co-polymer, pigments,
marble powder, and

additives

40.6

S2 ICB
NHL, cement, mineral

fillers, resins, and
synthetic fibers

Air lime, hydraulic binder, and organic
additives 65.8

S3 MW
Cement, synthetic

resins, mineral fillers,
and additives

Water-based
acrylic

co-polymer and
mineral

additives

Water-based acrylic
paint, mineral

aggregates, pigments,
and additives

61.3

S4 ICB
NHL, cement, mixed

binders, and cork
aggregates

Water-based
dispersion of

silicate

Water-based silicate
paint, organic additives,

and pigments
43.9

1 BC includes a reinforcement glass fiber mesh.

2.1.2. Multifunctional Coatings

Three commercial multifunctional coatings (MC) (Table 2) were applied to the dry
surface of ETICS in two successive layers using a brush, following the manufacturers’
guidelines. A 24 h interval was maintained between applications to allow for complete
solvent evaporation. The coated ETICS specimens were stored under controlled conditions
(T = 20 ± 3 ◦C, RH = 50 ± 5%) for three weeks to ensure complete polymerization of
the coatings.
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Table 2. Technical data for the multifunctional coatings (MCs), as reported in the manufacturers’
technical and safety sheets.

Product
Identification

Color
Density (g/cm3)

at T = 20 ◦C/
RH% = 60

pH
Drying

Residue (g/L)
Application
Yield (L/m2)

Flash Point
(◦C)

HW Whitish 0.99 ± 0.02 9.3 ± 0.5 59 ± 6 0.166–0.25
(no dilution) 64

NS Whitish 0.98 ± 0.05 9.2 ± 0.5 30 ± 2 0.1–0.125
(no dilution) >23

AQ Transparent
(opal) 1.31 ± 0.09 8.5 ± 0.5 718 ± 21

0.26–0.27
(10% dilution

in water)
>100

According to the technical documentation, HW consists of an aqueous silane/siloxane
emulsion with hydrophobic performance and biocidal additives (isothiazole). NS is an ethyl
silicate-based coating with reduced percentages of silane, incorporating nanostructured
TiO2 particles that enable photocatalytic self-cleaning and antimicrobial properties. AQ is a
multifunctional coating with hydrophobic, self-cleaning, and biocidal properties based on
an acrylic aqueous dispersion (methyl methacrylate and butyl acrylate), also containing
nano- to microstructured TiO2 particles (10%), CaCO3 (5 to 10%), quartz, ZnO, and biocidal
additives (terbutryn, isothiazole).

2.2. Methods
2.2.1. Moisture Transport Properties

Capillary water absorption was tested according to EAD 040083-00-0404 [3]. Two
specimens (with dimensions 150 mm × 150 mm × thickness, Table 1) of each “ETICS + MC”
were used. The specimens were conditioned in a controlled environment (T = 23 ± 2 ◦C,
RH = 65 ± 5%) for seven days before testing, and their lateral faces were sealed with
metallic adhesive tape. The external surface of the specimens was placed in contact with
water at approximately a 3 mm depth, and weight was recorded at selected intervals (i.e.,
after 3 min, 1, 2, 4, 8, and 24 h).

The capillary water absorption coefficient (Cc) was determined from the initial linear
portion of the absorption curve, obtained by plotting the mass of absorbed water per unit
area in contact with the water, kg/m2, against the square root of time, min0.5 [7]. Specifically,
Cc was calculated as the slope of the absorption curve during the first 3 min of testing, by
dividing the absorbed water mass per specimen area at 3 min by the square root of the time
at this point. In addition, the mean water absorption of the specimens after 1 h and 24 h
was considered for comparative purposes [3].

Drying kinetics were evaluated immediately after the capillarity test, following EN
16322 [39]. Weight loss was monitored until stabilization (defined as mass variation < 1%),
under the same controlled environment (T = 23 ± 2 ◦C, RH = 65 ± 5%) [7]. The drying
index (DI) was calculated with Equation (1), which describes the cumulative extent of
water release during drying relative to the maximum possible water content and theoretical
drying potential over time. In Equation (1), Mx is the mass of the specimen measured
during the drying process (g), M1 is the mass of the oven-dried specimen (g), M3 the initial
mass at the beginning of drying (g), t0 (h) the initial test time and tf (h) the ending time of
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the drying process [40]. A lower DI value indicates faster water release and drying kinetics.
For comparison, the same tf was adopted for all samples.

DI =

∫ t f
t0

f
(

Mx−M1
M1

)
dt(

M3−M1
M1

)
× t f

(1)

2.2.2. Photocatalytic Efficacy and Color Change

Rhodamine B (RhB), functionalized diethylammonium chloride, C28H31ClN2O3) was
selected for the photocatalytic assessment of the multifunctional coatings over time. A
0.05 g/l RhB water-based solution was prepared and applied with a micropipette to the
specimen surface (80 mm × 45 mm × Thickness, Table 1), producing stains of approximately
2 cm in diameter [41]. Three stained specimens per set of “ETICS + MC” system were
exposed in a UV-light chamber with three lamps (60 W/m2, λ = 315–400 nm, UV-A), placed
5 cm away from the samples.

Color coordinates (L*, a*, and b* from the CIELab color space) were measured using
a Chroma Meter Minolta CR-410 chromameter (Konica Minolta, Inc., Tokyo, Japan). L*
indicates lightness (0 = black, 100 = white), a* represents the red (+a*) to green (−a*)
axis, and b* the yellow (+b*) to blue (−b*) [16,42]. The equipment operated in specular
component included mode (SCI) with D65 illuminant, 2◦ observer angle, and a 50 mm
measurement area. Measurements were collected immediately after RhB application and
after 4, 8, 24, 48, 72, 96, and 168 h of UV exposure.

Color change (ΔE, dimensionless) was calculated with Equation (2) [43], which ex-
presses the overall difference in color between two measurements in the CIELab color
space. In Equation (2), ΔL*, Δa*, and Δb* are the mean differences in the corresponding
coordinates (lightness L*, red-green a*, and yellow-blue b*, dimensionless) between the
RhB-stained specimens at a time of interest (t) and their initial stained state at the beginning
of the test (t = 0) [15,43,44]. A higher ΔE value indicates a more pronounced magnitude of
color change.

ΔE =

√
(ΔL∗)2 + (Δa∗)2+(Δb∗)2 (2)

Color variations and/or preservation were further assessed by comparing the CIELab
coordinates of unstained specimens before and after accelerated aging cycles. For this
purpose, three specimens of each setting were studied, and six measurements were collected
from each specimen.

2.2.3. Biological Colonization

The susceptibility to mold growth was examined on both unaged multifunctional
coatings (tested alone) and “ETICS + MC” settings after completing the accelerated aging
procedure (hygrothermal cycles, UV radiation, and SO2 exposure, Section 2.2.4). A method
adapted and previously validated for ETICS [7] was used in the analysis.

Unaged coatings (HW, NS, and AQ) were applied in three layers to both sides of
Whatman three nº 1 filter paper (45 mm diameter), in accordance with the technical data
sheets (see Table 2). Furthermore, three coated ETICS specimens of each system (50 mm ×
50 mm × 20 mm) were tested after the complete aging procedure.

All specimens were steam-sterilized in an autoclave for 20 min, then placed on test
flasks containing culture media (4% malt, 2% agar). A mixed aqueous spore suspension
(2 mL) of Aspergillus niger and Penicillium funiculosum was evenly spread across the speci-
mens and surrounding medium. The test flasks were placed for four weeks in a culturing
chamber (T = 22 ± 1 ◦C, RH = 70 ± 5 %) [13]. A control group (three Whatman n◦ 1 filter
papers and three Pinus pinaster wood samples) was included for validation [45].
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Mold development was visually assessed weekly using the ASTM D5590-17 [46]
rating scale: 0 for no apparent growth (0% of contaminated surface); 1 for traces of growth
(<10% of contaminated surface); 2 for light growth (10–30% of contaminated surface);
3 for moderate growth (30–60% of contaminated surface); 4 for heavy growth (>60% of
contaminated surface). After four weeks, specimens were removed, and the percentage of
contaminated surface was confirmed under an Olympus B061 stereo microscope.

2.2.4. Accelerated Aging Procedure

Accelerated aging involved sequential exposure of “ETICS + MC” to hygrothermal
cycles (HT), UV radiation (UV), and air pollutants (SO2) [13,47]. After each type of exposure,
all tests described in Sections 2.2.1–2.2.3 were performed, except for absorption and drying
after SO2 exposure (due to the reduced specimen size).

Hygrothermal aging was conducted following EAD 040083-00-0404 [3] in a FitoClima
10,000 ELC climatic chamber (Aralab, Rio de Mouro, Portugal). The insulation and basecoat
layers (150 mm × 150 mm × Thickness—Table 1) were previously sealed with metallic
tape and a sealing adhesive. Specimens were exposed to sprinklers with a water flux of
1 L/(m2·min) and thermal IR lamps (8 × 250 W). 80 heat/rain cycles were carried out (for
a total of 320 h), alternating 3 h at T = 70 ± 5 ◦C and RH = 10–30%, and 1 h of continuous
water spray at T = 15 ± 5 ◦C. Specimens were left to drain for 2 h and then conditioned
for 48 h at room temperature (T = 20 ± 5 ◦C, RH ≥ 50%). After this, five heat/cold cycles
were performed (totaling 120 h): 8 h at T = 50 ± 5 ◦C and RH ≤ 30%, followed by 16 h at
T = −20 ± 5 ◦C.

ISO 16474-3 [48] was followed for UV cycles, using a Q-Panel UV-light chamber.
Specimens were exposed to 125 cycles (totaling 1000 h) of alternating 4 h of UV-A radiation
(λ = 315–400 nm, 60 W/m2) at T = 60 ◦C and 4 h of moisture at T = 50 ◦C, RH = 80%.

Air pollutant cycles were conducted in a FitoClima 300EDTU climatic chamber (Ar-
alab). Specimens were in an SO2-rich environment of 25 ppm (3% dilution in 3000 ppm
of nitrogen). A total of 60 cycles (720 h) were carried out, alternating 6 h at T = 40 ◦C and
RH = 30%, with 6 h at T = 15 ◦C and RH = 85% [13].

2.2.5. DRIFT and SEM-EDS Analyses

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy was performed
to detect possible physical-chemical alterations and/or degradation in coated and uncoated
ETICS surfaces. Measurements were conducted using a Bruker VERTEX 70 spectropho-
tometer (Bruker Optics GmbH & Co. KG, Ettlingen, Germany), equipped with an MCT
broadband detector (spectral range: 4000–500 cm−1) and a resolution of 4 cm−1. Each
spectrum was obtained from 200 accumulated single-beam scans, which were divided
by the KBr spectrum (FTIR grade, background), and then converted to Kubelka-Munk
units. Baseline correction was performed in OPUS software (version OPUS 9.0). Deconvo-
lution was carried out in the 1915–1100 cm−1 region to study adsorbed water and coating
carbonation [13].

Morphological and microchemical analyses were carried out using a ThermoScien-
tific Phenom ProX G6 scanning electron microscope (SEM) (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), equipped with a CsB6 filament and a light elements energy-dispersive
spectroscopy (EDS) detector. Specimens were previously placed on Al stubs with double-
sided carbon tape and sputtered with an Au-Pd (80:20) film using a Quorum Technologies
Q150T ES system (Quorum Technologies Ltd., Laughton, UK).
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3. Results

3.1. Moisture Transport Properties

Figure 1 illustrates the capillary water absorption coefficients (Cc) for all settings
studied along the aging cycles. The three multifunctional coatings reduced water absorption
by capillarity in the acrylic-finished ETICS S1 with EPS insulation, and the system generally
maintained these values after undergoing artificial aging cycles. The hygrothermal cycles
induced even a higher Cc reduction with the application of the hydrophobic silane/siloxane
emulsion HW and the acrylic-based AQ, possibly due to a reduction in the pore size
distribution and thus in wettability [13]. Conversely, the UV cycles led to a slight Cc
increase, which can be attributed to the UV activation of photocatalytic additives (and thus
formation of surfaces with higher hydrophilicity) [49].

Figure 1. Average results and relative standard deviations for capillary water absorption coefficients
(Cc) of the studied ETICS (S1–S4) without (Ref) and with protective treatments (HW, NS, and AQ),
unaged and after hygrothermal (HT) and ultraviolet (UV) artificial aging cycles.

Concerning the NHL-based finished S2 ETICS with ICB insulation, which has notice-
ably higher water absorption compared to S1, the protective coatings reduced the Cc values.
The application of the highly hydrophobic silane/siloxane emulsion (HW) induced the
highest Cc reduction, in accordance with previous studies [20]. In contrast, slightly higher
values were observed when the acrylic-based hydrophobic, self-cleaning, and biocidal AQ
coating was applied. This latter product exhibited low wettability (Cc < 0.1 kg/(m2·h))
after the aging cycles; however, its values are rather similar to those of the silicate-based
NS, possibly due to the inclusion of hydrophilic nano- or micro-structured TiO2 additives.

In the acrylic-finished ETICS S3 with MW insulation, no initial increase in Cc was
observed with the application of protective coatings. The HT cycles had a moderate effect
on the Cc values, whereas a significant rise in Cc was observed after the UV cycles. This
variation can be attributed to the partial photodegradation of the acrylic-based surface
and coatings during UV irradiation [50], which is associated with the use of a hydrophilic
insulation layer (mineral wool). This layer can facilitate water absorption and retention,
thereby reducing the effectiveness of protective products. The thermal conductivity is
directly proportional to the water or moisture content [7].

The application of protective products did not significantly affect the Cc of the silicate-
finished S4 system with ICB. The remarkable Cc reduction after hygrothermal cycles
might indicate reduced compatibility and bonding among the silicate substrate and the
waterborne products. Finally, an increase in water absorption is observed again after the
UV cycles, due to the activation of the photocatalytic and thus hydrophilic additives.
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Therefore, all the settings studied had a relevant reduction in Cc values after hygrother-
mal cycles. These data agree with previous works on hydrophobic treatments [20,51], which
also identified lower Cc values after heat-cold and freeze–thaw cycles due to modifications
in the pore size distribution of the substrates and/or physical-chemical alterations in the
polymeric matrix of the multifunctional coatings. On the contrary, the UV cycles led to
an increase in absorption in some cases, due to an increase in hydrophilicity and thus a
decrease in the water contact angle [13,52–54].

Figure 2 shows the mean water absorption values of the studied settings after one hour.
All unaged ETICS, with and without multifunctional coatings, met the requirement of EAD
040083-00-0404 [3], i.e., a water absorption of less than 1 kg/m2 within one hour. However,
S2-AQ considerably surpassed this threshold after hygrothermal cycles, as was also the
case for S3-REF, S3-HW, and S3-AQ after hygrothermal and UV cycles. Conversely, the
aged acrylic-finished S1 and silicate-finished S4 fulfilled the requirements in all conditions,
with and without multifunctional coatings.

Figure 2. Mean water absorption at one hour of the studied ETICS S1–S4, without (Ref) or with
protective treatments (HW, NS, AQ), unaged, and after HT and UV artificial aging cycles.

Figure 3 presents the drying index (DI) values obtained for the ETICS before and
after the aging cycles. In the unaged state, it can be observed that the application of
the hydrophobic, self-cleaning, and biocidal AQ coating induced the highest DI increase
(i.e., slower drying rate), which is noticeable in the case of the NHL-finished S2 system.

Figure 3. Average results for the drying index (DI) of the studied ETICS (S1–S4) without (Ref) and
with protective coatings (HW, NS, AQ), unaged and after HT and UV aging cycles.
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In contrast, HW and, more notably, the photocatalytic and antimicrobial coating NS
caused minor changes, with values closer to those of the reference specimen. These data
can be related to the significantly higher density and dry residual of the acrylic-based AQ
product (Table 2), if compared to the silane-siloxane and ethyl silicate compositions of
HW and NS, respectively. These data are in accordance with previous research [51], which
indicated an increase in drying index results with acrylic-based hydrophobic products,
characterized by low water vapor permeability, whereas siloxane-based products reduced
the drying resistance.

Results showed that the hygrothermal cycles significantly affected the drying capacity
of the products, with an increase in the DI values, especially when applied to ETICS S2,
S3, and S4. This can indicate a relevant abrasion and alteration of the surface induced by
the combined action of heat-cold and freeze–thaw cycles, affecting water loss in the liquid
state (step I of drying) as well as water vapor permeability (step II of drying) [13,51].

On the other hand, a significant DI reduction (i.e., faster water evaporation) was
observed after the UV cycles, with values closer to those of the unaged specimens. The
NHL-finished S2 and silica-finished S4 systems with ICB insulation showed the lowest
DI values, in accordance with previous studies [55]. Furthermore, the UV activation of
photocatalytic additives (TiO2) leads to hydrophilic properties, which can also enhance
water vapor permeability and thus facilitate evaporation [16,56].

3.2. Color Change and Photocatalytic Efficacy
3.2.1. Chromatic Coordinates

The application of the NS and AQ products led to light whitening. In contrast, almost
no chromatic variation (with a slightly glossier surface) was observed in the case of the
hydrophobic/biocidal emulsion HW. When considering the color changes in the pristine
specimens throughout the accelerated aging procedure (Figure 4), it can be observed that
the NHL-finished ETICS S2 was the most chromatically affected (yellowish tone) after
hygrothermal aging, both in the untreated specimens and the specimens with HW or NS.
Conversely, the UV cycles induced a chromatic alteration not visible to the naked eye (i.e.,
ΔE < 2) [57] in almost all specimens. In the case of aging cycles with SO2, ΔE values were
generally lower than 4 CIELab units, resulting in only a slight color variation.

Figure 4. Average results for the color change (ΔE) of the studied ETICS S1–S4 without (Ref) and
with protective coatings (HW, NS, AQ), after HT, UV, and SO2 aging cycles.

No significant color variation was observed on the acrylic-finished ETICS (S1 with
EPS and S3 with MW insulation) after aging, indicating proper chromatic compatibility of
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the multifunctional protective coatings with these ETICS. NS and AQ provided the lowest
chromatic alteration, possibly due to their photocatalytic properties, which may have
contributed to maintaining the lightness and solar reflectance over time [49]. Indeed, TiO2

nanoparticles possess unique amphiphilic (both hydrophilic and oleophilic) properties,
which are based on their photocatalytic activation [16]. The photocatalytic properties led
to a whitening of the surface, thereby contributing to maintaining the lightness and solar
reflectance over time [49], and ensuring self-cleaning effectiveness, particularly in acrylic-
(S1, S3) and silicate-finished (S4) ETICS.

It can be concluded that the NHL-finishing S2 system was the most chromatically
affected by the aging cycles, while silicate-based finishing S4 ETICS presented the highest
resistance, with or without multifunctional coatings. Hygrothermal cycles were the most
invasive artificial aging process, particularly in the case of the protective products HW and
NS, and with the untreated system S3.

3.2.2. Photocatalysis Evaluation

Regarding photocatalytic efficacy, Figure 5 illustrates the RhB decomposition (ΔE) over
time for specimens along the aging protocol, compared to the initial values on RhB-dyed
surfaces. In all cases, the color variation was significantly higher after 1 week of exposure
to the UV-A lamp compared to a short-term (4 h) exposure. It is worth noting that 80% to
90% of the value obtained after one week (168 h) was achieved within 2 to 3 days of UV-A
lamp exposure, confirming a relatively fast photocatalytic activity of the treatments.

Figure 5. Average results for the color changes (ΔE), related to RhB decomposition after 168 h of
UV-A lamp exposure of unaged and aged (after HT, UV, and SO2 cycles) systems, with or without
protective coatings.

Concerning the ETICS with no protective products, a significantly reduced self-
cleaning capacity was observed in the acrylic-finished systems (S1 and S3), if compared
to the NHL-finished (S2) and silicate-finished (S4) ICB ETICS. RhB also presents a dye-
sensitized process, in addition to its degradation by TiO2 particles under UV radiation [58].
The different aging cycles have a reduced effect on RhB degradation and, consequently, on
the color change in the systems, confirming the relatively high resistance of the studied
systems to aging (as observed in [13]).
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In the unaged state, the most significant self-cleaning properties and, therefore, photo-
catalytic efficiencies were observed in the specimens treated with the photocatalytic and
antimicrobial coating NS (Figure 5), due to the incorporation of TiO2 nanoparticles with
photoinduced properties [30]. The highest values were obtained for the ETICSs finished
with acrylic and silicate products, rather than NHL. The application of AQ, which also
presented considerable percentages of TiO2 and ZnO, induced a higher photocatalytic
effect in the acrylic- (S1, S3) and NHL-finished (S2) systems, if compared to the untreated
specimens. Therefore, in the unaged state, an order NS > AQ > HW can be defined for
self-cleaning effectiveness (Figure 5).

After artificial aging, the systems treated with NS showed a considerable reduction
in ΔE after the hygrothermal cycles. Except for the silicate-finished S4 ETICS, the UV
and SO2 cycles resulted in even lower ΔE variations, thereby reducing photocatalytic
activity and highlighting the reduced durability of NS to artificial aging. Acrylic-finished
ETICS (S1 and S3) were generally more affected when compared to the inorganic finished
(silicate or NHL) ETICS. It is worth noting that the association of wet and dry cycles, as
well as prolonged exposure to UV radiation, can lead to partial removal of the protective
product and/or the formation of micro-defects on the coating’s surface [50]. Although TiO2

nanoparticles are generally encapsulated (in e.g., SiO2, Al2O3, or ZrO2 as shell materials) to
prevent the contact between the degradable organics and the photoactive TiO2 surface, the
photoinduced hydrophilicity and self-cleaning effectiveness of the treatment with nano-
engineered TiO2 can be partially reduced by weathering [44,59], with discoloration, loss of
gloss, or chalking coatings.

The effect of the aging cycles was less significant in the case of the systems treated with
HW and AQ, exhibiting considerable resistance to hygrothermal cycles, UV radiation, and
SO2-rich cycles. In accordance with previous studies [20,51], silane/oligomeric siloxane
presented lower modification of their properties after aging, when compared to SiO2-TiO2

nanostructured treatments. The treatments with AQ showed significant resistance, also
due to its considerable thickness, if compared to the other treatments (Table 1).

3.3. Biological Colonization

The average results of mold development on the coatings after four weeks of in-
cubation on the unaged multifunctional products showed traces of mold growth in all
three types of coatings, with slightly higher values for the indicated photocatalytic and
antimicrobial NS product (Figure 6a–c). The test was validated by considering the results
obtained for the paper control, in which all specimens were rated 4 out of 4 (heavy growth,
exceeding 60% of the contaminated surface) after the third week of testing.

Figure 6. Traces of A. niger growth on the unaged multifunctional protective products: (a) HW,
(b) NS, and (c) AQ after four weeks of testing. Mold growth observed with NS applied on ETICS:
(d) S1 and (e) S2; (f) Mold growth observed with HW applied on ETICS S4; (g) ETICS S3 without
protective coating.
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The results of the average rate of mold development on ETICS after the complete
accelerated aging procedure are presented in Figure 7. For the acrylic-finished ETICS S1
and S3 (with EPS and MW insulation, respectively), the application of NS led to an increase
in mold development, with moderate mold growth: 30 to 60% of contaminated surface
(Figure 6d). Conversely, the application of protective products HW (hydrophobic and
biocidal emulsion) and AQ (hydrophobic, self-cleaning and biocidal coating) in ETICS S1
and S3 slightly increased the mold resistance of the system after aging, with only traces of
mold growth (<10% of the contaminated surface). In the case of ETICS S3, the surface of this
system gained a considerable yellowish tone after accelerated aging (Figure 6f), regardless
of the application of protective coatings, mainly due to the use of mineral wool (i.e., thin
yellow microfiber) as thermal insulation layer, which was possible partially leached to the
drying surface after the HT cycles (e.g., [13]).

Figure 7. Average results of mold development up to 4 weeks of the untreated (Ref) and treated
(HW, NS, and AQ) systems S1–S4. Rating scale: 0—no growth; 1—traces of growth; 2—light growth;
3—moderate growth; 4—heavy growth.

Heavy mold growth (>60% of contaminated surface) was observed with the appli-
cation of NS (Figure 6e) on the NHL-finished S2 ETICS. In contrast, product AQ slightly
increased the resistance to mold development (light growth with 10% to 30% of contami-
nated surface) in this system after aging. Results showed that the application of HW did
not enhance the mold growth resistance of system S2.

Finally, the application of multifunctional products in silicate-finished ETICS S4 con-
tributed to a decrease in mold resistance after aging. In this case, the highest mold develop-
ment was observed with the application of the siloxane-based HW (Figure 6g), indicating a
possible incompatibility between the silicate-based surface and this product.

Although product NS is formulated with remarkable amount of TiO2 nanoparticles,
which might decompose biological macromolecules (DNA) and thus inhibit biological
growth [60], as observed in previous studies [61–63], the highest mold growth was generally
observed with the application of this product, mainly after artificial aging, with heavy
growth in the ETICS with acrylic- (S1 and S3) and NHL-based coating (S2). Conversely, the
application of the AQ product slightly increased the resistance to mold growth in ETICSs
S1, S2, and S3. Finally, the application of HW did not affect the mold growth resistance of
the systems, and in some cases, even induced an increase in bio-susceptibility, as seen with
ETICS S4.
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3.4. Chemical and Morphological Analyses
3.4.1. SEM-EDS

Results showed that the silicate-based NS protective products formed a thin coating
(10–50 μm) when applied to all systems. However, after drying and complete polymer-
ization, the product tended to shrink when applied on the acrylate-finished system (S1
and S3), with a diffuse cracking and a partial detachment of the resulting plate-like clus-
ters [64] (Figure 8a). EDS spectra confirmed a notable amount of titanium, attributed to the
photocatalytic TiO2 nanoparticles (Figure 8c).

Figure 8. SEM microphotographs of NS product applied on ETICS S1 (a) before aging and (b) after
HT cycles; (c) neoformation products (arrows) after SO2 cycles; (d) software-generated EDS elemental
spectra of a spot of (b); NS product applied on system S2 (e) before aging, (f) after HT cycles and
(g) after SO2 cycles, with acicular gypsum neoformation (arrows).

Cracking generally increased along the aging protocol, mainly after hygrothermal
cycles (Figure 8b), with further micro-detachment, dirtiness, and neoformation prod-
ucts observed both after UV and SO2 cycles (Figure 8d). This trend can be attributed
to a combined leaching of the finishing and basecoat of the systems, as well as CaCO3

dissolution-reprecipitation processes [13].
The NS product had a heterogeneous distribution and thus possible lack of compat-

ibility when applied on the NHL-finished S2 system (Figure 8e). The product formed a
heterogeneously distributed coating with clusters and suffered an almost complete removal
during the hygrothermal cycles (Figure 8f). After the SO2 cycles, the acicular formation is
consistent with gypsum-based clusters (Figure 8g) [65–67], possibly obtained by sulfation,
i.e., combination of sulfur dioxide from the pollutant chamber, and the Ca(OH)2 and CaCO3

neoformation [68] after hygrothermal aging. When applied to silicate-finished S4 ETICS,
the NS product demonstrated poor physical-chemical compatibility with the substrate,
characterized by heterogeneous distribution and material detachment, which consistently
increased after artificial aging.

As observed in previous works [69], the high reactivity of the NS silicate binder in
an alkaline environment provided by the aqueous medium and the NHL of the substrate
(ETICS S2 and S4), and the presence of a relevant amount of CaCO3 can favor the devel-
opment of shorter linear chains of tetrahedral silica and linear silicate structure, forming
colloidal silica gel with plate-like shape [70]. Cracks and surface abnormalities have also
been previously reported as a result of a lack of compatibility between protective coatings
and the applied substrates [71].

The silane/siloxane emulsion hydrophobic HW product formed a highly compact and
homogeneous coating on the acrylate-finished ETICS (S1 and S3) (Figure 9a). Neverthe-
less, partial decohesion and material loss, and even neoformation products (i.e., calcium
carbonate and gypsum) at the surface (Figure 9b), can be noted after the hygrothermal
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cycles. A relatively homogeneous and durable HW treatment was observed in the case
of the silicate-finished ETICS S4, which can indicate proper compatibility between the
product and this rather durable system [15]. Conversely, the application of HW on the
NHL-finished S2 system led to a heterogeneous coating, which was seriously damaged
after hygrothermal cycles (severe loss of material) (Figure 9c), and again with the formation
of carbonate- and sulfate-based clusters after aging cycles with SO2 (Figure 9d).

Figure 9. SEM microphotographs of HW product applied on ETICS: S1 (a) before aging and (b) after
SO2 cycles; S2 (c) after HT cycles and (d) after SO2 cycles; AQ product applied on ETICS: (e) S1 after
SO2 cycles; (f) S2 after SO2 cycles; (g) S4 after HT cycles.

The application of AQ also resulted in a homogeneous coating, with some porosity
at the microscale. The coating exhibited high resistance to various aging cycles across all
systems (Figure 9e,f) [40,51], possibly due to its enhanced thickness compared to other
products. The hygrothermal aging cycles were confirmed to be the most invasive aging
procedure, leading to the washing and thus micro-abrasion of the surface, mainly in the
case of the NHL-finished S4 system (Figure 9g).

3.4.2. DRIFT

The DRIFT spectra of the finishing coating of ETICS S1, S2, and S4 (untreated), used
as reference (Figure 10), showed generally considerable amounts of cement-based or lime-
based compounds, as well as additives (inert sands or acrylic resins), in agreement with
previous results [13].

After the artificial aging cycles, a higher intensity of the carbonate bands (overlapped
νCO3

2−/δasCH3 mode at ~1400 cm−1; ωCO3
2− mode at 876 cm−1) was observed for ETICS

S1 (Figure 10a) and ETICS S2 (Figure 10b,c) after UV cycles, when compared to the unaged
ETICS, confirming the presence of leached clusters and additives on the aged substrate.
Additionally, an intensity increase in the hydroxyl bands (νOH at ~3300 cm−1, δHOH
of adsorbed water at ~1640 cm−1), partially attributed to the presence of Ca(OH)2 [72],
confirmed the neoformation of calcium-based products observed in the SEM-EDS analysis
(in Section 3.4.1). In the case of ETICS S4, with or without protective products, no signifi-
cant changes were observed in the spectra after artificial aging with UV and SO2 cycles,
indicating the high stability of the silicate-finished ETICS.

In the DRIFT spectra, a doublet band is observed at ~1795 and ~1740 cm−1 that can
be assigned to νsCO3

2− modes overlapped with νC=O modes, or to combination bands
of the two modes, for the acrylic-finished (ETICS S1) or for polymeric additives (ETICS
S2 and S4). A significant change in those bands is observed for ETICS S2, with an inverse
evolution to that of carbonates, and therefore can be associated with a possible degradation
process.
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Figure 10. Comparison of DRIFT spectra of the protective coating (unaged) and ETICS without (R)
and with protective products (HW, NS, and AQ), after UV and SO2 aging cycles: (a) ETICS S1 with
HW; ETICS S2 with (b) NS and (c) AQ; (d) ETICS S4 with NS. The coating spectra are normalized at
2981 cm−1, and the protective coating spectra are normalized at maximum.

Moreover, the decrease in the band at ~3330 cm−1 (νOH mode) with an increase in
the band at ~1795 cm−1 for ETICS S1 after UV irradiation, might arise from the photo-
oxidation reaction of –OH, leading to the formation of oxidized products containing C=O
chromophores and, thus, a slight yellowish of the surface, in accordance with the results of
color change and photocatalytic efficacy (Section 3.2.1) [73]. Finally, a band of the silicate
(νasSi-O-Si mode at ~1020 cm−1) was observed in all ETICS, with the intensity increasing
for ETICS S4 (Figure 10d).

When analyzing the ETICS with the protective products, a possible mixture of the
signals from the protective product and the reference system materials (finishing and
basecoat) can be observed, also due to the method of sample collection, which involves
scraping the surface. The bands of the protective products’ spectra (pure HW, NS, or AQ)
overlap with those of the finishing and basecoat of the ETICS (Figure 10a–d), hindering
a clear identification of alterations or degradation of the protective products along the
aging protocol. However, the decrease in the δHOH mode (1640 cm−1) can be attributed
to the decrease in adsorbed water resulting from the artificial aging cycles of ETICS S2,
if accompanied by a reduction in the νOH band, or confirms the possibility of some
degradation product formation.

Regarding the acrylate polymers (in the finishing coat of ETICS S1, or the protective
product AQ), the presence of monomer acrylic groups can be associated with a νC=C
band in the infrared spectrum that can be observed in the same region of the δHOH
mode (adsorbed water). Since no changes were observed in the δHOH mode region (at
1640 cm−1) in the spectra of ETICS S1, degradation throughout the aging processes can be
excluded, confirming the high durability of the ETICS S1 acrylate coating. In the case of
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ETICS S2, the band in the region of the δHOH mode decreased significantly, and the νOH
band region increased with artificial aging. Following previous work [14], no partial repair
or degradation reversion of the polymer paint was observed, particularly after exposure to
UV radiation. The decrease in the relative intensity of the δHOH band may be attributed
to a drying process or, more likely, to a chemical reaction between water and a coating
component, which increases the number of OH groups and consequently enhances the
relative intensity of the νOH band.

Concerning ETICS S4, a relative intensity increase in the band at 1161 cm−1 is observed
in the sample after UV cycles, which may be due to the presence of the protective product,
resulting in an overlap of the finishing coat and protective product bands.

4. Discussion

The photocatalytic and antimicrobial NS treatment (ethyl silicate-based with TiO2)
produced a thin coating with extensive microcracking, which was considered to have poor
compatibility with the NHL (S2) and silicate-finished (S4) ETICS. In these systems, the
distribution of the coating components was heterogeneous, with cluster-like deposition.
Although the formulation included hydrophobic ethyl silicate, the improvement in water
repellency was negligible. Hygrothermal aging significantly affected this coating, resulting
in partial detachment or surface yellowing. However, the product possibly filled the
nano- and micro-porosities of the systems [16], thereby reducing water uptake even after
aging. Exposure to UV light activated the TiO2 particles within the product, resulting in a
slightly more hydrophilic surface, which can also favor water vapor permeability and thus
evaporation [51].

Although the SO2 cycles did not seriously affect the coating, with a grayish tone which
is only slightly visible to the naked eye, the reduced durability of NS can affect the self-
cleaning features over time, with a partial release of TiO2 nanoparticles during the aging
cycles [50,74], followed by a reduction in the photoactivity after exposure to UV radiation
and condensation cycles [75]. Investigating the degradation of TiO2-modified paints
under low-radiation conditions, a study observed a rather opposite effect, as microcracks
arising from this type of exposure enhanced photocatalytic performance due to a larger
exposure area [76]. Therefore, the importance of analyzing different weathering agents is
straightforward.

Furthermore, the presence of microcracks influenced the bioreceptivity of the coat-
ing, providing potential anchoring points for mold growth and, thus, compromising the
expected antimicrobial attribute of the surface [77]. The increase in the drying index after
hygrothermal aging can further aggravate this matter, because if drying is not fast enough,
the presence of moisture for more extended periods favors biological growth in ETICS [4].
Taken together, the limited stability, durability, and weak compatibility make it unsuitable
for long-term use on the studied systems.

The silane/siloxane HW emulsion created a compact, water-repellent coating that was
durable and compatible with acrylic-finished S1 and S3 ETICS. In contrast, its distribution
was heterogeneous when applied to the NHL-finished S2 system and showed no substantial
benefit on the silicate-finished ETICS (S4). However, partial photodegradation of the
coatings was observed during UV irradiation [78]. Additionally, the aging of this product
can affect the drying rate, especially in the case of highly rough, acrylic-finished surfaces
(e.g., S3), where poor self-cleaning properties were observed both before and after aging.
HW is therefore suitable for acrylic ETICS, but its application to lime- and silicate-based
systems is not recommended.

The acrylic AQ dispersion formed a thicker, more microporous coating than the other
products. Its chemical affinity to acrylic ETICS enhanced the compatibility and durability

177



Energies 2025, 18, 5008

of the hydrophobic features in S1 and S3, whereas a slight improvement was observed
in lime- and silicate-based systems (S2 and S4). The coexistence of hydrophobic acrylic
components with hydrophilic TiO2 resulted in a competitive effect [79], reducing overall
water repellency. Additionally, UV further increased surface hydrophilicity due to the
activation of photocatalytic additives. Indeed, hydrophobicity is reported to be dependent
on the TiO2 loads within the development of protective coatings [80], requiring fine-tuning
to achieve the desired performance.

Compared to NS, the self-cleaning effect of AQ was less pronounced; however, the
coating exhibited superior resistance to hygrothermal, UV, and SO2 aging, particularly
when used on acrylic-finished ETICS. Poor results were observed when applied to silicate-
finished ETICS S4, possibly due to the lack of a coupling agent (e.g., silane) in the acrylic
polymer, which could have increased the physical-chemical compatibility between the
organic and inorganic phases [81]. Furthermore, the acrylic AQ coating slowed down the
drying rate, compared to the NS and (ethyl silicate) HW products.

Overall, the results indicate apparent differences in performance depending on both
the protective product and the ETICS finish. NS provided initial self-cleaning capabilities
but failed in terms of durability and compatibility. HW was effective only on acrylic
systems, and AQ also combined good durability with moderate self-cleaning in acrylic
ETICS, albeit at the expense of drying time. Analogously, in another study, hydrophobic
products were also identified as having differing effectiveness and durability when applied
to limestone or cementitious mortars [20], thereby underscoring the importance of an
integrated assessment.

When selecting between hydrophobic and photocatalytic properties for ETICS, the
trade-offs must be weighed. Hydrophobicity reduces water uptake and, thus, can prevent
moisture degradation, but it can also limit drying and self-cleaning. Photocatalysis can sup-
port surface whitening and pollutant degradation by leveraging increased hydrophilicity;
however, this effect is not sustained if low durability is identified, as in the case of NS. For
this reason, the selected treatments must be case-oriented, considering the product quality,
substrate compatibility, and environmental conditions. Indeed, other research indicates
that exposure conditions significantly impact on maintenance needs for ETICS [82].

Although the performance of ETICS has already been investigated in other European
contexts, material formulations, construction practices, and aging methodology vary sig-
nificantly, and these factors strongly influence the durability and compatibility of surface
treatments. In addition, most earlier works considered individual parameters, whereas
the present study employs a comprehensive set of artificial aging cycles, allowing for a
systematic comparison of multifunctional products. This approach provides data that
are directly relevant to local building practice and expands the understanding of ETICS
performance under different climates.

5. Conclusions

This study evaluated the performance of three commercial multifunctional protective
coatings applied to thermal insulating composite systems (ETICS) surfaces, focusing on
their effects on moisture transport, photocatalytic activity, color stability, and mold growth
before and after accelerated aging. Thus, the research aimed to provide a comprehensive
overview of long-term performance and address pressing challenges in building façades.
The results underline that the long-term effectiveness of protective treatments is strongly
influenced by their chemical compatibility with the underlying ETICS finishes.

Through surface multifunctionality, including water resistance features, different lines
of behavior were observed for the four types of ETICS throughout the accelerated aging
procedure, which are directly related to the long-term performance of the whole system.
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The relevance of the interconnection between moisture transfer, biological colonization,
and photocatalytic activity was especially evident for the ethyl-silicate-based coating with
TiO2 applied to NHL finishing ETICS. Poor compatibility, resulting in surface microcracks,
may have facilitated mold growth, which can also be favored through an increase in the
drying index with hygrothermal aging.

The results were indeed found to be highly dependent on the chemical compatibil-
ity between the coatings and the ETICS finishes (acrylic, hydraulic lime, or silicate). On
silicate substrates, the application of the protective products led to worse moisture trans-
port properties (i.e., higher water absorption and slower drying) and higher biological
colonization, due to reduced compatibility and bonding between the silicate substrate
and the waterborne organic products (without a coupling agent). Hydrophobic and/or
photocatalytic coatings were somewhat effective and durable on acrylic/finished thermal
insulating systems due to their chemical compatibility, which also favors extended long-
term performance. On the contrary, low durability and low performance were observed
when applied to the hydraulic lime-finished thermal insulating systems.

Concerning durability, both ETICS and protective products were primarily affected
by hygrothermal aging, resulting in physical-chemical alterations to the polymeric matrix
of the multifunctional coatings or changes in the pore size distribution of the systems.
Conversely, the UV cycles led to activation of the photocatalytic and hydrophilic additives,
slightly favoring the wettability of the substrates.

Regarding the individual commercial products investigated:

• HW (silane/siloxane emulsion) ensured good water repellency and durability on
acrylic ETICS, but showed reduced performance on lime- and silicate-based systems
and limited self-cleaning;

• NS (ethyl silicate with TiO2) offered initial photocatalytic and self-cleaning properties,
but a negative performance in terms of biocidal effect, durability, and effectiveness
over time;

• AQ (acrylic dispersion with TiO2) combined acceptable durability and moderate
self-cleaning on acrylic systems but increased drying resistance and showed weak
performance on mineral-based ETICS.

From a practical standpoint, none of the tested coatings is recommended for silicate-
based ETICS, while the ethyl silicate—TiO2 product should generally be avoided. Protective
treatments for acrylic-based ETICS showed more promising results, particularly with HW
and AQ. However, the study emphasizes that performance cannot be assessed based on
a single property; successful solutions must ensure multifunctionality, combining water
repellency, drying capacity, and biological resistance, while avoiding incompatibility that
could compromise the hygrothermal balance of the system. In some cases, reapplying the
original compatible finish may represent the most reliable strategy to safeguard ETICS
durability, insulation efficiency, and long-term energy performance.
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Abbreviations

The following abbreviations are used in this manuscript:

θ Contact Angle
ΔE Color Change
a* Color Coordinate (red-green)
AQ Hydrophobic, Self-cleaning and Biocidal Coating
b* Color Coordinate (yellow-blue)
BC Base Coat
Cc Capillary Water Absorption Coefficient
DI Drying Index
DRIFT Diffuse Reflectance Infrared Fourier Transform
EDS Energy Dispersive Spectroscopy
EIFS Exterior Insulation Finishing System
EPS Expanded Polystyrene
ETA European Technical Approval
ETICS External Thermal Insulation Composite Systems
EWI Exterior Wall Insulation Systems
FC Finishing Coat
HT Hygrothermal Cycles
HW Hydrophobic and Biocidal Coating
ICB Insulation Cork Board
L* Lightness
MC Multifunctional Coatings
MW Mineral Wool
NHL Natural Hydraulic Lime
NS Photocatalytic Self-Cleaning and Antimicrobial Coating
Ref Without Protective Treatment
RH Relative Humidity
RhB Rhodamine B
S1 System 1
S2 System 2
S3 System 3
S4 System 4
SCI Specular Component Included
SEM Scanning Electron Microscope
SO2 Air Pollutant Cycles
T Temperature
UV Ultraviolet Radiation Cycles
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Abstract: Thermal bridging through cold-formed steel (CFS) studs significantly reduces the
thermal performance of light gauge steel frame (LSF) wall systems, particularly in climates
demanding higher thermal resistance (R-value). While thermal breaks are commonly used,
they increase material costs and construction complexity. According to NCC 2022, the
minimum total R-value requirement for external walls ranges between 2.8 and 3.8 m2·K/W
depending on the climate zone and building class. This study therefore evaluated web-
perforated steel studs as a passive strategy to enhance thermal resistance of LSF walls,
analysing 120 configurations with validated 3D finite element models in Abaqus and
benchmarking in THERM. The results showed that web perforations consistently improved
R-values by 14 to 20%, as isotherm contours and heat flux vectors demonstrated disruption
of direct heat flow through the stud, thereby mitigating thermal bridging. Although the
axial compression capacity of web-perforated CFS studs decreased by 29.5%, the use of
4 mm hole-edge stiffeners restored 96.8% of the original capacity. The modified NZS
4214:2006 and ASHRAE Modified Zone methods, incorporating steel area reduction and
heat flux redistribution, closely matched Abaqus predictions, with coefficients of variation
(COV) below 0.009, corresponding to less than 1% relative deviation between analytical
and numerical R-values. Furthermore, application of web-perforated CFS studs in five
external wall systems demonstrated improved thermal resistance, ensuring compliance
with NCC 2022 R-value requirements across all Australian climate zones. Overall, the
findings establish web-perforated studs as an effective solution for improving the energy
performance of LSF building envelopes.

Keywords: light gauge steel framing; cold-formed steel; web perforations; thermal bridging;
ASHRAE Modified Zone Method; energy efficiency; thermal resistance; heat flux analysis

1. Introduction

Thermal losses in light gauge steel framed (LSF) buildings account for approximately
20 to 40% of total energy loss through the building envelope. Of these, external wall assem-
blies contribute 10 to 25%, primarily due to thermal bridging through high-conductivity
steel components such as studs, noggings, and plates, which have conductivities exceeding
50 W/m·K. In contrast, adjacent materials such as insulation and sheathing typically exhibit
conductivities below 0.05 W/m·K [1]. While internal LSF walls contribute minimally to
building envelope heat transfer, external walls provide dominant conductive pathways and
exert substantial influence on heating, ventilation, and air conditioning (HVAC) loads [2,3].
The thermal performance of LSF systems is characterised by thermal transmittance (U-
value, W/m2·K) and thermal resistance (R-value, m2·K/W), which are inversely related
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(R = 1/U) [4]. The thermal performance of LSF wall assemblies is influenced by parameters
such as stud spacing, flange geometry, insulation configuration, cladding type, thermal
breaks, and web perforations [5]. Insulation layout can influence thermal resistance, as
Santos et al. [6] and Rajanayagam et al. [7] demonstrated that varying insulation placement
can result in efficiency differences exceeding 60%. Francis et al. [8] and Martins et al. [9]
reported that cold-framed LSF walls produced U-values up to 0.432 W/m2·K, with R-value
reductions approaching 65%, whereas warm-framed systems with continuous insulation
achieved U-values as low as 0.295 W/m2·K. Stud spacing and flange width also mod-
ulate thermal performance, as closer spacing (e.g., 300 mm) increases the steel fraction,
raising U-values by 0.10 to 0.16 W/m2·K and reducing R-values by up to 25%, whereas
wider spacing with continuous insulation can improve R-values by about 20% [10,11].
Also, flange width reduction from 50 mm to 35 mm has been shown to improve R-values
by up to 15% [5]. Additional strategies including staggered studs, optimised cavity in-
sulation, and composite sheathing have produced R-value increases of over 22%, with
some configurations exceeding 3.5 m2·K/W [12,13]. Among various passive strategies,
web perforations offer an effective approach to mitigating thermal bridging by reducing
conductive cross-sectional area and introducing air voids as shown in Figure 1. Sovetova
and Calautit [14] reported heat transfer reductions of 50% using air-filled perforations.
Yang et al. [15] reported U-value reductions from 0.697 to 0.428 W/m2·K using slotted
studs, with further reduction to 0.329 W/m2·K achieved by increasing slot number and
length. Alekperov et al. [16] found triangular and dumbbell-shaped slots lowered thermal
conductivity by up to 19% versus rectangular slots. Further, Martins et al. [9] recorded an
8.3% drop in U-value using 10 mm thermal break strips on 28% web slotted studs. Langner
et al. [17] demonstrated that slotting alone could match the resistance benefit of reducing
stud thickness sixfold. Furthermore, Höglund and Burstrand [18] identified flanges and
webs as primary heat conduction paths and confirmed that web perforations effectively
reduce through-stud conduction. Combined, these methods improve R-values by 15 to
20%, supporting compliance with ISO 6946:2017 [19] and the National Construction Code
(NCC) [20] while reducing HVAC energy demand. However, such web perforations in
steel studs may introduce structural capacity concerns caused by premature buckling [21].

Figure 1. Heat flow distribution in a web-perforated steel stud.
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Globally, energy efficiency regulations have become increasingly stringent, mandating
higher R-values in steel-framed building envelopes. The International Energy Conservation
Code 2021 [22] requires total R-values between 2.29 and 3.52 m2·K/W, supplemented by
energy rated cavity insulation. According to the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE) [23], above-grade LSF walls in cold climate
zones (Zones 5 to 8) must not exceed a U-value of 0.064 W/m2·K. In Europe, national
standards aligned with the European Union directive prescribe external wall R-values
ranging from 2.8 to 6.0 m2·K/W, depending on the climate zone [24]. Australia’s NCC
2022 mandates total R-values between 2.8 and 3.8 m2·K/W based on climate zone and
building class and requires thermal breaks with a minimum resistance of R 0.2 for direct-fix
cladding. However, current provisions across these standards do not explicitly address
passive enhancements such as web perforations in steel studs. In this context, to assess reg-
ulatory compliance, several analytical methods are employed, including ISO 6946:2017 [19],
NZS 4214:2006 [25] and the ASHRAE Modified Zone Method [26], which estimate ther-
mal resistance under steady-state conditions. ISO 6946:2017, although widely used for
conventional walls, explicitly states that its combined method is not valid for cold and
hybrid LSF walls due to the strong metal bridging effect. While NZS 4214:2006, based on
the isothermal planes approach, is suitable for low R-value assemblies, it tends to overesti-
mate performance of highly thermally bridged systems such as CFS frames, limiting its
applicability. The ASRAE Modified Zone Method addresses some of these limitations by
incorporating zone factors that account for lateral heat flow, offering improved accuracy for
cold-framed or discontinuously insulated assemblies [27]. However, both NZS 4214 and the
Modified Zone Method assume homogeneous steel framing and do not consider geometric
disruptions such as web perforations, limiting their applicability to perforated LSF systems.
Also, even with cavity insulation rated at R 2.5 m2·K/W, thermal bridging can reduce
effective resistance to between R 1.1 and R 1.4 m2·K/W, resulting in performance losses
exceeding 50%, depending on climate zone [28,29]. Although thermal breaks are mandated
for cladding systems, passive strategies such as web perforations remain unacknowledged
in existing regulations, and current calculation methods continue to overlook internal voids
and discontinuities in steel geometry [30].

Previous research on LSF walls has primarily examined solid studs and, in some
cases, slotted studs, focusing on insulation strategies, thermal breaks, and cavity design,
which achieved only incremental gains. However, systematic strategies that alter the stud
geometry to directly interrupt heat transfer pathways remain limited. In particular, the
role of circular web perforations in passively enhancing the energy performance of LSF
walls has not been investigated. This study addresses this gap through a comprehensive
numerical and analytical evaluation of web-perforated CFS studs, incorporating thermal
efficiency, structural performance in terms of load carrying capacity of the CFS studs, and
compliance with NCC 2022 requirements. Full-scale 3 m LSF wall assemblies with 1.15 mm
lipped-channel CFS studs were modelled for steady-state heat transfer using 3D Abaqus
and 2D THERM under a 35 ◦C gradient (40 ◦C external, 5 ◦C internal) and validated
against guarded hot-box experiments [31]. To capture the influence of geometry, 120 stud
configurations were developed by systematically varying web hole diameters between 36
and 68 mm and spacings between 200 and 450 mm, consistent with the limits prescribed
in AS/NZS 4600 and NASH provisions. The structural capacity of web-perforated studs
was benchmarked against the experimental results of Gunalan et al. [32], ensuring that
axial load-carrying performance was reliably represented. Perforations redistributed heat
flux through the insulation, increasing thermal resistance by up to 20% relative to solid
studs. This gain was initially accompanied by reduced axial capacity, but the addition of
4 mm web-hole stiffeners restored the performance with no significant loss of strength
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while retaining a 15% R-value improvement. The optimised perforated stud was further
examined within five representative façade systems, confirming consistent thermal benefits
at the envelope level. Finally, modified forms of NZS 4214 and the ASHRAE Zone Method
were developed to account for discontinuous steel geometries, achieving close agreement
with Abaqus and THERM predictions, and the resulting R-values were mapped against
NCC 2022 thermal requirements across multiple climate zones.

2. Methodology

2.1. Model Validation

Experimental investigations into the thermal performance of LSF walls have played a
critical role in validating numerical models used in estimating R-values. The benchmark
study by Santos and Mateus [31] utilised a mini hot-box apparatus under quasi-steady-
state conditions to evaluate the thermal resistance of both load-bearing and non-load-
bearing LSF wall assemblies. The configuration of their load-bearing wall comprised three
C90 × 43 × 15 × 1.5 mm steel studs at 400 mm spacing, with a 90 mm mineral wool
core (λ = 0.035 W/m·K), 12 mm OSB on both faces, and an internal 12.5 mm gypsum
plasterboard layer, resulting in a total thickness of 126.5 mm as shown in Figure 2. It
measured 1030 mm × 1060 mm and included three symmetrically placed studs. The
measured surface-to-surface thermal resistance was R = 1.558 m2·K/W. In this study,
this reference load-bearing LSF wall was numerically modelled to evaluate its thermal
performance using three-dimensional steady-state (3D) heat transfer analysis in Abaqus
as shown in Figure 3. The 3D approach was adopted to better represent realistic heat
flow in all spatial directions. Material conductivities were taken as 50 W/m·K for steel,
0.100 W/m·K for OSB, and 0.175 W/m·K for plasterboard. A temperature gradient of 35 ◦C
was applied (40 ◦C hot side, 5 ◦C cold side), with heat fluxes recorded using four sensors
positioned across the stud and cavity regions. The developed model was validated against
measured surface-to-surface R values reported in [31].

A parallel simulation was performed in THERM as shown in Figure 4, which, in
addition to providing validation, facilitated a clearer understanding of the distinctions
between 2D and 3D thermal behaviour, particularly in relation to the influence of geometric
dimensionality on predicted R-values.

Figure 2. Load-bearing LSF Wall investigated in [31].
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Figure 3. Three-dimensional Abaqus model of the reference wall.

Figure 4. THERM model of the reference wall.

2.2. Studied Cases—Thermal Resistance of LSF Wall and Structural Capacity of CFS Stud

Following model validation, web perforations were introduced to the studs of the
same LSF wall configuration to mitigate thermal bridging and investigate their influence
on conductive heat transfer pathways. Five perforations with a diameter of 45 mm were
introduced with a clear spacing of 160 mm between adjacent holes. The resulting effects
on isotherm alignment and heat flux redistribution were investigated. Furthermore, a
1200 mm × 3000 mm wall with non-perforated CFS stud was developed in Abaqus to
represent full scale LSF construction, as shown in Figure 5. Previous studies show that
wall width has minimal impact on thermal resistance under steady-state conditions due
to predominantly one-dimensional heat flow [33,34]. The 3 m height was adopted to
enable axial conduction study along solid studs, followed by assessment of the potential
thermal impact of introducing web perforations and the associated reduction in steel
cross-sectional area. The R-value obtained from this configuration was used as a reference
for subsequent analyses. To assess the influence of geometric modifications on thermal
resistance, the model was then extended by incorporating circular web openings in the
steel studs (Figure 5).

189



Energies 2025, 18, 5103

Figure 5. Abaqus model of 1200 mm × 3000 mm LSF wall with solid and web-perforated CFS studs.

Moreover, the 1.5 mm thick CFS stud reported in the literature was replaced with
a 1.15 mm thick section, consistent with the 3 m lipped channel stud experimentally
investigated by Gunalan et al. [32] to allow structural capacity assessment. A parametric
study was undertaken numerically in Abaqus, adopting the modelling methodology of Vy
et al. [35] to evaluate the influence of web perforation geometry and spacing on the thermal
and structural performance of CFS studs, aiming to enhance the thermal resistance of LSF
walls. A total of 120 LSF configurations were evaluated by varying the web hole diameter
to web depth ratio between 0.40 and 0.76, consistent with the limits defined in AS/NZS
4600 [36], National Association of Steel-Framed Housing (NASH) [37] and the NCC. Hole
diameters ranged from 36 mm to 68 mm, with spacing between 120 mm and 450 mm along
a 3000 mm stud length (Figure 6).

Figure 6. Locations and sizes of web perforations modelled in Abaqus.

The analysis revealed that increases in thermal resistance were consistently accom-
panied by reductions in load-bearing capacity. To address this capacity reduction, the
same configuration was refined by using 4 mm long hole-edge stiffeners, with material
property identical to the base CFS stud material. This modification maintained the ther-
mal improvement while enhancing load-bearing capacity, with the stiffened configuration
substantially increasing the capacity compared to the unstiffened stud and recovering
most of the capacity lost due to web perforations. The wall assembly, integrating web
perforations and web-hole stiffeners, was used to evaluate the thermal performance of
fire-rated external LSF walls. Five full-scale ventilated façade systems were modelled, each
integrating a dedicated air cavity along with a distinct external cladding type: autoclaved
aerated concrete panels, corrugated steel sheeting, non-combustible aluminium composite
panels, fire-rated glass façades, and ventilated clay brick veneer. Thermal resistance was
evaluated at each stage based on the required R-values for different Australian climate
zones given in Table 1.
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Table 1. Required total R-Values for external walls from NCC [20].

Climate
Zone

Class of Building

1 2, 5, 6, 7, 8 or 9b or 9a Excluding Ward Area 3 or 9c or 9a Ward Area

1 2.8 2.4 3.3

2 2.8 1.4 1.4

3 2.8 1.4 3.3

4 2.8 1.4 2.8

5 2.8 1.4 1.4

6 2.8 1.4 2.8

7 2.8 1.4 2.8

8 3.8 1.4 3.8

Additionally, external LSF wall performance was assessed by varying stud spacing,
insulation configuration, plasterboard layers, and thermal break inclusion, benchmarked
against R-value targets for extreme climates. Analytical methods, including NZS 4214
and the ASHRAE Modified Zone method, were adapted for web-perforated studs by
recalculating frame fractions based on net steel area. The analytical expressions for thermal
resistance were modified to account for the reduced steel cross-sectional area introduced
by web perforations. Table 2 provides an overview of the present study on web-perforated
CFS studs in LSF walls.

Table 2. Overview of the present study on web-perforated CFS studs in LSF walls.

Study Component Details Scope/Configurations Purpose

Model Validation

Reference LSF wall by
Santos & Mateus [31]
(guarded hot-box)

1 wall
(R = 1.558 m2·K/W)—Heat
transfer model

Benchmark validation of
LSF wall using Abaqus and
THERM

Gunalan et al. [32] 3 m
lipped channel CFS stud

1 stud (81 kN vs. 79 kN
(experimental).)—Structural
capacity model

Structural validation of
CFS stud model in Abaqus

Numerical Study
Validated LSF walls with
and with-out
web-perforated CFS studs

THERM (2D), Abaqus (3D), and
analytical methods (NZS 4214,
ASHRAE)

Evaluate the role of
web-perforations in
thermal capacity
enhancement

Parametric Study
(CFS studs)

Lipped channel stud
90 × 40 × 15 × 1.15 mm,
3 m height

120 CFS studs: Hole Ø
36–68 mm, spacing 120–450 mm
(d/h = 0.40–0.76)

Evaluate thermal R-values
and load capacity

Edge stiffeners (4 mm
plates)

1 CFS stud with 68 mm Ø holes
with 200 mm clear spacing

Restore structural capacity
of perforated studs

Analytical Methods Modified NZS 4214 &
ASHRAE MZM

Compared with Abaqus &
THERM

Develop reliable predictive
models

Façade Systems
(External Walls) AAC panels

1 case (THERM (2D), Abaqus
(3D), and analytical methods
(NZS 4214, ASHRAE))

High thermal mass façade

Corrugated steel sheeting
1 case (THERM (2D), Abaqus
(3D), and analytical methods
(NZS 4214, ASHRAE))

Lightweight, high
conductivity façade
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Table 2. Cont.

Study Component Details Scope/Configurations Purpose

Aluminium composite
panels (ACP)

1 case (THERM (2D), Abaqus
(3D), and analytical methods
(NZS 4214, ASHRAE))

Insulated lightweight
façade

Fire-rated glass façade
1 case (THERM (2D), Abaqus
(3D), and analytical methods
(NZS 4214, ASHRAE))

Transparent, fire-resistant
façade

Ventilated brick veneer
1 case (THERM (2D), Abaqus
(3D), and analytical methods
(NZS 4214, ASHRAE))

Brick veneer with
ventilated cavity

Enhancements Thermal breaks Applied in all external walls
considered in study Reduce thermal bridging

Hybrid insulation (partial
cavity fill + sheathing)

Applied in all external walls
considered in study Improve thermal efficiency

Double plasterboard Applied in all external walls
considered in study

Increase thermal mass &
fire performance

Climate Zone
Analysis

NCC 2022 Australian
climate zones (Z1–Z8)

Applied in all external walls
considered in study

Demonstrate compliance
with R-value requirements

3. Three-Dimensional Heat Transfer Simulation Using Abaqus Finite
Element Models

3.1. Model Description

A 3D steady-state heat transfer model was developed in Abaqus/CAE 2023 [38]
to evaluate the R-values of LSF wall assemblies, following the modelling framework of
Ariyanayagam and Mahendran [39]. Several wall configurations were analysed, including
(a) LSF wall specimens reported in the literature, measuring 1060 mm × 1030 mm with
and without web perforations (Figure 3); (b) 1200 mm × 3000 mm walls with and without
perforations (Figure 5); and (c) external wall assemblies with cladding, also measuring
1200 mm × 3000 mm. Configurations (b) and (c) incorporated two C90 × 43 × 15 × 1.5 mm
LSF studs spaced at 600 mm, while configuration (a) used 400 mm spacing and were con-
nected by top and bottom tracks. In configurations involving external walls, CFS battens
were included. Components were assembled with spatial alignment and tie constraints
ensured thermal continuity at all interfaces. All materials, including LSF framing, oriented
strand board (OSB), gypsum plasterboard (GPB), and mineral wool insulation, were mod-
elled as 3D homogeneous deformable solids using 3D eight-node linear brick elements
with first-order temperature interpolation. A mesh independence study was performed
to ensure accuracy of both thermal and structural simulations. Five mesh densities were
examined: coarse (8 mm), medium (4 mm), and fine (2 mm). The predicted R-values for
the reference wall varied by less than 1.2% between medium and fine meshes, while the
axial capacity of the perforated stud differed by only 0.9%. Very fine mesh led to longer
numerical simulation time. The final scheme applied a 20 mm global mesh to bulk regions
such as insulation and stud bodies, 4 mm refinement through plasterboard and OSB layers,
5 mm elements at material interfaces, and 6 to 8 mm refinement around perforation zones
to resolve heat-flux redistribution and stress concentrations. Mesh sensitivity analysis con-
firmed that further refinement produced negligible changes in the R-value, validating the
mesh strategy. The final mesh configuration is illustrated in Figure 7. A steady-state heat
transfer analysis was conducted to compute the temperature distribution and determine
the R-value.
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Figure 7. Final mesh configuration.

3.2. Constraints, Boundary Conditions and Contact Interactions

Thermal boundary conditions and heat transfer processes were defined following
established finite element (FE) methods for LSF walls [40], as shown in Figure 8. Heat
transfer was modelled by incorporating conduction through solid materials and convection
at internal and external surfaces, while radiation was neglected under the steady-state
assumption. Interfaces between LSF framing, OSB, plasterboard, and insulation were mod-
elled using tie constraints with a tolerance of 0.0001 mm, automatically assigned through
the contact detection algorithm in Abaqus. Surface film coefficients of 10 W/m2·K on
the interior OSB surface and 25 W/m2·K on the exterior plasterboard face were applied,
consistent with ASHRAE guidelines for vertical surfaces under natural convection, consis-
tent with ASHRAE guidelines for vertical surfaces under natural convection [3]. To reflect
the imposed temperature difference in experimental setups, boundary temperatures of
40 ◦C and 5 ◦C were used to simulate the experimental thermal gradient. Subsequently,
a steady-state heat transfer step was employed with solver settings optimised for numer-
ical stability. Surface heat flux results were used to calculate the R-value based on ISO
10211 2017 [34], and the modelling framework complied with NZS 4214 2006 for thermal
resistance evaluation in LSF systems.

Figure 8. Thermal boundary conditions and material interactions in LSF Walls.

3.3. Thermal Resistance Calculation Using Heat Flux Measurement

The steady-state thermal performance (R-value) of the LSF wall system was evaluated
in Abaqus by extracting nodal heat fluxes from five thermally critical regions: corners,
cavity centre, stud location, web perforation zones, and continuous steel segments. These
regions were selected to capture variations in heat transfer due to geometric and material
discontinuities. Abaqus solves the steady-state heat conduction equation based on Fourier’s
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law, from which nodal heat fluxes (φi) are derived. These were averaged to obtain the
representative surface heat flux φ assuming fine meshing and uniform surface distribution,
as shown in Equation (1):

φ
1
N ∑N

i = 1 φi (1)

The thermal transmittance (U-value) was then computed by dividing the average heat
flux by the applied temperature gradient ΔT (Equation (2)):

U =
φ

ΔT
(2)

The total thermal resistance (RT) of the assembly, representing its global resistance to
conductive heat flow, was determined by Equation (3):

RT = 1/U (3)

The total thermal resistance obtained from Abaqus aligns with the ISO 6946 formu-
lation, comprising the internal and external surface resistances (Rsi, Rse) and the sum of
individual layer resistances, as expressed by Equation (4):

RT = Rsi + ∑n
x = 1

dj

kj
+ Rse (4)

Here, dj and kj are the thickness and thermal conductivity of the jth layer, n is the
number of material layers in the assembly while Rsi and Rse correspond to internal and
external surface resistances, typically taken as 0.13 and 0.04 m2·K/W.

The thermal results obtained from Abaqus are based on steady-state heat conduction
governed by total heat transfer derived as in Equation (5) and Fourier’s law, shown in
Equation (6).

Q = φ·A (5)

where Q is the total heat transfer in Watts and A is the surface area of the wall in m2. The
underlying heat flux distribution is defined by Equation (6),

q= −k. ΔT, (6)

where q is the heat flux vector (W/m2).
These formulations, applied under isotropic and homogeneous material assumptions,

enabled robust calculation of the U and R-values while capturing directional thermal
bridging effects introduced by CFS framing and web perforations using Abaqus as shown
in Figure 9. Furthermore, Abaqus simulations incorporated appropriate thermal boundary
conditions and calibrated material properties, with the resulting heat flux output (φ), used
to compute the U-value and total thermal resistance of the LSF wall system.
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Figure 9. Measurement of total thermal resistance in LSF wall assemblies.

4. Two-Dimensional Thermal Modelling of Load-Bearing LSF Walls
Using THERM

Two-dimensional steady-state thermal analysis was conducted in THERM (v7.8.2) to
complement the 3D simulations in Abaqus (Figure 10). THERM was selected due to its
widespread application in modelling planar conductive heat transfer in layered building
envelopes. It was used alongside Abaqus to compare 2D and 3D thermal behaviour
in the LSF wall assembly. The cross-sectional geometry and material properties were
identical to those used in Abaqus and based on validation against experimental data
from [31]. All materials were modelled as homogeneous and isotropic, with constant
thermal conductivities assigned from standard references. Boundary conditions included
fixed surface temperatures (40 ◦C interior, 5 ◦C exterior), and surface resistances were
applied in accordance with ISO 6946:2017. These were applied as inputs but subtracted
from the results to isolate the surface-to-surface R-value, in accordance with the referenced
method. Mesh refinement was applied near material interfaces to capture thermal gradients
while maintaining computational efficiency. Radiative and transient effects were neglected
under the steady-state assumption. R-values were obtained directly from the simulation
output. For perforated configurations, the thermal resistance was determined using a
weighted average across perforated and adjacent solid web regions to account for the
planar geometric simplification inherent to 2D THERM modelling.

Figure 10. Model validation of THERM simulations based on thermal gradient analysis and resistance
evaluation.
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5. Modified Analytical Methods for Calculating Thermal Resistance of
LSF Walls with Web-Perforated Studs

5.1. Model-Based Validation of R-Values for Web-Perforated LSF Walls Using the NZS 4214
Analytical Framework

To overcome the limitations of conventional analytical methods in estimating the ther-
mal resistance of web-perforated LSF walls, this study introduces an enhanced framework
calibrated against 120 validated 3D FE simulations in Abaqus. As illustrated in Figure 11,
standard approaches such as NZS 4214:2006 rely on the isothermal plane’s method, assum-
ing uninterrupted axial conduction through continuous steel studs. These models simplify
the stud as a thermally equivalent solid rectangle with effective conductivity, which fails to
account for the disrupted conduction paths caused by web perforations. The equivalent
rectangle conductivity expressing the equivalent thermal conductivity of the stud when
simplified into an enclosing solid rectangle under the isothermal planes method is given by
Equation (7):

K =
d
a

km (7)

Figure 11. Steel frame elements replaced with an enclosing equivalent solid rectangle in conventional
NZS 4214-based analytical configuration.

Also, the thermal resistance of the equivalent rectangle R is given by Equation (8):

R =
L
k

=
a ∗ l

d ∗ km
+ Rc1 + Rc2 (8)

where k is the overall thermal conductivity (W/m·K) of the wall section through the
metal path, d is web thickness, a is flange width, l is wall thickness, and km is the thermal
conductivity of steel. However, this formulation fails to account for heat flow disruption
caused by perforations, leading to overestimation of thermal bridging and underestimation
of overall thermal resistance of web-perforated LSF wall. To overcome this, two corrections
were introduced. First, the effective steel area was reduced by using a perforation-adjusted
frame fraction and the modified frame fraction (f′s) is shown in Equation (9):

f ′s = fs ×
(

1 − Ap

As

)
(9)

where Ap and As denote the perforated and gross web areas and fs is the frame fraction of
the LSF wall. Second, a flux redistribution factor (Cf) was developed using heat flux data
from Abaqus to represent the alteration of conduction paths induced by web perforations.
This factor quantifies the ratio of axial heat flux in perforated studs to that in solid studs,
effectively capturing the reduction in axial conduction caused by geometric discontinuities.
The correction factor is defined as shown in Equation (10):

Cf =
QP

QNP
(10)
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where QP and QNP are the surface heat fluxes for perforated and solid studs obtained from
Abaqus simulations, respectively. Based on the results, the Cf ranged from 0.5 to 0.9, with
lower values corresponding to greater perforation size and density. The corrected stud
thermal resistance incorporating this factor is expressed in Equation (11):

RWeb−per f orated steel =
a ∗ l

Cf ∗ d ∗ km
+ RContact1 + RContact2 (11)

This dual-modified expression captures both conduction loss due to cross-sectional
voiding and the thermodynamic effects of lateral flux redistribution. The bridged layer
resistance (Rb, corrected) was corrected using a perforation-adjusted frame fraction and
corrected stud thermal resistance, as shown in Equation (12):

Rb =
f ′s

RWeb−per f orated steel
+

fins
Rins

(12)

The total thermal resistance of the whole system ( RT), including the corrected bridged
layer resistance, is given by Equation (13):

RT = Rse + R1 + R2 . . . + Rn + RWeb−per f orated steel + Rsi (13)

where Rsi and Rse correspond to internal and external surface resistances, and R1 to Rn

represent the thermal resistances of homogeneous material layers. The equation shows close
alignment with FE predictions and extends the applicability of NZS 4214 to geometrically
discontinuous LSF wall systems, offering improved accuracy in R-value estimation under
realistic thermal conditions.

5.2. Modified ASHRAE Zone Method Incorporating Perforation-Based Heat Flux and
Area Corrections

The Modified ASHRAE Zone Method was employed across all 120 web-perforated and
non-perforated LSF wall configurations to evaluate R-values [13]. This method partitions
the wall into two regions: a thermally bridged zone around the steel stud, Section W, and
the insulated cavity, Section CAV, as shown in Figure 12. The influence zone width, w (m),
is calculated by Equation (14):

w = fl + z f ∗ dsheath (14)

where fl is the stud flange width, dsheath is the thicker sheathing thickness, and z f is a
geometry and resistivity dependent factor derived from empirical charts.

For walls where at least one sheathing exceeds 16 mm, z f is derived from fitted
power-law trendlines specific to each stud size. When both sheathings are thinner than
16 mm, a simplified rule assigns z f = −0.5 for rsheathing ≤ 10.4 m·K/W and z f = −0.5 for
rsheathing > 10.4 m·K/W, where rsheathing is the sheathing resistivity. The overall thermal
resistance is then computed using a parallel path formulation shown in Equation (15):

1
Rtotal

=
w
ss

∗ 1
Rw

+
(

1 − w
ss

)
∗ 1

RCav
(15)

where ss is the stud spacing, Rw (m2·K/W) is the resistance in Section W, which is the zone
influenced by the stud, and RCav is the resistance of the remaining cavity layers. In Section
W, the resistance of each wall layer is computed as a parallel conduction path between steel
and insulation given by Equation (16):
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1
Rj

=
f j
(met)

Rj
(met)

+
f j
(ins)

Rj
(ins)

(16)

where f j
(met) and f j

(ins) are the area fractions of metal and insulation in layer j, and Rj
(met)

and Rj
(ins) are their respective resistances (m2·K/W). To capture the impact of web perfora-

tions, two corrections were introduced. First, the metal area fraction was reduced to reflect
the loss of steel cross-section using Equation (17):

f j
(met, corrected) = f j

(met)∗
(

1 − Ap

As

)
(17)

where Ap is the total perforated area (m2) and As is the gross web area of the stud (m2).
Second, a heat flux correction factor was introduced to represent the reduction in heat
conduction capacity due to perforations as shown in Equation (18):

Cf =
QP

QNP
(18)

where QP and QNP are the average surface heat fluxes through perforated and non-
perforated studs (W/m2), respectively, extracted from steady-state FE simulations. The
resistance of the steel conduction path was then corrected using Equation (19):

Rj
(met, corrected) =

Rj
(Solid)

Cf
(19)

Finally, the corrected total resistance for the stud-influenced zone is expressed by
Equation (20):

1

Rj
(Web−peroated steel)

=
f j
(met) ∗

(
1 − Ap

As

)
Rj

(Solid)

Cf

+
f j
(ins)

Rj
(ins)

(20)

Figure 12. Regions of Section W and Section CAV in LSF wall based on ASHRAE method [13].

The total thermal resistance of the whole system ( RT), is given by Equation (13). This
dual correction accounts for both geometric perforation-induced reductions in steel area
and flux-based attenuation of thermal conduction, enabling the Modified ASHRAE Zone
Method to deliver physically accurate and analytically efficient R-value predictions for
discontinuous steel-framed wall systems.
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6. Analysis of Results

6.1. Validation of Numerical Models

The developed numerical heat transfer thermal models were validated against the
test results from a reference LSF wall specimen (1030 mm × 1060 mm) under steady-state
conditions. As shown in Table 3, all predicted R-values (surface-to-surface) deviated by
less than 5% from the experimental values, confirming the reliability of the modelling
approaches. The Abaqus 3D FE model accurately simulated steady-state heat conduction
by resolving 3D heat flux vectors, including anisotropic conduction through steel studs and
thermal interface resistances. In contrast, the 2D THERM simulation, constrained by planar
assumptions, slightly overestimated thermal resistance by neglecting through-thickness
conduction paths and localised multidirectional fluxes near geometric discontinuities. Ana-
lytical methods based on NZS 4214 (Isothermal Planes Method) and the ASHRAE Modified
Zone Method applied layer-based approximations and frame correction factors to estimate
thermal bridging effects. Despite their geometric simplifications, both analytical approaches
produced R-values within an acceptable margin of experimental results. The validated
models, particularly the 3D Abaqus model, demonstrated sufficient spatial resolution to
capture complex thermal bridging phenomena, including localised resistance zones. This
good agreement across experimental, numerical, and analytical results establishes a robust
basis for evaluating advanced thermal mitigation strategies in LSF wall systems.

Table 3. Validation of R-values against experimental results.

Method
R Value–Non-Perforated

LSF Walls (m2·K/W)
Deviation from
Experiment (%)

Experimental reference 1.558 —

Abaqus 1.570 0.77%

THERM 1.632 4.75%

NZS 4214:2016 1.591 2.12%

ASHRAE Modified Zone method 1.579 1.35%

6.2. Thermal Resistance Enhancement in LSF Walls with Perforated Studs

To mitigate thermal bridging in LSF walls, five web perforations were introduced, with
a hole diameter of 45 mm and a spacing of 160 mm. The experimentally measured R-value
for non-perforated studs was 1.558 m2·K/W. Numerical simulations incorporating web
perforations predicted enhanced R-values in the range of 1.813 to 1.896 m2·K/W, depending
on the evaluation method, as shown in Table 4. These correspond to relative improvements
of approximately 15.4% to 16.2%. The enhancement is attributed to a reduction in effective
thermal conductivity (keff), resulting from the replacement of thermally conductive steel
sections with air voids in the web region. This alteration elongates the conduction path
and interrupts direct heat flow [33]. Consequently, the net heat flux (q) across the wall
assembly decreased. The Biot number remained well below unity, confirming a conduction-
dominated regime. The efficiency of web perforations in improving thermal resistance is
illustrated by the results of the 2D THERM and 3D Abaqus simulations shown in Figure 13.

Among the numerical methods, the highest R value of 1.896 m2·K/W was achieved
by the 2D THERM simulation, representing a 16.18% improvement over its non-perforated
counterpart (Figure 14). NZS 4214 and the ASHRAE Modified Zone methods predicted R
values of 1.845 and 1.833 m2·K/W, corresponding to respective improvements of 15.96%
and 16.09%. The 3D Abaqus model produced an R value of 1.813 m2·K/W, indicating a
15.48% increase. Although 2D and analytical models offer computational efficiency, they
assume planar conduction and uniform cross-sections, thereby overlooking multidirectional
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heat transfer effects that are critical in perforated configurations. In contrast, the 3D
modelling approach resolves cross-plane heat fluxes, localized thermal bridging zones,
and multiaxial conduction paths, offering a more accurate representation of the thermal
behaviour of perforated LSF wall systems [41].

(a)

(b)

(c)

Figure 13. Results of LSF walls: (a,b) 2D Isotherm and heat flux distribution of a solid and web-
perforated stud in THERM model; (c) 3D localized resistance zones in Abaqus model.
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Table 4. Enhanced R-values of perforated stud walls.

Method
R Value–Web-Perforated LSF Walls

(m2·K/W)
% Improvement of R Value Due to

Web-Perforation

Abaqus 1.813 15.48%

THERM 1.896 16.18%

NZS 4214 1.845 15.96%

ASHRAE Modified Zone 1.833 16.09%

Figure 14. Comparison of R-values.

Figure 15 depicts the thermal response of the non-perforated LSF wall, where
uniformly spaced, orthogonal isotherms in the insulation zones signify idealised one-
dimensional conduction governed by Fourier’s law (q = −k ∇T). As the isotherms ap-
proach the steel stud, they bend sharply and become highly compressed, especially within
the web, reflecting steep thermal gradients and concentrated axial heat flux. This distortion
illustrates anisotropic conduction and confirms the formation of a pronounced thermal
bridge, as the high-conductivity steel provides a low-resistance path that short-circuits the
surrounding insulation. In contrast, Figure 16 (perforated stud) reveals a disruption in
isotherm alignment through the web, where geometric discontinuities attenuate axial con-
duction and redistribute heat laterally into the adjacent insulation. The contours are more
widely spaced within the web zone, indicating increased local resistance and diminished
gradient magnitude.

Heat flux vectors in the LSF wall with web perforations demonstrate redistribution of
heat flow around the openings, reducing flux density along the stud web and thereby di-
minishing the strong conduction pathway observed in the non-perforated case. Compared
with the directional flux convergence evident in the solid-stud wall, the perforated profile
promotes lateral dispersion into the insulation and reduces thermal short-circuiting. Collec-
tively, these behaviours confirm that web perforations shift the conduction balance from
stud-dominated to insulation-dominated, thereby enhancing overall thermal resistance.
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Figure 15. Temperature contours for LSF walls without web perforations in THERM.

Figure 16. Temperature contours for LSF walls with web perforations in THERM.

6.3. Thermal Performance of 3 m High LSF Walls
6.3.1. Walls with Non-Perforated Steel Studs

To simulate actual construction conditions and extend thermal analysis beyond lab-
oratory scale, a 3 m high and 1.2 m wide LSF wall with non-perforated steel studs was
modelled using the same configuration as the validated 1030 mm × 1060 mm wall as-
sembly. Material layers, sheathing, and stud spacing were held constant. The Abaqus
model predicted an R-value of 1.55 m2·K/W, showing a slight reduction compared to the
1030 mm wall which recorded 1.57 m2·K/W. The THERM model yielded 1.621 m2·K/W
for both cases, while the NZS 4214 and ASHRAE Modified Zone methods reported val-
ues of 1.59 and 1.583 m2·K/W, respectively. The marginal decrease observed in Abaqus
model is attributed to enhanced numerical resolution of temperature gradients along the
extended steel conduction path. Greater nodal density enabled the model to capture lo-
calised flux intensification near steel and sheathing interfaces, increasing the computed
heat flow and slightly reducing net resistance. Analytical methods, which apply simplified
planar assumptions, remained unaffected by stud height variation. These findings validate
the thermal scalability of non-perforated LSF walls and established a reference case for
subsequent evaluation of web-perforated configurations in full-height assemblies.

202



Energies 2025, 18, 5103

6.3.2. Walls with Perforated Steel Studs

Following the validation of the 3 m high non-perforated LSF wall, a similar wall with
web-perforated steel studs was modelled to assess the impact of perforations on thermal
resistance. Various configurations of web perforations were analysed with diameters (d)
varying from 36 mm to 68 mm, spacing from 200 mm to 450 mm, and the number of perfo-
rations ranging from 5 to 12 per stud using Abaqus FE simulations, as well as comparative
assessments through THERM, NZS 4214 and ASHRAE Modified Zone methods. In all
cases, the edge distance from the hole centre was maintained between 3d to 4d based on
AS/NZS 4600 and NASH guidelines. Among all configurations, the layout comprising
68 mm diameter holes spaced at 200 mm with 10 perforations as shown in Figure 17, pro-
duced the highest thermal resistance of 1.892 m2·K/W, corresponding to a 20.06% increase
compared to the non-perforated reference wall.

Figure 17. Stud configuration yielding maximum thermal resistance in Abaqus.

The R-value results from NZS 4214 and ASHRAE Modified Zone methods, as well as
THERM 2D simulations, were compared against the 3D Abaqus FE simulations for 120 con-
figurations. The models accounted for perforation-induced changes in cross-sectional
area and flux distribution. Validation followed ISO 10211 using mean and coefficient of
variation (COV) metrics. THERM and Abaqus results closely matched with a mean ratio
of 1.0003 and COV of 0.0116. NZS 4214 and ASHRAE slightly overpredicted R-values,
with mean values of 1.0277 and 1.0146, and COVs of 0.0085 and 0.0075, respectively. This
confirms good agreement and low variability for configurations as shown in Figure 18.
The error in R-value predictions across models was small. THERM and Abaqus results
matched closely, with a mean deviation below 0.05% (ratio = 1.0003). The NZS 4214 method
slightly overpredicted, with an average error of 2.8%, while the ASHRAE Modified Zone
method showed a 1.5% overestimation. The coefficients of variation (≤0.012) confirm that
the variability across the 120 configurations was negligible.

Furthermore, to assess the structural performance of 3 m high LSF walls under com-
pression, structural FE models were developed using Abaqus using an established method
used by several researchers [35,42]. An experimentally tested non-perforated stud lined on
both sides was selected as the reference [32], and its geometry and boundary conditions
were replicated in the model as shown in Figure 19. Elastic buckling analysis was first
conducted, using which appropriate geometric imperfections were incorporated, followed
by a nonlinear analysis. The non-perforated stud achieved a load capacity of 82.13 kN,
showing good agreement with the experimental result of 79 kN and confirming the validity
of the structural FE model.
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Figure 18. Comparison of R-values of web-perforated stud walls between Abaqus model and
(a) THERM models (b) modified NZ4214 method (c) modified ASHRAE method.
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Figure 19. Structural FE model of non-perforated stud.

Following this validation, the same stud geometry was modified to incorporate web
perforations. The thermally optimised configuration, incorporating 68 mm diameter holes
spaced at 200 mm and comprising 10 perforations, reduced the axial compression load
capacity to 57.89 kN, i.e., 29.51% reduction compared to non-perforated stud. This reduction
was primarily due to the removal of web material and the associated increase in local
buckling susceptibility around the perforated regions. To address this issue, 4 mm long
stiffeners were used around the holes, as shown in Figure 20. This modification preserved
thermal gains, maintaining a 15.3% increase in R-value, while significantly improved the
axial capacity to 78.36 kN, i.e., with only 3.2% reduction.

Figure 20. Studs with 4 mm web-hole stiffeners.

6.4. Thermal Performance of External LSF Walls with Fire-Rated Facades and
Web-Perforated Studs

The thermal performance of five external LSF wall systems was evaluated to determine
the effectiveness of web-perforated CFS studs in enhancing R values under Australian
climatic conditions. Each wall configuration included a fire-rated external façade systems as
shown in Figure 21, consisting of 75 mm Autoclaved aerated concrete (AAC) panel, 0.42 mm
profiled steel sheeting, 5 mm aluminium composite panel (ACP), 25 mm fire-rated glass,
and 110 mm brick veneer. The façade systems considered in this study represent a broad
spectrum of practical applications: AAC panels are widely used in lightweight masonry
construction for their insulation and fire resistance; corrugated steel sheeting is common in
residential and industrial claddings for its durability; ACP’s are prevalent in commercial
façades as lightweight, non-combustible cladding with architectural flexibility; fire-rated
glass is employed in façades and curtain walls to provide natural lighting while maintaining
fire protection; and ventilated clay brick veneer is used in residential and institutional
buildings, combining the appearance of traditional masonry with cavity ventilation for
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improved thermal and moisture performance. They were selected based on their prevalence
in contemporary Australian facade systems and compliance with NCC 2022 fire and energy
efficiency requirements. Their material properties are summarised in Table 5. All wall
systems were constructed using a 3 m high LSF wall assembly with CFS framing and cavity
insulation to ensure consistency across simulations. Steady-state thermal simulations
were conducted in Abaqus using validated FE models of external LSF walls under a
temperature gradient of 35 ◦C, with 40 ◦C applied externally and 5 ◦C internally. The
studied configuration incorporated 68 mm diameter web perforations at 200 mm spacing,
each locally stiffened with 4 mm edge plates to preserve load-bearing capacity.

Figure 21. External LSF wall with cladding in Abaqus.

Table 5. Physical and material properties of external cladding materials.

Material Description Thickness (mm)
Thermal Conductivity

(W/m·K)

AAC Lightweight cellular concrete panel 75 0.14

Profiled Steel Cladding Zinc-coated profiled steel cladding
(BMT 0.42 mm) 0.42 51

ACP Non-combustible A1-grade panel
with mineral core 5.0 (total) 0.40 (effective)

Fire-Rated Glazing Laminated fire-resistive glass with
intumescent core 25 1.0 (overall)

Brick Veneer External clay brick masonry 110 0.7

As shown in Tables 6–10 and Figures 22–31, five external wall types were assessed
using Abaqus, THERM, NZS 4214, and the ASHRAE Modified Zone Method. Both perfo-
rated and non-perforated stud wall assemblies were analysed to evaluate the influence of
web openings on thermal resistance. R-values for non-perforated walls ranged from 2.05
to 2.83 m2·K/W, increasing to values between 2.65 and 3.27 m2·K/W for perforated walls.
THERM consistently predicted higher values due to its 2D simplification, while Abaqus
produced lower but more representative results by including multidirectional conduction.
NZS 4214 and ASHRAE methods yielded intermediate values consistent with composite
wall behaviour under steady-state conditions.
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(a)

(b)
Figure 22. Heat flux behaviour in AAC-Clad external LSF wall with (a) non-perforated and (b) web-
perforated studs.

Table 6. Thermal resistance of AAC-Clad LSF walls with and without web perforations.

External Wall Type Method
R (Non-Perforated)

(m2·K/W)
R (Perforated)

(m2·K/W)
% Improvement

AAC Cladding

Abaqus 2.71 3.12 15.13

THERM 2.83 3.27 15.50

NZS 4214 2.77 3.21 15.88

ASHRAE Modified Zone 2.73 3.18 16.48
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(a)

(b)
Figure 23. Isotherm distribution in AAC-Clad external LSF Wall with (a) non-perforated and (b) web-
perforated studs.

Table 7. Thermal resistance of profiled steel-clad LSF walls with and without web perforations.

External Wall Type Method
R (Non-Perforated)

(m2·K/W)
R (Perforated)

(m2·K/W)
% Improvement

Profiled Steel
Cladding

Abaqus 2.32 2.67 15.09%

THERM 2.41 2.79 15.77%

NZS 4214 2.35 2.75 17.02%

ASHRAE Modified Zone 2.33 2.74 17.60%
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(a)

(b)
Figure 24. Heat flux behaviour in profiled steel-clad external LSF wall with (a) non-perforated and
(b) perforated studs.

Table 8. Thermal resistance of ACP-clad LSF walls with and without web perforations.

External Wall Type Method
R (Non-Perforated)

(m2·K/W)
R (Perforated)

(m2·K/W)
% Improvement

ACP Cladding

Abaqus 2.68 3.109 15.99%

THERM 2.76 3.2 15.94%

NZS 4214 2.71 3.16 16.61%

ASHRAE Modified Zone 2.67 3.14 17.60%
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(a)

(b)
Figure 25. Isotherm distribution in profiled steel-clad external LSF wall with (a) non-perforated and
(b) web-perforated studs.

Table 9. Thermal resistance of fire-rated glazing-clad LSF walls with and without web perforations.

External Wall Type Method
R (Non-Perforated)

(m2·K/W)
R (Perforated)

(m2·K/W)
% Improvement

Fire-Rated Glazing
Cladding

Abaqus 2.61 3 14.94%

THERM 2.71 3.14 15.87%

NZS 4214 2.65 3.09 16.60%

ASHRAE Modified Zone 2.61 3.08 17.62%
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Table 10. Thermal resistance of brick veneer-clad LSF walls with and without web perforations.

External Wall Type Method
R (Non-Perforated)

(m2·K/W)
R (Perforated)

(m2·K/W)
% Improvement

Fire-Rated Glazing
Cladding

Abaqus 2.57 2.95 14.79%

THERM 2.70 3.13 15.93%

NZS 4214 2.67 3.11 16.48%

ASHRAE Modified Zone 2.64 3.10 17.42%

(a)

(b)
Figure 26. Heat flux behaviour in ACP-clad external LSF Wall with (a) non-perforated and (b)
perforated studs.

6.4.1. External LSF Wall with AAC External Cladding

In AAC-clad LSF walls, the 75 mm aerated concrete layer attenuates surface heat flux
through low-conductivity, high-porosity material, suppressing conductive transport at the
cladding-cavity interface. In the non-perforated case, the 90 × 43 × 15 × 1.15 mm steel
stud acts as a dominant thermal bridge, concentrating axial conduction through the web,
as evidenced by steep gradients and compressed isotherms at the AAC–stud and flange–
cladding junctions (Figure 22). R-values across methods range from 2.71 to 2.83 m2·K/W.
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Introducing 68 mm web perforations interrupts the longitudinal heat pathway, promoting
lateral flux redistribution into adjacent insulation. As shown in Figure 23, perforations
induce plume-shaped diffusion fields and smoother isothermal gradients across the stud–
cavity domain. This geometry increases thermal resistance to 3.12–3.27 m2·K/W, reflecting
a 15.13 to 16.48% improvement. Perforations thus reduce directional conduction continuity,
enabling more uniform energy transport and enhancing the thermal resistance of the
wall system.

(a)

(b)
Figure 27. Isotherm distribution in ACP-clad external LSF wall with (a) non-perforated and (b) web-
perforated studs.

In profiled steel-clad LSF walls, heat transfer is dominated by axial conduction through
the steel frame. In the non-perforated stud configuration, vertically aligned isotherms and
steep gradients at the cladding–flange and base junctions indicate strong directional heat
flow and concentrated thermal bridging (Figure 24). This yields R-values between 2.32
and 2.41 m2·K/W. Introducing 68 mm web perforations disrupts the primary conduction
path, promoting lateral thermal diffusion into the insulation. As shown in Figure 25, this
results in flattened isotherms, reduced flux density, and suppressed thermal plumes at
boundary zones. Thermal resistance increases to 2.67–2.79 m2·K/W, reflecting a 15.09 to
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17.60% improvement. The enhancement stems from geometric redirection of heat flux,
reducing anisotropic conduction and improving overall energy attenuation.

(a)

(b)
Figure 28. Heat flux behaviour in fire-rated glazing-clad external LSF wall with (a) non-perforated
and (b) perforated studs.

6.4.2. External LSF Wall with 0.42 mm Profiled Steel Cladding
6.4.3. External LSF Wall with 5 mm Aluminium Composite Panel (ACP) Cladding

In ACP-clad LSF walls, the 5 mm high-conductivity external layer facilitates lateral
heat dissipation, particularly at batten–cladding interfaces. In the non-perforated con-
figuration, axial conduction dominates through the continuous steel web as shown in
Figure 26, producing steep thermal gradients and compressed isotherms across the stud
zone. This concentrated flux pathway lowers thermal resistance, yielding R-values from
2.67 to 2.76 m2·K/W. Introducing 68 mm web perforations disrupts this vertical conduction
path, promoting planar isotherm alignment and lateral diffusion into the insulation layer.
As shown in Figure 27 the resulting thermal field, plume suppression and distributed flux
patterns emerge around the perforations. This geometric interruption enhances the thermal
performance, raising R-values to 3.109–3.20 m2·K/W and achieving a 15.94% to 17.60% in-
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crease. These results confirm that web perforations act as passive thermal breaks, reducing
axial conduction and enhancing lateral energy attenuation across the steel–ACP interface.

(a)

(b)
Figure 29. Isotherm distribution in fire-rated glazing-clad external LSF Wall with (a) non-perforated
and (b) web-perforated studs.

6.4.4. External LSF Wall with 25 mm Fire-Rated Glazing Cladding

In fire-rated glazing-clad LSF walls, the 25 mm glass layer provides moderate thermal
resistance, but permits considerable heat transmission due to its relatively high thermal
conductivity. In the non-perforated configuration, vertically stratified isotherms concen-
trate along the stud web, with peak thermal gradients at the flange–cladding interface and
stud base (Figures 28a and 29a), indicating dominant axial conduction. This constrained
thermal field yields R-values between 2.61 and 2.71 m2·K/W. Introducing 68 mm web
perforations interrupts the vertical conduction stream, promoting lateral heat diffusion
into surrounding insulation. As shown in Figures 28b and 29b, the isotherm field becomes
less aligned and more dispersed, with reduced curvature near perforations. Plume sup-
pression at critical junctions and reoriented thermal gradients enhance energy attenuation
across the stud–glazing interface. The resultant R-values increase to 3.00–3.14 m2·K/W,
corresponding to a 14.94–17.62% improvement. This confirms the role of perforations in
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redistributing flux, mitigating axial conduction, and improving the thermal performance of
fire-glazed assemblies.

(a)

(b)
Figure 30. Heat flux behaviour in brick veneer-clad external LSF wall with (a) non-perforated and
(b) perforated studs.

6.4.5. External LSF Wall with 110 mm Brick Veneer Cladding

In brick veneer-clad LSF walls, the thermal field is shaped by the high thermal
mass and moderate conductivity of the 110 mm external masonry layer. In the non-
perforated configuration, axial conduction dominates along the steel web, with dense
isotherms and steep gradients forming a narrow conduction channel from exterior to
interior (Figures 30 and 31). These concentrated flux pathways yield R-values between
2.57 and 2.70 m2·K/W. Introducing 68 mm web perforations interrupts this direct con-
duction stream, enhancing lateral thermal diffusion into the surrounding insulation. As
shown in Figures 30b and 31b, isotherms exhibit radial dispersion around the perfora-
tions, reduced curvature, and broadened thermal contours, especially near flange and floor
junctions. These modifications redistribute the thermal gradient and suppress interface
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leakage. The improved energy spread raises R-values to 2.95–3.13 m2·K/W, corresponding
to a 14.79–17.42% improvement. This confirms that geometric disruption of axial heat
paths enhances thermal resistance, even under heavy cladding conditions where mass
effects dominate.

Comparative thermal analysis of five external LSF wall systems demonstrates that
incorporating web-perforated studs consistently enhances thermal resistance across all
cladding types. Among them, AAC and profiled steel exhibited high R-value gains. Overall,
web-perforated CFS studs act as effective thermal modifiers by altering conduction path
geometry and promoting distributed flux, delivering R-value gains based on the results of
Abaqus, THERM, NZS4214 and ASHRAE Modified Zone methods.

(a)

(b)
Figure 31. Isotherm distribution in brick veneer-clad external LSF wall with (a) non-perforated and
(b) web-perforated studs.
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7. Heat Transfer Modulation Through Web Perforations in Previously
Published LSF Wall Assemblies

Previous research has demonstrated the use of passive measures such as thermal
breaks, additional insulation layers, and double lining systems to increase the thermal
resistance (R-value) of LSF wall systems. In this study, reference wall configurations
with non-perforated CFS studs reported in the literature were modelled using THERM
to establish baseline performance. To quantify the influence of web perforations, circular
web openings of 68 mm diameter were introduced at the stud centre, and the R-values
were recalculated. The results showed that the inclusion of perforations increased thermal
resistance by reducing direct heat transfer across the steel web. The outcomes of these
modifications are presented in Table 11.

Table 11. Thermal performance improvements from web perforations based on literature.

Wall Configuration
R

(Non-Perforated)
(m2·K/W)

R (Perforated)
(m2·K/W)

%
Improvement

Source

12.5 mm gypsum plasterboard (both
sides) + 90 mm mineral wool +
single C90 stud (400 mm spacing)

1.78 2.06 15.73%
Francis et al. [8]
Journal of Building
Engineering, 2025.

12.5 mm gypsum plasterboard (both
sides) + 90 mm mineral wool +
back-to-back C90 studs (400 mm
spacing)

1.45 1.64 13.10%
Francis et al. [8]
Journal of Building
Engineering, 2025,

12.5 mm gypsum + 12 mm OSB +
90 mm mineral wool +
C90 × 43 × 15 × 1.5 mm stud
(400 mm spacing) + 50 mm EPS +
ETICS finish (no Thermal breaks
-TBS)

3.204 3.648 13.87% Santos et al. [43]
Energies, 2023.

12.5 mm gypsum + 12 mm OSB +
90 mm mineral wool +
C90 × 43 × 15 × 1.5 mm stud + 1
TBS (10 mm, λ = 7.5 mW/m·K) +
50 mm EPS + ETICS finish

3.842 4.487 16.78% Santos et al. [43]
Energies, 2023.

12.5 mm gypsum + 12 mm OSB +
90 mm mineral wool +
C90 × 43 × 15 × 1.5 mm stud + 2
TBS (5 mm each, λ = 7.5 mW/m·K)
+ 50 mm EPS + ETICS finish

4.444 5.219 17.43% Santos et al. [43]
Energies, 2023.

12.5 mm gypsum plasterboard +
90 mm mineral wool + single C90
stud (600 mm spacing) + 15 mm
flange indentation filled with
aerogel

1.906 2.135 12.00%
Santos et al. [5]
Sustainability,
2021.

12.5 mm gypsum + 90 mm MW +
C90 (600 mm) + 15 mm indentation
(aerogel) + ETICS

3.499 3.954 13.00%
Santos et al. [5]
Sustainability,
2021.

12.5 mm gypsum + 90 mm MW +
C150 (600 mm) + 15 mm indentation
(aerogel) + ETICS

4.301 5.032 17.00%
Santos et al. [5]
Sustainability,
2021.
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Table 11. Cont.

Wall Configuration
R

(Non-Perforated)
(m2·K/W)

R (Perforated)
(m2·K/W)

%
Improvement

Source

12.5 mm gypsum + 90 mm MW +
C90 (400 mm) + 15 mm indentation
(aerogel) + ETICS

3.203 3.812 19.00%
Santos et al. [5]
Sustainability,
2021.

12.5 mm plasterboard + 10 mm OSB
+ 150 mm RW between steel studs +
15 mm OSB + 5 mm ETICS
(C1—Cold Construction)

2.317 2.595 12.00% Santos et al. [44]
Buildings, 2017.

12.5 mm plasterboard + 10 mm OSB
+ 150 mm steel studs + 15 mm OSB +
75 mm RW (internal) + 75 mm EPS
(external) + 5 mm ETICS
(H1—Hybrid Construction)

3.744 4.249 13.50% Santos et al. [44]
Buildings, 2017.

12.5 mm plasterboard + 10 mm OSB
+ 150 mm steel studs + 15 mm OSB +
150 mm EPS (fully external) + 5 mm
ETICS (W1—Warm Construction)

4.779 5.496 15.00% Santos et al. [44]
Buildings, 2017.

Among the reviewed configurations shown in Table 11, web perforations consistently
disrupt axial heat conduction through steel studs, promoting lateral thermal diffusion
into adjacent insulation layers such as mineral wool, EPS, and aerogel. In conventional
C90 assemblies, both single and back-to-back, perforations fragment the continuous steel
conduction path, yielding improvements of 13.10 to 15.73%. In walls with thermal breaks
(TBS) or high-resistance materials, such as aerogel or ETICS, perforations further suppress
axial gradients and redistribute concentrated flux zones, with thermal gains rising to 16.79
and 17.44%. Heavier steel sections like C150 studs exhibit enhanced benefit (up to 17.0%)
as perforations mitigate intensified directional conduction by redirecting heat laterally.
Systems with continuous external insulation, such as hybrid and warm constructions, also
experience 13.49 to 15.00% increases, as perforations reorient residual conduction into low-
conductivity exterior envelopes. Overall, the use of web perforations enhances transverse
heat dispersion, weakens axial flux continuity, and delivers up to 19.01% improvement in
R-values, confirming their role as effective geometric modifiers for thermal optimization in
LSF wall systems.

8. Climate Zoning Assessment of Enhanced Web-Perforated LSF
Wall Systems

The climate zoning assessment was undertaken to evaluate whether web-perforated
LSF wall systems, with and without supplementary measures, could achieve compliance
with the minimum R-value requirements of NCC 2022 across Australia’s eight climate zones.
In this study, external wall configurations reported in the previous section were modelled
in THERM. Sequential enhancements were then systematically introduced, beginning
with the addition of web perforations, followed by perforations combined with external
and dual flange thermal breaks, hybrid insulation, and double plasterboard linings, as
shown in Table 12. These configurations were selected because they represent the most
widely adopted strategies in the literature for improving thermal resistance in steel-framed
walls [39,43]. This modelling approach enabled a direct comparison of the performance
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of perforated studs against mandated solutions and demonstrated the effectiveness of
combined strategies in reducing thermal bridging.

Table 12. R-Values of LSF external wall systems with web-perforated studs and various enhancement
configurations.

External
Wall
Type

Method
R (Non-

Perforated)
(m2·K/W)

R
(Perforated)
(m2·K/W)

Web-
Perforated +

Thermal Break
(External

Flange)—R
(m2·K/W)

Web-
Perforated +

Thermal
Break (Both
Flanges)—R

(m2·K/W)

Web-
Perforated +

Hybrid
Insulation—
R (m2·K/W)

Web-
Perforated +

Double
Plasterboards—

R (m2·K/W)

AAC

Abaqus 2.71 3.12 3.915 4.365 4.19 3.78

THERM 2.83 3.27 4.065 4.515 4.34 3.93

NZS 4214 2.77 3.21 4.005 4.455 4.28 3.87

ASHRAE
Mod. Zone 2.73 3.18 3.975 4.425 4.25 3.84

Profiled
Steel

Abaqus 2.32 2.67 3.401 3.389 3.7 3.33

THERM 2.41 2.79 3.521 3.509 3.82 3.45

NZS 4214 2.35 2.75 3.481 3.469 3.78 3.41

ASHRAE
Mod. Zone 2.33 2.74 3.471 3.459 3.77 3.4

ACP

Abaqus 2.68 3.109 3.815 3.863 4.192 3.769

THERM 2.76 3.2 3.906 3.954 4.283 3.86

NZS 4214 2.71 3.16 3.866 3.914 4.243 3.82

ASHRAE
Mod. Zone 2.67 3.14 3.846 3.894 4.223 3.8

Fire-
Rated
Glass

Abaqus 2.61 3 3.782 3.873 4.0923 3.66

THERM 2.71 3.14 3.922 4.013 4.2323 3.8

NZS 4214 2.65 3.09 3.872 3.963 4.1823 3.75

ASHRAE
Mod. Zone 2.61 3.08 3.862 3.953 4.1723 3.74

Brick
Veneer

Abaqus 2.57 2.95 3.32 3.72 4.114 3.61

THERM 2.7 3.13 3.45 3.9 4.294 3.79

NZS 4214 2.67 3.11 3.42 3.88 4.274 3.77

ASHRAE
Mod. Zone 2.64 3.1 3.39 3.87 4.264 3.76

Figure 32 presents the thermal resistance outcomes summarised in Table 12 for exter-
nal LSF wall systems incorporating web-perforated studs, evaluated across five cladding
types and four analytical methods (Abaqus, THERM, NZS 4214, ASHRAE Modified Zone).
Table 12 quantifies R-values for each system under five enhancement configurations: base-
line perforated, external thermal break, dual-side thermal break, hybrid insulation, and
internal double plasterboards. Across all cladding types, web perforations consistently
improved R-values by 14–18% compared to their non-perforated counterparts, primarily
by attenuating axial conductive flux through the steel webs and introducing thermal dis-
continuities that reduce effective conductivity. The highest thermal resistance values up to
4.515 m2·K/W were achieved in AAC-clad systems with dual thermal breaks, owing to
suppressed lateral conduction and increased surface resistance. While hybrid insulation
and double plasterboards yielded incremental gains, the dominant improvement mech-
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anism was the conduction-path interruption induced by perforation, which aligns with
Fourier-driven heat transport theory. These results confirm that in specific climates, wall
designs optimised with perforations and moderate enhancements may deliver sufficient
thermal resistance, potentially reducing the need for mandatory thermal breaks.

Figure 32. Comparison of R-values of external LSF walls with web-perforated studs across different
cladding types with thermal enhancement strategies.

Table 13 presents the climate zone applicability of external LSF wall types incorporat-
ing web-perforated studs under a range of thermal enhancement configurations. R-values
were mapped to Australian climate zones (Z1 to Z8) based on minimum required thermal
resistance for energy efficiency compliance. Across all wall types, the baseline perforated
configuration extended zone coverage beyond the non-perforated case, most notably, AAC
walls expanded from Zones Z1 to Z7 (R = 2.71 to 2.83 m2·K/W) to the same zone range
with increased resistance (R = 3.12 to 3.27 m2·K/W). ACP, brick veneer, and fire-rated
glass systems also exhibited improvements, qualifying for up to Z7 under perforated or
enhanced conditions. Configurations with thermal breaks (both external and dual-sided)
enabled all wall types to meet R-value thresholds across Zones Z1 to Z8, achieving values
up to 4.5 m2·K/W. Hybrid insulation and double-layer plasterboards further supported
full climatic applicability, with most systems exceeding 4.0 m2·K/W. Profiled steel-clad
walls, while initially limited to Z4 to Z5 in the non-perforated state, were rendered zone-
compliant across Z1 to Z8 when enhanced. These results highlight the critical role of
perforations in achieving broader climatic compatibility, particularly when paired with
passive resistive strategies.
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9. Conclusions

This study has assessed the thermal and structural performance of web-perforated
cold-formed light steel frame walls using validated numerical models and analytical
methods. Based on the results, the following conclusions were drawn.

• Web perforations in CFS studs function as a passive thermal optimization strat-
egy, delivering consistent R-value enhancements of 14.79 to 20.06% across all tested
wall systems. R-values increased from 2.57–2.83 m2·K/W (non-perforated) to 2.95–
3.27 m2·K/W (perforated), with a peak gain of 0.54 m2·K/W in AAC-clad walls.

• By reducing the steel web cross-sectional area, perforations interrupted the continuous
through-stud conduction path and promoted lateral heat flux redistribution into the
insulation. Heat flux vectors along the stud web decreased by 23.6–37.5%, with 2D
and 3D isotherm analyses in THERM and Abaqus confirming flux redistribution and
attenuated thermal bridging.

• The maximum R-value of 1.892 m2·K/W was achieved in a 3 m wall with 68 mm
diameter holes at 200 mm spacing, improving thermal resistance by 20.06%.

• Although the axial compression capacity reduced by 29.51% in perforated studs (from
82.13 to 57.1 kN), it was restored to within 3.2% of the non-perforated stud capacity
using 4 mm long edge stiffeners around the holes (78.31 kN).

• Web-perforated studs increased thermal resistance across all façade systems, with
perforations alone sufficient to satisfy NCC 2022 R-value thresholds in several zones.
As NCC mandates thermal breaks (R ≥ 0.2) for metal-framed external walls and roofs
where cladding and lining are directly fixed, combined systems with 19 mm thermal
breaks or hybrid insulation achieved 4.2–4.5 m2·K/W, ensuring compliance across all
climate zones (Z1–Z8).

• Adapted NZS 4214 and ASHRAE Modified Zone methods accurately predicted the
R-values of perforated walls using frame fraction and flux correction adjustments.

• Across selected façade systems, web-perforated LSF wall designs achieved R-values
of 3.14 to 3.27 m2·K/W, demonstrating that in certain climates, thermal breaks can be
excluded where cladding or insulation sufficiently limits heat transfer.

• Heat flux correction factors (Cf= 0.52 to 0.89) derived from the 120 Abaqus models
allow accurate R-value estimation without full 3D FE simulations, supporting practical
design and compliance with NCC, ASHRAE, and ISO 6946.

• Furthermore, the climate zoning analysis demonstrated that web-perforated LSF wall
systems, either alone or in combination with moderate enhancements such as thermal
breaks or hybrid insulation, satisfied the NCC 2022 R-value requirements across all
Australian climate zones (Z1–Z8).

Overall, web perforations offer a geometry-driven, energy-efficient, and structurally
viable solution to mitigating thermal bridging in steel-framed wall systems, scalable across
assemblies and climates without reliance on costly thermal breaks.
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Abstract: Thermal comfort accounts for significant residential energy consumption in
high latitudes; however, quantitative information about insulation improvements is not
widely available. First, we performed a study to quantify the effects of improving the
insulation in walls, roofs, and windows of typical dwellings in the Netherlands (a studio,
an apartment, and a stand-alone house). Our results indicate that improving from single-
to double-glazing is the most significant change, reducing gas consumption up to 50%,
whereas the difference between double- and triple-glazing is less than 7%. Improving the
roof insulation, filling cavity walls with insulation, or adding external wall insulation did
not show attractive business cases, as the payback time was too high. Second, we evaluated
upgrading the dwelling energy label by improving the insulation or adding a PV system
and a heat pump. The results showed that, for energy labels C or above, the insulation
reached a saturation point where it is not attractive to improve it before its end-of-life
proactively. Instead, investing in the energy system by adding a PV system and a heat
pump has better payback times. Our results allow policymakers and project developers to
focus on the most relevant changes to accelerate the energy transition.

Keywords: building envelope; building insulation; building performance simulation; heat
pumps; energy efficiency

1. Introduction

Space heating to ensure thermal comfort is one of the major sources of energy con-
sumption in residential buildings in the Netherlands [1]. In general, countries at higher
latitudes require a significant amount of energy to face the lower temperatures, typically
supplied by gas (although electricity, biomass, and district heating networks are also used
in some cases). For instance, the spacial heating demand was 85 TWh during 2016 [2] in
the Netherlands, with a kilogram of oil equivalent of approximately 7 kgOE/m2, which
remained somewhat constant until 2021 [3]. However, proactive measures must be taken to
meet international climate goals, since 75% of the building stock in the European Union is
considered energy inefficient [4]. On the one hand, heating electrification has been widely
adopted in the form of heat pumps, surpassing the 17% of Dutch households by 2023 [5],
with an expected acceleration in adoption towards 2030 [1]. Nevertheless, massive deploy-
ments of heating electrification create significant pressure on the electric infrastructure,
as system operators must supply an increasingly growing demand. On the other hand,
improvements in insulation techniques tackle the demand, not from the energy source,
but by reducing the overall consumption. These two measures are not mutually exclusive,
but the best way they are implemented (either individually or together) would depend on
the case.

Energies 2025, 18, 5467 https://doi.org/10.3390/en18205467
225



Energies 2025, 18, 5467

Current research recommends studying what kind of insulation improvements are
optimal for different types of buildings [6,7]. From a technical perspective, understanding
the effects of the insulation on the thermal demand could reduce building improvement in-
vestments by adequately designing the insulation required for walls, roof, and windows [8],
avoiding under- or over-dimensioning. Similarly, from a cost perspective, an analytical
background would allow data-driven business cases, since tractable and reproducible
simulations and cases can be performed. This way, project developers and policymakers
could understand when it is better to invest in insulation and when it is better to invest in
heating electrification, based on a techno-economic assessment [9].

1.1. Literature Review

Recent works can be found in the literature that focus on studying how the thermal
properties of buildings affect the heating demand for different countries or regions. For in-
stance, the work in [10] studied how the thermal transmittance coefficients approved in
the Polish law during the last decade affect the energy demand for heating in residential
buildings. Their results suggest a decrease in the thermal demand between 11% and 32.6%,
which translates into yearly savings between e43 and e67. Similarly, ref. [11] used 18 years
of energy consumption measurements of existing buildings in Poland to compare the
consumption before and after insulation improvements were carried out using large slabs,
demonstrating that the method results in energy savings between 16% and 23%.

The European Union-level study performed by [12] indicated that improving the
insulation of walls and roofs can lead to energy savings of up to 48%. Nevertheless,
the results show a high sensitivity to the current insulation levels. In addition, it showed
the importance of a baseline for energy efficiency (required heating degree days (HDD)
or U-values) when comparing the results among countries. These results are congruent
with [13], who compared the regulations for residential building stock between Finland
and Türkiye, suggesting that the current insulation in Finnish buildings is likely above
the optimal, whereas Turkish insulation limits must be improved. In [14], a case study
was carried out for a single-family house from 2012 in Ontario, Canada, modeled using
eQUEST. It was concluded that energy improvements could lead to energy savings of up
to 78%, where window and door upgrades accounted for only 13 % of the energy savings
and required an investment of between 14,620 CAD and 18,292 CAD, and the PV system
and the heat pump account for 33% and 20%, with costs around 18,000 CAD each.

Polystyrene thermal insulation in walls and roofs was studied by [15] in a case study in
Chalous city, Northern Iran, using DesignBuilder. The results suggested heat loss reduction
of up to 54.8% in walls and 53.5% in roofs and highlighted the importance of adequate
insulation to minimize thermal losses and costs. A comparison of the impact of different
U-values for walls, windows, roofs, and floors in Palestine, considering different climatic
zones following the ASHRAE standard 90.1-2019 using the software DesignBuilder, was
conducted in [16]. Using the current Palestinian building energy code as a reference,
improving the insulation resulted in a reduction between 43% and 83% when compared
with other international building energy codes. However, their study is limited to the
building types and materials used in Palestine.

Different optimization strategies have also been proposed in the literature to obtain the
ideal insulation thickness. For example, in [17], a human thermal comfort index (predicted
mean vote) was used to optimize the insulation thickness of the external walls and roof
for two case scenarios (Greece and Cyprus), without considering economic indicators.
The simulations conducted in TRNSYS show an improvement in the yearly comfortable
hours from below 60% to 97%, while reducing the heating load 66% compared to a non-
insulated house, when using wall insulation between 2.9 and 3.2 cm and roof insulation
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between 13.9 and 14 cm. The work in [18] focused on optimizing the EPS insulation
thickness of brick walls for a case study in Algeria to minimize energy costs using TRNSYS,
suggesting an optimal range between 1 and 2.5 cm. The effect of insulating the walls of
buildings from different construction methods (gray brick, hollow clay block, LECA block,
and AAC block) and regions is compared in [19] to optimize the insulation thickness based
on energy savings. As expected, the optimal insulation would depend on regional climatic
conditions; however, the results indicated that walls made with AAC block would not
require additional insulation in regions where the other wall types do. This way, in the
cold regions, insulating gray brick (optimal insulation of 1.5–2 cm) or hollow clay block
(optimal insulation of 1.5–2 cm) walls would reduce energy consumption by up to 53%,
and LECA block (optimal insulation of 0.5–1 cm) walls by up to 26%, but AAC block would
not show any significant benefit (no insulation needed). These strategies provide insight
into the optimal thickness of the insulation based on different objective functions; thus,
future work should compare or implement their results with the available market.

Alternatively, other works have focused on analyzing heating electrification adoption
from a cost perspective, since changing the source of heating supply would not necessarily
mean a change in the heating demand. A case study in three Italian cities suggests that
replacing gas boilers with a heat pump leads to significant reductions in energy costs [20].
Using TRNSYS, it was determined that combining a heat pump, a PV system, and a
battery, together with improved insulation, results in up to 52% primary energy savings.
Similar results were obtained by [21] for a case study in Ireland, where replacing the gas
boilers in residential buildings reduced the overall primary energy consumption between
45% and 72% (or up to 128 kWh/(m2·year)). Similarly, ref. [22] evaluated the energy
and economic performance of different combinations of insulation and energy system
improvements for a case scenario in Greece. Their results demonstrated that adding a
high-efficiency heat pump and improving the window glazing have the highest impact on
reducing the thermal demand of space heating in a residential building.

More complex systems have also been proposed in the literature. Different multi-
carrier energy system configurations were simulated using TRNSYS 17.2 [23]. Combining a
heat pump with a PV system resulted in a self-consumption rate of 34.1%, adding a battery
energy storage system and a thermal energy storage system improved the self-consumption
rate to 69.4%, but did not noticeably change the overall energy demand. Instead, using a
photovoltaic-thermal system coupled to the heat pump led to the best performance, with a
self-consumption rate of 96.2%, but with a considerably higher investment cost. The results
in [24] also suggest that combining electric and thermal storage together with heat pumps
in residential dwellings allows higher heating electrification adoptions if aggregated at the
neighborhood level, compared to using only a system comprised of a PV and a heat pump,
at the cost of very unattractive business cases for the prosumers. Both results are consistent
with the review performed by [25], which demonstrated that highly efficient heat pumps
do not lead to the best economic scenario due to their higher upfront costs and relatively
low difference in consumption when compared to others with lower energy labels.

Specifically in the Netherlands, some works have examined the Dutch context to
understand pathways for reducing residential energy demand and achieving climate
targets. A bottom-up dynamic building stock model was developed by [26] to simulate
the evolution of Dutch residential buildings under the national control scenario. Their
analysis showed that improvements in insulation, together with heating electrification and
PV deployment, could reduce space heating demand by two-thirds and cut operational
GHG emissions by up to 90% by 2050, but material-related emissions will gain relative
importance. In their work, ref. [27] studied the temporal dynamics of space heating demand,
using hourly gas consumption data from 8077 dwellings during 2020 to model thermostat
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behavior and its dispersion across households. It was demonstrated that occupant-driven
thermostat settings significantly influence peak loads, highlighting the need for demand-
side flexibility and accurate district-level heat demand profiles. The cost-optimal retrofit
for typical Dutch housing archetypes was addressed by [28], emphasizing that upgrading
to current regulation standards combined with heat recovery ventilation can reduce spatial
heat demand up to 60%, while investments in insulation improvement led to thermal
demand reductions of only 12%.

1.2. Research Gap

Based on the literature review, the following research gaps were found:

• many studies provide results based on insulation improvements without detailing
the initial insulation condition of the buildings nor the insulation measures taken
(including their costs), and

• most of the literature focus either on insulation or on heating electrification techniques
but does not compare them directly.

Therefore, the contributions of this paper are

• a quantitative assessment of available thermal insulation improvement methods from
an energy consumption and cost-effective perspective, considering different initial
insulation levels, and

• a techno-economic comparison between insulation improvement and a heating electri-
fication adoption scenario.

2. Thermal Losses Mathematical Description

To estimate the thermal demand in buildings, one can use building performance
standards (BPS), as well as standardized methods, such as ISO 52016-1 [29] . However,
these methods often require detailed input data and computational resources. As a response,
the work in [30] provided an analytical framework to model the thermal losses of a Dutch
house. The model accounts for the losses due to conduction, convection, infiltration, and
ventilation for a specific type of window, roof, and wall. External radiative heating effects
are not considered (e.g., heating through the windows due to solar irradiance). This section
is dedicated to adapting the models for the window, roof, and wall losses to include
additional insulation, allowing us to perform a more comprehensive analysis on the most
common house insulation methods used in the Netherlands.

The ventilation (Q̇v) and infiltration (Q̇i) losses were calculated based on the Ameri-
can Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Hand-
book [31]. The ventilation losses can be estimated with

Q̇v(k) = caρaqvΔT(k) , (1)

where ca and ρa are the specific heat capacity and density of the air, ΔT(k) is the temperature
difference between the outside and inside of the house (in degrees Fahrenheit), and qv is
the required ventilation airflow (in cubic feet per minute), given by

qv = 0.03Acf + 7.5(Nbr + 1) , (2)

where Acf is the building conditioned area (in feet squared) and Nbr is the number of
bedrooms in the house.

The infiltration losses can be estimated with

Q̇i(k) = caρaqiΔT(k) . (3)
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where qi is the infiltration airflow, given by

qi(k) = Aes Au

√
Cs|ΔT(k)|+ Cwu2(k) , (4)

where Aes is the building’s exposed area (in feet squared), Au is the unit leakage area (in
inches squared per foot squared), Cs is the stacking coefficient, Cw is the wind coefficient,
and u is the wind speed (in miles per hour). Internal sources of heat, such as inhabitants,
lighting, and appliances, were neglected, as high-efficiency appliances were considered [31].

2.1. Windows Insulation

Three types of glazing are modeled in this section: single-, double-, and triple-glazing.
On the one hand, a single-glazed window behaves as a solid wall, without intermediate
convective mechanisms. On the other hand, double- and triple-glazing, thanks to their
air gaps, prevent convective-only heat flows, increasing the window’s thermal resistance.
The thermal circuits considered for single-, double-, and triple-glazed windows are shown
in Figure 1. This way, the thermal losses for each type of glazing can be represented as

Q̇window, single(k) =

(
1

hconv
out, window

+
Lglass

kglass
+

1
hconv

in, window

)−1

Awindow [Tin(k)− Tout(k)] , (5)

Q̇window, double(k) =

(
1

hconv
out, window

+ 2
Lglass

kglass
+

1
hconv

gap, window
+

1
hconv

in, window

)−1

Awindow [Tin(k)− Tout(k)] , (6)

and

Q̇window, triple(k) =

(
1

hconv
out, window

+ 3
Lglass

kglass
+ 2

1
hconv

gap, window
+

1
hconv

in, window

)−1

Awindow [Tin(k)− Tout(k)] , (7)

where hconv
out, window and hconv

in, window are the convective heat transfer coefficients between the
window and the outdoor and indoor air, respectively; hconv

gap, window is the convective heat
transfer coefficient of the air gap between the glass layers, and Lglass and kglass are the
thickness and thermal conductivity of the glass, respectively. Awindow is the window area,
and Tin and Tout are the indoor and outdoor temperatures, respectively. We assumed that
for double- and triple-glazed windows, the glass and air gaps have the same thickness
per layer.

(a)

Figure 1. Cont.
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(b)

(c)

Figure 1. Equivalent thermal circuit considered for a (a) singgle-, (b) double- and (c) triple-glazed
window.

2.2. Roof Insulation

The improvements of the roof consist of increasing the conductive thermal resistance
by increasing the thickness of a layer of insulation material, resulting in the thermal circuit
shown in Figure 2. This way, the thermal losses through the roof are

Q̇roof(k) =

(
1

hconv
out, roof

+
Lroof
kroof

+
Linsulation
kinsulation

+
1

hconv
in, roof

)−1

Aroof [Tin(k)− Tout(k)] , (8)

where hconv
out, roof and hconv

in, roof are the convective heat transfer coefficients between the roof
and the outdoor and indoor air, respectively, Lroof and Linsulation, and kroof and kinsulation are
the thickness and thermal conductivity of the roof and insulation layers, respectively. Aroof

is the roof area, and Tin and Tout are the indoor and outdoor temperatures, respectively.

Figure 2. Equivalent thermal circuit considered for the roof.

2.3. Walls Insulation

For the walls, we considered two separated insulation mechanisms, namely external
wall covering and wall gaps, as shown in Figure 3. For the latter, two fillings are considered:
air and insulation material. The external wall covering consists of a layer of insulation
material placed against the wall, increasing the conductive thermal resistance. The wall gap
effect, however, would depend on the filling. In the case of air, the cavity would increase
the overall thermal resistance by adding a convective heat transfer coefficient, as shown in
Figure 3a, whereas filling the air gap with insulation material would replace the convective
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effect by a conductive resistance, as shown in Figure 3b. This way, the expressions for a
wall with an air or filled gap are

Q̇wall, air(k) =

(
1

hconv
out, wall

+
Lwall, cover

kwall, cover
+

Lwall
kwall

+
1

hconv
gap, wall

+
1

hconv
in, wall

)−1

Awall [Tin(k)− Tout(k)] , (9)

and

Q̇wall, fill(k) =

(
1

hconv
out, wall

+
Lwall, cover

kwall, cover
+

Lwall
kwall

+
Lgap, wall

kgap, wall
+

1
hconv

in, wall

)−1

Awall [Tin(k)− Tout(k)] , (10)

respectively, where hconv
out, wall and hconv

in, wall are the convective heat transfer coefficients be-
tween the walls and the outdoor and indoor air, respectively, Lwall, cover, Lwall and Lgap, wall,
and kwall, cover, kwall and kgap, wall are the thickness and thermal conductivity of the wall
insulation cover, the wall itself and the wall filling layers, respectively. hconv

gap, wall is the
convective heat transfer coefficient of the air gap within the wall, Awall is the wall area,
and Tin and Tout are the indoor and outdoor temperatures, respectively.

(a)

(b)

Figure 3. Equivalent thermal circuit considered for an (a) air-filled cavity wall and (b) insulation-filled
cavity wall.

3. Case Description

This work provides a quantitative assessment of the influence of different insulation
techniques applied to Dutch residential buildings. Two different case scenarios are consid-
ered. First, the insulation techniques are analyzed individually, considering the insulation
of a house energy label C (following the Dutch energy label standard NTA 8800:2024 [32])
as reference for the other insulation elements (see Table 1). Second, different insulation
parameters were chosen to replicate houses with energy labels between G and A, as shown
in Table 1. The thermodynamic models used were taken from [30].
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Table 1. Parameters considered for each energy label.

G F E D C B A

Windows type Single Single Single Double Double Double Triple
Roof insulation 3 cm 5 cm 10 cm 15 cm 15 cm 20 cm 30 cm
Inner wall insulation Solid wall 3 cm (air) 5 cm (air) 5 cm (air) 8 cm (air) 8 cm (EPS) 10 cm (EPS)
External wall insulation - - - - - - 10 cm (EPS)
Heating type Boiler Boiler Boiler Boiler Boiler Boiler Heat pump
RES - - - - - - PV

The individual analysis considers improvements on the windows (dingle-, double-,
and triple-glazed), roof (3 cm, 5 cm, 10 cm, 15 cm, 20 cm, and 30 cm insulation), and walls
(no cavity, cavities of 3 cm, 5 cm, 8 cm, and 10 cm filled with air and EPS; and 10 cm
of external wall insulation). In addition, three types of houses are considered: a studio,
an apartment, and a stand-alone house, whose parameters are shown in Table 2. These val-
ues were obtained through an exploratory search carried out in the housing platform Funda,
which hosts approximately 97% of the housing market listings in the Netherlands [33].
The weather data for ambient temperature and solar irradiance were taken from the KNMI
database. For our simulations, we used the open-source library available in [34], built in
Python 3.12.11 (see the block diagram in Figure 4), considering a timestep of 15 min for a
whole year.

Table 2. Description of the houses considered.

Windows [m2] Roof [m2] Walls [m2] Consumption [kWh]

Studio 4 56.2 76.6 1000
Apartment 8 120.3 111.6 2500
Stand-alone 12 120.3 219.5 5000

Figure 4. Flow diagram of the components used for the simulation.

Four metrics are considered to compare the performance of the insulation improvements:

• Thermal demand [kWh]: considered as the amount of thermal energy used to main-
tain the indoor temperature.

• Gas consumption [m3]: considered as the gas used by the boiler to deliver thermal
power for space heating.
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• CAPEX: [e] considered as the total cost of improving the insulation.
• OPEX: [e] considered as the total energy cost (electricity and gas) by the household.
• Payback: [years] considered as the time it would take to cover the CAPEX based on

the change in OPEX after an improvement.

Note that the cost considered for the insulation improvements, as well as the PV
system and the heat pump, was obtained through quotes requested from local contractors
in the Netherlands.

Three different types of windows were considered, namely single-, double-, and
triple-glazed. Each glass layer is assumed to be 4 mm thick with a thermal conductivity of
0.8 WK−1m−1, and with air gaps of 1.4 cm for double- and triple-glazed windows. The costs
considered are shown in Table 3. In this case, we considered a single-glazed window as the
base; therefore, no cost is associated, since it is assumed that such glazing would already
exist in the building. Note that these costs are only for the window upgrade (materials
and labor) and exclude any improvement or replacements of the frames; therefore, no
changes in the infiltration rates are considered when changing the glazing. Also, it was
assumed that the frames, regardless of the glazing type, are in good quality and there are no
considerable leakages (aside from what is estimated using the ASHRAE method detailed
in (3)) through the frame or air gaps in the case of multiple-glazed windows.

Table 3. Costs considered for the windows insulation.

Glaze Cost [e/m2]

Single -
Double 700
Triple 1000

For the roof insulation analysis, it was assumed that the improvement would be made
by insulation panels with a thickness of 10 cm or 15 cm. For insulation thinner than 10 cm,
no capital expenses were considered, since the available insulation is a minimum of 10 cm,
and it is assumed that, for the cases with insulation thinner than 10 cm, it would already
be placed in the building. The cost per thickness is shown in Table 4. Note that these
costs include only materials and labor related to the insulation alone; thus, finishings
are excluded.

Table 4. Costs considered for the roof insulation.

Thickness [cm] Cost [e/m2]

0–5 -
10 35
15 40
20 50
30 60

Two different methods were considered to improve the insulation of walls: cavity
filling through granulated EPS and external covering. On the one hand, air (thermal
conductivity 0.0257 WK−1m−1) and EPS fillings (thermal conductivity 0.035 WK−1m−1)
were considered for cavity widths between 3 cm and 10 cm. For walls with air cavities,
no CAPEX was considered, as it was assumed that the building was initially constructed
with the cavity. For EPS filling, a fixed cost of e40/m2 was considered. It is important
to mention that the cavity gap is often between 3 cm and 5 cm, which is the reason why
contractors often quote based on area instead of volume. In our work, we extended the
cavity gap up to 10 cm to evaluate if thicker gaps would have a noticeable improvement,
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but no changes in the cost are assumed. On the other hand, 10 cm thick EPS panels were
considered as external covering, with a cost of e150/m2.

After the individual analysis, a comparison of different combinations of insulation lev-
els associated with an energy label, as shown in Table 1, was done. The PV system was sized
to cover the base electric load of the household, excluding the heat pump. This is because,
typically, the usage of space heating indoors is more significant during low-irradiance
periods, both seasonal (mostly winter) and hourly (early in the morning or during the
evening) [1]. Therefore, adding the heat pump electric consumption to the sizing of the
PV system, albeit resulting in a net-zero house, would probably exchange a large part of
the generation with the grid due to the mismatch between solar generation and electric
consumption, leading to local congestion in the residential distribution networks [24].
The cost and peak power for the PV system are shown in Table 5. For the heat pump, a fixed
cost of e10,000 was considered.

Table 5. Costs considered for the PV system.

Peak Power [kW] Cost [e]

Studio 2 2469.6
Apartment 4.8 6148.5
Stand-alone 10 12,272.4

4. Results

4.1. Windows Insulation

The results are shown in Figure 5. In general, one can notice a significant change from
single- to double-glazed windows in terms of thermal demand reduction (Figure 5a) and,
thus, gas consumption and energy cost (Figure 5b). Nevertheless, the change from double-
to triple-glazed is less noticeable, improving the overall thermal performance around
10% for stand-alone houses, while being almost 40% more expensive than double-glazing
(Figure 5).

The performance behavior can be explained given the total window area for the
different house types, as apartments and studios have less window area and, thereby,
fewer losses through the windows. Similarly, the single air gap can significantly reduce the
thermal loss, leaving only cooling mechanisms via convective effects, which are minimal
when there is no air flow (within the air gap). Thus, a second air gap, despite reducing the
convective and radiative heat transfer mechanisms, has a significantly lower impact.

From a cost perspective, it was mentioned that improving from single- to double-
or triple-glazed windows might result in a more attractive scenario for both cost and
performance perspectives than improving from double- to triple-glazed windows. Table 6
shows the payback for these upgrades for studios, apartments, and stand-alone houses,
respectively. These results show that, despite triple-glazed windows resulting in lower
gas consumption, they would only be attractive when upgrading single-glazed windows.
This is because the reduction in gas consumption from double- to triple-glazed windows is
one order of magnitude smaller, as shown in Table 7. Nevertheless, if the double-glazed
windows are deteriorated and require a replacement after their lifetime, it might be worth
replacing them with triple-glazed windows, based on the household owner’s criteria.
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(a) (b)

(c) (d)

Figure 5. Results for different window insulation, comparing (a) thermal demand, (b) gas consump-
tion, (c) capital expenses, and (d) operative expenses, for a representative studio, apartment, and
stand-alone house.

Table 6. Payback [years] for the windows insulation improvement for a representative studio,
apartment, and stand-alone house.

Glaze Single Double Triple

Single - 6.2/6.3/6.3 8.4/8.5/8.5
Double - - 138/137/137
Triple - - -

Table 7. Gas reduction [m3] for the windows insulation improvement for a representative studio,
apartment, and stand-alone house.

Glaze Single Double Triple

Single - 331.3/616.2/920.9 331.4/656.9/981.6
Double - - 20.1/40.7/60.7
Triple - - -

4.2. Roof Insulation

The results shown in Figure 6 demonstrate that, as expected, thicker insulation results
in better thermal demand and gas consumption performance (Figure 6a,b). Still, the perfor-
mance difference decreases when the thickness increases, i.e., the performance would reach
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a saturation point. This way, as shown in the windows analysis, depending on the current
status, it might not be worth improving the roof insulation until it has reached its lifetime.

(a) (b)

(c) (d)

Figure 6. Results for different roof insulation thicknesses, comparing (a) thermal demand, (b) gas
consumption, (c) capital expenses, and (d) operative expenses, for a representative studio, apartment,
and stand-alone house.

Table 8 shows the payback time when upgrading the roof insulation. As shown,
proactively upgrading insulation below 10 cm is relatively attractive for homeowners.
However, improving insulation from 10 cm would have very high paybacks (around
33 years), despite resulting in gas reductions up to 21.5% (96.9 m3), 25.7% (204.3 m3),
and 19.5% (203.9 m3) when upgrading from 10 cm to 30 cm for studios, apartments, and
stand-alone houses, respectively, as shown in Table 9.

Table 8. Payback [years] for the roof insulation improvement for a representative studio, apartment,
and stand-alone house.

Thickness [cm] 3 5 10 15 20 30

3 - - 4.6/4.7/4.7 4.6/4.7/4.6 5.3/5.4/5.4 6.0/6.1/6.1
5 - - 10.2/10.4/10.3 8.6/8.7/8.7 9.5/9.6/9.6 10.2/10.3/10.3
10 - - - 32.6/33.4/33.4 27.1/27.5/27.6 24.2/24.5/24.6
15 - - - - 80.8/80.9/81.4 47.7/48.1/48.3
20 - - - - - 93.9/95.35/95.6
30 - - - - - -
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Table 9. Gas reduction [m3] for the roof insulation improvement for a representative studio, apart-
ment, and stand-alone house.

Thickness [cm] 3 5 10 15 20 30

3 - - 294.6/618.4/622.2 342.4/718.5/722.4 366.6/770.1/773.7 391.5/822.7/826.1
5 - - 133.4/282.3/282.6 181.2/382.4/382.8 205.4/434.0/434.1 230.3/486.6/486.5
10 - - - 47.8/100.1/100.2 72.0/151.7/151.5 49.1/104.2/103.7
15 - - - - 24.2/51.6/51.3 49.1/104.2/103.7
20 - - - - - 24.9/52.6/52.4
30 - - - - - -

4.3. Walls Insulation

The results for the air cavity wall are shown in Figure 7. From a thermal performance
perspective, adding an air cavity of only 3 cm already reduces the gas consumption by
around 9% (see Figure 7b). However, increasing the width of the cavity, despite decreasing
the thermal demand, has a small influence on the thermal performance, as shown in
Figure 7a. Filling the cavities with materials whose thermal conductivity is similar to air
would result in similar behaviors. In this case, EPS was considered, and the results are
shown in Figure 8.

(a) (b)

(c)

Figure 7. Results for different thicknesses of air-gap cavity walls, comparing (a) thermal demand, (b) gas
consumption, and (c) operative expenses, for a representative studio, apartment, and stand-alone house.

As EPS has a higher thermal conductivity than air (0.035 WK−1m−1 and
0.0257 WK−1m−1, respectively), the EPS filling results in slightly lower thermal perfor-
mance due to the way the cavity is modelled. In this case, the cavity is assumed to be
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isolated from the environment (acting as a double-glazed window); therefore, the air gap
has no convective nor infiltration losses, whereas in reality, such losses would decrease the
thermal insulation performance of the air gap. Nevertheless, the results for the filled cavity
are, in fact, more accurate than the results for the air gap, as conductive losses are indeed
taken into consideration.

Adding an external layer of isolation had a similar effect on the thermal performance.
Figure 9 shows the performance comparison between having or not having the wall external
cover. As shown, including the insulation panels can reduce the gas consumption between
11.3% and 16.4% (Figure 8b, Tables 10 and 11). However, the high cost of this kind of
insulation makes it unattractive for houses with some degree of insulation.

(a) (b)

(c)

Figure 8. Results for different thickness of EPS-filled cavity walls, comparing (a) thermal demand,
(b) gas consumption, and (c) operative expenses, for a representative studio, apartment, and stand-
alone house.

Table 10. Gas reduction [m3] for the air cavity wall width for a representative studio, apartment, and
stand-alone house.

Thickness [cm] No Cavity 3 5 8 10

No cavity - 29.3/42.7/83.5 42.4/61.8/121.0 56.7/83.0/161.8 63.9/93.0/182.4
3 - - 13.1/19.1/37.5 27.4/40.3/78.3 34.7/50.3/98.9
5 - - - 14.3/21.2/40.8 21.5/31.2/61.4
8 - - - - 7.2/10.0/20.6
10 - - - - -
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Table 11. Gas reduction [m3] for the EPS-filled cavity wall width for a representative studio, apart-
ment, and stand-alone house.

Thickness [cm] No Cavity 3 5 8 10

No cavity - 23.1/33.5/65.2 34.0/61.8/97.2 47.1/82.6/134.4 54.1/93.0/154.2
3 - - 10.9/15.9/32.0 24.1/35.0/69.2 31.1/45.1/89.0
5 - - - 22.8/19.1/37.2 30.0/29.2/57.0
8 - - - - 7.0/10.1/19.8
10 - - - - -

(a) (b)

(c)

Figure 9. Results for presence and absence of external wall insulation, comparing (a) thermal
demand, (b) gas consumption, and (c) operative expenses, for a representative studio, apartment,
and stand-alone house.

4.4. Energy Label Analysis

The results in Figure 10 are consistent with the previous sections. As can be seen in
Figure 10a, the thermal demand decreases significantly from energy label G to E thanks
to the improvement in roof insulation and cavity walls. Also, there is a major increase in
thermal performance from label E to label D thanks to the improvement from single- to
double-glazing windows. Then, from label D to B, the thermal performance of the building
increases around 10%.

The other noticeable change is the gas consumption from energy label B to A thanks
to the heat pump (see Figure 10b). Such decrease is also reflected in the OPEX in Figure 10c.
The heat pump reduced to zero the gas consumption for space heating, and the PV system
compensates for a significant proportion of the electrical consumption, reducing the energy
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costs. A smaller improvement is noted in the thermal demand from energy labels B to A
thanks to the inclusion of triple-glazed windows and external wall covering (see Figure 10a),
but as shown earlier, since the overall insulation is already highly efficient, the accumulated
effect is less significant.

(a) (b)

(c)

Figure 10. Results for different typical energy label insulation, comparing (a) thermal demand,
(b) gas consumption, and (c) operative expenses, for a representative studio, apartment and stand-
alone house.

From a cost perspective, Table 12 shows the required investment to improve from one
energy label to another. In this case, the same equipment was considered as the previous
sections (i.e., roof insulation panels of 10 cm and 15 cm and wall insulation improvement
only possible by filling the already existing cavities or adding external insulation); thus,
for some cases it is not possible to change from one energy label to the other (e.g., from G to
F) or the costs are the same for several energy labels in a row (e.g., when the improvement
from one to the next is the width of the wall cavity that cannot be changed).

The resulting payback after improving the energy labels is shown in Table 13. The re-
sults suggest that the improvements starting from the worst-performing energy labels
results in more attractive scenarios thanks to the larger difference in the OPEX before and
after the improvement. However, in better-insulated houses, as the change in OPEX is not
as considerable, the payback is consistently higher.
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Table 12. CAPEX required [ke] to improve the energy labels for a representative studio, apartment
and stand-alone house.

Energy Label G F E D C B A

G - N/A 1.97/4.21/4.21 5.05/10.41/13.21 5.05/10.41/13.21 8.57/16.08/23.52 33.90/52.57/84.745
F - - 1.97/4.21/4.21 5.05/10.41/13.21 5.05/10.41/13.21 8.57/16.08/23.52 33.90/52.57/84.745
E - - - 5.05/10.41/13.21 5.05/10.41/13.21 8.57/16.08/23.52 33.90/52.57/84.745
D - - - - NA 8.57/16.08/23.52 33.90/52.57/84.745
C - - - - - 8.57/16.08/23.52 33.90/52.57/84.745
B - - - - - - 33.90/52.57/84.745
A - - - - - - -

Table 13. Payback [years] to improve the energy labels for a representative studio, apartment and
stand-alone house.

Energy Label G F E D C B A

G - N/A 4.14/4.49/4.13 5.09/5.29/5.31 4.99/5.22/5.18 8.30/7.84/9.11 23.90/19.27/24.31
F - - 9.48/10.08/9.50 6.98/7.20/6.91 6.78/7.05/6.70 11.19/10.51/11.72 29.45/23.82/29.13
E - - - 9.78/10.12/8.99 9.41/9.84/8.65 15.35/14.45/15.05 35.93/29.38/34.36
D - - - - N/A 136.7/124.5/161.4 79.28/69.08/84.99
C - - - - - 268.4/193.0/434.53 83.31/71.91/90.33
B - - - - - - 87.96/77.68/93.81
A - - - - - - -

Finally, a building label D for each type was considered and, instead of improving the
insulation, a PV system and a heat pump were added. This energy label was chosen based
on the previous results, where a relative stability in the performance was displayed, so a
comparison between improving the insulation and the energy system was done. The results
are summarized in Table 14. As can be seen, improving a building with an energy label D
with a PV system and a heat pump, excluding improvements in the insulation, results in
more attractive economic scenario than improving the insulation. In addition, thanks to
the heat pump, the heating system will no longer consume gas for space heating. Despite
no complex analyses being performed on the energy market, coupling a local generator,
such as a PV, with an electric heat source, in this case the heat pump, can result in a
robust strategy against volatile energy prices, eliminating the dependency on gas prices,
but relying on the electricity prices.

Table 14. Results of adding a PV system and a heat pump a studio, apartment and stand-alone house
with an energy label D.

Thermal Demand [MWh] CAPEX [e] Change in OPEX [e] Payback [Years]

Studio 4.15 12,470 393.63 31.7
Apartment 7.07 16,149 699.07 23.1
Stand alone 9.06 22,274 922.40 24.2

5. Discussion

Previously, Section 4 presented and briefly discussed the results obtained. First,
the individual analysis of insulation improvement for windows, roofs, and walls was
presented. Second, the results of typical insulation associated with the energy labels,
together with their performance improvement and associated costs, were shown. This
section elaborates on the meaning of the results and compare them with recent works
as validation.
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Starting with the windows improvements, Figure 5 shows how adding a second layer
of glass drastically reduces the thermal demand (up to 50%). This is because double- and
triple-glazed windows add a convective element in the heat transfer, drastically reducing
the overall thermal conductivity of the window. However, the improvement from double-
to triple-glazed in new windows is not that noticeable, as one convective layer already
decreases the thermal conductivity close to a saturation point. These results are consistent
with [35], which reported a thermal performance increase lower than 5% when upgrading
from double- to triple-glazed windows when the former is in good state, close to our results
for studios, apartments and stand-alone houses (3.9%, 5.6%, and 6.6%, respectively).

This way, the performance improvement does not justify the overall investment
expenses of changing from double- to triple-glazed windows, as shown in Table 6. Even
when the windows have already reached their end-of-life, the payback achieved by double-
glazed windows is still lower than triple-glazed due to the small difference in performance
but considerable difference in price, making double-glazed windows the more attractive
solution. Note that evaluating the additional benefits of increased glazing, such as acoustic
insulation and condensation prevention, is outside of the scope of this work but can provide
additional value.

Increasing the insulation thickness in the roofs did not drastically change the thermal
demand. Despite significant changes shown in Figure 6 when comparing insulations below
10 cm, most houses in the Netherlands already have 10 cm of insulation or more [1]. Then,
as shown in Table 8, it is not economically attractive to improve the roof insulation, results
aligned with [36], who highlighted the small effect of the roof insulation improvement
in the overall thermal demand. Similarly, ref. [12] also showed some saturation in the
economic indicators when increasing the thickness of insulation layers.

The saturation effect was also noticed in the walls. On the one hand, it was shown that
a wall with an air gap does reduce the thermal demand of the house (see Figure 7), but it
has to be added during the construction; hence, improvement is possible. Similarly, filling
the air gaps with EPS does not directly affect the thermal demand, as shown in Figure 8.
Nonetheless, it might add additional benefits not included in our analysis, for instance,
reduced infiltration losses. On the other hand, adding an external layer of insulation can
reduce the thermal demand between 10% and 20%, but the costs are still a major drawback.

Depending on the combination of insulation conditions, a particular dwelling is
assigned an energy label, as shown in Table 1. Based on our previous analysis, it can be
expected that improving the insulation to move from a lower to a higher energy label might
not always be an attractive business case. In fact, Table 13 shows how improving from
low-efficiency energy labels to C is attractive, as the payback time is below 10 years for all
types of buildings.

Improving a house with an energy label of C or above, however, requires very high
investment costs, with small performance improvements. For those cases, the results in
Table 14 show that, instead of investing in improving the insulation, it would be more
attractive to invest in the energy system itself, in our case, by including a PV system and a
heat pump. It must be noted that our results do not include any subsidy or similar aids,
as they would largely vary among countries and cases. Nevertheless, it is expected that
such benefits largely improve the business cases.

6. Conclusions

This paper performed two separate analysis. First, a parametric analysis was per-
formed for each insulation strategy (windows, roofs, and walls). Second, the performance
of a typical residential building (studio, apartment and stand-alone house) for each energy
label, from G to A. The main conclusions are:
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• The windows are the main source of thermal losses in residential buildings. In addition,
they present the best payback time among the insulation strategies. As such, they
should be prioritized when improving the insulation of a house, followed by the roof
and, at last, the walls.

• Replacing the windows from single- to double-glazed windows can reduce gas con-
sumption up to 50%. However, replacing double- to triple-glazed windows only
reduces the gas consumption by up to 7%.

• Improving roof insulation from 3 cm to 30 cm can reduce gas consumption up to 50%.
However, for houses with 10 cm of insulations or more, the gas consumption is
reduced only up to 20%.

• Adding an air or filled cavity to the walls slightly improves its thermal performance.
However, no major benefits were observed. Similar to adding external insulation to
the walls.

• Some upgrades are not attractive to homeowners if completed proactively, i.e., while
the insulation has not reached its end-of-life. This is the case for double- to triple-
glazed windows and roof insulations, starting from 10 cm. For those cases, the payback
time is too high, and it would be better to wait until the insulation shows signs of
aging or damage.

• Improving the overall energy label of a house by upgrading its insulation is more
attractive for lower energy labels (namely from G to D). For energy labels D and above,
it is more attractive to invest in improving the energy system itself, e.g., adding a PV
system or replacing the gas boiler with a heat pump. However, adding such systems
might have a negative effect on the grid.

Future work can focus on multi-domain optimization of the insulation levels for
specific case studies, which can benefit from the Python library developed, available
on GitHub on its version 2.1 (Python 3.12.11).Also, it could be interesting to study the
insulation improvements in non-residential buildings.
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