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Preface

According to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change

(contribution of WG III on mitigation), historical cumulative net CO2 emissions between 1850 and

2019 amount to about four-fifths of the total carbon budget for a 50% probability of limiting global

warming to 1.5 °C. Progressing towards net-zero GHG emissions is therefore necessary, both in new

constructions and by retrofitting existing buildings.

This Special Issue deals with novel solutions for reaching this objective and, particularly, new

zero-carbon building concepts and low-carbon construction products, e.g., bio-based materials;

low-carbon equipment for heating, cooling, hot-water production, ventilation, and lighting;

integration of renewable energy systems in buildings; energy-efficient building management and

control systems; and applications of IoT and/or AI in buildings.

This issue is aimed at researchers, teachers, and professionals in the construction and energy

sectors.

Authors from 8 countries (Africa, Asia, Europe, and Oceania) have contributed, with inputs from

different disciplines, including architecture, civil engineering, infrastructure, mechanical engineering,

material sciences, and real estate.

Bruno Peuportier and Zsuzsa Szalay

Editors
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A Comparison between Solution-Based Synthesis Methods of
ZrO2 Nanomaterials for Energy Storage Applications

Maria Leonor Matias 1, Emanuel Carlos 1,*, Rita Branquinho 1, Hadassa do Valle 1, João Marcelino 1, Maria Morais 1,

Ana Pimentel 1, Joana Rodrigues 2, Teresa Monteiro 2, Elvira Fortunato 1, Rodrigo Martins 1,* and Daniela Nunes 1,*

1 CENIMAT|i3N, Department of Materials Science, School of Science and Technology, NOVA University
Lisbon and CEMOP/UNINOVA, 2829-516 Caparica, Portugal

2 Physics Department & I3N, Aveiro University, Campus Universitário de Santiago, 3810-193 Aveiro, Portugal
* Correspondence: e.carlos@fct.unl.pt (E.C.); rm@uninova.pt (R.M.); daniela.gomes@fct.unl.pt (D.N.);

Tel.: +351-21-294-8562 (R.M. & D.N.); Fax: +351-21-294-8558 (R.M. & D.N.)

Abstract: The present study is focused on the synthesis of zirconium dioxide (ZrO2) nanomaterials
using the hydrothermal method assisted by microwave irradiation and solution combustion synthesis.
Both synthesis techniques resulted in ZrO2 powders with a mixture of tetragonal and monoclinic
phases. For microwave synthesis, a further calcination treatment at 800 ◦C for 15 min was carried out
to produce nanopowders with a dominant monoclinic ZrO2 phase, as attested by X-ray diffraction
(XRD) and Raman spectroscopy. The thermal behavior of the ZrO2 nanopowder was investigated by
in situ XRD measurements. From the scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images, the presence of near spherical nanoparticles was clear, and TEM confirmed
the ZrO2 phases that comprised the calcinated nanopowders, which include a residual tetragonal
phase. The optical properties of these ZrO2 nanopowders were assessed through photoluminescence
(PL) and PL excitation (PLE) at room temperature (RT), revealing the presence of a broad emission
band peaked in the visible spectral region, which suffers a redshift in its peak position, as well
as intensity enhancement, after the calcination treatment. The powder resultant from the solution
combustion synthesis was composed of plate-like structures with a micrometer size; however, ZrO2

nanoparticles with different shapes were also observed. Thin films were also produced by solution
combustion synthesis and deposited on silicon substrates to produce energy storage devices, i.e., ZrO2

capacitors. The capacitors that were prepared from a 0.2 M zirconium nitrate-based precursor solution
in 2-methoxyethanol and annealed at 350 ◦C exhibited an average dielectric constant (κ) of 11 ± 0.5
and low leakage current density of 3.9 ± 1.1 × 10−7 A/cm2 at 1 MV/cm. This study demonstrates
the simple and cost-effective aspects of both synthesis routes to produce ZrO2 nanomaterials that can
be applied to energy storage devices, such as capacitors.

Keywords: ZrO2; nanomaterials; microwave irradiation; solution combustion; energy storage devices

1. Introduction

Research in nanotechnology has grown over in recent years since it opens up possibili-
ties for the design and fabrication of novel materials, as well as flexible and smart devices
at the nanometer scale [1,2]. In this regard, nanostructures based on metal oxides have
been extensively studied due to their unique physical and chemical properties and great
potential in a myriad of applications, including electronics, energy conversion and storage,
biomedicine, catalysis and sensing [3–8].

ZrO2 is a metal oxide that exhibits three crystalline phases under atmospheric pressure,
depending on the synthesis route: monoclinic, which is thermodynamically the most stable
form [9], tetragonal and cubic [10–12]. The cubic form of ZrO2 is stable at high temperatures
(usually above 2370 ◦C), while the tetragonal is stable within the range of 1170–2370 ◦C,
and the monoclinic phase stabilizes below 1170 ◦C [4,9].

Energies 2022, 15, 6452. https://doi.org/10.3390/en15176452 https://www.mdpi.com/journal/energies1
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ZrO2 exhibits excellent properties, such as good optical transparency in the visible
and near-infrared spectral range [13,14], high thermal and chemical stabilities, mechanical
strength and fracture toughness, low absorption of light, high index of refraction [15], high
corrosion resistance [16], high ionic stability at high temperature, it is biocompatible [17]
and presents relatively low leakage current [18] and high breakdown field [19]. Despite this,
ZrO2 presents a wide band gap value (theoretically estimated as ~5.42 eV for monoclinic,
~6.40 eV for tetragonal and ~5.55 eV for cubic phases [14,20,21]). The introduction of defects
in its structure, for instance, through doping with cations or the reduction of particle size
below a critical value, is reported to allow the stabilization of high-temperature phases (i.e.,
cubic and/or tetragonal phases) at RT [22,23].

Applications for this material range from ceramic industry, gas sensing, solar fuel cells
and biomedical/catalytic fields to its incorporation in large-scale integrated circuits, owing
to a high dielectric constant and as a gate dielectric in metal-oxide-semiconductor devices
(MOS) [22,24–26]. In this regard, ZrO2 has emerged as a potential alternative to replace
low-κ SiO2 in electronic devices [27]. It is reported that the dielectric constant of ZrO2 films
ranges from κ = 20 in the monoclinic phase to κ = 37–47 for the cubic and tetragonal phases,
whereas in the case of amorphous ZrO2, the dielectric constant values are between 14 and
25 [14].

Recently ZrO2-based materials have been explored in the field of energy. Optimization
of the light absorption towards sunlight in zirconia has shown enormous potential for its
use in solar receivers since this refractory material possesses enhanced mechanical/thermal
properties and oxidation resistance, being a competitive material to substitute the typically
used silicon carbide (SiC) [28,29]. Other applications include refractory/metal produc-
tion [30]. In addition, it has demonstrated high energy storage performance, for instance, by
employing ferroelectric ZrO2 thin films as energy storage capacitors [31] or antiferroelectric
ZrO2, a material for dynamic random access memories (DRAM) [32]. Moreover, ZrO2
capacitors display ultra-high power density and ultra-fast charge/discharge rates, yet their
energy storage densities are relatively lower than the traditional electrical energy-storage
devices, such as supercapacitors and batteries [33]. Nevertheless, these devices can play
a key role in energy saving and thus reducing the carbon dioxide (CO2) footprint. When
associated with renewable energy sources, capacitors can have a real impact on climate
change, influencing almost all sectors of human life, including the chemical/petrochemical,
automotive, textiles, wood/paper and construction sectors, whereas, for the latter, with
the advent of the zero carbon buildings, it can reduce the global greenhouse gas emis-
sions emitting buildings. The future of humanity relies on addressing the availability of
using carbon-neutral energy sources and finding solutions to lower the CO2 footprint,
industrial residues and human contaminants with direct impact in public health and on
the environment.

Most of the applications for ZrO2 depend on its dimensions. It is well known that
when the size of metal oxide materials is reduced to the nanoscale level, different properties
are found from their bulk counterparts [34]. Novel characteristics owed to quantum size
effects may occur when the cluster size is smaller than the Bohr exciton radius. Moreover,
the properties of the surface start to play a relevant role that may overrule the bulk ones.
Hence, the synthesis method is of paramount importance to control not only the size of
ZrO2 nanomaterials but also the crystalline phase, morphology and lattice defects that
highly influence the physico-chemical properties of the produced nanomaterials [35].

ZrO2 nanomaterials have already been obtained with different morphologies, such
as thin films [14], nanoparticles [36], nanobelts [37], nanowires [38] and nanotubes [39],
mainly through chemical approaches [40]. The most common methods for the synthesis of
ZrO2 nanostructures include co-precipitation [41], sol-gel [42] and solution combustion [35],
sonochemical-assisted methods [43,44], chemical vapor deposition [45], emulsion process-
ing routes [46,47], as well as hydrothermal [10,48] and microwave syntheses [49,50]. Lately,
a continuous increase in research work has been observed related to fast continuous meth-
ods for controlling the synthesis of ZrO2 nanomaterials [51–55]. Continuous hydrothermal
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flow synthesis (CHFS) processes are preferred due to the possibility of tailoring and ob-
taining unique nanoparticle properties that cannot be achieved using more conventional
batch hydrothermal or other synthesis methods. These processes have shown potential in
manufacturing reproducible and homogeneous nanomaterials, with high throughput, in
addition to being energy efficient and eco-friendly, since for this last case, water is typically
used rather than toxic organic solvents. Annealing treatments can also be avoided by
employing these processes with superheated water conditions (typically in the range of
200−400 ◦C) [55–57]. Even though these systems offer several benefits, their high cost is a
downside [57].

Several studies have reported the production of ZrO2 nanomaterials using sol-gel, par-
ticularly solution combustion synthesis, which is included in the sol-gel method [58–60]. So-
lution combustion synthesis is an attractive technique for the preparation of ZrO2 nanopow-
ders and thin films, owing to its simplicity, energy and time savings, cost-effectiveness,
versatility, higher purity compared with conventional sol-gel methods, low synthesis
temperatures, and compatibility with flexible substrates and large scale production [61–63].

The synthesis of ZrO2 nanomaterials using the hydrothermal method assisted by
microwave irradiation has also been growing exponentially over recent years [49,64–66],
mainly due to its several advantages, such as volumetric heating (the entire volume of
solution is evenly heated, instead of relying on heat diffusion processes across the reaction
vessels), and the reaction times can be shorter as it is possible to synthesize nanostructures
in just a few minutes. Furthermore, it also allows accurate control of particle morphology
and size by adjusting the microwave parameters [50,67]. Upon optimization of the synthesis
parameters, such as temperature, pH, time and zirconium oxide precursors (e.g., zirconyl
chloride, zirconyl hydroxide, zirconyl nitrate hydrate and zirconium alkoxides), different
ZrO2 phases can be obtained [68].

Solution-based ZrO2 nanomaterials are a highly appealing alternative to physical
methods due to their process simplicity, high throughput, reduced equipment cost, since no
vacuum-based systems are required [69,70], and the possibility to fabricate optoelectronic
devices, even at low temperatures and by using green solvents [70]. As indicated, a broad
range of solution-based synthesis methods have been developed to prepare ZrO2 nanoma-
terials; however, solution combustion synthesis and hydrothermal synthesis/microwave
irradiation are typically preferred, and for that reason, these techniques are presented in
this work. The same zirconium precursor (zirconium (IV) oxynitrate hydrate) was used in
both synthesis techniques.

Several studies have already reported the dielectric properties of the ZrOx films pro-
duced by different solution-based processes. For instance, Seon et al. fabricated ZrO2 films
via a non-hydrolytic sol-gel route at low temperatures, using 2-methoxyethanol (2-ME) as a
solvent, with further annealing at 300 ◦C. The solution precursors chosen were zirconium
chloride and zirconium isopropoxide, which were prepared in equimolar amounts, and
acted, respectively, as a metal halide and a metal alkoxide. A breakdown voltage greater
than 4 MV cm−1, a high dielectric constant (near 10) and a low leakage current density of
5 × 10−8 A cm−2 at a field of 1 MV cm−1 were obtained [71]. Another study by Gong et al.
showed that by employing a low-temperature annealing treatment at 160 ◦C, high-quality
amorphous ZrO2 dielectric films could be produced via a low-cost solution process. In
this study, a solution was prepared using zirconium (IV) acetylacetonate as zirconium pre-
cursor and N, N-dimethylformamide as a solvent. Hydrolysis and condensation reactions
occurred during stirring of the solution for 32 h at 90 ◦C. The films exhibited a leakage
current of 3.6 × 10−5 A cm−2 at −3 V, a capacitance of ~117.1 nF cm−2 and a dielectric
constant of 7.8, both at 1 KHz [72]. Wang et al. also fabricated high-κ ZrO2-dielectric films
using a lightware (LW) irradiation-induced chloride-based low-temperature solution route.
Results demonstrated a great capacitance of 270 nF cm−2, a high dielectric constant of
14.1 (at 100 Hz) and a low leakage current of 7.6 × 10−8 A cm−2, under 2 MV/cm. The
superior performance was attributed to the effective formation of the metal-oxygen (M-O)
framework that enabled the elimination of oxygen defects [73]. Another study by Jung et al.
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demonstrated the fabrication of ultrathin ZrOx films by deep ultraviolet irradiation, which
revealed a leakage current density as low as 10−11 A cm−2 at 1 MV/cm, a capacitance
of 260 nF cm−2 (at 1 MHz), high dielectric constant (22) and good breakdown voltage
(around 6 MV/cm) [74]. In addition, Luo et al. prepared high-quality ZrO2 films using
an oxygen-doped precursor solution (ODS). The ODS-ZrO2 films showed a low leakage
current density of 10−7 A cm−2 (at 2 MV/cm), high breakdown electric field (7.0 MV/cm)
and dielectric constant of 19.5 [75]. However, the challenge still relies on the fabrication
of metal-oxide films with a high-quality surface (a smooth surface with a dense network)
at a low temperature and through a simple approach to guarantee a low leakage current
density and high breakdown field [75].

In this study, ZrO2 nanomaterials were produced in the form of powders or thin films
through solution-based processes, i.e., a hydrothermal method assisted by microwave
irradiation and solution combustion synthesis. The microwave synthesized powder was
further calcinated at 800 ◦C for 15 min under atmospheric conditions. The ZrO2 nanomate-
rials were characterized by XRD, Raman spectroscopy, SEM coupled with energy dispersive
X-ray spectroscopy (EDS) and focused ion beam (FIB) and TEM. The thermal behavior of
the nanopowder produced under microwave irradiation was investigated through in situ
XRD, and these powders had their optical properties assessed through PL and PLE at RT.
The ZrOx thin films produced by the solution combustion synthesis were further tested
as capacitors.

2. Materials and Methods

2.1. Hydrothermal Synthesis of ZrO2 Nanoparticles Assisted by Microwave Irradiation

The ZrO2 nanoparticle synthesis route was adapted from ref. [4]. In a typical synthesis,
50 mL of an aqueous (aq.) solution of 0.2 M of zirconium (IV) oxynitrate hydrate (Sigma-
Aldrich, St. Louis, MO, USA, 99.9%, CAS: 14985-18-3, ZrO(NO3)2·xH2O) is mixed with
50 mL of an aq. solution of 0.4 M of sodium hydroxide (Labchem, CAS: 1310-73-2, NaOH).
The reagents were used without any further purification. The 100 mL solution was left
to stir for 30 min. The molar ratio of zirconium precursor and sodium hydroxide was
kept at 1:2. Microwave synthesis was then carried out with a CEM microwave digestion
system, Matthews, NC, USA (MARS one), and the applied microwave parameters were
1000 W, 230 ± 10 ◦C and 25 min. Afterwards, the previous solution was equally distributed
into Teflon vessels of 75 mL (each vessel containing 20 mL of solution). Subsequently, the
centrifugation of the resultant nanopowder was performed for 3 min at 4750 rpm and
washed three times alternately with deionized water and isopropyl alcohol (IPA). Finally,
the nanopowder was dried in a desiccator at 60 ◦C for 5 h. The yield was around 0.77 g of
nanopowder/batch.

After microwave synthesis, the dried ZrO2 nanopowder was further calcinated in
an alumina ceramic crucible at 800 ◦C for 15 min using a Nabertherm furnace under
atmospheric conditions. The calcination treatment aimed to guarantee the formation of the
mostly thermodynamically stable ZrO2 phase, i.e., the monoclinic phase.

2.2. Solution Combustion Synthesis

A solution with a concentration of 0.2 M of zirconium (IV) oxynitrate hydrate (Sigma-
Aldrich, 99.9%, CAS: 14985-18-3) was prepared in 2-methoxyethanol (2-ME, ACROS Organ-
ics, 99%, C3H8O2), and it was left to stir at room temperature for 2 h. Urea (Sigma-Aldrich,
98%, CO(NH2)2) was used as fuel for the combustion reaction and continued stirring for a
minimum of 1 h. The molar proportion between urea and the zirconium oxide precursor
was 5:3 to ensure the redox stoichiometry of the reaction. The powder was produced
considering 10 mL of the combustion solution with the same concentration and transferred
to an alumina ceramic crucible for further annealing in an air furnace at 350 ◦C for 1 h.

As for the thin films, and prior to the ZrOx deposition, a 2.5 × 2.5 cm p-type single
crystal 100-oriented silicon substrate (resistivity ∼= 1–2 Ω·cm) was cleaned with acetone
for 10 min in an ultrasonic cleaning bath at 60 ◦C. This cleaning process was repeated with
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IPA, followed by deionized water and then the substrates were dried using nitrogen flow.
The adhesion properties of the thin films to the substrate were enhanced by exposing the
substrate to UV-ozone treatment (PSD-UV Novascan system-Ames, IA, USA) for 15 min at
a 5 cm distance from the UV lamp. Prior to solution casting, the precursor solution was
filtered through a 0.22 μm polytetrafluoroethylene (PTFE) syringe filter and one layer was
deposited by spin coating on the silicon (Si) substrate at 2000 rpm for 35 s. To evaporate the
solvent and improve the densification, the thin films were later annealed at 350 ◦C on a hot
plate for 30 min.

The metal-insulator-semiconductor (MIS) capacitors were fabricated considering the
structure Al/ZrOx/p-Si. The schematic of the MIS devices’ fabrication is depicted in
Figure 1. To optimize the ohmic contact, the capacitors were completed by thermal evap-
oration of an 80 nm aluminum bottom electrode on the Si substrate and 80 nm Al top
electrodes by applying a circular shadow mask, which produced capacitors with an area of
0.2 mm2.

Figure 1. Steps to fabricate the MIS capacitor after the cleaning procedure: (a) surface treatment
on silicon (Si) substrate by UV-ozone for 15 min; (b) deposition of the zirconium oxide precursor
solution by spin coating technique; (c) annealing treatment of the substrate for film densification;
(d) scheme of the device after the deposition of top electrodes (80 nm Al) by thermal evaporation;
(e) scheme of the device after the deposition of the bottom electrode (80 nm Al) by thermal evaporation.

2.3. Characterization Techniques

XRD experiments were carried out using a PANalytical’s X’Pert PRO MPD diffrac-
tometer (Almelo, The Netherlands) equipped with an X’Celerator 1D detector and using
CuKα radiation (λ = 1.540598 Å). XRD data were recorded from 20◦ to 80◦ 2θ range with
a step of 0.05◦. The produced ZrO2 nanopowders were measured in the Bragg–Brentano
configuration. The crystalline phases in the produced nanopowders were identified by
comparison with the International Centre for Diffraction Data (ICDD). The simulated mon-
oclinic phase corresponds to ICDD file No. 00-037-1484, the simulated tetragonal phase to
ICDD file No. 00-050-1089 and the simulated cubic phase to ICDD file No. 00-049-1642. In
situ XRD experiments were performed in an MRI chamber from Bruker (Massachusetts,
United States of America) at atmospheric conditions using a Pt–Rh foil as the heating
element. The in situ diffractograms were recorded in the same 2θ range (20◦ to 80◦) at
temperatures of 30, 100, 200, 300, 400, 500, 600, 700 and 800 ◦C. The ZrO2 nanopowder was
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kept at each temperature for 15 min, during which 15 consecutive scans were performed
between 27◦ and 33◦ with a scanning step of 0.017◦ to investigate the evolution of the
monoclinic and tetragonal phases. The temperature was increased at a rate of 50 ◦C/min.

The crystallinity of the produced ZrOx thin films on silicon substrates annealed at
350 ◦C was also investigated using the same XRD equipment in grazing incidence mode
(GIXRD, X’Pert PRO PANalytical) with a step of 0.2◦/min and an angle of incidence of the
X-ray beam fixed at 0.5◦ in the range of 10–60◦ (2θ).

SEM images were acquired using a Hitachi Regulus 8220 Scanning Electron Microscope
(Mito, Japan) equipped with energy dispersive X-ray spectroscopy (EDS) equipment. For
the FIB experiments, a Carl Zeiss AURIGA CrossBeam (FIB-SEM) workstation (Carl Zeiss
MicrosPANI/TiO2 copy GmbH, Oberkochen, Germany) was used. The inner structure
of the ZrO2 capacitor was observed by FIB, where Ga+ ions were accelerated to 30 kV at
50 pA, and the etching depth was maintained at around 500 nm. TEM observations were
performed with a Hitachi HF5000 field-emission transmission electron microscope (Mito,
Japan) operated at 200 kV. A drop of the sonicated dispersions was deposited onto 200-mesh
lacey-carbon copper grids and allowed to dry before observation. The average particle
size and standard deviation were calculated from the dimensions of 50 nanoparticles with
ImageJ software based on TEM images.

Raman spectroscopy measurements were conducted with an inVia Qontor confocal
Raman microscope from Renishaw (Kingswood, UK). A 50 mW green diode operated at
532 nm was used as the excitation source, with an exposure time of 10 s and settings of 3 and
7 accumulations for ZrO2 nanopowders before and after annealing treatment, respectively.
The laser beam was focused with a long working distance (8.2 mm) 50 × Olympus objective
and a 100 × Olympus objective with 0.35 mm working distance, respectively, for the
samples before and after annealing treatment. The Raman spectra were recorded in the
range of 110–800 cm−1 (as an extended scan). Several scans on different points of the
ZrO2 nanopowder’s surface were recorded, and the present results are based on their
average. Possible fluctuations of the Raman equipment were avoided with a previous
calibration with a silicon wafer (521 cm−1 peak). All Raman measurements were performed
at ambient conditions.

RT PL and PLE measurements were carried out in the microwave synthesized ZrO2
nanopowders, before and after calcination, using a Fluorolog-3 Horiba Scientific set-up
with a double additive grating Gemini 180 monochromator (1200 gr/mm and 2 × 180 mm)
in the excitation and a triple grating iHR550 spectrometer in the emission (1200 gr/mm
and 550 mm). A 450 W Xe lamp was used as the excitation source, and different excitation
wavelengths were explored. The PLE data was obtained by monitoring the maximum of
the PL emission.

The electrical and dielectric properties such as capacitance-voltage (C − V), capacitance-
frequency (C − f ) and current-voltage (I − V) measurements of the MIS capacitors ZrOx-
based were investigated by using a semiconductor parameter analyzer (Keysight B1500A)
with a probe station (Cascade EPS150 Triax).

3. Results and Discussion

3.1. Structural and Optical Characterization of the ZrO2 Nanopowders Produced under
Microwave Irradiation
3.1.1. Raman Spectroscopy Measurements

ZrO2 nanopowder was synthesized through a hydrothermal method assisted by
microwave irradiation. Raman spectroscopy measurements were performed to investigate
the crystalline phase of the synthesized ZrO2 nanoparticles [76]. A further calcination
process was also carried out at 800 ◦C for 15 min. Figure 2a,b show the Raman spectra
in the 110–800 cm−1 range for the synthesized ZrO2 nanopowders before and after the
calcination treatment, respectively. Regarding the as-synthesized ZrO2 powder, as seen
in Figure 2a, broader Raman bands were observed when a comparison was made with
the calcinated material (Figure 2b) [77]. Nevertheless, some of the peak positions of the
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vibrational modes occurred at the same frequencies, meaning that contributions of the
same ZrO2 polymorph were present in both materials. Tetragonal zirconia (D4h point
group) was expected to exhibit six Raman active vibrational modes at the Γ point of the first
Brillouin zone with A1g + 2B1g + 3Eg symmetries [78]. The frequencies of these modes were
reported as 146 cm−1 (Eg), 270 cm−1 (A1g), 318 cm−1 (B1g), 458 cm−1 (Eg), 602 cm−1 (B1g)
and 648 cm−1 (Eg) [79]. For the case of the monoclinic ZrO2 (C2h point group), group theory
analysis predicted 18 Raman active modes, 9Ag + 9Bg [80], with frequencies reported at
179 cm−1 (Ag), 190 cm−1 (Ag), 224 cm−1 (Bg), 305 cm−1 (Ag), 334 cm−1 (Bg), 348 cm−1 (Ag),
381 cm−1 (Bg), 476 cm−1 (Ag), 505 cm−1 (Bg), 536 cm−1 (Bg), 556 cm−1 (Ag), 616 cm−1 (Bg),
637 cm−1 (Ag) and a non-indexed peak at 757 cm−1 [77,81]. By comparing the spectra of
the two materials in Figure 2, we were able to identify that the vibrational modes matched
those reported for both crystalline phases [77,81]. In particular, the bandwidth of the
Raman lines in the as-synthesized material was likely to be due to the overlap of the
vibrational signatures from the tetragonal and monoclinic ZrO2, as clearly identified by
the presence of the 146 cm−1 and 265 cm−1 resonances and the bandshape asymmetry
observed at 458 cm−1 and 648 cm−1, which were assigned to the tetragonal phase. In
contrast with Figure 2a, no bands related to the tetragonal ZrO2 are visible in Figure 2b;
however, its presence cannot be excluded. In addition, another band at 501 cm−1 (Bg) is
visible, assigned to monoclinic ZrO2 [77,81]. Cubic zirconia exhibits a characteristic broad
band mode centered at 625 cm−1 due to disordered oxygen sub-lattice. This vibrational
mode is not visible in Figure 2a,b. Moreover, the absence of the cubic phase was already
expected since it is stable only at annealing temperatures near to ZrO2 melting point or at
RT by doping processes [82]. No other bands were detected [83].

Figure 2. Raman spectra of the synthesized ZrO2 nanopowders: (a) before and (b) after calcination at
800 ◦C for 15 min. The black and orange vertical dash lines represent the expected frequencies for the
monoclinic and tetragonal ZrO2, respectively, and according to [77,79,81].

3.1.2. X-ray Diffraction

XRD measurements were also performed to confirm the crystalline phase/phases
obtained from Raman spectroscopy measurements. As seen in Figure 3a, the as-synthesized
ZrO2 nanopowder presents a mixture of ZrO2 tetragonal and monoclinic phases, consid-
ering the ICDD card numbers 00-037-1484 and 00-050-1089 for the ZrO2 monoclinic and
tetragonal phases, respectively.
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Figure 3. (a) In situ XRD diffractograms of the ZrO2 nanopowder synthesized under microwave
irradiation with different annealing temperatures ranging from RT to 800 ◦C with a plateau time of
15 min. For comparison, the simulated monoclinic, tetragonal and cubic zirconia structures are also
presented. (b) XRD diffractogram of ZrO2 nanopowder synthesized under microwave irradiation
and calcinated at 800 ◦C for 15 min. (c) In situ XRD diffractograms of the ZrO2 nanopowder at 800 ◦C
for different annealing times. Green arrows represent an increase of monoclinic phase, while the red
arrow indicates a decrease of tetragonal phase.

Calcination treatment after microwave synthesis is an important step in transforming
an amorphous to crystalline phase or a single/mixture of crystalline phases into a specific
crystalline phase, inducing optical and structural’ modifications to the material [13,84].
In this regard, XRD diffractograms of the ZrO2 nanopowder were recorded at different
temperatures to infer the thermal behavior of the ZrO2 nanomaterials and thus analyze the
phase transition from tetragonal to monoclinic, Figure 3a. As can be observed, the intensity
of the diffraction maximum at 30.176◦, characteristic of the tetragonal phase, decreases
with increasing temperature. At 800 ◦C, the peaks detected in the diffractogram of the
ZrO2 nanopowder (Figure 3b) were fully assigned to the monoclinic ZrO2 phase (ICDD
00-037-1484). However, when performing XRD studies from 27◦ and 33◦ (Figure 3c) with a
fixed temperature of 800 ◦C but different annealing times (each minute was recorded up to
15 min), it is evident that the conversion to monoclinic is accomplished at 800 ◦C with a
minimal presence of the tetragonal phase. No other crystalline phases or impurities were
detected with either of these two techniques.

The phase transformation of ZrO2 tetragonal to monoclinic at 800 ◦C has been previ-
ously reported in the literature. Horti et al. [13] prepared ZrO2 nanoparticles by chemical
co-precipitation method and further annealed at different temperatures for 2 h, whose
phase transition of tetragonal to monoclinic was seen to occur at the calcination temper-
ature of 800 ◦C, with an evident mixture of both phases. In another study [85], ZrO2
nanoparticles were produced by conventional and ultrasound-assisted precipitation in an
alkaline medium followed by calcination at different temperatures ranging from 400 ◦C
to 900 ◦C for 3 h. At 800 ◦C, a mixture of three ZrO2 phases was reported, i.e., tetragonal-
monoclinic-cubic phases. The present study has the advantage of having monoclinic ZrO2
as the dominant phase after a fast calcination treatment of 15 min instead of hours.
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3.1.3. Electron Microscopy

Figure 4 shows the SEM images of the ZrO2 nanoparticles synthesized under mi-
crowave irradiation with a further calcination treatment at 800 ◦C for 15 min. It can be
seen that the particles display a nearly spherical shape (Figure 4a), and from the EDS
measurements, a homogeneous distribution of Zr (Figure 4b) and O (Figure 4c) is evident.
No impurities were detected by EDS.

Figure 4. (a) SEM image of the ZrO2 nanoparticles synthesized by microwave irradiation with a
further calcination step at 800 ◦C for 15 min, together with the corresponding EDS maps of Zr (b)
and O (c).

The atomic percentages (at.%) of Zr and O were also estimated from EDS spectra for
the ZrO2 nanopowders before and after the calcination treatment (Table 1). The atomic
percentage values were close to those expected for pure zirconium oxide (the Zr/O ratio
was 1:2 for the material before calcination and 1:2.7 after calcination).

Table 1. EDS point analysis of the ZrO2 nanopowders before and after the calcination treatment at
800 ◦C for 15 min.

ZrO2 Nanopowder before the
Calcination Treatment

ZrO2 Nanopowder after the
Calcination Treatment

Elements Zr O Zr O

at.% 33.3 66.7 26.9 73.1

TEM measurements were also carried out for the ZrO2 nanoparticles produced under
microwave irradiation before and after calcination (Figure 5). The TEM images of the ZrO2
nanoparticles before calcination demonstrate the presence of heterogeneous particles with
an average particle size of 6.7 ± 1.9 nm. Abnormal large particles were also observed
(Figure 5a,b). In terms of particle shape, microwave synthesis resulted in different nanos-
tructures, including nanospheres, nanosquares and irregular-shaped nanoparticles. The
heterogeneity detected is consistent with the XRD and Raman spectroscopy results, where
it was shown that after microwave synthesis, there was a mixture of ZrO2 phases, with the
presence of both tetragonal and monoclinic ZrO2 phases (Figures 2a and 3a). The lattice
spacing of 0.3 nm measured in Figure 5c was consistent with the d-spacing of the (101)
and (011) planes of the tetragonal ZrO2. Furthermore, the fast Fourier transform (FFT)
image carried out through the

[
111

]
zone axis, attested the existence of pure tetragonal

ZrO2 nanocrystals.
After calcination, as expected, an expressive growth of the ZrO2 nanoparticles and

the presence of uniform nanoparticles in terms of size and shape were observed (Figure 5),
exhibiting a nearly spherical shape, in agreement with SEM results (Figure 4a), and dis-
playing an average particle size of 45.7 ± 9.9 nm. Figure 5e,f reveal that the measured
lattice spacings of 0.32 and 0.37 nm are in good agreement with the d-spacing of the

(
111

)
and (011) planes of the monoclinic ZrO2 phase, respectively. The FFT image captured
through the

[
011

]
zone axis (Figure 5f) also confirmed the existence of pure monoclinic

ZrO2 nanocrystals. From TEM measurements, it was observed that the monoclinic ZrO2
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phase prevailed for the 800 ◦C calcinated material; however, some minor contaminations
of tetragonal nanoparticles were also observed in accordance with the in situ XRD results
(Figures 3c and S1).

 

Figure 5. TEM images of the as-synthesized ZrO2 nanoparticles before and after calcination at 800 ◦C
for 15 min. (a) Bright-field TEM image of the ZrO2 nanoparticles before calcination and (b) and
(c) high-resolution TEM images of the ZrO2 nanocrystals. (d) Bright-field TEM image of the ZrO2

nanoparticles after calcination and (e,f) high-resolution TEM images of the ZrO2 nanocrystals. The
insets in (c,f) show the FFT images of the areas (black squares) indicated as (A,B), respectively.

3.1.4. Photoluminescence Measurements

Figure 6 depicts the results obtained for both materials before and after calcination,
with clear differences in the PL spectra. In the case of the as-synthesized nanopowder
without calcination (Figure 6a), an asymmetric band was observed in the visible spectral
region, with a maximum at ~415 nm (~2.99 eV) when excited with different wavelengths in
the UV range. After calcination in air (Figure 6b), the visible band experienced a broadening
and an increase in its intensity. Under 240 nm photon excitation, its peak position was
located at ~459 nm (~2.70 eV), whereas for longer wavelengths (260–290 nm), the PL
maximum shifted to longer wavelengths, around ~475 nm (~2.61 eV). Indeed, the band
observed at ~459 nm is likely to be composed of several recombination channels, including
the ones which are preferentially excited with photons with wavelengths in the 260–290 nm
range. The PLE monitored at the maximum of the observed PL bands revealed, in both
cases, an excitation band at ~310 nm (~4.00 eV), a noticed shoulder at ~260 nm (~4.77 eV)
and an excitation band maximum at ~240 nm (~5.17 eV), indicating that those are the
preferential population paths for the observation of such emission.
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Figure 6. PLE/PL spectra acquired at RT on the ZrO2 nanopowders (a) before and (b) after a
calcination treatment at 800 ◦C for 15 min.

Broad visible bands were previously reported for the different undoped ZrO2 poly-
morphs, namely the monoclinic one; however, the nature of the defects that originate from
them is still not fully understood [86]. Among the suggested origins, oxygen vacancies
and their complexes have been pointed out as the most probable defects, even though the
presence of some impurities, such as Ti, have also been proposed [86–90]. For instance,
Perevalov et al. [89] studied non-stoichiometric zirconia samples prepared at different
oxygen pressures and inferred that the origin of the blue emission band peaked at 2.7 eV
is likely associated with charged oxygen vacancy states since a decrease of the oxygen
pressure during the grown leads to an increase in the intensity of the mentioned band.
Moreover, slight shifts in the peak position (between 2.6 and 2.8 eV) were seen depending
on the stoichiometry of the samples. In line with the present results, the reported PLE
spectra also evidence a maximum at 5.1–5.2 eV, which they associated with the optical
absorption of a defect created by oxygen vacancies. Nevertheless, according to the litera-
ture, the expected band gap energy for the ZrO2 monoclinic phase predicted by theoretical
models is in the range of ~5–6 eV [21,91–93], which is also in line with some experimental
results [94–96]. Therefore, a likely explanation for the observed high energy excitation band
that occurs in the vicinity of 240 nm (~5.17 eV) is that it corresponds to the band gap of
the monoclinic ZrO2 phase, in fair agreement with the values theoretically predicted for
this crystalline phase. As mentioned, the produced nanoparticles are polyphasic in nature,
exhibiting a contribution of the tetragonal ZrO2 crystalline phase, which is expected to
have a higher band gap energy than the monoclinic one. Therefore, the excitation shoul-
ders/bands detected around ~260 nm and ~310 nm should be related to defects/impurities
in electronic states inside the material’s band gap.

Ashraf et al. [90] analyzed ZrO2 monoclinic nano- and submicron crystals annealed at
different temperatures and also observed broad emission bands from ~400 nm to 600 nm,
whose spectral shape and intensity slightly varied depending on the annealing conditions
and crystallite sizes. The authors assigned the PL emission centered at ~482 nm (~2.57 eV)
to a transition involving F+ centers, i.e., transitions from the valence band to local mid-gap
states associated with singly occupied anion (oxygen) vacancies. At the shorter wavelength
region, a shoulder at 422 nm (~2.94 eV) was also visible in the case of the nanoscale ZrO2
before annealing and associated with a transition to singly ionized associated oxygen va-
cancy defects. After annealing, this shoulder disappeared, likely related to the dissociation
of those centers into F+ centers by the aid of atmospheric oxygen diffusion into the ZrO2
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particles [90]. A similar phenomenon may be occurring in the present materials, explaining
the redshift observed in the peak position of the band after calcination. In the case of
Ashraf et al. [90], further annealing in air at higher temperatures (1500 ◦C) promoted
additional diffusion of oxygen into the crystals, leading to a decrease in the broad band PL
intensity, strengthening the assumption of the involvement of oxygen vacancy defects in
the origin of this band. Their PLE spectra showed an excitation band between ~250 nm and
350 nm, which suffered a blueshift from ~300 nm (~4.13 eV) to ~280 nm (~4.43 eV) after
annealing. In 2021, Lokesha et al. [88] also studied monoclinic ZrO2 samples, observing a
broad band between 400 and 650 nm and peaked at 499 nm (~2.48 eV), which, in conjugation
with other techniques, such as EPR, they attributed to the F2+ center related with aggregates
of the singly occupied oxygen vacancies. These broad bands are frequently deconvoluted
into different components (recombination channels), which can be associated with different
charged states of the vacancy-related defect [88,90,97]. As a result, the existence of distinct
charge states of the F-centers can account for the fact that three excitation maxima were
observed in the present samples, subsequently leading to a shift in the band peak position
depending on the excitation wavelength, particularly in the case of the calcinated material.
Hence, the presence of oxygen vacancy-related defects seems to be a fair hypothesis for the
nature of the defects involved in the PL emission identified in the present materials.

3.2. Structural Characterization of the ZrO2 Powder and ZrOx Thin Films Produced by Solution
Combustion Synthesis
3.2.1. ZrO2 Powder
X-ray Diffraction

Solution combustion synthesis is known to produce materials in powder form but also
as thin films [58,60,98]. The ZrO2 powder was obtained by conventional solution combus-
tion synthesis, with zirconium oxynitrate and urea as precursors and 2-methoxyethanol
(2-ME) as a solvent. The prepared solution was further annealed in air at 350 ◦C for 1 h to
obtain the ZrO2 powder. The XRD diffractogram of the ZrO2 powder is shown in Figure 7.
The ZrO2 tetragonal phase is clearly identified with the peak at 30.176◦, associated with the
(111) diffraction plane [99] (ICDD 00-050-1089), along with other diffraction maxima that
were assigned to the monoclinic phase (ICDD 00-037-1484). No impurities were detected,
which suggests the presence of a highly pure ZrO2 powder.

Figure 7. XRD diffractogram of ZrO2 powder produced by solution combustion synthesis and
annealed in air at 350 ◦C for 1 h (represented in red). For comparison, the simulated monoclinic,
tetragonal and cubic zirconia structures are also presented.
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3.2.2. Electron Microscopy

Figure 8 shows the SEM images of the ZrO2 powder resultant from the solution com-
bustion synthesis. The formation of micro-sized plate-like structures is clear, as seen in
Figure 8a. Nevertheless, Figure 8b indicates the presence of nano-sized grains composing
the micro-sized structure, and Figure S2 suggests the stacking of several nanolayers. In-
dividual nanoparticles were also observed. Moreover, the void-like nature of the particle
observed in Figure S2 can be associated with the escape of gaseous combustion products
that were formed during combustion synthesis [58]. EDS measurements were also carried
out, and, as observed for the ZrO2 nanoparticles produced under microwave irradiation
(Figure 4), the presence of a homogeneous distribution of Zr (Figure 8c) and O (Figure 8d)
was clear. No impurities were detected by this technique.

Figure 8. (a,b) SEM images of the ZrO2 particle produced by the combustion synthesis method and
after annealing in air at 350 ◦C for 1 h, together with the corresponding EDS maps of Zr (c) and O (d).

The atomic percentages of Zr and O were also estimated by EDS point analysis (Table 2).
As observed for the nanopowders synthesized under microwave irradiation, the values
were within the expected range for pure zirconium oxide (the Zr/O ratio was 1:2.1).

Table 2. EDS point analysis of the ZrO2 nanopowder produced by the solution combustion synthesis.

Elements Zr O

at.% 31.9 68.1

The ZrO2 powder produced by solution combustion synthesis was also observed by
TEM, confirming the presence of individual ZrO2 nanoparticles. From Figure 9a, nano-sized
particles with different shapes can be observed, including nanospheres, nano squares and
irregular-shaped nanoparticles (Figure 9a). Larger particles without a specific shape were
also observed; nevertheless, the average particle size was 10 ± 7 nm. The lattice spacing of
0.3 nm was measured on an individual ZrO2 nanoparticle (Figure 9b), which was consistent
with the d-spacing of the (101) plane of the tetragonal ZrO2. Nonetheless, as observed by
XRD results, the powder was a mixture of tetragonal and monoclinic ZrO2 phases.

13



Energies 2022, 15, 6452

Figure 9. TEM images of the ZrO2 powder produced with solution combustion synthesis and
annealed in air at 350 ◦C for 1 h. (a) Bright-field TEM image of the ZrO2 nanoparticles and
(b) high-resolution TEM images of the ZrO2 nanocrystals. The inset in (b) shows the FFT images of
the area (black square) indicated as C.

3.2.3. ZrOx Thin Films
X-ray Diffraction

The ZrOx thin films were produced with the same solution used for producing the
ZrO2 powder by solution combustion. Spin coating was employed to deposit ZrOx thin
films on silicon substrates to be tested as capacitors. Crystalline dielectric films may provide,
for instance, pathways for leakage current due to the grain boundaries, which results in a
small on/off ratio, leading to poor capacitor performance. On the contrary, amorphous thin
films have a smooth surface, high stability, low interface state density, as well as large-area
uniformity [100,101].

Grazing angle mode was performed to analyze the crystalline structure of ZrOx thin
films annealed at 350 ◦C in air for 30 min on a hot plate. An annealing treatment at 350 ◦C
was carried out since it was reported that annealing treatments in solution-processed high-κ
ZrOx thin films between 300–600 ◦C are expected to increase O−2 content in ZrOx films,
leading to a reduction of oxygen defects and/or hydroxyl groups and consequently of
conduction paths [69,102].

As observed in Figure 10, some diffraction maxima are visible at 2θ = 51.4◦ and
2θ = 53.4◦, accompanied by a bump at around 55◦ (2θ), which correspond to forbidden
diffraction planes of a (100)-oriented silicon wafer that appear when the grazing angle
mode is used at certain phi angle [103]. Apart from that, no other diffraction maxima were
identified, indicating the amorphous nature of the produced ZrOx thin films, which is ideal
for thin film capacitor applications.

3.3. Electrical Characterization of the ZrOx Capacitors

ZrOx thin films were implemented in metal-insulator-semiconductor (MIS) devices
to evaluate their dielectric performance. Figure 11a show the typical C–V curve of the
ZrOx thin film capacitors with a small hysteresis. The devices present good stability
with a small change of the capacitance over the frequency (1 kHz–100 kHz), as depicted
in Figure 11b. To calculate the dielectric contact, a cross-section of the device to deter-
mine the ZrOx thickness was performed, as shown in the inset of Figure 11b. The ZrOx
thin films present a capacitance per unit area of 672 ± 28 nF cm−2 and a dielectric con-
stant of 11.0 ± 0.5 (both calculated at 1 kHz). These values are lower when compared
with vacuum deposited crystalline films due to the lower film density and presence of
pores as a consequence of the solution process [71,72,104–106]. Nevertheless, the devices
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present a good breakdown field of 2.8 ± 0.1 MV/cm and a low leakage current density of
(3.9 ± 1.1) × 10−7 A/cm2 at 1 MV/cm.

Figure 10. Grazing incidence XRD diffractogram of the spin-coated ZrOx thin films annealed at
350 ◦C in air for 30 min and deposited on a silicon substrate.

Figure 11. Electrical characteristics of solution-based ZrOx MIS capacitors produced at 350 ◦C:
(a) typical capacitance-voltage characteristics at 100 kHz; (b) average of capacitance versus frequency
characteristics, and the inset shows the cross-section SEM of the devices; (c) typical leakage current
density versus the breakdown field.
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Figure 11c shows a typical current density versus breakdown field dependence. The
results are in accordance with solution-based ZrOx thin film capacitors [71]. Once low
leakage current density was reached (<10−5 A/cm2), it opens the window for future
applications such as gate insulators for solution-based thin film transistors.

4. Conclusions

This work demonstrated that both the hydrothermal method assisted by microwave
irradiation and solution combustion synthesis are reliable and simple production routes
for ZrO2 nanomaterials, including nanoparticles and thin films. Moreover, the low-cost
character of the study is evidenced by the inexpensive apparatus required to produce
and deposit ZrOx thin films and thus fabricate energy storage devices. In both synthesis
routes, XRD analysis revealed that the as-synthesized powders had a mixture of ZrO2
monoclinic and tetragonal phases. A calcination treatment at 800 ◦C for 15 min was
imposed on the microwave synthesized nanopowder to promote the conversion into single-
phase materials. Nevertheless, in situ XRD and TEM analysis revealed a minor presence
of the ZrO2 tetragonal phase after the calcination treatment. Different nanostructures
were observed after synthesis in both production routes. In the case of the microwave
synthesized material, after calcination, near-spherical nanoparticles were observed, while
plate-like structures composed of nano-sized grains were identified for the combustion
synthesis. The effect of calcination on the optical properties of the microwave synthesized
nanopowders was evaluated by PL and PLE, showing a clear broadening and an increased
intensity of the ZrO2 band observed in the visible spectral region after calcination. This
band was tentatively associated with the presence of oxygen vacancy-related defects.
Solution combustion synthesis also resulted in thin films, and XRD analysis suggested
their amorphous nature. SEM and FIB measurements of the ZrOx capacitors revealed that
the thin films present a thickness of 14.2 ± 0.1 nm, which leads to a dielectric constant of
11.0 ± 0.5 (calculated at 1 kHz). The devices also presented a good breakdown field of
2.8 ± 0.1 MV/cm and a low leakage current density of (3.9 ± 1.1) × 10−7 A/cm2 at
1 MV/cm. From this study, the production of ZrO2 nanomaterials with two simple, cost-
effective and easily upscaling synthesis routes and their integration on capacitors can
be highlighted.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15176452/s1, Figure S1: High-resolution TEM image of the ZrO2
nanocrystals calcinated at 800 ◦C for 15 min. The inset shows the FFT images of the area (black
square) indicated as A; Figure S2: SEM image of a ZrO2 particle produced by solution combustion
synthesis and annealed at 350 ◦C.
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Abstract: The climate data used for dynamic energy simulation of buildings located in urban regions
are usually collected in meteorological stations situated in rural areas, which do not accurately
represent the urban microclimate (e.g., urban heat island effect), and this might affect the simula-
tion accuracy. This paper aims at quantitatively evaluating the effects of heat island on a high-rise
building’s energy performance based on the microclimate simulation tool ENVI-met and the building
energy simulation tool COMFIE. However, the computation of microclimate models is time con-
suming; it is not possible to simulate every day of a year in a reasonable time. This paper proposes
a method that generates hourly “site-specific climate data” to avoid long microclimate simulation
times. A coupling method of ENVI-met and COMFIE was developed for more precise building
energy simulation, accounting for the heat island effect. It was applied to a high-rise building in
Wuhan, China. The results showed that the yearly average urban heat island effect intensity at the
height of 3 m was estimated to be 0.55 ◦C and decreased with height. Compared to the simulation
considering the outdoor temperature variation with the height and orientation, using the original
climate data collected in rural areas led to an overestimation of the heating load by around 5.8% and
an underestimation of the cooling load by around 8.7%. Compared to the weather file at the height of
3 m near the north facade neglecting the temperature variation along the height, the heating load was
overestimated by 8.2% and the cooling load was underestimated by 10.8%. The methods proposed in
this paper can be used for the more precise application of urban building energy simulation.

Keywords: heat island effect; high-rise building; building energy simulation; microclimate simulation

1. Introduction

Building energy consumption is one of the three main energy consumption domains
including industry and transportation, accounting for approximately 36% of the global final
energy in 2018 [1]. One potential way to reduce building energy consumption corresponds
to decisions made during the design phase, which can be aided by dynamic building energy
simulation (DBES) tools. The simulation results of a building’s energy consumption are
closely related to the accuracy of the weather file comprising 8760 h of various climatic
parameters such as air temperature and solar radiation [2]. In present DBES tools, one
mostly used weather file format is the Typical Meteorological Year (TMY) format [3], which
consists of twelve Typical Meteorological Months (TMM) from the past decades [2]. These
data usually come from meteorological stations located in the rural zones (e.g., an airport),
which have a very different morphological form compared to the urban areas composed of
urban settlements.

China is moving towards urbanisation and this will last for decades [4]. During this
process, urban settlements are formed by replacing natural or agricultural land with urban
environments. For example, the ground surface is covered with impermeable materials
such as concrete and asphalt, and the vegetation area is sharply reduced [5]. This leads to
specific microclimates in the urban areas. Urban microclimate can be defined as the local
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climate observed in urban areas, which can be significantly different from the climate of
surrounding rural areas [6]. The urban microclimate involves the local climate characteristics
between the near-ground atmosphere and the topsoil in a relatively small space, including
temperature, solar radiation, wind, humidity, etc. [7]. The difference between an urban
microclimate and a rural climate might bring potential simulation errors if the TMY weather
file is directly used in an urban building’s energy performance evaluation. To avoid this, it is
essential to take the microclimate’s effects into account in DBES.

The urban heat island (UHI) effect is a well-known phenomenon among the microcli-
mate features. It describes the phenomenon that air temperature in urban areas is higher
than the surrounding rural areas. It is reported in many urban areas regardless of the size
and location [8–14]. It could be observed by the application of infrared thermography at
different scales such as the city scale using satellites and the neighbourhood scale using
aerial vehicles and rooftop observatories [15,16]. Drones are used more and more to detect
the UHI effect or analyse urban heat fluxes [17–19]. The UHI effect can be quantitatively
described by the urban heat island intensity (UHII) which is the urban air temperature
minus the rural air temperature [14]. Occasionally, the urban air temperature can be lower
than the rural air temperature, which is called the urban cool island (UCI) effect, and the
temperature difference is the urban cool island intensity (UCII). Air temperature is one of
the most important factors as it directly drives the operation of a cooling/heating system
and influences the corresponding building cooling and heating energy consumption [20].
Many studies reported that the UHI effect increases the cooling energy consumption and
decreases the heating energy consumption [20–23]. A weather input file considering the
UHI effects can yield a more accurate evaluation of buildings’ energy consumption.

Li et al. [20] summarised the procedure in evaluating UHI impacts on building energy
consumption, which includes three steps: (1) preparing two temperature datasets with
and without the UHI effect; (2) simulating/estimating building energy consumption re-
spectively using these two temperature datasets; and (3) evaluating the impacts of UHI on
building energy consumption by comparing the two results. The urban temperatures are
mainly obtained by measurements or simulation. This paper focuses on the simulation of
UHI, because as abovementioned the weather files in DBES are normally in TMY format,
reflecting representative climates during a long period. On the contrary, measurements can
only record the climate in a short time which might not be representative. This problem
can be avoided using simulation.

Microclimate simulation tools (e.g., ENVI-met) can be used to model UHI effects.
However, the calculation time is quite long for a standard PC (e.g., nearly 24 h to simulate
one day in our case), such that it is not possible to obtain the hourly microclimate data for
the whole year in a timely manner, especially if the energy performance optimisation of a
building or a block is needed in the design phase. A method for the generation of hourly
microclimate parameters could be beneficial. In addition to this, the new buildings are
usually high-rise and dense in China. Contrary to low-rise buildings, little research has
focused on the effect of UHI on a high-rise building in a densely built region. Normally,
one measure of air temperature is used for the whole building in DBES, neglecting the
temperature variation in terms of height and orientation. This might bring simulation
errors for a high-rise building, especially where the UHI effect occurs.

This paper aims to investigate these two questions: what error is induced by using
regional instead of microclimate data in DBES? How can DBES and microclimate simulation
tools be chained? Firstly, a site-specific weather file generation method is proposed to
account for the hourly UHI effect for a TMY weather file, avoiding long simulation time.
Secondly, the coupling methodology of a microclimate simulation tool and a DBES tool
is presented to perform a more accurate simulation of the building energy performance
under the UHI effect. Finally, the methods are applied to a high-rise residential building in
Wuhan (China) to quantitatively evaluate the effects of UHI on its energy performance.
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2. Methodology

2.1. Site-Specific Weather File Generation Method

In this paper, the microclimate simulation tool used is ENVI-met v4.4.6, which is a
three-dimensional (3D) numerical model initially developed by Bruse and Fleer [24] to
analyse microclimates through the fundamental laws of fluids and thermodynamics. The
interactions between buildings, soil, vegetation and atmosphere can be simulated with a
typical spatial resolution between 0.5 m and 10 m and a timestep of 1–10 s. Every single
plant and every urban structure can explicitly be simulated, making ENVI-met the perfect
tool for urban planners, architects and urban climatologists who want to simulate the
meteorological components of the urban environment [25]. This model has been validated
by several studies [2,26–30] for different cities with different microclimate conditions. The
DBES tool is COMFIE [31], which is a multizone model based on the finite volume method
and modal reduction. It has been validated in several projects [32–36], including in the
Wuhan context [37].

As mentioned in the introduction, it is not possible to obtain the hourly UHIIs for one
whole year in ENVI-met with a standard PC in a reasonable calculation time. Therefore, a
key point for the association of the DBES simulation tool and the microclimate tool is to
propose a method which can generate a “site-specific weather file” containing the hourly
UHIIs appropriately in reasonable simulation time.

The core idea of the proposed method to solve this problem is only simulating four
representative days in ENVI-met to obtain their hourly UHIIs, and then deriving the hourly
UHII of other days by linear interpolation. To better identify the UHII, one representative
day is chosen for each season: extreme hot/cold days in summer/winter (in order to obtain
potential largest/smallest UHII) and average temperature days in spring/autumn (in order
to obtain reasonable interpolation between largest and smallest UHII). Once the hourly
UHIIs for the whole year have been obtained, they could be added to the original weather
file without considering the UHI effect to generate the site-specific weather file. It should
be noted that, if not especially indicated, spring refers to March, April and May; summer
refers to June, July and August; autumn refers to September, October and November; and
winter refers to December, January and February.

The original weather file for DBES in COMFIE in this paper is an EnergyPlus Weather
(EPW) format file downloaded from the website of EnergyPlus [38]. The reason why an
EPW file was chosen is that it can be directly used in ENVI-met for microclimate simulation.
The other reason is that this file also records the extreme air temperature weeks in summer
and winter and the average air temperature weeks for all four seasons, which is convenient
to select the representative days of the four seasons.

The proposed site-specific weather file generation method considering the UHI effect
consists of four steps, as shown in Figure 1 (MATLAB was used in steps 1, 3 and 4):

Step 1: representative days selection. One representative day of the representative
week (extreme hot/cold week for summer/winter and average week for spring/autumn,
which are directly given in EPW file) of each season is chosen based on the day with the
hourly temperature closest to the average hourly temperature of the week (see hereunder).
Since this study focuses on the UHI effect, which is directly related to the ambient tem-
perature, it is reasonable to select the representative days based on the air temperature.
It should be noted that it is not the extreme hot/cold day in extreme hot/cold weeks for
summer/winter, in order to be more representative. These four representative days can be
abbreviated to ex-summer, ex-winter, av-spring and av-autumn;

Step 2: microclimate simulation. These four representative days are then simulated in
ENVI-met to obtain the local microclimate parameters and the UHIIs;

Step 3: hourly UHII generation. The hourly UHIIs are obtained by linear interpolation
for 24 h between two representative days;

Step 4: site-specific weather file generation. The air temperature of the site-specific
weather file is generated by adding the hourly UHII to the original EPW file.
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Figure 1. Algorithm of the proposed method to generate the site-specific weather file.

In step 1, in order to determine the representative day of the representative week of
each season, the average temperature of the ith hour Tav,i of the representative week is
firstly to be identified:

Tav,i =
∑7

j=1 Tj
i

7
i = 1 . . . 24 (1)

where Tj
i is temperature of the ith hour of the jth day in the representative week.

The root mean square error (RMSE) and the mean absolute error (MAE) of each day
for the 24 h are calculated by:

RMSEj =

√
∑24

i=1

(
Tj

i − Tav,i

)2

24
(2)

MAEj =
∑24

i=1

∣∣∣Tj
i − Tav,i

∣∣∣
24

(3)

The day with the smallest RMSE is chosen as the representative day of each season; if
RMSE is similar, the day with smallest MAE is selected.

In step 3, knowing the four representative days, the UHII of the ith hour of the kth day
in the whole year can be calculated by linear interpolation. For example, the hourly UHII
between the first (av-spring) and the second (ex-summer) representative days:

UHIIk
i =

UHIIkre2
i − UHIIkre1

i
kre2 − kre1

(k − kre1) + UHIIkre1
i (4)

where kre1 and kre2 are the day numbers of the 1st and 2nd representative day. The UHII
between other representative days could be obtained by the same way.

It should be noted that the linear interpolation between two representative days
to obtain the hourly UHII for the whole year is a highly simplified assumption. The
hourly variation of UHII in cities is much more complex due to enormous factors such
as complicated urban planning, various constructions, vegetation and climate conditions.
The main aim of this study is to identify the UHI effect on building energy consumption
for a long period (usually one year), rather than accurately estimate the UHI variation of
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one day. It mainly relies on the estimation of a general UHI feature, so there is a certain
tolerance on the biases of hourly UHII [39].

2.2. Coupling Microclimate Simulation Tool with DBES Tool

The coupling methods of a microclimate tool and a DBES tool are classified into one-
way coupling and double-way coupling [40]. The double-way coupling method considers
the effect of the microclimate on the building, as well as the effect of the building on the
microclimate (e.g., the anthropogenic emissions released outside due to air-conditioning or
heating systems such as heat pumps), which is more realistic, but more complex. It requires
the microclimate tools to deal with such heat sources, and needs user parameter inputs.

In this paper, the coupling of ENVI-met and COMFIE is a one-way coupling (ENVI-
met v4.4.6 only allows one-way coupling), meaning the simulation results of ENVI-met are
transferred to COMFIE but without feedback. The key point is modifying the weather input
file from the original one (e.g., the meteorological data from rural stations) to the new one
(which considers the urban microclimate). In COMFIE, a building is modelled by defining
thermal zones according to orientations and heights. An identical temperature profile is
used for the whole building, regardless of zone height and orientation. As mentioned in
the introduction, this might bring simulation errors for a high-rise building in a dense block
where the UHI effect occurs.

The coupling method proposed in this paper considers the air temperature variation
with height and orientation, based on the microclimate simulation results. The main 3D
model in ENVI-met (e.g., a district and its soil and atmosphere) is divided into I × J × K
grid cells with dimensions Δx × Δy × Δz, respectively. Buildings, vegetation and the digital
elevation model are constricted to this grid cell. This means that a cell is either fully occupied
by one of these obstacles or not at all. On the horizontal surface, Δx and Δy (usually from
0.5 m to 10 m) are constant for all the cells. In the vertical direction, the dimension Δz of the
first n cells are identical, and afterwards the dimension of one cell is that of the previous cell
multiplied by a scaling factor s (s > 1), as shown in Figure 2. This is because the cell close to the
ground surface should have a smaller dimension in order to have a more accurate simulation
of the interactions between the ground and the atmosphere.

Δz(n+1)=s*Δz

Δz(n+2)=s*Δz(n+1)

1

2

… …

n

n+1

n+2

Figure 2. Cell definition in the vertical direction in ENVI-met.

The temperature profiles of four orientations (north, south, west and east) along Nh
different heights are generated from ENVI-met. The value of Nh should respect the thermal
zone definition regarding the height and in DBES tool and the cell definition in the vertical
direction in ENVI-met. This will be described in detail in Section 3.3. The temperature
profiles are inputted in the weather generation tool Meteocalc (which is integrated in
COMFIE) and 4.Nh corresponding site-specific weather files are generated. Then, the
simulation is performed 4.Nh times in COMFIE to obtain reference simulation results for
each thermal zone. The whole coupling method is shown in Figure 3.
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Figure 3. Method of coupling microclimate tool with the DBES tool.

3. Case Study

3.1. Basic Information

The studied case is located in Wuhan, the capital city of Hubei Province, China. Its
topography is dominated by relatively flat land between 22 m and 27 m above sea level
except the hilly areas sporadically distributed in suburban districts. Water bodies occupy
a high percentage (>20%) of its territory. Wuhan’s climate is humid subtropical with
abundant rainfall and four distinctive seasons. Spring and autumn are generally mild,
summer is hot and humid and winter is cold and dry.

The simulated high-rise building is unit 2 of building #2 (#2.2) in the Haishan Jingu
(HSJG) block. HSJG consists of one office building (#1) and three residential buildings (#2,
#3 and #4). Its latitude is 30◦32’ north and longitude is 114◦20’ east. This area is a business
and commercial centre, mixed with many recently built high-rise offices, commercial and
residential buildings and old buildings, as shown in Figure 4a. This area faces south by
east with an angle of 20◦. The overall plan is shown in Figure 4b. The studied building #2.2
consists of 34 floors with an average height 3 m for each floor. The net floor area of the
building is around 12,500 m2.

N

Figure 4. (a) Simulated area in ENVI-met and (b) HSJG block.

27



Energies 2023, 16, 3032

3.2. Microclimate Simulation Configuration
3.2.1. Representative Days Selection

The EPW file downloaded from the EnergyPlus website directly indicates the four
representative weeks of the four seasons, as presented in Table 1. The extreme hot (in
summer) and cold (in winter) weeks are the ones nearest to the maximal and minimal
outdoor temperature in the corresponding periods. The average weeks in spring and
autumn are the ones nearest to the average outdoor temperature in the corresponding
periods. They are determined by a heuristic method in EnergyPlus. Using the site-specific
weather file generation method, the representative day of each season was selected for the
microclimate simulation. The day of each week with the smallest RMSE was chosen as the
representative day for each season. The results are shown in Table 1.

Table 1. Representative days selection of each season.

Season
Representative Week
(Directly from
EnergyPlus Website)

Representative Day Abbreviation RMSE (◦C) MAE (◦C)

Summer
Extreme hot 5–11 August 9 August Ex-summer 0.82 0.76

Winter
Extreme cold 1–7 January 4 January Ex-winter 1.11 0.90

Spring
Average temperature 27 May–2 June 2 June (date is in June,

but represents spring) Av-spring 1.48 1.19

Autumn
Average temperature 26 November–2 December 30 November Av-autumn 1.25 1.02

It should be noted that instead of a normal air temperature (e.g., in EPW file), the air
temperature in ENVI-met, Tair,pot, is the potential temperature. It can be converted from
atmosphere pressure and normal temperature with the following Equation (5):

Tair,pot = Tabs
air

(
P0

P

)0.286
(5)

where Tabs
air is the absolute normal air temperature (K), P0 is the reference pressure (100,000 Pa

in ENVI-met) and P is the atmosphere pressure (Pa).

3.2.2. Simulation Configuration

Locating the studied building approximately in the centre, the total area for microcli-
mate simulation is a region of 660 m × 660 m, as shown in Figure 4a. Although it is very
difficult to obtain detailed information regarding the surroundings, it is still possible to
get a rough picture of the surroundings including the heights of the buildings, the green
areas and the roads by using Google Maps and Google Earth. This information allows one
to use ENVI-met to evaluate the site-specific climatic conditions. If detailed data of the
surroundings can be obtained, a more accurate simulation can be performed. Accounting
for the calculation speed and the model accuracy, 110 × 110 × 19 cells were used in this
study, with a resolution of 6 m in the horizontal directions. In the vertical direction, the
resolution of one cell is 6 m below 30 m (the first five cells) and afterwards the height of
cell n + 1 is the height of cell n multiplied by 1.25 (n being the level of the cell from 6 to 19),
as shown in Figure 2. In addition to this, eight empty cells were set at each border (which
is called the “nesting area”) to increase the stability and accuracy of the simulation. The
microclimate simulation has better accuracy with a buffering time. A sensitivity analysis
showed that the maximal and mean absolute temperature differences for representative
days were smaller than 0.35 ◦C and 0.2 ◦C between with two and five buffering days, which
concluded that a buffering time of two days is sufficient in this case study. Thus each
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simulation includes the two days ahead of the representative day (72 h in total) to obtain
more precise simulation results.

The ground in the simulated area mainly contains four types of ground profiles: the
sidewalk, the built area, the green space and the asphalt concrete road. The compositions
of the ground profiles are from [30] and listed in Table 2.

Table 2. Composition and depth in the ground profiles in ENVI-met.

Sidewalk Built Area Green Space Asphalt Concrete Road

Brick: 0~3 cm Concrete: 0~20 cm Sandy loam: 0~40 cm Asphalt concrete: 0~10 cm
Concrete: 4~20 cm Sand: 21~ 30 cm Loam: 41~450 cm Sand: 11~40 cm
Sand: 21~30 cm Loam: 31~450 cm Loam: 41~450 cm
Loam: 31~450 cm

The initial temperature and the relative humidity for the four layers of the soil are
also needed: upper layer (0–20 cm), middle layer (20–50 cm), deep layer (50–200 cm) and
bedrock layer (below 200 cm). Assuming the soil is semi-infinite and with unique physical
properties, the soil temperatures were estimated by the method from Thiers [41]. The
corresponding soil relative humidities of the four layers in ENVI-met were calculated from
Wu et al. [42]. They are summarised in Table 3.

Table 3. Soil temperature and relative soil humidity of each soil layer in ENVI-met.

Av-Spring Ex-Summer Av-Autumn Ex-Winter

Upper layer (0–20 cm) 26 ◦C/77% 33.51 ◦C/85% 12.33 ◦C/84% 6.16 ◦C/80.5%
Middle layer (20–50 cm) 24.66 ◦C/80.5% 32.57 ◦C/81% 13.66 ◦C/83% 7.53 ◦C/83%
Deep layer (50–200 cm) 21.07 ◦C/82% 29.30 ◦C/79% 17.20 ◦C/81% 11.65 ◦C/84%
Bedrock layer (below 200 cm) 19 ◦C/82% 19 ◦C/79% 19 ◦C/81% 19 ◦C/84%

It should be noted that the density of the plants’ leaves varies with the season in
the simulation. Considering the aim of ENVI-met simulation is to obtain the outdoor
air temperature, instead of the indoor thermal comfort or other parameters concerning
the building envelope, the building’s envelope configuration is not as important as other
configurations, especially in a “one-way” coupling method. Therefore, the envelope
characteristics of all the buildings were set to be identical, as shown in Table 4. The initial
indoor temperature of the buildings in the beginning of the simulation (including the
buffering time) was set in ENVI-met. Considering the DBES configurations presented in
Section 3.3, the studied building was simulated with the original EPW file in a first step.
Then, the initial indoor temperatures of the whole building for the four representative days
were set as the volume average of all thermal zones: 24.8 ◦C, 26 ◦C, 18.2 ◦C and 18 ◦C for
av-spring, ex-summer, av-autumn and ex-winter, respectively. They were kept constant
during the simulation and identical for all other buildings in the district.

Table 4. Wall configuration of the buildings in ENVI-met.

External Wall Roof

Ceramic tile 1 cm Ceramic tile 1 cm
Insulation mortar 4 cm Extruded Polystyrene Board (XPS) 4 cm
Aerated concrete block 20 cm Concrete (C10) 20 cm

Receptors are the selected points inside the model area, where processes in the atmo-
sphere and the soil are monitored in detail. They record the detailed simulation results
for each height of the node on the vertical axis. As introduced in Section 2.2, in order to
analyse the effects of the orientation on the building’s energy performance, four receptors
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located at 3 m away from the simulated building’s four facades were used: north (N), west
(W), south (S) and east (E). The whole 3D model and the receptors are shown in Figure 5.

Receptor 
East (E)

Receptor
South (S)

Receptor 
West (W)

Receptor 
North (N)

Figure 5. The 3D model of the simulated area and four receptors in ENVI-met.

3.3. DBES Configuration

According to the Chinese building energy standards [43], the heating and cooling
thermostat setpoints are 18 ◦C and 26 ◦C for the whole year. The natural ventilation is 1 ach
(air change per hour) because residents in Wuhan prefer opening windows for ventilation;
an additional 0.2 ach accounts for the infiltration ventilation. The internal heat gain is
4.3 W/m2 for the whole time. The occupancy is 0.02 person/m2 from 8h00 to 17h00 from
Monday to Friday, and the rest of the time it is 0.04 person/m2.

In the studied building, each floor consists of four apartments named A, B, C, D (from
west to east) and aisle. The 15th floor plan of building #2.2 is shown in Figure 6 as an
example, and the plan of each floor is similar. The areas surrounded by dotted lines are the
balconies functioning as integrated shadings in the simulation. Windows and doors are
shown in blue and brown lines on the walls, respectively. The building was divided into
17 thermal zones based on height and orientation. Apartments A and D consist of the north
zone and apartments B and C consist of the south zone for one or several floors. It should
be noted that apartment C on the 15th floor was an exception, which contains three zones:
living room, bedroom and other rooms, because experiments were conducted in a previous
work [37] in this apartment and a more detailed zone definition was required. The studied
case and its zones are shown in Figure 7 (blue and grey buildings are not simulated and are
just considered as shading the studied building).

Combining the zone definition and the height of ENVI-met cells, six different heights
were chosen for the DBES weather file generation. It should be noted that the height of one
vertical cell refers to the height of its middle point in ENVI-met. Taking levels 2–6 as an
example, heights range from 6 m to 18 m. The vertical cells 2 and 3 (which occupy 6–12 m
and 12–18 m in the vertical direction respectively) in ENVI-met record the air temperatures
at 9 m and 15 m (middle points of cells 2 and 3), which are located between level 2–6. Thus
we use the average of the air temperatures at 9 m and 15 m in ENVI-met to generate the
weather input file for levels 2–6 (which contain two zones). Considering four orientations
(N, W, S, E) and six heights (from #1 to #6), 24 DBES weather files were generated as inputs
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for the energy simulation, as illustrated in Table 5. The abbreviation of one file can be
expressed by orientation#height number (e.g., N#1).

Figure 6. The 15th floor plan of the case study.

 

Figure 7. South view of HSJG and its zones in COMFIE.

Table 5. The 24 weather files for building energy simulation based on position (with the corresponding
cells in ENVI-met).

Building Level Level Height
Weather File Abbreviation of
Four Orientations at Each
Height

Height of the Weather File by Averaging the
Heights of Vertical Cells in ENVI-met

1 3 m N#1, W#1, S#1, E#1 3 m (cell 1)
2–6 6–18 m N#2, W#2, S#2, E#2 (9 m (cell 2)+ 15 m (cell 3))/2 = 12 m

7–14 21–42 m N#3, W#3, S#3, E#3 (21 m (cell 4) + 27 m (cell 5) + 33.75 m (cell 6) +
42.19 m (cell 7))/4 = 31 m

15–25 45–75 m N#4, W#4, S#4, E#4 (52.73 m (cell 8) + 65.92 m (cell 9))/2 = 59.3 m
26–33 78–99 m N#5, W#5, S#5, E#5 82.4 m (cell 10)
34 102 m N#6, W#6, S#6, E#6 103 m (cell 11)
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The 17 abovementioned thermal zones of the building are presented in Table 6. Based
on the zone definition (Figure 6), the south zones are mainly affected by the air near the
south facade, and the north zones are surrounded by the air in all the four orientations. To
perform a precise energy performance simulation, the loads of each zone are calculated
using the meteorological files according to the orientation and height, as shown in Table 6.
The heating/cooling load of the north is the average of the corresponding simulation results
from the four weather files of N, S, W and E. For the south zone, it is directly the simulation
results from weather file S.

Table 6. Meteorological files to calculate the energy load of each zone.

Zone Number Zone Name Weather File

1 floor 1 (N#1 + S#1 + W#1 + E#1)/4
2 aisle -
3 floor 2–6 north (N#2 + S#2 + W#2 + E#2)/4
4 floor 2–6 south S#2
5 floor 7–14 north (N#3 + S#3 + W#3 + E#3)/4
6 floor 7–14 south S#3
7 floor 15 C—living room (15) S#4
8 floor 15 C—bedroom (15) S#4
9 floor 15 C—other rooms (15) S#4
10 floor 15 B S#4
11 floor 15 north (N#4 + S#4 + W#4 + E#4)/4
12 floor 16–25 north (N#4 + S#4 + W#4 + E#4)/4
13 floor 16–25 south S#4
14 floor 26–33 north (N#5 + S#5 + W#5 + E#5)/4
15 floor 26–33 south S#5
16 floor 34 north (N#6 + S#6 + W#6 + E#6)/4
17 floor 34 south S#6

4. Results and Discussion

4.1. Microclimate Simulation Results

Figures 8–11 show the potential air temperature maps of the simulated region for the four
representative days at the height of 3 m at 13h00 (av-spring and ex-summer) and 14h00 (av-
autumn and ex-winter) when the maximum UHIIs are observed. The whole simulation time
for one representative day on a standard computer with an Intel i7-6700 CPU and 16 GB RAM
is around 72 h (including the simulation of the buffering time of two days). The northeast
region containing the asphalt road and the southwest region, respectively, show the highest
and lowest UHI effect on all these four days. On ex-summer and av-autumn, the UHI effect
is obvious along the north–south asphalt road; the north part has a stronger UHI effect. The
temperature surrounding HSJG can vary over 1.5 ◦C on ex-summer, particularly higher on the
side of the north–south asphalt road, but on other days the temperature difference is not very
large (<0.5 ◦C). It should be noted that the representative day for spring is in June, resulting a
higher air temperature compared to autumn.

4.2. UHI Results for the Four Representative Days

The heat island effect can be quantitatively described by UHII:

UHII = Tair,ENVImet − Tair,EPW (6)

where Tair,ENVImet is the air temperature (◦C) converted from the potential air temperature
in the ENVI-met simulation and Tair,EPW is the air temperature (◦C) in the EPW file.

The air temperature at the height of 3 m of the north receptor is shown in Figure 12. For
the four representative days, all the simulated air temperatures are higher than the input air
temperatures. The maximal UHII occurs around 13h00 for av-spring and ex-summer and
14h00 for av-autumn and ex-winter. The hourly average UHII (UHIIav) and maximal UHII
(UHIImax) of these representative days are listed in Table 7. It can be inferred that the largest
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UHIImax occurs on the extreme hot summer day and the smallest UHIImax occurs on the
average autumn day. For the average UHII during one day, it is observed that ex-summer >
av-spring > ex-winter > av-autumn.
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Figure 8. Potential temperature map of the simulated area for av-spring at the height of 3 m.
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Figure 9. Potential temperature map of the simulated area for ex-summer at the height of 3 m.
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Figure 10. Potential temperature map of the simulated area for av-autumn at the height of 3 m.
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Figure 11. Potential temperature map of the simulated area for ex-winter at the height of 3 m.

Table 7. UHIImax and UHIIav at the height of 3 m of the north receptor.

Representative Day UHIImax (◦C) UHIIav (◦C)

Av-spring 1.35 0.58
Ex-summer 1.61 0.78
Av-autumn 0.58 0.34
Ex-winter 0.67 0.47
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Figure 12. ENVI-met simulation results for the four representative days at the height of 3 m of the
north receptor.

The air temperature along the height of the north receptor was investigated, as shown
in Figure 13. In general, the air temperature decreases with the height. If the UHII is larger
(e.g., 12h00 on av-spring), the air temperature decreases more sharply. The air temperature
at the height #1 (3 m) is 1.1 ◦C higher than at height #6 (103 m). A more accurate building
energy simulation should include the air temperature variation along the height. The air
temperatures of the four orientations at 3 m are compared in Figure 14. The temperature
difference is negligible for av-autumn and ex-winter for the four orientations; however
the difference can be more obvious (maximal difference of 0.2 ◦C) from 11h00 to 14h00
on av-spring and ex-summer. This means the orientation might potentially have a larger
influence on the cooling load than the heating load; it will be discussed in Section 4.4.

4.3. Generated Weather Files for COMFIE

Applying the method illustrated in Section 4.2, the meteorological files for building
energy simulation were generated. The UHIIs at six different heights of four orientations
were calculated and added to the original EPW file; meanwhile, the other meteorological
parameters were kept the same. In total 24 meteorological files taking into account the local
UHI effect were generated and were used to simulate the building’s energy performance.
The hourly temperature of N#1 is shown in Figure 15, compared to the original EPW. The
yearly average UHII at the height of 3 m is estimated to be 0.55 ◦C (considering the average
of four orientations).
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Figure 13. Air temperature evolution along height for four representative days of receptor N.

Figure 14. Air temperature of the four orientations at the height of 3 m for the four representative days.
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Figure 15. Air temperature of EPW and N#1.

The accumulations of hourly heat island or cool island intensity over TMY were
calculated—namely, urban heat island degree-hours (UHIdh) [44], as shown in Figure 16.
UHIdh measures how much and how long the air temperature at a site is higher than the
reference suburb. At height #1, the values of UHIdh are ranked in the following order for all
four orientations: summer > spring > autumn > winter. For the whole year, at height #1, the
order of the number of UHIdh is N#1 (4929 ◦C hours) > E#1 (4802 ◦C hours) > W#1 (4736 ◦C
hours) > S#1 (4680 ◦C hours). At height #6, the order changes to S#6 (2578 ◦C hours) > W#6
(2533 ◦C hours) > E#6 (2492 ◦C hours) > N#6 (2485 ◦C hours). UHIdh decreases with the height.
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Figure 16. UHI degree-hours of four orientations at the height of 3 m and 103 m for four seasons.

The ratio of UHI degree-hours to heating/cooling degree-hours of the original EPW
are presented in Figure 17, based on 18 ◦C for heating (i.e., Hdh18) and 26 ◦C for cooling (i.e.,
Cdh26). Hdh18 is the accumulation of hourly differences between 18 ◦C and the external
temperature (which is smaller than 18 ◦C) during a period, and Cdh26 is the accumulation
of hourly differences between the external temperature (which is larger than 26 ◦C) and
26 ◦C during a period. This ratio shows the potential of changing the heating/cooling load.
For summer, N#1 has the largest ratio of around 29%. For winter, the four orientations have
similar ratios, indicating that the heating load is not strongly influenced by the orientation.
The ratio decreases with the height. At height #6, the ratio drops to below 2% in winter
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and to around 19% in summer. This indicates that a smaller UHI effect is foreseen with an
increase of height.
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Figure 17. Ratio of UHI degree-hours to degree hours of original EPW.

4.4. Building Energy Simulation Results
4.4.1. DBES with Detailed Microclimate Data

The time needed for one dynamic building simulation is around 1 min. Applying
the proposed methods, the energy simulation results with detailed microclimate data
were obtained: the total heating and cooling loads are 575,000 kWh (46.2 kWh/m2) and
610,000 kWh (49 kWh/m2), respectively. Since this simulation considers the air temperature
variation with height and orientation, it can be regarded as being closer to reality and it is,
therefore, used as a reference (legend “Ref” in Figures 18 and 19) to compare the differences
of other simulation results such as the simulation with the original EPW file.

Figure 18. Energy loads for different orientations at the height of 3 m.
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Figure 19. Annual loads of different heights for north orientation.

4.4.2. Impact of Orientation and Height

The simulation results of different meteorological files were compared including the
original EPW and the reference simulation. Figure 18 shows the simulated annual loads
of different orientation at a height of 3 m. Compared to the reference simulation, the
simulation with the EPW file overestimates the heating load by 5.8% and underestimates
the cooling load by 8.7%. However it can accurately predict the total energy load (1.7%
smaller). This is mainly because the UHI effect reduces the heating load in winter and
increases the cooling load in summer. In this study the difference between the heating and
cooling loads is small. It should be noted that, in the simulation with the EPW file, the
heating load is a bit larger than the cooling load, contrary to the reference simulation. At the
height of 3 m, the orientation slightly affects the heating and cooling load, with a maximal
variation of only 0.3% and 0.7%, respectively. The south orientation has a slightly more
accurate simulation result than the other orientations. For the prediction of the total energy
load, the four orientations all show good accuracy. In general, the effect of orientation is
not important in this case study, especially if the uncertainty is considered. However, the
effect might be larger in some other cases. For example, the geometry and layout of the
block and vegetation might influence the air temperature distribution [45].

According to Figure 19, the air temperature drops along the height, yielding different
energy loads. The building energy simulation results of different heights for north are
illustrated in Figure 19. It can be inferred that compared to the reference simulation, the
difference in heating load increases from −2.1% to +2.9% and the difference in cooling load
decreases from +2.2% to −2.2% with height. The height has a minor influence on the total
load, with a maximal difference of 0.3%. Compared to EPW, the differences of heating
load and cooling load can reach, respectively, −7.5% and +12.1% for N#1. Many studies
only consider the UHI effect observed near the ground (e.g., N#1), neglecting its variation
along height. This brings a larger difference than the reference simulation considering the
variation along the height. The smallest differences are from the largest height N#6, with
differences of −2.8% and +7.2%. It can be indicated that the UHI’s effects on the low-rise
buildings is larger than the high-rise buildings. In this study, N#4 is the best representative
meteorological file which can obtain the closest result compared to the reference simulation
for both heating load (+1.0%) and cooling load (−0.3%).

It should be noted that, in our case study, the heating and cooling loads are almost
balanced, resulting in a minor difference in the total energy load due to the microclimate.
However, its effect could be stronger in other climate zones where the difference between
the heating and cooling loads is large.
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4.5. Discussion

Instead of simulating one representative day in each season in ENVI-met, more precise
UHIIs could be obtained, such as by simulating the whole representative week in each
season. However, this will largely increase the simulation time, which is not feasible in
the design phase. We investigated this and found that the difference of the average UHII
during the simulated 24 h between these two methods is acceptable (less than 10% on
average). Therefore, simulating one representative day in each season is a compromise
between the simulation time and accuracy. The method of generating the hourly UHII is
based on the linear interpolation between four representative days in each season, which
might not precisely evaluate the UHII for every hour. Although this is a good attempt
to account for the local UHI effect on the building energy performance, a more accurate
method generating the hourly UHII would be beneficial. Regardless, measurements of the
local climate parameters could be helpful to validate the simulation results, especially if the
local measurements could be collected in different heights and orientations for a high-rise
building in a dense district. The energy performance of other uses of the building can also
be investigated, such as the office buildings only operating in the daytime.

Although some studies—e.g., Chan [46]—reported a similar UHII measurement trend
as Figure 12, in urban areas, a larger UHI effect is usually observed during the night period
compared to the day time, which is contradictory to Figure 12. A longer buffering time
of 3 days was used to investigate the possibility of improving the results. However the
results still showed a limited heat island effect at night, which may be due to numerical
approximation of ENVI-met. It would be useful to perform calculations again using a more
powerful computer allowing for more precise simulation options to be chosen.

This paper focuses on the influence of air temperature. Other site-specific climate pa-
rameters such as relative humidity, solar radiation, longwave radiation and wind affecting
the building energy loads were not considered in this study, which could be an interesting
perspective in future research.

In this case study, the simulation using the EPW file predicts that the heating load is a
bit larger than the cooling load, which is contrary to the reference simulation considering
the UHI effect. A more precise evaluation of the load balance could be helpful for a more
appropriate design of a reversible ground source heat pump. Therefore, considering the
UHI effect in the building simulation could be beneficial for this.

This study only evaluates the effects of UHI on the energy consumption of the building.
However there are other environmental impacts such as CO2 emissions, human health
and biodiversity. Moreover, the environmental impacts of electricity are different in winter
and summer, because different electricity production technologies are used for different
seasons [47]. Although the total energy consumption is almost identical, the variations in
the heating and cooling loads might influence the environmental impacts. This is another
interesting topic to be investigated.

5. Conclusions

China is under a state of rapid urbanisation. During this process, the urban envi-
ronment is altered and shows different climate characteristics compared to rural areas.
The simulation results of a building’s energy consumption are highly dependent on the
accuracy of the weather file comprising 8760 h of various climatic parameters. In present
DBES tools, the most used weather data usually come from meteorological stations located
in peripheral zones, which cannot reflect site-specific microclimate conditions such as the
UHI effect. This might lead to simulation errors.

This study contributes to better accounting for the UHI effect in building energy
simulation compared to using regional weather data. A site-specific weather file generation
method was proposed to generate new local weather files accounting for hourly UHI effects
by using the microclimate simulation tool ENVI-met. This method selects four represen-
tative days which are simulated in ENVI-met to obtain the hourly UHII. Afterwards the
corresponding hourly UHII of other days in one year are evaluated by linear interpolation.
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This method could avoid a long simulation time which is a big challenge for building
energy performance optimisation. The method of coupling ENVI-met with the DBES tool
COMFIE was introduced as well. This method combines the thermal zone definition in
COMFIE and the height resolution in ENVI-met, providing more precise weather data for
each zone in DBES. By applying this method, instead of the same weather file for all the
building zones, air temperature variations along height and orientation are considered,
yielding relatively more accurate simulation results, especially for high-rise buildings.

The methods were applied to a case study with a height of 102 m in Wuhan, China. A
district area of 660 m × 660 m was modelled around the studied building. The microclimate
simulation was performed for four representative days by ENVI-met. The hourly UHII
was obtained by applying the proposed method and a set of site-specific weather files
considering the UHI effect were generated for four orientations and six heights. The yearly
average UHII at the height of 3 m was estimated to be 0.55 ◦C. The simulation using the
original EPW file showed a heating load 5.8% larger, a cooling load 8.7% smaller and a total
energy load 1.7% smaller compared to the reference simulation. When only the weather file
at the height of 3 m near the north facade was used, neglecting the variation of UHII along
the height, the heating load decreased by 7.5% and the cooling load increased by 12.1%
compared to the EPW file. The UHI’s effects on the low-rise buildings are larger than on
the high-rise buildings. The methods proposed in this paper can be used for a more precise
application of urban building energy simulation accounting for the UHI effect. The linear
interpolation between two representative days to generate hourly UHII is a simplifying
assumption, which should be improved in the case that a more precise UHII is expected.
Including more climate features in these methods is another perspective.
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Abbreviations

List of abbreviations

3D Three-dimensional
ach air change per hour
DBES Dynamic building energy simulation
E East
EPW EnergyPlus Weather
HSJG Haishan Jingu
MAE Mean absolute error
N North
RMSE Root mean square error
S South
TMM Typical meteorological months
TMY Typical meteorological year
UCI Urban cool island
UCII Urban cool island intensity
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UHI Urban heat island
UHII Urban heat island intensity
W West
List of symbols

I Number of cells on x-axis in ENVI-met model
i Hour number in a day
J Number of cells on y-axis in ENVI-met model
j Day number in a representative week
K Number of cells on z-axis in ENVI-met model
k Day number in a year
n Number of vertical cell
Nh Number of different heights
P Atmosphere pressure, Pa
P0 Reference pressure, Pa
s Scaling factor
T Temperature, ◦C or K
UHIdh Urban heat island degree-hours, ◦C hours
Superscripts and subscripts

abs Absolute
air Air
av Average
ENVImet ENVI-met results
EPW EPW file
max Maximal
pot Potential temperature
re1 1st representative day
re2 2nd representative day
List of Greek letters

Δx Resolution of cell on x-axis in ENVI-met model, m
Δy The resolution of cell on y-axis in ENVI-met model, m
Δz The resolution of cell on z-axis in ENVI-met model, m
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Abstract: Favorable thermal conditions within buildings are a necessity. Mechanical air condition-
ing, although effective, contributes a significant percentage of the world’s total energy use, which
contributes to global warming. In addition, the refrigerants used in air conditioning also contribute
to global warming. Passive means to provide thermal comfort have therefore been considered as
alternative solutions. Phase-change materials (PCMs) have been considered as one passive cooling
option. Although this option achieves a certain degree of effectiveness, especially in warm and dry
climatic conditions, its effectiveness in warm humid climates is subdued due to its inability to handle
humidity. In the present study, the suitability of a novel passive comfort provision strategy that
combines a PCM and a desiccant is assessed. The passive system operates in a cycle of two phases:
the moderating phase and the regenerating phase. For the proposed strategy, the regeneration process
first involves the external desiccant bed, then night air drying using the regenerated external bed;
the dried air subsequently regenerates the internal wall surface. The study involves the modeling
of the proposed strategy and simulation of its performance. The simulation results indicate the
significant potential for providing satisfactory comfort and health conditions through application of
a combination of a desiccant and a PCM.

Keywords: comfort; passive; desiccant; phase-change materials; simulation

1. Introduction

Thermal comfort in offices is a high priority for human health and productivity [1–4],
whereas the energy demand for the comfort provision is of concern [5–7], hence the need
for low energy or passive ways for the comfort provision. Thermal comfort is largely a
function of both the temperature and humidity in a codependent way [8]. At a given
temperature, if the air is humid (high relative humidity), the perceived thermal sensation
will be warmer than it would be with a relatively lower humidity. The control of both
temperature and humidity is therefore a requirement for thermal comfort.

The energy consumption to ensure indoor thermal comfort conditions has been cited
as one of the major contributors to the high energy utilization in buildings [5–7]. Energy
production has been blamed for the adverse environmental impact that has caused enu-
merable problems, including climate change [5,9–13]. Furthermore, active conventional
air-conditioning systems use refrigerants that have a global warming effect [10–14]. There-
fore, research into comfort provision at zero or near-zero energy use through passive
options has become imperative.

Indoor air exchanges thermal energy and moisture with the building envelope within
the indoor space. The thermal energy and moisture exchange depend on the hygrothermal
properties of the involved building envelope materials. To evaluate the performance of
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possible passive strategies, modeling and simulation of the exchanges between the air
and these materials is necessary. Using PCMs for cooling in buildings has been widely
researched [15–18] but only recently has there been some focus on materials that seek to
combine the PCMs and desiccants for combined temperature–humidity regulation [19,20].
In Europe, T. Padfield [21] pioneered the study on the impact of moisture buffering in
buildings. However, Rudd [22] pioneered the enhancement of the moisture buffering
capacity of interior wall surfaces. Since both the humidity and temperature are important,
especially in warm and humid (35 ◦C ≥ Ta ≥ 26 ◦C, RH ≥ 65%) climates, a strategy that
seeks to address these two parameters cooperatively is the focus of this paper. The purpose
of the study is to provide proof-of-concept feasibility with regard to combining a PCM
and a desiccant to passively control the indoor temperature and humidity of the indoor
climate. Regeneration (restoration of the PCM and desiccant to the state of being able to
buffer the temperature and moisture, respectively) is key to the feasibility of the proposed
passive strategy. Therefore, this study mainly focuses on the regeneration of the interior
wall surfaces and the indoor climate control.

2. Materials and Methods

Modeling and simulation were applied to evaluate the effectiveness of a novel passive
strategy for the indoor climate control of an office space in a warm and humid climate. The
modeling and simulation were applied to a hypothetical office. Regeneration is key to the
proposed passive strategy. For the PCM recharging (regeneration), night air ventilation
is commonly applied; however, to include desiccant regeneration, a novel approach is
called for. The proposed approach involves the use of low air humidity to regenerate
hygroscopic internal desiccant-laden surfaces rather than the common approach of using
elevated temperatures. The low humidity air is obtained from dry night air using an
external desiccant bed. The external bed is solar dried during the day in a solar channel
design. As shown in Figure 1, a solar channel, containing a silica gel bed as the absorber
surface, is built onto an external wall (assumed to be not shaded). During the day, the
desiccant bed is regenerated by solar radiation. At night, the dry desiccant bed dries night
air on its way into the room space; this dried air is responsible for the regeneration of the
internal desiccant. This solar-assisted regeneration (SAR) approach allows for the regener-
ation of both the PCM and the desiccant: the two materials required for the moderation
of the temperature and humidity in the indoor space. Davison grade 11 silica gel was
applied in the modeling and simulation as the desiccant (based on availability of perfor-
mance data as well as the good performance within the desired humidity range). RT25HC
(a paraffin-based PCM by Rubitherm Technologies GmbH, Berlin, Germany) was the PCM
used (based on its superior latent heat capacity of 230 kJ/kg among PCMs with the desired
phase change temperature range) [23]. Mathematical models were developed based on ma-
terial properties from data in the literature and apposite data curve fitting using an excel
spreadsheet. For the simulation, the office is assumed to accommodate two people performing
desk work, two personal computers and a printer in operation, as well as lights for a period
of 10 h. Sensible and latent loads were estimated through suitable models and data.

The initial step was to determine the moisture content of the solar-dried external silica
gel. The next step was to establish the humidity and temperature of the air as it leaves
the external silica gel ‘bed’; this air is used for drying the internal silica gel surfaces. The
subsequent step is to simulate the drying of the internal silica gel surfaces. The drying
process of the internal silica gel and the regeneration of the PCM occur simultaneously. The
regeneration of the PCM requires relatively low temperatures, whereas the silica gel regen-
eration needs relatively high temperatures. The regeneration of the silica gel is endothermic
and thus provides a compensatory cooling effect towards achieving the desired coupled
regenerations. Additionally, instead of relying on elevated temperatures for silica gel regen-
eration, the dryness of the air becomes the main driver for the regeneration. Simulation of
the indoor air temperature considers the exothermic nature of the dehumidification process
through moisture adsorption by the internal silica gel surfaces.
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Figure 1. Proposed Regeneration Strategy for Interior and Exterior Desiccant.

The hypothetical office was a 3 m by 3 m in plan and the roof was considered to be
a concrete slab type. It had a 1.8 m2 door as well as a 1.6 m2 window. We considered a
plaster–PCM interior painted with desiccant-rich paint; the desiccant mass ratio in the
paint was approximated to give 0.5 kg/m2 of desiccant per surface painted. For the
external desiccant, the limiting value for the mass of the desiccant was the maximum
thickness that remained within the thin-layer definition. Hourly time steps were used since
the hourly weather data was available and the hourly time steps provided an adequate
simulation resolution.

2.1. External Silica Gel Drying Model

Mass and energy balance principles were applied in the modeling, together with
the appropriate boundary and initial conditions. Instant equilibration (or instantaneous
local equilibrium (ILE)) was assumed. The energy balance equation for the external silica
gel bed system during bed regeneration using solar energy resulted in Equation (1). The
energy balance considered the sorption heat. In Equation (1), Tf is the average channel
air temperature, Ta is the ambient air temperature,

.
ma is the mass flow rate of air, η is the

thermal efficiency, Ac is the surface area and Q is the sorption heat.

Tf = Ta +
η IAc + Q

2
.

ma
, (1)

The rate of moisture uptake by the air passing over the silica gel is given in Equation (2).

.
mw =

.
ma(Xao − Xai), (2)

where
.

mw is the moisture transfer rate from the solid desiccant,
.

ma is the mass flow rate of
air, Xao is the specific humidity of air at the outlet and Xai is the specific humidity of air at
the inlet. The moisture transfer rate

.
mw based on the linear driving force (LDF) model is

shown in Equation (3) [24]:
.

mw =
m

1 + X
k(X − Xe), (3)

where m is the mass of desiccant, X is the moisture content and Xe is the equilibrium
moisture content. The equilibrium moisture content is correlated with the relative humidity
according to Equation (4) [25]:

Xe = 0.25∅0.6, (4)
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The specific humidity of air leaving the desiccant bed can be expressed as:

Xao = min
[(

Xai +
m

.
ma(1 + X)

k(X − Xe)

)
: Xas

]
, (5)

Xas is the saturated specific humidity of the air at outlet temperature. The saturation
pressure as a function of temperature for the dry bulb temperature range 8 ◦C to 30 ◦C,
based on steam tables, was (through curve fitting) found to be:

Psat = 0.006e0.062T , (6)

According to thermodynamic relationship of moist air properties (specific humidity),
Xa is a function of the saturation pressure Psat and the relative humidity ∅ can be correlated
as follows:

Xa = 0.003732∅e0.062T → Xas = 0.003732e0.062T , (7)

since ∅=1, Equation (5) becomes:

Xao = min
[(

Xai +
m
.

m
k(X − Xe)

)
: 0.003732e0.062T

]
, (8)

The equations are then solved for the values of Xao and the change in X after every
time step (hourly basis: the weather data was available in hourly intervals).

2.2. Internal Surfaces Regeneration

During the night, air is passed through the channel and is dried by the desiccant. For
the state of the dried air leaving the desiccant, the adsorption model is considered: the
hysteresis is ignored such that the drying model was applied, albeit in reverse.

The specific humidity of air leaving the desiccant bed is expressed in Equation (9):

Xao = max
[(

Xai − m
.

ma(1 + X)
k(X − Xe)

)
; X∗

a

]
, (9)

where X∗
a is the minimum possible specific humidity of the air at outlet temperature, this

is the specific humidity where the air is assumed to have been dried to the point where it
comes into equilibrium with desiccant and the desiccant is at its initial moisture content.
Expressing X∗

a in terms of the moisture content [24] and substituting in Equation (9) results
in Equation (10).

Xao = max
[(

Xai − m
.

ma(1 + X)
k(X − Xe)

)
; 0.0061X0.4329e0.062T

]
, (10)

For the internal surfaces, the sorption rate and the equilibrium models are given by
Equations (11) and (12) [23], where in Equation (11) t is in seconds:

dX
dt

= 6 × 10−5(Xe − X)0.5286, (11)

Xe = 0.325∅2.31, (12)

The temperature of the air leaving the desiccant is evaluated by applying Equation (13)
(based on energy balance):

Q = macp

(
Tf − Ta

)
+ mCsg

(
Tsgτ

− Tsgτ−1

)
, (13)

The dried air, as it passes through the room, picks up moisture from the moisture-laden
surface and to obtain the state of the desiccant at any moment, a desorption model derived
from data obtained from the literature through curve fitting was applied. Because the
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desorption process is endothermic, the interior surface of the room is assumed to be cooled
in the process, and this is desirable for the cooling of the PCM. The outdoor air is expected
to pass through the external desiccant bed and into the interior and then out through
the ventilation.

2.3. Moisture Load Estimation Model

In an office space, the main contributors towards moisture build up are the occupants,
infiltration and ventilation. The moisture load due to the respiration and perspiration of
the occupants can be estimated using Equation (14):

.
mp = npF, (14)

In Equation (14),
.

mp is moisture released into the occupied space by the occupants
(people), np is the number of people and F is the moisture production rate per person. In
their experimental work, Zemitis et al. [26] reported a moisture generation of 51 g/h per
person as the generally approximated value for assumed office activities. Infiltration was
considered to be largely through the door and the window, and an infiltration rate of 0.5 air
changes (ACH) was considered [27].

2.4. Thermal Load Estimation Model

The thermal load of the office space consists of internal and external sources. Internal
heat sources include lights, equipment and people, whereas external heat sources include
solar irradiation and external convection. For the considered passive moisture buffering of
applying a desiccant silica gel, there is need to also consider the heat of adsorption as an
additional heat source in the thermal load model. The heat of adsorption is a function of
the moisture adsorption rate and equations for this are taken from the literature [28]. The
internal heat gains are shown in Table 1.

Table 1. Estimated Sensible Heat Gains.

Source Estimated Heat Gain

Lights 20 W/m2

People 65 W/person
Computers 60 W/computer

Printer 110 W/printer

External heat sources consist of solar radiation through fenestration, heat conduction
across the envelope and air exchange with the ambient. For radiation heat that gains entry
through fenestration, Equation (15) is applied:

Qsol = AI(τ + α
U
ho

), (15)

A is the surface area of the transparent window, I is the total radiation on the window
and τ and α are transmissivity and absorptivity, respectively. U is the overall heat transfer
coefficient of the window, whereas ho is the external convective heat transfer coefficient.
For conductive heat gains through each envelope component, the sol-air temperatures
(outside temperatures that consider the effect of the solar radiation) were evaluated and the
difference between the sol-air and indoor air temperatures was applied to the conduction
equation. The local hourly solar radiation data based on the available 1999 data and the
hourly ambient temperatures from the meteorological department of Zimbabwe were
employed. The sol-air temperature is defined as the outside air temperature that, in the
absence of solar radiation, would give the same temperature distribution and rate of heat
transfer through a wall (or roof) as exists due to the combined effects of the actual outdoor
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temperature distribution plus the incident solar radiation [29]. The sol-air temperature is
given by Equation (16) [29]

Tsol = Ta +
αI − εΔR

ho
, (16)

For a vertical wall, ΔR = 0, whereas for a horizontal wall, ΔR = 63 W/m2 [29].
The heat transfer coefficient of the building envelope was estimated based on a brick

and plaster wall and a concrete roof slab. The estimated U-factors for the components are
as given in Table 2. A spreadsheet calculator was prepared, such that each load component
was estimated on an hourly basis.

Table 2. U-factor values.

Description of the Building Envelope Component U-Factor Value (W/m2K)

Wall: 12.5 mm cement plaster + 230 mm fired-clay brick + 12.5 mm
PCM/cement plaster [30–33] 1.72

Roof: 15 mm cement layer + 20 mm waterproof layer + 200 mm
concrete + 15 mm cement layer [34] 0.87

Window: Vacuum double glazing [35,36] 0.7

Heat that is transported by the air is estimated by:

Qv = ρ
.

VcpΔT, (17)

where ρ is the mass density of air,
.

V is volume flow rate of air exchanged between the
indoor and outdoor environments, cp is the specific heat capacity of air at constant pressure
and ΔT is the temperature difference.

2.5. Buffering Models
2.5.1. Moisture Exchange Model

The moisture buffering potential depends on the rate of moisture removal, which
depends on the surface conditions at occupation in the morning and the moisture entry into
the occupied space. The change in specific humidity can be expressed by Equation (18):

ΔX =

( .
mp +

.
mi +

.
ms

)
Δτ

ρV
, (18)

.
ms =

.
mw =

0.216
1 + X

m(Xe − X)0.5286, (19)

.
mp = npF, (20)

.
mi = ρVXa = ρV(ACH)(0.003732∅e0.062T), (21)

In finite difference formulation we have Equation (23):

X(τ+Δτ) =
npF + (ACH)ρV × 0.003732∅e0.062T − 0.216m

1+X (Xe − X)0.5286

ρV
+ Xτ , (22)

2.5.2. Heat Exchange Model

The rate at which heat or moisture is exchanged between the room air and the envelope
is crucial for the passive moderation of the room conditions. The moisture exchange
between the air and the interior surfaces is considered to be characterized by the rate of
moisture uptake by the silica-laden surface and the subsequent desorption. The rate is
dependent on the moisture conditions of both the air and the surface. The thermal energy
exchange between the indoor air and the interior surface is considered to be dependent
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on the perceived rate of heat transfer from the PCM to the air. The potential control will
therefore depend on this rate of heat transfer and the thermal storage capacity of the PCM.
According to Liu and Awbi [37], the equation for the convective heat transfer between a
wall impregnated with a PCM and room air is given by the following equation:

h = 2.3 × 1.82
ΔT0.293

D0.121 , (23)

where D is the characteristic length, which is given by wall surface area divided by the
perimeter and ΔT is the temperature difference. Equation (23) is applied in the simulation
for the heat transfer between room air and the PCM/desiccant wall. The heat of adsorption
was considered as part of the load. For the case under consideration, the value of D is
approximately 0.8; this gives the following expression for the heat transfer coefficient:

h = 4.31ΔT0.293, (24)

Applying Newton’s Law of cooling, the rate of heat transfer per unit area of wall was
found to be given by Equation (25)

q = 4.31ΔT1.293. (25)

Conduction resistance was ignored: the Biot number was established to be plus or
minus 0.1, which is a significant degree less than 1, hence the rate of thermal energy transfer
was considered to be largely dependent on the convective rate.

ρVC
dT
dτ

= qload − 4.31Awalls
(
Troom − Tpcm

)1.293, ∑ qload ≤ mHf . (26)

In Equation (28), qload is the cooling load, m is mass of PCM in walls and Hf is the heat
of fusion. A spreadsheet was applied to evaluate the temperature Troom at time τ using a
finite difference formulation, Equation (27).

T(τ+Δτ) =
Δτ

ρVC

(
qload − 4.31Awalls

(
Tτ − Tpcm

)1.293
)
+ Tτ , (27)

The initial temperature at the start of the day is assumed to be equal to the temperature
of the PCM, T(τ=0) = Tpcm. The room air and the PCM are assumed to be in thermal
equilibrium. The heat of adsorption in kilojoules per kilogram of moisture adsorbed is
dependent on the moisture content of the desiccant and, according to Ramzy et al. [28], this
is given by Equation (28)

Had = 3500 − 13400X : X ≤ 0.05 or Had = 2950 − 1400X : X > 0.05, (28)

2.5.3. Cost–Benefit Analysis

A concise cost–benefit analysis was carried out on the basis of investment and oper-
ating costs in comparison to the active air conditioning system. Table 3 below shows the
costs involved for the passive and active systems.

Table 3. Estimated Costs for Passive System.

Material Type Cost (USD/Kg)

PCM Paraffin 3.3–8.8 [38]
Silica gel 2.3 [39]

Glass Building glass (6.38 mm safety glass) 11.0 [40]
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2.6. Limitations

The moisture transfer models are premised on a thin-layer drying concept, such
that their validity depends on the degree of acquiescence of the system to the thin-layer
design limits. It takes the lumped parameter approach that ignores internal resistances
and assumes a uniform state within the materials such that the interfacial vapor pressure
difference creates the moisture exchange driving force. The mass transfer Biot number
could be utilized to establish the validity of the model for any case application. The
moisture exchange coefficient is considered constant; however, this assumption holds
true only to a certain degree of accuracy within bounded thermal conditions. The curve-
fitting-derived governing equations for the paint/desiccant sorption model need validation
through empirical data for diverse real environmental conditions. Furthermore, the internal
regeneration is largely driven by the vapor pressure difference and the kinetics rate to reach
equilibrium is unclear. This determines the adequacy of the time steps valid for application.
In the present study, hourly time steps are considered sufficient to assume equilibration.
The heat exchange model also takes the lumped capacitance framework; thus, the model is
applicable for low surface to air heat exchange rates that give the convective heat transfer
dominancy. Therefore, the model is applicable to systems within a certain convective heat
transfer range or design and can be characterized by the heat transfer Biot number. The
Biot number is the ratio of thermal resistances within a material and at the surface. For Biot
numbers considerably smaller than 1, the heat transfer is simplified by assuming uniform
internal temperature, such that convection becomes the sole mode of heat transfer. The
sole convective heat transfer formulation is a simplification, a more detailed and accurate
approach to heat transfer maybe required for more accurate results.

The PCM and desiccant are treated as semi-independent individual layers in direct
communication with the indoor air. The PCM’s hygroscopic properties, the desiccant’s
thermal capacity and the participation of other materials have been ignored. The boundary
conditions and the transport coefficient correlations and values are not easy to obtain or
even estimate for real-life situations. This remains a limitation and leads to overreliance
on general data; there is need for more reliable empirical data. Some data were limited,
such as input weather data; however, effort was made to obtain existing data from the
local meteorological department. Certain inputs are based on general estimates obtained
from the literature due to the limited local empirical data. The model, although it cannot
serve as a definitive design tool, provides a proof-of-concept confidence level for further
developments towards more accurate design tools.

3. Results and Discussion

The question of providing thermal comfort passively in an office in a warm and
humid climate was the focus of this study. A simulation was performed to evaluate the
effectiveness of a novel passive humidity and temperature control strategy to provide
thermal comfort for an office in a warm and humid climate. The strategy makes use of a
PCM and a desiccant for temperature and humidity regulation, respectively, and employs
a solar-assisted regeneration (SAR) approach. The degree to which the external silica
gel bed is regenerated (dried) is simulated using January 1999 and June 1999 weather
data; these were considered typical summer and winter months, respectively. The results
presented are for a solar channel of 1 m width, 0.02 m in depth and 3 m in height. For
the simulation, the channel is considered to be either east or west facing; these cardinal
orientations receive significant amounts of solar radiation in both summer and winter. The
regeneration (drying) curves for the external silica gel are presented in Figure 2. It can be
observed from Figure 2 that the moisture content drops remarkably within the first 7 h of
drying in both the summer and winter. Within the 7 h of regeneration, the moisture content
dropped from the initial 0.35 kg/kg to approximately 0.07 kg/kg. In summer, notable
drying carries on even towards end of day, but at a reduced rate. However, as the day
progresses beyond 16:00, drying recedes and rewetting sets in. By the end of the day (18:00),
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the external silica gel bed had a moisture content of around 0.1 kg/kg for east orientation
in winter and 0.06 kg/kg for west orientation in the summer and winter.

 

Figure 2. External Silica Gel Regeneration Curve, 15 kg Silica gel and b = 0.02 m (January and June 1999).

Considering the external bed’s moisture content at the end of the day as the initial
input, a simulation of night air conditions was carried out. Figure 3 shows the specific
humidity of the air as it enters and leaves the regenerator (the external silica gel bed).
The simulated results indicate that in the first 2 h, the air leaves the regenerator at
a specific humidity of around 0.005 kg/kg. The specific humidity of the air leaving
the regenerator then increases gradually to a maximum of around 0.006 kg/kg as the
regeneration time approaches 8 h. An air specific humidity of 0.006 kg/kg corresponds
to a relative humidity of 34% at a temperature of 25 ◦C, and the equilibrium moisture
content of silica gel mixed with paint is approximately 0.02 kg/kg. The air, therefore,
has some capacity to dry the interior surfaces that are painted with silica-gel-laden
paint. Figure 4 shows the regeneration of the interior surfaces. From Figure 4, it can
be observed that the interior silica gel surfaces are dried to approximately 0.06 kg/kg
after 8 h of regeneration, after which rewetting begins. The result of this simulation
implies that it is possible to regenerate the internal silica gel surface during the night
to make it ready for the next day’s dehumidification process. Figure 5 shows the sim-
ulated indoor relative humidity and temperature. A maximum relative humidity of
around 60% is reached at around 13:00 and maintained until after 17:00 (the time the
office is vacated). The temperature reaches a maximum of 27.5 ◦C in the afternoon at
around 15:00.

Thermal comfort is a function of both the temperature and relative humidity in ad-
dition to other parameters such as activity level, clothing and local air velocity. Thermal
comfort conditions are the conditions of the surroundings that allow optimal thermoreg-
ulation, which maintains the core body temperature at ±37 ◦C. The body can exchange
heat with its surroundings due to the presence of a temperature difference or through
sweat evaporation. For sweat evaporation to take place, the surrounding air must have the
capacity to absorb moisture, and that capacity depends on the air relative humidity. Thus,
whereas air temperature is the main parameter in determining thermal comfort, humidity
plays a significant role in determining comfort outside the range 30–60%, within which
humans do not perceive humidity variation [41]. High relative humidity inhibits sweat
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evaporation, so the perceived thermal sensation becomes warmer than if the humidity is
relatively low.

 

Figure 3. Simulated Specific Humidity of Air at Inlet and Outlet of the Solar Channel Regenerator
(January 1999, typical summer day).

 

Figure 4. Simulated Interior Surfaces (with Silica gel) Moisture Content.

54



Energies 2023, 16, 5391

 

Figure 5. Simulated Indoor Humidity and Temperature (Typical Summer Day–17 January 1999).

The upper limits for temperature according to the ISO 7730 [42] and ASHRAE 55 [43]
standards are set at a temperature of 26 ◦C [44]. The ASHRAE 55 standard upper limit of
26 ◦C assumes a relative humidity of 50%, whereas the ISO 7730 specifies relative humidity
limits of 30–70%. According to the obtained results from 06:00 to about noon (about 6 h),
the temperature is kept under and up to 26 ◦C, this is within the common two comfort
standards’ limits. Beyond noon, the temperature gradually rises, reaching a maximum of
27.5 ◦C towards end of day. The maximum temperature reached is 1.5 ◦C higher than the
limits set by the ASHRAE/ISO standards, with an associated relative humidity around
60%, which is within the imperceptible range. The relatively low humidity ensures thermal
comfort even at the higher temperature (Figure 6). Considering adaptation, the obtained
results are considered to be within acceptable thermal comfort [45]. Thus, the proposed
strategy can provide comfort to an office in a warm humid region.

 

Figure 6. A Simple Psychrometric Chart showing some Comfort Zone temperature and humidity
dependence.
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The performance of such passive strategies is particularly dependent on the load
regime; thus, this requires knowledge of the many parameters that characterize the load.
An attempt to model the load regime has been performed and applied to the simulation
process. The intermittency and indeterminant nature of the parameters involved present
the biggest challenges. Due to the paucity of data, the study depended on the estimation
of the input variables, which are spatially and temporally diverse in nature. For example,
infiltration can have a significant impact; however, its variability is a challenge towards
its estimation.

Critical parameters such as mass and heat transfer coefficients between the PCM/
DESICCANT system and the air should be verified; these are quite important in the design
and performance prediction of such a system. The values used were from the literature
and were derived under similar but not identical conditions. Experimental determination
of these parameters is therefore recommended. In addition, measurements on a full-
scale model office will give even more reliable and conclusive results. Experimental
determination of the dynamic parameters of silica gel–water vapor systems in various
conditions is also proposed. This study applied simple algorithms for simulation and the
results obtained call for more investigation to validate the performance.

The cost of implementing the passive system is estimated to be around USD 1000.00
based on cost of the materials given in Table 3. The capital cost of an air conditioning
unit for the room is estimated to be around USD 750.00. The daily operational costs
based on an energy tariff of USD 0.105/kWh, an energy requirement for powering the air
conditioning unit of around 0.35 kW power input and 10 h of operation is USD 0.36. The
passive system reaches a break-even point in comparison with the active system in year 3;
thereafter, the passive system results in cost savings. In addition, the passive system has
environmental benefits.

4. Conclusions

From the performed work, it can be concluded that with some load management
interventions, systems utilizing PCM and desiccant combinations have the potential for
moderating the temperature as well as the humidity in an office in Harare, Zimbabwe. The
relative humidity in the room can be kept at around 60%, whereas the temperature can
be maintained at around 27 ◦C or lower by utilizing 1.8 kg of desiccant and 14 kg of PCM
per m2 of floor area. Estimation of the indoor conditions without the PCM and desiccant
indicates out of comfort conditions of up to around 80% and 30 ◦C for the relative humidity
and temperature, respectively. Although many studies have been carried out on thermal
storage in buildings using PCMs for temperature control, there have been very few studies
on the possible application of desiccants within building components for moisture control.
The present strategy brings the cooperative aspect of the desiccant to ensure comfort is
achieved at the temperatures attainable for passive cooling using PCMs. Due to a number
of limitations, although our results show some potential, it is important to note that more
investigation is necessary. Furthermore, experimental investigation is necessary to validate
and/or improve the model. The current study focuses on both temperature and humidity
control in an office. The two parameters are critical for thermal comfort and health when
considering warm and humid climates. The study is unique because of its application
of both a PCM and a desiccant as part of the interior finish and the regeneration of both
through night air drying and applying a solar-regenerated external desiccant as a dryer.
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Abstract: Containing global warming to 1.5 ◦C implies staying on a given carbon budget and therefore
being able to design net zero carbon buildings by 2050. A case study corresponding to a French
residential building is used to assess the feasibility of achieving this target. Starting from an actual
construction built in 2016, various improvement measures are studied: lowering heating energy
needs, implementing bio-sourced materials and renewable energy systems (geothermal heat pump,
solar domestic hot water production, and photovoltaic electricity production). Dynamic thermal
simulation is used to evaluate energy consumption and overheating risk in hot periods. Greenhouse
gas emissions are quantified using a consequential life cycle assessment approach, considering that
during a transition period, exporting electricity avoids impacts corresponding to marginal production
on the grid. Avoided impacts decrease and become zero when the grid is ultimately “decarbonized”.
From this point, the building should be net zero emissions, but there remain unavoidable emissions.
Residual GhG (greenhouse gas) emissions account for 5.6 kgCO2 eq/m2 annually. The possibility of
offsetting these emissions is investigated, considering sequestration in forests or vegetation systems.
A net zero emission level can be achieved, but on a national level, it would require that the whole
sequestration potential of forest growth be devoted to offset emissions of new construction. A circular
economy for construction products and equipment and considering water use will be needed to
further decrease environmental impacts.

Keywords: life cycle assessment; energy simulation; carbon sequestration; zero carbon emission building

1. Introduction

The building sector accounts for 36% of the EU’s final energy consumption and
almost 40% of total direct and indirect greenhouse gas emissions [1]. Decarbonizing this
sector is crucial to achieve the objectives set by international climate agreements [2] and to
maintain the earth in a safe operating space [3–5]. This involves improving our construction
standards to a net zero emission performance. However, analyzing the roadmaps for
achieving climate targets in different regions of the world shows that achieving Zero
Carbon and Energy Buildings (ZCEBs) by 2050 is still problematic [6,7]. These roadmaps
rarely consider embodied emissions due to complexity, e.g., related to emissions outside
national boundaries. Literature proposals for the Zero Energy Building definition also tend
to focus only on operational energy use, see for instance [8].

At the EU level, where low emissions are targeted, the Energy Performance of Build-
ings Directive (EPBD) has defined a zero-energy building target [1]. This is a positive
initiative, though considering embodied carbon emissions remains important, as they can
amount up to 75% of the total life cycle in net zero-energy buildings [9]. The concept of
a zero emission building is still progressively becoming the target [9] and has even been
extended to the neighborhood level [10,11]. Several definitions have been suggested for
(net) zero carbon buildings and are thoroughly described and analyzed in [12]. The au-
thors have identified large variations in methodological options (e.g., “system boundaries
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for both operational and embodied GhG emissions, the type of GhG emission factor for
electricity use, the approach to the “time” aspect, and the possibilities of GhG emission
compensation”). They finally acknowledge the unavoidable discrepancies among the
ZCEB definitions across countries but urge the account of embodied carbon emissions and
recommend the use of dynamic marginal electricity factors.

The design of ZCEBs remains highly dependent on the local context, e.g., availability
of low impact materials, access to clean power or heat, and on-site renewable energy
sources (RES). As a consequence, achieving a ZCEB could be close to impossible [13,14].
Aside from technical barriers, legislative, cultural and financial barriers have also been
revealed in other countries, such as the UK [15]. Education and sensibilization aiming at
applying Sustainable Development Goals in professional practice [16] are important, as
well as combining qualitative and quantitative methodologies [17].

Life cycle assessment has been applied to buildings for a long time, and several reviews
highlight the profusion of methods, data and accessible tools [18–21]. Some authors have
even specifically reviewed consequential LCA in the building sector [21], which has been
considered the more relevant methodological approach in an eco-design context [22].
The possibility of evaluating a consistent set of environmental indicators allows progress
toward zero GhG emission building without degrading other environmental problems. It
is mostly used in a comparative way, although recent efforts have been made to progress
toward an “absolute” environmental evaluation [23,24], based upon the planetary boundary
concept initially developed by Röckström and Steffen [3,4]. Combination with optimization
strategies is recent and so is combination with the planetary boundary concept [25]. Zero
emission buildings and districts are not always evaluated through a life cycle perspective,
as explained by Brozovsy et al. [11].

Using wood or other bio-based materials is seen as one efficient solution to decrease
embodied GhG emissions [26,27] and progress toward a circular economy [28]. Accounting
for biogenic carbon is still a vivid debate among LCA researchers and practitioners, as
various strategies coexist [29–31], and none are fully consensual. Some methods go up
to complex modelling [32] integrating e.g., rotation period [33] or forestry carbon bud-
get [34] but are not fully operational yet. Proper management of existing forests and
forest landscape restoration (FLR) can be a relevant means for carbon storage and timber
production [35].

Progress has also been made in decarbonizing building materials (e.g., cement, steel)
through emission reduction and carbon capture technologies [36–38]. Despite higher costs,
carbon capture can be made operational through economical circular CO2 recovery [39],
which would ease the achievement of zero carbon buildings.

Based upon previous works addressing zero carbon and energy efficiency objectives,
assessment methods, design approaches and technical aspects, this paper attempts to
answer the following research question: is it technically feasible to reach a net zero GhG
emission balance in a building over its life cycle, and which techniques need to be im-
plemented towards this objective? The available solutions and existing challenges are
analyzed. The possibility of offsetting remaining emissions by carbon capture and storage
(CCS) or soil and tree sequestration is explored. The method aims to pave the way towards
planetary-boundary compliant buildings, starting with climate change and net zero emis-
sions buildings in a case study. The order of magnitude of emissions offset in the case
of a residential building, typical of new construction in France, is evaluated through an
original prospective and consequential approach. Other types of buildings can be studied
by applying the same methodology.

This article is structured as follows: first the method is presented, then the case study,
including the improvement possibilities of the building envelope (insulation and windows),
the choice of materials (structure, inertia and insulation), and the choice of equipment (heat
pump, solar collectors, etc.). The results for the energy and environmental assessment
of the actual vs improved building are then presented and discussed in a separate part.
Description of the methods includes the energy simulation procedure as well as the life cycle
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assessment framework and hypothesis. The results include the analysis of the building’s
emissions as well as possible offsetting to achieve a net zero emissions balance at the
building and further at the national scale. Sensitivity to data quality and uncertainty is
explored in a specific discussion section.

2. Methods

2.1. Methodology Overview

The steps followed for the study are summed up in Figure 1 below. The study was
carried out on a low energy gas-heated residential building that was built in 2016 in France.
A first assessment is performed on the actual building. Then, alternative design options are
studied using energy simulation and life cycle assessment (LCA) in order to evaluate the
potential for reducing emissions by optimizing the building (architectural, technological
and behavioral choices). The remaining GhG emissions to be offset are then quantified in
order to derive the required amount of CO2 to be captured and the feasibility of offsetting
by, e.g., tree planting, as well as the possible obstacles to such implementation. Finally, a
top-down approach is performed at the level of the French residential building stock to
highlight the order of magnitude of emissions to be offset from a carbon-neutral perspective
for the sector in 2050.

 

Energy and 
environmental 

evaluation of the 
actual building

Modelling of 
Improvements 

strategies 

Energy and 
environmental 
assessment of 
optimized building
• During transition period

Evaluation of 
remainging GhG 
emissions to offset
• End of transition period

Top-down approach 
at the level of the 
French building 

stock

Figure 1. General overview of the methodology.

2.2. Building Energy Simulation

Energy performance is studied using the dynamic thermal simulation tool Pleiades
STD Comfie [40]. Heating needs and consumption of the building are evaluated during
a typical year with hourly resolution, based on thermal characteristics of envelope and
systems, the site (climatic data, near and distant shading), occupancy scenarios (tempera-
ture set-point, internal heat gains corresponding to electricity consumption, domestic hot
water (DHW), occupancy, etc.). The model is based on the concept of a thermal zone, a
subset of the building considered with a homogeneous operating temperature. A finite
volume discretization mesh is used. For each zone, the walls are divided into nodes that are
sufficiently fine to be considered at a homogeneous temperature and an additional node
corresponding to the air volume, furniture and light interior partitions. A heat balance
is applied to each node, which can be represented at the zone level by a continuous and
invariant linear system.

A modal reduction method is applied to each zone model to reduce the computation
time. The reduced matrix systems of the zones are grouped by a coupling procedure. The
outputs at each time step are calculated as a function of the indoor (heat gains from occu-
pants and equipment) and outdoor (outdoor temperature, solar radiation) driving forces
of the building. Non-linear phenomena (ventilation) or variable parameters (additional
resistance due to shutters) are taken into account by correcting the driving force vector.
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Model reliability was evaluated by comparison with real data [41] and by the international
BESTEST procedure for numerical comparison of reference models [42,43].

2.3. Life Cycle Assessment
2.3.1. Tools and Database

Pleiades LCA Equer is used for the life cycle assessment according to the ISO 14040
and 14044 standards [44,45], allowing the quantification of the environmental impacts
of a building over its life cycle according to multiple indicators. The Equer database
provides information on the environmental impacts corresponding to a functional unit
of a product, process or service according to several indicators. It is created using the
Brightway2 framework [46] and the ecoinvent database [47,48] version 3.8 using a wide
range of life cycle impact assessment methods. Unit process data are contextualized to the
French context (e.g., regarding electricity production). The reliability of Pleiades LCA Equer
has been studied by inter-comparison with other software in several research projects. The
results showed good overall reproducibility, but discrepancies can arise from inventory data
sources and methodological differences, e.g., allocation and accounting for biogenic carbon.

2.3.2. Main Assumptions

The functional unit considered for the case study is 1 m2 of an apartment building
housing 0.04 occupants per m2 over one year, according to the occupancy scenarios shown
in Table 1. A lifespan of 100 years is considered for the building (10 years for building
finishes, 20 years for equipment, 25 years for PV modules and 30 years for windows). LCA
is carried out under the conservative assumption of identical replacement of an element at
the end of its lifespan.

An hourly resolution model is used for the electricity production mix, considering
a consequential LCA approach. This approach is appropriate for buildings exporting
electricity to the grid (photovoltaic generation) as it considers the complex interaction of the
building with the grid, assuming that exported electricity avoids production by marginal
generation technologies. Prospective scenarios from RTE (French electricity Transmission
System Operator) and ADEME (French environmental agency) were considered for 2025,
2035 and 2050 [49]. To represent a 100-year life span, the 2025 mix is considered for 5 years,
then 25 years for 2035 and 70 years for 2050. This calculation therefore corresponds to a
transition period, and the indicators expressed per year correspond to a yearly average of
the impacts over the building life cycle. The energy simulation results were used to evaluate
the heating load and thermal comfort. In addition to the 40 L of hot water consumption, an
average cold water consumption of 100 L/person/day is considered as well as wastewater
treatment. The transport of occupants and domestic waste are not considered.

The end of life considered is the recycling of metals, photovoltaic systems and recy-
clable materials (e.g., concrete is crushed to produce aggregates). Plastics are incinerated
and biobased materials are treated at the end of life so that biogenic carbon can be stored
for a very long time. The rest are considered inert waste and sent to landfills.

2.3.3. Environmental Indicators

Because this article focuses on GhG emissions, the climate change indicator is the
main focus. It is evaluated using the Environmental footprint v3.0 method developed by
the JRC [50]. But damage indicators on human health, ecosystems and resources are also
evaluated according to the Recipe 2016 method [51].

2.3.4. Consideration of Biogenic Carbon

In the EQUER method, negative biogenic CO2 emissions are accounted for in the
production stage if a new tree is growing, which is the case for wood from certified forests.
But if the wood stems from non-certified forests, the same amount of carbon is stored in
the building as if it were stored in the forest. Therefore, no carbon fixation is considered
(“0” instead of “−1” according to the notation of EN 15804 standard [52]). At the end of
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life, the quantity of biogenic CO2 is emitted if the wood is incinerated but not if the wood
is landfilled or recycled (see Figure 2). Landfilling can delay emissions for a very long time,
according to [53].

 

Figure 2. Biogenic carbon balance over the life cycle of wood (lab recherche environnement
VINCI |PARISTECH).

2.4. Case Study Presentation

The residence Les roches blanches, located near Chambéry (Savoie, France), is
composed of two low-energy apartment blocks built in 2016, each with 4 floors and
17 flats of different sizes (Figure 3). The total living area is 2414 m2. The buildings have
a concrete structure with external insulation (18 cm of rock wool on the walls, 30 cm
on the sloped roofs and 30 cm of polyurethane on the flat roofs) and low emissivity
double glazed windows. Space heating and domestic hot water (DHW) production are
provided by a gas boiler. Ventilation is provided by a humidity-sensitive double flow
ventilation system (exchanger efficiency: 80%). Climatic data correspond to a typical
year in the region (Macon, France).

 
Figure 3. Residence Les Roches Blanches, source: Jean Paul Faure Architect.

The considered scenarios of temperature set points, occupancy, domestic hot water
(DHW) consumption and heat gains corresponding to specific electricity consumption are
defined in Table 1.
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Table 1. Occupancy scenarios.

Category Scenario

Heating temperature set point 20 ◦C (constant over the year)

Occupancy Hourly scenario based on a stochastic model of
occupancy developed by [54]

Internal gains Hourly scenario based on a stochastic model of
occupancy developed by [54]

Domestic hot water 40 L/day/person at 55 ◦C

2.5. Improvement of the Building

Starting from the actual building, an improved building model has been derived
in order to evaluate a potential reduction of GhG emissions. Three main elements are
considered: the structure and envelope of the building, heating and ventilation equipment,
and the renewable energy system. The principle is first to decrease material and energy
needs, then to improve energy efficiency, and finally to cover energy needs as much as
possible through renewable production. Each improvement is evaluated using the energy
simulation and life cycle assessment tools presented above.

The concrete structure of the actual building was replaced by timber frames (walls
and roofs), and low carbon concrete was used for the foundation as well as the suspended
floor. The intermediate floors remained in low-carbon concrete in order to add thermal
mass to the wooden structure and improve summer comfort. A thin layer of raw earth was
put on the walls and roofs for the same purpose. The insulation of the wooden walls and
roof is made of 23.5 cm wood wool. The wood used in the construction is assumed to be
grown in sustainably managed forests. The gas boiler for heating and domestic hot water
(DHW) has been replaced by a geothermal heat pump (cop: 3.5 for heating; cop: 2.7 for
DHW). Solar thermal collectors for DHW have been installed (140 m2) providing most of
the needs, complemented with the heat pump backup. The heat exchanger efficiency of the
ventilation system has been increased from 80 to 85% in order to reduce heat losses.

Double glazing is replaced with triple glazing, except on the south facades in order
to improve the insulation while providing high solar gains. Night ventilation by window
opening is considered to improve summer comfort and blinds were installed with 80%
reduction of solar factor during the summer on the parts most exposed to overheating. A
176 kWp photovoltaic system was set up on the roofs and southern external facades of the
building in order to offset the carbon emissions of the electricity consumption (heating
and DHW backup, lighting, ventilation and domestic appliances), taking into account the
electricity production mix with higher emissions in winter than in summer.

3. Results

3.1. Energy Simulation of the Actual Building

The results are presented in Table 2. Areal ratios are provided per m2 of net heated area.

Table 2. Actual building energy simulation results (annual balance).

Category Equipment Areal Ratio (kWh/m2)

Heating needs Gas 15

Energy needed for DHW Gas 34

Electricity use Grid 26

Electricity use for ventilation CMV 1 1
1 Controlled Mechanical Ventilation of the building: CMV (0.45 ach) + air renewal (6 ach) by opening windows at
night in summer if indoor temperature > 22 ◦C and outdoor temperature < indoor.
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3.2. Life Cycle Assessment of the Actual Building

The environmental impacts in terms of greenhouse gas (GhG) emissions and damage
indicators (human health and ecosystems) obtained for the base case (actual building) are
given in Table 3, expressed per m2 of net building area and per year so that they can be
compared with benchmark references.

Table 3. GhG emissions and damage indicators of the actual building.

Impact Unit Construction Use Renovation End-of-Life Total

Climate change
(EF v3.0) kgCO2 eq/m2/yr 3.1 × 100 2.7 × 101 2.5 × 100 1.2 × 10−1 3.3 × 10−1

Damage to ecosystem
(ReCiPe2016) specie.yr/m2/yr 1.6 × 10−8 1.0 × 10−7 2.5 × 10−8 4.7 × 10−10 1.4 × 10−7

Damage to human health
(ReCiPe2016) DALY/m2/yr 8.7 × 10−6 3.9 × 10−5 1.8 × 10−5 1.7 × 10−7 6.7 × 10−5

Damage to resources
(ReCiPe2016) USB/m2/yr 2.0 × 10−1 2.8 × 100 2.8 × 10−1 8.5 × 10−3 3.3 × 100

The total climate change impact is around 33 kg CO2 eq/m2/year. By comparison,
these emissions vary between 10 kg CO2 eq/m2/year (passive building with a photovoltaic
system) and 160 kg CO2 eq/m2/year (uninsulated old building heated with gas) in a
benchmark study performed in the frame of International Energy Agency Annex 72 [55].
The largest emissions correspond to the use stage, as can be seen in Figure 4.

 

Figure 4. Contributions of the life cycle stages in GhG emissions (base case).

The objective of this case study is to investigate the feasibility of achieving net zero
carbon emissions through eco-design measures, such as the use of bio-based materials,
minimization of energy requirements and the use of low-impact energy sources, as well as
the sequestration of the remaining emissions.

3.3. Energy Simulation of the Improved Building

Energy requirements were minimized, as shown in Table 4.
Summer comfort has also been studied. The increased thermal mass of the building,

night ventilation and blinds have improved the comfort level, despite an overall lighter
timber frame structure compared to the actual building. Aside from its importance for
building quality, assessment of thermal comfort is crucial to prevent future usage of active
cooling, which could downgrade the overall environmental performance of the building
because of increased energy consumption and additional equipment. Figure 5 illustrates
the effect of night ventilation, which allows, thanks to the thermal mass of the building and
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its good insulation to keep indoor temperature below the external one during hot periods.
The choice of thicknesses of materials with high thermal mass (concrete floors, raw earth)
in the improved building was made to maintain the annual temperature between 20 and 27
◦C, with a maximum discomfort rate of 1% (percentage of hours above 27 ◦C or below 20
◦C). According to these thermal simulation results, improvements proposed to reduce GhG
emissions would not reduce the thermal comfort level of the building.

Table 4. Improved building energy simulation results (annual balance).

Category Equipment
Areal Ratio
(kWh/m2)

Heating needs Heat pump 30 kW 5

Energy needed for DHW solar thermal collector (140 m2)
+ electric back-up

13

Electricity use Network 26

Electricity consumption for ventilation CMV 1

Photovoltaic electricity production PV panels 58

 

 

Figure 5. Temperature profiles during the hottest week (simulation results) for the actual building
(upper figure) and the improved building (bottom figure).

3.4. Life Cycle Assessment of the Improved Building

The results of the LCA study show a potential GhG emission reduction of up to 97%
(Table 5) using bio-based materials, minimizing heating needs and using low carbon energy
sources through the implementation of appropriate equipment. The choice of a timber
frame structure reduces construction emissions from 3.01 to −0.41 kg CO2 eq/m2/year.
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Table 5. GhG emissions and damage indicators of the improved building.

Impact Unit Construction Use Renovation End-of-Life Total

Climate change (EF v3.0) kgCO2 eq/m2/yr −4.09 × 10−1 −2.27 × 100 5.06 × 100 1.49 × 10−1 2.53 × 100

Damage to ecosystem
(ReCiPe2016) specie.yr/m2/yr 2.63 × 10−8 −8.42 × 10−10 3.97 × 10−8 5.43 × 10−10 6.57 × 10−8

Damage to human health
(ReCiPe2016) DALY/m2/yr 6.32 × 10−6 −9.42 × 10−7 2.65 × 10−5 1.82 × 10−7 3.20 × 10−5

Damage to resources
(ReCiPe2016) USB/m2/yr 1.94 × 10−1 −2.18 × 10−1 4.63 × 10−1 7.23 × 10−3 4.46 × 10−1

A considerable reduction in operational emissions is achieved, made possible by re-
placing the gas boiler and using renewable energy sources (solar thermal and photovoltaic).
The photovoltaic system is oversized in relation to the self-consumption needs to account
for the difference between winter and summer grid emissions. Avoided impacts consid-
ering marginal production are accounted for, but they become zero when the national
electricity grid mix is 100% renewable. The 100% renewable electricity mix considered is
taken from the ADEME prospective study [56] and is composed of 63% wind power, 17%
PV, 13% hydraulic and 7% thermal REN (waste incineration, biomass and biogas).

Emissions during renovation appear to be the most significant because of the plumbing,
electricity cables and other equipment (ventilation, PV system, etc.) that is replaced several
times over the lifetime of the building.

All the above measures have allowed a considerable reduction of the total GhG
emissions of the building: more than 90% of the emissions have been cancelled compared
to the actual building (see Figure 6). But this calculation corresponds to a transition
period. It is also useful to evaluate building performance after this transition. In this
case, when the electricity grid production is decarbonized, the reduction of emissions
becomes 84% (see Figure 7) because there is no avoided impact from PV production
anymore (a 100% renewable grid was considered in this scenario). However, GhG emissions
due to construction products like plumbing, electrical installation, and equipment (solar
collectors, heat pumps, ventilation, etc.) increase the emissions in renovation and make
the total balance positive with a higher value than the actual building due to the effect
of equipment replacement. The whole life cycle GhG emissions would then be around
5.6 kg CO2 eq/m2/year after the transition period.

Figure 6. Yearly average life cycle GhG emissions of the actual and improved buildings during the
transition period.
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Figure 7. Life cycle GhG emissions of the improved building with a decarbonised grid scenario (after
the transition period).

3.5. Compensation by Forest Sequestration and Extrapolation to the Dwelling Stock

In order to answer the research question regarding the feasibility of reaching a net
zero GhG emission balance in a building, a top-down approach was performed. It consists
of estimating a carbon budget corresponding to sequestration in forests, which can be
expressed per m2 considering the annual new construction area. The GhG emissions of
the improved building can be compared to this carbon budget, allowing us to check if the
climate planetary boundary is respected.

There are numerous possibilities for offsetting these emissions by sequestration, in-
cluding storage in natural ecosystems (vegetation, soil, aquatic environments). Forest
sequestration gives the possibility of replanting on the same surface and using wood as a
low carbon construction material. Other means of in situ sequestration may also be of great
interest, such as vertical vegetation systems (VGS) because of the limitation of external
sequestration surfaces (forests, meadows, wetlands, etc.) and the possibility of optimizing
the use of unused building surfaces (facades, roofs, etc.) allowing carbon sequestration
while providing other positive externalities (e.g., well-being of occupants, cooling of contact
surfaces, etc.). The corresponding biomass sequestration potential has been estimated by
various studies [57–59] and varies between 0.44 and 3.18 kg CO2 eq/m2/year depending
on climate, vegetation, life cycle treatment, etc.

From the estimate of the carbon sequestration capacity of European forests given by
Lelarge and Birot [60], which is also found in the data of the National Forest Inventory in
France [61], we deduce a storage of 1680 kg C/ha/year on average, which corresponds to
6160 kg CO2 eq/ha/year in the biomass and forest soils. For this improved building with
2414 m2 of living space, the balance to be compensated for after the transition period is
13.5 t CO2 eq/year, which would correspond to the equivalent of 2.2 ha of European forest
corresponding to around 9 m2 of forest per m2 of living space.

At the scale of the French territory, the number of dwellings built annually is estimated
at 390,300 from 2000 to 2021, with an average living area of 90.9 m2 (French Data and
Statistical Studies Department [62]. The annual growth of French forests is estimated at
40,000 ha/year according to [63], which corresponds to a 246,000 ton CO2 eq./year carbon
budget considering the carbon sequestration estimate given above. If this whole budget
could be allocated to compensate for new construction impacts, this would correspond
to 7 kg CO2 eq/m2/year which is not much more than the improved building emissions.
This means that our construction standards must be radically transformed, and that other
compensation solutions must be found because new construction (which includes ter-
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tiary buildings) is yearly only 1% of the existing building stock, which produces much
higher emissions.

4. Discussion

4.1. Vertical Vegetation Systems

Another way to further reduce emissions in buildings is to use vertical vegetation
systems (VGS). Marchi et al. [58] described how they operate using a 5-step model to
achieve real carbon sequestration in the soil. A potential of 0.44 to 3.18 kg CO2 eq/m2/year
was obtained using this model. The process is as follows: plants growing in the VGS absorb
CO2 and use it to form biomass (step 1). Each year, a percentage of the plants in a VGS must
be replaced (step 2). The removed plants are sent to a composting facility (step 3). There,
some of the carbon is released in the form of CO2 (step 4). The compost is then applied
to agricultural soils, where some of the remaining carbon is absorbed by soil bacteria and
eventually sequestered in the soil (step 5). The studied building has a total exterior opaque
and unused facade area of 2069 m2, which gives a maximum sequestration potential of 910
to 6580 kg CO2 eq/year when fully vegetated. This sequestration does not take into account
all the emissions related to the life cycle of the facility but only those from the biomass, for
which it would be necessary to consider the emissions due to the fossil fuels and electricity
needed to transport the plant residues to the composting facility, the management of the
composting facility, and the transport and distribution of the compost produced to the
agricultural soil.

Pulselli et al. [57] analyzed a case study considering the production chain up to the
installation on a building facade as well as the maintenance of the VGS system and found
that these emissions over the life cycle of the installation (here 25 years) can be equivalent to
those sequestered by biomass according to the model of Marchi [58] and that it is necessary
to take a local and responsible approach to the whole life cycle chain (emissions related
to structure, transport, water and plant nutrients) in order not to release as much as the
biomass sequestration of the VGS.

4.2. Forest Management

Sustainable forest management ensures a replanting of trees, but deforestation or
overuse risk call for at least a national resource management plan of forests to ensure a
sustainable use of the resources, improve ecosystem services and forest resilience [64].
Without biogenic carbon storage, the climate change impact of the improved building after
the transition period almost reaches 8.5 kg CO2 eq/m2/yr, a 50% increase (see Figure 8,
Optimized without biogenic carbon, noted wo Cbio). Moreover, the mitigation potential
of forests can be hindered by climate change effects: increasing drought, fires, pest and
disease outbreaks, wind storm [65].

4.3. Multi-Criteria Analysis

Beyond GhG emissions, it is important to also consider other environmental impacts
in order to avoid impact shifting. Damage indicators were evaluated in this study, show-
ing an important reduction by decarbonization measures for damage to health, damage
to ecosystem and resource depletion (see Figure 8). These indicators are uncertain, and
such an evaluation should be further improved by ongoing work regarding impact assess-
ment models.

Damage to ecosystems, human health and resources are also decreasing but in a
smaller proportion than climate change. Indeed, the climate contribution is only 20.6% and
14.2% for ecosystem and health, respectively, for the optimized building against 64.4% and
45.5% for the actual building. Resource impacts are largely dominated by fossil fuels (over
80% for all cases). Increasing the use of wood increases land use impacts and increasing the
use of equipment increases mineral and metallic resource use. To prevent impact shifting, a
multi-criteria analysis must be performed.
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Figure 8. Environmental impacts of the optimized building relative to the actual building.

4.4. Circular Economy

Going further in reducing building impacts and easing the carbon offsetting effort
would induce additional contributors that were previously considered minor contributors,
such as equipment, electronics and material replacement. It would therefore be useful to
further investigate reuse and reconditioning of old equipment, longer lifetime and other
known circular economy levers. A first sensitivity analysis has been performed by increas-
ing all lifetime of equipment and finishes to 30 years, and a second analysis considered
French recycled copper for electronic manufacturing and plumbing. The results are pre-
sented in Figure 9 and show a great potential for continuing to decrease environmental
impacts of the building sector. This also calls for a better evaluation of the composition and
quantity of contributors such as equipment, electric and electronics, and plumbing. They
have been proven to become an important contributor but were previously neglected [66]
and as shown in this study, they will be the next lever to address in order to progress
toward zero carbon buildings.

 

Figure 9. Environmental impacts of the optimized building, sensitivity to circular economy levers.
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4.5. Behavioral Changes

Reducing water and electricity consumption through behavioral changes and efficient
appliances would also further contribute to decreasing remaining GhG emissions and will
have a positive effect on damage to health and ecosystems as well. It is outside the scope
of this article, but the importance of behavior in building LCA has long been proven by
previous studies, such as in Polster et al. in the 1990′s [67].

Maybe in the future, suffering hazardous conditions, humanity should consider the
decrease in life comfort, for instance:

- a radical reduction in the number of newly constructed buildings,
- increasing the density of people occupying buildings,
- accepting higher variability of air temperature indoors (using adaptive thermal com-

fort models in simulations).

4.6. Prospective Uncertainties

The study showed the possibility of reducing the emissions of new apartment build-
ings from 33 kg CO2 eq/m2/year to less than 6 kg CO2 eq/m2/year after a transition
period. Assuming that the annual growth in forestry and housing stock follows the same
trend as in previous years, emissions from new residential buildings would correspond
nearly entirely to the possibility of sequestering carbon by forest growth. There is uncer-
tainty about the evolution of these trends in the long term and, therefore, the possibility
of long-term sequestration using this method. Annual CO2 emissions from the existing
housing stock were 98 Mt CO2 eq in 2019, considering only energy related, no embodied
emissions [68] for a total of 36.6 million dwellings. To sequester these emissions by forests,
it would be necessary to cover about 16 million hectares, i.e., 95% of the French forest area
in 2019. These emissions can be considerably reduced, as shown in the case study above,
by minimizing heating needs and using RES.

Considering new dwellings to be built, it would be important to also consider the grid
decarbonization effect on the manufacture of equipment and materials to be replaced along
the life-cycle of the product. This has not been done in this project; thus, GhG emissions
from renovation are potentially over-estimated. Such calculations have been made in the
past for renewable energy technologies, showing a potentially significant effect on the
results [69]. However, the order of magnitude given in this study would probably still
hold as the French electricity grid is not carbon intensive. Such an integrated assessment is
considered to be an interesting perspective of this work.

4.7. Temptation of Hasty Electrification

Electrification is seen in the building sector as a decarbonization lever, providing that
clean power is made accessible. However, massive hasty electrification of uses, anticipating
the future provisioning of low-impact electricity, could have an adverse effect and hinder
the needed transition of the grid by unreasonably increasing the electricity demand. In this
paper, the gas boiler is replaced by a heat pump, thus leading to an increase in electricity
consumption. However, a significant effort is made to limit, at their minimum, the electricity
needs for heating (additional insulation, heat recovery on ventilation) and DHW (solar
panels). The improved building also provides renewable electricity to the grid thanks to
the PV system. Even if its production is unlikely to coincide with its consumption, it takes
part in the grid transition. This setup is thus considered to be consistent with an efficient
decarbonization of the grid by 2050.

4.8. Generalisation of the Results

The case study is specific to the French context, and numerous assumptions and
scenarios affect the results. Particularly, construction techniques, architecture, occupants’
behavior and prospective aspects (e.g., regarding the evolution of electric system) may
differ a lot in other contexts. The presented case study and corresponding results aim to
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show the possible application of the methodology, which could be used in other countries
while adapting data and scenarios appropriately.

5. Conclusions and Perspectives

Limiting global warming to 1.5 ◦C implies not exceeding the remaining carbon budget,
and therefore, designing net zero carbon buildings. An apartment building built in 2016
in France was redesigned in order to check the possibility of reaching this performance
level by lowering heating energy needs and implementing bio-sourced materials and re-
newable energy systems (geothermal heat pump, solar domestic hot water production,
and photovoltaic electricity production). GhG emissions were evaluated using life cycle
assessment, integrating energy consumption calculated using a building energy simulation.
During a transition period, exporting electricity avoids impacts corresponding to standard
production on the grid. These avoided impacts decrease and become zero when the grid is
decarbonized after the transition. At this date, the building should be net zero emissions,
but there remain emissions related, e.g., to the replacement of construction products (e.g.,
equipment, windows, painting), drinking water production and wastewater treatment.
More research is needed to better understand the amount of electric and electronic compo-
nents in buildings depending on their uses and design options. Circular economy levers
on such previously minor contributors (buildings equipment, electronics and plumbing)
should be undertaken to further decrease the impacts of buildings.

The possibility of offsetting these emissions is therefore studied, considering seques-
tration in forests or vegetation systems. A net zero emission level can be achieved if
the whole sequestration potential can be used to offset emissions by new construction.
But emissions from existing buildings correspond to the potential of the whole French
forest area, and the budget should also be shared with other sectors: transport, industry
and agriculture. It is therefore needed to radically transform our construction standards,
probably also our comfort and way of life standards, and to search for supplementary
sequestration techniques.

In perspective, it would be useful to model the building stock using dynamic LCA
and to allocate a part of the whole carbon budget to buildings in order to check if a net zero
balance can be achieved on a national level.
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Abstract: This study aims to theoretically explore the technological systems of tropical island zero-
carbon building (TIZCB) to scientifically understand the characteristics of these buildings in terms of
energy utilization, energy conservation, energy production, and intelligent system mechanisms. The
purpose is to address the inefficiencies and resource wastage caused by the traditional segmented
approach to building energy consumption management. Thus, it seeks to achieve a comprehensive
understanding and application of the zero-carbon building (ZCB) technology system. This article
focuses on the demands for energy-efficient comfort and innovative industrialization in construction.
Through an analysis of the characteristics of TIZCB and an explanation of their concepts, it establishes
a theoretical framework for examining the system mechanisms of these buildings. Additionally, it
delves into the energy utilization, energy conservation, energy production, and intelligent system
from macro, meso, and micro perspectives. This approach results in the development of an implemen-
tation strategy for studying the mechanisms of energy usage, conservation, and intelligent production
systems in TIZCB. The results show that: (1) this study delves into the theoretical underpinnings of
TIZCB, emphasizing their evolution from a foundation of low-carbon and near-zero energy consump-
tion. The primary goal is to achieve zero carbon emissions during building operation, with reliance
on renewable energy sources. Design considerations prioritize adaptation to high-temperature and
high-humidity conditions, integrating regional culture along with the utilization of new materials
and technologies. (2) A comprehensive technical framework for TIZCB is proposed, encompassing
energy utilization, conservation, production capacity, and intelligent systems. Drawing from systems
theory, control theory, and synergy theory, the research employs a macro–meso–micro analytical
framework, offering extensive theoretical support for the practical aspects of design and optimization.
(3) The research implementation plan establishes parameterized models, unveiling the intricate
relationships with building performance. It provides optimized intelligent system design parameters
for economically viable zero-carbon operations. This study contributes theoretical and practical
support for the sustainable development of TIZCB and aligns with the dual carbon strategy in China
and the clean energy free trade zone construction in Hainan.

Keywords: tropical island zero-carbon building (TIZCB); energy utilization–conservation–production;
theoretical basis; research framework

1. Introduction

Reducing greenhouse gas emissions is a crucial step in addressing global climate
change [1]. The Paris Agreement is a landmark international accord aimed at addressing
climate change and its adverse impacts. The main goal of the agreement is to limit global
warming to well below 2 ◦C above pre-industrial levels, with efforts to limit the temperature
increase to 1.5 ◦C [2]. The Paris Agreement sets a net-zero carbon emission target for the
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world, leading the Chinese government to establish a system of achieving peak carbon
dioxide emissions by 2030 and carbon neutrality by 2060 [3]. According to the International
Energy Agency (IEA), buildings’ lifecycle emissions constitute about 39% of global CO2
emissions, significantly impacting global greenhouse gas contributions. The “14th Five-Year
Plan” period is a critical time to implement these dual carbon goals. According to the
2022 China Urban and Rural Construction Carbon Emission Series Research Report [4],
China’s total building carbon emissions in 2020 were 508 million tCO2, accounting for
50.9% of the country’s total carbon emissions. From 2005 to 2020, national building carbon
emissions increased from 223 million tCO2 to 508 million tCO2, a 2.3-fold increase with an
average annual growth rate of 5.6%. This indicates that energy conservation and carbon
reduction in the construction sector are essential for achieving China’s dual carbon goals,
as continuously growing building carbon emissions pose significant challenges to these
targets. China has long promoted building energy efficiency and green buildings, but
there is a lack of on-site energy supply methods. The Ministry of Housing and Urban-
Rural Development’s “the 14th Five Year Plan for Building Energy Conservation and
Green Building Development” upgrades traditional “energy conservation and emission
reduction” to “energy conservation-production capacity-carbon reduction”, providing
new technical ideas for ZCBs [5]. The Ministry of Science and Technology and Nine
Other Departments’ “Implementation Plan for Science and Technology to Support Carbon
Peaking and Carbon Neutrality (2022–2030)” calls for focusing on decarbonization, emission
reduction, and energy efficiency improvement to promote building energy conservation,
emission reduction standards, and whole-process carbon reduction [6]. Tropical island
regions in China have long summers without winters and small temperature differences
between day and night, resulting in high cooling energy demand for buildings. At the
same time, these areas have strong solar radiation capabilities and abundant renewable
solar thermal resources. Theoretical exploration of the energy conservation, production
capacity, and intelligent system mechanisms of TIZCB has become a key issue supporting
the sustainable development of such buildings.

ZCBs, as a novel technological paradigm, have been extensively studied by numerous
scholars from diverse perspectives. Moghayedi et al. (2023) [7] evaluated the impact of
factors influencing the achievement of net-zero carbon goals on the circular economy based
on obstacles and driving forces in employing green technology methods in construction.
Scherz et al. (2020) [8] outlined the implementation of system design models during the
early design stages of buildings to address the challenges of achieving net-zero carbon
building environments. Leung et al. (2018) [9] conducted a study on a ZCB in Hong
Kong, analyzing the dissemination of bacterial communities in green building air through
the investigation of bacteria’s 16S rRNA genes. Bui et al. (2022) [10] comprehensively
surveyed the field of zero-carbon renovation in existing buildings, employing a mixed-
methods approach to data analysis, revealing evolving hotspots and core research themes.
Zhao et al. (2017) [11] developed a conceptual model covering project and organizational
aspects to explore the theoretical relationship between business models and ZCBs, aiming
to drive sustainable development in the ZCB market. Pan et al. (2014) [12], through a review
of zero-carbon village policies and support literature, established a social–technical transfor-
mation framework providing information for discussions on current and future zero-carbon
emission policies. Girard et al. (2012) [13] argued that the shift towards low-carbon or
ZCBs introduces a paradigm shift in energy supply infrastructure, emphasizing the need
to understand buildings not only from the demand side but also from the perspective of
electricity. Bui et al. (2022) [14] conducted an exploratory study through semi-structured
interviews with New Zealand building experts to investigate challenges and issues faced by
the New Zealand construction industry in ZCBs. Nidhin et al. (2023) [15] surveyed building
stakeholders involved in New Zealand architectural design and construction to understand
their awareness of zero-carbon initiatives, providing a practical foundation for the market
promotion and policy implementation of ZCBs. Hasan et al. (2023) [16] discussed the legiti-
macy and legality of implementing net-zero carbon building standards by examining policy
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documents from the World Green Building Council. Torriti et al. (2015) [17], drawing on pol-
icy framework theory and sociological knowledge, systematically explored the significant
challenges in the implementation of zero-carbon residential policies. Walker et al. (2016) [18]
reflected on the relationship between politics and governance revealed in the mainstream-
ing process of abandoning zero-carbon housing in the UK, emphasizing the foundation
and positioning of carbon responsibility, and the essential role of the state in achieving
daily reproduction of low-carbon living. Lees et al. (2014) [19] investigated the actual use
of low-carbon and zero-carbon technologies by housing developers to understand the
main drivers and significant roles of ZCB technology choices. Steijger et al. (2013) [20]
discussed the constraints of compact urban housing on achieving zero-carbon performance
in apartment buildings in the context of the Sustainable Homes Code, highlighting the need
for off-site net import of electricity and/or heat. McLeod et al. (2012) [21], through compar-
ative analysis, elucidated the revised definition of zero-carbon housing in the UK and the
approaches advocated by the Zero Carbon Hub for policy implementation. In summary,
these studies lay the foundation for the theoretical development and practical application
of TIZCB. However, these studies primarily focus on macro-level policy implementation, in-
volve fewer specific implementation technical measures, and do not consider the building’s
intrinsic production capacity from the perspective of the resource endowment of tropical
island regions. They lack a comprehensive exploration of the building energy flow system
from the perspective of the building integrated system, making it challenging to adapt
to industrialized, modular, and integrated pattern innovations and integrated research.
Furthermore, they struggle to achieve an effective balance between “zero carbon emissions”
and “energy-efficient comfort”.

In summary, there is currently no uniform definition of a ZCB [22]. For example, in
the United States, the “National Definition of Zero Emission Buildings: Part 1 Operational
Emissions (Version 1.00), Draft Standard” defines a ZCB as highly energy efficient, having
no on-site energy use emissions, and being entirely powered by clean energy. In the
European Union’s “Energy Performance of Buildings Directive”, a ZCB is defined as
having very high energy performance, with its very low energy needs fully covered
by renewable sources, without any on-site fossil fuel carbon emissions. In the United
Kingdom’s “Net Zero Carbon Building Framework Definition”, a ZCB is described as high-
efficiency, producing or procuring carbon-free renewable energy or high-quality carbon
offsets in quantities sufficient to offset annual carbon emissions from building materials
and operations. The traditional design approach in tropical island regions emphasizes
passive energy conservation as the primary focus and active energy conservation as a
secondary consideration [23]. However, TIZCB lack an integrated design that incorporates
precise regulation of energy utilization for carbon reduction, energy-efficient building
envelopes [24], high-efficiency multi-source energy production [25], and intelligent system
integration for carbon reduction [26].

The research gaps mainly manifest as: (1) a lack of unified standard definitions for
TIZCB, incomplete technical systems, and immature integrated applications [27]; (2) dif-
ficulty in achieving coordinated operation among energy use, energy saving, production
capacity, and intelligent systems; and (3) this resulting in the insufficient comprehensive
efficiency of zero-carbon operations in tropical island buildings [28].

In light of this, the research objectives of this paper are: (1) to construct a theoretical
analysis model based on systems theory, synergy, and control theory by defining the
inherent characteristics and technical system of TIZCB. This model will provide theoretical
support for the study and optimization of mechanisms and systems related to energy
utilization, energy conservation, energy production, and intelligent systems in TIZCB. (2) To
establish a quantitative analysis framework for energy utilization, energy conservation,
energy production, and intelligent systems from macro, meso, and micro perspectives. In
this framework, the macro perspective refers to system decomposition and integration from
the perspective of the entire building system of TIZCB; the meso perspective refers to system
interaction and coupling from the perspective of energy utilization, energy conservation,
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energy production, and intelligent systems in TIZCB; and the micro perspective refers
to quantification and regulation from the perspective of design parameters of energy
utilization, energy conservation, energy production, and intelligent systems in TIZCB.
(3) To form the research logic and implementation plan for the system mechanism of energy
utilization, energy conservation, energy production, and intelligent systems in TIZCB.
This implementation plan will provide technical support for the practical application and
verification analysis of the mechanisms and systems related to energy utilization, energy
conservation, energy production, and intelligent systems in TIZCB.

The rest of this paper is organized as follows: in Section 2, based on the introduction
of zero carbon architecture and tropical island architecture, TIZCB and their technical
system are defined; in Section 3, research methods such as systems theory, control theory,
and synergy theory are summarized, and their main roles in this article are introduced;
Section 4 develops the theoretical framework for researching integrated energy utilization,
conservation, production, and intelligent systems in TIZCB; Section 5 outlines the logical
thinking of the research on integrated energy utilization, conservation, production, and
intelligent systems in TIZCB; Section 6, in conjunction with the research objectives and
major research content, constructs an implementation plan for the study of integrated
energy utilization, conservation, production, and intelligent systems in TIZCB; and Section 7
summarizes the research conclusions of this paper.

2. Conceptual Definition

2.1. Zero-Carbon Buildings

ZCBs are developed based on low-carbon buildings and near-ZCBs are developed
based on low-carbon buildings, near-zero energy consumption buildings, and zero energy
consumption buildings. According to the World Green Building Council [29], a ZCB refers
to a building whose carbon emissions during the operation phase are ≤0, and the operating
energy comes entirely from renewable sources. Improving building energy efficiency
(reducing energy consumption) and optimizing building energy structure (a reduction in
fossil fuels and strengthening the application of renewable energy) are important ways to
reduce building carbon emissions. According to the announcement of the General Office
of the Ministry of Housing and Urban–Rural Development on soliciting public opinions
on the draft national standard “Zero Carbon Building Technology Standard (Draft for
Comments)”, a ZCB is one that adapts to climate characteristics and site conditions, reduces
building energy demand through optimized architectural design while meeting indoor
environmental parameters, improves the efficiency of energy equipment and systems, fully
utilizes renewable energy and building energy storage, and can combine carbon offset
methods such as carbon emission rights trading and green electricity trading on the basis
of achieving near-zero carbon buildings, in accordance with Article 3.2.5 or 8.4.7 of this
standard [30]. Combining domestic and foreign core definitions of ZCBs, it can be seen
that ZCBs advocate the technical principle of “passive priority, active optimization, and
balancing of renewable energy”, which aims to eliminate the fossil fuel component in
building energy consumption on the basis of reducing energy demand, and can be achieved
through the use of local and surrounding renewable energy applications exclusively for
their use, as well as financial mechanisms such as carbon trading and green electricity.

2.2. Tropical Island Architecture

Tropical island architecture design aims to adapt to the hot, humid, high-salt, and
high-UV tropical island climate environment, reflecting the regional culture and tropical
island cultural characteristics of Hainan architecture [31]. It emphasizes the integration
of architecture with the ecological environment and urban design, creating open spaces
that are accessible to the public through natural ventilation and lighting. At the same
time, it actively adopts new materials, technologies, and processes to design and construct
outstanding buildings with profound connotations, good functionality, and unique shapes.
In terms of China, the biggest difference between tropical island architecture and other
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architectural systems lies in the tropical island climate environment. To create assembly-
style buildings suitable for tropical island characteristics, the Hainan Provincial Department
of Housing and Urban–Rural Development and other departments jointly issued the
“Three Year Action Plan for the Development and Improvement of Prefabricated Buildings
(Green Buildings) in Hainan Province (2023–2025)”, which clearly proposes to build good
houses that are suitable for Hainan’s tropical climate and marine island characteristics [32].
It continuously carries out research on key technologies related to assembly-style buildings,
green buildings, ultra-low (near zero) energy consumption buildings, low-carbon (zero-
carbon) buildings, and other tropical building sciences under Hainan’s tropical marine
island environmental conditions. Therefore, this article is based on the tropical island
climate environment, rationally plans the comfortable and healthy energy demand of
tropical island architecture, actively adopts structural optimization design using enclosure
structure materials to promote energy conservation and carbon reduction, focuses on
utilizing Hainan’s abundant renewable energy sources such as solar heat to support the
building’s energy production capacity, and combines machine learning and multi-objective
optimization algorithms to enable continuous optimization during the operation phase of
tropical island architecture.

2.3. Tropical Island Zero-Carbon Buildings

According to the national dual carbon strategy and the requirements of Hainan’s clean
energy free trade island construction, it is still necessary to vigorously promote energy
conservation and carbon reduction in the construction industry for a considerable period
until reaching the peak carbon dioxide emissions by 2060. ZCBs, which have zero car-
bon emissions during their operation, are considered as the key focus for achieving the
dual carbon goals in the construction industry. By combining the concepts of ZCBs and
tropical island buildings, this article defines TIZCB as follows: adapting to the climatic
environmental characteristics of tropical islands, reflecting the regional culture of Hainan’s
architecture, and on the basis of maintaining indoor healthy and comfortable environment
energy demand, achieving building energy conservation through optimizing the design of
enclosure structure systems, making full use of renewable energy for building body pro-
duction capacity, and adopting integrated building design and intelligent control methods
to make TIZCB technically feasible and economically reasonable. Among them, energy
consumption is the foundation for creating a comfortable building environment; energy
conservation is the prerequisite for new building energy-conservation design, and ZCBs
are first and foremost green, low-carbon, and energy-conservation buildings; production
capacity is the key to achieving ZCBs; and intelligence is the means of using intelligent
methods for parameterized multi-objective regulation in integrated design, improving the
efficiency of energy equipment and systems.

2.4. TIZCB Technology System

A TIZCB is a new technology system. In the past, for new building systems, emphasis
was placed on technological research and innovation, while existing technology integration
and innovation were neglected. This approach failed to balance the principles of techno-
logical advancement, feasibility, and reasonable economic costs, hindering the sustainable
development of ZCBs. Analysis of ZCBs on tropical islands shows that they emphasize
energy-conservation and production capacity technology system integration, as well as the
prominent role of intelligent means in energy-conservation and carbon reduction during
the design phase. Therefore, under the premise that there is no uniform definition standard
for ZCBs at home and abroad, how to learn from foreign beneficial experiences, integrate
key technologies such as environmental control energy-conservation and carbon reduc-
tion, passive energy-conservation and carbon reduction, skin production capacity carbon
reduction, and system intelligence carbon reduction through quantitative evaluation and
design optimization during the design phase, so that the implementation plan of ZCBs is
technologically advanced and feasible, economically cost-effective, and thus establish a
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ZCB technology system suitable for the climatic environment characteristics and economic
development features of tropical islands, has become the key to the sustainable develop-
ment of TIZCB. On the basis of meeting the technical indicators of ZCBs, by adopting
low-carbon building materials, low-carbon structural forms, and material reduction design,
it is possible to achieve total carbon emissions of not more than zero during the building
operation process. The TIZCB technology system is shown in Table 1.

Table 1. TIZCB technology system.

Number Classification Main Technologies

1 Energy
Utilization Technology

Ground (water) source heat pump system, displacement ventilation system, radiant
cooling system, room personnel density and occupancy rate, electrical equipment
power density and utilization rate, lighting schedule, etc.

2 Energy Conservation
Technology

Exterior Wall Energy-Conservation Technologies: Wall composite technologies include
an internal insulation layer, an external insulation layer, and a sandwich insulation layer.
Door and Window Energy-Conservation Technologies: Double-glazed windows,
multi-layer glass, coated glass (including reflective glass, absorbent glass), high-strength
LOW2E fire-resistant glass (high-strength low-emissivity coated fire-resistant glass), and
glass with a metallized silver layer.
The airtightness of the building envelope.
Roof Energy-Conservation Technologies: Solar heat collecting roofs and controllable
ventilation roofs, etc.

3 Energy
Production Technology

Development and Utilization of New Energy: Solar water heaters, photovoltaic roof
panels, photovoltaic exterior wall panels, photovoltaic sun-shading panels, photovoltaic
window walls, photovoltaic skylights, photovoltaic glass curtain walls, etc.

4 Intelligent Technology

Machine Learning Prediction Technology: AdaBoost Regressor, Bagging Regressor, CAT
Boost Regressor, Decision Tree Regressor, Extral Tree Regressor, GBDT Regressor,
KNeighbors Regressor, Lasso Regressor, LGBM Regressor, Linear Regressor, LSTM
Regressor, Multilayer Perceptron Regressor, Random Forest Regressor, Support Vector
Machine Regressor, XGBoost Regressor, etc.
Intelligent Algorithm Optimization Technology: GA, NSGA-II, NSGA-III, etc.
Techno-economic evaluation: Cost–benefit analysis, cost-effectiveness analysis, return
on investment, net present value, internal rate of return, sensitivity analysis, risk
analysis, life cycle cost analysis, multi-criteria decision analysis, etc.

3. Theoretical Methodology

3.1. System Theory

A system is an organic whole composed of several interacting, interdependent, and
interconnected components that have specific functions. The system itself is also a part
of a larger system to which it belongs. System theory aims to explore and understand
the nature, structure, and behavior of systems, emphasizing the use of holistic thinking
to investigate the laws of things and using mathematical models to define, express, and
quantify the characteristics and functions of systems.

In the early 20th century, Ludwig von Bertalanffy, an Austrian biologist of American
nationality, was the founder of General Systems Theory (GST, 1968) [33]. He defined a
system as “a complex composed of several interacting elements”, thus defining the three
basic characteristics of purposefulness, dynamics, and orderliness of systems theory and
emphasizing the importance of system thinking [34]. Bertalanffy’s work inspired other
scholars, including Bertalanffy’s work inspired other scholars, including Talcott Parsons
and Niklas Luhmann, who applied systems theory to the study of social systems [35].
In the mid-20th century, ecologists Howard T. Odum and Eugene P. Odum introduced
system theory into the field of ecology, pioneering research in ecosystem ecology, energy
ecology, etc., and proposing the ecosystem theory [36]. Fritjof Capra combined systems
theory with ecology, physics, and philosophy at the end of the 20th century, proposing the
connection between ecology and science [37]. Peter Senge, on the other hand, proposed a
theory of organizational learning in the fields of organizational science and management,
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applying system thinking to organizational management [38]. Modern systems science has
promoted interdisciplinary research and the spread of systemic thinking in various fields,
while also facilitating interdisciplinary collaboration among different domains, including
engineering, ecology, sociology, management, and environmental science [39]. This helps
in understanding and addressing complex issues [40].

Overall, systems theory underscores the interdependent, interactive, and constraining
relationships between the whole and parts, among parts, and between the system itself
and its external environment. This facilitates the analysis of complex system behaviors,
optimization of system performance, and support for decision-making. Regarding the
technological system of ZCB systems theory allows for the building to be viewed at a macro-
level as an entity comprising distinct systems with different functional characteristics. This
approach involves two fundamental steps: system deconstruction and system integration.
System deconstruction entails dividing the building into various technical systems based on
different target functions, each characterized by distinct functionalities. System integration
then combines these technical systems into a building system that is highly cohesive and
loosely coupled.

3.2. Cybernetics

The basic idea of cybernetics is to achieve effective control and management of a
system by understanding the interactions between its various components. Its core concept
is circular causality or feedback, where the result of an action serves as input for further
actions. Cybernetics studies the state, function, behavior, and changing trends of systems,
revealing common control laws for different systems through stable control of systems.

Control theory originated in the 1940s, with early contributors including Norbert
Wiener, Warren McCulloch, Arturo Rosenblueth, etc. They promoted the formation of
control theory at events such as Macy Conferences. Control theory broke free from the
constraints of Newtonian classical mechanics and Laplacian mechanical determinism, using
new statistical theories to study various possibilities for system motion states, behavior
patterns, and changing trends [41]. The work of scholars like Jay Wright Forrester in
the field of system dynamics has provided significant support for the development of
cybernetics [42]. The concept of intelligent control emerged in the 1960s. With the in-
creasing uncertainty, high dimensionality, and nonlinearity of things [43], new methods
and technologies such as uncertain mathematical models and high-dimensional nonlinear
intelligent means have gradually gained prominence [44]. In the 1970s, new cybernetic
researchers such as Humberto Maturana proposed a new cybernetics that is more adaptable
to biological systems [45], guiding the evolution of the field. The application of economists
like Oskar Ryszard Lange in economic systems also provides a new perspective for the
expansion of cybernetics [46]. Control theory has a wide range of concerns [47], including
environmental, technological, biological, cognitive, and social systems [48], as well as
practical activities such as design, learning, management, and dialogue [49].

Overall, cybernetics provides a systematic approach to thinking and methodology
that aids in understanding and optimizing the comprehensive performance of building
systems. It allows for perception, learning, and adjustment at the micro-level, quantifying
the parametric design model of TIZCB systems. This forms the basis for the intelligent
control of building systems, aiming to achieve multi-objective optimization of various sys-
tems, thereby promoting innovation and optimization in architectural design. This involves
two fundamental steps: system quantification and system control. System quantification
involves characterizing and modeling the system parameters obtained from system de-
construction to reveal the quantitative laws of each system. System control, based on
understanding the operational laws of each system, adjusts the quantified parameters
within the system to achieve the optimization of system objectives.
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3.3. Synergetics

Synergetics is a discipline that studies the interaction and synergistic effects of systems.
Synergy refers to the collective effect produced by the interaction of subsystems in complex
systems. Synergetics believes that things are unified entities organized by many systems,
with complementary, collaborative, and coordinated relationships between subsystems. It
points out that the coupled evolution of natural systems and social systems from disorder
to order is the result of mutual influence, interaction, and constraint among the elements of
the system.

Synergetics, proposed by West German scientist Hermann Haken in the 1970s, empha-
sizes the generation of ordered structures and the issue of maintaining a constant supply
of energy within a system. It further addresses the challenge of how complex systems
transition from a state of disorder to order, facilitating the self-organizing evolution of
systems from disorder to order. This transformation allows for the realization of system
efficiency where 1 + 1 becomes greater than 2, transcending the conventional understanding
of 1 + 1 ≤ 2 [50]. After decades of integrated development, modern synergetics has evolved
from the “old trinity” of system theory, information theory, and dissipative structure the-
ory within general systems theory to the “new trinity” of self-organizing system analysis.
This progression has significantly advanced the theoretical foundations of self-organizing
systems. Architects and structural engineers, such as Richard Buckminster Fuller and
Marshall Applewhite, noted in “Synergetics: Explorations in the Geometry of Thinking”
that synergetics reveals the logical principles governing natural laws, and they applied
synergetic concepts in the field of architecture. The theoretical framework of synergetics
combines system dynamics with statistics, providing essential conceptual tools for the
study of the dynamic evolution of complex systems from micro- to macro-levels [51]. This
integration has accelerated the development of modern nonlinear science and systems
theory, highlighting synergetics as an intrinsic and essential force driving the internal
evolution and formation of new ordered structures within systems [52]. Synergetics has
laid the foundation for the study of ordered structures within various interdisciplinary
fields. It finds extensive application in the control processes of engineering and technologi-
cal systems [53], socio-economic systems [54], and ecological and environmental systems,
among other domains [55].

Overall, systems theory emphasizes the interactive relationships of mutual action,
influence, and constraint among systems, highlighting how coordinated coupling can
generate new system structures, offering an important cognitive tool for studying complex
system patterns. For the TIZCB systems, synergy theory explores the internal laws of sev-
eral building systems from both qualitative and quantitative perspectives at the meso-level.
This process involves two basic steps: system interaction and system coupling. System
interaction involves comparative analysis and preparatory integration of concepts and defi-
nitions among systems, representing a qualitative level of system study; system coupling
involves quantitative analysis and integrated optimization of models and relationships
following system interaction, representing a quantitative level of system exploration.

3.4. Overview of Theoretical Application

The method system and technical approach of system theory, synergy theory, and
control theory provide a new perspective for the deconstruction, integration, coupling,
interaction, and intelligent control of the enclosure structure system in TIZCB, as illustrated
in Figure 1.

Analyzing Figure 1, the interrelationship among these three methods is as follows:
(1) systems theory divides and integrates TIZCB into four systems; (2) synergetics facilitates
the interactive coupling of the four systems in TIZCB, which is crucial for technological
updates and cost reduction in TIZCB; and (3) cybernetics, through “Intelligent Technol-
ogy”, implements “Energy Utilization Technology”, “Energy Conservation Technology”,
and “Energy Production Technology” in TIZCB. Lastly, supporting the rest of the study
with these three theoretical methods indeed provides a solid theoretical foundation and
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practical significance, especially in offering significant guidance for the rational division of
building systems.

Figure 1. Overview of theoretical application.

4. Establishing a Theoretical Framework

4.1. Macroscopic System Decomposition and Integration

System theory, operating at the macro-level, conducts goal decomposition and sys-
tem integration for the technical system of ZCBs. Its objective is to approach the energy
conversion aspects such as energy utilization, conservation, and production, focusing on
energy-efficient comfort and the goals of new industrialization in building construction.
System theory perceives TIZCB as complex systems and systematically organizes the energy
utilization, conservation, production, and intelligent technology systems in these buildings.
This is achieved through defining functional objectives, analyzing complex systems, op-
timizing system feedback, and ultimately forming the macro-system decomposition and
integration of TIZCB, as illustrated in Figure 2.

Analyzing Figure 2, it is evident that the key to the decomposition and integration
of the macro-level technical system lies in goal identification and system integration. In
accordance with tropical island building regulations, climate characteristics, and constituent
elements, applicable technical systems for TIZCB are systematically outlined. Focusing
on the requirements of zero-carbon construction, energy-efficient comfort, and the goals
of new industrialization, the technical system for TIZCB is defined from the perspectives
of building energy flow and intelligent control. The identified four major goals for the
technical system of TIZCB are “precise energy utilization and carbon reduction at the
environmental control endpoints, passive energy conservation in the building envelope,
efficient energy production in the building shell, and intelligent coupling and control for
carbon reduction”. These goals are integrated into the four major systems of the technical
system for TIZCB, namely, the energy utilization system, energy conservation system,
energy production system, and intelligent system. Specifically, the energy utilization system
describes the basic energy consumption in creating a comfortable building environment,
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focusing on the energy planning of the building’s environmental control system. The
energy conservation system characterizes the integrated optimization design through the
building envelope, focusing on energy-conservation components such as walls, doors,
windows, and roofs. The energy production system depicts the utilization of renewable
energy technologies, particularly photovoltaic and solar-thermal integration, focusing
on the integrated energy-producing surface of walls, doors, windows, and roofs. The
intelligent system represents the use of intelligent methods for integrated design with
parameterized multi-objective control, achieving technically advanced and economically
reasonable integrated designs for energy planning, energy-conservation components, and
energy-producing surfaces.

Figure 2. Macro system decomposition and integration of TIZCB based on system theory.

Overall, decomposition and integration involve defining functional modules, ana-
lyzing complex systems, and optimizing system feedback to achieve energy-conservation
and green comfort in buildings. Through the analytical process of decomposition and
integration based on system theory, the technical system of TIZCB is viewed as a complex
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system. The functional goals of the TIZCB technical system are decomposed, and the four
major systems of “energy utilization, energy conservation, energy production, and intelli-
gent systems” are integrated. Therefore, it is crucial to recognize that while macro-level
decomposition and integration of the four systems of energy utilization, conservation, pro-
duction, and intelligent systems are essential, a micro-level understanding of the internal
influencing mechanisms of these systems is equally important. This micro-level analysis
forms the basis for exploring the mechanisms of TIZCB systems and is critical for achieving
the goals of energy-conservation comfort and new industrialization in TIZCB.

4.2. Microparameter Quantification and Regulation

Control theory, operating at the micro-level, involves quantifying and intelligently con-
trolling design parameters for ZCBs. This process constitutes the micro-level quantification
and regulation of parameters in TIZCB, as illustrated in Figure 3.

Figure 3. Microscopic parameter quantification and regulation of TIZCB based on cybernetics.
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From the analysis of Figure 3, it is evident that the key to micro-level quantification
and regulation lies in quantitative prediction and intelligent control. Its objective is to
quantitatively predict and intelligently control the design parameters of the energy uti-
lization, conservation, and production systems in TIZCB. Using machine learning models
from intelligent systems, the theory aims to reveal the impact mechanisms of variations in
design parameter combinations on building performance through quantitative simulation
results. Intelligent control of the energy utilization, conservation, and production systems
is achieved through multi-objective optimization algorithms. Based on the functional
goals of the energy utilization, conservation, and production intelligent system in TIZCB,
a model for quantifying design parameters of the energy utilization, conservation, and
production systems is constructed. Intelligent systems incorporating machine learning
and optimization algorithms are developed. Building upon this foundation, through quan-
titative simulation, performance prediction, and multi-objective optimization, the study
reveals the impact mechanisms of variations in design parameter combinations on building
performance. It explores the optimal combinations of design parameters for the energy uti-
lization, conservation, and production systems in TIZCB at the micro-level. The micro-level
quantification and regulation of design parameters determine the direction of modular,
parameterized, and intelligent optimization design for the energy utilization, conservation,
and production systems in TIZCB. This establishes the basic premise for studying the mech-
anism of energy utilization, conservation, and production intelligent systems and provides
specific implementation plans. Quantitative prediction focuses on predictive analysis of the
energy utilization, conservation, and production systems in TIZCB using machine learning
integrated models built by intelligent systems. Intelligent control, based on predictive
analysis, utilizes multi-objective intelligent optimization algorithms to optimize the energy
utilization, conservation, and production systems, achieving optimal performance in the
integrated design of energy planning, conservation components, and production surfaces
in TIZCB. Overall, quantification and regulation constitute the process of revealing system
regularities, exploring system mechanisms, and achieving optimal design parameter com-
binations for building performance. The process of quantification and regulation based
on control theory proposes a conceptual framework for quantifying design parameters
of the energy utilization, conservation, and production systems in TIZCB and constructs
an intelligent system prediction optimization method based on data-driven approaches.
Therefore, it is essential to recognize that, while decomposing and integrating the four
major systems at the macro-level and quantifying and regulating the impact mechanisms
at the micro-level, achieving the interaction and coupling of building systems and design
parameters at the meso-level is crucial. This is a prerequisite for the integration of energy
planning, conservation components, and production surface technologies and a key factor
in realizing the integrated design of TIZCB.

4.3. Interaction and Coupling of Mesoscopic Systems

Synergetics, operating at the mid-level, engages in model interaction and goal coupling
of TIZCB systems. Its aim is to, on the basis of model interaction in the energy utilization,
conservation, and production systems of TIZCB, employ intelligent systems for multi-
system quantified prediction and multi-objective control decision-making of the coupled
systems. This process utilizes the mid-level building system interaction and coupling
to link the macro-level technical systems and micro-level design parameters. Figure 4
illustrates the interaction and coupling of the mid-level system in TIZCB. The mid-level
interaction coupling generates a multi-system coupled quantification model, laying the
foundation for achieving the overall performance optimization goals of energy utilization
planning, energy-conservation components, and capacity-building skin at the macro-level.
This illustrates that mid-level interaction fusion of energy utilization, conservation, and
production systems has become a crucial link in connecting the macro and micro-levels.
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Figure 4. Intermediate interaction and coupling in TIZCB systems based on synergetics.

Analyzing Figure 4, it is evident that the key to mid-level interaction and coupling lies
in multi-system quantified prediction and multi-objective control decisions. Building upon
the macro-level decomposition of the four major goals, namely “precise energy reduction
in environmental control, passive energy reduction in envelope structure, efficient energy
reduction in building skin, and intelligent reduction in carbon through integrated control of
systems” and the integration of the four major systems, namely “energy utilization system,
energy-conservation system, capacity-building system, and intelligent system”, intelligent
systems with integrated learning models and optimization algorithms are utilized. This is
carried out for the quantified prediction and intelligent control of design parameters at the
micro-level of the energy utilization, conservation, and production system. Further, the
coupled systems of energy utilization, conservation, and production undergo multi-system
quantified prediction and multi-objective control decisions, thereby achieving the organic
unity of the technical system, building system, and design parameters in the intelligent
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system of TIZCB. The macro-level derivation and integration of the four major systems
provide a fundamental guideline for micro-level quantification and control.

Overall, interaction and coupling involve the interplay of system models and the
coupling of system goals, realizing the optimization of design parameter combinations for
the overall performance of TIZCB. Based on the analysis of the interaction and coupling
process using synergetics and building on research at the macro- and micro-levels, a
research path is proposed for the quantified prediction of multi-systems and the multi-
objective control decision-making of energy utilization, conservation, and production
in TIZCB. This forms the basis for the evaluation of intelligent system technology and
economic analysis in TIZCB. It is crucial to recognize that the overall performance of
TIZCB is not simply the sum of energy utilization, conservation, production, and intelligent
systems. Instead, it is the result of the mutual influence, interaction, and constraint of
each system. By exploring the optimal levels of each system, understanding the coupling
effects and principles of each system’s complex relationships, the overall energy and carbon
reduction in TIZCB can be effectively optimized.

4.4. Analysis of Intelligent Systems Based on Macro–Medium–Micro

To theoretically explore the mechanisms of energy utilization, conservation, produc-
tion, and intelligent systems in TIZCB and to summarize the research focus while eluci-
dating the research approach, this section employs system engineering theories such as
system theory, synergetics, and control theory. The analysis is conducted through processes
that involve macro-level goal decomposition and system integration, micro-level model
quantification and parameter control, and meso-level parameter interaction and system
coupling. The resulting framework, as illustrated in Figure 5, establishes a comprehensive
analysis structure for understanding the mechanisms of energy utilization, conservation,
production, and intelligent systems in TIZCB based on macro–meso–micro perspectives.

From the analysis of Figure 5, a horizontal perspective reveals the following: At the
macro-level, the four major goals of “precision energy utilization reduction, passive energy
conservation of enclosure structure, efficient energy production of building envelope, and
intelligent regulation for integrated control to reduce carbon emissions” are decomposed.
This results in the integration of the TIZCB technical system into four major systems: “en-
ergy utilization system, energy conservation system, production system, and intelligent
system”. At the micro-level, a quantitative model of design parameters for the “energy
utilization system, energy conservation system, and production system” is established. Ma-
chine learning and optimization algorithms from the “intelligent system” are then applied
to quantitatively predict and intelligently control the three major quantitative models of
energy utilization, conservation, and production systems. At the meso-level, interactions
occur among the “energy utilization system, energy conservation system, and production
system”, and coupling takes place among the “energy parameter, conservation parameter,
and production parameter” quantitative models. This achieves system quantification pre-
diction and multi-objective intelligent control of the coupled model of energy utilization,
conservation, and production through the “intelligent system” for technical evaluation and
economic analysis. From a vertical perspective, building upon the analysis of technical
system goals and system integration at the macro-level, the micro-level design parameter
quantification prediction and intelligent control are carried out. This achieves a direct
mapping from the macro to the micro-level, laying the foundation for the micro-level quan-
tification of macro goals. At the meso-level, using system interaction and goal coupling
as intermediaries, macro-level technical systems and micro-level design parameters are
interactively coupled and organically linked. This results in multi-system quantification
prediction and multi-objective intelligent control of energy utilization, conservation, and
production. Thus, the framework for analyzing TIZCB systems is established at multiple
levels, including macro, meso, and micro, encompassing multiple systems, and addressing
multiple objectives in terms of technical evaluation and economic analysis.
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Figure 5. Analysis framework of TIZCB systems based on macro–meso–micro perspectives.

Overall, the TIZCB system analysis framework based on macro–meso–micro perspec-
tives aims to provide a holistic, multi-level, multi-system, and multi-objective research
perspective from global to local and macro to micro. This framework assists in exploring
and understanding the parameterized model construction, influencing relationships, and
optimization analysis of energy utilization, conservation, production, and intelligent sys-
tems in TIZCB from various perspectives. It establishes a theoretical foundation for the
study of mechanisms in the energy utilization, conservation, production, and intelligent
systems of TIZCB.

5. Research Logical Framework

To support China’s dual-carbon strategy in the construction industry and the estab-
lishment of Hainan as a clean energy free trade island, this study addresses the current
challenges in TIZCB standards, including inconsistent definitions, incomplete technical
systems, and immature integrated applications. Focusing on the demands for energy con-
servation, comfort, and the new industrialization of buildings and considering the unique
climate characteristics of Hainan’s tropical island environment, this paper explores the
energy utilization, conservation, production, and intelligent systems in TIZCB. It employs
methods from systems engineering and parametric design technology to summarize and
address common issues such as “how to accurately establish quantitative models for system
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design parameters and building performance”, “how to finely investigate the relationships
between system design parameters and building performance”, and “how to dynamically
optimize system design parameters and building performance for comprehensive objec-
tives”. The study systematically distills the key scientific and technological problem of
“mechanisms and intelligent optimization methods for the energy utilization, conservation,
production, and intelligent systems in TIZCB”. The framework for theoretical analysis and
research entitled “Mechanisms of the Energy Utilization, Conservation, Production, and
Intelligent System in TIZCB” is established as a crucial component. Corresponding research
contents include “Mechanism of the Energy Utilization System in TIZCB”, “Mechanism
of the Energy Conservation System in TIZCB”, “Mechanism of the Production System in
TIZCB”, and “Mechanism of the Intelligent System in TIZCB”. These components col-
lectively contribute to the objectives of “establishing a quantitative model for the design
parameters of the energy utilization, conservation, production, and intelligent system in
TIZCB”, “achieving a quantitative analysis of the energy utilization, conservation, produc-
tion, and intelligent system in TIZCB”, and “optimizing the comprehensive objectives of the
energy utilization, conservation, production, and intelligent system in TIZCB”. The overall
research framework for the energy utilization, conservation, production, and intelligent
system in TIZCB is illustrated in Figure 6.

Figure 6. Comprehensive research approach for TIZCB.

6. Research Implementation Plan

6.1. TIZCB Energy Utilization System Mechanism Research Plan
6.1.1. Research Objectives

To survey and analyze the distribution characteristics of energy utilization parameters
in tropical island buildings and establish a parametric design reference model based on
the goals of TIZCB. Through quantitative simulation and sensitivity analysis of the energy
utilization system, reveal the impact relationships between variations in design parameter
combinations of the TIZCB energy utilization system islands and building performance.
Develop data-driven models for building performance prediction and multi-objective

91



Energies 2024, 17, 1339

optimization analysis, forming optimized combinations of design parameters for the energy
utilization system in TIZCB.

6.1.2. Main Contents

(1) Construction of a Parametric Model for the Energy Utilization System in TIZCB

First, based on tropical island building design standards and climate characteristics,
conduct research on design parameters such as personnel, equipment, HVAC systems,
lighting control, and ventilation strategies in the energy utilization system of TIZCB.
Then, utilize statistical analysis software to process research data, perform reliability and
validity tests, and employ methods such as descriptive statistics, correlation analysis,
and regression analysis to reveal the distribution patterns of design parameters in the
TIZCB energy utilization system. Finally, based on the characteristics of energy utilization
parameter distribution, select typical design parameters for the energy utilization system
and, with reference to tropical island building design standards, establish a parametric
design reference model based on the goals of TIZCB.

(2) Impact Relationships between the Design Parameters of the Energy Utilization System
and Building Performance in TIZCB

First, based on the distribution characteristics of energy utilization system design
parameters, use the Latin hypercube sampling (LHS) method to sample design parameters
for the energy utilization system in TIZCB. Generate parameterized design schemes suitable
for the batch input of IDF scripts in EnergyPlus and simulate the energy utilization system
in batches using the Jeplus plugin. Then, using quantitative tools such as histograms,
scatter plots, and standard regression coefficients, conduct correlation, determinacy, and
uncertainty analyses of energy utilization system design parameters. Finally, perform local
and global sensitivity analyses of energy utilization system design parameters based on
the R language, revealing the impact relationships between variations in design parameter
combinations of the TIZCB energy utilization system and building performance.

(3) Optimization Analysis of the Impact of the Design Parameters of the Energy Utiliza-
tion System on Building Performance in TIZCB

First, based on the characteristics of energy utilization parameters and building perfor-
mance indicators, select machine learning prediction models such as Bayesian regression,
ridge regression, linear regression, support vector machine regression, random forest re-
gression, and artificial neural networks. Construct a data-driven prediction and analysis
model for the TIZCB energy utilization system. Then, use metrics such as RMSE, MSE, SE,
MAPE, MAE, and NMSE to evaluate the model. Build multiple integrated models with
excellent performance and conduct predictive analyses of energy utilization parameters and
building performance. Finally, based on the predictive analysis, conduct multi-objective
analyses of building performance indicators using intelligent optimization algorithms,
forming optimized combinations of design parameters for the energy utilization system
in TIZCB.

6.2. TIZCB Energy Conservation System Mechanism Research Plan
6.2.1. Research Objectives

To survey and analyze the thermal parameters of building energy conservation systems
on tropical islands, establish a parametric design reference model based on the goals of
TIZCB. Through quantitative simulation and sensitivity analysis of the thermal parameters
of the energy conservation system, reveal the impact relationships between variations in
design parameter combinations of the TIZCB energy conservation system and building
performance. Under the guidance of thermal parameters, establish a material-structure
parametric design model, develop data-driven models for building performance prediction,
and form optimized combinations of design parameters for the energy conservation system
in TIZCB.
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6.2.2. Main Contents

(1) Construction of a Parametric Model for the Energy Conservation System in TIZCB

First, based on building design standards, climate characteristics, and energy utiliza-
tion habits on tropical islands, research thermal performance parameters such as window-
wall ratio, solar heat gain coefficient, and heat transfer coefficient. Then, use statistical
analysis software to process research data, perform reliability and validity tests, and em-
ploy methods such as descriptive statistics, correlation analysis, and regression analysis to
reveal the distribution patterns of thermal performance design parameters in the energy
conservation system. Finally, based on the characteristics of thermal parameter distribution,
select typical design parameters for the energy conservation system and, with reference to
tropical island building design standards, establish a parametric design reference model
based on the goals of TIZCB.

(2) Impact Relationships between Design Parameters of the Energy Conservation System
and Building Performance in TIZCB

First, based on the distribution characteristics of thermal parameters in the energy con-
servation system, use the Latin hypercube sampling (LHS) method for sampling. Generate
parameterized design schemes suitable for the batch input of IDF scripts in EnergyPlus
and simulate the thermal parameters of the energy conservation system in batches using
the Jeplus plugin. Then, using quantitative tools such as histograms, scatter plots, and
standard regression coefficients, conduct correlation, determinacy, and uncertainty analyses
of thermal design parameters in the energy conservation system. Finally, perform local
and global sensitivity analyses of thermal design parameters based on the R language,
revealing the impact relationships between variations in design parameter combinations of
the TIZCB energy conservation system and building performance.

(3) Optimization Analysis of the Impact of the Design Parameters of the Energy Conser-
vation System on Building Performance in TIZCB

First, under the guidance of thermal parameters, conduct batch simulations of mate-
rial performance (thermal conductivity, density, and specific heat) and structural system
(wall orientation, construction hierarchy, and material thickness) combination design pa-
rameters. Then, select machine learning prediction models such as Bayesian regression,
ridge regression, linear regression, support vector machine regression, and random forest
regression. Construct a data-driven prediction and analysis model for the TIZCB energy
conservation system. Use metrics such as RMSE, MSE, SE, MAPE, MAE, and NMSE to
evaluate the model. Build multiple integrated models with excellent performance and
conduct predictive analyses of thermal parameters and building performance. Finally,
based on the predictive analysis, conduct multi-objective analyses of building performance
indicators using intelligent optimization algorithms, forming optimized combinations of
design parameters for the energy conservation system in TIZCB.

6.3. TIZCB Production System Mechanism Research Plan
6.3.1. Research Objectives

To survey and analyze the distribution characteristics of building production parame-
ters on tropical islands, establish a parametric design reference model based on the goals of
TIZCB. Through quantitative simulation and sensitivity analysis of the production system,
reveal the impact relationships between variations in design parameter combinations of
the TIZCB production system and building performance. Develop data-driven models for
building performance prediction, and form optimized combinations of design parameters
for the production system in TIZCB.
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6.3.2. Main Contents

(1) Construction of a Parametric Model for the Production System in TIZCB

First, based on building design standards, climate characteristics, and energy utiliza-
tion habits on tropical islands, research design parameters such as photovoltaic–thermal
integrated walls, multifunctional photovoltaic windows, and photovoltaic–thermal in-
tegrated roofs. Then, use statistical analysis software to process research data, perform
reliability and validity tests, and employ methods such as descriptive statistics, correlation
analysis, and regression analysis to reveal the distribution patterns of design parameters
in the production system. Finally, based on the characteristics of production parameter
distribution, select typical design parameters for the production system and, with reference
to tropical island building design standards, establish a parametric design reference model
based on the goals of TIZCB.

(2) Impact Relationships between the Design Parameters of the Production System and
Building Performance in TIZCB

First, based on the distribution characteristics of design parameters in the production
system, use the Latin hypercube sampling (LHS) method for sampling. Generate parameter-
ized design schemes suitable for the batch input of IDF scripts in EnergyPlus and simulate
the production system in batches using the Jeplus plugin. Then, using quantitative tools
such as histograms, scatter plots, and standard regression coefficients, conduct correlation,
determinacy, and uncertainty analyses of design parameters in the production system.
Finally, perform local and global sensitivity analyses of design parameters based on the
R language, revealing the impact relationships between variations in design parameter
combinations of the TIZCB production system and building performance.

(3) Optimization Analysis of the Impact of the Design Parameters of the Production
System on Building Performance in TIZCB

First, based on the characteristics of production parameters and building performance
indicators, select machine learning prediction models such as Bayesian regression, ridge
regression, linear regression, support vector machine regression, random forest regression,
and artificial neural networks. Construct a data-driven prediction and analysis model
for the TIZCB production system. Then, use metrics such as RMSE, MSE, SE, MAPE,
MAE, and NMSE to evaluate the model. Build multiple integrated models with excellent
performance and conduct predictive analyses of production parameters and building
performance. Finally, based on the predictive analysis, conduct multi-objective analyses
of building performance indicators using intelligent optimization algorithms, forming
optimized combinations of design parameters for the production system in TIZCB.

6.4. TIZCB Intelligent System Mechanism Research Plan
6.4.1. Research Objectives

To interact and couple the design parameters of energy utilization, conservation, and
production systems to obtain the distribution characteristics of the intelligent system and
design parameters in TIZCB. Establish a parametric design reference model based on the
goals of TIZCB. Develop data-driven models for building performance prediction and
multi-objective optimization analysis, forming optimized combinations of design parame-
ters for the intelligent system in TIZCB. Under the premise of achieving the zero-carbon
operation goal of tropical island buildings, conduct an economic evaluation of the opti-
mized combinations of design parameters for the intelligent system, obtaining economically
reasonable design parameter combinations for the intelligent system in TIZCB.

6.4.2. Main Contents

(1) System-Coupled Parametric Modeling of the Intelligent System in TIZCB

First, interact the combined design schemes of the energy utilization, conservation, and
production systems in TIZCB. Form the intelligent system of TIZCB through the coupling
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of the energy utilization—conservation—production system. Then, outline the technical
solutions for the energy utilization planning, conservation components, and production
system integrated design technologies of the intelligent system. Obtain the distribution
characteristics of the design parameters of the intelligent system in TIZCB. Finally, based
on the distribution characteristics of intelligent system parameters, select typical design
parameters for the intelligent system and, with reference to tropical island building design
standards, establish a parametric design reference model based on the goals of TIZCB.

(2) Technical Evaluation-Based Optimization and Regulation of the Intelligent System
in TIZCB

First, based on the distribution characteristics of intelligent system design parameters,
use the Latin hypercube sampling (LHS) method to sample design parameters for the
intelligent system in TIZCB. Generate parameterized design schemes suitable for the
batch input of IDF scripts in EnergyPlus and simulate the intelligent system in batches
using the Jeplus plugin. Then, based on the distribution characteristics of intelligent
system parameters, select machine learning prediction models such as Bayesian regression,
ridge regression, linear regression, support vector machine regression, random forest
regression, and artificial neural networks. Construct a data-driven prediction and analysis
model for the TIZCB intelligent system. Use metrics such as RMSE, MSE, SE, MAPE,
MAE, and NMSE to evaluate the model. Build multiple integrated models with excellent
performance and conduct predictive analyses of intelligent system parameters and building
performance. Finally, based on the predictive analysis, conduct multi-objective analyses
of building performance indicators using intelligent optimization algorithms, forming
optimized combinations of design parameters for the intelligent system in TIZCB.

(3) Decision Assessment of the TIZCB Intelligent System Based on Economic Evaluation

Firstly, based on the optimization and control results of the intelligent system in TIZCB,
analyze the numerical relationship between energy utilization, energy conservation, and
production systems to obtain an integrated optimization scheme for achieving zero-carbon
operation of the building. Subsequently, apply the life cycle cost analysis method to evalu-
ate the initial investment, operational maintenance, energy conservation, and equipment
replacement costs of the integrated optimization scheme. Establish an economic decision
assessment model for the integrated optimization scheme. Finally, through sensitivity
analysis, identify and quantify uncertainties in economic evaluations, and formulate a tech-
nically advanced, feasible, and economically reasonable integrated optimization scheme
for the intelligent system design in TIZCB.

7. Conclusions

(1) This study defines TIZCB, achieving ZCBs during building operation by relying
entirely on renewable energy sources. It emphasizes the need for architectural design
to adapt to tropical climate conditions, integrate local culture, and utilize innovative
technologies and materials. A technical framework is proposed, focusing on energy
utilization, energy conservation, energy production, and intelligent technologies,
grounded in theories including system theory, control theory, and synergy theory.

(2) Using a macro–meso–micro analytical framework for TIZCB, this study outlines
the macro objectives and micro parameter controls of such systems. System theory
is employed for goal setting, control theory for parameter prediction, and synergy
theory for establishing system interactions, providing a foundation for practical design
and optimization.

(3) By integrating systems engineering theory and parametric design technology, this
research investigates the impact of design parameter models on the performance of
ZCBs. A theoretical framework is established covering energy utilization, energy
conservation, energy production, and intelligent systems, offering clear research
strategies for implementation.
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(4) Through meticulous planning, this study develops parameter models and data-driven
analysis for TIZCB, ensuring both zero-carbon operation and economic feasibility.
It provides a systematic framework and practical guidance to advance clean energy
development in Hainan and China’s dual-carbon strategy.

(5) The TIZCB proposed in this study achieves zero carbon emissions only during the
building operation phase. The next step is to advance TIZCB to further reduce carbon
emissions from a whole lifecycle perspective; on the other hand, the framework and
technical solutions proposed in this study still need to be validated in actual cases.
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Abstract: Australia, like many other countries around the world, is undergoing a transition toward
net zero emissions. It requires changes and development in many sectors, which not only bring
benefits but also challenges. The rapid growth in renewable energy sources (RESs) is necessary to
decarbonise electricity generation but negatively affects grid stability. Residential buildings also
contribute to this issue through specific load profiles and the high penetration of rooftop photovoltaic
(PV) installations. Maintaining grid balance will be crucial for further emissions reductions. One of
the potential solutions can be the replacement of conventional heating and cooling systems in houses
with solutions capable of storing energy and shifting the electrical load. As presented in this paper,
heat pumps and hydronic systems can significantly improve the electrical load of a typical South
Australian household when they are controlled by algorithms reacting to the current grid conditions
and household-generated electricity compared to conventional solutions. TRNSYS 18 simulations of
air source and ground source heat pump systems with smart control based on measured electricity
consumption and domestic hot water usage data showed the possibility of total energy consumption
reduction, shifting the load from peak periods towards periods of excessive RES generation and
increasing self-consumption of rooftop PV electricity. These improvements reduce the amount of
emissions generated by such a household and allow for further development of other sectors.

Keywords: net zero emissions; renewable energy; heat pump; hydronic system; smart grid; peak
demand; grid stability

1. Introduction

Australia fulfilled its 2020 carbon emissions plans and is on track to meet the 2050 goal
of reaching net zero emissions [1]. However, it requires multifield improvements. Among
the affected sectors is electricity generation, with a modelled reduction in emissions of up
to 97% compared to 2005 [1]. This is to be achieved mainly by an enormous increase in the
contribution of RESs. Another affected sector is Australian buildings, including residential
ones, which account for over 10% of Australia’s current carbon emissions [2]. These two
sectors are connected by the electrical grid, which also needs to undergo changes to adapt
to new, less carbon-emission-dependent realities.

Most Australian residences are connected to the grid operated by the Australian En-
ergy Market Operator (AEMO). The Australian National Electricity Market (NEM) is one
of the longest interconnected electricity grids in the world (about 5000 km), covering six
out of eight Australian states (Queensland, New South Wales, Australian Capital Territory,
Victoria, South Australia and Tasmania) [3]. AEMO allows for trading and exchanging
energy between regions to meet the demand in every part of the grid. AEMO is also
responsible for demand prediction and maintaining the necessary level of reserves [4].
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However, these tasks are becoming more and more difficult due to reasons such as the in-
creasing penetration of RESs and the peak demand phenomenon. According to ENERGEIA
forecasts, issues such as instabilities in demand and complexity of electricity generation
control will become more challenging in the following decades [5].

Grid stability is a cornerstone of a well-functioning electrical power system, which
is indispensable in modern society. An imbalance between electricity generation and
demand can lead to voltage and frequency deviations, potentially causing equipment
damage and disruptions in the power supply. Moreover, grid instability can result in
blackouts or brownouts, negatively impacting both residential and industrial consumers.
Australia is currently confronted with issues related to grid instability, and the problem is
likely to worsen [6]. This contradicts one of the key principles of Australia’s Long-Term
Emissions Reduction Plan, which mentions providing reliable power [1]. Therefore, the
implementation of increased grid-preserving technologies is required.

1.1. Residential Electrical Load

The residential sector is a significant contributor to grid stress [7]. Specific consump-
tion profiles and increasing decentralised electricity generation cause demand and supply
instability. These problems also concern the Australian National Grid. One of the con-
tributors to grid imbalance is the high penetration of rooftop PV systems, which causes
excess and uncontrollable generation. Australia is the world leader in rooftop PV systems,
and around 35% of Australian households have installed a solar PV system, with states
such as Queensland and South Australia reaching the level of about 45% [8]. The other
contributor is a fluctuating load of heating and cooling devices due to weather conditions
and residents’ behaviour patterns. The number of small and medium reverse-cycle air
conditioners, which are typical for the residential market, is increasing [9]. This creates
additional load, especially during extreme weather events. This trend is likely to con-
tinue due to decarbonisation and electrification of heating [10] and increasing cooling and
dehumidification demand [11].

Therefore, many research considerations are focused on improvements in energy
consumption in the housing sector. Most proposed solutions are concerned with increasing
rooftop PV generation self-consumption and demand-response programs. The desirable
result would be shifting the load from peak hours to periods with the highest PV generation.
This would help to utilise carbon emission-free energy instead of other energy sources,
including fossil-based generators. As the major contributors to household energy consump-
tion, space conditioning and water heating [8] are the main factors affecting the residential
electricity load profile. Therefore, many researchers have investigated the possibility of
adapting air conditioners and domestic hot water (DHW) heaters in the smart grid to
address the demand response in Australia.

1.2. Current Solutions

The factors mentioned above necessitate the introduction of new solutions, such as
smart management. The smart grid allows for detecting and reacting to changes in electric-
ity demand and fluctuations in RES output using a digital communication network [12].
All the receivers and generators are connected to the network and monitored in real time,
and if necessary, the grid operator can introduce appropriate actions. Smart management
is based on the Internet of Things (IoT) concept, which relies on interconnections of various
devices and objects over the global network to allow them to exchange data and interact all
the time [13]. Therefore, the IoT opens new possibilities for measuring, understanding, and
controlling more and more complex demand and supply phenomena.

Numerous research programs have proved that IoT has great potential in managing
residential peak demand [13–15]. Australia has already implemented or is still imple-
menting IoT and smart management solutions, beginning from the most basic, such as
controlled load. This is a separate circuit powering large receivers, such as hot water
heaters or pool filtration and heat pump systems, which is only activated during off-peak
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hours [16]. Another more complex and flexible solution is remote limiting or turning off
large devices if the grid struggles with too high demand. An example of this system is
the PeakSmart air conditioning program, where consumers agree to add a remote control
to their air conditioners in exchange for a reward. If the grid experiences unusually high
peak demand, the AC unit output can be limited, or the device can be completely turned
off until the peak drops [17]. Finally, some programs analyse the entire household’s
energy consumption and production and suggest when is the best time to use electric
appliances or when it is desired not to use them. An example of this solution is granted
by the SA government EmberPuls program [18]. It offers energy usage and production
analysis, operation cost optimisation suggestions, and remote control of various electric
circuits (appliances) in a household.

Unfortunately, most of these solutions have a major disadvantage. They require
changes in the behaviour patterns of users and affect their comfort. This is especially
noticeable when controlling AC load. Residential AC is one of the major contributors
to peak demand events, particularly on extremely hot or cold days [19]. Therefore, the
demand-response programs usually limit AC load when it is the most needed. Due to the
low heat capacity of air, the lack of air conditioning is quickly apparent, causing aversion
to these types of programs among the population.

Another approach to stabilise residential electrical load is transitioning towards the
self-consumption of energy produced from a rooftop PV system proposed in many stud-
ies [20–22]. The considerations contain conclusions indicating financial (reducing bills),
technical (decreasing grid load), and environmental (reduced carbon emission) benefits.
However, they also mention the need to have batteries to store energy. Due to variability in
PV generation that does not coincide with residential electricity demand, it is necessary to
store exceeded energy to be able to use it later. Therefore, instead of pushing electricity to
the grid during midday and contributing to afternoon peak demand, charging batteries
while the generation is too high to use stored energy later would be more desirable.

Nevertheless, some researchers warn against the limited lifetime, dangerous materials
used for production, energy-consuming production, and costly recycling of batteries, and
they suggest considering other solutions to store energy [22]. This fact should be taken into
account to mitigate environmental or health problems. Another issue causing a hurdle for
battery storage adoption is the cost of the system, which is still high.

1.3. Heat Pumps in Grid Stabilisation

Heat pumps are also refrigeration devices, such as AC. However, they require a
hydronic system to transfer heat energy. Hydronic systems use water as an additional
medium to distribute thermal energy in the building. There are two types of residential
heat pumps. An air source heat pump (ASHP), similar to AC, uses outside air as one of the
reservoirs, whereas a ground source heat pump (GSHP) uses the ground to collect or dump
heat [23]. Hydronic systems are also found in many variants. The most common solutions
for heating are hydronic underfloor heating (HUFH) and radiators, whereas a hydronic
fan coil unit allows for both heating and cooling. The hydronic system can also prepare
DHW. An additional heat exchanger is necessary for this task because a hydronic system
is a closed circuit and cannot mix with drinking water. For domestic applications, this is
usually a DHW tank with a coil inside, which is heated by circulating hydronic system
water. Another common part of the system is a buffer tank, which, among other tasks,
allows for the accumulation of thermal energy. Therefore, it is often named as thermal
energy storage (TES). It also allows for the separation of a heat pump from the space
conditioning system. Thanks to that, both parts of the system can work independently, as
long as the water temperature in the buffer tank is in the operating range of a heat pump
and still allows for conditioning (is colder or warmer than the conditioned space).

Storage ability and independent heat pump and distribution system operation are
desirable for smart grid management [24]. It allows for controlling the heat pump output
without disturbing the indoor temperature, maintaining constant thermal comfort [24].
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According to simulations from Spain [25], heat pumps can provide heat reserve during
electricity overproduction time, consuming problematic surplus. A hydronic system can
accumulate it, delivering only the required heat to the conditioned rooms. Moreover, a heat
pump can be turned off, or its output can be tempered, during peak hours, reducing the grid
load while the building is still conditioned by energy stored in water. Therefore, hydronic
systems with heat pumps would be much more suitable for stabilising the residential load
than conventional solutions. Heat pumps with TESs tend to affect users’ comfort much
less than AC when their load is adjusted to the current grid needs. They also do not use as
many dangerous and environmentally affecting materials as battery systems.

The importance of heat pumps in smart grid management has been studied in numer-
ous research works, which can be categorised into three groups regarding the approach:
grid-focused, price-focused, and renewable-energy-focused [24]. An example of grid-
focused research is presented in a study from Germany that explores the high penetration
of PV with and without heat pump integration [26]. The results show fewer critical grid
parameters under high penetration of heat pumps. A study from Denmark, in turn, aims
at the dynamic pricing of electricity, which corresponds to the grid’s conditions [27]. This
type monitors the current electricity price, which reflects the supply–demand ratio. When
there is too much supply, the price is low to encourage customers to use more energy.
When the grid suffers from insufficient generation, the price rises to promote a reduction in
consumption. Heat pumps under price-reacting management helped to keep the grid under
grid load limits even during critical scenarios. Continuing, the problem with increasing
fluctuations in Ireland’s grid caused by the growing penetration of wind power resulted
in an investigation of electrification of residential heating as a solution [28]. According to
the results, 20% of national domestic heat demand delivered by heat pumps with thermal
storage would add only 3% CO2 emissions by the electricity sector, simultaneously decreas-
ing much more pollution from fuel burning. Moreover, storage allows for reducing peak
demand and influences the flattening load profile. These research projects, mainly from
Europe and the U.S., demonstrate that hydronic heating and cooling systems based on heat
pumps have a huge potential for application as a tool in smart grid management.

Unfortunately, heat pumps and hydronic systems are not popular in Australia due to
the lack of awareness among builders and house owners, the complexity of the system, and
higher than conventional system investment costs. Therefore, their potential for stabilising
the Australian grid has not been adequately investigated. One of the few studies was
conducted at RMIT University in Melbourne, where the authors analysed the usage of an
air source heat pump and thermal storage to deliver DHW, heating, and cooling while
utilising rooftop PV energy and decreasing peak loads [29,30]. The simulations conducted
for a representative Australian house located in Brisbane and equipped with a 5 kW PV
installation showed 76% potential to reduce annual grid load compared with a system
without thermal storage. Moreover, the results showed the potential to decrease peak load
by approximately 45% and increase solar energy self-consumption to 56%. Nevertheless,
the study had some limitations. First of all, the model only took rooftop PV generation
into consideration and did not react to grid conditions. Secondly, the model used very
simplified occupancy and behaviour patterns. Lastly, the air source heat pump used in
their model is typical for commercial installations, not residential systems.

Therefore, it has been decided to investigate the potential of hydronic heat pump sys-
tems with smart management in flattening the residential electrical demand and generation,
which will be crucial in the ongoing transition towards net zero carbon emission. The study
presented in this paper focused on analysing the impact of such systems in a typical South
Australian household compared to conventional solutions.

2. Study

The major part of the study was designing and conducting TRNSYS simulations.
Their goal was to allow a comparison of electricity consumption profiles in a typical South
Australian household between a conventional system with reverse-cycle air conditioning
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coupled with an electric water heater and a hydronic heat pump system for space condi-
tioning and DHW preparation. Two heat pump types were investigated: ASHP and GSHP.
Heat pump operation was controlled by a standard or a smart control strategy. The second
one focused on adjusting heat pump output to the current grid condition and surplus PV
generation. The current grid conditions were determined based on the wholesale electricity
price. The simulations were performed for the Adelaide location for a year’s duration. The
TRNSYS timestep was set to 1 min to ensure high accuracy of the calculations. However,
input and result data timesteps were set to 30 min. Any later-mentioned timesteps refer to
30 min intervals.

2.1. TRNSYS Model and Input Data

The study was based on the electricity consumption and PV generation load of dozens
of Adelaide households measured by the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) [31]. Monitoring was conducted from 2012 to 2017. The averaged
data from 39 households was collected from various circuits with a 30 min resolution. Due
to the significant drop in the number of households participating in the program in the
second half of 2017, it was decided to use data from 2016. Table 1 presents the electricity
consumption and generation used in the study. Due to the size of the data, the table
contains only total annual values for PV generation, AC load, and remaining load. The
remaining load is a sum of all other circuits, excluding AC and DHW. DHW load was
excluded due to the fact that some of the houses were equipped with a gas DHW heater,
which could distort the results.

Table 1. Total annual load of a typical South Australian household from CSIRO study.

Load Type Usage

PV Load 1264.7 kWh
AC Load 835.5 kWh

Remaining Load 2524.6 kWh

An AC electricity load constituted the consumption of the conventional space con-
ditioning system for the rest of the study. Similar to the previously presented case for
Queensland [32], the electric load was used to calculate a typical household space condi-
tioning thermal load. The electricity consumption of the reverse-cycle air conditioning unit
and its thermal energy capacity are relative to indoor and outdoor conditions. Knowing
the electricity power P and using a coefficient of performance at specific outdoor tempera-
tures COPT of the popular middle-range split air conditioner series [33], it was possible to
estimate the thermal load Q produced by the AC using the equation below:

Q = COPT ·P (1)

The required weather data for the analysed year were acquired from Meteostat [34],
while indoor conditions were assumed to be constant: 24 ◦C and 55% relative humidity for
the cooling season and 21 ◦C for the heating season. Another assumption was that days
with a mean ambient temperature <18 ◦C were heating days, and ≥18 ◦C were cooling
days. This process allowed for the creation of house heating and cooling loads, which are
affected not only by weather conditions and building properties but also by behaviour
patterns and user preferences. The peak cooling load reached 5 kW, while the peak heating
load was 2.8 kW. The loads are relatively low. However, it needs to be remembered that
this is an average load of 39 households.

As explained earlier, a DHW load for the conventional solution had to be produced.
The measured data from another study allowed for the preparation of a daily DHW usage
profile [35] to represent typical household usage accurately. This load was then loaded
to a simple TRNSYS simulation of a 200l electric water heater to create an electricity
consumption profile of conventional DHW heating.
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The TRNSYS model of a hydronic system was composed of the following components:

• ASHP with implemented weather data or GSHP with implemented GHX model;
• 200l DHW tank with outlet equipped with a tempering valve set to 50 ◦C;
• 350l TES for cooling;
• 250l TES for heating;
• Pumps, piping, and valves;
• DHW, heating and cooling circuits imposing load;
• Control system components.

Performance data of the heat pumps were modelled based on real devices avail-
able locally or in nearby markets. The GSHP was modelled according to Ecoforest
ecoGEO+ 1–9 [36] performance. The TRNSYS ground source heat pump component is
single-speed. Therefore, only data for the maximum output was considered. However,
due to the capacity of GSHP significantly exceeding the peak loads, 60% of heating and
cooling outputs were assumed, reaching 6.54 kW for both. Electricity power was accord-
ingly adjusted. The GSHP was connected to a 110 m vertical ground heat exchanger.
The model of the ASHP was based on the performance of a Mitsubishi Electric PUHZ-
SHW 80VAA/YAA [37]. Similar to the GSHP, the TRNSYS component from the ASHP
is single-speed. However, the performance of the ASHP is highly dependent on the
outdoor temperature, and therefore, most typical residential devices are variable-speed.
To mirror this for cooling, the performance data for various outdoor temperatures are
modelled for different compressor speeds; the hotter the ambient temperature, the higher
the compressor speed used. Due to the heating load being significantly lower than the
cooling, only the middle compressor speed was used. As previously for the GSHP, the
output was scaled to match the household space conditioning load. This time, it was 80%
of the capacity, which reached 5.12 kW for heating and 5.68 kW for cooling. TES tank
sizes were determined using Equation (2), recommended by various manufacturers [38],
and rounded to the nearest commonly available sizes.

VTES = 81.54 + 53.8·Qmax (2)

The model’s operation principle is that the heat pump provides heating or cooling to
one of the tanks. For space conditioning, it is a TES heating or a TES cooling tank, while
the hot water system is a DHW tank. The tanks’ temperatures are maintained according
to the strategy further described and kept within the hysteresis sets. Discharging of the
tanks is then conducted by another circuit connected to each of them. This allows for the
independent operation of the heat pump and DHW, as well as heating and cooling circuits.
All of the main components are presented in Figure 1.

2.2. Electricity Trading Price as a Grid Condition Indicator

The model required an indicator of whether the grid is well balanced or if it suffers
from overgeneration or insufficient generation. Electricity trading prices are a good index
of the grid condition. The price drops when the electricity demand is low, or generation is
too high. Meanwhile, high demand or insufficient generation makes the prices rise. The
Australian Energy Market Operator (AEMO) shares and archives the electricity trading
prices and total demand on its website [39]. The data were acquired and processed to meet
the model’s needs. It was necessary for the model to use the price for 2016 to ensure that
all of the inputs (energy consumption and generation, weather data, and electricity price)
aligned and presented the same events, such as peak load periods during hot days. The
price was divided into five categories, with the lowest referring to extreme overgeneration
and the highest referring to extreme peak demand. The price ranges for each category are
presented in Table 2.
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Figure 1. TRNSYS model of the hydronic system based on ASHP.

Table 2. SA electricity price in AUD/MWh divided into five categories

Category 1 2 3 4 5

Mean Δ% <−50% <−25% Mean ≥25% ≥50%
Price AUD 40.29 AUD 60.44 AUD 80.59 AUD 100.74 AUD 120.88

2.3. Control Strategies

Control strategies were based on the systems typical in residential heat pumps. The
heat pump prioritises DHW preparation over space conditioning. Therefore, whenever
DHW aquastat calls DHW tank heating, the heat pump is turned on or switched from
another mode and starts domestic hot water tank heating until the aquastat is satisfied.
When the DHW tank temperature is satisfied, the heat pump can switch to supply TES
heating or TES cooling tanks. Both TES tanks’ temperatures are maintained according to
the weather compensation (heating and cooling curves). This allows for adjustment of the
temperature in the TES tanks according to the outdoor temperature. Weather compensation
is commonly used in this type of system to increase efficiency [40].

2.3.1. Standard Control Strategy

A standard control strategy was created to allow a direct comparison between a
conventional and a hydronic system. This strategy does not include any components
focused on matching the grid needs or increasing the self-consumption of household-
generated PV electricity. This step also allowed for the determination of whether any
positive or negative impact on the grid was due to hydronic system properties or
smart strategies.

This control strategy assumes a fixed DHW tank temperature of 57 ◦C with 6 ◦C
hysteresis. The weather compensation curve for cooling was created in such a way that
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for the hottest timestep of the analysed year, the TES cooling temperature was 7 ◦C. When
the outdoor temperature reaches 18 ◦C, which is the cooling and heating mode boundary
value, the TES cooling temperature is 18 ◦C. It was assumed that the system was equipped
with a hydronic fan coil with a cooling capacity for 7 ◦C entering water temperature, which
exceeds the peak cooling load by 25%. It turned out that a linear characteristic was not
sufficient to provide enough cooling capacity in the middle of the range. Therefore, an
additional point was added to create a quadratic characteristic.

The heating curve was created using the same methodology. For the coldest timestep,
the TES heating tank is heated to 45 ◦C, whereas for 18 ◦C outdoor, the tank temperature
set is 30 ◦C. For simplification purposes, it was assumed that the heating system uses the
same hydronic fan coil as for cooling. In this case, a linear characteristic turned out to be
sufficient. Weather compensation for heating and cooling are presented in Figure 2. Both
aquastats for TES tanks were also programmed to work with 2 ◦C hysteresis.
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Figure 2. Weather compensation for (a) cooling and (b) heating.

2.3.2. Smart Control Strategy (Price Only)

A smart control strategy was created based on a standard control strategy. The
first version of smart control used only price categories to shift the electricity load
from periods with high prices to periods with low prices. This was achieved thanks to
an algorithm that adjusted weather compensation sets according to the current price
category. For categories 1 and 2 (low price), the standard TES cooling temperature
(TESCST) was replaced by a new, lower smart TES cooling set (TESCSMART). Accordingly,
a similar procedure was conducted for the standard TES heating temperature (TESHST),
which was raised to the new smart TES heating (TESHSMART). Thanks to these actions,
the heat pump increases energy usage and charges storage tanks. Opposite operations
are conducted for timesteps with categories 4 and 5. Lifted sets for cooling and dropped
sets for heating cause the heat pump to work less or not at all during these periods,
resulting in space conditioning being supplied from TES tanks. For category 3 the
algorithm checks four previous timesteps (2 h). If there is at least one timestep with
category 1 or 2, the raised (for heating) or lowered (for cooling) temperatures in TES
tanks are maintained. If the lowest price category is category 3, the sets are returned
to values from the standard control strategy. If tanks have any surplus thermal energy
stored, return to standard sets is conducted slowly. For any other scenario, the standard
sets remain unchanged. Hysteresis for both TES tank aquastats was changed to 1 ◦C
to ensure a quick reaction to the changes. Figure 3 presents the entire algorithm with
details on values and limits.
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Figure 3. Smart control strategy (price only) algorithm.
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In addition to adjustments to the TES tanks’ temperatures, the algorithm also changes
the DHW tank’s temperatures. The compensation values for each price category are
presented in Table 3.

Table 3. Smart control temperature compensation for DHW.

Price Category 1 2 3 4 5

DHWSMART +4 ◦C +1 ◦C - −5 ◦C −7 ◦C

2.3.3. Smart Control Strategy (Price and PV)

Energy consumption from simulations of hydronic systems with the price only strategy
was added to the remaining circuits measured in the CSIRO study for each timestep. It
created the electric demand profile of the entire household. Then, PV generation was
deducted from this load, creating an electricity import and export profile. If the balance
was negative (electricity export), tank temperatures were again adjusted. It was conducted
only for timesteps with categories 1 and 2 according to the equations below:

TESCPV = MIN(TES CSMART , PreviousTESCPV)− |Ee|·COPavC
Cp·VTESC

(3)

TESHPV = MAX(TES HSMART , PreviousTESHPV) +
|Ee|·COPavH

Cp·VTESH
(4)

DHWPV = DHWSMART +
|Ee|·COPavDHW

Cp·VDHW
(5)

where Ee is electricity export from the household, COPav is the annual average COP for
the task from the smart strategy (price only) simulations, Cp is the specific heat of water
(0.00116 kWh/(kg·K)), and V is a volume of the tank. This forces the heat pump to work
during periods of overgeneration using surplus energy and charging tanks. Because this
algorithm affects the timesteps with price categories 1 and 2, the excessive load is only
consumed when the grid already suffers from overgeneration. Other categories are not
subjected to the algorithm. Therefore, the household would still contribute to the grid
supply when it is beneficial. The adjusted smart control strategy (price and PV) sets were
imported to the TRNSYS model, and simulations for the last scenario were conducted.
Table 4 presents a short summary of all cases.

Table 4. Summary of analysed scenarios.

System Description

Conventional AC electricity load from CSIRO study and DHW electricity load simulated in TRNSYS.

ASHP Standard The electricity load of space conditioning and DHW heating simulated in the TRNSYS model of
an ASHP with standard control strategy based on typical heat pump operation.

ASHP Smart (Price Only) The electricity load of space conditioning and DHW heating simulated in the TRNSYS model of
an ASHP with smart control strategy reacting to wholesale electricity prices.

ASHP Smart (Price + PV) The electricity load of space conditioning and DHW heating simulated in the TRNSYS model of
an ASHP with smart control strategy reacting to wholesale electricity prices and PV generation.

GSHP Standard The electricity load of space conditioning and DHW heating simulated in the TRNSYS model of a
GSHP with standard control strategy based on typical heat pump operation.

GSHP Smart (Price Only) The electricity load of space conditioning and DHW heating simulated in the TRNSYS model of a
GSHP with smart control strategy reacting to wholesale electricity prices.

GSHP Smart (Price + PV) The electricity load of space conditioning and DHW heating simulated in the TRNSYS model of a
GSHP with smart control strategy reacting to wholesale electricity prices and PV generation.
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3. Results

3.1. Total Energy Consumption and Average COP

The first analysed outcomes of the study are total energy consumption and average
annual COP for each task and scenario. The simulation outcomes are presented in Table 5.

Table 5. Annual total energy consumption and COP for each task and scenario.

System DHW Cooling Heating Total

Conventional 931 kWh
1

358 kWh
4.67

478 kWh
4.18 1766 kWh

ASHP Standard 356 kWh
3.41

374 kWh
4.86

387 kWh
5.28 1117 kWh

ASHP Smart
(Price Only)

389 kWh
3.23

400 kWh
4.68

404 kWh
5.12 1192 kWh

ASHP Smart
(Price + PV)

386 kWh
3.25

403 kWh
4.66

418 kWh
5.02 1206 kWh

GSHP Standard 400 kWh
3.03

291 kWh
6.14

363 kWh
5.56 1055 kWh

GSHP Smart
(Price Only)

439 kWh
2.86

326 kWh
5.73

376 kWh
5.50 1141 kWh

GSHP Smart
(Price + PV)

440 kWh
2.85

330 kWh
5.69

397 kWh
5.28 1167 kWh

All hydronic heating scenarios turned out to be much more efficient than conventional
systems, reaching at least a 31.7% annual energy consumption reduction, mostly due to
a higher COP for DHW preparation of heat pump systems. The GSHP systems were the
most efficient in cooling and heating among all of the analysed options, using 18.6% and
23.9% less energy than conventional air conditioning for these tasks while working with
a standard control strategy. The ASHP system with standard control used slightly more
energy for cooling than AC, however, reaching a higher COP. This means that the ASHP
transferred more thermal energy than the conventional system. Whereas for heating, the
ASHP was more energy-conservative and reached a significantly higher COP than AC. It
was also the most efficient way of preparing the DHW.

Both smart control strategies increased the energy consumption of hydronic systems.
The lower COP is a result of forcing the heat pump systems to work in less favourable
conditions, raising the water temperature for heating tasks and a decrease in cooling. Other
contributors to increased energy consumption are higher tank heat loss and the fact that
additional thermal energy in TES tanks could not be utilised and was wasted.

Looking only at total annual energy consumption, it can be said that hydronic systems
are a good replacement for conventional solutions; however, smart control makes these
systems less efficient. Nevertheless, the smart control strategy was not designed to decrease
energy usage but to control the time when it occurs.

3.2. Space Conditioning and DHW Load Distribution

The energy consumption of the analysed systems was measured for each price category,
and the results are presented in Figure 4.

There are no significant differences in the percentage load distribution for each price
category of conventional and hydronic systems with standard control. However, hydronic
systems with standard control systems used noticeably less energy in each price category
than conventional AC and DHW heating. This means that hydronic systems can increase
overall household efficiency. However, they do not bring any major help in stabilising the
load. It is true that the system uses less energy during peak hours, but it also uses less
energy during off-peak periods, making RES overgeneration even more problematic.
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                   (a)                                                 (b) 

Figure 4. Space conditioning and DHW heating energy consumption in each category: (a) percentage;
(b) total.

The smart control strategy caused hydronic systems to use around half of the elec-
tricity during price category 1 (ASHP 46–47%, GSHP 50%). The load distribution for the
other categories dropped compared to conventional and hydronic standard systems. The
largest decrease was noted in category 5. The electricity consumption in category 5 was
halved compared to the standard control strategy and reduced by a third compared to the
conventional system. The load in category 4 was also reduced. However, the change was
not as radical. Categories 2 and 3 showed slightly less kWh usage using the smart strategy.
Most of the load was shifted to category 1, where smart hydronic systems used even more
energy than the conventional solution.

This means that even though a smart control strategy causes the hydronic system to
use more energy, the consumption distribution is more favourable. The algorithm allowed
the system to shift most of the load from categories 4 and 5 to category 1. Therefore, the
household would contribute less to peak events and help utilise clean RES energy during
periods of high generation.

3.3. Household Self-Consumption and Self-Sufficiency Levels

Another part of the analysis was to investigate the impact of hydronic systems on the
utilisation of household-generated PV energy. For this purpose, self-consumption (SC) and
self-sufficiency (SS) levels were calculated using Equations (6) and (7), where GT is total
generation, CT is total consumption, ExpT is total export, and ImpT is total import. CT is the
sum of AC, DHW, and the remaining loads. The results are presented in Table 6.

SC =
GT − ExpT

GT
(6)

SS =
CT − ImpT

CT
(7)
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Table 6. Household PV self-consumption and self-sufficiency levels.

System SC SS

Conventional 79.7% 23.5%

ASHP Standard 75.0% 26.1%
ASHP Smart (Price Only) 76.5% 26.0%
ASHP Smart (Price + PV) 81.2% 27.5%

GSHP Standard 75.4% 26.7%
GSHP Smart (Price Only) 76.1% 26.3%
GSHP Smart (Price + PV) 81.1% 27.8%

Due to the fact that hydronic systems use less electricity than conventional systems,
SC levels of PV generation for the standard and smart (price only) strategies decreased.
However, the smart (price + PV) algorithm allowed for an increase in self-consumption
to slightly over 81%, which is over one percentage point more than the result with the
conventional system. So this solution not only helped reduce electricity consumption but
also increased the utilisation of household-generated energy. This is confirmed by the
highest self-sufficiency levels for both heat pumps with such a control system. Despite that,
the system based on the GSHP reached a slightly lower level of SC than the ASHP; the
overall balance in household self-sufficiency for this heat pump was the greatest among all
of the analysed cases. This was caused by lower energy consumption and a higher COP
of the system during overproduction periods. The highest PV generation usually occurs
at the same time as the highest outdoor temperature. Therefore, the ASHP needs to work
harder to transfer the heat to the sink with a higher temperature in a cooling-dominated
climate. A ground heat exchanger provides a much more stable sink temperature.

3.4. Electricity Import and Export Distribution

The entire household’s electricity import and export loads were calculated and divided
into price categories. These loads are the sum of AC, DHW, and the remaining loads minus
PV generation. Table 7 presents these results.

Table 7. Annual household electricity import (red, positive values) and export (green, negative
values) for each price category.

System Category 1 Category 2 Category 3 Category 4 Category 5

Conventional 1080
−110

661
−68

545
−53

275
−11

559
−10

ASHP
Standard

862
−128

530
−81

450
−68

228
−16

482
−16

ASHP Smart
(Price Only)

1101
−110

510
−79

425
−67

233
−15

364
−20

ASHP Smart
(Price + PV)

1073
−79

511
−47

409
−70

234
−15

360
−20

GSHP
Standard

865
−127

525
−81

433
−67

221
−15

448
−15

GSHP Smart
(Price Only)

1118
−113

497
−79

405
−68

221
−15

348
−20

GSHP Smart
(Price + PV)

1100
−80

498
−46

390
−70

216
−15

350
−20

Typical household electricity import for all hydronic heating cases and price cat-
egories 2–5 was lower than for the conventional system. The largest reduction in con-
sumption was noted for category 5 for all four smart control strategies. The ASHP-based
system helped to save 34.9–35.5%, while the GSHP-based system reduced the load by
37.4–37.6% during the highest peak events. Electricity import for the standard control
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strategy in category 1 dropped compared to the conventional solution; however, the
smart control strategy allowed for reaching similar or slightly higher values. This con-
firms the earlier conclusions that smart hydronic systems are able to shift the load from
peak to off-peak periods. Households with such systems would strain the grid much
less than those with conventional air conditioning and water heating.

In addition to the electricity import, the smart (price + PV) control allowed for the
decrease in electricity exports for categories 1 and 2, which was desirable in overgeneration
limitation. Unfortunately, not all of the absorbed surplus energy was efficiently used. The
ASHP smart (price + PV) system reduced exports by 60 kWh, but it saved only 45 kWh
on electricity imports compared with ASHP smart (price only). The numbers for GSHP
smart (price + PV) were even less optimistic, as the system reduced exports by 64 kWh
and imports by 37 kWh. The most likely cause was the lower COP of the heat pumps that
worked with extended temperature sets, as well as the fact that stored thermal energy was
not utilised in time.

3.5. Space Conditioning and DHW Heating Fulfilment

As discussed earlier, one of the benefits of hydronic systems is that they can store
energy in a TES tank instead of habitable space and use the reserves when the electricity
load of heating and cooling devices needs to be limited. While earlier subsections showed
improvements in energy consumption and distribution, Table 8 presents how smart strate-
gies impacted the level of space conditioning fulfilment. The heating and cooling load has
been considered to be fulfilled if the fan coil unit used to establish heating and cooling
curves (Section 2.3.1) can cover the current space conditioning load with the current water
temperature in the system.

Table 8. Hydronic heating and cooling load fulfilment.

System % of Time % of Cooling Load % of Heating Load

ASHP Standard 99.88% 99.70% 99.98%
ASHP Smart (Price Only) 99.11% 98.57% 99.32%
ASHP Smart (Price + PV) 99.14% 98.56% 99.34%

GSHP Standard 99.91% 99.71% 99.98%
GSHP Smart (Price Only) 99.22% 98.48% 99.47%
GSHP Smart (Price + PV) 99.22% 98.50% 99.48%

Results for standard control strategies showed very minimal under-conditioning in
both time and loads. Undoubtedly, the TRNSYS simulations’ accuracy could be a major
part of these numbers. Therefore, they can be treated as the basis for comparison with
smart strategy cases.

Smart strategies lowered the level of satisfaction, but the decrease was not substantial.
All systems still provided the required heating and cooling for over 99% of the time in the
year. They also provided around 98.5% of the cooling load and 99.3–99.5% of the heating
load. This means that the major amount of shifted electrical load barely affected indoor
comfort. This achievement would not be possible for conventional air conditioning.

Overheating and over-cooling are not a problem due to the fact that space conditioning
circuits are controlled independently. Therefore, even if the water temperature is higher
than required for heating or lower than needed for cooling, the output can be adjusted to
match the demand by various methods such as an on/off controller, variable speed pump,
or variable airflow of a fan coil unit.

Also, DHW preparation was checked against the drop in the satisfactory level. The
results, which are presented in Table 9, show that the temperature of the DHW outlet
dropped below the recommended level of 50 ◦C in only marginal periods.
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Table 9. Percent of time with DHW temperature below 50 ◦C.

System % of Time

ASHP Standard 0.00%
ASHP Smart (Price Only) 0.24%
ASHP Smart (Price + PV) 0.26%

GSHP Standard 0.00%
GSHP Smart (Price Only) 0.30%
GSHP Smart (Price + PV) 0.31%

4. Study Discussion and Limitations

The presented research was focused on the estimation of the impact of replacement of
a conventional cooling and heating system with a hydronic heat pump system with smart
management on the electrical load generated by a typical South Australian household in
the context of the transition towards net zero emissions.

In contrast to most of the research studies regarding the utilisation of hydronic heat
pumps to stabilise the grid, it was decided to use measured electricity and hot water
usage data. This allowed for the consideration of factors such as behavioural patterns
and usage preferences, not only simulated cooling and heating loads. The peak load
phenomenon is largely caused by the residential sector, especially AC. Therefore, it
is crucial to include the household residents’ factors in the analysis. Also, measured
data allows for the accurate use of other inputs, such as electricity price and weather
conditions, which are aligned and represent the same events. However, the usage of
measured AC electricity consumption required the calculation of cooling and heating
loads. This process required some assumptions and simplifications. This process could
cause some distortion of the simulations’ input data and results. Moreover, it has to be
remembered that the typical household is only a theoretical concept. Most likely, none of
the households participating in the CSIRO study had electricity use similar to the typical
one. Therefore, extreme events can be distorted due to the results from multiple houses
being averaged. Nevertheless, the considered solution aims to help not only households
but mostly the national grid and its stability to allow further transition towards net zero
emissions, which justifies this approach.

The peak cooling and heating loads, as well as the total energy consumption for space
conditioning, may seem relatively low. As mentioned above, the distortion in peak loads
could be one of the contributors. Moreover, typically in Australia, only the most used
rooms are equipped with air conditioning. The low inertia of the AC system also means
that they tend to be turned on and off as needed. However, hydronic systems work with
much larger inertia, especially systems such as underfloor heating or cooling. Therefore,
they usually maintain the temperature of the space at a relatively steady level for a longer
period of time. Also, a hydronic heating plant room is a relatively large investment cost
compared to an AC system. Therefore, it is usually more profitable to install a distribution
system in the entire habitable space of the house. This could increase heating and cooling
loads, also affecting energy consumption. These factors have not been taken into account
in this project.

The smart control strategies used in this study were designed for this project. The
parameters were adjusted multiple times until the results of the simulations were consid-
ered satisfactory. Too conservative an approach had too little influence on the base load
profile to be considered meaningful. In turn, too aggressive values highly impacted load
fulfilment levels, which could cause a decrease in the satisfaction level of users of such a
system. One of the main advantages of hydronic heat pump systems over conventional
AC is the ability to store energy and provide only the required cooling or heating load.
Therefore, the balance between the grid needs and users’ comfort needs to be carefully
considered. It is possible that the smart strategies could be even better tuned. However,
this was not the main scope of the study. Also, the use of proprietary control strategies
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can be considered a limitation of the results of this study. However, similar systems have
already been developed, and they are in use. An example of such a system is the smart grid
ready (SG Ready) protocol introduced in Germany. However, it has become a standard
heat pump feature in devices manufactured by world-leading companies. The protocol
allows for external control of heat pumps by two zero-voltage contacts [41]. The contact can
trigger four heat pump states: blocked operation, normal operation, encouraged operation,
and forced operation. Therefore, the principle of operation is similar to the system analysed
in this study. The heat pump market in Australia is still small. If smart heat pump systems
are implemented in Australia, it could be the already developed SG Ready protocol or
a new program suited to the local needs. The program could include model predictive
control (MPC), which was not accounted for in this study. The MPC could help in the
accurate preparation of TES and DHW tanks before the anticipated peak event and prevent
unnecessary energy losses if the peak is not predicted and the surplus RES energy can be
utilised elsewhere.

5. Conclusions

The analysis of the effects of replacing a conventional system consisting of an air
conditioning unit and electric water heater with a hydronic heat pump system with smart
control in a typical South Australian household presented in this paper provides promising
results in shifting residential electrical load. All of the analysed scenarios bring some
benefits to the load generated by the household. Hydronic systems with standard control
drastically decreased energy consumption, mostly due to providing much more efficient
DHW preparation. Smart control with the price only algorithm helped to significantly
reduce electricity consumption during the periods of the highest electricity price, which
appears when there is insufficient generation. Most of this load is shifted to the periods
with the lowest electricity price, indicating too much supply. A system based on a ground
source heat pump controlled by this control strategy used half of the total annual electricity
consumption during price category 1. A further version of the smart control system, which
added a module reacting to excessive PV generation, allowed for self-consumption and
self-sufficiency levels. It also limited the export of the surplus load during periods of
overgeneration. The difference in performance between systems based on an ASHP and
a GSHP was slight. The GSHP achieved marginally less consumption and was able to
shift more load. Thanks to the storage ability of water in TES tanks, the actions focused
on adjusting the heat pump output barely impacted the space conditioning load. The load
was satisfied for over 99.1% of the time. Only about 1.5% of the cooling load and 0.5–0.7%
of the heating load were not delivered. Compared to the amount of shifted electricity, these
numbers are rather insignificant. Nevertheless, they could be improved by tuning the
cooling and heating curves, adjusting the algorithm values, or upsizing the FCU to allow
for more capacity during the periods when the system relies on stored energy.

Therefore, it can be concluded that a hydronic system with a heat pump and smart
control in a typical South Australian household can be a great tool in managing residential
load. The problem with grid stability intensifies. Each year, Australia increases the capacity
of domestic PV systems and the number of small AC units. Along with other grid stability
problems, the Australian electricity network faces a huge challenge in the coming years.
Efforts related to the Australian plan of reaching net zero emissions in 2050 could be
squandered if the power network fails. The analysis presented in this paper was conducted
using data measured in 2016. Currently, the price fluctuations are larger. This could make
the aforementioned solutions even more beneficial.
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Abstract: Energy performance-based contracts (EPCs) offer a promising solution for enhancing the
energy performance of buildings, which is an overarching step towards achieving Net Zero Carbon
Buildings, addressing climate change and improving occupants’ comfort. Despite their potential,
their execution is constrained by difficulties that hinder their diffusion in the architecture, engineer-
ing, construction, and operation industry. Notably, the Measurement and Verification process is
considered a significant impediment due to data sharing, storage, and security challenges. Never-
theless, there have been minimal efforts to analyze research conducted in this field systematically.
A systematic analysis of 113 identified journal articles was conducted to fill this gap. A paucity of
research tackling the utilization of digital technologies to enhance the implementation of EPCs was
found. Consequently, this article proposes a framework integrating Digital Twin and Blockchain
technologies to provide an enhanced EPC execution environment. Digital Twin technology leverages
the system by monitoring and evaluating energy performance in real-time, predicting future perfor-
mance, and facilitating informed decisions. Blockchain technology ensures the integrity, transparency,
and accountability of information. Moreover, a private Blockchain infrastructure was originally
introduced in the framework to eliminate high transaction costs related to on-chain storage and
potential concerns regarding the confidentiality of information in open distributed ledgers.

Keywords: performance contracts; digital twins; blockchain; smart contracts; zero carbon buildings;
energy savings; energy performance

1. Introduction

Efforts are being made to mitigate environmental impacts and promote sustainability
in the architecture, engineering, construction, and operation (AECO) industry. Buildings
represent around 40% of the European Union’s (EU) total energy consumption and generate
approximately 36% of Europe’s greenhouse gases (GHGs), making the AECO industry one
of the most polluting sectors [1]. Net Zero Carbon Buildings (NZCBs) have gained global
recognition as a pioneering sustainable development approach to achieve the net zero goal
for built environments by 2050 [2]. NZCBs are energy-efficient buildings utilizing on-site or
off-site renewable energy sources and verified offsets to achieve equilibrium between energy
demand and renewable energy supply, or neutralize carbon emissions linked to annual
energy usage and provision [2,3]. Operational carbon is considered one of the primary
metrics provided by the EN15978:2011 standard for the zero-carbon assessment, also called
the whole-life carbon assessment (WLCA) [4]. Lowering operational carbon emissions can
be accomplished by implementing solutions typically offered for Zero Energy Buildings
(ZEBs) and Nearly Zero Energy Buildings (nZEBs), such as integrated designs, minimized
plug loads, and energy-efficient retrofits [5]. In the same context, in the last decade, the
European Union (EU) has developed policies to accelerate the cost-effective retrofitting
of existing buildings, with the vision of a decarbonized building stock by 2050 [6]. Even
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though it is possible to construct new energy-efficient structures, most energy consumption
is still attributed to current buildings, emphasizing the critical need to enhance their
energy efficiency [7]. This situation makes investors, owners, and users face an immense
challenge. It is necessary to invest in saving measures to improve the energy performance
of buildings, which entails a considerable short-term financial commitment with relatively
long payback periods. Furthermore, increasing and accelerating the extent of building
renovation is crucial in post-COVID-19 economic recovery [8]. Energy Performance-based
Contracting (EPC) is among the potential strategies to achieve this goal and improve the
energy efficiency of buildings [9].

EPC, as defined by the Energy Efficiency Directive 2012/27/EU, is a type of ”creative
financing” for capital improvement that allows the funding of energy upgrades from cost
reductions [10]. EPC has the potential to accelerate the pace of energy renovation for
current buildings and encourage the application of energy-efficient measures in upcoming
constructions [11]. These agreements are established between the client and a private entity
that serves as a service provider, often known as an “Energy Service Company” (ESCO) [12].
This contract model offers a mutually beneficial outcome where owners can reduce energy
expenses while providers profit from continuous incentives and a new service offering.
EPCs are set to become more widespread as awareness of their benefits and cost savings
increases.

The utilization of EPCs has not been extensively embraced in the built environment.
Academics have identified challenges with accountability, the absence of standardized
performance assessments, novel and unfamiliar financial concepts, and the added burden
of upfront communication between parties [13]. Nevertheless, the continuous digitalization
of the AECO industry and advancements in technologies such as Digital Twins (DTs)
and Blockchain present a novel prospect for implementing performance-based building
better [10]. DTs can facilitate performance-based contracting by establishing performance
expectations via simulation, continuously monitoring and updating actual performance,
and furnishing recommendations for maintenance and operation via analytics. In general,
DTs can assist in accurately and equitably forecasting and evaluating performance, thereby
surmounting a known obstacle to EPC implementation in the built environment [13].

Moreover, Blockchain can provide an immutable and transparent digital record of
transactions. Although CO2 emissions are generated due to the computational power re-
quired, the energy savings facilitated by EPC significantly outweigh these emissions. These
savings are achieved by leveraging advanced predictive models and data management
techniques that ensure substantial energy efficiency improvements [14]. By integrating
Blockchain technology in EPC, the efficiency and reliability of energy savings verification
are enhanced, and greater transparency and trust in the energy savings process are ensured,
thus contributing to the overall goal of achieving NZCBs. The net effect is a substantial
reduction in CO2 emissions, affirming that the benefits of energy savings far exceed the
carbon footprint of the Blockchain system itself [15].

Certain Blockchains (i.e., Ethereum) also allow for the implementation of smart con-
tracts, which utilize scripts to establish tamper-proof transaction logic. Smart contracts
are automated computer programs operating within a Blockchain protocol, enabled by
the general-purpose computation capabilities of Blockchains. They encompass contrac-
tual arrangements, contract execution, and governance of preconditions for contractual
obligations. Ethereum introduced the first Turing-complete scripting language with smart
contract support, making it a prominent and highly utilized Blockchain platform for
smart contracts [16]. Thus, the development of performance-based smart contracts has the
potential to be deployed within the Blockchain framework to establish protocols for au-
tomating real-world processes. A fundamental challenge for performance-based buildings
is accountability, an issue that Blockchain can address by ensuring protection mecha-
nisms that help avoid the risks and costs of opportunistic behavior in construction supply
chain collaboration [17]. However, few attempts have been made to study or implement
performance-based smart contracts.

118



Energies 2024, 17, 3392

To address this issue, the article aims to propose a framework for integrating Digital
Twin and Blockchain technologies and demonstrate how the interdependency of these
technologies can facilitate the diffusion of EPCs in the AECO industry.

2. Background

2.1. Energy Performance-Based Contracts (EPCs)

EPCs emerged after the first oil crisis in North America in the 1970s. They have
evolved as a cutting-edge finance strategy to lower energy use by recouping the expenses
of providing energy-saving technologies [18,19]. In 2008, Europe faced a severe financial
crisis that affected national economies and caused market uncertainties, especially in
Mediterranean countries. Despite limited financial resources, the EU’s energy policy has
become more rigorous, with the vision of a decarbonized building stock by 2050 [20]. As a
means of conserving energy to meet the EU energy policy objectives and to improve energy
efficiency in buildings, EPC is considered a potential approach and has been used by many
EU countries [9].

An EPC is a contract agreement between an ESCO and an energy user. The contract
sets a specific energy-saving target, and the ESCO provides energy-efficient technologies,
financing, installation, and maintenance through an appropriate business model. If ex-
ecuted successfully, the ESCO can recover its investment and earn a reasonable profit,
which benefits both parties involved [21]. The EPC concept is illustrated in Figure 1. The
EPC’s business model outlines the obligations of both building owners and ESCOs when
executing EPC projects and provides a means of distributing risk in such projects [22].
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Figure 1. Energy Performance-based Contracting.

EPC projects are perceived as investments with high levels of risk [23], thus affecting
their diffusion in the AECO industry. Despite working on providing accurate initial predic-
tions, various risks and barriers hinder the successful implementation of EPCs. Inadequate
financing options resulting from conservative lending practices, insufficient familiarity
with performance-based project financing, and alterations in economic and market cir-
cumstances are considered financial challenges facing EPC projects [22]. In addition, a
lack of performance savings standardized Measurement and Verification procedures, a
lack of reliable data to optimize performance, alack of knowledge of the technology and
its benefits, potential changes in governmental policies, climate change, and unantici-
pated or inappropriate building usage may influence the energy-conservation benefits of
EPCs [24,25]. Ultimately, there is an overall lack of awareness about EPCs among AECO
industry stakeholders.
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2.2. Energy Service Companies (ESCOs)

As aforementioned, EPCs are agreements established between clients and service
providers. The clients can be either public or private organizations, while the service
providers are usually private companies known as Energy Service Companies [12]. Experts
and scholars have identified the services provided by ESCOs as promising opportunities
to fulfill consumers’ energy requirements more sustainably [26]. The definition of ESCOs
differs from country to country. However, an ESCO is typically responsible for implement-
ing energy efficiency measures and ensuring their effectiveness. They are also responsible
for monitoring the contract and may not receive a payment if they fail to meet the energy
savings agreed upon in the contract [20]. Thus, their remuneration is associated with project
performance.

ESCOs may differ in their operational methods in EPC projects, but the primary
distinction lies in whether they offer funding for the project they are implementing or
not [22]. ESCOs can obtain the necessary investment from their funds or through financing
options offered by a third-party financial institution. The success of ESCOs is influenced by
several crucial factors, such as the size and flexibility of the banking system involved in
energy-performance contracting, the structure of the energy-efficiency market, the local in-
stitutional environment, the technical, financial, and business expertise of ESCO personnel,
as well as potential clients and funders, and most notably, access to financing [27].

2.3. Measurement and Verification in EPC

The energy savings achieved through EPC projects are commonly disputed because
they serve as the foundation for contract payments and adherence [28]. Disputes are
one of the major risks that hinder the diffusion of EPCs in the AECO industry due to
a lack of trust and intention to cooperate between stakeholders in EPC projects. In an
ideal situation, disputes regarding energy savings in EPC projects are resolved through
the Measurement and Verification (M&V) process [29]. M&V is intended to confirm the
enhancements provided through energy conservation measures (ECMs) by evaluating the
actual performance of buildings once the installation and construction work on the system
is finished and a consistent level of operation has been achieved [30,31]. The evaluation
and communication of the effectiveness of the installed ECMs according to an M&V plan is
typically the responsibility of ESCOs [32]. A quality M&V is the means by which actual
savings are quantified and could be considered an insurance policy [28].

Conventionally, M&V calculations have been carried out utilizing techniques chosen
on a per-case basis, considering the ECM’s characteristics, the projected savings, and
the available site data [33]. However, a number of M&V protocols have been created to
enhance uniformity and minimize ambiguity in gauging the energy savings derived from
retrofitting existing buildings [30]. Two approaches that are commonly acknowledged are
the International Performance Measurement and Verification Protocol (IPMVP) provided by
the Efficiency Valuation Organization (EVO®) [34] and ASHRAE Guideline 14 [35]. M&V
protocols prioritize quantitative requirements and may not cover all issues in a building’s
performance gap. On-site investigations may only uncover some technical issues and may
not reflect all key causes [36].

Recent technological advancements, such as “smart” meters and energy management
and information systems (EMISs), have enabled more rapid and cost-effective M&V pro-
cesses. Utilizing more sophisticated data analytics techniques on more detailed datasets
with shorter time intervals, which could be automated and conducted regularly, would
offer viable solutions [37]. These technologies assist in conserving energy and provide
functionalities that exceed conventional M&V approaches. Evolving M&V techniques
towards responsive, dynamic, and precise approaches are commonly known as Measure-
ment and Verification 2.0 (M&V 2.0) [38]. M&V 2.0 leverages metered data to improve
real-time performance evaluation, tenant participation, and resource management through
the use of analysis tools and algorithms. Additionally, hardware and software advance-
ments have enhanced the precision of M&V functions, such as baseline modeling, detecting
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anomalous events, and establishing energy consumption benchmarks [30]. However, M&V
requirements need to be more strictly prescribed in EPCs.

2.4. Role of Digital Technologies for Energy Performance in AECO

The incorporation of innovative technologies like Digital Twins, Internet of Things
(IoT), and Artificial Intelligence (AI) is deemed as a very auspicious solution to tackle the
issues confronted by the AECO industry [39], which include inadequate compliance with
regulations, poor performance, ineffective communication, fragmentation of information
flow, and a lack of trust among different stakeholders [40].

The utilization of DT technology enables an improvement in evaluating buildings’
real-life performance by duplicating their actions and behavior in various situations, ensur-
ing that all involved stakeholders remain informed and up-to-date. The process involves
amalgamating data collected from multiple sources, including sensors (IoT), Building
Information Modelling (BIM) models, and simulations, enabling the examination of the
building’s energy efficiency and indoor environmental quality. It also facilitates the evalua-
tion of the impact of different design and operational tactics [41] that affect decision-making
for smart asset management [13]. Thus, DTs have the potential to evaluate the energy per-
formance of buildings, paving the way for solutions to the risks associated with EPC.

In all DT applications, IoT is regarded as the fundamental technology. Indeed, a recent
study has predicted that over 90 percent of all IoT platforms will have Digital Twinning
capability by 2028 [42]. IoT uses sensors to collect data from real-world objects, which
can be used to create a digital duplicate of a physical object. The digital replica can be
scrutinized, optimized, and manipulated. With the assistance of IoT, which continuously
updates data, DT applications can produce a virtual, real-time model of a physical object. In
the same context, AI can support DTs as an advanced analytical tool that can automatically
scrutinize the collected data, furnish valuable insights, generate predictions about the
potential outcomes, and suggest how to avoid potential problems [43]. Thus, IoT and
AI technologies could provide granular data using automated data analytics, which is
necessary to evaluate EPCs better.

Furthermore, Blockchain, a popular type of Distributed Ledger Technology (DLT),
provides trustworthiness, security, quality, and data openness. Decentralized Applications
(dApps) are web applications that utilize Blockchain technology to store and manage their
interactions [44]. These dApps depend on distributed ledgers and decentralized databases,
which will eliminate the reliance on a single trusted source and establish a secure framework
for sharing lifecycle information. This is especially crucial in a complicated ecosystem where
stakeholders engage with DTs. While ensuring the required integrity, confidentiality, and
availability, this approach can address the data exchange challenges [45]. With Blockchain
employed, transactions’ legitimacy would be guaranteed, and cryptography and consensus
mechanisms can be employed to facilitate the validation and traceability of high-value
transactions. Thus, incorporating Blockchain technology in the AECO industry and its
fusion with DTs and BIM for managing lifecycle information holds enormous potential
to address concerns regarding trust, transparency, and communication [46], tackling trust
issues between EPC stakeholders.

To that extent, digital technologies have an important role in advancing the AECO in-
dustry. Nonetheless, academics have urged investigating how novel business and financing
models of performance contracts can be combined with emerging automation technologies
such as DTs and IoT [47], but little research has explored this in detail. Table 1 summarizes
the added value of using DT and Blockchain technologies for promoting EPC for buildings,
highlighting how they address issues not fully resolved by other technologies.
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Table 1. The added value of DT and Blockchain technologies for EPC in buildings.

Aspect
Added Value

Digital Twin Blockchain

Enhanced Performance Evaluation

Creates high-fidelity virtual models of
buildings, allowing real-time monitoring,
simulation, and optimization of energy
performance, which lead to more
accurate performance evaluation and
proactive maintenance, which are critical
for successful EPC implementation [13].

Ensures data integrity and transparency,
facilitating secure and tamper-proof
recording of energy performance data,
enhancing stakeholder trust, and
streamlining the verification process [14].

Improved Data Management

Integrates various data sources into a
single platform for comprehensive
analysis and better decision-making for
energy optimization [48].

Blockchain secures data storage and
sharing, addressing data manipulation
and unauthorized access concerns that
are particularly beneficial for managing
large volumes of energy data generated
by smart buildings [40].

Automation and Smart Contracts

The combination of DTs and Blockchain enables the automation of EPC processes
through smart contracts, which automatically execute and enforce contract terms
based on predefined conditions and real-time data [49].
This reduces administrative overhead, minimizes disputes, and ensures timely and
accurate performance-based payments, thereby increasing the efficiency and reliability
of EPCs [14].

3. EPC in AECO

3.1. Search Methodology

The selection for this review was restricted to published or in-press journal articles and
review articles. The review covered articles from three electronic databases: Scopus, Web
of Science, and ScienceDirect. It was conducted using the reference management program
Mendeley. The retrieved articles were from databases that guarantee the quality and
reliability of indexed scientific journals (e.g., Science Citation Index (SCI), Science Citation
Index Expanded (SCI-E), or Engineering Index (EI)). The “article title/abstract/keyword”
field was used for the search. The terminology used in the literature search was influenced
by a preceding search using generic terms. In this search, journals containing the keywords
combination ((“performance contract*” OR “performance-based contract*”) AND (“energy
savings” OR “energy performance” OR “energy efficiency” OR “energy performance gap”
OR ESCO OR “energy service compan*”)) in the title, abstract and keywords were selected.
The selection process was based on the following inclusion criteria:

• Publication year: 2013 to 2023;
• Document type: articles and review articles;
• Source type: journals;
• Language: English;
• Others: subject areas limited to engineering, energy, and environmental sciences.

Articles were recorded and tracked for each limitation applied, with records of the
initial count of articles and the number excluded by each limitation. Selected studies from
the three databases were exported to Mendeley for filtering to eliminate duplicated records.
Full-text documents were collected for articles that met the inclusion criteria based on their
title and abstract. If the relevance was unclear to the research objectives, the article was still
considered relevant, and the full text was collected. A backward-snowballing process was
also used to identify older articles that could provide the corresponding information. A
flowchart representing the search methodology is shown in Figure 2.
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Figure 2. Systematic review methodological flowchart.

The database search yielded 967 publications, of which 391 were considered for
filtering based on the inclusion criteria. After removing duplicates, 188 publications
were retrieved, and after excluding non-related topics, 152 articles were left for further
analysis. A more in-depth examination of the title, abstract, and keywords was conducted
to ensure that only articles related to EPC in the AECO industry were included, resulting
in 113 relevant articles for the study.

3.2. Search Results/Analysis

In order to better analyze the selected articles, it was essential to categorize articles
that have applications for buildings from conceptual articles. As shown in Figure 3, two
main groups were identified. The buildings group includes 81 articles tackling the building
sector (e.g., commercial, residential, and generic types of buildings) [12,20,24,50–126], while
the remaining 32 articles tackled conceptual studies that focus on non-building related
EPC applications (e.g., review articles) [22,28,127–156]. There are few review articles in this
field. Zhang and Yuan (2019) [137] and Shang et al. (2017) [142] are two notable studies
addressing challenges related to EPC; however, specific difficulties of EPC implementation
in achieving Net Zero Carbon Buildings, particularly the data sharing, storage, and security
issues in the M&V process, were not comprehensively addressed, which highlights the
importance of developing research work that provides more in-depth and up-to-date
insights on these specific challenges. Thus, in the context of the challenges mentioned
above, the categorized data were further studied to provide several insights about the
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current state of EPC diffusion in the AECO industry, highlighting current limitations and
future opportunities.
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Figure 3. Grouping of articles under study.

The data presented in Figure 4, regarding the number of EPC-related publications in
the AECO industry, demonstrate interesting trends over the past decade. The number of
publications in both the buildings and conceptual categories has an upward trend, but it
is not clearly a steady increase since 2013, with a peak of 13 publications in the buildings
category in 2018 and 9 publications in the conceptual category in 2016. Interestingly, while
the number of publications in the buildings category remained relatively consistent in
recent years, the conceptual category saw a decline in publications from four in 2019 to one
in 2021. Nonetheless, both categories saw a slight increase in 2022, followed by a slight
decrease again in 2023. These findings indicate approximately an average of 10 publications
per year, which highlights the need for further research to optimize the effectiveness and
implementation of EPCs.
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Figure 4. Number of energy performance-based contract-related publications in the AECO industry
by year, from 2013 to 2023.

From a deeper aspect of the studies included in the building group, the distribution of
studies related to EPCs was classified according to the building type, which reveals some
interesting insights into the current focus of EPC research, as shown in Figure 5. The data
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show that most studies have focused on commercial buildings, with 59 papers (63%) dedi-
cated to this building type. In contrast, only 18 studies (19%) have focused on residential
buildings, indicating a significant research gap in this area. The remaining 17 studies (18%)
are categorized as generic, which may include studies that do not differentiate between
building types. The significant disparity in the number of studies between commercial and
residential buildings suggests that implementation and optimization of EPCs in commercial
buildings has received greater attention than in residential buildings. This distribution
highlights the need for more research focused on EPCs in residential buildings, as these
buildings represent a significant portion of the overall building stock and can benefit from
implementing EPCs in terms of energy savings and environmental impact.

Commercial Residential Generic

Figure 5. Distribution of studies according to building type.

Moreover, mapping EPC publications related to buildings in the AECO industry by
country of application in the case studies provides valuable insights into the research trends
and priorities in this field. The data in Table 2 reveal that China and the USA lead the
number of publications, with 17 and 13, respectively, constituting about 37.5 percent of the
publications. Italy, France, and the UK also have a significant number of publications, with
six, five, and four, respectively. It is worth noting that some countries, such as Switzerland,
Germany, and Portugal, have only one publication each, indicating that EPC research in
these countries may still be in the early stages. This mapping provides a valuable starting
point for further EPC research analysis and comparison in different countries and regions.

Table 2. Mapping EPC publications related to buildings in the AECO industry by country.

Country No. of Publications Country No. of Publications

China 17 Poland 1
USA 13 Iran 1
Italy 6 Switzerland 1

France 5 Germany 1
UK 4 Portugal 1

Canada 3 Croatia 1
Malaysia 3 Greece 1

Netherlands 3 Denmark 1
UAE 3 Ukraine 1

Taiwan 2 Slovakia 1
Norway 2 Russia 1

Spain 2 Latvia 1
Australia 2 Turkey 1

Hong Kong 2

Furthermore, published articles within the building category were classified into four
main research topic areas, as shown in Figure 6. The provided data offered valuable insights
into the current focus of EPC research within the industry. The data indicate that EPC devel-
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opment has been the most prominent research topic, with almost 36 percent of published
articles showing a strong interest in exploring and improving the processes, methodologies,
and strategies associated with EPC development [20,157,158]. Following closely behind,
EPC execution challenges, legal and contractual constraints, financial mechanisms and
business models evaluation analysis, and market studies of EPC and ESCO diffusion
have garnered attention, with around 32.5 percent of published articles [12,159,160]. This
demonstrates the significance of addressing the practical and contractual aspects of EPC
implementation and the financial considerations and market dynamics associated with such
contracts. Published articles focusing on understanding the decision-making processes and
managing, identifying, and classifying risk and uncertainty factors in EPC projects have
also been substantial research topics, with 23 percent of published articles [161–164].
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Figure 6. EPC main research topics in the AECO industry.

Lastly, the effective M&V of the energy savings achieved by EPC projects has been
largely ignored. However, few studies have acknowledged that M&V is critical for imple-
menting EPC projects. Ke et al. [165] explored the analysis of building energy consumption
parameters and M&V of energy savings. The study focused on calibrating a building
energy model that facilitates M&V energy savings. The calibrated model was utilized
to analyze the impact of changes to energy consumption parameters on the overall en-
ergy consumption in the building, providing valuable insights into energy management
strategies. Park et al. [166] presented a methodological approach for calibrating building
energy-performance simulation models to ensure accurate M&V energy savings. In 2019,
Newsham [33] utilized a case study to assess the effectiveness of M&V methods. Specif-
ically, a simple regression-based M&V approach was applied to analyze whole building
energy data. Alfaris et al. [167] explored the energy performance of retrofitted buildings
undergoing an EPC during the COVID-19 pandemic. The study focused on the approach
to be taken and its impact on monitoring the energy profile following the IPMVP. The
data collected were then compared with the baseline model to assess the effectiveness of
the EPC.

Piccinini et al. [31] and Agenis et al. [168] provided M&V applications for an EPC.
The former proposed a novel Reduced Order Model (ROM) framework that facilitates
the estimation of energy savings in building retrofits. The ROM was incorporated in the
IPMVP to support the M&V of energy savings. The study demonstrated and validated the
ROM’s ability to forecast energy consumption in an operating educational building. The
latter proposed an automated method for selecting the most relevant baseline model based
on the IPMVP, which was generalized to handle cases where contracts involve multiple
buildings of various types or consumption ranges. The method identified a common best
model using new dimensionless indicators, which was useful in buildings with different
energy profiles.
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Despite their potential benefits, M&V studies have yet to fully leverage the advantages
of integrating digital technologies such as DTs, IoTs, Blockchain, and AI into the M&V
plan. By utilizing these technologies, it is possible to adjust the physical project’s real-time
behavior according to the virtual model’s performance assessments. This could significantly
improve the accuracy and efficiency of M&V, paving the way for the widespread adoption
of EPCs in the AECO industry.

3.3. Identifying Research Limitations in EPC

This article clearly shows that the building sector is the focus of many studies. How-
ever, only a small percentage of these—8.5%—is dedicated to the vital aspect of Measure-
ment and Verification [31,33,109,165–168]. Additionally, no studies related to the residential
sector have been found to address M&V. Advanced M&V, or M&V 2.0, has only been
studied in two research articles [33,109]. Moreover, only a fifth of studies related to the
building sector are concerned with the residential sector. Interestingly, although energy
performance certificates are frequently mentioned in M&V-related articles, they are only
discussed in the abstract in 70%, and no studies have explored the relationship between
M&V and EPC contract terms. Only one study has explored the potential of Digital Twin
and Blockchain technologies or smart contracts concerning EPCs [13]. However, the study’s
use of Digital Twins did not fully utilize their potential to adjust the physical product’s
real-time behavior according to the virtual model’s performance assessments.

These research gaps highlight the need for further investigation and exploration
of M&V, EPCs, and their relationship with Digital Twin and Blockchain technologies to
promote the diffusion of EPC projects in the AECO industry.

4. A Framework for Delivering a Smart EPC Using Digital Twin and
Blockchain Technologies

4.1. Overview

In this section, the authors aim to develop a framework that applies to energy per-
formance contracts for building projects. The fundamental idea of this framework is to
utilize digitalization by integrating DT and Blockchain technologies to deliver a smart
EPC. The framework facilitates a trustworthy M&V environment that encounters trust
problems and disputes that arise between stakeholders resulting from poor and inaccurate
performance management and evaluation in EPCs, which disincentivizes its diffusion in
the AECO industry.

The proposed framework uses multi-layered architecture applicable to EPCs in build-
ing projects. The following sections will describe the logical structure of the framework.
Section 4.2 provides an overview of the framework’s architecture. Section 4.3 emphasizes
the Digital Twin layer of an asset and its sublayers. Section 4.4 explains the Blockchain
service layer and its sublayers. Section 4.5 describes what a Virtual Data Room provides
for stakeholders.

4.2. Framework Architecture

In the same context of this research, the proposed framework illustrated in Figure 7
consists of three main layers: (1) the Digital Twin of an Asset; (2) the Blockchain Service
layer that is characterized by two sublayers, the private Blockchain infrastructure and
the Consortium Blockchain; and (3) the Virtual Data Room. The framework’s logic starts
with the Digital Twin layer, which provides the base of the M&V environment. The DT
layer focuses on integrating static and dynamic building data. The static data of the
building is provided through the as-built BIM model (i.e., IFC files). Dynamic data is fed
by a real-time data stream captured by sensors attached to physical assets, which is then
transmitted to the virtual space in the Digital Twin. This approach to conveying information
facilitates swift recognition of underperformance issues, thereby enhancing the ability to
take immediate actions and make informed decisions to help optimize a building’s energy
efficiency through bi-directional dynamic data communication and analytics.
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Figure 7. Blockchain-secured Digital Twin framework for smart EPCs.

Choosing an adequate infrastructure for Blockchain application depends on several
factors including robustness, information privacy, development and maintenance costs,
and speed [169]. The increasing use of AIM and DTs raises concerns about data security
and privacy, particularly when the collected data include private information about asset
performance and users [170]. These digital models may contain sensitive data, such as
occupancy and consumption of water and electricity, which should remain confidential.
Additionally, real-time building data, such as indoor air quality, comfort levels, number of
occupants, or actual storage levels, can be linked to expected performance and have con-
tractual implications [171]. In this study, since the data from buildings’ energy performance
can be sensitive for privacy and legal reasons, a private Blockchain is selected.

To the authors’ knowledge, the Blockchain service layer is the first integration of a
private Blockchain infrastructure using BigchainDB software v 2.2.2 [172] and a Consor-
tium Blockchain (e.g., Ethereum) to a building Digital Twin for an energy performance-
based smart contract in the AECO industry. The use of BigchainDB software as a private
Blockchain infrastructure offers a combination of the perks of a typical Blockchain and
a typical distributed database, such as decentralization, immutability, owner-controlled
assets, low latency, high transaction rate, no transaction fee, the permission of access for
stakeholders, indexing, and querying of structured data [173]. The authors believe that
these advantages help mitigate major challenges—hindering the diffusion of using Digital
Twin Blockchain-based energy performance-based contracts—posed by data storage due
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to high transaction costs resulting from the high intensity of sensor data (i.e., in public
Blockchains, every transaction of adding sensor data to the network is subjected to a
transaction fee that is determined through the computation of the required computing
resources (gas amount and the multiplication of this value by the gas price) and possible
concerns regarding the confidentiality of information (e.g., energy data) in open distributed
ledgers. In addition, the performing complex performance evaluation and optimization is
impossible to execute on Consortium (public) Blockchains.

Finally, the Virtual Data Room provides a user interface that allows each stakeholder
permission to access their information and to interact with performance data, triggered
actions, and contract functions in a user-friendly environment. Overall, the authors believe
the proposed framework to be effective for implementation to manage the performance of
energy applications in buildings, enabling real-time adjustments, flexibility, and indepen-
dent decision-making for interventions and operations.

4.3. Digital Twin of an Asset

The Digital Twin layer serves as a dynamic and interconnected platform that enables
real-time monitoring, analysis, simulation, and optimization, facilitating enhanced opera-
tional efficiency, predictions, informed decision-making, and effective resource utilization
of buildings. This layer comprises three sublayers: (1) The physical/built asset that involves
the interaction of physical subsystems, such as sensors and actuators, which operate within
the system to monitor and control various aspects of the building’s functions through cap-
turing real-time conditions such as temperature, humidity, light intensity, and occupancy.
(2) The Asset Information Model (AIM) that contains only required information containers
transferred from the as-built BIM model, which are based on the requirements of the build-
ing’s energy performance management besides essential sensor information containers to
provide a real-time update on energy-related parameters. The process of selectively filtering
the information containers from the Project Information Model (PIM) to the AIM prevents
the inclusion of unnecessary information that could burden various stakeholders. (3) The
data visualization, integration, and analysis sublayer offers comprehensive solutions for
processing raw data into actionable information using data analytics techniques rooted in
statistical theory, Artificial Intelligence, and Machine Learning algorithms.

Overall, in the DT layer, a baseline model is initially developed, and real-time updated
models are subsequently generated by collecting current operational indicators. These
models are employed to quantify energy savings and assess the fulfillment of predefined
energy performance contract conditions. Moreover, it enables the integration of a dynamic
display feature within the Virtual Data Room, which will be further elaborated upon.
Once a substantial dataset has been accumulated, the data are integrated into the system’s
algorithm to enable automated control and feedback adjustment. Simultaneously, the
system can forecast future scenarios and offer recommendations.

In light of the challenges encountered due to the absence of standardized guidelines
governing the practical implementation process of DT, the approach used in this proposed
framework is based on a previously established standardized DT framework developed
by the authors [174]. The standardized DT framework integrates the BIM ISO 19650
standards [175–178] in the DT processes to facilitate interoperability between the used
digital technologies (i.e., Digital Twins and Blockchain).

4.4. Blockchain Service Layer

The key challenge of utilizing Digital Twin technology to enhance the energy perfor-
mance evaluation and dispute elimination in EPCs is to make the process tamper-proof.
Thus, developing secure data sharing and a smart contract is essential for effectively manag-
ing a complex system consisting of interconnected Digital Twins and various stakeholders.
For this purpose, the Blockchain layer serves as the foundation layer for the Digital Twin
that ensures the integrity, transparency, privacy, and accountability of information through
the framework. The architecture demonstrates how the Blockchain securely and reliably
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handles all transactions within the Digital Twin, making the information from the Digi-
tal Twin trustworthy. As a result, it can be utilized for smart contract execution and/or
payment with confidence.

A core step in evaluating energy performance successfully is to provide accurate and
safely exchanged data. IoT provides an accurate and automated data source, which helps
eliminate human errors. As mentioned, the collected data are stored in a central repository
named “Information containers”, which is presented as a part of the BIM processes defined
by the ISO 19650 series. On the other hand, the Blockchain ensures the safety of the data
exchanged and stored for smart contract execution. However, storing performance data
within the smart contract on public Blockchains always poses major challenges, such as
high transaction costs and concerns regarding data privacy [13]. In the same context, if data
are stored locally off-chain (centralized), the usefulness of the Blockchain is diminished,
or the Blockchain network does not store all the data from IoT or DTs, but only stores and
shares data required for evaluation. Thus, a trade-off exists between increased trust at the
expense of higher on-chain data storage costs or opting for off-chain data storage with
reduced trust.

The core idea of this framework is to add a private Blockchain sublayer, accessed
through permission, that works as an intermediate layer between the Digital Twin layer
and the smart contract layer. The European Data Protection Supervisor (EDPS) emphasizes
the need for managing personal data—such as altering, deleting, and selectively disclosing
it—to protect individuals’ privacy [179]. Ideally, to facilitate data deletion, Blockchain par-
ticipants would need to establish a mutually agreed-upon process for collectively executing
lawful requests to erase personal data from decentralized ledgers [180]. From a techno-
logical standpoint, research on eliminating Blockchain’s immutability while maintaining
security is still in its early stages [181]. More explicitly, the clash between immutability
and privacy/data protection rights makes absolute immutability a significant obstacle to
the adoption of Blockchain technology when personal data are involved [182]. From this
viewpoint, recent progress in incorporating mutability, governed by strict, pre-approved
rules, is attractive to both regulators and businesses [183]. Off-chaining techniques are
currently viewed as essential in Blockchain-based application development due to their
significant advantages, such as lowering Blockchain data storage needs, thereby reducing
scalability issues and ensuring compliance with the General Data Protection Regulation
(GDPR) [181,184,185]. Moreover, academic research utilizing off-chaining techniques used
as a private Blockchain infrastructure for storing actual information [186,187], have been
suggested for aligning Blockchains with the GDPR privacy requirements [181].

In this study, the selection of a private Blockchain architecture provides further control
over the ledger itself, including decommissioning, as it explicitly enables their right to be
forgotten (also known as erasure) [188] when the ledger itself ceases to exist. Although
data encryption on a public Blockchain provides a layer of security, which may be sufficient
in many use cases, in this study, we explore solutions that allow sensitive information
to be deleted once the purpose of the ledger is achieved. The private Blockchain infras-
tructure utilizes BigchainDB, offering a privileged opportunity for control and privacy
over the network. The strength of using BigchainDB is that its properties combine the
advantages of Blockchain (e.g., decentralization, Byzantine fault tolerance, immutability,
and owner-controlled assets) and typical distributed databases (e.g., low latency, indexing
and querying of structured data, and high transaction rates) [173]. Furthermore, in this
framework, information containers are stored off-chain to various BigchainDB databases
(e.g., information models, documents, and sensor data) to provide confidential information
access rights to stakeholders, which maintains data privacy and offers flexibility and scala-
bility, accommodating diverse data formats and volumes. In contrast, based on the EPC
evaluation period, only performance indicators essential for contract evaluation and auto-
matic execution are stored on-chain. This selective on-chain storage optimizes Blockchain
resources, enhancing transaction throughput and minimizing storage costs. Moreover,
guaranteeing traceable storage and data sharing from the sensor to the DT within the
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Blockchain network ensures that all data transactions within the DT are reliable and trust-
worthy and guarantees critical updates necessary for prompt decision-making that can be
selectively shared within the Blockchain network. In addition, this database can gather
data throughout the entire lifecycle of an asset, and by leveraging the inherent benefits of a
real Digital Twin, this approach harnesses bi-directional data exchange by establishing a
link between algorithmic decisions stored on the Blockchain and their consequential effects
on both the models and the corresponding physical asset in the physical realm.

Moreover, since Blockchains cannot connect to real-world data and events on their
own, Decentralized Oracle Networks (DONs) will be used to combine on-chain code (smart
contract) and off-chain infrastructure (BigchainDB) [189]. Blockchain oracles are “entities
that connect Blockchains to external systems, thereby enabling smart contracts to execute
based upon inputs and outputs from the real world” [190]. In other words, oracles serve as
intermediaries between Blockchain systems and the external world [191]. Oracles serve
as valuable tools for reducing the necessity of costly transactions on a Blockchain, such as
storing and utilizing data within smart contracts [192]. Furthermore, oracles are founda-
tional in providing environmental data sourced from sensor readings, satellite imagery,
and sophisticated ML calculations to smart contracts. These contracts, in turn, enable
the distribution of rewards to individuals involved in reforestation efforts or practicing
sustainable consumption [190].

To this end, the private Blockchain infrastructure developed will facilitate the use of
data on the smart contract published on the Consortium (public) Blockchain by sharing only
the required information through semantic path access for energy performance compliance.

4.5. Virtual Data Room

A Virtual Data Room (VDR) is a user interface that facilitates access with permission
to information for each stakeholder. It enables stakeholders to interact with performance
data, visualize simulations, and initiate actions through the Digital Twin user interface.
In addition to an EPC smart contract user interface to track and analyze all data trans-
actions, it utilizes contract functions within a user-friendly environment. This interface
enhances collaboration and streamlines communication among stakeholders, enabling
them to effectively navigate and leverage the relevant information for their respective roles
and responsibilities. The VDR optimizes the overall user experience, fostering efficient
decision-making and promoting effective coordination among stakeholders throughout the
contract period.

5. Conclusions

This research aimed to promote the use of EPCs in the AECO industry by utilizing
advancements in digital technologies. This was achieved by conducting a systematic
analysis of 113 published journal articles. The results showed limitations related to M&V
and EPCs’ interplay with Digital Twin and Blockchain technologies in the building sector.
M&V received minimal attention in studies, with only 8.5% dedicated to this aspect, and
none of them addressed M&V in the residential sector. Advanced M&V, or M&V 2.0, was
explored in only two research articles. Moreover, although EPCs are frequently mentioned,
their relationship with M&V and contract terms remains unexplored. Only a single study
investigated the potential of DT and Blockchain technologies for EPCs, but it underutilized
the capabilities of DTs and suffered from high real-time transaction costs of data in the
Blockchain network.

These research gaps highlight the necessity for further investigation into M&V, EPCs,
and their integration with Digital Twin and Blockchain technologies to facilitate the im-
plementation of EPC projects in the AECO industry. In response, the architecture of a
framework that combines Digital Twin and Blockchain technologies to create an improved
environment for executing EPCs was proposed. The proposed framework consists of three
main layers: the Digital Twin of an asset, the Blockchain service layer (including a private
Blockchain infrastructure and a Consortium Blockchain), and the Virtual Data Room. The
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framework shows the potential to enhance Measurement and Verification (M&V) in energy
performance-based smart contracts in the AECO industry.

The proposed framework combines the Digital Twin layer with the Blockchain service
layer, integrating static and dynamic building data to identify underperformance and facili-
tate informed decision-making. The Blockchain service layer includes a private Blockchain
infrastructure and a Consortium Blockchain, addressing challenges related to data storage,
transaction costs, and information confidentiality. The framework incorporates a private
Blockchain infrastructure (BigchainDB) as an initial addition, aiming to eliminate the sig-
nificant transaction costs associated with on-chain storage and address potential concerns
about the confidentiality of information in open distributed ledgers. The Virtual Data Room
provides stakeholders with a user-friendly interface to access their authorized information
and interact with performance data. The framework aims to effectively manage energy
applications in buildings, enabling real-time adjustments, flexibility, and autonomous
decision-making for interventions and operations.

In future work, the authors recommend formulating a detailed framework for informa-
tion flow between current framework layers and providing a proof-of-concept that delivers
insights into the potential of using the proposed framework for a better EPC digitalized
environment.
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Abstract: This study focused on assessing the financial efficiency of investing in a horizontal shower
heat exchanger. The analysis was based on net present value (NPV). The research also examined the
possibility of using artificial neural networks and SHapley Additive exPlanation (SHAP) analysis
to assess the profitability of the investment and the significance of individual parameters affecting
the NPV of the project related to installing the heat exchanger in buildings. Comprehensive research
was conducted, considering a wide range of input parameters. As a result, 1,215,000 NPV values
were obtained, ranging from EUR −1996.40 to EUR 36,933.83. Based on these values, artificial neural
network models were generated, and the one exhibiting the highest accuracy in prediction was
selected (R2 ≈ 0.999, RMSE ≈ 57). SHAP analysis identified total daily shower length and initial
energy price as key factors influencing the profitability of the shower heat exchanger. The least
influential parameter was found to be the efficiency of the hot water heater. The research results
can contribute to improving systems for assessing the profitability of investments in shower heat
exchangers. The application of the developed model can also help in selecting appropriate technical
parameters of the system to achieve maximum financial benefits.

Keywords: net present value (NPV); waste heat recovery; machine learning; multilayer perceptron;
SHAP analysis; Python programming language

1. Introduction

One of the most significant challenges facing contemporary generations is the need to
meet the growing demand for energy while simultaneously caring for the environment and
minimizing the negative impact of energy systems on the planet [1,2]. Population growth
and ongoing urbanization are just some of the factors exacerbating this issue. Additionally,
climate change forces communities to alter consumer behaviors [3] and take swift action
aimed at reducing greenhouse gas emissions. It is, therefore, evident that the current
heating systems should undergo a thorough transformation towards more ecological,
sustainable, and efficient solutions [4,5]. However, meeting these challenges will not be
possible without developing technologies based on renewable energy sources (RESs). This
applies to both well-known RESs, such as solar, wind, and geothermal energy [6], as well as
so-called third-generation renewable energy sources, for example, warm wastewater [7]. It
is also essential to promote the effective use of energy through continuous public education
on the conscious use of resources. In this aspect, the financial efficiency of individual
solutions is particularly important [8], as implementing effective energy-saving measures
can bring financial benefits to both individual energy consumers and entire communities.

Buildings are of particular importance in terms of the potential for reducing en-
ergy consumption and associated costs. As reported by the International Energy Agency
(IEA) [9], the use of buildings accounts for up to 30% of global final energy consumption
and approximately 26% of energy-related emissions. This should not be surprising, as
Ratajczak et al. [10] noted, in some cases, people spend up to 90% of their lives indoors. It
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should also be noted that over the past few years, the components of the energy usage bal-
ance in buildings have been changing. As a result of technological progress and increased
environmental awareness in society, buildings are better insulated and equipped with
more efficient central heating, air conditioning, and lighting systems. Consequently, the
share of domestic hot water (DHW) heating in the overall energy consumption balance in
buildings has increased. In Poland, this share averages over 17% [11]. Research from other
countries [12] indicates that it can be significantly higher. Much also depends on the type
of building because, in passive buildings, the energy demand for preparing domestic hot
water may significantly exceed the energy demand for space heating [13]. It is important to
note that a significant volume of hot water consumption is used in bathtubs and showers.
Some studies suggest that this can be as much as 70% [14]. Therefore, particular attention
should be paid to solutions that guarantee a reduction in energy demand for heating water
used for these purposes.

Such solutions undoubtedly include shower heat exchangers [15,16]. These devices
allow for the recovery of part of the thermal energy present in greywater released from the
shower. Warm greywater, flowing through the heat exchanger, transfers its carried thermal
energy to the counter-flowing cold water. After preheating, it is then directed to the DHW
heater and/or the shower mixing valve. However, the best energy benefits, and thus the
highest financial savings, are achieved by preheating all the water used in the shower [17].
It should be noted that the use of greywater heat exchangers can enhance the comfort of
using the shower installation by increasing the efficiency of the domestic hot water heater.
This can result from both reducing the volumetric flow of heated water and raising the
temperature of the water supplied to this device. Considering that ensuring comfortable
conditions for using the shower installation with minimal energy consumption is an aspect
that cannot be ignored [18], the use of shower heat exchangers seems not only beneficial
but also necessary, especially since greywater is available all year round [19], even in the
winter season, when energy demand is highest.

The financial efficiency of using a shower heat exchanger in a residential building
depends on several factors determining the amount of energy consumption for DHW
heating for showering. These primarily include the hot water flow rate and the duration
of shower installation use [20]. The input and output water temperatures of the DHW
heater, as well as the type and efficiency of this device, are also significant. Besides energy
demand for heating water, potential financial savings resulting from the application of
a shower heat exchanger are influenced by its effectiveness and unit energy prices. The
unit’s effectiveness mainly depends on its type, as well as the functioning conditions of
the shower installation and the connection method of preheated water pipes [21]. On the
other hand, energy prices depend on the type of fuel used and the applicable tariffs for
purchasing and distributing a given energy carrier. Over a longer period of heat recovery
system use, geopolitical and economic situations should also be considered. Therefore,
the results of the financial analyses conducted by various researchers differ significantly,
and they draw contradictory conclusions. For example, Selimli and Eljetlawi [22] noted
that the investment in such a device could pay off within two years. Other analyses [20]
indicated, however, that depending on the conditions of the installation’s use, this period
can be significantly extended. Considering the above, it seems necessary to conduct a
thorough analysis identifying the key factors influencing the profitability of investing in
a shower heat exchanger. Their relevance should be verified in the context of specific
operating conditions of the shower installation and the risk associated with changes in
market or operational conditions that may cause deviations in actual financial flows from
forecasted values.

Considering all possible scenarios of the shower installation’s operation and determin-
ing the values of financial efficiency indicators for the full set of input data is, however,
time-consuming and laborious. Consequently, financial analyses are often limited to strictly
defined values of input parameters corresponding to typical operating conditions of the
shower installation. Potential buyers and future users of such devices are deprived of
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knowledge about the solution’s profitability in case these conditions change. A partial solu-
tion to this problem is provided by sensitivity analysis, including scenario analysis, which
can give a fuller picture of the investment’s profitability under different conditions [23].
However, even it does not guarantee a comprehensive consideration of all potential condi-
tions and events that may affect the investment’s profitability. It is not always possible to
predict future changes, establish precise values of parameters subject to change over time,
or consider interactions between scenarios. To gain a fuller picture of the investment’s
profitability in a shower heat exchanger and better understand the potential risks associated
with it, more advanced techniques and tools are necessary. Such tools undoubtedly include
artificial neural networks (ANNs). Thanks to the ANN models’ ability to process large
amounts of data, detect patterns, and forecast outcomes, they can help investors make
more accurate investment decisions. Their use can also help automate some calculations
and eliminate potential human errors. Considering the above, the objectives of this article
include the following:

• Evaluation of the financial efficiency of using a horizontal shower heat exchanger;
• Assessment of the possibility of using ANNs to evaluate the profitability of investing

in a shower heat exchanger;
• Assessment of the significance of individual parameters influencing the financial

analysis results.

This paper continues and expands on the research described by Starzec et al. [21].
The mentioned research [21], however, focused on the use of ANN models to forecast the
effectiveness of the heat exchanger, while the research described in this paper relates to the
investment profitability expressed by the net present value (NPV).

2. Materials and Methods

2.1. Research Steps

In the first stage of the analyses, a prototype of a horizontal shower heat exchanger
installed at the greywater outlet underwent experimental testing. The analysis was carried
out for the most energy-justified design variant of the heat recovery system, assuming that
preheated water flows to both the DHW heater and the mixing valve. Both the research
stand and the technical parameters of the selected shower heat exchanger were presented
in detail by the authors in an earlier publication [21] concerning the assessment of the
suitability of artificial neural networks for assessing the effectiveness (ε) of a shower heat
exchanger. Based on the research results obtained and described by Starzec et al. [21],
the temperatures of preheated water were also determined, which formed the basis of
the research described in this study (Appendix A, Figure A1). Based on these, research
was carried out on the financial efficiency of using a shower heat exchanger for a total of
1,215,000 combinations of input parameters.

Next, ANN models were developed, adopting ten input parameters and one output
parameter in the form of the NPV value. Then, using the selected ANN model and the
SHapley Additive exPlanation (SHAP) analysis, a hierarchy of significance of the adopted
input parameters affecting the financial efficiency of using the horizontal heat exchanger
was determined. For this purpose, Python programming language was used. As a result,
it was possible to identify the most important parameters that have the greatest impact
on financial benefits derived from the usage of this device. Figure 1 illustrates the logical
flowchart of the research process.
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Figure 1. Research logic flowchart.

2.2. Net Present Value

The financial analysis of the investment in a shower heat exchanger was based on the
NPV values. Net present value is a key tool in investment analysis and project evaluation,
which is why it is widely used in the analysis of projects involving the use of RESs [24,25].
This method allows one to assess the profitability of a project by taking into account future
cash flows and discounting them to the current value, which is described by Equation (1).

NPV =
n

∑
t=1

CFt

(1 + r)t − INV0, (1)

where NPV is the net present value of a project, EUR; CFt is the cash flows in year t,
EUR; INV0 is the initial investment outlay, EUR; r is the discount rate; and n is the system
lifespan, years.

A positive NPV value indicates that under the given conditions of system operation,
the financial benefits from implementing the project will exceed the costs. If the costs are
too high compared to the forecast revenues and the NPV turns out to be negative, the
investment will be unprofitable.

Regarding investing in a shower heat exchanger, the value of financial flows (CFt)
results from financial savings related to reducing energy consumption in the building.
The annual decrease in energy consumption for heating DHW was estimated based on
Equation (2).

ΔEC =
365·ls·

[
q0h·ρ0·cp0·(Thw − Tcw)− q1h·ρ1·cp1·

(
Thw − Tpw

)]
η·3.6·109 , (2)
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where ΔEC is the annual energy savings used to heat DHW, kWh (MWh); ls is the total
daily shower length, min (s); q0h is the flow rate of DHW to the shower mixing valve in
the variant without a shower heat exchanger, L/min (m3/s); q1h is the flow rate of DHW
to the shower mixing valve in the variant with a shower heat exchanger, L/min (m3/s);
Thw is the temperature of DHW, ◦C (K); Tcw is the temperature of cold water, ◦C (K); Tpw is
the temperature of preheated water, ◦C (K); η is the efficiency of a DHW heater; ρ0 and ρ1
are the densities of water, kg/m3; and cp0 and cp1 are the specific heat capacities of water,
J/(kg·K).

The value of the NPV indicator in the case of investing in a shower heat exchanger is
influenced by a number of factors related to the conditions of using the shower installation,
the costs of supplying the building with energy, and the assumed level of risk expressed in
the value of the discount rate (r). The amount of initial investment outlay (INV0) is also
important. In order to create a database of NPV values, based on which artificial neural
network models were generated in the next stage of research, 1,215,000 combinations
of input parameters were identified and analyzed. Table 1 lists the values of the input
parameters that were considered when creating the above combinations. These values have
been selected to take into account different scenarios and conditions of using the shower
installation and to reflect different levels of risk. Considering that among the parameters
determining the effectiveness (ε) of the shower heat exchanger, which ranged from 19.20%
to 35.44%, the most important is the mixed water flow rate (q) and the linear bottom slope
of the shower heat exchanger (i) [21], the analysis included five and eight values of these
parameters, respectively. The adoption of a larger number of bottom slope values (i) results
from the fact that the impact of changing the value of this parameter on the effectiveness (ε)
of the horizontal shower heat exchanger is less predictable and more diverse over the entire
range of its values. On the other hand, due to the limited importance of cold water and
greywater temperatures (Tcw and Tdw), it was decided to reduce the number of considered
values of these parameters to three. As a result, the analysis of the financial efficiency of the
investment in the shower heat exchanger was based on 360 preheated water temperatures
(Tpw) corresponding to different operating conditions of the greywater heat recovery system
(Appendix A/Figure A1). The selected values of the above parameters corresponded to
the combinations that, in the previous stage of research, were characterized by the greatest
fit to the ANN models [21]. The calculations assumed a constant DHW temperature (Thw)
of 55 ◦C. This value corresponds to the minimum DHW temperature at the outlet from
the sanitary facilities in Polish conditions, which was specified in the Regulation of the
Minister of Infrastructure and Development [26].

Table 1. Values of the input parameters.

Input Parameter Unit Values

Cold water temperature (Tcw) ◦C 8, 14, 20
Greywater temperature (Tdw) ◦C 30, 35, 40

Initial investment outlay (INV0) EUR 400, 1200, 2000
Initial energy price (Ce) EUR/kWh 0.02, 0.10, 0.18, 0.26, 0.34

Annual change in energy price (ie) % −2.5, 0, 2.5, 5, 7.5
Domestic hot water heater efficiency (η) % 80, 90, 100

Linear bottom slope of the shower heat exchanger (i) % 0, 0.33, 0.66, 1, 2, 2.5, 3.5, 4
Discount rate (r) % 0, 2.5, 5, 7.5, 10

Mixed water flow rate (q) L/min 3, 4.5, 6.5, 8.5, 10
Total daily shower length (ls) min 10, 50, 90

System lifespan (n) years 15

Additionally, the analysis took into account five different values of the initial energy
price (Ce), the annual percentage change in the energy price (ie), and the discount rate (r). In
the case of parameters such as DHW heater efficiency (η), total daily shower length (ls), and
initial investment outlay (INV0), it was decided to limit the amount of input variable values
to three. In the case of the first of the mentioned parameters (η), this is due to the small
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range of its values. In the remaining cases (ls, INV0), the fact that these parameters change
the value of the NPV indicator linearly was taken into account. Representative values of the
above parameters were selected to consider the different number of system users and their
various preferences as to the length of the shower, the varied scope of required installation
works, different types of instantaneous DHW heaters (gas, electric), as well as different
market trends.

2.3. Artificial Neural Networks

Artificial neural networks can be a useful tool in assessing the effectiveness of greywa-
ter heat recovery units. Thanks to the ability to process large amounts of data and identify
complex patterns, ANNs can be used to analyze and model thermal processes occurring in
these systems. Artificial neural networks can also be used to assess the financial efficiency
of using shower heat exchangers. ANN models can predict energy savings and costs associ-
ated with installing and operating these systems. Using data on water consumption, energy
costs, shower heat exchanger specifications, and operating conditions, ANNs can accurately
assess the potential financial benefits of heat recovery in various scenarios. Such analyses
can help both individual users and companies make informed investment decisions while
ensuring optimization of expenses and maximizing the return on investment in greywater
heat recovery technologies.

Artificial neural networks are inspired by the biological structures of the brain, which
consist of neurons connected by synapses. ANNs are complex mathematical and computer
structures that consist of many layers of artificial neurons capable of learning and processing
information. They are widely used in various fields, such as image recognition [27], financial
forecasting [28], and in the field of technical sciences [29]. The process of creating an artificial
neural network begins with the definition of the problem, i.e., determining the purpose
and scope of application of the neural network, for example, whether the network is to
recognize images, predict the values of a given parameter, classify data, etc. The next step
is to collect data (e.g., laboratory tests) that will be used to learn the ANN models. Next
comes data preparation, where data cleanliness and normalization are crucial. The data
must be in the right format, and the values must be normalized for the network to learn
effectively. The next step is to choose the network architecture, which includes deciding
on the number of layers, the number of neurons in each layer, and the type of activation
function. Once the architecture is defined, the network training process begins, which
involves adjusting neuron weights based on training data using optimization algorithms
such as backpropagation. After training, there is a validation and testing stage, where the
model is tested on a set of data that was not used during training to assess its performance
and generalizability. Finally, the model is put into real use, where it can process new data
and provide predictions or classifications according to its intended purpose [30].

In this study, the input data set comprised a total of ten parameters determining the
effectiveness of the horizontal shower heat exchanger and the profitability of its application
in a residential building (Table 1), assuming a 15-year system lifespan (n). Based on the
flow rate (q), the slope of the unit (i), and the temperatures of cold and greywater (Tcw
and Tdw), the values of the preheated water temperature (Tpw) were determined through
experimental studies. The experimental results of the heat exchanger conducted at the
Laboratory of Measurement Techniques and Water and Wastewater Transport Control at
Rzeszow University of Technology can be found in the publication by Starzec et al. [21].
The measured Tpw values were then used to calculate the NPV indicator, which was the
output variable of the model. The calculated NPV values are presented in Section 3.1. The
normalized input data formed the basis for training MultiLayer Perceptron (MLP) neural
networks. To ensure the accuracy and reliability of the model, the data set was divided into
three parts: training set, validation set, and test set. The training set accounted for 70% of
the total data, and the validation and testing sets accounted for 15% each. This division
allows for appropriate tuning of the model and its subsequent evaluation of previously
unknown data, which allows for a more objective assessment of its effectiveness. The data
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were divided randomly, which enabled effective verification of prediction results [31]. This
approach allows for an easy assessment of how well the model generalizes to unseen data.
If it performs well on the training, validation, and test sets, it indicates that it can make
accurate predictions based on new data. Therefore, the model that provided the best fit of
computational data with the model’s predictions, as well as the most favorable values of
model evaluation metrics across all three data sets, was chosen.

The developed artificial neural network models were evaluated using the root mean
square error (RMSE) and coefficient of determination (R2). The RMSE measures the average
size of the model’s prediction errors. The lower the RMSE value, the better the model
fit. The value of the RMSE index is determined according to Equation (3). The R2 index
measures how well observed outcomes are predicted by the model. Its value ranges from 0
to 1, where 1 means a perfect fit of the model to the data. Equation (4) defines the coefficient
of determination (R2) [32].

RMSE =

√
1
m∑m

i=1(yi − ŷi)
2, (3)

R2 = 1 − ∑(yi − ŷi)
2

∑(yi − y)2 , (4)

where m is the number of data sets, yi is the measured value, ŷi is the predicted value, and
y, is the mean value of data set.

2.4. SHapley Additive exPlanations

SHAP analysis seems to be a valuable tool for assessing the financial efficiency of
using shower heat exchangers. Thanks to this method, it is possible to understand in
detail how particular features influence the model’s predictions [33], which is crucial
when assessing the costs and benefits associated with the implementation of this type of
technology. SHAP analysis allows for the identification of key factors influencing energy
and financial savings, which enables more accurate investment planning and optimization
of installation processes. Thanks to this tool, investors and decision-makers can make more
informed decisions, minimizing risks and maximizing economic benefits from the use of
shower heat exchangers.

SHAP analysis is a tool for explaining the results of complex machine learning models.
SHAP is based on the concept of Shapley values from game theory, which is used to
separate the output of a model into the contributions of individual features. In the context
of machine learning, these values represent the contribution of each input feature to the
model’s prediction. Thanks to this, SHAP analysis allows for the interpretation of the
performance of models that are often perceived as “black boxes” due to their complexity.

The basis of SHAP analysis is the calculation of the Shapley value for each feature.
These values measure how adding a given feature to all possible combinations of other
features affects the model result. In practice, SHAP algorithms calculate these values by
simulating all possible combinations of features and their impact on the result. In this way,
SHAP values provide global and local explanations of the model’s performance. Global
explanations show which features are most important overall, and local explanations help
understand how particular features affect specific predictions.

One of the key benefits of SHAP analysis is its universality and accuracy. This method
is applicable to a wide range of models, including decision trees, artificial neural networks,
and linear models. Moreover, SHAP values are intuitive: the sum of individual feature con-
tributions plus the “base value” equals the model output, which makes the interpretations
easy to understand even for people who are not machine learning experts.

SHAP analysis is widely used in various fields where machine learning is used. SHAP
analysis is used in power engineering [34], construction [35], environmental engineer-
ing [36], socio-economic sciences [37], and many other areas where understanding how
predictive models work is crucial to making informed decisions.
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3. Results

3.1. Net Present Value

Based on the data presented in Table 1, 1,215,000 NPV values were determined, which
ranged from EUR −1996.40 to EUR 36,933.83 (Figure 2). Such a large dispersion of results
indicates significant uncertainty as to expected future financial flows. Changes in the
forecast values of input parameters, both those related to the costs of supplying energy to
the property and those characterizing water consumption for showering, may significantly
affect the outcomes of the financial analysis. This confirms the validity of analyzing the
profitability of a project in a wide range of input data for effective strategic planning and
risk management. The statistical analysis of the results showed that for the entire studied
data set, the median net present value was EUR −90.70. Therefore, it is clear that in the
case of most of the combinations of input parameters considered, the project would turn
out to be unprofitable. This results from both the relatively low effectiveness of the heat
exchanger and the wide range of adopted values of input parameters, including extremely
unfavorable conditions of use of the heat recovery system. For a more complete picture
of the distribution of NPV values, quartile values were also determined. The first quartile
was equal to EUR −965.60, which means that lower NPV values were obtained for 25%
of the parameter combinations. On the other hand, the third quartile was equal to EUR
1433.33. This shows that in 25% of cases, higher net present values were obtained. The
distribution of NPV values is, therefore, right-skewed. This suggests that despite the
predominance of cases for which NPV < 0, there are a significant number of scenarios
with very high profitability, which significantly increases the predicted average NPV value.
This distribution suggests a high level of risk while indicating the possibility of achieving
significant financial profits under appropriate conditions of the system’s operation.

Figure 2. Distribution of the NPV values.

To thoroughly comprehend the impact of individual input variables on the profitability
of the project and the dispersion of the obtained results, Figure 3 shows the distribution
of the NPV values depending on the adopted values of these parameters. The analysis
of individual box-and-whisker plots, prepared on the basis of 12.50–33.33% of all results
(depending on the number of considered values of a given parameter), confirms that
the median NPV value is close to zero in many cases. However, there are exceptions
indicating a significant impact of selected parameters on the profitability of the project.
Such exceptions undoubtedly include initial energy price (Ce), total daily shower length (ls),
and initial investment outlay (INV0). The research analyzed initial energy prices ranging
from 0.02 to 0.34 EUR/kWh. Adopting such a wide range of these parameters allows for
the estimation of the profitability of the project with respect to various energy carriers.
Analyzing Figure 3d, it can be seen that in the case of the lowest Ce values, the investment
would be unprofitable in the vast majority of the considered scenarios because the third

147



Energies 2024, 17, 3584

quartile turned out to be negative. For the next value considered (Ce = 0.10 EUR/kWh),
the median NPV still remained negative. It is worth noting that this price is slightly higher
than the current frozen price of natural gas in Poland. It can, therefore, be concluded that
the implementation of a shower heat exchanger in a system where DHW is prepared using
a gas water heater is unfavorable in financial terms. However, such low energy prices are
unlikely over an extended period, which creates an opportunity to increase the financial
efficiency of using this device. An increase in the initial energy price is equivalent to an
increase in the value of the NPV. Already at Ce = 0.18 EUR/kWh, the median of the results
becomes positive, and at the highest Ce value considered, almost the entire box is above the
zero value. In the case of Poland, higher prices refer to electricity prices. It can, therefore,
be concluded that shower heat exchangers will be a much more attractive option in the
case of installations equipped with an electric DHW heater. In some cases, it will still be
necessary to consider the risk of loss, but as the initial energy price increases, this risk will
decrease while the potential return on investment simultaneously increases. An increase in
the initial energy price additionally results in greater dispersion of results, especially the
highest NPV values. This proves that the net present value is significantly sensitive to this
parameter. Even small changes in the initial energy price can lead to significant changes
in the projected NPV values. On the other hand, it confirms that there is the potential to
achieve very high profits if the conditions of use of the installation and market conditions
are appropriate.

 
(a) 

 
(b) (c) 

Figure 3. Cont.
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(d) (e)

(f) (g) (h)

(i) (j)

Figure 3. Distribution of NPV values against individual input parameters: (a) linear bottom slope;
(b) mixed water flow rate; (c) discount rate; (d) initial energy price; (e) annual change in energy price;
(f) greywater temperature; (g) cold water temperature; (h) total daily shower length; (i) domestic hot
water heater efficiency; (j) initial investment outlay.

Total daily shower length (ls) is also important (Figure 3h). The lowest value of the
ls corresponds to the situation when the shower is used by one person or two people
who prefer short showers. In such conditions, water consumption is low, even in the
case of shower heads with a high flow rate of mixed water. This causes the investment
to have low financial efficiency. In over 75% of the considered scenarios, the project
turned out to be unprofitable. It can, therefore, be concluded that in the case of single-
person households, investing in a shower heat exchanger will be financially unprofitable.
Increasing the time of water consumption from the shower head to 50 min per day resulted
in the median of the results reaching a positive value. This means that in the case of
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several-person households, investing in a horizontal shower heat exchanger may prove
profitable, especially when the DHW is heated with an electric water heater. Increasing
the total daily shower length to 90 min means that approximately 75% of all scenarios
guarantee profits from the implementation of the installation. The implementation of the
analyzed shower heat exchanger will, therefore, be particularly beneficial for people who
prefer long showers. It is also worth considering the possibility of installing a common
heat exchanger on the greywater outflow from two neighboring apartments. Favorable
financial effects could also be achieved if the unit was installed in buildings with higher
water consumption than residential buildings, for example, sports facilities, health care
facilities, campsites, dormitories, prisons, etc.

Clear differences in the determined NPV values and their distributions are also vis-
ible in the case of the initial investment outlay (INV0). In the case of a relatively cheap
heat exchanger, the initial investment outlay varies depending on the scope of required
installation and renovation work. If the heat exchanger has been considered at the building
design stage or is to be located in the immediate vicinity of the shower and the DHW
heater, these costs will not be excessive. However, if the installation of the heat exchanger
requires significant modifications to the internal water supply and sewage system as well
as related construction and installation works, the initial investment outlay may increase
significantly, and the costs of installing the unit may even exceed the cost of its purchase
several times. In the case of the lowest investment costs considered (INV0 = EUR 400),
most scenarios turned out to be profitable (68.40%). Additionally, even in the event of
extremely unfavorable circumstances, the potential financial losses will not be significant.
An increase in the amount of initial investment outlay results in a clear reduction in the
profitability of the investment. Even with expenditures of EUR 1200, more than half of the
considered scenarios turned out to be financially unfavorable (55.44%). In the case of an
increase in INV0 to EUR 2000, approximately 67.45% of the parameter combinations were
considered unfavorable. It follows that the implementation of greywater heat exchangers
in Polish conditions will require subsidies, tax reliefs, or other forms of financial support
for investments in solutions that increase the energy efficiency of buildings.

Upon reviewing the distributions illustrated in Figure 3, it becomes clear that the
remaining input parameters have a much lower impact on the results of the investment
profitability analysis. It is clearly visible that in the case of a decrease in the bottom linear
slope of the heat exchanger (i), the flow rate of water and greywater through the unit
(q), the annual change in the energy price (ie), and the greywater temperature (Tdw), the
directions of changes in these parameters are consistent with the direction of changes in
the NPV. On the other hand, in the case of parameters such as the discount rate (r), cold
water temperature (Tcw), and DHW heater efficiency (η), these directions are opposite. To
precisely determine the influence of parameter changes on the analysis outcomes, it is
necessary to use more advanced tools. For this reason, artificial neural networks were used
in the next stage of research.

3.2. Artificial Neural Networks

To evaluate the feasibility of using machine learning methods to assess the financial
efficiency of using a horizontal shower heat exchanger, artificial neural network models
were generated. To evaluate these models, the RMSE and R2 coefficients were used, which
were determined in accordance with Equations (3) and (4). These indicators were computed
for the training, validation, and test datasets.

During the research process, several neural network models were developed and
tested. Among them, the model that was selected showed optimal values of the RMSE and
R2 indicators, which proved its highest efficiency. The values of the RMSE and R2 indices
for the selected model are summarized in Table 2.
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Table 2. Values of R2 and RMSE indicators for the selected artificial neural network model.

ANN Model
Architecture

Training Set Validation Set Testing Set

R2 RMSE R2 RMSE R2 RMSE

10-15-9-11-1 0.999 56.745 0.999 57.205 0.999 56.981

The selected artificial neural network model achieves a coefficient of determination
(R2) close to 1.0 and a low root mean square error (RMSE) for all three data sets. In practical
terms, this implies that the model explains the variability of the data very well, and almost
all the data are accurately fitted by the model (Figure 4). When both of these metrics
are consistent across all data sets, we can conclude that the model is highly accurate in
prediction. Furthermore, the lack of significant differences in the results for the training,
validation, and testing sets suggests that the model is not overfitted. Overfitting usually
leads to high R2 on the training set but low on the testing set. The analysis results prove
that the developed ANN model is effective in predicting data and can be used with a high
level of confidence.

(a) (b) (c) 

Figure 4. Comparing actual and forecasted NPV values: (a) training data set; (b) validation data set;
(c) testing data set.

3.3. SHAP Analysis

In order to explain the impact of individual input parameters on the financial ef-
ficiency of the project, a SHAP analysis was conducted. The results are presented in
Figure 5. Figure 5a presents global feature importance, and Figure 5b presents a local
explanation summary. Global SHAP analysis aims to understand the overall behavior of
the model, while local analysis focuses on understanding individual predictions. The Y-axis
in Figure 5b shows the individual input parameters whose impact on the NPV value was
analyzed, while the X-axis shows the SHAP values. The order of the input parameters along
the vertical axis corresponds to the impact on the profitability of investing in a horizontal
shower heat exchanger. The legend attached to the chart indicates the value of the input
parameter in a given observation in relation to the entire range of its values adopted for the
analysis. Each point corresponds to a single analyzed case, with the points on the right side
indicating a positive impact on the NPV value, while the points on the left side represent a
negative impact on the analysis results.

The SHAP analysis confirmed that in the case of the considered shower heat exchanger,
total daily shower length (ls) and initial energy price (Ce) are of key importance for the
profitability of the project. This is evidenced by the average SHAP values, which for both
of these parameters exceed EUR 800. Slightly higher values were obtained for the first
parameter. It should be noted, however, that the annual change in energy price (ie) will also
have an impact on energy prices in the subsequent years of system operation. Although
this parameter ranks only fifth in the hierarchy of importance of input parameters, the sum
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of average SHAP values for Ce and ie will exceed EUR 1200. Therefore, it can be concluded
that energy prices throughout the entire operational period will be of key importance for the
achieved NPV values. Initial energy prices and their annual changes are related primarily
to the type of basic energy carrier, as well as production and distribution costs, geopolitical
conditions, and implemented government policies. For this reason, the course of changes
in energy prices over the entire operational period is difficult to predict. Although attempts
are made to create advanced models for forecasting future energy prices, these forecasts
are always subject to a certain degree of uncertainty. The average user of a shower heat
exchanger is not able to predict the dynamics of these changes on his own. For this reason,
analyzing a wide range of potential energy prices is crucial for assessing the profitability of
investing in a shower heat exchanger. The analysis should also focus on various total daily
shower lengths (ls), as this input parameter also has a considerable impact on the financial
viability of the project. The habits of system users should be analyzed, and potential
changes in their numbers in the future should be considered.

(a) 

(b) 

Figure 5. The influence of various input variables on the output variable: (a) mean (|SHAP value|);
(b) SHAP summary plot (designations as in Table 1).
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Also, analyzing individual cases, it can be seen that omitting the ls and Ce parameters
results in the highest SHAP values. For example, the maximum difference between the
forecasted net present value considering ten input variables and the forecasted NPV without
taking into account the total daily shower length (ls) amounted to EUR 9226.15. In the
case of the initial energy price (Ce), it was EUR 7349.38. In both cases, the directions of
changes in the input parameters and the net present value are consistent, which means
that an increase in the value of each of them increases the profitability of the project. An
analogous pattern was also observed in the case of a mixed water flow rate (q), annual
change in energy price (ie), greywater temperature (Tdw), and linear bottom slope of the
heat exchanger (i). In the case of the latter, however, the influence on the investment’s
economic viability is negligible. The average SHAP value does not reach EUR 150, and
the maximum value for individual cases slightly exceeds EUR 1000. This is surprising
because, in the previous stage of the analysis, the course of the impact of changes in this
parameter on the effectiveness of the heat exchanger turned out to be the most diverse
and least predictable of all the considered input parameters [21]. However, in the case of
estimating financial savings, parameters that were not associated with the effectiveness
of the shower heat exchanger turned out to be more significant. In addition to the linear
bottom slope (i), cold water and greywater temperatures were also relatively low in the
hierarchy. The only exception is the mixed water flow rate, for which SHAP values range
from EUR −3064.84 to EUR 3556.30. This is probably due to the fact that the flow rate of
water and greywater through the heat exchanger determines the amount of heat that can
be recovered. A high flow rate (q) can increase the heat transfer rate of the heat exchanger,
leading to greater energy savings and, consequently, increased financial savings and NPV
value. For this reason, an increase in the value of q results in an increase in the net present
value, even though the effectiveness of the heat exchanger is reduced in such a situation.

The parameters whose directions of change are opposite to the direction of changes
in the NPV indicator include the initial investment outlay (INV0). The average SHAP
value, in this case, is close to EUR 600, which places this parameter in third place in the
hierarchy of influence on the analysis results and confirms the need for co-financing the
investment in a shower heat exchanger. Potential buyers should also look for savings in the
costs of installing a heat recovery unit, e.g., by selecting a location that will limit the scope
of required installation work. The parameters that had a negative impact on the model
result also included the discount rate (r) and cold water temperature (Tcw), for which the
average strength of the influence turned out to be similar. These parameters ranked sixth
and seventh in the hierarchy, respectively. The last position went to the efficiency of the hot
water heater (η). Also, in this case, an increase in the value of the input parameter results in
a decrease in the value of the NPV. However, its influence on the model prediction result is
negligible, which may be due to the fact that the efficiency of hot water heaters is relatively
high in the entire adopted range of values of this parameter.

This study additionally analyzed local SHAP values for three characteristic cases (two
extreme cases and the central one). The SHAP values for these individual observations
are presented in Figure 6. For the parameter configuration shown in Figure 6a, the sum
of the SHAP values is EUR 2820.76 with the calculated and predicted NPV values of EUR
−1996.40 and EUR −2024.82, respectively. The initial investment outlay (INV0), which
reduces the NPV value in relation to the base value of EUR 795.94 by as much as EUR 906.81,
has the greatest impact on the model’s predictions. It is worth noting that INV0 takes the
highest considered value in this configuration. On the contrary, total daily shower length
(ls) and initial energy price (Ce), which also have a major influence on the prediction results,
have the lowest values in the analyzed ranges. The remaining seven input parameters are
responsible for reducing the base value by a total of EUR 577.81.
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(a) 

(b) 

(c) 

Figure 6. Force plot visualization: (a) NPV = EUR −1996.4; (b) NPV = EUR −27.6; (c) NPV = EUR
36,933.8 (designations as in Table 1).

Figure 6b refers to the median of the obtained SHAP values. In this case, the forecast
NPV is EUR 94.91, and the parameter that has a key impact on this result is total daily
shower length (ls). Adopting the lowest ls value reduces the base value by almost EUR 1250.
The low flow rate (q), high cold water temperature (Tcw), and no changes in the energy
price during system operation compared to the initial price also have a negative impact on
the NPV prediction result. On the other hand, adopting a relatively low initial investment
outlay (INV0) results in an increase in the base value by over EUR 700. A positive, although
less significant, impact on the NPV value is also demonstrated by the lack of changes in the
value of money over time, high greywater temperature, high initial energy price, slightly
exceeding the current price of electricity for households in Poland, and low efficiency of
the DHW heater. The arrangement of the heat exchanger with a slight slope in the direction
of greywater flow also has an impact, but it is negligible.

The last figure (Figure 6c) concerns the extremely favorable case where all input
parameters contribute to an increase in the predicted net present value with respect to
the base value. The hierarchy of significance of individual parameters in terms of the
strength of their impact on the subject of analysis differs significantly from that presented
for previous observations. Although the very long total daily shower length (ls) and the
high initial energy price (Ce) have the highest impact on the subject of the analysis, the
discount rate (r) also ranks relatively high. Adopting a zero value of this parameter results
in no reduction in the value of financial flows (savings) in the subsequent years of operation
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compared to the current year. A high annual change in energy price (ie) and a high flow
rate of media through the unit (q) guarantee an increase in the base value by over EUR 3000.
Next in the ranking were cold water and greywater temperatures (Tcw and Tdw), linear
bottom slope (i), and DHW heater efficiency (η). It may seem surprising that the initial
investment outlay (INV0) has the smallest impact on the model prediction in this case. This
is probably because, due to significant water consumption for showering and high energy
prices, the potential financial savings are so high that the low value of the initial investment
outlay loses its importance.

Analyzing the selected observations, it was noticed that the strength of the impact
of individual input variables on the NPV prediction result may differ significantly from
the average values presented in Figure 5a. These differences may be due to the unique
conditions prevailing in each case. In a situation where the projected financial savings are
very high, the importance of initial investment outlay will not be so significant. However,
if the building has low water consumption and energy prices are low, as is the case with
the use of gas hot water heaters, even a low investment outlay may turn out to be a key
factor determining the financial efficiency of the project. The average SHAP values shown
in Figure 5a only provide a general picture. However, if you want to better adapt the
recommendations to specific conditions, an individual analysis should be carried out.

4. Discussion

4.1. Investment Profitability

Considering the current geopolitical situation, potential energy crises, as well as
ongoing climate change, saving energy in buildings should be a priority for both local gov-
ernment officials and ordinary citizens. Meanwhile, as noted by Su et al. [38], people prefer
to place greater emphasis on issues related to building construction, while rising energy
costs and the instability of energy supplies require urgent actions to reduce dependence on
fossil fuels. The introduction of technologies that reduce energy consumption for water
heating, such as shower heat exchangers, can significantly reduce energy consumption in
households, contributing to improved energy security. Considering that financial and envi-
ronmental issues are interconnected and mutually reinforcing [39], it can be assumed that
investments in greywater heat recovery technologies can support both household budgets
and sustainable development. The assessment of the financial efficiency of investments is
particularly important, as noted by Ober et al. [40], because some user groups place less
emphasis on pro-environmental actions. In such cases, the profitability of the investment
project becomes a key aspect of its evaluation.

For the considered horizontal heat exchanger, the net present value ranges in a rela-
tively wide range from EUR −1996.40 to EUR 36,933.83, indicating significant uncertainty
regarding future cash flows. The analysis showed that more than half of the calculated
NPV values were negative, which is an unfavorable result compared to other types of
shower heat exchangers [17]. However, even for this heat exchanger, there is a significant
number of scenarios with very high profitability. With the highest initial investment outlay
(INV0 = EUR 2000), the discounted payback period for the most profitable cases does not
exceed two years. With lower INV0 values, it may be shorter than a year. Therefore, it is
crucial to have a thorough understanding of the parameters influencing the NPV value
and to manage them in a way that maximizes potential benefits and minimizes risks when
assessing the financial efficiency of such an initiative. A comprehensive evaluation of the in-
fluence of these parameters on the profitability of the project can help balance uncertainties
regarding the outcomes. It can also ensure achieving stable and profitable results.

The results of the analyses evaluating the efficiency of investments in horizontal
shower heat exchangers showed that not all parameters considered in calculating the NPV
have a notable impact on the project’s financial viability. The SHAP analysis proved that
statistically, the total daily shower length and the initial energy price have the greatest
impact on the NPV value. It is also worth noting that these parameters were significant in
both global and local analysis, and their impact on the prediction result was consistently
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positive. This means that as their values increase, the profitability of the investment also
increases. Increasing the total daily shower length leads to higher water consumption,
which increases the energy demand for its heating, thereby potentially enhancing energy
savings through the application of a shower heat exchanger. Similarly, a higher energy
price enhances the profitability of investments in energy-efficient technologies, resulting
in increased savings and higher NPV values. Additionally, although the annual change
in energy price ranks fifth in the hierarchy of input parameter significance, the sum of
average SHAP values for Ce and ie exceeds EUR 1200. This indicates the crucial importance
of energy prices and, therefore, the type of DHW heater used throughout the entire life
cycle of the shower heat exchanger.

The average user of a shower heat exchanger does not influence energy prices and
is unable to independently predict the dynamics of their changes. However, the imple-
mentation of technologies based on renewable energy sources can reduce dependence on
conventional energy sources and minimize the risk associated with fluctuations in their
prices. On the other hand, it is different for parameters characterizing the use of the shower
installation, including ls. As mentioned earlier, the longer the total daily shower length, the
higher the water consumption in the installation, and consequently, the greater the financial
savings. An increase in this parameter can result, for example, from an increase in the
number of system users [13]. In contrast, in the opposite situation, the NPV value would
decrease. A similar issue can arise when the flow rate of mixed water from the showerhead
is reduced. While the average impact of q on predicting NPV values is significantly lower
than ls, in some cases, it can still be very significant, as confirmed by the analysis of individ-
ual observations. Reducing energy consumption for heating water due to a lower flow rate
from the showerhead can result from installing flow limiters or replacing showerheads with
water-saving models. In extreme cases, it can also result from a reduction in the available
pressure in the water supply network. Research conducted in Austria [41] indicated that
actual energy consumption for water heating can be significantly lower than the design
values. Therefore, during the planning stage of investing in a shower heat exchanger, it is
crucial to take into account the investment risk related to reducing water consumption in
the shower installation, especially since minimizing the use of potable water in buildings is
a component of the circular economy model [42].

The SHAP analysis also highlighted the significant importance of initial investment
outlay, which is one of the main weaknesses of shower heat exchangers [43]. The average
SHAP values classify this parameter as third in the ranking. However, the analysis of
individual observations revealed that depending on the magnitude of the projected financial
savings, INV0 can be either the most or the least significant parameter in the analysis. This
proves that although global analysis is useful, only local analysis can provide the detailed
information necessary to make optimal investment decisions. If the initial investment
outlay is significant, it may be necessary to conduct a benefit–cost analysis [44].

It is worth noting that other parameters also influence the analysis, but their impact is
generally significantly smaller. However, in some cases, their significance can prove to be
more substantial. This confirms the need to develop tools that will enable future users of
greywater heat recovery systems to precisely determine the NPV value in relation to the
given specific conditions. Thanks to the developed artificial neural network model, it will
be possible to create an application that allows potential users of shower heat exchangers
to compare NPV values under different operating conditions. As a result, the financial
forecasts will be tailored to the individual needs of the users. The application, developed
as part of future research, should also provide the opportunity to assess how changes in
input conditions will impact the financial efficiency of the investment. The development of
such a tool will significantly increase the efficiency of investment decisions, contributing to
better resource management and cost optimization.

It should also be taken into account that each study may encounter certain limita-
tions that need to be taken into account when analyzing the results. In this analysis,
this limitation is undoubtedly the analysis of only the horizontal heat exchanger with
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relatively low effectiveness. Therefore, the next step in the research should include an
investigation of a vertical heat exchanger, which is characterized by higher heat recovery
effectiveness [45]. Such a comprehensive assessment will provide a more complete picture
of the influence of the considered parameters on the financial efficiency of investments in
shower heat exchangers.

4.2. Impact on the Environment

An important aspect of analyzing the feasibility of installing a shower heat exchanger
is undoubtedly the financial efficiency of such a project. Nevertheless, in times of growing
ecological awareness of society, environmental issues are becoming more and more im-
portant, especially since, as noted by Szalay [46], the operation of buildings is responsible
for over a quarter of energy-related CO2 emissions. Even when the use of a shower heat
exchanger turns out to be financially unprofitable, its use may be justified for environmental
reasons. This is due to the fact that the direct effect of reducing energy consumption for
heating domestic hot water is reducing emissions resulting from the combustion of fossil
fuels. The amount of this reduction depends primarily on the type of primary energy source
used in the DHW preparation installation. Under the established operating conditions of
the shower installation, the expected reduction in CO2 emission is almost three and a half
times higher when the DHW is heated with an electric water heater than in the case of a
gas water heater. Figures A2 and A3 (Appendix B) show the CO2 emission reduction for se-
lected shower use conditions in the building. The values of annual CO2 emission reduction
(Er) presented in the plane diagrams were determined based on emission factors for the
considered energy carriers, i.e., gas fuel [47] and electricity for end users [48]. It is clearly
visible that the increase in water consumption related to the increase in water flow rate (q)
and shower length (ls) results in an increase in the annual reduction of CO2 emission. With
water consumption for showering at the level of 30 L per day and a minimum temperature
difference between the media flowing through the heat exchanger, the annual reduction in
CO2 emission will not exceed 7 kg and 22 kg, respectively, for the gas and electric DHW
heater. However, if more people use the shower and the shower head has a higher flow
rate (q), the Er value will be significantly higher. For example, for ls = 50 min, the annual
CO2 emission reduction is from 32 to 398 kg for a gas water heater and from 106 to 1312 kg
for an electric water heater. These differences result primarily from different water flow
rates (q) but also from the wide range of water and greywater temperatures at the entrance
to the shower heat exchanger. The greater the difference between these temperatures, the
greater the reduction in CO2 emission, which results from the greater energy demand for
water heating and the higher effectiveness of the heat exchanger. The Er values determined
for Tcw = 8 ◦C and Tdw = 40 ◦C are more than three times higher than those determined for
the lowest considered temperature difference between cold and greywater (Tcw = 20 ◦C and
Tdw = 30 ◦C). It follows that the ecological benefits of using shower heat exchangers will be
particularly visible in regions with a temperate or cold climate, where the temperature of
cold tap water will be relatively low. If ls = 90 min and the DHW is heated by an electric
device, under the most favorable conditions, an annual reduction in CO2 emission of almost
2400 kg can be expected. Analyzing Figures A2 and A3, one can also notice the impact
of the unit bottom slope on the Er value, which results from increasing effectiveness (ε)
with increasing slope (i). This impact is not as pronounced as in the case of water flow
rate (q) and shower length (ls), but increasing the slope (i) from 0% to 4% can contribute to
increasing the annual emission reduction by more than 50%.

Apart from the stage that covers the period of operation of the shower heat exchanger,
the environmental analysis of the investment related to its installation should also consider
its production and end of operation. In the production phase, emissions related to the
extraction of raw materials, transport, material production, and assembly are analyzed. In
the case of emissions related to the production of the analyzed shower heat exchanger, an
important element of the environmental analysis is to take into account emissions related
to the extraction and preparation of copper for its production, which is used due to its
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heat conduction properties and durability. The environmental impact analysis should
also take into account emissions resulting from the shower exchanger production process,
which involves forming the exchanger elements from copper, which are brazed using high-
temperature techniques. In the end-of-life phase of the shower heat exchanger, emissions
related to its dismantling and those related to the disposal, recycling, or storage processes
should be considered. In the case of end-of-life emissions, the environmental impact of
transporting the exchanger to its end-of-life location must also be taken into account. The
collected data on the consumption of energy and raw materials necessary for production
and end-of-life are converted into CO2 equivalent emissions using appropriate factors.
Analysis of the investment’s impact on the environment allows for the identification and
minimization of the largest emission sources already at the design stage. As Pei et al. [49]
emphasize, considering the analysis of the life cycle impact of a given solution on the
environment in the building sector is intended to guide designers to more sustainable
solutions. It also contributes to the achievement of global goals of reducing greenhouse gas
emissions [50].

5. Conclusions

This paper evaluated the financial efficiency of investing in the horizontal shower
heat exchanger and examined the possibility of using artificial neural networks to assess
the profitability of such a solution. Additionally, the magnitude of influence exerted
by individual input parameters on predicting the net present value of this project was
examined. Based on the analyses, the following conclusions were formulated:

• ANNs are effective for assessing the profitability of investing in a shower heat ex-
changer, providing accurate forecasts by considering key parameters like energy prices
and initial investment, as well as variables with less significant impact;

• The profitability analysis showed that most of the analyzed cases were unprofitable.
This was due to the wide range of input data, mainly energy prices and total daily
shower length. Nevertheless, there was a certain group of scenarios that were
highly profitable;

• Machine learning methods identify complex patterns, extract scenarios, and provide
detailed analyses of parameter influences on NPV predictions. This advanced ap-
proach is necessary due to NPV’s sensitivity to key input changes, confirming the
importance of detailed case analysis and the consideration of a wide range of input
values for effective planning and risk management.

The manuscript also identifies directions for future research, which, according to the
authors, should focus on the following:

• Assessment of the impact of input parameters on the profitability of investments
for various models of shower heat exchangers with different characteristics affecting
financial efficiency;

• Analyzing the feasibility of using shower heat exchangers in high water consumption
buildings, such as sports facilities, campsites, or dormitories, and assessing the impact
of input parameters on their effectiveness in these facilities;

• Conducting profitability analysis for devices with varying effectiveness and price,
as well as buildings with specific shower usage conditions, to determine the most
beneficial investment scenarios and adapt the technology to users’ needs;

• Developing an application to compare NPV values under various conditions and for
different devices, which is crucial for potential users;

• Conducting a detailed Life Cycle Assessment (LCA) analysis of the shower heat
exchanger, considering the production, use, and disposal phases, and comparing this
solution with other domestic hot water heating techniques.
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Appendix A

Figure A1 shows the temperatures of preheated water (Tpw) obtained during laboratory
tests.

 

(a) (b) (c) 

 
(d) (e) (f)

 
(g) (h) (i)

Figure A1. Temperatures of preheated water depending on the flow rate of water and greywa-
ter through the shower heat exchanger and the slope of its bottom: (a) Tcw = 8 ◦C, Tdw = 30 ◦C;
(b) Tcw = 8 ◦C, Tdw = 35 ◦C; (c) Tcw = 8 ◦C, Tdw = 40 ◦C; (d) Tcw = 14 ◦C, Tdw = 30 ◦C; (e) Tcw = 14 ◦C,
Tdw = 35 ◦C; (f) Tcw = 14 ◦C, Tdw = 40 ◦C; (g) Tcw = 20 ◦C, Tdw = 30 ◦C; (h) Tcw = 20 ◦C, Tdw = 35 ◦C;
(i) Tcw = 20 ◦C, Tdw = 40 ◦C (designations as in the text).
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Appendix B

Figure A2 shows the annual CO2 emission reduction (Er) for electric DHW heaters,
and Figure A3 shows values of Er for gas DHW heaters.

 

(a) (b) (c) 

 
(d) (e) (f)

 
(g) (h) (i)

Figure A2. Annual CO2 emission reduction for electric DHW heater depending on the flow rate of
water and greywater through the shower heat exchanger and the slope of its bottom: (a) Tcw = 8 ◦C,
Tdw = 40 ◦C, ls = 10 min; (b) Tcw = 8 ◦C, Tdw = 40 ◦C, ls = 50 min; (c) Tcw = 8 ◦C, Tdw = 40 ◦C, ls = 90 min;
(d) Tcw = 14 ◦C, Tdw = 35 ◦C, ls = 10 min; (e) Tcw = 14 ◦C, Tdw = 35 ◦C, ls = 50 min; (f) Tcw = 14 ◦C,
Tdw = 35 ◦C, ls = 90 min; (g) Tcw = 20 ◦C, Tdw = 30 ◦C, ls = 10 min; (h) 20 ◦C, Tdw = 30 ◦C, ls = 50 min;
(i) 20 ◦C, Tdw = 30 ◦C, ls = 90 min (designations as in the text).
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(a) (b) (c) 

(d) (e) (f)

(g) (h) (i)

Figure A3. Annual CO2 emission reduction for gas DHW heater depending on the flow rate of
water and greywater through the shower heat exchanger and the slope of its bottom: (a) Tcw = 8 ◦C,
Tdw = 40 ◦C, ls = 10 min; (b) Tcw = 8 ◦C, Tdw = 40 ◦C, ls = 50 min; (c) Tcw = 8 ◦C, Tdw = 40 ◦C, ls = 90 min;
(d) Tcw = 14 ◦C, Tdw = 35 ◦C, ls = 10 min; (e) Tcw = 14 ◦C, Tdw = 35 ◦C, ls = 50 min; (f) Tcw = 14 ◦C,
Tdw = 35 ◦C, ls = 90 min; (g) Tcw = 20 ◦C, Tdw = 30 ◦C, ls = 10 min; (h) 20 ◦C, Tdw = 30 ◦C, ls = 50 min;
(i) 20 ◦C, Tdw = 30 ◦C, ls = 90 min (designations as in the text).
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3. Żywiec, J.; Szpak, D.; Wartalska, K.; Grzegorzek, M. The Impact of Climate Change on the Failure of Water Supply Infrastructure:

A Bibliometric Analysis of the Current State of Knowledge. Water 2024, 16, 1043. [CrossRef]
4. Czajor, D.; Amanowicz, Ł. Methodology for Modernizing Local Gas-Fired District Heating Systems into a Central District Heating

System Using Gas-Fired Cogeneration Engines—A Case Study. Sustainability 2024, 16, 1401. [CrossRef]
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IOŚ-PIB: Warszawa, Poland, 2022. Available online: https://www.kobize.pl/en/file/wskazniki-emisyjnosci/id/198/wskazniki-
emisyjnosci-dla-energii-elektrycznej-za-rok-2022-opublikowane-w-grudniu-2023-r (accessed on 26 June 2024).

49. Pei, L.; Schalbart, P.; Peuportier, B. Life cycle assessment of a residential building in China accounting for spatial and temporal
variations of electricity production. J. Build. Eng. 2022, 52, 104461. [CrossRef]

50. Bahramian, M.; Yetilmezsoy, K. Life cycle assessment of the building industry: An overview of two decades of research (1995–2018).
Energy Build. 2020, 219, 109917. [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.

163



Citation: Boussouar, G.; Rostane, B.;

Aliane, K.; Ravi, D.; Gęca, M.J.; Gola,
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Abstract: Air plate solar collectors provide a sustainable and efficient solution for building heating.
The absorber plate collects solar radiation and converts it into heat. Atmospheric air is then circulated
through the collector plate with perforated baffles by forced convection. The heated air is then
directed through ducts into the building’s heating system. By significantly reducing reliance on
fossil fuels for building heating, these collectors contribute to a lower life-cycle carbon footprint for
buildings compared to conventional heating systems. While flat-plate solar collectors are widely used
for renewable energy generation, their efficiency is frequently limited by the airflow path and the
heat transfer efficiency within the collector. This study aims to quantify the impact of longitudinal,
transverse, and perforated baffles with different hole diameters on the heat transfer characteristics
and to identify the optimal design for maximizing thermal efficiency. This study also aims to integrate
solar air collector in a conventional building and help reduce the overall energy demand of buildings
and their associated carbon emissions. A three-dimensional numerical investigation was carried out
on a flat-plate solar collector equipped with perforated transverse baffles with varying hole diameter
and thickness. The results from the study predicted that perforated baffles with two holes with a
diameter of 15 mm provided a maximum Nu of 79.56 and a pressure drop of 459 Pa for a Re of 8500.

Keywords: solar collector; perforated baffles; conjugative heat transfer; numerical simulation; carbon
footprint reduction

1. Introduction

Carbon emission is one of the main factors that influence climate change. The world is
currently moving toward net-zero carbon emission by 2050 or at least a reduction in carbon
emission to 45% by 2030. Keeping the world agenda in mind, the current research focuses
on harnessing renewable energy resources, namely, solar energy as a source of room heating
and ventilation in a conventional building. Air solar collectors, which use air for heating
applications, are a promising renewable energy source. However, improving their efficiency
is crucial to maximize their potential. This article investigates the performance of air solar
collectors, a type of solar collector utilizing air as the heat transfer fluid. Typically used for
space heating and hot water production, air solar collectors are the focus of this study.

In response to these challenges and the pursuit of enhanced solar collector efficiency, a
substantial body of research has been undertaken to summarize and synthesize the findings
from these efforts.

Solar collector design and construction have seen significant advancements through
decades of research and development, drawing upon diverse scientific and engineering
disciplines. A persistent challenge, however, lies in stagnant air pockets within the collector.
These elements impede the transfer of heat from the absorber to the air, reducing the
efficiency of the collector [1], which carried a theoretical and experimental study of a
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flat-plate air collector equipped with artificial roughness elements placed in the airflow
between the absorber and the bottom plate. In addition, a flat-plate air collector without
baffles was analyzed for reference purposes. The results of the study showed that the
temperature of the absorber decreases as the airflow rate increases. It was also observed
that the absorber temperature, outlet temperature, and collector efficiency were higher for
the collector fitted with baffles.

Other studies have shown that staggered baffles improve the thermal performance
of air collectors [2]. Two cases were considered: one with a 10 cm spacing between two
rows and the other with a 20 cm spacing. The convective heat transfer coefficient, almost
doubled in the first case when Re > 2100, is between 4 and 45 W/m2 K for laminar flow and
between 40 and 70 W/m2 K for turbulent flow, with a similar observation for the Nusselt
number (Nu).

Fins were introduced into the solar air collector to improve its performance. This
approach was also investigated by Fakoor Pakdaman et al. [3]. The results indicated a 20%
increase in heat transfer, attributed to a 66% increase in heat exchange surface area due to
the fins. Finally, the study found that the angle of inclination of the unit had a minimal
impact on heat transfer. Bensaci et al. [4] evaluated the effect of different baffle placements
(smooth, 50% Up, 50% Down, 50% Middle, and 100%) on the local convective heat transfer
coefficient, Nusselt number, and friction factor. The study identified a 50% bottom baffle
(case 2) as the most effective configuration for achieving a good balance between thermal
and hydraulic performance.

The efficiency of six types of solar air heaters fitted with baffles of different shapes was
compared by Sharma et al. [5] with regard to their Reynolds numbers, ranging from 3000
to 18,000. Sinusoidal baffles were found to offer the best performance, with an increase in
thermal–hydraulic efficiency of up to 2.05 times at Re = 15,000.

Previous research has examined the performance of an air collector incorporating
semi-circular fins and baffles [6]. It has also been shown that the finned collector offers
a significant increase in air temperature, heat transfer coefficient, and thermal efficiency
over the conventional flat plate solar collector. These improvements make the hollow-fin
baffled solar collector a promising solution for domestic and industrial applications. In
this study, the performance of an air collector incorporating fins and baffles in the form
of semi-circular loops was evaluated. The aim of this evaluation was to improve the heat
transfer and thermal efficiency of the collector.

Two studies on the influence of changing solar intensity on flat-plate solar collectors
were analyzed by Mohammadi et al. and Rani et al. [7,8]. The results showed that solar
intensity has a significant impact on the collector’s thermal parameters. These parameters
include inlet and outlet temperatures, absorption temperature, and glass cover temperature.
In addition, it was observed that increasing solar intensity leads to a minimal decrease in
energy and effective efficiency.

Three fin-and-baffle configurations were investigated by Biswas et al. [9] to optimize
heat transfer and pressure loss in a solar collector. The channel configuration was found to
exhibit the best heat transfer but also the highest pressure loss. Pressure loss was reduced
by the counter-flow and spiral configurations but at the expense of lower heat transfer.
The 30◦ counter-flow configuration was determined to be the best compromise between
thermohydraulic performance, pressure loss, and flow homogeneity within the collector.

The concept of an angle factor was also investigated by Promvonge and Skullog [10]
and it was found that an angle of 30◦ resulted in the most favorable combination of heat
transfer and friction factor.

An investigation into two active solar dryer designs, flat plate and evacuated tube,
was conducted by Sai Kandukuri et al. [11]. The implementation of perforated baffle
trays resulted in enhanced drying performance through improved air circulation and
heat transfer. The evacuated tube dryer was found to achieve superior efficiency when
compared to the flat plate dryer. Also, Hu et al. [12] found that perforating the deflectors in
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an SAC led to significant improvements. Efficiency increased by 3.6% and pressure drop
reduction was observed to be 8.8%.

The crucial role of porous fins in enhancing the performance of a PCM solar collector
was investigated by Khanlari et al. [13]. It was observed that an increase in the number of
porous fins led to a corresponding increase in the average energy efficiency.

The study conducted by Abbas et al. [14] investigated the thermal performance of bare
tube- and serpentine tube-concentrated solar collectors (CSCs). The results demonstrated
that serpentine tube CSCs with a conductive material plate (C-HMA) exhibited superior
thermal efficiency compared to bare tube CSCs with a non-conductive material plate
(RHMA). Also, Zhang et al. [15] examined flat-plate solar collectors (FPSACs) with circular-
rib absorbers that attained a thermal efficiency of 85%, surpassing the performance of
other technologies evaluated. Evacuated-tube solar collectors (EVTSACs) equipped with
micro-fins can achieve a thermal efficiency of 73%.

A novel triangular solar collector (TSAC) was proposed [16] to enhance the perfor-
mance of air solar collectors. Three configurations of TSAC were investigated. The results
of this study show that the new TSAC has improved performance in different climatic
regions, especially in low-radiation regions. The optical performance of the three configu-
rations was compared and the TSAC with a transparent plate on the side had the highest
optical efficiency.

A study by Rajaseenivasan et al. [17] investigated the performance of a single-pass
solar air heater (SAH) with circular and V-shaped turbulators. Two identical SAHs were
tested: a conventional one and a modified one with varying Reynolds numbers (6000
to 12,000). The results indicated a direct correlation between system efficiency and both
the Reynolds number and the number of turbulators employed. Notably, the thermal
enhancement factor exhibited an inverse relationship with the Reynolds number across
all configurations. In a similar vein, ref. [18] conducted an experimental study with V-
shaped and offset rib artificial turbulators. They found that the Nusselt number and
friction factor are maximized for relative offset rib lengths doubles of 3.5 and 2, respectively.
Additionally, both V-shaped and offset rib artificial turbulators enhance heat transfer and
the friction factor.

In another location study [19], the performances of two double-pass air solar collectors
were compared. The results of the study showed that double-pass air solar collectors
(DSACs) with a new type of absorbing surface, consisting of a mixture of matte black
paint and graphene nanomaterial (NFAD), exhibited superior performance to conventional
DSACs. DSACs with NFAD coating were a promising technology for the production of
solar thermal energy. These collectors exhibited superior performance in terms of outlet
temperature, thermal power, exergy efficiency, and durability index.

Another double-pass solar air heater with a porous medium was tested by [20] in
Famagusta, Cyprus. The collector’s average efficiency was 53.7% at an airflow rate of
0.037 kg/s. While increasing the airflow rate improves efficiency, it reduces the temperature
difference between the inlet and outlet air.

Motivated by the critical role of efficient air circulation in optimizing thermal perfor-
mance, research efforts are increasingly directed toward understanding the flow dynamics
within solar air collectors. This pursuit aims to refine collector designs and thereby improve
overall energy conversion efficiency. Early research on air solar collectors aimed to iden-
tify the optimal airflow path to maximize collector efficiency and temperature. Different
airflow configurations were examined in studies conducted by [21]. It was found that the
performance of airflow exclusively under the absorber plate collector was comparable to
that of airflow over the absorber plate and then returning underneath it, in the absence
of baffles.

Another study by [22] showed that the collector field configuration, flow rate, inlet
temperature, and working fluid have a significant impact on the resistance and efficiency
characteristics of direct-return flat-plate solar collector fields. Also, an experimental study
by [23] was conducted on the impact of jet shapes and absorber spacing on the heat transfer
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and pressure drop performance of solar air collectors. The results show that circular jet
collectors offer the best overall performance. They exhibit a higher outlet temperature, a
higher useful heat gain, a higher Nusselt number, and a lower friction factor than square
or triangular jet collectors. Of a similar nature, another experimental and transient study
by [24] was conducted on two parallel-flow solar air collectors, one without modification
and one equipped with aluminum cans filled with PCM. The results showed that the
integration of aluminum cans filled with PCM in a parallel-flow solar air collector can
significantly improve its energy and exergy efficiency.

The Machi et al. [25] study was conducted to examine the influence of inlet duct design
on the efficiency of a single-pass air solar collector (SAC). Two identical collectors were
evaluated, one with a side inlet duct (SESAC) and the other with a front inlet duct (FESAC).
The results of the study suggest that collectors with a front inlet duct tend to be more
efficient than collectors with a side inlet duct.

Other research on the interplay between sensor manufacturing equipment and sensor
performance is gaining traction across diverse scientific disciplines.

Yousif et al. [26] conducted a study to compare the performance of two types of
compound parabolic concentrator (CPC) solar air flat plate collectors with paraffin wax
phase change material (PCM). Both models were tested under standard conditions in Mosul,
Iraq. The results showed that the normal-shape model had a higher thermal efficiency than
the involute-shape model for all air mass flow rates tested but that the outlet temperature
of the normal-shape model was lower than that of the involute-shape model for different
air mass flow rates. The results of this study show that the phase change material and
the position of the receiver have a significant impact on the performance of both CPC
collector models.

Yang et al. [27] conducted an experimental study of a new model of an air solar
collector that utilizes a phase change material. The findings reveal that nighttime air
heating is influenced by several factors, such as the quantity of heat stored within the phase
change material, the velocity of airflow, and the ambient air temperature. Additionally,
the collector’s efficiency is contingent upon the start time of daytime air heating and
exhibits variations between 34.51% and 44.49%. Zayed et al. [28] was implemented to
assess the energy and exergy efficiencies of a wavy corrugated solar air collector (WCSAC)
integrating phase change materials (PCMs), the outcomes unmistakably confirmed that
the incorporation of PCMs resulted in a remarkable boost in the WCSAC’s performance,
preserving the outlet air temperature above ambient temperature even after sunset.

Recently Rawat et al. [29] analyzed a solar air heater with phase change material (SAH-
PCM). The study explores how the thickness-to-length ratio (t/L) of the PCM container
affects performance. Findings show that increasing the t/L ratio improves energy storage,
delays PCM discharge, and enhances the overall system efficiency. The research demon-
strates the importance of optimizing the t/L ratio for greater energy and cost efficiency in
both single-pass and double-pass flow configurations.

A thorough study was conducted to assess the thermal performance of an air solar
collector (SAC) supplemented by the integration of obstacles embedded with a phase-
change material (PCM) by [30]; the findings indicate that an increased solar irradiance
induces a rise in the temperature gradient across the SAC simultaneously with an improved
collector efficiency. However, this enhancement in efficiency is associated with a decline
in the temperature difference and, recently, [31] investigated the impact of integrating
a fan with an air-based solar collector (SAC) with a phase change material (PCM). The
results showed that the fan significantly improved the thermal performance of the SAC,
including increasing the outlet air velocity, outlet air temperature, and average indoor air
temperature. The study conducted by Kumar Ahirwar and Kumar Arvind [32] investigated
techniques for improving the efficiency of SAHs by disrupting the laminar sub-layer on
the absorbing plate. It examines four methods: artificial roughness, jet impingement,
piezo-electric fans, and phase change materials (PCMs). Research demonstrates that these
techniques can significantly enhance the thermal–hydraulic performance factor of SAHs.
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Also, the [33] study investigated the impact of metal foam on the thermal performance and
entropy generation rate of a plate heat exchanger (IB-ETC-SAH) compared to a fin-and-tube
heat exchanger (SAH). The results showed that the use of metal foam can improve the
thermal performance of an IB-ETC-SAH but that it also leads to an increase in pressure
drop (a maximum pressure drop of 26,338 Pa (0.26 atm)). A metal foam with a lower
PPI and lower porosity is preferable to minimize pressure drop while maintaining high
thermal performance.

Motivation and Objective of the Study

As per the author’s knowledge, only limited studies have been carried out on optimiz-
ing the performance of perforated solar air collectors and improving their efficiency; it is
clear that baffles increase solar collector efficiency but are also a key factor in increasing
pressure drop. Current research is striving to improve collector efficiency while reducing
the pressure drop and also reducing carbon consumption to preserve the environment.

The present study focuses on the impact of incorporating holes in the baffles to induce
turbulence in the airflow; holes were introduced into the baffles to generate turbulence
and reduce the pressure drop. A three-dimensional numerical simulation served to assess
the performance of the cases with different configurations. The CFD simulations were
carried out using ANSYS 2023 R2 at Reynolds numbers ranging from 2300 to 8500. The
local convective heat transfer coefficient, thermal efficiency, Nusselt number (Nu), and
pressure drop were discussed and compared.

2. Materials and Methods

2.1. Geometry

In the present work, a numerical study of a solar collector model is carried out, focusing
on the airflow between the absorber plate and the insulation layer. The dimensions of the
collector are fixed at 2000 mm × 1000 mm, with two types of baffles: longitudinal baffles
with a length of L_LB = 800 mm and spacing of H = 333.33 mm and transverse baffles with
a length of L_TB = 111.11 mm. The height of the baffles remains constant at t = 20 mm and,
in part, by placing restricting baffles on the insulator to force the air to circulate through a
small space left between the absorber and the baffles without touching the absorber [4], as
shown in Figure 1, but with different thicknesses t = (1.0 mm, 1.5 mm, and 2.0 mm). The
geometric parameters are summarized in Table 1.

Table 1. The geometric parameters of conventional and perforated baffles.

Models: Figures

Length of
Longitudinal

Baffles
LLB (mm)

Length of
Transverse

Baffles
LTB (mm)

Height of
the Baffle

tLB
(mm)

Distance
between the
Longitudinal

Baffles
H (mm)

Distance
between the
Transverse

Baffles
DB (mm)

Diameter
of the
Holes

D (mm)

Thicknesses
of the
Baffles

tTB (mm)

Model 1
Smooth
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Table 1. Cont.

Models: Figures

Length of
Longitudinal

Baffles
LLB (mm)

Length of
Transverse

Baffles
LTB (mm)

Height of
the Baffle

tLB
(mm)

Distance
between the
Longitudinal

Baffles
H (mm)

Distance
between the
Transverse

Baffles
DB (mm)

Diameter
of the
Holes

D (mm)

Thicknesses
of the
Baffles

tTB (mm)

Model 2
LT 800 111.11 20 333.33 60 1, 1.5, 2

Model 3
LTH 1 800 111.11 20 333.33 60 15, 10 1, 1.5, 2

Model 4
LTH 2 800 111.11 20 333.33 60 15, 10 1, 1.5, 2
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Figure 1. Visualization of a solar air collector with internal baffles (3D).

The present numerical study consists of six cases:

a. The first case: solar collector without baffles “Smooth“.
b. The second case: solar collector with transverse and longitudinal baffles “LT”.
c. The third case: a solar collector with a single hole in the middle of the transverse

baffles, 10 mm of diameter “LTH 1”.
d. The fourth case: a solar collector with a single hole in the middle of the transverse

baffles 15 mm of diameter “LTH 1”.
e. The fifth case: a solar collector with two holes in the transverse baffles, 10 mm in

diameter “LTH 2”.
f. The sixth case: a solar collector with two holes in the transverse baffles 15 mm in

diameter “LTH 2”.

2.2. Grid Mesh

The three-dimensional numerical model of the solar air heater was discretized into
a finite number of small tetrahedral elements using the finite volume approach with the
Ansys workbench meshing solver. A face sizing value of 5 mm was maintained on the
absorber and insulator. The inlet, outlet, and side walls were meshed with element sizes of
1 mm and 2 mm for the smooth and baffled models, respectively. An inflation technique
was employed to capture the variations within the velocity and thermal boundary layers.
Ten inflation layers with a total thickness of 1 mm were used on the absorber, insulator, and
baffles. The total number of elements ranged from 6 million to 8.3 million, with additional
Mesh sizing for longitudinal and transverse baffles as well as baffles with holes and two
holes, which depends more on the baffle configuration itself rather than any other factors.
The discretized model of LTH baffles with 2 holes having a diameter of 15 mm, as shown in
Figure 2.

2.3. Grid Independence Study

The grid independence study or mesh sensitivity test was carried out to verify that
numerically simulated results are independent of the mesh size. In order to carry out the
grid test, a smooth surface solar air collector was used for the study and the area-weighted
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outlet temperature was plotted for four different body/face sizing values, namely 10 mm,
7 mm, 5 mm, and 4 mm, which is equivalent to nearly 1.3 million, 24 million, 48 million,
and 69 million elements, respectively, as shown in Figure 3. The Reynolds number of 5500
was maintained as constant for this study. The outcome of the grid test predicted that when
the face sizing value is nearly 7 mm and below, the outlet temperature deviation is less than
0.01% and, hence, for the upcoming numerical simulations, a face sizing value of 5 mm
and below was maintained for the study.

 

 
 

 

Figure 2. Discretized model of LTH 2 holes with a diameter of 15 mm.

Figure 3. Outlet temperature plot vs. number of elements for a Re 5500.
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2.4. Mathematical Modeling and Solution Technique

In this study, a computational fluid dynamics (CFD) approach was used to solve the
flow equations and capture the relevant geometric parameters. The CFD tool ANSYS
CFD 23-R2 was used to discretize and solve the conservation of mass, momentum, and
energy equations.

The flow through and under the absorber was numerically simulated by solving the
mass conservation equations as well as the velocity equations for all x, y, and z directions.
Turbulence, an important phenomenon in this type of flow, was modeled using the evolving
wall functions of the RGN k-epsilon model, known for their accuracy in the near-wall
boundary layer region.

This numerical approach accurately captured the hydrodynamic characteristics of the
flow, including the distribution of velocities, pressures, and turbulence fields, in the complex
geometry of the absorber. The results provided valuable information for understanding the
flow behavior and optimizing the absorber design.

Continuity Equation:
∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

Momentum Equation:
The velocity component’s scalar momentum equation in the x direction is provided by

ρ
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u

∂u
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)
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The velocity component’s scalar momentum equation in the y direction is provided by

ρ

(
u

∂v
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The velocity component’s scalar momentum equation in the z direction is provided by

ρ

(
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∂w
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)
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Energy equation:
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∂ρ

∂t
+

∂
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(ρu) +

∂

∂y
(ρv) +

∂

∂z
(ρw) = 0 (6)

Transport equations for the standard k-ε model: The turbulent kinetic energy, k, and
its turbulent eddy dissipation, ε, are obtained from the following transport equations:

∂

∂xi
( ρkui) =

∂

∂xj

[(
μ+

μt
σk

)
∂k
∂xj

]
+ Gk − ρε (7)

and
∂

∂xi
( ρεui) =

∂

∂xj

[(
μ+

μt
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)
∂ε

∂xj

]
+ C1ε

ε

k
Gk − C2ερ

ε2

k
(8)

The expression for the turbulent viscosity (μt) is expressed as

μt = ρCμ
k2

ε
(9)
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The Reynolds number (Re) is based on the hydraulic diameter of the air duct,
as follows:

Re =
UDh
υ

(10)

where υ is kinematic.
U: The viscosity.
Dh: The hydraulic diameter (A is the cross-section area and P is the cross-section

perimeter).
The local heat transfer coefficient from the CFD results is expressed as follows:

hx =
q

Tw,x − Tb,x
(11)

where q is the local heat flux.
Tw,x is the local wall temperatures.
Tb,x is the bulk fluid temperatures.
The local Nusselt number can be computed based on a local heat transfer coefficient,

which is obtained directly from the Fluent panel, as follows:

Nux =
hxDh
λ

(12)

A user-defined function (UDF) hooked in the Fluent panel was used to calculate the
average Nusselt number as [4]

Nu =
1
S

∫
Nuxds (13)

The thermal efficiency of the collector is calculated by the equation

ηth =

·
mCp(Tout − Tin)

ITAabs
(14)

2.5. Validation

The simulation’s validation was carried out by comparing its results with experi-
mental data [4] for different flow Re. This was performed, in particular, through a three-
dimensional analysis of the airflow in a flat-plate solar collector, as shown in Figure 4.
This comparison revealed a remarkable agreement between the simulated results and
the experimental observations, which confirms the validity of the simulation. Also, the
maximum deviation is found to be less than 10% with that of the experimental data. Hence,
for the present study, the Reynolds number varies from 2300 to 8500 and a solar heat flux
value of 1000 W/m2 was maintained for the entire study.

Figure 4. Validation of numerically predicted Nu with experimental data of [4].
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3. The Boundary Conditions

The present numerical investigation was carried out using the following boundary
conditions. The solar air collector inlet was maintained as a mass flow inlet ranging
between 0.021807 kg/s and 0.080591 kg/s, which corresponds to an Re of 2300 to 8500,
respectively. The collector outlet was maintained as atmospheric, which is equivalent to
101,325 Pa. The side walls, isolator, and baffles were maintained as adiabatic walls with
no-slip conditions. A solar heat flux value of nearly 1000 W/m2 was fixed to the absorber
wall with a no-slip condition, as shown in Table 2. The above heat flux value was obtained
from the literature [4].

Table 2. Boundary conditions opted for in the present study.

S.M Boundary Name Boundary Type Value

1 Inlet Mass flow 0.021807, to 0.080591 kg/s

2 Outlet Pressure 0 Pa

3 Absorber Wall heat flux 1000 W/m2

4 Isolator Adiabatic wall Wall no slip

5 Baffles Adiabatic wall Wall no slip

6 Side wall Adiabatic wall Wall no slip

The thermophysical properties of the air and the absorber plate and baffles are pre-
sented in Table 3, assuming that they remain constant at the mean air temperature [4].

Table 3. Thermophysical properties of the air and the absorber plate and baffles: input data for
CFD analysis.

Properties Fluid (Air) Absorber Plate and Baffles (Aluminum)

Density (kg/m3) 1.167 2719

Viscosity (kg/ms) 1.85 × 10−5

Thermal conductivity (W/mk) 0.0262 202.4

Specific heat (J/kgk) 1006 871

4. Results and Discuss

4.1. Smooth Case

In this section, solar air collectors with smooth surfaces have been investigated nu-
merically for varying Reynolds numbers ranging between 2300 and 8500. The results from
the study indicated that by increasing Re from 2300 to 8500, the pressure drop increased
from 0.45 Pa to 5.5 Pa, respectively. Also, the Nu was increased from 13.92 to 46.17 with
an increase in Re. It is clear that an increase in Re promotes better heat transfer, as shown
in Figure 5, and it also increases the pressure drop, caused by the increase in frictional
resistance. The same phenomenon was observed in Figure 6, which clearly shows the
pressure drop as a function of the Re. The results clearly depicted that the maximum value
of the pressure drop, namely 5.5 Pa, which corresponds to the maximum value of Re (8500).
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Figure 5. Variation in Re vs. pressure drop for a smooth surface solar collector.

Figure 6. Variation in Re vs. Nu for a smooth surface solar collector.

Figures 7 and 8 indicate the temperature contour and pressure contour of a smooth
solar air collector at the mid-plane for a Re 8500. When the temperature of the air at the
inlet is maintained at 300.15 K (ambient temperature), as the air enters the solar air collector,
it absorbs heat from the absorber plate where the heat flux is maintained as 1000 W/m2.
The temperature rises gradually along the flow path and reaches a maximum temperature
near the collector outlet. In this smooth surface, the air collector reaches about a maximum
temperature of 325 K at the collector outlet for a Re 8500, as shown in Figure 7. Also, the
pressure drop has increased significantly to a maximum value of 5.5 Pa from 0.45 Pa when
the Re increased from 2300 to 8500, respectively, as shown in Figure 8.

175



Energies 2024, 17, 3812

 

Figure 7. Temperature contour at the mid-plane for Re 8500.

 

Figure 8. Pressure contour at the mid-plane for Re 8500.

4.2. Comparison of Longitudinal and Transverse Baffles with and without Perforation

In the second phase of the study, longitudinal and transverse baffles with and without
perforation were investigated numerically. The effect of the thickness of baffles and hole
diameter has also been studied extensively. The thickness variations considered for the
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study are 1.0 mm, 1.5 mm, and 2.0 mm and the maximum number of holes in the baffle is 2,
with varying diameters of 10 mm and 12.5 mm and 15 mm. The longitudinal and transverse
baffles combined together are called LT, with a single hole added to it, it is called LTH 1,
and with two holes added to the LT, it is called LTH 2. In total, there are three different
models, namely LT, LTH1, and LTH2, in combination with three different thicknesses of the
baffles, namely, 1.0 mm, 1.5 mm, and 2.0 mm, and perforation with diameters of 10 mm and
15 mm. All the above-mentioned cases were simulated for various inlet Reynolds numbers
of 2300, 3500, 5000, 5500, 7000, and 8500. Thus, a total number of 105 numerical simulations
were carried out in this section.

Assessment of the Nusselt Number and Pressure Drop

In the case of a solar air collector, the introduction of baffles generally (a) increases
turbulence, (b) results in more contact time with the absorber plate, and (c) increases the
flow path; these factors would significantly improve the thermal performance of a solar
air collector. On the contrary, the same baffles would increase the resistance to fluid flow,
which would result in an increase in pressure drop to a greater extent. A tradeoff must be
made between the baffle configuration and pressure drop in order to obtain the maximum
performance from the solar air collector. The introduction of perforated baffles provided
a promising solution for the pressure drop and heat transfer characteristics. In this study,
initially, longitudinal and transverse baffles with varying thicknesses were investigated
and the results from the study clearly indicated that compared to the smooth alternatives,
LT baffles provided a maximum Nu of 63 from 46.17 whereas the pressure drop increased
from 5.5 Pa to 496 Pa for a thickness of 2 mm and Inlet Re of 8500. Though the Nu has
increased moderately, the pressure drop has swept over 496 Pa, as shown in Figure 9. This
larger pressure drop would greatly affect the overall performance of a solar air collector.
Furthermore, the study has been extended to reduce the thickness of the baffles from 2 mm
to 1.5 mm and 1.0 mm, as shown in Figures 9–11.

The results predicted that Nu was increased to 64.34 from 63.25 when the thickness of
baffles was reduced from 2 mm to 1 mm, as shown in Figures 12–14. Similarly, the pressure
drop also decreased from 496 Pa to 486 Pa when baffle thickness was reduced from 2 mm
to 1 mm, respectively, as shown in Figures 9 and 11.

Figure 9. Variation in pressure drop vs. Re of LT baffles with and without perforation for t = 2.0 mm.
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Figure 10. Variation in pressure drop vs. Re of LT baffles with and without perforation for t = 1.5 mm.

Figure 11. Variation in pressure drop vs. Re of LT baffles with and without perforation for t = 1.0 mm.

The introduction of perforated baffles with 1 hole and 2 holes with diameters of 10 mm
and 15 mm provided a significant improvement in heat transfer characteristics and optimal
pressure drop. When the transverse baffle was perforated with 1 hole of diameter 10 mm,
this provided a small increase in Nu of 74 from 63, whereas the pressure drop was reduced
to 489 Pa from 496 Pa. The comparison of LT and LTH 1 (t = 2 mm) with a diameter of 10 mm,
as shown in Figure 14, has not provided a significant impact on the overall performance; a
notable change was observed by just perforating the baffles. Furthermore, the diameter of
the hole has been increased to 15 mm and the results estimated no significant improvement
in Nu and the pressure drop. Also, the thickness of the baffles was reduced from 2 mm to
1 mm and the same trend was observed for all inlet Re, as shown in Figures 12–14.

Similarly, when the number of holes was increased to LTH 2 (t = 2 mm), the Nu
increased to 76.71, as shown in Figure 14, and the pressure drop was reduced to 482 Pa, as
shown in Figure 10. The thickness of the baffles was reduced from 2 mm to 1.5 mm and
1.0 mm, the Nu values were observed to be 77.29, 79.28, and 79.54, and the pressure drop
values were observed to be 459.2, 460, and 460.1 Pa, respectively, for an Inlet Re of 8500.
The results substantiated that the thickness of baffles does not provided any significant
improvement to the pressure drop or the heat transfer characteristics. However, reducing
the baffle thickness results in lower material costs, which makes it a cost-effective option
without compromising the overall performance.
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Figure 12. Variation in Nu vs. Re of LT baffles with and without perforation for t = 1.0 mm.

Figure 13. Variation in Nu vs. Re of LT baffles with and without perforation for t = 1.5 mm.

Figure 14. Variation in Nu vs. Re of LT baffles with and without perforation for t = 2.0 mm.
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These perforated baffles allow the air to flow through the holes, as well as around
the baffles, as shown in Figure 15 which reduces the airflow resistance and decreases the
pressure drop. The velocity contour in the main flow direction x,y is shown in Figure 16;
the velocity is highest in front of the baffles because of less resistance. Figure 17 indicates
the temperature contour. As the flow moves, the temperature gradually rises, peaking at a
maximum near the collector outlet.

 

Figure 15. Pressure contour of LTH2 with a diameter of 15 mm for a Re 8500.

 

Figure 16. Velocity contour of LTH2 with a diameter of 15 mm for a Re 8500.
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Figure 17. Temperature contour of LTH2 with a diameter of 15 mm for a Re 8500.

5. Conclusions

As part of this study, a detailed numerical simulation of a flat solar air collector with
smooth, longitudinal, and transverse baffles was carried out. Baffles, both perforated and
unperforated, were tested for different thicknesses and for all inlet Reynolds numbers
using a detailed numerical simulation. The outcomes of the study have been presented
as follows:

• The study revealed that utilizing longitudinal and transverse baffles led to improved
heat transfer characteristics compared to a smooth surface. This improvement was
manifested by an increase in the Nusselt number. However, it is important to note that
a significant increase in pressure drop accompanied this enhanced performance. The
influence of baffle thickness on the improvement in Nusselt number or the increase in
pressure drop was found to be negligible;

• On comparison of baffles with and without perforation, results clearly predicted that
perforated baffles with LTH 2 holes with a diameter of 15 mm provided better heat
transfer characteristics and a better estimated maximum Nu and optimal pressure
drop than LTH 1 holes of diameters 10 mm and 15 mm and LT without perforation
for all Re, respectively. Also, variation in the thickness of baffles has no significant
improvement in terms of the Nu and pressure drop of all the models considered. Even
though thickness has no impact on the thermal performance of solar air collectors, it
will be a deciding factor in terms of the selection of thickness of baffles.

Among the models studied, the perforated deflectors with a thickness of 1 mm and 2
holes with a diameter of 15 mm were awarded the highest Nusselt number (Nu) in terms
of the optimum pressure drop.
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Nomenclature

Cp Specific heat capacity (J·kg−1·K−1)
H Heat transfer coefficient (W·m−2·K−1)
K Turbulence kinetic energy (m2·s−2)
Nu Nusselt number
Q Absorbed heat flux (W·m−2)
Re Reynolds number
T Temperature (K)
V Velocity (m/s)
P Pressure (Pa)
ṁ Air mass flow rate per meter (kg/m·s)
μt The turbulent viscosity.
Aabs Absorber plate surface area (m2)
ρ Fluid density (kg·m−3)

Abbreviations

SAH Solar air heater.
SAC Solar air collector.
RHMA Reference hot-mix asphalt.
C-HMA Conductive hot-mix asphalt.
CSCs Concentrated solar collectors.
FPSACs Flat-plate solar air collectors.
TSAC Triangular solar air collector.
PCM Phase change material.
DSAC Double flow solar air collector.
NFAD Nano-enhanced flexible aluminum air duct.
FESAC Front entrance solar air collector.
SESAC Side entrance solar air collector.
CPC Compound parabolic concentrator.
WCSAC Wavy corrugated solar air collector.
IB-ETC-SAH Inserting a baffle inside the ETC-SAH.
PPI Pores per inch.
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Abstract: A Carbon Footprint (CF) is defined as the total emissions of greenhouse gases, primarily
carbon dioxide, methane, and nitrous oxide, and is a specific type of Environmental Footprint that
measures human impact on the environment. Carbon dioxide emissions are a major contributor
to anthropogenic greenhouse gases driving climate change. Wood, as a renewable and ecological
material, has relatively low carbon emissions. The study aimed to review and analyze the criteria
influencing the feasibility of constructing modern zero-carbon wooden buildings. The review was
conducted in two phases: (i) a literature review and (ii) an assessment of existing buildings. The
preliminary research led to (i) narrowing the focus to the years 2020–2024 and (ii) identifying key
criteria for analysis: sustainable material sourcing, carbon sequestration, energy efficiency, life cycle
assessment (LCA), and innovative construction practices. The study’s findings indicate that all these
criteria play a vital role in the design and construction of new zero-carbon wooden buildings. They
highlight the significant potential of wood as a renewable material in achieving zero-carbon buildings
(ZCBs), positioning it as a compelling alternative to traditional construction materials. However, the
research also underscores that despite wood’s numerous potential benefits, its implementation in
ZCBs faces several challenges, including social, regulatory, and financial barriers.

Keywords: carbon footprint; wooden construction; zero-carbon buildings (ZCBs); sustainable
material sourcing; carbon sequestration; energy efficiency; life cycle assessment; innovative construction
practices

1. Introduction

The current climate crisis is the result of human activities over the past two centuries.
The Environmental Footprint serves as a tool to measure the pressure humanity places on
the environment, comparing the demand for renewable resources with nature’s capacity to
regenerate them. This concept encompasses all the negative impacts humans have on the
natural world. Key quantitative indicators within this framework include the Ecological
Footprint (EF), Carbon Footprint (CF), Water Footprint (WF), and Material Footprint (MF),
which are central to understanding the extent of our environmental impact [1–3]. The
Environmental Footprint also includes issues related to air, water, and soil pollution, as
well as losses in biodiversity.
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The CF originates from the concept of the EF, which dates back to the 1990s [4]. The
CF measures the environmental impact of greenhouse gas emissions resulting from direct
or indirect human activities, expressed in carbon dioxide equivalent (CO2e). It includes
emissions from various sources, such as production processes, transportation, energy
consumption, food production, and waste generation [5–7]. Carbon dioxide emissions are
the main component of anthropogenic greenhouse gases, responsible for over two-thirds
of these emissions. They, along with methane and nitrous oxide, significantly contribute
to climate change [8]. This is confirmed by the report of the Intergovernmental Panel on
Climate Change (IPCC, United Nations body), which emphasizes the need to reduce global
net anthropogenic CO2 emissions by about 45% by 2030 compared to 1990 in order to
limit global warming to 1.5 ◦C [9]. Regulation (EU) 2023/857 of the European Parliament
and of the Council amending Regulation (EU) 2018/842 on binding annual greenhouse
gas emission reductions by Member States from 2021 to 2030 resulting from the Paris
Agreement and amending Regulation (EU) 2018/1999 sets out the obligations of Member
States to achieve the EU’s target of a 40% reduction in greenhouse gas emissions by 2030
compared to 2005. The guidelines in this Regulation are linked to the long-term objective
of achieving climate neutrality in the EU by 2050 at the latest and a negative emissions
balance thereafter.

In response to the climate crisis, the design and construction processes need to tran-
sition from conventional practices to lower-carbon approaches. The objective should be
to maximize reductions in carbon dioxide emissions and work towards achieving zero-
carbon buildings (ZCBs), including wooden structures. This approach effectively reduces
the Environmental Footprint and contributes positively to climate change mitigation [10].
Zero-carbon buildings, including wooden structures, incorporate a life cycle assessment
(LCA) approach to tackle CO2 emissions. Wooden building materials exhibit lower emis-
sions throughout their life cycle and offer substantial potential for carbon sequestration
compared to other materials [11,12]. The LCA studies highlight the potential of wooden
buildings to reduce anthropogenic carbon dioxide emissions, particularly by decreasing
emissions during the construction phase [12–14]. The life cycle is defined as a series of
interconnected stages of a product, beginning with the extraction or production of raw
materials from natural resources and extending through to its final disposal [15]. When
analyzing a product’s life cycle, different scopes can be employed based on the assessment’s
goals: Cradle to Gate, Cradle to Grave, and Cradle to Cradle [16].

The construction sector, including both materials and operations, is responsible for
over one-third of global CO2 emissions. Life cycle assessment (LCA) analyses can signifi-
cantly change this statistic. Reducing the CF of buildings involves developing materials that
can sequester CO2, such as engineered wood, which is a naturally occurring material with
significant potential. Using wood in construction can act as a carbon sink, offering a way to
offset CO2 emissions. Choosing the right materials greatly impacts a building’s CF, and
wood provides a viable option for carbon compensation. Zero-carbon wooden buildings
present numerous environmental benefits in the construction industry. Advances in tech-
nology are broadening the possibilities for designing sustainable, carbon-negative wooden
structures, which could significantly contribute to climate change mitigation [17–22].

New zero-carbon wooden building concepts play a crucial role in the sustainable
development of urban areas. Wood, as a renewable material with minimal CF, is a strong
contender for constructing sustainable buildings in urban environments, including high-
rise structures [20,23–26]. Innovative construction and computational methods focus on
reducing timber usage, minimizing transportation needs, and streamlining multiple stages
of the building process, thereby lowering carbon dioxide emissions compared to traditional
construction methods. Wooden buildings incorporating these advanced technologies
are viewed as a highly competitive and sustainable alternative, providing a natural and
efficient approach to design and construction [27]. Additionally, integrating energy-efficient
systems and renewable energy sources can further reduce energy consumption and costs
for a zero-energy, zero-carbon wooden building [28,29]. Moreover, zero-carbon buildings
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are intricate technical systems that are also shaped by social factors and influenced by local
conditions [17,30–32].

A crucial aspect of modern design is using sustainable building certifications (Green
Building Rating Systems—GBRS). These systems establish market standards, including
those for zero-emission buildings. They aim to reduce greenhouse gas emissions, decrease
energy consumption, and enhance the quality of life for occupants and residents [33]. There
are numerous certification systems for sustainable building worldwide; the most commonly
used are recognized methods, including Building Research Establishment Environmental
Assessment Method (BREEAM), Leadership in Energy and Environmental Design (LEED),
and Deutsche Gesellschaft für Nachhaltiges Bauen (DGNB) [34]. BREEAM acknowledges a
range of low- and zero-carbon technologies (LZC), including solar energy, wind, geothermal
and hydrothermal sources, hydropower, biomass, waste heat, and energy from waste
incineration. A key requirement for the energy performance of new buildings is their
reference emissions indicator. Within BREEAM certification, one assessed category is Ene 04
Low Carbon Design, which aims to minimize the building’s energy demand. This involves
reducing carbon dioxide emissions and maximizing the use of renewable energy sources.
The evaluation criteria are divided into two main areas: passive design strategies and
low- or zero-carbon technologies [35]. In LEED certification, references to CO2 emissions
are addressed across several key assessment areas: (i) Integrative Process, Planning, and
Assessments, specifically under Carbon Assessment; (ii) Energy and Atmosphere (EA),
focusing on Operational Carbon Projection and Decarbonization Plan; (iii) Materials and
Resources (MR), which includes Assessing and Reducing Embodied Carbon [36]. The
DGNB System is designed to support the creation of high-quality, sustainable buildings
that meet environmental, economic, and social goals [37].

New concepts and trends in zero-emission construction, including European timber
building, are closely aligned with European Union directives. These directives set the frame-
work for future sustainable development, while regulations specific to timber construction
are adopted nationally in each member state. The implementation of timber construction
varies across EU countries due to differences in climate, history, building traditions, policies,
and legal frameworks. The Directorate of the European Commission states that climate
change is a reality and a serious problem for Europeans. According to a Europe-wide
survey published in 2017, more than 9 out of 10 EU citizens (92%) consider climate change
to be a serious problem [38]. One of the earliest directives setting the European Union’s
framework for nearly zero-energy buildings is Directive 2010/31/EU of the European
Parliament and Council, dated 19 May 2010, on the energy performance of buildings
(consolidated version). This directive leads member states towards the goal of achieving
“nearly zero-energy buildings”, which are characterized by very high energy performance.
These buildings require minimal energy to operate, with most of the energy being sourced
from renewable resources generated locally [39]. This directive was amended in 2012 with
Directive 2012/27/EU on energy efficiency, followed by Directive 2018/844/EU in 2018.
In 2024, the Directive (EPBD) (EU/2024/1275) was published, which introduced stricter
requirements for the energy performance of new buildings [40,41]. The European Union
has progressively tightened regulations on building energy performance to drive towards
climate neutrality. In Article 9, the 2010 Directive stated that the Member States shall ensure
that by 31 December 2020, all new buildings shall be nearly zero-energy buildings and
that after 31 December 2018, all new buildings occupied and owned by public authorities
shall be nearly zero-energy buildings. The 2024 Directive (EU/2024/1275) has increased
the energy performance requirements for new buildings, mandating that all new buildings
owned by public authorities must be zero-emission from 1 January 2028 and all other new
buildings from 1 January 2030. These regulations aim to align building energy performance
with the European Union’s target of achieving climate neutrality by 2050 [41].

The ZCB technologies are now widely accessible, yet their successful implementation
is hindered by a lack of industry knowledge and awareness. Effective deployment of
these technologies requires enhancing stakeholders’ understanding of carbon reduction
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strategies throughout a building’s life cycle [10]. The slow adoption of zero-carbon prac-
tices, especially for wooden buildings, is attributed to various barriers, including social,
regulatory, financial, and business model issues.

This study focuses on reviewing and analyzing the criteria that influence the feasibility
of modern zero-carbon wooden buildings, highlighting the need to address these challenges
to advance zero-emission construction.

2. Materials and Methods

The primary objective of this study is to analyze the benchmarks that influence the
feasibility of constructing modern wooden buildings with zero carbon dioxide emissions.
To achieve this goal, the paper is divided into two main stages: a literature review and
building studies, as outlined below.

2.1. Stage 1—Literature Review

This stage involves analyzing the standards for constructing wooden buildings with
zero CO2 emissions. Two main criteria guided the selection of scientific papers for this
analysis: (i) thematic scope, focus on zero CO2 emissions in wooden buildings; (ii) temporal
scope, including papers published between 2020 and 2024. The selected time range limits
the review to the most recent scientific articles, ensuring that the analysis is focused on
the latest developments and current trends in the field. This approach prioritizes up-to-
date information, providing insights that reflect the most recent research findings and
advancements.

The review of the selected papers, listed in Table 1, allowed us to analyze benchmarks
determining the feasibility of constructing wooden buildings with zero CO2 emissions. The
benchmarks that have been taken into consideration are as follows:

1. Sustainable Material Sourcing:

• ensuring that wood is sourced from sustainably managed forests that practice
responsible harvesting;

• local sourcing—minimizing transportation emissions.

2. Carbon Sequestration:

• leveraging the natural carbon sequestration properties of wood, which stores
carbon dioxide absorbed during the tree’s growth;

• innovative wood products that offer structural strength and carbon storage
benefits.

3. Energy Efficiency:

• implementing passive design strategies to reduce energy consumption;
• integrating renewable energy sources;
• using energy-efficient lighting, heating, ventilation, and air conditioning systems.

4. Life Cycle Assessment:

• a comprehensive LCA to evaluate the building’s CF from material extraction
through to demolition or recycling;

• designing for disassembly and recycling to ensure materials can be reused, re-
ducing future CO2 emissions.

5. Construction Practices:

• utilizing low-carbon construction methods and technologies to minimize emis-
sions during the building phase;

• the review employed the following academic search engines: Scopus, Google
Scholar, and ResearchGate, using the following keywords:

• sustainable practices and material sourcing;
• energy efficiency and renewable energy;
• building life cycle assessment and environmental impact;
• innovative modular and prefabricated wood constructions;
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• carbon sequestration in wood architecture.

Table 1. List of papers according to selection criteria.

Example Ref. Countries of Study
Thematic Scope

1 2 3 4 5

Abed et al. (2022) [42] World x x x

Ahmed et al. (2024) [43] Kirkuk, Iraq x

Alvarez et al. (2023) [14] World x x

Andersen et al. (2021) [12] World x x x x

Andersen et al. (2024) [20] World x x

Arlet (2021) [44] Europe, Japan, Canada,
New Zealand x x x x x

Arumägi et al. (2020) [28] World x x x

Bai et al. (2018) [45] World x x

Barclay et al. (2024) [46] World x

Besana et al. (2022) [18] World x x

Blay-Armah et al. (2023) [47] World x x x

Bøe et al. (2023) [48] World x

Bougiatioti et al. (2023) [49] Greece

Branchi et al. (2023) [1] World x

Broda (2020) [50] World x

Brogi et al. (2019) [51] Europe x x x x

BuHamdan et al. (2021) [52] World x

Cabeza et al. (2021) [53] World x x

Calquin et al. (2024) [54] World x

Carletti et al. (2024) [24] World x x x

Chen et al. (2020) [55] World x x

Chen (2023) [56] World x x x

Ching et al. (2024) [6] World x

Churkina et al. (2020) [57] World x

Dai et al. (2023) [3] World x x

Defloor et al. (2022) [58] Belgium x x x

Devarajan et al. (2024) [59] World x

Ding et al. (2022) [19] World x x

Dong et al. (2021) [60] China x x

Duan et al. (2022) [61] World x

Dzhurko et al. (2024) [62] Germany x

Elaouzy et al.(2022) [63] World x

Elginoz et al. (2024) [64] World x

El-Shorbagy (2020) [22] World x x x
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Table 1. Cont.

Example Ref. Countries of Study
Thematic Scope

1 2 3 4 5

European Innovation Agenda,
European Commission, (2022) [65] EU x x x

Evans et al. (2022) [66] World x

Feder (2023) [7] World x

Fereidani et al. (2021) [67] World x

Ferreira et al. (2023) [34] World x

Furhana Shereen et al. (2023) [68] World x

Garzon et al. (2020) [69] Bulgaria, Turkey, North
America x

Ghobadi et al. (2023) [70] Australia x

Giridhar et al. (2022) [71] World x

Grinham et al. (2021) [72] World x x

Groll (2023) [8] World x

Hamida et al. (2023) [73] World x x

Hanifa et al. (2023) [74] India x

He et al. (2024) [75] World x x

Himes et al. (2020) [76] USA x

Hoxha et al. (2020) [77] World x

Hu (2023) [21] World x x x

Huang et al. (2024) [78] China x

Hurmekoski et al. (2022) [79] Finland x

Ibrahim et al. (2023) [80] World x

Kazemian et al. (2023) [81] World x

Keržič et al. (2021) [82] World x

Király et al. (2022) [83] Hungary x

Koval et al. (2023) [84] World x

Leszczyszyn et al. (2022) [85] Europe, Chile x x x

Li et al. (2022) [86] Europe x

Lin et al. (2023) [13] World x x

Linkevičius et al. (2023) [87] World x x

Lo et al. (2021) [88] USA x x x

Lou et al. (2024) [17] World x x x

Lu et al. (2024) [89] World x

Meleti et al. (2021) [9] World x

Michalak et al. (2024) [90] World x

Michálková et al. (2022) [23] World x x

Mirashk-Daghiyan et al. (2022) [91] Tehran, Iran x

Motamedi et al. (2023) [92] World x
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Table 1. Cont.

Example Ref. Countries of Study
Thematic Scope

1 2 3 4 5

Mulya et al. (2024) [33] World x x x

Mushtaha et al. (2021) [93] World x

Nidhin et al. (2023) [10] World x

Ouellet-Plamondon et al. (2023) [94]

Canada, Switzerland,
Germany, Belgium, Australia,

Sweden, Spain, Austria,
Denmark, France, New

Zealand, USA, Brazil, Norway

x

Pasternack et al. (2022) [95] World x

Pecio (2024) [96] World x

Pedreño-Rojas et al. (2024) [97] World x

Phillips et al. (2020) [98] USA x

Pilli et al. (2022) [99] World x x

Pomponi et al. (2020) [100] World x

Porter et al. (2001) [101] World x x x

Premrov et al. (2023) [102] World x x

Prieur-Richard et al. (2018) [103] World x x

Prins et al. (2023) [104] World x

Ridhosari et al. (2020) [5] World x

Röck et al. (2020) [105] World x

Salata et al. (2024) [106] World x

Sandoli et al. (2021) [107] World x

Sasaki (2021) [108] Thajland x

Schmidt et al. (2023) [109] World x

Schneider-Marin et al. (2020) [110] World x x

Schwarzschachner et al. (2024) [111] Germany, Austria x

Scouse et al. (2020) [112] USA x x

Sher et al. (2021) [113] UK, Malaysia x

de Oliveira et al. (2023) [114] World x x

Stanciu et al. (2024) [115] World x

Starzyk et al. (2023) [25] World x x

Tupenaite et al. (2023) [116] Lithuania x

Udele et al. (2021) [117] USA x

Ürge-Vorsatz et al. (2020) [118]
USA, Canada, China, EU
(Germany, Belgium . . .) x x x x x

Veichtlbauer et al. (2022) [119] World x

Veloso et al. (2023) [120] Belo Horizonte, Brazil x

Veillette et al. (2021) [121] Quebec, Canada x

Wang et al. (2021) [51] World x

Wang et al. (2024) [122] World x x

Warmling et al. (2022) [123] World x
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Table 1. Cont.

Example Ref. Countries of Study
Thematic Scope

1 2 3 4 5

Wilberforce et al. (2023) [124] (EU), USA, China x x x x

Yang (2021) [125] China x x

Younis et al. (2022) [126] World x

Zawada et al. (2024) [127] World x

Zhan et al. (2023) [128] World x x x

Zhao et al. (2022) [129] World x x x

Zhao et al. (2015) [130] World x x

Duan et al. (2022) [61] China x

2.2. Stage 2—Building Review

This stage involves studying modern wooden buildings to evaluate whether the
benchmarks identified in Stage 1 are applicable in practice. The selection of buildings for
this analysis was based on (i) thematic scope: wooden buildings designed to achieve zero
CO2 emissions; (ii) temporal scope: buildings constructed between 2020 and 2024.

Out of a review of 98 near-zero and zero-emission buildings, 10 exemplary cases were
chosen (Table 2). These examples include both residential and public utility buildings with
various functions located in Europe and North America. The comparison criteria include
the operational energy index, measured in kgCO2e/m2/year, and the embodied energy
associated with material acquisition and construction, also measured in kgCO2e/m2.

Table 2. List of wooden buildings according to selection criteria.

Project (Authors) City, Country (Date)
Thematic Scope

1 2 3 4 5

Lea Bridge Library Pavilion
(Studio Weave) [131] London, UK (2021) x x x x x

Orueta Etxea
(Emiliano López Mónica Rivera

Arquitectos) [132]
Bilbao, Spain (2021) x x x x x

Spruce House and studio
(ao-ft) [133] London, UK (2021) x x x x -

Cooperative housing
(Urban Power) [134] Stavnsholt, Denamrk (2021) x x x - -

The black and white building
(Waugh Thistleton Architects) [135] London, UK (2022) x x x x -

Workstack
(dRMM) [136] London, UK (2023) x x x x -

EÑE House
(Estudio Albar) [137]

Madrid, Spain (2023) x x x x x

New Temple Complex
(James Gorst Architects) [138] Hampshire, UK (2023) x x x x x

Durley Chine Environmental Hub
(Footprint Architects) [139] Bournemouth, UK (2024) x x x x -

Humber Cultural Hub
(Diamond Schmitt) [140] Ontario, Canada (2024) x x x - -
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The analysis of the selected buildings, listed in Table 2, enabled an assessment of
whether the criteria identified in the literature review align with real-world construction
practices.

The results from both stages are then synthesized to discuss the connections between
the literature review and the building studies concerning zero carbon dioxide emissions in
modern wooden buildings.

3. Results

3.1. Stage 1: Literature Review
3.1.1. Sustainable Material Sourcing

Sustainable material sourcing is essential for minimizing the environmental impact of
construction projects, especially when using wood. By sourcing wood from sustainably
managed forests, we ensure responsible harvesting practices that maintain forest ecosys-
tems and promote long-term ecological health. Certification schemes such as the Forest
Stewardship Council (FSC) and the Programme for the Endorsement of Forest Certification
(PEFC) offer credible assurances of these sustainable practices. Furthermore, prioritizing
local sourcing helps reduce transportation emissions by reducing the distance that materials
must travel, thereby decreasing the overall CF of construction activities. Collectively, these
strategies foster a more sustainable approach to building, supporting both environmental
protection and resource efficiency.

The embodied energy of building materials can represent between 10% and 30%
of the total energy demand, depending on several factors. These include the building’s
anticipated lifespan and the energy required for heating or cooling, which is influenced by
the local climate [61].

In net-zero carbon wooden buildings, the focus extends beyond just using wooden
construction materials to incorporating various bio-based and wood-derived materials.
These include structural components (such as beams, glued laminated panels like cross-
laminated timber (CLT), glued laminated timber (Glulam), laminated veneer lumber (LVL),
dowel-laminated timber (DLT), bamboo, and more), insulation materials (such as wood
wool, cork, hemp, compressed straw, animal wool, and others), and finishing materials
(including boards, plywood, OSB, MDF, HDF, LDF, woodblock flooring, wooden paving,
thatch, etc.). Additionally, composite materials containing wood chips, sawdust, ash from
burned wood, charcoal, and cut straw are also available, though they are beyond the
scope of this discussion [97]. These materials are increasingly valued for their reduced CF,
enhanced circularity, and growing societal acceptance of natural materials.

It is crucial to recognize that the CF of a building material includes stages A1 through
A4 of the LCA as defined by EN 15978 [141] and EN 15804 [142] standards. These stages
cover the extraction of raw materials, their transportation to the manufacturing facility, the
processing of finished building components, and the final transportation to the construction
site. Local sourcing of materials and minimizing transportation are key strategies for
reducing a building’s CF. Additionally, the type of materials and the logistics of producing
mass timber elements play a significant role in minimizing this footprint. This is particularly
important because transporting building materials to the site is often energy-intensive and
typically involves diesel-powered trucks [143].

The origin of wooden and wood-based materials is critical due to the significant trade-
offs inherent in forest management [104]. While using wood in buildings can lower their CF,
it may impact other aspects of the environmental footprint of the construction project (ibid).
Key factors include the “seven thematic elements of sustainable forest management” [144],
which assess forest health and resources, such as forest existence (area, timber, and carbon
stocks), forest condition (health and vitality), and the services provided (biodiversity
support, timber and resource production, soil and water protection, and socio-economic
benefits like livelihoods, employment, energy, recreation, and cultural value). It is essential
to recognize the evolving definitions and indicators of sustainable forest management at
various levels—from global to local forest management units—ranging from the continuous
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supply of wood to preserving biodiversity, ecosystems, and the full spectrum of ecosystem
services [104].

Despite numerous international agreements aimed at promoting sustainable forest
management, no unified system exists to guarantee the sustainable origin of timber. Various
certification systems address this issue, with two of the most prominent global systems
being the FSC (Forest Stewardship Council) and PEFC (Programme for the Endorsement of
Forest Certification). These certifications cover both specific areas of sustainably managed
forests and the timber products derived from them. By the end of Q1 2024, the PEFC certi-
fied 295 million hectares of forest across 42 countries and six continents, with approximately
62 million hectares also holding FSC certification [145]. Conversely, FSC certifications cover
160 million hectares in 2024, down from over 210 million hectares in 2021 [146].

A key difference between these systems is that the PEFC is tailored to national regula-
tions, reflecting local environmental and socio-cultural conditions, with implementation
and monitoring typically overseen by government agencies. In contrast, the FSC is man-
aged by an independent organization. While the PEFC’s approach varies by country, the
FSC is often seen as more effective due to its rigorous standards, emphasis on procedural
rights for non-commercial entities, Indigenous rights, and natural ecosystem protection [69].
A review covering 31 studies and 6 million hectares of certified forests (about 1.5% of the
global area) found that the FSC has a more positive impact on ecosystem protection than
the PEFC, including preventing deforestation in tropical regions [147].

The review also identified trade-offs between indicators for flora, fauna, and ecosystem
services, such as dense forests being beneficial for flora and carbon sequestration versus
forest clearings that enhance plant diversity. It also highlighted some limitations of the
FSC system, including its focus on ecological connectivity, mainly for species with minimal
habitat requirements (one hectare) and inconsistencies in national biodiversity protection
indicators. Despite these environmental advantages recognized by forest managers, other
certification systems, including the PEFC, are often selected for market access and other
economic benefits [148].

3.1.2. Carbon Sequestration

Carbon sequestration in wooden construction reduces greenhouse gas emissions [66].
As a natural building material, wood effectively stores carbon throughout its lifespan [111],
making wooden buildings valuable long-term carbon sinks crucial for combating climate
change [81]. During photosynthesis, trees absorb atmospheric carbon dioxide, which is then
stored as organic carbon within their complex tissue [62]. Utilizing wood in construction
reduces emissions associated with producing energy-intensive materials like concrete and
steel [74]. Furthermore, wood’s renewability and carbon sequestration capabilities make it
an environmentally friendly choice for sustainable building practices [116]. This contributes
to lowering the global CF of the construction industry. The wood used in construction
often comes from sustainably managed forests, which ensures a continuous cycle of carbon
absorption and storage [108]. Compared to other building materials, wood has a lower
CO2 emission balance [149]. Additionally, wooden buildings not only store carbon but
also offer improved energy efficiency due to their insulating properties [79]. The carbon
sequestration in wood remains effective as long as the material is protected from decay and
combustion [83]. Therefore, proper maintenance and protection of wooden structures are
essential.

Innovative technologies like cross-laminated timber (CLT) and Glued Laminated
Timber (Glulam) enable the use of wood in high-rise construction. CLT is an advanced
engineered wood product composed of multiple layers of lumber arranged in alternating
directions and bonded with adhesive. This construction method enhances its structural
stability and load-bearing capacity, making CLT an ideal material for a range of applications,
from residential buildings to high-rise towers. Glulam is another wood product that
involves layering timber and bonding these layers with high-strength adhesives to form
large, versatile structural components. Glulam provides remarkable strength and flexibility,
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allowing it to be used in diverse structural elements like beams, columns, arches, and
bridges. One of CLT and Glulam’s key environmental benefits is its ability to sequester
carbon. By trapping the carbon captured by trees during their growth within the timber, CLT
and Glulam effectively store this greenhouse gas throughout the lifetime of the building,
helping to offset the carbon emissions typically associated with traditional construction
materials such as concrete and steel [61].

The LCA demonstrates that wooden buildings have a lower environmental impact
than those constructed from traditional materials [94]. Incorporating wood into construc-
tion projects supports sustainability goals and can stimulate local forestry economies,
increasing demand for timber and expanding forested areas. Wood also positively im-
pacts biodiversity and ecosystem stability [113]. Additionally, wood allows for creating
energy-efficient structures and offers greater adaptability compared to concrete or steel
buildings, extending their lifespan and enhancing carbon storage [76]. By contributing
to “negative emissions”, wood helps meet the targets of the Paris Agreement aimed at
addressing climate change and limiting global warming [78].

Furthermore, promoting and educating the public about wooden construction can
raise awareness of its carbon sequestration benefits. Supporting policies for wooden
construction can accelerate the shift towards sustainable building practices and foster the
development of healthier, more sustainable living spaces. Effective carbon sequestration in
wood requires comprehensive management throughout its entire lifecycle, from harvesting
and processing to recycling [70]. Continued research and development in this field are
essential to further enhance the efficiency of carbon sequestration in wooden construction.

3.1.3. Energy Efficiency

Wood is a highly effective natural insulator, offering superior thermal performance
compared to traditional building materials like concrete and steel. This insulating capability
allows wooden structures to maintain stable indoor temperatures with less dependence
on artificial heating and cooling systems, thereby reducing energy consumption. The
cellular structure of wood naturally traps air, forming a barrier that minimizes heat transfer
between a building’s interior and exterior. This property is particularly beneficial in regions
with extreme temperatures, where efficient climate control is essential. Additionally, the
energy efficiency of wooden buildings can be further optimized through passive design
strategies, such as careful sun orientation, natural ventilation, and the incorporation of
shading elements [93]. These approaches work together with wood’s inherent properties to
significantly enhance a building’s overall energy efficiency.

While wood is highly resistant to heat, it is susceptible to damage from direct sunlight
and high humidity [71,82]. To maximize the durability of wooden structures, natural
shading through trees or closely spaced neighboring buildings can be employed to protect
the wood [63]. Additionally, natural-origin protective materials such as clay, natural
waxes, vegetable seed oils, or natural oil paints offer an alternative to synthetic wood
preservatives [50,115]. The choice of paint color should be adapted to the local climate; light
colors are recommended in warm, dry climates to prevent overheating, while dark colors
are preferable in moderate and cold climates to absorb solar energy and reduce heating
costs. Furthermore, highly reflective roofs can significantly enhance energy efficiency [67].
It is, however, essential to balance energy efficiency measures with thoughtful design
solutions [89,91]. Research by Salata et al. demonstrates that using genetic algorithms
to identify optimal building designs for various European climate zones can effectively
reduce energy consumption for heating and cooling [106].

When other structures or fences are positioned close to the sun-facing side of a building,
ensuring adequate ventilation and allowing sufficient direct sunlight during daylight hours
is crucial. This prevents excessive soil moisture accumulation, which could otherwise lead
to premature decay or fungal damage, a subject that warrants further detailed research [49].

Building design should also take the prevailing climate into account, adjusting the
percentage of glazing and window orientation accordingly. For instance, in temperate and
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subpolar climates, north-facing windows and small windows that provide standardized air
conditioning are not recommended. In contrast, in subtropical and tropical climates, north-
facing windows can improve indoor climate and humidity levels. Optimizing window
orientation, U-value, and proportions can lead to energy savings of up to 25% [43]. Occu-
pant behavior is another critical factor, with studies indicating that careful consideration
can reduce a building’s energy consumption by up to 40% or even 80% [121].

Households can partially or fully meet their energy needs through renewable energy
sources [119]. However, it should be noted that the production of these sources is not en-
tirely zero-emission, with exceptions for lightweight systems made from recycled materials,
though these practices are not yet widespread [68].

A Net-Zero-Energy Building (NZEB) is defined as a structure that produces more
energy than it consumes on average over a year. This is achieved by relying exclusively on
renewable energy sources, such as solar, wind, and geothermal energy while avoiding fossil
fuels in construction [150]. The energy independence and local renewable energy generation
of such buildings make them reliable in the event of natural disasters or heightened threats.
For example, during military conflicts, where large energy complexes are often targeted, a
house with these features would serve as a dependable refuge. This is exemplified by the
situation in Ukraine in 2024, where significant installations of individual heating systems
and innovative methods of utilizing solar and wind energy are being developed [151].

One of the most effective ways to reduce electricity consumption for lighting is to
maximize the use of natural sunlight and store it for later use. This principle is reflected
in the architectural design by incorporating windows in all rooms, utilizing sunlight
amplifiers (light lenses), and integrating secondary light sources, such as strategically
placed window openings in interior walls or glazed doors in corridors and bathrooms.
Lenses and fiber optic transmission of sunlight can reduce the energy needed for daytime
lighting by 57% [80].

Thermal batteries, typically installed on the south-facing side of the roof, harness solar
energy to heat water or air, transferring this heat to the building’s interior and meeting
heating requirements. The implementation of passive cooling systems has been shown to
significantly reduce energy consumption while enhancing occupant comfort [86,98,120].

3.1.4. Life Cycle Assessment

Earlier efforts to mitigate the environmental impact of construction have concentrated
on reducing primary energy consumption by enhancing building energy efficiency and
incorporating renewable energy sources. These initiatives have culminated in the successful
development of technologies for passive and nearly zero-energy buildings, delivering sig-
nificant results [59,152,153]. Nevertheless, there is a growing focus on previously neglected
stages of the construction process. This includes the extraction of raw materials, their pro-
cessing and conversion into final products, transportation, the construction phase, ongoing
maintenance, and the potential for demolition and reuse or disposal conditions [105,154].
In recent years, there has been a dramatic surge in research addressing greenhouse gas
emissions within the framework of the LCA. The focus of these studies has largely been
on two areas: theoretical exploration and the analysis of specific buildings. This growing
body of research and the accompanying academic discourse have elevated the importance
of these issues in legislative contexts, leading to a more effective dissemination of this
knowledge within the professional community.

Case studies have demonstrated that wooden buildings can significantly reduce car-
bon dioxide emissions compared to equivalent structures made from mineral materials.
Studies indicate that the estimated total environmental impact of wooden buildings may be
as much as about 50% of the value for buildings constructed using traditional technology
(cement blocks and concrete), and this result is repeatable in both new and older stud-
ies [55,110,155,156]. This value decreases when buildings are low-energy, then embodied
energy becomes important. Depending on the construction systems, different construction
materials determine the share of embodied energy from 35% to 57%—minimum values
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accepted for wood; this result is also repeatable in both new and older studies [157,158].
It should be noted that the results of LCA studies for different materials may vary signifi-
cantly due to differences in the methodologies used, assumptions made, building types,
and technologies used [53,154].

The researchers’ results are even divergent if the analyses are conducted under signifi-
cantly different impact conditions. Therefore, it is important to clearly define the conditions
of the analysis conducted and, in particular, the expected durability of the building. Wooden
buildings, in comparison to traditional technology buildings, may have the disadvantage
of having to import wood, while concrete production can be located near the construction
site. Much also depends on the assumed service life of a wooden building, considering
that concrete allows for long durability of the building. The geographical location and
resources of the region have a very significant influence on the right choice of building
materials. Despite the significant increase in the number of publications, the indication of
the comparison of LCA for buildings made of different materials is still narrowly presented
in the scientific literature, while at the same time, it is a broad issue enabling numerous
new publications in this field.

Life cycle assessment (LCA) is a crucial tool for evaluating carbon dioxide emissions in
construction, playing a key role in promoting sustainable design. It stands out by analyzing
the entire life cycle of a building, encompassing (i) preparation for construction, (ii) the
construction phase, (iii) operational use, and (iv) the end-of-life phase. This comprehensive
approach ensures a thorough assessment of the environmental impact from the initial
planning through to the building’s eventual disposal [159,160].

The environmental impact of a building is fundamentally shaped by its design. At the
outset of a project, architects are tasked with choosing building materials. This decision is
particularly complex due to the extended lifespan of buildings and the ongoing need for
maintenance and replacements, which are influenced by evolving consumption patterns
and changing user needs [152]. Architects can make environmentally conscious decisions
by accessing information about the CF of various products. While comprehensive data are
not yet available for all products, the range of products with such information is steadily
expanding [105]. Current information on CF does not yet account for carbon dioxide
emissions over the entire lifespan of a product. To effectively optimize material choices, a
comprehensive LCA is essential. It is crucial to note the complexity of this process—each
project is typically unique and bespoke, necessitating a separate LCA for every individual
building [152]. Since researchers primarily develop computational models, they often lack
the practical adaptability needed for rapid and user-friendly applications [53].

It is crucial to recognize that utilizing wood and other natural materials, such as straw
or hemp, plays a significant role in reducing CO2 emissions. These materials contribute
to carbon sequestration by capturing and storing carbon dioxide during their growth and
maintaining it throughout their lifecycle. This process effectively removes CO2 from the
atmosphere, mitigating the impact of greenhouse gases [100,158,161,162]. This concept was
explored in detail in Section 3.1.2. The fundamental advantage of using these materials in
construction is their ability to act as carbon sinks, thus storing carbon within the building
fabric. This characteristic underscores the potential of these materials to offset the carbon
emissions associated with traditional construction methods. As indicated earlier, the result
depends on the adopted calculation method; depending on the method, the difference at
the level of the entire building between the final results was as much as 29%. The reference
research by Hoxha et al. found that for multi-family massive wooden residential buildings,
the impact of the building is approximately 20.7 kg-CO2e/m2/yr, which is 75% lower than
the values for buildings constructed using traditional technology and approximately 50%
lower than for buildings constructed using traditional low-energy technology. In his study,
the author also warns that depending on the method adopted, the environmental impacts
of building components present significant discrepancies, even up to 200% [77].

However, accurately evaluating the CF of biological products through LCA presents
substantial challenges. One major difficulty lies in accounting for the highly variable
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growth rates of different plant species. These growth periods can vary widely based on en-
vironmental conditions, which complicates the assessment of carbon sequestration over the
lifecycle of the materials. Furthermore, the LCA of biological products is often inconsistent
due to variations in research methodologies and the complexities of different assessment
models. As a result, achieving a reliable and uniform evaluation of the environmental bene-
fits of using natural materials in construction remains a challenging task. The ongoing need
for more refined and standardized assessment methods is essential to enhance the accuracy
of LCA and fully understand the environmental impact of these materials [57,100,163].

The production of wooden components involves considerable energy consumption,
primarily due to the drying and processing stages [158,164]. For wooden buildings, the
carbon dioxide emissions associated with the pre-construction phase generally account for
less than 10% of the total emissions throughout the building’s lifecycle. The most notable
difference in carbon emissions between wooden structures and those built with other
materials is observed in the emissions related to the materials themselves. In traditional
construction methods, the carbon emissions from materials can constitute more than 50%
of the total lifecycle emissions [125].

The CF associated with the construction of a building is predominantly influenced by
the chosen structural system, architectural design, and construction technology. Research
by Yang et al. [125] reveals that for various types of wooden buildings, carbon dioxide
emissions during the operational phase typically account for an average of 87.7% of the
total lifecycle emissions. If a wooden building achieves the same thermal performance as
structures made from other materials, the carbon emissions during the operational phase
would be comparable, negating significant differences in emissions at this stage.

In the final stage of the LCA, which follows the building’s operational phase, wooden
components can be either repurposed for energy production, such as generating heat or
electricity, or reused in new construction projects [165]. The reuse of building components
is especially important given that recovery rates across all material types are still relatively
low, hovering around 50%. This rate is considered unsatisfactory because reclaimed mate-
rials are mostly repurposed for energy recovery or for use in lower-quality applications.
To enhance the chances of reusing wooden components, designers can adopt strategies
such as reversible connections and components specifically designed for reuse [165]. In
practice, even high-quality wood is typically discarded at the end of a building’s life. Once
wood components are used, they are immediately classified as wood waste to avoid the
time-consuming and costly testing of treatments applied to them. This happens despite
the fact that, theoretically, these treatments should not harm the environment or living
organisms. As a result, wood is often regarded less favorably compared to other materials
and is primarily used only as a raw material for energy production [165–167]. In addition
to evaluating the impact of preservatives, wood should be assessed for its structural suit-
ability, potential insect and fungal infestations, and the presence of metal fasteners. While
these factors are significant, they are generally less critical than the issue of preservatives.
Additionally, careful consideration is needed for the process of deconstruction to maximize
the recovery of high-quality wood.

3.1.5. Innovative Construction Practices

The future of construction innovation may significantly advance the field of wooden
and zero-energy building design. Educating not only younger generations but also sea-
soned engineers, architects, and builders who adhere to outdated standards is crucial for
popularizing new technologies [118]. Availability of models for low or zero CF properties
is essential [45]. Emerging projects may focus not only on energy efficiency and reduced
energy demand but also on buildings that produce energy, store it in batteries, and return
it to the local energy grid (energy-plus buildings exceed net-zero energy buildings by
generating more energy than they consume) (report “Advances Toward a Net-Zero Global
Building Sector”, in “The Annual Review of Environment and Resources” [118]). These
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innovations might also support local ecosystems, for instance, by incorporating mushroom
or algae cultivation within the buildings.

This article synthesizes current knowledge and practical achievements in wooden
architecture, particularly focusing on the design, construction, and evaluation of new
wooden buildings with zero CO2 emissions (net-zero-energy buildings—nZEB, with the
term nearly-zero also appearing in the literature) [28]. Discussions in the literature on
low-energy wooden construction (such as Cost and Energy Reduction of a New nZEB
Wooden Building) cover aspects of minimizing construction and operational costs [28].
Transforming the construction sector to achieve net-zero-energy consumption is vital for cli-
mate neutrality, given that construction accounts for about 36% of final energy demand and
39% of greenhouse gas emissions related to technological processes [57]. Meeting new in-
ternational energy standards involves exploring new technologies [65]. Large-scale actions
necessitate a systemic approach and integration of models within local urban policies [103].
Ongoing research and development (R&D) includes laboratory testing of material strength
and connection details [44]. Wood’s properties are harnessed for carbon sequestration
through innovative products like CLT and Glulam, which enhance structural strength and
carbon storage benefits. Zero-emission wooden buildings also involve complex engineering
calculations of energy efficiency and production, beginning with material procurement.
Further assessments include building usage, project modifications, potential dismantling,
or relocation. Comprehensive LCA is used to evaluate the total CF of buildings. The end
of a building’s life cycle involves demolition, disposal, or recycling of materials and may
include design modifications. These innovations are described in the previous chapters.
Moreover, new processes may affect design software, assembly, construction logistics, and
usage methods [124].

Innovation in construction is a systematic process within firms and organizations, tran-
sitioning from an innovative idea through development to implementation and potential
commercialization [88]. Innovations can be categorized into technological–programming,
material–production, process–organizational, service–economic, and social branches. The
literature offers various interpretations of innovation, which extends beyond scientific
discovery to include the transformation of knowledge into commercial products, processes,
and services [101]. Innovations are essential for maintaining global market competitiveness
and driving economic and technological progress.

Construction is a significant sector with a broad spatial impact and considerable
influence on environmental pollution. Addressing the climate crisis and environmental
changes is a major focus of new construction practices [58]. Measuring innovation outcomes
involves evaluating diverse aspects: companies’ strategies for generating new ideas and
knowledge, customer needs, market conditions, learning and knowledge sharing, and
employee engagement and creativity [88]. These factors significantly affect the performance
of construction companies. The concept of social capital, referring to the pool of knowledge
and the communication networks among employees engaged in innovation, plays a crucial
role [168].

In the field of management, there are studies on performance indicators for organi-
zational and national innovation. However, to apply these to the construction industry,
the specific characteristics of the sector must be taken into account. Innovation indicators
depend on growth and inhibition factors, and measuring progress remains challenging. Lo
and Kam [88] explored the conditions required for precisely assessing innovation progress
in design. It emphasizes that these indicators are essential for advancing design and
construction firms. However, many organizations in this sector lack a comprehensive
framework for measuring innovation outcomes. To better characterize a specific resource,
such as an organization, it is crucial to define key performance indicators for innovation.
These indicators help manage and foster the creation of new solutions. The article presents
findings from a literature review and expert consultations to develop performance metrics
for innovation within the Architecture, Engineering, and Construction (AEC) industry.
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Organizations could gain a competitive edge through ongoing management while
fostering future innovations [51]. However, conventional building preferences can delay
innovation. Conventional building practices are often preferred because they adhere to rigid
procedures and administrative regulations that rely heavily on paper documentation [88].
Consequently, end-users frequently choose conventional building designs over innovative
ones. Due to time and cost constraints, investors, designers, and contractors typically
follow standard building codes to ensure compliance and secure construction permits.
As a result, performance-based approaches are not given priority, as highlighted in some
papers [88].

3.2. Stage 2: Building Review

This section delves into contemporary examples of sustainable wooden architecture,
highlighting innovative approaches to reducing carbon emissions at both the construction
and operational stages. Exploring a range of projects across Europe and North America
showcases how architects and designers are leveraging renewable materials, advanced
construction techniques, and collaborative design processes to create structures that are both
environmentally responsible and adaptable to future needs. These case studies illustrate the
potential of wooden architecture to not only meet but exceed sustainability goals, setting
new standards for the industry.

From a review of 98 near-zero and zero-emission buildings, 10 examples were chosen.
The timeframe spans from 2020 to 2024. These examples encompass both residential and
public utility buildings with various functions across Europe and North America. The com-
parison criteria include the operational energy indicator, measured in kgCO2e/m2/year,
and the embodied energy involved in material procurement and construction, also mea-
sured in kgCO2e/m2. These parameters were chosen because of their versatility in esti-
mating the carbon footprint of buildings in relation to 1 m2 of building. Upfront carbon
emissions, as well as operational energy, are components of the LCA which allows a
proper comparison of the carbon footprint of buildings. Table 3 presents a summary
of selected buildings constructed entirely from wooden structures, as detailed in the
following paragraphs.

Table 3. List of example wooden buildings.

Project (Author)
Building

Type
Location Year Area

Operational
Energy

[kgCO2e/m2/y]

Upfront
Carbon

Emissions
(A1–A5)

[kgCO2e/m2]

Criteria *

Lea Bridge Library
Pavilion

(Studio Weave) [131]

Public
building
(library)

London,
UK 2021 250 m2 9.69 147 1, 2, 3, 4, 5

Orueta Etxea
(Emiliano López
Mónica Rivera

Arquitectos) [132]

Residential Bilbao,
Spain 2021 308 m2 3.83 - 1, 2, 3, 4, 5

Spruce house and
studio

(ao-ft) [133]
Residential London,

UK 2021 132 m2 - 336 1, 2, 3, 4

Cooperative housing
(Urban Power) [134] Residential Stavnsholt,

Denamrk 2021 3100 m2 8.70 - 1, 2, 3
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Table 3. Cont.

Project (Author)
Building

Type
Location Year Area

Operational
Energy

[kgCO2e/m2/y]

Upfront
Carbon

Emissions
(A1–A5)

[kgCO2e/m2]

Criteria *

The black and white
building

(Waugh Thistleton
Architects) [135]

Commercial,
office

London,
UK 2022 4480 m2 9.11 329 1, 2, 3, 4

Workstack
(dRMM) [136] Commercial London,

UK 2023 1583 m2 48.41 271 1, 2, 3, 4

EÑE House
(Estudio Albar) [137]

Residential Madrid,
Spain 2023 250 m2 14.50 - 1, 2, 3, 4, 5

New Temple
Complex

(James Gorst
Architects) [138]

Public
building

Hampshire,
UK 2023 585 m2 42.60 407 1, 2, 3, 4, 5

Durley Chine
Environmental Hub

(Footprint
Architects) [139]

Public
building

Bournemouth,
UK 2024 887 m2 15.73 210 1, 2, 3, 4

Humber Cultural
Hub

(Diamond Schmitt)
[140]

Public
building

Ontario,
Canada 2024 23,244 m2 6.63 - 1, 2, 3

* Criteria: 1—Sustainable sourcing of materials; 2—Carbon sequestration; 3—Energy efficiency; 4—Life cycle
assessment; 5—Innovative construction practices.

Studio Weave’s Lea Bridge Library Pavilion extends the existing library, connecting
it with a garden to create a multifunctional space. The construction uses LVL (Laminated
Veneer Lumber) beams, partially anchored into the existing structure, reducing the number
of necessary support columns. The wood used was reclaimed from trees felled or damaged
in London, resulting in a diverse range of species, including European spruce, chestnut,
poplar, sycamore, and European oak [131].

Orueta Etxea is a single-family house project by Spanish studio Emiliano López Mónica
Rivera Arquitectos. It is an important example of a comprehensive approach to design
based on the principles of sustainability and a closed-loop economy. The designers used
only local materials with low CO2 emissions. The house was built to passive building
standards and has been Passivhaus Classic certified. Larch was used as structural and
finishing timber [132].

The Spruce House and Studio, designed by ao-ft, is a project that reflects a commitment
to renewable materials and sustainable construction techniques. This addition to an existing
neighborhood features a main structure made of prefabricated CLT panels, chosen for their
environmental benefits and aesthetic appeal as an exposed interior finish. The design
minimizes the use of steel and incorporates prefabrication to enhance precision and reduce
waste. Additionally, the building and its connections are designed for easy disassembly,
facilitating future reuse. The timber used includes Siberian larch, spruce, and birch [133].

Urban Power’s Cooperative Housing project in Denmark is a residential development
created in collaboration with future residents and local authorities to optimize the design
of shared spaces. The project includes communal kitchens, dining areas, laundry rooms,
guest rooms, and storage, allowing for smaller individual homes and reducing the overall
CF. The construction uses local wood, with prefabricated CLT elements ensuring both
affordability and energy efficiency [134].
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The black and white building by Waugh Thistleton Architects is a workspace with
an elastic approach to design. The layout of the building was designed to increase the
proportion of shared spaces and to allow the space to be easily rearranged in the future. At
the time of completion, the building was the tallest timber building in London, reaching
17.8 m. The entire structure, floors, partitions, and curtain walls were made from timber.
Species such as pine and beech were used [135].

Workstack, a project by dRMM, is designed to provide affordable workspaces for
small businesses in the Charlton Riverside industrial zone in Greenwich. The building
offers a consolidated alternative to scattered workshops typically housed in metal sheds.
By bringing multiple businesses under one roof, the design reduces space usage and
improves energy efficiency, cutting heating and cooling costs. The structure is made from
prefabricated CLT panels, using locally sourced spruce and birch wood [136].

EÑE House, designed by Estudio Albar, is a project that, from the outset, aimed
for near-zero energy consumption and minimal environmental impact. The house was
designed according to the Passivhaus certification standard. The building is largely made
of prefabricated pine timber. An unusual design solution is the use of cork wood as the
façade cladding [137].

The New Temple Complex, designed by James Gorst Architects, serves as a multi-
functional space for a spiritual organization. The complex includes a temple, chapel, library,
community hall, kitchen, and foyer, designed to be shared by multiple religions, thus
reducing the need for separate buildings and minimizing the CF. The structure is built
with European spruce, and the exterior cladding is made from Siberian larch. Interior
woodwork, cladding, and furniture are crafted from locally sourced ash [138].

Footprint Architects’ Durley Chine Environmental Hub is a building dedicated to
promoting environmental stewardship through workshops and training on waste seg-
regation and reuse. The construction uses reclaimed wood, with beams sourced from
a decommissioned pier and breakwaters at a local naval base. Insulation is made from
shredded newspapers, with all materials sourced locally, emphasizing reclaimed content.
The timber frame construction uses a mix of reclaimed woods, including basralocus, ekki,
opepe, and accoya, originally used in marine structures [139].

The Humber Cultural Hub, designed by Diamond Schmitt, is a multi-purpose building
on the Lakeshore Humber College campus. The design adheres to industry standards
such as the Toronto Green Standard, Zero Carbon Building—Design Standard, and LEED
Platinum certification. During the planning stage, the project team considered the build-
ing’s operations, maintenance requirements, and lifecycle costs. The structure is built with
CLT panels, and the exterior cladding uses high-performance panels to ensure energy effi-
ciency. The building was awarded the 2023 World Federation of Colleges and Polytechnics
(WFCP) Construction Award for its innovative construction practices and commitment to
sustainability [140].

These examples illustrate varied approaches to designing wooden buildings, focusing
on reducing carbon emissions during construction and subsequent operation. Designers
achieve this by reducing the demand for new spaces through shared usage, utilizing
reclaimed and locally sourced materials, employing prefabrication to minimize construction
waste, and planning for easy disassembly to facilitate future reuse. Residential buildings
tend to have the highest embedded CF due to their dense, multi-functional spaces, while
buildings with open floor plans achieve lower values.

4. Discussion

New concepts for wooden buildings with zero CO2 emissions are increasingly popular in
response to growing demands for sustainability and combating global warming [72,122,130,169].
This trend is driven by advancements in material manufacturing technologies [17,170].
Among the most prominent solutions in this field are Cross Laminated Timber (CLT) and
Glued Laminated Timber (GLT) technologies [56,171].
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CLT is a modern construction material made from layers of wood glued in a cross-
wise arrangement, which provides exceptional strength and stability. The cross-laminated
configuration enhances the material’s load-bearing capacity and rigidity, making it suit-
able for structural applications in high-rise buildings [46,126,172]. CLT naturally resists
fire, as the outer wood layers carbonize, creating a protective barrier that slows further
burning [48,173]. Additionally, its excellent insulating properties contribute to the energy
efficiency of buildings. CLT is a renewable material that sequesters CO2, thereby reducing
the CF of buildings [60,174]. The production of CLT generates less waste compared to
traditional building materials. Examples include the Dalston Works Compact Residential
Complex in Hackney, London—referred to as “The World’s Largest CLT Building” (De-
sign: Waugh Thistleton Architects, 2017)—and the Puukuokka Complex in Jyväskylä [90]
(Design: OOPEAA, 2011).

GLT is another innovative material consisting of wood layers glued together longi-
tudinally. This allows for the creation of large, open spaces without numerous supports,
offering greater design flexibility. GLT’s flexibility enables the design of arches, curves, and
other complex forms and provides high fire resistance. Notable examples include the Wood
Innovation Design Centre in Prince George (Design: Michael Green Architecture, 2014) and
the “Perspective” Office Building in Bordeaux [90] (Design: Laisné Roussel, 2018).

Both CLT and GLT are advanced, sustainable building materials that offer significant
environmental, economic, and design benefits [175]. Their unique properties make them
suitable for various types of construction. The choice between CLT and GLT depends
on specific project requirements such as strength, flexibility, assembly speed, and aesthet-
ics [92]. Integrating these materials with Building Information Modeling (BIM) provides
numerous advantages over traditional methods, including enhancements in design, execu-
tion, performance, analysis, process monitoring, and facility management [127]. Combining
BIM with intelligent systems and wooden technologies like CLT and GLT is considered a
forward-thinking approach. Thanks to modern CNC machines, the high degree of prefabri-
cation achievable with CLT and GLT allows for rapid and precise assembly on-site. This
automation reduces labor costs and project timelines, making construction faster and more
cost-effective. The monolithic nature of these materials minimizes additional construction
work, thus lowering overall investment costs. Additionally, reduced material use and
improved energy efficiency contribute to decreased operational costs [52,54,87,123,176].

Hybrid wooden constructions, which combine wood with materials such as steel
and concrete, offer an intriguing solution by merging the benefits of various materials
while minimizing their drawbacks [42]. This approach can enhance building strength
and enable more complex designs. The growing popularity of hybrid wooden and steel
structures offers advantages in terms of zero-emission and material efficiency. Combining
wood with steel, which has high recycling potential, helps reduce CO2 emissions in the
construction process [47,75]. This hybrid approach provides an alternative when purely
wooden structures are impractical due to factors such as legal or fire safety considerations
that vary internationally [84,96].

The recycling efficiency of wooden materials used in CLT or GLT constructions remains
a subject for further research and discussion. The adhesives used in the manufacturing
process can limit the potential for complete recycling of wood after its use [64,177]. Efforts
should focus on minimizing obstacles in the recycling process of glued wood materials.
Overcoming this issue could enhance the sustainability of glued wood as a low-emission
material. Modern wooden buildings worldwide demonstrate how innovative concepts can
be practically applied [42]. One notable example is the HoHo Vienna Tower (Design: RLP
Rüdiger Lainer + Partner, 2016), one of the tallest wooden buildings globally, combining
wood and concrete in a hybrid construction. This 24-story building exemplifies sustainable
design, focusing on energy efficiency and renewable energy use [102]. Sustainable design
and execution are crucial components of zero-emission wooden buildings [178]. Passive
design strategies, which use natural energy sources such as sunlight and ventilation to re-
duce energy consumption, are recommended for these structures. Buildings designed with
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passive principles are more energy-efficient and environmentally friendly [114]. The inte-
gration of renewable energy sources such as solar panels, wind turbines, and geothermal
systems can help buildings achieve a zero-energy balance. Incorporating these technologies
into wooden structures further reduces their environmental impact [95,107,172]. Modu-
lar and prefabricated construction techniques enable faster and more efficient execution,
reducing material waste and transportation emissions. Prefabricated modules produced
under controlled conditions ensure higher quality and precision [164,179].

Despite these benefits, zero-emission wooden construction faces several challenges
that must be addressed to fully realize its potential. Regulatory barriers, discussed in the
certification chapter, are a significant issue. Many countries need to update their building
codes to support the broad use of modern wooden technologies. New standards and
financial incentives could accelerate the adoption of sustainable building practices [99,180].
Technical challenges related to wood in contemporary construction also need to be ad-
dressed. While wood offers many advantages, it requires specific fire protection and
measures against moisture and pests [109,117,181,182]. Investment in research and devel-
opment is crucial to overcoming these barriers. Market acceptance is another critical factor
in promoting wood as a modern and durable material [129,183]. Education and promotion
of the benefits of wooden construction are key to shifting perceptions and increasing the
acceptance of wood as a standard building material [73,128,158]. Modern zero-emission
wooden buildings provide practical solutions for sustainable urban development. With
innovative materials and technologies, sustainable design, and global examples, wood has
the potential to become a key material in the future of construction [112].

5. Conclusions

The article provides a comprehensive review and analysis of the criteria essential for
the feasibility of contemporary zero-carbon wooden buildings (ZCBs), which constituted
its primary research aim. The study is augmented by an examination of selected wooden
buildings, focusing on how these criteria are integrated to minimize the CF.

The findings reveal that all defined criteria—sustainable material sourcing, carbon
sequestration, energy efficiency, LCA, and innovative construction practices—are crucial in
designing and constructing new zero-carbon wooden buildings. These results underscore
the significant potential of wood as a renewable material for ZCBs and suggest it could
be a compelling alternative to traditional construction materials. However, the findings
also highlight the complexity and multifaceted nature of effectively incorporating wood to
achieve this objective.

The study shows that optimal outcomes are achieved by addressing all five criteria,
though ranking their importance is challenging. The LCA stands out as the most measurable
criterion for evaluating the ecological benefits of buildings comprehensively. Nonetheless,
each criterion emphasizes different aspects that should not be considered in isolation. Based
on these criteria, the study identifies the following key recommendations:

1. Sustainable Material Sourcing: Sustainable sourcing is foundational for zero-carbon
wooden buildings. This involves using wood from responsibly managed forests,
as certified by organizations like the FSC or PEFC. Local wood sourcing reduces
transportation-related emissions, which is crucial for minimizing the building’s CF.
Additionally, the use of bio-based and composite materials, such as Cross Laminated
Timber (CLT) or other advanced wooden products, enhances carbon sequestration;

2. Carbon Sequestration: Maximizing wood’s role as both a structural and finishing
material is vital due to its ecological benefits. Wood not only helps in reducing CO2
emissions but also serves as a long-term carbon sink;

3. Energy Efficiency: Implementing passive design strategies, including natural ventila-
tion, effective insulation, and optimal building orientation, significantly lower energy
demand. Incorporating renewable energy sources, such as solar panels and geother-
mal systems, meets the building’s energy needs and, combined with energy-efficient
heating and ventilation systems, further reduces CO2 emissions;
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4. LCA: Conducting a thorough ecological assessment throughout all stages of a build-
ing’s life (from construction to demolition) is essential to understanding its total
carbon footprint. Designing for disassembly and material recycling further minimizes
future CO2 emissions;

5. Innovative Construction Practices: Employing low-carbon construction technologies,
such as prefabrication and modular construction, reduces waste and construction
time. These innovative methods help minimize emissions during the construction
phase, which is critical for achieving zero CO2 emissions.

The literature review revealed a significant gap and delay in bridging advanced
scientific research with practical professional knowledge. This underscores the urgent need
to enhance research efforts and increase the dissemination of publications. Such measures
are crucial for the broader implementation of advanced solutions and application models
and for the effective development of climate and energy policies.

The study also finds that despite the potential benefits of using wood, several barriers
impede its implementation in ZCBs, including social, regulatory, and financial challenges.
A significant issue is the low level of knowledge among construction industry stakeholders
regarding ZCB design and construction. Overcoming this requires enhancing awareness
and education on sustainable building practices. Technological challenges persist as well,
such as the increased energy embedded and the CF associated with more processed wood
products. Furthermore, the recycling rate of wood in construction remains lower compared
to materials like steel.

The analysis highlights several research gaps that need addressing, including the
following:

• Use of Bio-Based Materials: Further research on bio-based materials like bamboo and
wooden composites, which could be used in wooden construction and offer carbon
sequestration benefits;

• Long-Term Carbon Sequestration Effects: Investigation into the long-term effects of
carbon sequestration in wooden buildings, including their impact on the LCA and
end-of-life scenarios such as recycling or disposal;

• Energy Efficiency in Various Climates: Studies to understand how different climatic
conditions influence energy demand and design strategies for wooden buildings;

• Social and Regulatory Barriers: Identifying and addressing social and regulatory
barriers to adopting ZCBs, which will aid in developing effective strategies to promote
sustainable construction;

• Stakeholder Knowledge and Awareness: Assessing the knowledge and awareness
levels among construction industry stakeholders about zero-carbon buildings and
determining effective educational and training methods;

• Cost–Benefit Analysis: Evaluating the costs and benefits associated with constructing
and operating ZCBs to better understand their economic feasibility compared to
traditional construction methods.

Addressing these research gaps can advance the development and implementation of
zero-carbon wooden buildings, supporting sustainable development within the construc-
tion sector.
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